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Abstract—A series of novel pyrimido[1,2-b]indazoles 5, 7 have been prepared from 3-trifluoromethyl-5-phenyl-2,6-dicyano anilines 1
via novel indazole regioisomers 3 and 4 through a facile strategy. Specific examples were evaluated for anticancer activity in vitro
and found to exhibit promising activity against A-549 cell lines and are more effective than Etoposide. QSAR models were developed
and validated by cross-validation method. The results of the best QSAR model were further compared with the crystal structure of
tubulin protein. The binding energies estimated were found to have a good correlation with the experimental inhibitory potencies.
� 2007 Elsevier Ltd. All rights reserved.

The modern trend is directed towards discovery of new
organic molecules as potential anticancer agents by
adopting various synthetic approaches. In this process
some of the molecules considered to interfere effectively
with DNA either directly or inhibiting DNA–binding
enzymes led to identification of new promising antican-
cer agents.1 However, these molecules lack specificity to-
wards cytotoxicity and damage cell lines in the tissue as
a result no clear-cut drug is available. The principal
driving force for stacking and charge transfer interac-
tions is through hydrogen bonding and electrostatic
forces.2 In addition, strategically positioned suitable
substituents promote interference with cellular detoxifi-
cation pathways. Therefore, our attention was attracted
towards synthesis of a series of novel pyrimido[1,2-
b]indazoles with trifluoromethyl group at an appropriate
position in order to identify suitable lead compounds as
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new pyrimido[1,2-b]indazoles as anticancer agents. Ear-
lier findings have been on indazole derivatives specifi-
cally known to be active as protein kinase inhibitors,
in cancer cell proliferative disorders, Alzheimer’s dis-
ease, viral infections, auto-immune diseases and neuro
degenerative disorders.3–6 Further, pyrimidine ring in
an organic molecule also shows prominent activity
against several diseases.7–9 Therefore interest is continu-
ously increasing on fusion of pyrimidine ring over indaz-
oles as a result pyrimido[1,2-b]indazoles are formed and
are considered to have promising activity against many
infections. Synthesis of pyrimido[1,2-b]indazoles is
mainly starting from 3-amino indazoles and their reac-
tion with 1,3-diketones,10–12 b-ketoester,13 propiolic acid
ester,14 DEEM15 or DMAD.16 In recent past, synthesis
based on microwave irradiation conditions17,18 is con-
sidered as a powerful synthetic tool due to its short reac-
tion times, operational simplicity with improved yields
and is of modern trend in organic synthesis. In continu-
ation of our efforts19–22 on the synthesis of novel ring
systems of biological interest, we wish to report the syn-
thesis of new indazole regioisomers 3, 4 and each isomer
is independently reacted with various substrates such as
1,3-diketones (symmetrical/unsymmetrical), diethyleth-
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oxymethylene malonoate (DEEM), ethoxymethylene
malononitrile (MMN), ethyl ethoxymethylene cyanoac-
etate (EMCA), diethyl N,N-dimethylaminomethylene
malonate (DAMM), b-ketoesters and dimethyl acetylen-
edicarboxylate (DMAD) under microwave irradiation
conditions obtaining pyrimido[1,2-b]indazoles 5, 7 in
high yields. Representative examples were screened for
anticancer activity against A-549 cell lines and found
to have more activity than Etoposide, a standard drug.
Molecular modelling studies further confirmed the
activity.


The 3-trifluoromethyl-5-phenyl-2,6-dicyano aniline 1
has three active functional groups ortho to each and
is subjected to diazotisation using NaNO2/HCl at
0 �C followed by potassium iodide obtaining corre-
sponding iodobenzene 2.21 It is further reacted with
hydrazine hydrate in refluxing ethanol resulting in
two 3-amino-4/6-trifluoromethyl-6/4-phenyl indazole
regioisomers 3, 4 in definite proportions. The reaction
is mainly nucleophilic substitution of iodine by hydra-
zine on benzene ring due to presence of powerful elec-
tron-withdrawing groups followed by selective attack
on one of the nitrile carbons at a time to result in
products 3, 4. The reaction is schematically drawn
below in Scheme 1.


Each of indazole regioisomers 3 and 4 is separated due
to their small difference in polarity and characterised
based on IR, 1H NMR, 13C NMR, 19F NMR (Table
1), mass spectral data and X-ray analysis. Compound
3 is less polar than compound 4 based on TLC and
characteristic difference in chemical shifts of NH2


group and proton on C-5 carbon is clearly observed
in 1H NMR. In compound 3, NH2 and C-5 proton
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Table 1. 19F NMR (CDCl3) in ppm data for compounds 5d, 5f and 5k, 5m,


3 4 5d


3-CF3 — — 58.78


4-CF3 55.04 — —


5-CF3 — — —


6-CF3 — 55.37 —


8-CF3 — — 66.43


10-CF3 — — —

signals appeared in upfield compared to compound 4
and it is assumed to be the influence of CF3 and CN
groups. If CF3 and CN are para to each other, the
electron-withdrawing effect in ring nullifies as a result
the signals appeared in upfield as seen in compound
3. In case CF3 and CN are ortho to each, the cumula-
tive electron-withdrawing effect enhances and with that,
the signals for NH2 and C-5 proton in 1H NMR
appeared in downfield in compound 4. Further, phenyl
protons appeared as singlet due to magnetic equiva-
lence when CF3 and CN are para to each other and
multiplet if ortho to each other.


The 13C NMR data of compounds 3 and 4 further sup-
port that the CF3 carbon in compounds 3 appeared as
quartet at d 121.31 and in compound 4 as quartet at d
122.76 with the same coupling constant 274 Hz. How-
ever, a characteristic difference of absorption of C-CF3


is observed. In compound 3 the C-CF3 appeared as
quartet at d 123.29 with coupling constant 31 Hz,
whereas in compound 4 the C-CF3 appeared as quartet
at d 130.16 with coupling constant 31 Hz. In addition ni-
trile carbon (CN) appeared at 126.99 for compound 3
and 113.16 for compound 4. Thus, the structure of each
isomer is determined. It is further confirmed by single
crystal X-ray analysis of compound 3 and presented in
Figure 1. CCDC 270847 contains supplementary crys-
tallographic data for the structure 3 (see Figs. 2 and 3).


Reaction of compounds 3 and 4 with 1,3-diketones. The
regioisomers 3 and 4 are independently reacted with
1,3-diketones (symmetrical and unsymmetrical) in a
sealed tube under microwave irradiation conditions
obtaining pyrimido[1,2-b]indazoles 5 in single step.
The sequence of reaction is initially nucleophilic attack
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Figure 3. X-ray crystal structure of 3. Displacement ellipsoids are


drawn at 30% probability level and H atoms are shown as small


spheres of arbitrary radii.
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on one of the carbonyl carbons followed by cyclisation
onto other carbonyl carbon to form products 5. In case
of reaction of unsymmetrical 1,3-diketones like 1,1,1-tri-
fluoromethyl-2, 4-pentanedione, 1-phenyl-2, 4-butane-
dione, 4-phenyl-1, 1,1-trifluoro-2, 4-butanedione or
4-(4-methyl phenyl)-1,1,1-trifluoro-2, 4-butanedione
with compounds 3/4 it resulted exclusively in one isomer
5d, 5e, 5f or 5g/5k, 5l, 5m, or 5n, respectively. It is
known23,24 that the carbonyl attached to CF3 group in
1,3-diketones is prone to enolise as a result the carbonyl
remote from the CF3 preferentially reacts first, gives
exclusively one isomer and it is comparable with our ear-
lier experience.25 In addition, the mode of nucleophilic
attack of regioisomers 3 and 4 on unsymmetrical 1,3-
diketones is in two ways. In regioisomer 3 the primary
amine is more reactive than tertiary nitrogen, whereas
in regioisomer 4, primary amine is less reactive than ter-
tiary nitrogen. This is mainly due to their strategic posi-
tion with respect to trifluoromethyl group in benzene
ring. The reaction is schematically drawn below in
Scheme 2.


In order to characterise a specific product from the reac-
tion of unsymmetrical 1,3-diketones with regioisomers 3
and 4, 19F data are generated and tabulated in Table 1.


Reaction of compounds 3 and 4 with DEEM/EMMN/
EMCA/DAMM. The compounds 3 and 4 are indepen-
dently reacted with DEEM/EMMN/EMCA/DAMM in
sealed tube under microwave irradiation conditions with
450 W power and obtained pyrimido[1,2-b]indazoles 7.
In case of DEEM and DAMM an uncyclised intermedi-
ate 6a is formed from compound 3 and 6b from
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compound 4 which are further cyclised to give products
7a and 7b under microwave irradiation conditions with
450 W power, respectively. It is attributed to the nucle-
ophilic nature of nitrile carbon (CN) versus ester car-
bonyl (CO2Et) and ester carbonyl is considered to be
sluggish. The 1H NMR of compounds 7d and 7f is quite
interesting in a way that the NH2 protons in each of
compounds appeared as two broad singlets with differ-
ent chemical shifts. This is due to extended conjugation
with ester carbonyl as a result proton became non-
equivalent. The reaction is schematically drawn below
in Scheme 3.

Reaction of compounds 3 and 4 with b-ketoesters/
DMAD. The compounds 3 and 4 are similarly reacted
with b-ketoesters/DMAD and respective products
obtained. In case of b-ketoester the reaction is initi-
ated by nucleophilic attack on carbonyl carbon fol-
lowed by cyclisation, whereas with DMAD, the
reaction is in addition followed by cyclisation. The
reaction is schematically drawn below in Scheme 4.


Representative examples of pyrimido[1,2-b]indazole
regioisomers with trifluoromethyl group at an appropri-
ate position were synthesized and representative exam-







Table 2. Anticancer activity profile


N
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R1
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Compound R1 R2 R3 R4 R5 % inhibitiona


7h @O H CH3 –Ph CF3 0.44


5a CH3 H CH3 CF3 –Ph 3.74


5b CF3 H CF3 CF3 –Ph 4.54


5l CF3 H –Ph –Ph CF3 4.80


5j –Ph H –Ph –Ph CH3 5.96


5k CF3 H CF3 –Ph CF3 6.44


5h CH3 H CF3 –Ph CF3 6.71


5n CF3 H p-CH3C6H4 –Ph CF3 6.77


7b OH COOEt H –Ph CF3 8.24


5m CF3 H –Ph –Ph CF3 8.90


5i CF3 H CF3 –Ph CF3 10.23


7d NH2 COOEt H CF3 –Ph 10.70


7e NH2 COOEt H –Ph CF3 11.00


5e CH3 H –Ph CF3 –Ph 13.33


5f CF3 H –Ph CF3 –Ph 16.20


Std. — — — — — 1.15


a All the pharmacological studies were performed in duplicate at 1 nM/ml (1 nM compound in 1 ml of 1% DMSO in PBS). % inhibition of cell growth


is measured based on absorbance at 550 nm by transferring plate to plate reader. Std. Etoposide.
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ples were evaluated for anticancer activity against A-549
cell lines by MTT assay method (Table 2).26 The
compound 5f with trifluoromethyl group on C-3 carbon
showed highest activity, whereas compound 7h with
hydroxyl group on C-3 carbon showed lowest activity.
The compound inhibitory activity falls between 0.44%
(7h) and 16.2% (5f). Based on the activity profile, it is
broadly concluded that the presence of trifluoromethyl
group in pyrimidine ring in combination of phenyl or
additional trifluoromethyl group promotes high activity.
Alternatively, the presence of activating groups like

Table 3. Activity and physicochemical parameters of indazole derivatives


Compound Activity logP


5a 1.7282 4.4776


5b 1.6440 6.7002


5e 1.1762 6.3905


5f 1.0915 7.5018


5h 1.4743 5.5889


5i 1.2912 6.7002


5j 1.5258 7.8878


5k 1.4921 6.7002


5l 1.6198 6.3905


5m 1.3516 7.5018


5n 1.4704 7.9690


7b 1.3851 5.0915


7d 1.2716 4.5927


7e 1.2596 4.5927
a7h 2.6576 5.1115


Std. 2.2403 2.6690


aConsidered as outlier.


Std. Etoposide.

–OH, –NH2 may also increase the activity as shown in
compounds 7b, 7d and 7e. However, the stability of
the molecules is less due to the presence of ester group,
which may prone to metabolize into acid. The activity
data of these molecules are compared with those of Eto-
poside, a standard drug. Almost all the molecules
showed greater inhibition than the standard Etoposide.
The details of activity profile are tabulated in Table 2.


Cancer cell survival and viability in vitro were evaluated
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-

HOMO In ev LUMO In ev MR


�9.58 �3.33 95.7375


�8.49 �4.58 97.7579


�8.92 �3.75 115.9102


�8.69 �3.79 116.9204


�9.07 �3.69 96.7477


�8.47 �3.80 97.7579


�8.75 �3.88 135.1504


�8.83 �3.77 97.7579


�3.33 �2.84 115.9102


�8.7 �3.72 116.9204


�8.69 �3.71 121.9616


�9.23 �4.22 103.5715


�9.20 �3.94 106.5778


�9.17 �4.01 106.5778


�10.25 �3.69 93.7935


— 55.1636







Table 4. Model equations generated for the indazole analogues


Equation Modelled Eq. n R R2 SEE F


1 Act = �0.013(0.005)MR + 2.898(0.531) 16 0.569 0.323 0.341 6.693


Q = 1.668; PRESS = 15.193; q2
cv ¼ �0:089


2 Act = �0.123(0.064)logP + 2.278(0.397) 16 0.454 0.206 0.369 3.628


Q = 1.230; PRESS = 11.819; q2
cv ¼ 0:152


3 Act = 0.000137(0.000)MR2 � 0.0392(0.033)MR + 4.103(1.575) 16 0.597 0.356 0.345 3.597


Q = 1.730; PRESS = 15.193; q2
cv ¼ 0:326


4 Act = 0.013(0.040)logP2 � 0.475(0.419)logP + 3.200(1.230) 16 0.492 0.242 0.374 2.081


Q = 1.315; PRESS = 15.193; q2
cv ¼ 0:343


5 Act = 0.0578(0.022)logP2 � 0.740(0.254)logP + 3.704(0.688) 15 0.722 0.522 0.207 6.549


Q = 3.487; PRESS = 0.578; q2
cv ¼ 0:527


6 Act = 0.00024(0.000)MR2 � 0.0563(0.016)MR + 4.649(0.789) 15 0.820 0.672 0.171 12.300


Q = 4.795; PRESS = 0.358; q2
cv ¼ 0:669


n, number of data points; SEE, standard error estimate; Q, quality factor; PRESS, predictive sum of squares; q2
cv, cross-validated.
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razolium bromide (MTT, Sigma Chemical Co., St.
Louis, MO) assay developed by Mosmann et al., with
some modifications.


Test compounds are dissolved in 1 ml of DMSO. Cells
were seeded in 96-well plate (10,000 cell/well) and left
overnight in CO2 incubator (at 5%) to recover from han-
dling stress. Test compounds are added and incubated
for 12 h. A 5 mg/ml MTT solution was prepared by dis-
solving in PBS (Phosphate buffer solution) and filter-
sterilized. Added 20 ll of MTT solution from stock to
each well containing cells and incubated the plate for
another 5 h in a CO2 incubator at 37 �C. Media were
removed with needle and syringe. Added 200 ll of
DMSO to each well to dissolve separated crystals of
MTT. Kept the plate into incubator at 37 �C for
5 min. The % inhibition of cell growth is measured based
on absorbance at 550 nm by transferring the plate-to-
plate reader (This procedure is specific for adherent cells
in 96-well plates.)

0


0.5


1


1.5


2


2.5


1 2 3 4 5 6 7 8 9 10 11 12 13 14 15


Data Points


P
re


d
ic


te
d


 A
ct


Series1
Series2
Series3


Figure 4. Comaparison of observed activity versus predicted activities.


Series 1: observed activity; series 2: predicted activity (Eq. 5); series 3:


predicted activity (Eq. 6).


Table 5. Docking functions and QSAR descriptors for analysis32,36–38


Descriptor code Description


SG Shapegauss (represents all the atoms as smoo


CG ChemGauss (combines Shapegaussian functi


groups)-docking function score from Fred pr


PLP PLP (piecewise linear potential)-docking fun


logP Logarithm of partitioning coefficient (calcula


MR Molar refractivity the measure of steric facto

With the aim of rationalizing the activity data obtained
for the Indazole derivatives, a molecular modelling
study was carried out in order to investigate the possi-
ble interaction of such compounds with tubulin pro-
tein. The stability of these molecules is derived from
logP,27 MR,28 HOMO, LUMO values. Further QSAR
studies were carried out on a series of indazole deriva-
tives in order to provide further insight into the key
structural features required to design potential drug
candidates of this class. Molecular docking methodolo-
gies ultimately seek to predict the best mode by which
a compound will fit into a binding site of a macromo-
lecular target. In addition to the synthetic work, an att-
emptive explore of the QSAR and docking studies of
indazole derivatives has been made to explain the
observed variance in biological activity as a function
of various molecular descriptors. This predicts the best
drug candidate providing an insight into substitutional
and configurational requirements for optimum receptor
pit, which leads to the development of best pharmaco-
phore activity.29–31


Docking was carried out against tubulin protein (pdb
Code: 1SA1), which is the possible anticancer target of
indazole derivatives. Tubulin protein was chosen as a
target for docking (using Openeye software,32) because
of a relatively high tanimoto (2D structure finger print).
Similarly index33,34 of tubulin selected target protein was
retrieved from Protein data bank.35


The activity data log (1/IC50) and physicochemical prop-
erties logP, HOMO, LUMO and molar refractivity (MR)
of the indazole derivatives are presented in Table 3. These
data were subjected to regression analysis and the
corresponding model equations were generated using
SPSS 10.0 software36 and are shown in Table 4.

th Gaussian functions)-docking function score from Fred program


on with additional potentials between chemically complimentary


ogram


ction score from Fred program


ted by clogP method)


r, bulkiness of the molecule







Figure 5. (a) Receptor cavity surface area. Amino acid in starmark. (b) Active site (amino acid) surface area.
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Eqs. 1 and 2 show very lower correlation coefficients
in terms of R2 and Q values with respect to MR
and logP, respectively. Further improvement, a qua-
dratic term was included and Eqs. 3 and 4 were
obtained which is statistically valid but with lower R
and Q values (Table 4). Eqs. 5 and 6 (Table 4), which
were resulted by taking an outlier (compound 7h) on
the basis of their residual values, show a high statisti-
cal significance.


The cross-validation parameters also reveal that Eqs.
5 and 6 were the best regression models having the
higher value of Q, R2, q2


cv and low SEE values. From
the graph (Fig. 4), a good agreement is observed by
comparing the observed and predicted activities
(derived from the best modelled equations) to the data
points.

Figure 6. Active site region with amino acids.


Figure 7. Compounds 5j in purple and 5l in grey colour representation


in the active site region and their surface overlap.


Table 6. Scoring functions


Compound Chemgauss Clash PLP Screenscore SHAPE


5a �61.1 26.92 �40.25 �121.67 �471.23


5b �67.57 26.82 �28.05 �116.68 �458.93


5e �65.48 33.25 �26.42 �104.55 �501.99


5f �74.19 35.03 �32.12 �124.1 �523.52


5h �62.82 35.77 �28.51 �113.74 �432.53


5i �61.3 56.15 3.88 �57.54 �432.7


5j �67.84 69.50 �17.56 �100.12 �476.65


5k �69.25 37.66 �17.2 �112.05 �470.01


5l �74.56 43.69 �33.84 �136.13 �524.37


5m �72.74 60.24 17.11 �55.41 �511.69


5n �75.27 60.46 2.16 �83.41 �519.31


7b �61.26 30.66 �32.88 �112.25 �465.73


7d �71.86 29.57 �48.03 �129.65 �537.06


7e �63.21 30.07 �30.66 �108.99 �459.5


7h �63.64 44.84 �41.95 �127.14 �448.56


Std. �40.19 21.52 �32.64 �90.06 �284.26







Figure 8. (a) 4 Å grid model along with the best molecular surface area (5l) in pink colour, protein in ribbon model. (b) Ball and stick model of the


best molecule (5l) in the receptor pocket. Surface area of the receptor pocket is in red colour.
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Since these are second-degree equations in logP and
MR, an optimum logP and MR that corresponds to
give maximum activity can be evaluated by finding the
maxima. Eqs. 5 and 6 were partially differentiated with
respect to logP and MR, respectively, the first derivative
was set to zero and a value of logPopt = 6.401 and
MRopt = 116.66 was obtained. Therefore, the analogue
with around 6.401 value of logP and around 116.66
value of MR is expected to show maximum activity.


Docking functions37–39 and QSAR descriptors for anal-
ysis are given in Table 5. The predicted binding energies
of Indazole analogues have shown good correlation with
the respective inhibitory activities, that is, 5l has lowest
scoring values and higher inhibitory activity than stan-
dard reference molecule (std) and other analogues.


To visualize the binding conformations of these ana-
logues within the active site of tubulin protein are dis-
played in Figure 5. In the active site region (4 Å) the
tubulin protein nine amino acids that can play an impor-
tant role are shown in Figure 4 (viz., Gln 11, Ala 12, Glu
71, Ser 140, Gly 142, Thr 145, Val 177, Asn 206 and Asn
228). As observed in Figure 5, 5l and 5j were docked in
the active site of protein with a significant different bind-
ing mode compared with standard molecule (see Figs. 6
and 7).


Furthermore, differences in the binding mode were ob-
served for 5l and 5j because of the presence of three phe-
nyl groups in 5j, increases in the bulkiness of the ligand
resulting in highest clash penalty with the active site of
the receptor amino acid (AA) (Table 6). Large substitu-
tion at R1 position of indazole analogues may lead to
collision with the residues Ser 178, Thr 179 and Ala
180 in the receptor site.


To further validate the binding mode best scored molecule
in the grid as well as surface form is given in Figure 8.


In conclusion, the indazole regioisomers are prepared
by convenient route and are considered as active syn-

thons for building up of additional ring onto indaz-
oles. Thus, it is demonstrated that pyrimidine ring
can be fused onto indazoles with a variety of sub-
strates and obtained pyrimido[1,2-b]indazoles under
microwave irradiation conditions. A set of novel inda-
zole derivatives have been synthesized and screened
for anticancer activity by MTT assay method against
A-549 cell lines. All the molecules showed higher
activity than the standard Etoposide. The optimum
lipophilic and bulkiness requirements are important
to fit in the active site of the target and to have more
hydrophobic affinity. The drug candidate with opti-
mum value of logP (6.401) and MR (116.66) shows
high activity. QSAR analysis and molecular docking
studies were compared for the investigated com-
pounds. The binding energies estimated by scoring
functions were found to have a good correlation with
the experimental inhibitory potencies. Based on the
binding conformations from molecular docking, it is
concluded that the presence of bulkier substituent
(Ph) at R3 position, in combination of CF3 group in
pyrimidine ring, promotes high activity.
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Abstract—A novel series of 6-benzyl substituted 4-aminocarbonyl-1,4-diazepane-2,5-diones was designed, synthesized, and evalu-
ated as human chymase inhibitors. From this series, we identified several compounds which were effective, via oral administration,
in a mouse model of chronic dermatitis.
� 2007 Elsevier Ltd. All rights reserved.

Figure 1. Replacement of electron-withdrawing group on the 4-


position of the 1,4-diazepane-2,5-dione scaffold.

In the preceding paper,1 we reported 6-benzyl substi-
tuted 4-arylsulfonyl-1,4-diazepane-2,5-diones as a novel
scaffold for human chymase inhibitors, and the inhibitor
1 (Fig. 1) and its analogues exhibited potent and selec-
tive inhibition of human chymase. However, in the
course of our investigation into the application of these
inhibitors as therapeutic agents, we found that 1 was rel-
atively unstable in aqueous solution at neutral pH (t1/2,
1.1 h, Table 1) and was hydrolyzed at the 5-position
amide of the 1,4-diazepane ring, to ring-opening prod-
ucts. It seems essential to enhance the compound stabil-
ity in order for it to be a drug candidate, since such a
physicochemical property may hamper pharmaceutical
development. In this report, we describe efforts to iden-
tify potent, stable, and orally active human chymase
inhibitors, the 4-aminocarbonyl-1,4-diazepane-2,5-dione
derivatives (Schemes 1 and 2).


From a structural viewpoint of compound 1, chymase
may be converted to an inactivated form, the acylated
enzyme, formed by attack from the activated hydroxyl
group of the catalytic Ser195 on the lactam carbonyl at
the 5-position of 1. It is likely that the reactivity of the
lactam carbonyl at the 5-position, which is activated by
the electron-withdrawing arylsulfonyl group at the

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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4-position, determines the ability for acylation of the
active site serine residue, as well as instability in
aqueous media. Based on the above considerations,
we attempted to reduce the reactivity of the lactam
carbonyl at the 5-position by changing the substituent
at the 4-position to a less electron-withdrawing group.
In the case of pyrrolidine-5,5-trans-lactam-based cyto-
megalovirus protease inhibitors2 and azetidinone-based
tryptase inhibitors,3 the substituents on the lactam
nitrogen affected the stability of the compounds, with
the following order: CONHMe� COMe > SO2Me.
Therefore, we selected the aminocarbonyl group as a
less electron-withdrawing group and synthesized related
compounds (Fig. 1).


4-Aminocarbonyl-1,4-diazepane-2,5-dione-containing
chymase inhibitors 14–29 listed in Tables 1 and 2 were
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Scheme 1. Reagents and conditions: (a) glycine ethyl ester HCl, EDCI HCl, HOBt, Et3N, CH2Cl2, rt, 2 h; (b) 4 M HCl/EtOAc, rt, 40 min; (c) 2,4,6-


(MeO)3PhCHO, NaBH(OAc)3, THF, rt, 1.5 h; (d) aq NaOH, MeOH, 60 �C, 2.5 h; (e) EDCI HCl, HOBt, Et3N, DMF, CH2Cl2, rt, 18 h; (f) H2,


Pt(sulfide)–C, THF, rt, 18 h; (g) BuLi, THF, �78 �C, 20 min then 4-NO2PhOCOCl (for 7a) or 2-ClPhOCOCl (for 7b), �78 �C, 1 h; (h) amines, Et3N,


DMAP, DMF, 0 �C, 18 h; (i) 1 M HCl/AcOH, rt, 18 h; (j) trimethylsilyldiazomethane, EtOAc, MeOH, rt, 10 min; (k) optical resolution using chiral


HPLC (CHIRALCEL OD).


Scheme 2. Reagents and conditions: (a) N,N 0-diisopropyl-O-tert-


butylisourea, t-BuOH, CH2Cl2, rt, 16 h; (b) EtMgBr, CuI, Et2O,


�23 �C, 30 min; (c) BnBr, K2CO3, DMF, rt, 2 h; (d) phthalimide,


DEAD, PPh3, THF, rt, 18 h; (e) hydrazine hydrate, MeOH, reflux, 1 h;


(f) nitropropane, Pd2(dba)3, 2-(di-tert-butylphosphinyl)-2 0-methylbi-


phenyl, K3PO4, DME, 100 �C, 24 h; (g) aq NaOH, MeOH, rt, 16 h; (h)


KO t-Bu, 1,4-dioxane, then 1 M aq HCl; (i) hydroxylamine HCl,


NaOAc, EtOH, reflux, 3 h; (j) H2, Pd–C, EtOH, rt, 2–8 h.
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prepared from b-amino acid 31 via the racemic 7-mem-
bered lactam rac-6 as a common intermediate (Scheme
1). Condensation of 3 with glycine ethyl ester hydrochlo-
ride, followed by deprotection of the Boc group,
provided amine 4. Introduction of the 2,4,6-trimeth-
oxybenzyl group (TMB) to 4 by reductive alkylation,
and subsequent hydrolysis of the ester moiety, gave ami-
no acid 5. Lactamization of 5, followed by catalytic
hydrogenation, afforded the 7-membered lactam rac-6.
Then, rac-6 was converted to the carbamate rac-74 by
sequential treatment with n-butyllithium, then 4-nitro-
phenylchloroformate or 2-chlorophenylchloroformate.
Coupling reactions of rac-7 with amines furnished com-
pounds 8, which were deprotected to yield compounds
14–29, except for 23 and 27. Compounds 23 and 27 were
prepared by esterification of the corresponding carbox-
ylic acids 22 and 26, respectively, with trimethylsilyldia-
zomethane. For compounds 22–29, the diastereomers
derived from the stereogenic centers of the 6-position
of the diazepane ring and the amine moiety could be
separated by chromatography at the purification step
of 8. The optically active compounds 25c–f and 26c,d
were synthesized in a similar manner from optically pure
7-membered lactams (R)-6 or (S)-6, which were
prepared by optical resolution of rac-6 using a chiral
HPLC column (CHIRALCEL OD).


Phenylpropylamines 9a–c for the synthesis of 22, 26, and
28 were prepared from aldehydes 10, which were con-
verted to secondary alcohols 11 by sequential manipula-
tion (protection and Grignard reaction) (Scheme 2).
Mitsunobu reaction of 11 using phthalimide, followed
by deprotection, afforded 9a–c. Other phenylpropyl-
amine derivatives 9d–f used for the synthesis of 24, 25,
and 29 were prepared from halobenzoic acid derivatives
12. Palladium-catalyzed arylation of nitropropane5 with
suitably protected 12 afforded a-arylnitropropanes,
which were converted to propiophenones 13 by a Nef
reaction. A two-step sequence of reactions (oxime
formation and reduction) yielded amines 9d–f.

Table 1 shows the chymase inhibitory activity and
stability6 in aqueous solution at pH 7.0 of compounds
14–21. As expected, the stability of these compounds
was increased compared with compound 1. Among
these, benzylaminocarbonyl derivative 14 showed







Table 1. Inhibitory activity against recombinant human chymase and


stability in aqueous solution of compounds 1 and 14–21


Compound R1 R2 IC50
a (l M) Stabilityb (t1/2)


1c 0.034 1.1


14c H CH2Ph 4.9 6.8


15c Me CH2Ph >100 >48


16c H CH2CH2Ph 44.5 12.9


17d H CH(Me)Ph 5.3 6.2


18d H CH(Et)Ph 2.8 6.3


19d H CH(i-Pr)Ph 3.0 8.0


20d H CH(n-Pr)Ph 69.3 7.6


21c H CHPh2 >100 16.5


a For details of the assay conditions, see Ref. 1.
b For details of the assay conditions, see Ref. 6.
c Racemates.
d Mixture of diastereomers.
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moderate activity, but N-methylation at the urea moiety
(15) markedly diminished the activity. These results indi-
cate that an intramolecular hydrogen bond between
urea NH and carbonyl oxygen at the 5-position is criti-
cal to fix the conformation of inhibitors to interact with
enzyme. Introduction of an alkyl group at the benzylic
position of compound 14 resulted in retention or slight
enhancement of the inhibitory activity (17–19), whereas
substitution with a longer alkyl (20) or phenyl group
(21), or chain elongation (16), decreased the activity.
These results were confirmed by computer-assisted
docking studies (vide infra) that indicated that the ben-
zylaminocarbonyl moiety of 14 was situated around the
S1 0 and S2 0 regions of the enzyme, and the substituent at
the benzylic position interacted with a narrow and
hydrophobic S1 0 pocket. We next attempted to intro-
duce the substituents on the phenyl ring of compound
18, with the intention of making an interaction with

Table 2. Inhibitory activity against recombinant human chymase of compou


Compounda R1 R2 IC50
b (lM)


22a COOH H 0.47


23a COOMe H 2.5


24a COOH OH 0.46


25a COOH NH2 0.5


26a H COOH 0.54


27a H COOMe 2.6


28a OH COOH 0.41


29a NH2 COOH 0.63


a All compounds are racemates, and relative stereochemistry is represented.
b For details of the assay conditions, see Ref. 1.

prime site amino acids such as Lys40, Phe41, and
Arg143 (Table 2). To elucidate the influence of the rela-
tive configuration derived from the two chiral centers,
the 6-position of the diazepane ring and the 1 0-position
of the amine moiety, two possible racemic stereoisomers
were synthesized and evaluated.7 As shown in Table 2,
(6R*,1 0R*)-isomers were generally more potent than
the corresponding (6S*,1 0R*)-isomers. In the series of
(6R*,1 0R*)-isomers (left part of Table 2), installation of
a carboxyl group at the para- (22a) or meta-position
(26a) of the phenyl ring resulted in an increase in the
inhibitory activity, but the corresponding methyl esters
(23a, 27a) were less potent. These results indicated that
the carboxyl group may have been involved in the ionic
interaction with Arg143 and/or Lys40 located at the
prime site region. In contrast to our previous findings
with 3-phenylsulfonylquinazoline-2,4-diones,8 introduc-
tion of an additional substituent, such as a hydroxyl
or amino group to 22a or 26a, did not further improve
the potency (cf. 24a, 25a, 28a, and 29a). In the case of
(6S*,1 0R*)-isomers (right part of Table 2), only com-
pound 25b, which has a 3-amino and a 4-carboxyl
group, showed high inhibitory activity. To examine the
effects of the absolute configurations of the stereogenic
centers of compounds 25a, 25b, and 26a on inhibitory
activity, we synthesized and evaluated the optically ac-
tive compounds 25c–f and 26c,d (Table 3). In all cases,
the (1 0R)-isomers 25c, 25e, and 26c were found to be
more potent than the corresponding (1 0S)-isomers. Fur-
thermore, all the active enantiomers 25c, 25e, and 26c
showed high stability in aqueous solution (Table 3),
and selectivity against other serine proteases, including
chymotrypsin and chymotrypsin-type protease cathep-
sin G (Table 4).


We investigated the in vivo activity of 25c, 25e, and 26c
in a mouse model of chronic dermatitis,9 in which the
enzymatic activity of chymase is involved in the develop-
ment of skin edema. As shown in Table 5, oral adminis-
tration of each compound at a dose of 10 mg/kg/day
significantly inhibited the dermatitis.

nds 22–29


Compounda R1 R2 IC50
b (lM)


22b COOH H 5.0


23b COOMe H 14.2


24b COOH OH 1.8


25b COOH NH2 0.34


26b H COOH 4.3


27b H COOMe 51.4


28b OH COOH 4.1


29b NH2 COOH 6.1







Table 5. Effect of compounds 25c, 25e, and 26c on ear edema in a


mouse model of chronic dermatitisa


Compound % inhibitiond


25cb 29.7%**


25eb 35.8%**


26cb 22.9%*


Prednisolonec 54.6%**


a See Ref. 9 and 10 for details.
b Each compound was orally administered at 10 mg/kg once a day


during the experimental period.
c Prednisolone was administered intraperitoneally at 10 mg/kg once a


day during the experimental period.
d Inhibition ratio of the ear thickness at 24 h after the sixth painting of


DNFB.
* P < 0.05 versus vehicle (Student’s t test).
** P < 0.01.


Figure 2. Docking structure of compound 26c in the active site of


human chymase.


Table 3. Inhibitory activity against recombinant human chymase and stability in aqueous solution of optically active compounds 25c–f and 26c,d


Compound R1 R2 Configuration IC50
a (lM) Stabilityb (t1/2)


6- 1 0-


25c COOH NH2 R R 0.30 6.7


25d COOH NH2 S S >10 —c


25e COOH NH2 S R 0.17 6.1


25f COOH NH2 R S >10 —c


26c H COOH R R 0.24 7.4


26d H COOH S S >10 —c


a For details of the assay conditions, see Ref. 1.
b For details of the assay conditions, see Ref. 6.
c Not measured.


Table 4. IC50 valuesa of inhibition of human chymase and other serine


proteinases for compounds 25c, 25e, and 26c


Enzyme Compound


25c 25e 26c


Human chymase 0.30 0.17 0.24


Bovine a-chymotrypsin >100 23.0 56.0


Human cathepsin G 16.0 28.0 8.0


Bovine trypsin >100 >100 >100


Human elastase >100 >100 >100


a For details of the assay conditions, see Ref. 1.
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A docking structure11 of compound 26c in the active site
of human chymase (Fig. 2) indicated that: (1) the 5-
chloro-2-methoxybenzyl group occupied the S1 pocket;
(2) the 1,4-diazepane ring was located in the proper
position at which the amide-NH at the 1-position
formed a hydrogen bond with the Ser214 backbone
amide carbonyl; (3) the phenylpropylamine moiety was
located in the prime site region of the enzyme, and the
ethyl substituent occupied the hydrophobic S1 0 pocket
constructed by Lys40, Cys42, and Cys58 side chains;
and (4) the carboxyl group on the phenyl ring electro-
statically interacted with the Arg143 side chain, and this
ionic interaction may have accounted for the increase in
the inhibitory activity of the benzoic acid derivatives. To

clarify the binding mode of this class of inhibitors,
further studies including the X-ray crystal structure
analysis of chymase with inhibitors are currently under
way and the results will be reported in the near future.


In conclusion, we have reported 4-aminocarbonyl-1,4-
diazepane-2,5-diones as being potent, stable and, orally
active human chymase inhibitors. Compounds 25c, 25e,
and 26c were orally active in a mouse model of chronic
dermatitis, in which chymase activity may be involved.
These results indicate that 4-aminocarbonyl-1,4-diaze-
pane-2,5-dione is a promising scaffold for chymase
inhibitors that are possible therapeutic candidates for
diseases such as atopic dermatitis.

Acknowledgments


We are grateful to Drs. H. Fukami and T. Nishihara for
their helpful advice and valuable discussion during this
study.







H. Maruoka et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3435–3439 3439

References and notes


1. Tanaka, T.; Muto, T.; Maruoka, H.; Imajo, S.; Harukazu,
F.; Tomimori, Y.; Fukuda, Y.; Nakatsuka, T. Bioorg.
Med. Chem. Lett., in press. doi:10.1016/j.bmcl.
2007.03.038.


2. Borthwick, A. D.; Exall, A. M.; Haley, T. M.; Jackson, D.
L.; Mason, A. M.; Weingarten, G. G. Bioorg. Med. Chem.
Lett. 2002, 12, 1719.


3. Sutton, J. C.; Bolton, S. A.; Hartl, K. S.; Huang, M.-H.;
Jacobs, G.; Meng, W.; Ogletree, M. L.; Pi, Z.; Schum-
acher, W. A.; Seiler, S. M.; Slusarchyk, W. A.; Treuner,
U.; Zahler, R.; Zhao, G.; Bisacchi, G. S. Bioorg. Med.
Chem. Lett. 2002, 12, 3229.


4. During our study, we found that 2-chlorophenylcarba-
mate rac-7b was superior to 4-nitrophenylcarbamate
rac-7a, since rac-7b was sufficiently stable during
chromatographic purification and had sufficient reactivity
to amines.


5. Vogl, E. M.; Buchwald, S. L. J. Org. Chem. 2002, 67, 106.
6. Each compound was incubated at 37 �C in 0.1 M phos-


phate buffer (pH 7.0) at a concentration of 10 lM for the
following times: 0, 4, and 8 h. The ratio of the remaining
compounds was measured by HPLC analysis.


7. The relative configuration of 26b was determined by X-ray
crystal structure analysis of the corresponding intermedi-
ate 8. As for the other compounds, the stereochemistry
was tentatively determined by comparison of the chro-
matographic behavior of the separated diastereomers with
that of 26a and 26b. Furthermore, we confirmed the
relative configuration of compound 25e by X-ray crystal
structure analysis.

8. Fukami, H.; Imajo, S.; Ito, A.; Kakutani, S.; Shibata, S.;
Sumida, M.; Tanaka, T.; Niwata, S.; Saitoh, M.; Kiso, Y.;
Miyazaki, M.; Okunishi, H.; Urata, H.; Arakawa, K.
Drug Des. Discov. 2000, 17, 69.


9. It has been reported10 that repeated application of 2,4-
dinitrofluorobenzene (DNFB) to mouse ear causes edema,
and intraperitoneal injection of prednisolone (corticoste-
roid) or other chymase inhibitors during the experimental
period inhibits dermatitis, judging by skin thickness.


10. Tomimori, Y.; Muto, T.; Fukami, H.; Saito, K.; Horik-
awa, C.; Tsuruoka, N.; Saito, M.; Sugiura, N.; Yamashi-
ro, K.; Sumida, M.; Kakutani, S.; Fukuda, Y. Lab. Invest.
2002, 82, 794.


11. The structure of the human chymase 1KLT determined
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Abstract—The human T-cell leukemia virus type 1 (HTLV-I) causes adult T-cell leukemia and several severe chronic diseases.
HTLV-I protease (PR) inhibition stops the propagation of the virus. Herein, truncation studies were performed on potent
octapeptidic HTLV-I PR inhibitor KNI-10161 to derive small hexapeptide KNI-10127 with some loss in activity. After performing
residue-substitution studies on compound KNI-10127, HTLV-I PR inhibitory activity was recovered in inhibitor KNI-10166.
� 2007 Elsevier Ltd. All rights reserved.

First identified in the early 1980s, the human T-cell leu-
kemia virus type 1 (HTLV-I) infects T-cells causing
malignant proliferation of adult T-cell leukemia (ATL)
that infiltrates skin and brain leading to various chronic
diseases including uveitis, arthritis, infective dermatitis,
as well as HTLV-I associated myelopathy/tropical spas-
tic paraparesis (HAM/TSP) in which patients present
with a gradual onset of symmetrical weakness, upper
motor neuronal signs, mainly affecting lower limbs.1,2


Infection with the oncogenic retrovirus is endemic in
south-western Japan, the Caribbean Basin, South Amer-
ica, Central and West Africa, the Middle East, and the
Pacific region where, for example, 15–25% individuals
in Japan, infected mainly via breast milk transmission,
are viral carriers out of which up to 6% will succumb
to the disease.3 At the present time, there is no effective
curative treatment for ATL and HTLV-I infection.


The HTLV-I protease (PR), first identified and isolated
in 1989, plays a key role in the replication of HTLV-I.4


The genome for HTLV-I is flanked by two long terminal
repeats with the following encoded gene sequences: Gag,
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Pro, Pol, Env, and regulatory proteins.2 HTLV-I PR
cleaves the 55 kDa Gag precursor polyprotein into ma-
trix (MA), capsid (CA) and nucleocapsid (NC) proteins;
and the 95 kDa Pol precursor polyprotein into reverse
transcriptase-ribonuclease H (RT-RH) and integrase
(IN).5 These proteins are assembled and developed into
a mature virion leading to the pathogenesis of ATL and
HAM/TSP. Without any doubt, the development of
HTLV-I PR inhibitors offers an attractive solution to
the currently incurable disease, because inhibition of
the processing of the Gag, Gag-Pro, and Gag-Pol poly-
proteins would essentially stop viral replication.


In our recent study, we designed and synthesized a
potent HTLV-I PR inhibitor, KNI-10161 (7), based on
a peptide substrate that could be accommodated by the
MA/CA cleavage site (Tables 1 and 2).6 KNI-10161
was designed with a (2S,3S)-3-amino-2-hydroxy-4-phen-
ylbutyric acid (allophenylnorstatine, Apns) moiety at
the P1 position having a hydroxymethylcarbonyl
(HMC) isostere transition-state mimic. In the work
described herein, we explored peptide chain length and
residue type requirements for HTLV-I PR inhibition.


The process of optimizing an already potent peptidic
inhibitor down to a smaller inhibitor usually entails
some loss of potency. However, smaller inhibitors often
offer several potential benefits including improved body
distribution, cell penetration, and administration vehicle
dissolution. Moreover, the sacrificed potency could be
recovered or even surpassed when each residue in the
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Table 2. HTLV-I PR inhibitory activity for inhibitors with different number of residues


Table 1. Residues accommodated at different HTLV-I PR cleavage sitesa


Cleavage site P4 P3 P2 P1 P01 P02 P03 P04


MA/CA . . . Pro Gln Val Leu Pro Val Met His . . .


CA/NC . . . Thr Lys Val Leu Val Val Gln Pro . . .
Gag/PR . . . Ala Ser Ile Leu Pro Val Ile Pro . . .


PR/Pol . . . Pro Val Ile Leu Pro Ile Gln Ala . . .


Pro/RT . . . Pro Ala Val Leu Gly Leu Glu Leu . . .


RT-RH/IN . . . Val Leu Gln Leu Ser Pro Ala Asp . . .


a Modified from Shuker et al.5
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inhibitor is optimized for HTLV-I PR inhibitory
activity.


Our first endeavor was to examine the influence of the
number of residues on HTLV-I PR inhibitory activity
using our recently reported inhibitor KNI-10161 (7) as
reference (Table 2).6 In the current study, we methodi-
cally ‘removed’ the C- and N-terminal residues of com-
pound 7 to determine the critical points at which
inhibitory activity is nearly absent (<30% inhibition at
100 lM of the test compound). Several shorter inhibi-
tors (1–6) with either a free or acetylated N-terminal
amine in the non-prime regions were synthesized and
their respective HTLV-I PR inhibitory activities were
determined. Compounds 1–4 exhibited low potencies
against HTLV-I PR. The reduced HTLV-I PR activity
in compounds 5 and 6 relative to inhibitor 7 is in agree-
ment with observations made by Tözsér et al. that the
removal of the P4 amino acid residue from a peptidic
substrate resulted in a decrease in catalytic efficiency.7


The presence of some inhibitory activity in compound
6 possessing a relatively smaller P4 acetyl moiety than
compound 7 with a P4 Pro suggests that the PR could
accommodate for shorter inhibitors. Inhibitors with
shorter number of prime residues (8–10) were also syn-
thesized to evaluate structure–activity relationships.
Compound 9 and 10’s inhibitory activities were low.
The result for compound 8, in which P04 His is absent
and P03 Met’s carboxylic acid has been altered to an
amide, indicates that the presence of a P04 residue is a
minor determinant for inhibitory activity. Interestingly,
another research group studying HTLV-I PR inhibitors

based on the PR/Pol cleavage site (Table 1) arrived at a
similar conclusion that a seven-residue peptide is re-
quired for substrate recognition by HTLV-I PR.8 Re-
cently, Li et al. reported the X-ray crystallography
structure of an inhibitor in complex with HTLV-I PR
which revealed that the P4 and P04 residues are near to
the outside of the active site, and thus, their contribu-
tions to activity are less significant.9


Considering that P3-to-P04 heptapeptide 6 and P4-to-P03
heptapeptide 8 both retained some HTLV-I PR inhibi-
tory activity, our study urged us to explore smaller
inhibitors consisting of six residues spanning from P3


to P03. Compound 12 was synthesized while keeping in
mind that our previous study revealed that a more
conformationally constrained and bulkier P01 (R)-5,5-di-
methyl-1,3-thiazolidine-4-carboxylic acid (Dmt) residue
exhibited slightly more potent inhibitory activity than
a P01 Pro residue (cf. compounds 7 and 11).6 In an
attempt to minimize the inhibitor’s size, HTLV-I PR
inhibitory activity was greatly reduced from >99% (11)
to 66% (12).


Our second endeavor was to optimize each residue in
reference compound 12 for inhibitory activity by build-
ing small libraries of amino acids at each residue posi-
tion (Table 3). We began with the P3 residue position
while considering increasing lipophilicity so as to ame-
liorate cell penetration in future cell-based assays.
Acknowledging that the PR could cleave different sub-
strates, compounds 13–15 were synthesized based on
the P3 residue of the respective PR/Pol, Pro/RT, and







Table 3. HTLV-I PR inhibitory activity for hexapeptidic inhibitors


3278 T. Kimura et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3276–3280

RT-RH/IN substrates, namely Val, Ala, and Leu (Table
1). We noted a trend in compounds 13–15 that inhibi-
tory activity seems to increase with lipophilicity and
consequently synthesized compounds 16 and 17, each,
respectively, possessing P3 Ile or Phe, that would only
bring us to conclude that the S3 pocket is quite accom-
modating for different residues. Our enzymatic assay re-
sults are supported by the evidence that peptidic
substrates with a hydrophobic P3 residue, such as Val,
Leu or Phe, exhibited low Km values.7 Somewhat satis-
fied with our outcome, we pursued modifications at
the P2 position (18–20) in which compound 18 was de-
signed on the P2 residue of substrates from the Gag/PR
and PR/Pol cleavage sites, namely Ile. Compound 19
was synthesized because Leu has similar physicochemi-
cal properties as Ile, and observed that a slight alteration
at the P2 position would greatly influence enzymatic
activity. Indeed, compound 20, possessing a less bulky
P2 LL-methylthioalanine (Mta), exhibited lower HTLV-I
PR activity. It has been reported that, for the case of
peptidic substrates, the P2 position is much less tolerant
to substitution than the P3 or P4 position, and hydro-
phobic residues are preferred.7 Using similar design
principles, we explored the P02 position with Ile and
Leu in compounds 21 and 22, respectively, to corre-
spond with the PR/Pol and Pro/RT substrates. The
activity results for compounds 21–24 possessing either
a P02 Ile, Leu, Mta or Thr follow a similar trend as that
observed for compounds 18–20 possessing either a P2


Ile, Leu or Mta, and strongly suggest that the P02 posi-
tion is also a strong determinant for activity at which
hydrophobic side chains are preferred. By the time
that we arrived at the P03 position, we realized that the
P3 Gln residue could be detrimental for our ultimate
goal of a cell-penetrable potent HTLV-I PR inhibitor,

and adopted our most potent inhibitor at the time, com-
pound 16 possessing a P3 Ile, as reference. Compounds
25 and 26 possessing either a P03 Gln or Ile residue,
respectively, to imitate the substrates recognized at the
CA/NC, Gag/PR, and PR/Pol cleavage site, accordingly,
did not deviate much in inhibitory activity relative to
reference compound 16. To confirm that the P03 position
is a low determinant for inhibitory activity, the potencies
for compounds 27–29 possessing either P03 Val, Leu or
Phe were evaluated. As expected, there were fewer differ-
ences in activity.


General observations from substrate specific studies
on retroviral aspartic PRs are similar to the trends
observed in our inhibitors: the P4=P04 and S4=S04 inter-
actions, which are at the edges of the active site
according to Li et al.’s HTLV-I PR X-ray crystallog-
raphy data,9 are lower than the P3=P03–S3=S03 interac-
tions; and that the P3=P03 positions are most tolerant
to a variety of different side chains when compared
with the P2=P02 positions, with the P1=P01 positions
being most sensitive to changes.7 This similarity
suggests that our peptidic inhibitors would associate
with HTLV-I PR in a similar manner as peptidic
substrates.


Compound 30 was designed to take advantage of each
optimized residue position, and, as expected, exhibited
fairly potent inhibitory activity against HTLV-I PR
(94%), surpassing the activities of reference compounds
12 (66%) and 16 (87%). Moreover, this residue optimiza-
tion study supports our original conclusion from our
current peptide chain-length study that a six-residue
inhibitor is sufficiently large to bear potent HTLV-I
PR inhibitory activity.
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Considering that both the HTLV-I and human immuno-
deficiency virus type 1 (HIV-1) belong to the Retroviri-
dae (retrovirus) family, these viruses could be referred
to as distant cousins, in which the HTLV-I and HIV-1
PRs share a 28% sequence identity and that the PRs’
cleavage regions share a 45% sequence identity.10 How-
ever, several studies have reported that both substrate
specificity and inhibition profile of the two enzymes
are fairly different.2,5,11 Moreover, in vitro studies of
mainstream HIV-1 PR inhibitors including Indinavir,
Nelfinavir, Ritonavir, and Saquinavir failed to show
effectiveness in HTLV-I PR.12 Interestingly, a recent
study proved the contrary in that Ritonavir was shown
to be effective against ATL both in in vitro and in vivo
mouse models.13 In our current study, we did not find
statistically reliable, mathematical relationships between
HTLV-I and HIV-1 PR inhibitory activity, in which the
coefficient of determination (r2) was greater than 0.80
(data not shown). However, we did observe that in gen-
eral, hexapeptidic HTLV-I PR inhibitors (12–30) usually
also exhibit potent HIV-1 PR inhibitory activity. How-
ever, hexapeptides exhibiting potent HIV-1 PR inhibi-
tion do not necessarily exhibit potent HTLV-I PR
inhibitory activities (22–24). Our observation is
supported by a report that HTLV-I PR displays a high
degree of specificity over that of HIV-1 PR.10


In summary, we used previously reported potent HTLV-
I PR inhibitor KNI-10161 (7) as a lead compound and
performed truncation studies to derive small hexapep-
tide KNI-10127 (12) with some loss in activity, from
94% to 66% inhibition at 100 lM test compound. After
performing substitution studies at each amino acid
residue position in compound KNI-10127 (12), we
recovered HTLV-I PR inhibitory potency in inhibitor
KNI-10166 (30). Rational computer-assisted docking
experiments generated a model of KNI-10166 (30) in
an HTLV-I PR active site that revealed multiple possible
hydrogen bond interactions throughout the inhibitor,

Figure 1. Computer model of KNI-10166 (30) in the active site of HTLV-I PR


backbone of KNI-10166 (30) and HTLV-I PR’s Asp32A, Gly34A, Asp36A


dimer. It is noteworthy that a water molecule could mediate the interactions


flaps and the inhibitor, and that KNI-10166 (30)’s transition-state mimic HM

thereby re-enforcing its high inhibitory potency in
HTLV-I PR assay (Fig. 1). We also observed that hexa-
peptidic inhibitors of HTLV-I PR (12–30) in general
possess potent HIV-1 PR inhibitory activity, but not
necessarily the converse.


The synthesis of reference compounds 7 and 11 was
previously reported.6 Compounds 1–6, 8–10, and
12–30 were synthesized by Fmoc-based solid phase
peptide synthesis. Fmoc-Apns-OH, Fmoc-Dmt-OH,
and Fmoc-Mta-OH were synthesized using Fmoc-OSu,
while the remaining Fmoc-amino acids were commer-
cially obtained. In each case for compounds 1–6,
Fmoc-His(Trt)-OH was loaded onto a 2-chlorotrityl
chloride resin in the presence of DIEA. In each case
for compounds 8–10 and 12–30, the respective C-termi-
nal Fmoc-amino acid was loaded onto a Rink amide
AM resin by DIPCDI-HOBt method. In each ensuing
Fmoc-deprotection step, 20% piperidine in DMF was
employed. In each chain-elongation step, coupling with
an appropriate Fmoc-protected amino acid was per-
formed using the DIPCDI-HOBt method. N-Acetyla-
tion in compounds 2, 4, 6, and 12–30 was performed
with acetic anhydride and Et3N in DMF. Removal of
side-chain protecting groups and cleavage from the resin
were performed with TFA, m-cresol, thioanisole, and
water. After preparative HPLC purification, all target
compounds (1–30) were >98% pure by analytical HPLC.
The identities of the compounds were confirmed by ESI-
Q MS and/or TOF MS. Synthetic yields ranged from
35% to 84%. Recombinant HTLV-I and HIV-1 PR
assays were performed according to previously reported
procedures.6 The mathematical correlation between
HTLV-I and HIV-1 PR inhibitory activity was calcu-
lated with Microsoft Office Excel 2003. Computer-as-
sisted modeling experiments were performed by which
the P1–P01 residues of potent HIV-1 PR inhibitor KNI-
577 found in PDB 1MRX were merged into the
HTLV-I PR inhibitor found in chains A–B of PDB

. Circles represent possible hydrogen bond interactions throughout the


, Leu57A, Ala59A, Asp32B, Asp36B, Leu57B, and Ala59B from the


between Ala59A and Ala59B in the hairpin regions of HTLV-I PR’s


C moiety could interact with catalytic Asp32A and Asp32B.
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2B7F, and the model was modified accordingly to
resemble KNI-10166 (30). The generated model was
‘water-soaked’ and energy-minimized in an MMFF94x
force-field using the 2006.08 release of Chemical Com-
puting Group’s Molecular Operating Environment
software.
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A series of oxadiazole mannich bases were synthesized by reacting oxadiazole
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A series of compounds with dual activity as 5-HT1D antagonists and 5-HT reuptake inhibitors were prepared by incorporating
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A potent series of broad-spectrum antivirals against human herpesviruses has been


identified which inhibit HCMV, HSV-1, EBV, and VZV polymerases.
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Compounds containing the depicted core were synthesized. These compounds were evaluated for binding


to the glucocorticoid receptor in cell based transactivation and transrepression assays. Molecular


modeling and in vivo data are also provided.
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Tetrazole thioacetanilides such as 12 were identified as potent NNRTIs via high-throughput screening. Analysis of the binding mode


of these inhibitors permitted the successful scaffold hop to tertiary amides (23), carbamates (24), and thiocarbamates (26).
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excellent selectivity for the CCR1 and desirable pharma-


cokinetic profiles. Compound 22 was efficacious in the


mouse collagen-induced arthritis model.
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A series of b-aminoamides bearing triazolopiperazines has been prepared and evaluated as potent, selective, orally active dipeptidyl


peptidase IV (DPP-4) inhibitors.
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The design and synthesis of a novel series of potent BACE1 hydroxyethyl-


amine inhibitors. These inhibitors feature hydrogen bonding substituents at


the C-5 position of the isophthalamide ring with improved selectivity over


cathepsin D.
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Molecular modeling was used to design a rigid analog of sitagliptin 1. The X-ray crystal


structure of sitagliptin bound to DPP-4 suggested that the central b-amino butyl amide moiety


could be replaced with a cyclohexylamine group. This was confirmed by structural analysis and


the resulting analog 2a was synthesized and found to be a potent DPP-4 inhibitor


(IC50 = 21 nM) with excellent in vivo activity and pharmacokinetic profile.
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(1 and 2A) inhibition, and anti-cancer activity


pp 3392–3397


Timothy A. Hill, Scott G. Stewart, Benjamin Sauer, Jayne Gilbert, Stephen P. Ackland,
Jennette A. Sakoff and Adam McCluskey*


O


O


O


O


2


O
O


O


N


OH


O


19


PP2A IC50


PP1 IC50


PP2A IC50


PP1 IC50


In this work, we report the first improvement in protein phosphatase


inhibition by a cantharidin analogue. Compound 19 is approximately


twice as potent as cantharidin against both PP1 and PP2A.


Additionally 19 displays excellent broad spectrum cytotoxicity.
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synthesized and evaluated as anti-HIV agents. Whereas
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against wild-type and mutant forms of HIV reverse


transcriptase (RT).
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A subunit-specific proteasome inhibitor was developed and its specificity was assayed both by fluorescent substrate


hydrolysis and by visualization of the targeted subunits via an activity-based probe approach.
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A series of tetrapeptide HCV NS34A protease inhibitors with varying P4 capping groups were prepared. The SAR and


pharmacokinetic properties of these inhibitors are discussed.
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A series of bis[(para-methoxy)benzyl] phosphonate esters were synthesized and evaluated as phosphonate prodrugs. Two esters (4b


and 4c) were identified with significantly improved aqueous stability and enhanced penetration to primary rat hepatocytes.
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The synthesis and biological activity of a new family of phenstatin analogues, carrying


a 2-naphthyl moiety, is reported. Compound 7 (IC50[TPI] = 1.1 lM) is more potent


than combretastatin A4 (IC50[TPI] = 3 lM) in tubulin polymerization inhibition


assays (TPI). The replacement of the 3-hydroxy-4-methoxyphenyl ring by a 2-


naphthyl system is more favourable in the phenstatin than in the combretastatin


series.


Piperidine amides as 11b-hydroxysteroid dehydrogenase type 1 inhibitors pp 3421–3425


Katarina Flyre�n,* Lars O. Bergquist, Victor M. Castro, Christopher Fotsch, Lars Johansson,
David J. St. Jean, Jr., Lori Sutin and Meredith Williams
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Compound 1 was identified as a potent 11b-HSD1 inhibitor in a HTS screen. Synthesis and inhibitory potency of analogs to 1 are


reported.
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Annonaceous acetogenin mimics bearing a terminal lactam and their cytotoxicity against cancer cells pp 3426–3430


Hai-Xia Liu, Guo-Rui Huang, Huan-Ming Zhang, Jia-Rui Wu* and Zhu-Jun Yao*
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A new series of annonaceous acetogenin mimics containing a terminal lactam were designed, synthesized, and evaluated.


Identification of 6-substituted 4-arylsulfonyl-1,4-diazepane-2,5-diones as a novel scaffold for human
chymase inhibitors


pp 3431–3434


Taisaku Tanaka,* Tsuyoshi Muto,* Hiroshi Maruoka, Seiichi Imajo, Harukazu Fukami, Yoshiaki Tomimori,
Yoshiaki Fukuda and Takashi Nakatsuka


A novel series of 6-substituted 4-sulfonyl-1,4-diazepane-2,5-diones were designed, synthesized, and evaluated as human chymase


inhibitors. Structure–activity relationship studies led to the identification of a potent inhibitor, (6S)-6-(5-chloro-2-methoxybenzyl)-4-


[(4-chlorophenyl)sulfonyl]-1,4-diazepane-2,5-dione, with an IC50 of 0.027 lM.


Development of 6-benzyl substituted 4-aminocarbonyl-1,4-diazepane-2,5-diones
as orally active human chymase inhibitors


pp 3435–3439


Hiroshi Maruoka,* Tsuyoshi Muto,* Taisaku Tanaka, Seiichi Imajo, Yoshiaki Tomimori,
Yoshiaki Fukuda and Takashi Nakatsuka


A novel series of 6-benzyl substituted 4-aminocarbonyl-1,4-diazepane-2,5-diones was


designed, synthesized, and evaluated as human chymase inhibitors. From this series,


we identified several compounds which were effective, via oral administration, in a


mouse model of chronic dermatitis.


Technetium-99m-labeling and synthesis of thymidine analogs: Potential candidates for tumor imaging pp 3440–3444


Bao Teng, Yunpeng Bai, Yu Chang, Shizhen Chen and Zhaolong Li*
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The synthesis and labeling of a series of thymidine analogs were reported.
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Synthesis and structure–activity relationships of novel pyrimido[1,2-b]indazoles as potential
anticancer agents against A-549 cell lines


pp 3445–3453


T. Yakaiah, B. P. V. Lingaiah, B. Narsaiah,* B. Shireesha, B. Ashok Kumar, S. Gururaj,
T. Parthasarathy and B. Sridhar
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Synthesis of furanosyl a-C-glycosides derived from 4-chloro-4-deoxy-a-DD-galactose and their
cytotoxic activities


pp 3454–3457


Lin Yan, Gui-Fu Dai, Jian-Li Yang, Feng-Wu Liu and Hong-Min Liu*
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Some new furanosyl a-C-glycoside derivatives were synthesized and tested for in vitro cytotoxicity against human lung


adenocarcinoma cell lines.


Synthesis and biological evaluation of an 123I-labeled bicyclic nucleoside analogue (BCNA)
as potential SPECT tracer for VZV-tk reporter gene imaging


pp 3458–3462


Satish K. Chitneni, Christophe M. Deroose, Humphrey Fonge, Rik Gijsbers, Natalia Dyubankova,
Jan Balzarini, Zeger Debyser, Luc Mortelmans, Alfons M. Verbruggen and Guy M. Bormans*


An 123I-labeled BCNA that has good affinity for VZV-TK (IC50: 4.2 lM) is synthesized and


evaluated.


Synthesis and SAR of aminopyrimidines as novel c-Jun N-terminal kinase (JNK) inhibitors pp 3463–3467


Mahbub Alam, Rebekah E. Beevers, Tom Ceska, Richard J. Davenport, Karen M. Dickson, Mara Fortunato,
Lewis Gowers, Alan F. Haughan, Lynwen A. James, Mark W. Jones, Natasha Kinsella,* Christopher Lowe,
Johannes W. G. Meissner, Anne-Lise Nicolas, Benjamin G. Perry, David J. Phillips, William R. Pitt,
Adam Platt, Andrew J. Ratcliffe, Andrew Sharpe and Laura J. Tait
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A series of novel aminopyrimidines is reported which exhibits JNK1 and JNK2 inhibitory activity.
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Penicillin-bound polyacrylate nanoparticles: Restoring the activity of b-lactam antibiotics
against MRSA


pp 3468–3472


Edward Turos,* G. Suresh Kumar Reddy, Kerriann Greenhalgh, Praveen Ramaraju,
Sampath C. Abeylath, Seyoung Jang, Sonja Dickey and Daniel V. Lim
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Polyacrylate nanoparticles bearing penicillin antibiotics attached to the polymeric matrix have been prepared in water by emulsion


polymerization. The nanoparticles are uniformly 25–40 nm in diameter and are stable over a wide range of pH values and in blood serum.


The nanoparticle emulsions display potent in vitro activity against Staphylococcus aureus and retain their full antibiotic capabilities against


b-lactamase producing, methicillin-resistant S. aureus, suggesting their use as therapies for drug-resistant bacterial infections.


Discovery and structure–activity relationship studies of indole derivatives as
liver X receptor (LXR) agonists


pp 3473–3479


Farid Bakir, Sunil Kher, Madhavi Pannala, Norma Wilson, Trang Nguyen, Ila Sircar, Kei Takedomi,
Chiaki Fukushima, James Zapf, Kui Xu, Shao-Hui Zhang, Juping Liu, Lisa Morera, Lisa Schneider,
Naoki Sakurai, Rick Jack and Jie-Fei Cheng*
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Fold induction @ 10 μM:
ABCA1:     8.4
SREBP1c:  3.1
EC50 (μM): 0.21 (LXRβ)
                   1.42 (LXRα)


A structurally novel LXR agonist (1) was identified utilizing the


combination of virtual screening and high-throughput gene profiling.


Structure–activity relationship studies on 1 are described.


Structure-based organic synthesis of unnatural aeruginosin hybrids as potent inhibitors of thrombin pp 3480–3485


Stephen Hanessian,* Karolina Ersmark, Xiaotian Wang, Juan R. Del Valle,
Niklas Blomberg, Yafeng Xue and Ola Fjellström
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The synthesis of a series of unnatural aeruginosin hybrids and their structure–activity relationships


against thrombin are reported. The DD-3R-chloroleucine hybrid 16 was found as one of the most active


thrombin inhibitors in this series.


Discovery of novel indazole-linked triazoles as antifungal agents pp 3486–3490


Joon Seok Park, Kyung A Yu, Tae Hee Kang, Sunghoon Kim and Young-Ger Suh*
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Dihydro-[1H]-quinolin-2-ones as retinoid X receptor (RXR)
agonists for potential treatment of dyslipidemia


pp 3491–3496


Bharat Lagu,* Rimma Lebedev, Barbara Pio, Maria Yang and Patricia D. Pelton
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A number of RXR modulators with novel structural features were synthesized and screened in the functional assays. The synthesis


and the structure–activity relationship within the series of compounds will be presented. Some in vivo data generated in the models


for dyslipidemia and diabetes will also be presented.


RXR–LXR heterodimer modulators for the potential treatment of dyslipidemia pp 3497–3503


Bharat Lagu,* Barbara Pio, Rimma Lebedev, Maria Yang and Patricia D. Pelton
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A number of RXR agonists were synthesized and screened in functional assays. The synthesis and the structure–activity relationship


(SAR) within the series of compounds will be presented. Some in vivo data in rodent models for dyslipidemia and diabetes will also


be presented.


3,4-Dihydro-2H-benzo[1,4]oxazine derivatives as 5-HT6 receptor antagonists pp 3504–3507


Shu-Hai Zhao,* Jacob Berger, Robin D. Clark, Steven G. Sethofer, Nancy E. Krauss,
Julie M. Brothers, Renee S. Martin, Dinah L. Misner, Dietmar Schwab and Ludmila Alexandrova
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The synthesis and structure–activity relationships of a series of 3,4-dihydro-2H-benzo[1,4]oxazine based 5-HT6 antagonists are


described.


One-pot synthesis of 3,4-dihydropyrimidin-2(1H)-ones using chloroacetic acid as catalyst pp 3508–3510


Yang Yu, Di Liu, Chunsheng Liu and Genxiang Luo*
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A simple and effective synthesis of 3,4-dihydropyrimidin-2(1H)-one derivatives from aldehydes, 1,3-dicarbonyl compounds and urea


or thiourea using chloroacetic acid as catalyst under solvent-free conditions is reported.
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Potent and selective biphenyl azole inhibitors of adipocyte fatty acid binding protein (aFABP) pp 3511–3515


Richard Sulsky,* David R. Magnin, Yanting Huang, Ligaya Simpkins, Prakash Taunk, Manorama Patel,
Yeheng Zhu, Terry R. Stouch, Donna Bassolino-Klimas, Rex Parker, Thomas Harrity, Robert Stoffel,
David S. Taylor, Thomas B. Lavoie, Kevin Kish, Bruce L. Jacobson, Steven Sheriff, Leonard P. Adam,*


William R. Ewing and Jeffrey A. Robl


X-ray crystal structure of an FABP inhibitor bound to the active site of aFABP.
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Abstract—A class of bisarylimidazole derivatives are identified as potent inhibitors of the enzyme fatty acid amide hydrolase
(FAAH). Compound 17 (IC50 = 2 nM) dose-dependently (0.1–10 mg/kg, iv) potentiates the effects of exogenous anandamide
(1 mg/kg, iv) in a rat thermal escape test (Hargreaves test), and shows robust antinociceptive activity in animal models of persistent
(formalin test) and neuropathic (Chung model) pain. Compound 17 (20 mg/kg, iv) demonstrates activity in the formalin test that is
comparable to morphine (3 mg/kg, iv), and is dose-dependently inhibited by the CB1 antagonist SR141716A. In the Chung model,
compound 17 shows antineuropathic effects similar to high-dose (100 mg/kg) gabapentin. FAAH inhibition shows potential utility
for the clinical treatment of persistent and neuropathic pain.
� 2007 Elsevier Ltd. All rights reserved.

The cloning of cannabinoid (CB) receptors and the re-
cent discovery of endogenous agonists has resulted in
considerable interest in the cannabinoid system as a tar-
get for drug discovery.1 The cannabinoid system has
been implicated in regulating numerous physiological
and pathological conditions including pain and inflam-
mation.2 Development of agonists at central CB1 recep-
tors has been dampened by the inability to separate
potential therapeutic benefits from side-effects such as
ataxia, hypothermia, and potential for abuse.


Endogenous cannabinoids, like anandamide, are re-
leased from cells in a stimulus-dependent manner (event
driven) and rapidly inactivated by enzymes such as fatty
acid amide hydrolase (FAAH).3,4 Recently, mice that
lack FAAH (FAAH knock-out, KO mice) were devel-
oped by researchers at The Scripps Research Institute.5

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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These FAAH KO mice reportedly have increased brain
levels of fatty acid amides, including anandamide. How-
ever, these mice do not display all of the typical signs of
cannabinoid agonist activation (i.e., hypothermia, cata-
lepsy, decreased locomotor activity) suggesting that
inhibition of FAAH is not the functional equivalent of
widespread CB1 receptor activation. These FAAH KO
mice do, however, demonstrate decreased thermal pain
sensitivity that is blocked by a CB1 receptor antagonist.
Inhibitors of FAAH may provide selective prolongation
of endogenous cannabinoid activity at local sites of
release and present a potentially useful strategy for max-
imizing beneficial effects such as analgesia.6 Here we
identify a novel series of FAAH inhibitors that potenti-
ate the effects of exogenous anandamide and demon-
strate robust activity in animal models of persistent
and neuropathic pain.


Utilizing a high-throughput screen (HTS) on a targeted
subset of Bristol-Myers Squibb’s proprietary collection
of compounds, a class of bisarylazole derivatives emerged
as potent inhibitors of the enzyme FAAH [Table 1].


The compounds chosen for the initial screen were origi-
nally designed as nonprostanoid prostacyclin mimetics,
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Table 2. Novel inhibitors of FAAH
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# n IC50 (nM) 


6 5 32* 


7 6 11±7** 


8 7 31* 


# R IC50 (nM) 


9 Me 130±5** 


10 Et 9900* 


11 i-Pr >100µM* 


(*) n=1 (**) n=2-3 


Table 1. Compounds identified from HTS
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(**replicates, *single readings)


# n R IC50 (nM) 


1 1 Me 670* 


2 3 Et 64±25** 


3 4 Et >10000 


# n R IC50 (nM) 


4 1 Me 6500* 


5 3 Et 91±2** 
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reflecting a common arachidonic acid lineage, but were
only weakly active as inhibitors of blood platelet aggre-
gation.7 Initial in vitro findings suggested that the active
chemotype possessed very well-defined structural
requirements for expression of potent FAAH inhibition.
One of the key objectives of the study was to validate the
fundamental concept that blocking the degradation of
the endocannabinoid signaling agents such as ananda-
mide in vivo could precipitate an ‘event-triggered’ and
localized analgesic response that is qualitatively different
from a centrally administered cannabinoid agonist.8


The active hits from the HTS were resynthesized and
their in vitro activity confirmed [Table 1]. The SAR
was established by chemical modifications of the origi-
nal hits, as depicted in Scheme 1, that resulted in novel
and potent analogs with IC50 values in the low single di-
git nM range [Table 2].9


Determination of FAAH activity. Homogenates of crude
membranes were prepared from H4 cells that express
transfected human FAAH (H4-FAAH cells).9 Activity
of FAAH was measured using a modification of the
method described by Omeir et al.10 IC50 values were
determined using a four-parameter logistic equation
for dose–response curves.


Preliminary in vitro SAR work focused on utilizing alkyl
chains to replace the substituted phenyl ring. This exer-
cise revealed that the inhibitory potency is highly sensi-
tive to the chain length separating the bisarylimidazole
core and the terminal functionality (6–8). It was initially
considered that this class of inhibitors would behave like
other typical serine hydrolase inhibitors that act by way
of an electrophilic functional group interacting with the
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Scheme 1. Reagents and conditions: (1) Alkyl aldehyde, ammonium


acetate in acetic acid at 100 �C; (2) aliphatic halide, NaH in DMF at rt;


(3) NaOH–EtOH at rt; (4) (PhO)2P(O)N3, Et3N in toluene at 105 �C,


followed by R00OH.

catalytic triad to produce a covalent intermediate. In-
deed, substitution at the a-position of 7 exerted a signif-
icant negative effect on the enzyme inhibitory activity, as
shown by compounds 9–11. Replacing the ester moiety
with an amide (12,13), or urea moiety (14,15), rendered
the compounds inactive. Further optimization with the
primary goal of increasing inhibitory potency showed
that the carbamate terminal group provided the most
potent compounds within this series.11 Thus, both phe-
nyl carbamates 16 and 17 showed very potent enzyme
inhibitory activity toward FAAH with IC50 values in
the low single digit nM. By way of contrast, the corre-
sponding alkyl carbamates were found to be less active
(data not shown). It is interesting to note that substitu-
tion a- to the N atom in the carbamate series (18–20)
does not affect IC50 values as much as in the ester series,
presumably reflecting the increased separation from the
carbonyl moiety. However, substituting the carbamate
N resulted in a complete loss of inhibitory activity, rein-
forcing the importance of a sterically unencumbered car-
bonyl moiety in this series (22, 23). A consequence that
is consistent with carbamate functional group participa-
tion in the inhibition of FAAH. Finally the effects of
aryl ring modification toward inhibitory activity were
explored in a single structural context. The bis(4-fluor-







Figure 2. 17 Elicits morphine-like activity against persistent pain.
**p < 0.01 versus vehicle group (Dunnett’s test); iv, jugular catheter.
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ophenyl) substituted imidazole derivatives showed re-
duced activity (�5·) compared to the parent unsubsti-
tuted compounds. It is conceivable that fluoro
substitution could affect the overall recognition of the
inhibitor by FAAH in a subtle fashion.


The initial goal was to demonstrate proof of concept
in vivo for FAAH inhibition, followed by assessment
in multiple animal models of persistent and neuropathic
pain. Compound 17 (IC50 = 2 nM) from the carbamate
series was selected for in vivo testing. In the Hargreaves
thermal escape test, 17 was shown to transform an
otherwise inactive dose of exogenous anandamide into
an agent with robust, morphine-like analgesic properties
[Fig. 1].12


Briefly, compound 17 (0.1, 1, and 10 mg/kg, iv) given
15 min prior to exogenous anandamide (1 mg/kg, iv)
produced a significant dose-dependent antinociceptive
effect from 3 to 30 min. Neither anandamide nor
10 mg/kg compound 17 was active if given alone, but to-
gether their effect was comparable to the positive control
morphine sulfate (3 mg/kg, iv). This combination of two
inactive doses yielding an robust antinociceptive effect
provides a plausible, in vivo, proof of concept for inhi-
bition of FAAH.13


Carbamate 17 was examined in a model of persistent
pain where the test animals were challenged with subcu-
taneous paw injection of formalin.14 The goal was to
determine the effect of 17 upon the spontaneous behav-
ior as measured by the frequency of ‘paw flinch’
responses.


In this model, 17 (20 mg/kg, iv) produced a significant
(p < 0.01) suppression of formalin-induced paw flinches
that was comparable to morphine (3 mg/kg, iv) [Fig. 2].
The CB1 antagonist SR141716A (SR, 3 and 10 mg/kg,
ip) completely reversed the effect of 17 (20 mg/kg, iv) in
the persistent pain model (Phase II) [Fig. 3b], and partly
reversed in the model of acute pain (Phase I) [Fig. 3a].


Finally, compound 17 was studied in a neuropathic pain
model (Chung model) where nerve injured rats (surgical

Figure 1. Hargreaves test—compound 17 Potentiates the Antinoci-


ceptive Effects of Exogenous Anandamide. (n = 5–8 per group;
*p < 0.01 vs vehicle group).

L5/6 spinal nerve ligation) exhibit pain-escape responses
(tactile allodynia) to light touch that is normally an
innocuous stimulus [Fig. 4]. Compound 17 (20 mg/kg,
iv) produced a significant (p < 0.01) reversal of tactile
allodynia (neuropathic pain behavior) that was compa-
rable to gabapentin (100 mg/kg, iv).15


In conclusion, novel inhibitors of the enzyme FAAH
responsible for the signal termination of the endocan-
nabinoids, like anandamide, were identified. Further
optimization yielded potent inhibitors suitable for a
proof of concept study. In a battery of in vivo whole ani-
mal pain models, the FAAH inhibitor 17 demonstrated
potentiation of the antinociceptive effect of an ineffective
dose of anandamide. High-dose exogenous anandamide
can produce strong analgesia, and potentiation of an
inactive dose is consistent with the actions of an FAAH
inhibitor. In the formalin test, compound 17 showed ro-
bust antinociception comparable to that of morphine in
Phase II (persistent pain). The specific CB1 antagonist
SR141716A blocks completely the antinociceptive effect
in the persistent phase (II); and partially in the acute
phase (I). These results support the mode of action
was via the endocannabinoid signaling pathway. The ef-
fect of 17 in the Chung model was particularly striking.
Compound 17 demonstrated significant effect in revers-
ing mechanical allodynia (neuropathic pain behavior)
comparable to the clinically active reference agent gaba-
pentin. Taken together, we have identified a novel class
of inhibitors that block the metabolic degradation of
endocannabinoid signaling agents. While it is not possi-
ble to specifically pinpoint the precise mode of action of
these compounds in vivo, the implications of blocking
FAAH are clearly demonstrated by 17 in a series of
in vivo whole animal studies.


Additional enzyme inhibition studies showed that 17
was only weakly active in cytosolic phospholipase A2,
(cPLA2, Ki > 15 lM) thus precluding mechanisms typi-
cally associated with the cPLA2 triggered inflammation
processes.16 Furthermore, the compound itself showed
very little affinity to CB1/CB2 (Ki = 23/28 lM, respec-
tively).17 Collectively, the results from the in vitro and
in whole animal studies strongly support the relevance







Figure 3. 3a, 3b CB1 antagonist shows dose-dependent reversal of 17 action in formalin test. �30 min: CB1 antagonist SR141716A given ip;


�15 min: 17 given iv; 0 min: formalin; *p < 0.05, **p < 0.01 versus vehicle (Dunnett’s test); iv, jugular catheter.


Figure 4. Compound 17 reverses neuropathic pain behavior like high-


dose gabapentin. *p < 0.05, **p < 0.01 versus baseline ligated (Dun-


nett’s test); iv, tail vein.
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of blocking the endocannabinoid signaling by 17 in the
modulation of pain responses.
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Abstract—The development of a series of novel aminopyrimidines as inhibitors of c-Jun N-terminal kinases is described. The
synthesis, in vitro inhibitory values for JNK1, JNK2 and CDK2, and the in vitro inhibitory value for a c-Jun cellular assay are
discussed.
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Inflammation is a key area of research for many
pharmaceutical companies. Patients suffering from
inflammatory disorders such as rheumatoid arthritis
(RA) require therapeutic agents that not only
demonstrate anti-inflammatory properties but also
protect against cartilage degradation.


The c-Jun N-terminal protein kinases (JNKs) are a
family of serine/threonine protein kinases and members
of the mitogen-activated protein kinase (MAPK)
family. JNKs activate proteins such as c-Jun by
phosphorylation; these proteins then dimerise to form
transcription factors, including AP-1, which mediate
pro-inflammatory effects via induction of inflammatory
factors including cytokines (TNF-a and IL-2) and
matrix metalloproteinases (MMPs).1 Mammals have
three JNK genes Jnk1, Jnk2 and Jnk3.2 Gene knockout
studies of Jnk1 and 2 suggest a role for JNK in T cell
proliferation.3 Further studies also indicate that JNK
inhibition may afford protection against cartilage and
bone erosion.4 Current evidence suggests that selective
JNK1 and 2 inhibition would be beneficial for treating
patients with RA.3a,4,5
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In this communication, we report our efforts towards
a series of aminopyrimidines as novel ATP competitive
JNK1 and JNK2 inhibitors for the treatment of
inflammatory disorders.


SP600125 (1) is a reversible ATP competitive inhibitor
of all three JNK isoforms, identified from a high
throughput screen (HTS) of Celgene’s chemical library.6


Another JNK inhibitor (2) has subsequently been
published by Serono7 which has shown efficacy via oral
dosing in a model of RA. Further recent publications
from Astra-Zeneca8 and Abbott9 emphasise the growing
interest in JNK as a target (Fig. 1).


Screening of the UCB compound collection identified
several hits with varying potencies against JNK1, 2
and 3. One of the most promising hits was the
aminopyrimidine 5, which showed good JNK potency
and some selectivity against other protein kinases such
as p38 (Fig. 2).


In order to use computer-aided drug design an X-ray
crystal structure of an early lead, compound 6, bound
into the ATP binding site of JNK3 was obtained
(Fig. 3). JNK3 protein was used as a surrogate in the
absence of in-house JNK1 and JNK2 protein crystals
and all modelling work discussed here is from the
JNK3 protein. There is about 92% sequence identity
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Figure 1. JNK inhibitors in the public domain. (1) SP600125, IC50


values: JNK1 110, JNK2 110, JNK3 150 nM. (2) AS601245, IC50


values: JNK1 150, JNK2 220, JNK3 70 nM.7 (3) Astra-Zeneca


compound, IC50 values: JNK1 384, JNK3 7 nM.9b (4) Abbott


compound, IC50 values: JNK1 36, JNK2 70 nM.9b
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Figure 2. Hit from HTS, compound 5, and early lead, compound 6.


IC50 values 5: JNK1 92, JNK2 67, JNK3 412, p38 4863 nM. IC50


values 6: JNK1 13, JNK2 25, JNK3 57, p38 5423 nM.


Figure 3. X-ray structure of compound 6 (PDB code 2P33).
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between JNK1 and JNK3 and about 85% between
JNK2 and JNK3. JNK3 enzyme activity was routinely
checked to aid with our modelling and is shown in
Table 1. No further discussion will be given in this paper

as our biological results were unaffected by JNK3 activ-
ity. The X-ray crystal structure of 6 (Fig. 3) shows the
aminopyrimidine nitrogens interacting with the hinge
region of the active site via Met 149, the indole sitting
in the pocket normally occupied by the ribose of the
natural ligand ATP and the 5 0-chloro group sterically
interacting with the sulfur of Met 146. Met 146 is also
known as the ‘gatekeeper’, a term used to describe the
residue of a kinase that blocks the classical hydrophobic
pocket. All protein kinases have a gatekeeper residue. A
feature so far found only in JNKs10 is the presence of a
moveable gatekeeper, which allows access to the classi-
cal hydrophobic pocket. All JNKs have a methionine
gatekeeper residue, p38 has a threonine residue and
CDK2 has a phenylalanine residue, which is not capable
of moving to expose the hydrophobic pocket. Modelling
suggested that this difference might be used to improve
selectivity. The aminopyrimidines described were
synthesized as shown in Scheme 1. Appropriately
substituted 2,4-dichloro pyrimidines (31) were reacted
via a Suzuki coupling with 1-phenylsulfonyl indole-3-
boronic acid, followed by a basic deprotected to give
intermediates (32). Intermediates (32) could be reacted
with substituted piperidines to give final compounds
via deprotection and further reaction with appropriate
capping groups. In order to synthesize compound 10,
indole was deprotonated using sodium hydride and
reacted with 2,4,5-trichloropyrimidine (33). The product
was then reacted as before with substituted piperidines,
followed by deprotection and reaction with ethylisocya-
nate. It can be noted that the chlorine of compound 10
can be removed via hydrogenation under basic condi-
tions to give compound 12. 3-Bromoimidazopyridine
(34) was reacted with trichloropyrimidine (33) via a
Negishi coupling. The intermediate dichloro compounds
were reacted with substituted piperidines as before to
give compound 9. Hydrogenation was used again to
synthesize compound 11. Finally the pyrazolopyridines
were synthesized via a coupling of dichloropyridine
(35) with a substituted acetylene followed by a
cyclisation reaction to give intermediates 36. Compound
5 was screened against a panel of protein kinases
including cyclin-dependent protein kinase 2 (CDK2)
which had been highlighted as a potential selectivity
issue. A further screen of other 5 0-cyano aminopyrimi-
dines showed that CDK2 activity was indeed an issue
that needed to be addressed.


In order to attain better CDK2 selectivity, while
retaining JNK potency, we investigated the SAR around
four distinct areas of the original hit (5), the 5 0-substitu-
ent, the bicycle, the heterocycle and the piperidine
substituent, referred to as the cap. The first two areas
of investigation were alternative 5 0-substituents and
bicycle replacements (Table 1, 5–13). From Table 1 it
can be seen that there is a subtle interplay between
5 0-substituents and the bicycles affecting aminopyrimi-
dine SAR. When 5 0 is chloro the 3-indole (6) has greater
potency against the JNKs than the imidazopyridine (9),
followed by the 1-indole (10), which shows only
moderate activity. Modelling suggests that the shorter
carbon–nitrogen of the 1-indoles results in a steric clash
with the 5 0-chlorine which in turn leads to a loss in
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Compound 5 0 X Bicycle Heterocycle Cap JNK111
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JNK211


IC50 (nM)


JNK311


IC50 (nM)


CDK212


IC50 (nM)


c-Jun13


IC50 (nM)


5 CN 6-F-3-Indole 4-Piperidine CONHEt 92 67 412 412 3700


6 Cl 3-Indole 4-Piperidine CONHEt 13 25 57 1517 704


7 Me 3-Indole 4-Piperidine CONHEt 320 250 410 IA 10,000


8 H 3-Indole 4-Piperidine CONHEt 74 245 na 10,000 8091


9 Cl 3-Imidazopyridine 4-Piperidine CONHEt 41 55 na 605 7723


10 Cl 1-Indole 4-Piperidine CONHEt 457 709 na 4443 >10,000


11 H 3-Imidazopyridine 4-Piperidine CONHEt 59 281 708 4219 19,331


12 H 1-Indole 4-Piperidine CONHEt 71 512 na 10,000 29,891


13 H Pyrazolopyridine 4-Piperidine CONHEt 69 194 na 8663 4000


14 Cl 3-Indole 3-Pyrrolidine CONHEt 360 177 582 2483 6268


15 Cl 3-Indole Azetidine CONHEt 1340 1551 5000 na 4272


16 Cl 3-Indole 3-(S)-Piperidine CONHEt 29 15 32 555 6995


17 Cl 3-Indole 3-(S)-Piperidine CH2CONHMe 139 267 na >10,000 14,667


18 Cl 3-Indole 3-(R)-Piperidine CONHEt 60 88 107 1264 3883


19 Cl 3-Indole 3-(R)-Piperidine CH2CONHMe 15 31 31 612 2807


20 Cl 3-Indole 4-Piperidine CH2CONHMe 13 22 14 123 1769


21 Cl 3-Indole 4-Piperidine COOEt 37 49 82 na na


22 Cl 3-Indole 4-Piperidine CONMe2 15 37 na 4358 741


23 Cl 3-Indole 4-Piperidine CO-(4Me


piperazine)


18 26 na 5281 2770


24 Cl 3-Indole 4-Piperidine COCH2NHCOMe 28 46 na 551 1938


25 Cl 3-Indole 4-Piperidine COCH2NHMe 67 85 179 2672 2028


26 Cl 3-Indole 4-Piperidine COCH2NMe2 57 45 120 1126 2497


27 Cl 3-Indole 4-Piperidine CO-(4Me


piperidine)


15 14 48 1895 813


28 Cl 3-Indole 4-Piperidine CONH-(4-Me


piperidine)


47 62 na 6652 807


na, not available.
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planarity and fit with the binding site. When 5 0 is hydro-
gen (8) (11) (12) there is an overall drop in JNK activity.
However in this case the 5 0-substituent has less effect,
with all bicycles having comparable potencies. This
interplay also has an effect on CDK2 activity. When
chloro, JNK1 and JNK2 activities are comparable, but
more potent than CDK2. When hydrogen, JNK1
activity is greater than JNK2, which in turn is more
potent than CDK2. 5 0-Chloro analogues have far
greater JNK potency, however selectivity will need to
be addressed as exemplified by high activity against
CDK2. Alternatively, 5 0-hydrogen analogues offer a
better JNK/CDK selectivity profile and so have
potential if JNK potency can be improved. Our next
area of interest was to look for heterocycles as replace-
ments for the 4-piperidine of the original hit (5)
(14–19). Changing the ring size from six (6) to five (14)
to four (15) gave a reduction in JNK activity and
CDK2 activity, suggesting a less optimal fit of the
smaller rings in the active site of both JNKs and
CDK2. The 4-piperidine ring seems to be occupying
space that is key to potency. To test this several 3-piper-
idine analogues (16) to (19) were designed. Overall, these
compounds were either equipotent or less active than the
4-piperidine compound (6), with the (S)-3-piperidine
compounds 16 and 17 having an undesirable effect on

CDK2 potency. Comparison of enantiomers suggests a
stereochemical preference that is dependent on the nat-
ure of the cap. Compounds 20–28 exemplify the final
area of diversification, which involved varying groups
attached to the nitrogen of the 4-piperidine. Many
groups were well tolerated and it can be seen from Table
1 that different groups can improve selectivity against
CDK2, whilst retaining JNK potencies. This area has
huge scope and is under investigation with the aim of
improving physical properties, such as solubility. As dis-
cussed earlier, modelling suggested that the gatekeeper
area could be used to induce selectivity for JNKs over
CDK2 by having R groups that move the gatekeeper
and access the classical hydrophobic pocket (Table 2,
Fig. 4). Compound 13 showed good JNK1 activity,
moderate JNK2 potency, with good selectivity over
CDK2, providing confidence that this would be a good
template to work from. Two further compounds were
made (29–30) and interestingly it seems that R can give
rise to potent and selective compounds.


When R is phenyl (30) JNK1 and JNK2 potency is 22
and 5 nM, respectively, with excellent selectivity over
CDK2. While this work needs further investigation the
hypothesis proposed by modelling has been supported
by experimental evidence.







Figure 4. Docking of Compound 30 in JNK3 protein (GOLD, CCDC,


UK) into 1 pmn.10
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Scheme 1. Synthesis of aminopyrimidines. Reagents and conditions:


(a) 1-phenylsulfonyl indole-3-boronic acid, Pd(PPh3)4, Na2CO3,


MeCN, H2O, reflux, 90 min, 50–90%; (b) KOH, MeOH, reflux


30 min, 50–60%; (c) 1-bocaminopiperidine, DMF, 120 �C, 6 h, 50–


70%; (d) 2 N HCl in ether, MeOH, rt, 40–60%; (e) EtNCO, Et3N,


Na2CO3, DCM, rt, 10–40%; (f) chloromethylacetamide, Na2CO3,


DMF, 60 �C, 2 h, 10–40%; (g) indole, NaH, DMF, rt, 60–70%; (h)


Pd/C, H2, NaOH, MeOH, 80–85%; (i) n-BuLi, ZnBr, THF, then


2,4,5-trichloropyrimidine, Pd(PPh3)4, 32%; (j) 1-ethylurea-4-aminopi-


peridine, Et3N, DMF, 50%; (k) R-acetylene, PdCl2(PPh3)2, CuI,


Et3N, THF, rt, 18 h, 70–80%; (l) 1-aminopyridinium iodide, DBU,


MeCN, 50 �C, 18 h, 20–50%.
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JNK inhibitors need to be cell permeable to reach their
intracellular targets; therefore a phospho c-Jun cell
based assay13 was utilized to test cellular potencies
(Table 1). Compound 4 gave moderate cellular activity
and seemed to be a good starting point for further
development, although only a few analogues showed

Table 2. Enzymatic and cellular activity of aminopyrimidine analogues


N


N


N
H


NN


R


(13),


Compound 5 0 X Bicycle R JNK111


IC50 (nM)


6 Cl 3-Indole H 13


13 H Pyrazolopyridine H 69


29 H Pyrazolopyridine iPr 520


30 H Pyrazolopyridine Ph 22


na, not available.

submicromolar cellular potency (22, 27, 28). Further
work is underway to improve our understanding of
cellular potency; however at present other bicycles have
not demonstrated significant cellular activity.


A large number of compounds have been synthesized
and assayed against JNK1, JNK2 and CDK2 free
enzymes and tested in a c-Jun cellular assay. The results
presented highlight our success in synthesizing
compounds that led to improvements in JNK potency
and good selectivity over CDK2.


X-ray crystal structures and docking have been
employed to understand the complex SAR of this series
of molecules regarding their activity against JNK.
Predictions for improved selectivity, such as accessing
the classical hydrophobic pocket, have been tried

N


NH


O


 (29)-(30)


JNK211


IC50 (nM)


JNK311


IC50 (nM)


CDK212


IC50 (nM)


c-Jun13


IC50 (nM)


25 57 1517 704


194 na 8663 4000


698 na >10,000 21,160


5 5 >10,000 3845
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experimentally and the evidence so far supports these
predictions. Further work on this series of compounds
and their selectivity profiles will be communicated in
due course. Work is underway to improve our
understanding of cellular potency; however at present
other bicycles have not demonstrated significant cellular
activity.
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compounds are added to a 384-well black plate. The
reaction mixture is incubated for 60 min at RT and
stopped by addition of 60 ll progressive binding buffer ‘A’
containing 1/400 IMAP beads.


13. A549 cells are plated out at 1.25 · 104/well in RPMI
media containing 10% FBS, penicillin/streptomycin and
glutamine and incubated overnight at 37 �C/5% CO2.
The cells are stimulated with 1 ng/ml recombinant
human IL-1b and incubated for a further 30 min at
37 �C/5% CO2. c-Jun translocation is then measured
using a c-Jun Activation Screening Hitkit product
(Cellomics).
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Abstract—The roles of bacterial RecA in the evolution and transmission of antibiotic resistance genes make it an attractive target
for inhibition by small molecules. We report two complementary fluorescence-based ATPase assays that were used to screen for
inhibitors of RecA. We elected to employ the ADP-linked variation of the assay, with a Z 0 factor of 0.83 in 96-well microplates,
to assess whether 18 select compounds could inhibit ATP hydrolysis by RecA. The compounds represented five sets of related inhib-
itor scaffolds, each of which had the potential to cross-inhibit RecA. Although nucleotide analogs, known inhibitors of GHL ATP-
ases, and known protein kinase inhibitors were not active against RecA, we found that three suramin-like agents substantially
inhibited RecA’s ATPase activity.
� 2007 Elsevier Ltd. All rights reserved.

Drug resistance is an ever-increasing problem in the che-
motherapy of bacterial infectious diseases. The de novo
development and clonal spread of drug-resistant bacte-
ria, and the horizontal transfer of resistance factors
among bacteria have resulted in a dramatic increase in
the incidence of drug-resistant infections. One strategy
to improve the efficacy of existing antibacterial drugs in-
volves countering bacterial mechanisms of drug resis-
tance. In this context, RecA has emerged as a
potential target because its activities allow bacteria to
overcome the metabolic stress induced by a range of
antibacterial agents, and promote the de novo develop-
ment and transmission of antibiotic resistance genes.1–5


Although potent and selective inhibitors of RecA could
be used to modulate its activities in the development of
antibiotic resistance, no small-molecule natural product
inhibitor of RecA’s activities has been reported. Herein,
we report two rapid, microvolume molecular screening
assays and their implementation in the directed screen-
ing of prospective inhibitors of RecA’s ATPase activity.


We have previously demonstrated that select NDP and
NTP-analogs inhibit RecA ATP hydrolysis.6,7 Because
nucleotide analogs are largely unsuited for use in cell-
based assays, we screened a small, focused set of com-
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mercially available compounds to discover non-nucleo-
tide inhibitors of RecA. The compounds we elected to
study can be ordered in five groups (Fig. 1). The first
group comprises vanillin,8,9 cinnamaldehyde,9 curcu-
min,10 and the soy-derived compounds genistin and gen-
istein,11 all of which may inhibit RecA based on their
activities in microbiological assays. The second group
includes adenosine nucleotide-like compounds12,13 that
may extend upon our previous success with ADP ana-
logs. The third group is composed of inhibitors of the
gyrase-Hsp90-like (GHL) family of ATPases.14,15 The
fourth group includes adenine-like inhibitors of protein
kinases.16 The fifth group comprises compounds related
to the non-nucleotide inhibitors of purine nucleotide
receptors, suramin and PPADS.17,18


High-throughput screening is a useful method for the
identification of novel inhibitory scaffolds. Recently,
we reported a coupled enzyme assay that was optimized
for determination of Escherichia coli RecA’s ssDNA-
dependent ATPase activity, which is a useful indicator
of active RecA-DNA filament assembly.7 It was undesir-
able to use this assay to screen a larger, more diverse li-
brary because many of the compounds may be UV
active at 360 nm. This interfering absorbance would lead
to false negatives in a high-throughput screening project.


To address this concern, we developed two robust and
reproducible microplate assays for RecA’s ATPase
activity that are suitable for screening collections of
small molecules as prospective RecA inhibitors without
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Figure 1. Five classes of compounds screened for RecA inhibition.
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Figure 2. Two fluorescent ATPase assay schemes used to monitor ATP hydrolysis by RecA.


Figure 3. Interday and intercolumn precision for the ADP-linked


fluorescent ATPase assay.
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the potential for signal interference generated by UV-ac-
tive compounds (Fig. 2). Each variation of the assay
utilizes one product of ATP hydrolysis, either ADP or
Pi, as a substrate for commercially available enzymes
and, for every molecule of ATP hydrolyzed by RecA,
one molecule of amplex red is ultimately oxidized to
resorufin, which has a unique fluorescence emission at
595 nm.19 In one variant of the assay, Pi and inosine
serve as substrates for PNP in the production of
hypoxanthine and ribose-1-phosphate. In turn, the
O2-dependent oxidation of hypoxanthine by xanthine
oxidase produces uric acid and H2O2, the latter of which
is used by horseradish peroxidase to oxidize amplex red
to resorufin. In the other assay variant, ADP and
phosphoenolpyruvate serve as substrates for the com-
mercially available enzyme pyruvate kinase to produce
ATP and pyruvate, the latter of which is a substrate
for O2-dependent oxidation by pyruvate oxidase in the
production of acetylphosphate and H2O2.20 Identical
to the first assay, horseradish peroxidase uses H2O2 to
catalyze the oxidation of amplex red to resorufin.


To determine if these assays were suitable for high-
throughput screening, we assessed their robustness and
reproducibility using a statistical analysis.21 In our
hands, the ADP-linked ATPase assay was more useful
as a screening assay because the Pi-linked assay was
sensitive to variations in the residual phosphate
contaminating enzyme and DNA preparations. For

the ADP-linked ATPase assay optimized for 96-well
microplates,22 positive and negative control experiments
were performed on three different days with 48 wells per
condition to simulate the day-to-day and well-to-well
variability between assays (Fig. 3). Statistical evaluation
of the results yielded a reproducible Z 0 factor of 0.83,
demonstrating the excellent utility of the assay for
reproducibly differentiating normal activity from inhibi-
tion. Furthermore, the inclusion of the two most potent
NTP-analog inhibitors discovered in our previous work7


verified that known RecA ATPase inhibitors would pre-
vent resorufin production using this assay system
(Fig. 3).


With a suitable ATPase assay in hand, we assessed the
abilities of the 18 compounds in our directed mini-li-







Figure 4. Results of the directed screen of 18 selected compounds


against RecA ATP hydrolysis activity.
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brary (Fig. 1) to inhibit RecA’s ATPase activity at
100 lM. The fractional inhibition observed in the pres-
ence of each compound was obtained by comparing
the total fluorescence in wells containing the reaction
mixture in the presence and absence of inhibitor
(Fig. 4). Only curcumin from Group 1 and the polysulf-
ated naphthyl compounds suramin, Congo Red, and
bis-ANS, from Group 5, appeared to inhibit RecA’s
ATPase activity under these conditions.


Upon the identification of molecules that attenuated res-
orufin production, it was necessary to determine
whether these compounds were selectively inhibiting
RecA or other components of the coupled assay system.
Therefore, four compounds were evaluated in subse-
quent control reactions in the presence of 500 lM
ADP, but in the absence of RecA. Because all four of
these compounds also inhibited pyruvate kinase in the
control assay, we evaluated their abilities to inhibit Re-
cA’s ATPase activity using the Pi-linked fluorescence
ATPase assay described above. Suramin, Congo Red,
and bis-ANS, but not curcumin, inhibited ATP hydroly-
sis by RecA.


It is important to note that none of the compounds ex-
pected to inhibit RecA based on prior biological activity
studies (Group 1) inhibited RecA’s ATPase activity
in vitro. Possible explanations for the apparent inconsis-
tency include the following: (1) these compounds may
inhibit RecA-associated proteins rather than RecA it-
self; or (2) these compounds may interfere with RNA
or protein synthesis. Of additional importance is the

Figure 5. Cartoons depicting the inactive and active conformation of RecA


transmission of antibiotic resistance (AR) genes.

observation that no known inhibitor from Groups 2, 3
or 4 substantially inhibited RecA’s ATPase activity.
The failure to discover a RecA inhibitor among these
compounds suggests that the development of a potent
RecA inhibitor will not be a trivial exercise. However,
the same lack of cross-inhibition of RecA by known
inhibitors of other ATP-dependent enzymes also sug-
gests the likelihood of ultimately discovering specific
inhibitors of RecA’s activities.


Although we did not observe inhibition of RecA by any
of the molecules in Groups 1, 2, 3, or 4, we did find that
the polysulfated naphthyl compounds Congo Red, sura-
min, and bis-ANS strongly inhibited the ATPase activity
of RecA. The nature of the inhibition by these com-
pounds is reputed to be promiscuous. Indeed, it has been
established that, in aqueous solution, Congo Red self-
assembles into supramolecular aggregates23,24 that can
result in apparent inhibition by the reversible sequestra-
tion of enzyme.25,26 In contrast, suramin, which is also
active against many different enzymes27 and is structur-
ally similar to Congo Red, does not form aggregates and
does not inhibit model enzymes that are sensitive to
supramolecular ligands.25,26 The possibility that sura-
min may be a structure- or mechanism-specific inhibitor
of RecA is supported by the observation that PPADS
does not inhibit RecA’s ATPase activity, despite the fact
that both compounds are potent antagonists of the P2X1


nucleotide receptors.18 Finally, it is noteworthy that se-
lect transition metal cations trap inactive RecA as insol-
uble aggregates,28 but no visible precipitates were
formed in the presence of suramin, Congo Red, or bis-
ANS.


To probe this class of polysulfated naphthyl compounds
further, we characterized the nature of the inhibition of
RecA by suramin. While suramin inhibited RecA’s
ATPase activity with an IC50 of approximately 2 lM,
the inhibition was not competitive with respect to ATP
or ssDNA binding (data not shown). We speculate that
suramin modulates RecA’s activity by binding to an
allosteric region of the protein and trapping the protein
in its inactive conformation (Fig. 5).


Importantly, we demonstrated that suramin interferes
with the RecA-mediated DNA strand exchange reac-
tion, an established RecA activity that serves as an
in vitro model for its physiologic recombinational func-
tions.29 It is known that RecA must hydrolyze ATP in

filaments and the roles of the latter in the de novo development and







Figure 6. Suramin inhibits the RecA-mediated DNA three strand


exchange reaction.
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order to carry out the strand exchange reaction between
/v174 cssDNA and homologous, linear dsDNA (S) to
yield a nicked circular dsDNA product (P), which mi-
grates more slowly under electrophoretic conditions
than the substrate DNA molecules. The presence of sur-
amin (100 lM) in this reaction completely abrogated the
formation of nicked circular dsDNA product, even over
the course of 90 min (Fig. 6).


In conclusion, we have reported two new fluorescence-
based assays for screening potential inhibitors of RecA’s
ATPase activity. We previously developed activity as-
says for RecA’s ATPase and filament assembly activi-
ties,6,7 and the new molecular screening assays
complement and extend the previous assays by provid-
ing an observable parameter that is not influenced ad-
versely by UV-active compounds. Moreover, the
assays reported herein were optimized for use with RecA
based on its production of either free phosphate or
ADP. We further reported that suramin, Congo Red,
and bis-ANS strongly inhibit RecA’s ATPase assay
and compose a new structural class of RecA inhibitors.
We expect that polysulfated naphthyl compounds such
as these are likely to be of little therapeutic utility due
to membrane-impermeability caused by their negative
charges. Nonetheless these compounds may be used in
future rational modification procedures for the synthesis
of microbiological tools to tease apart the roles of RecA
in various aspects of pathogenicity. We envision that
such inhibitors may ultimately be developed into novel
adjuvants for antibiotic chemotherapy that moderate
the development and transmission of antibiotic resis-
tance genes and increase the antibiotic therapeutic
index.
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Abstract—VirA–VirG two-component system regulates the vir (virulence) operon in response to specific host factors (xenognosins)
in the plant pathogen Agrobacterium tumefaciens. Using whole cell assays, stable inhibitors inspired by the labile natural benzox-
azinone inhibitor HDMBOA are developed. It is found that aromatic aldehydes represent a minimal structural unit for activity.
In particular, 3-hydroxy-4,6-dimethoxy-3H-isobenzofuran-1-one (HDI) was found to have the highest activity, making it the most
potent developed inhibitor of virulence gene expression in Agrobacterium.
� 2007 Elsevier Ltd. All rights reserved.

Agrobacterium tumefaciens mediates the lateral transfer
of genes to eukaryotic genomes en route to engineering
the tumorous growths of crown gall disease. Switching
wild-type transferred genes with other elements such
as antibiotic resistance genes, biosynthetic pathway
enzymes, and proteinaceous insecticides allows the bac-
terium to be used as a vector for plant genetic engineer-
ing.1 Most cereal crops, however, are resistant to
transformation by A. tumefaciens, limiting its biotechno-
logical utility.1–4 Efforts to better understand this limita-
tion identified HDMBOA (2) exuded from maize roots
as a potent inhibitor of host recognition (xenognosis)
mediated by the VirA–VirG two-component system
(TCS).5 TCS environmental perception elements are
widely used by both Gram-negative and Gram-positive
pathogenic bacteria for xenognosis.6 This natural strat-
egy of blocking host perception suggests that similar
prophylaxis anti-virulence agents could be found that
avoid the selection pressure inherent to bactericidal
agents, and/or in combination with antibiotics extend
therapeutic effectiveness.


Development of such novel agents from the natural
product HDMBOA is complicated by the compound’s
unique reactivity. Recent mechanistic analyses have sug-
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gested that HDMBOA itself is not the active inhibitor,
but instead functions as a pro-drug to deliver the active
iminoquinone decomposition intermediate 3 intracellu-
larly (Fig. 1). Intermediate 3 is also unstable and further
decomposes to the inactive product MBOA (4).7,8 This
lability may be critical within the biological matrix,
but we sought to capture structural features of 3 neces-
sary for inhibition while retarding hydrolytic break-
down. Here we describe a successful approach that
accomplishes both goals.


HDMBOA (2) and the related vir inhibitor DIMBOA
(5) are members of the benzoxazinone family of second-
ary metabolites.9,10 Their decomposition is dependent
on both the redox activity of the hydro-quinone-like
ring system and the reactivity of the aldehyde (red and
blue, respectively, in Fig. 1).7 Likewise, the biological
activity of 2, 3, and 5 may also depend on both of these
elements. Analogs 6–11 (Table 1A) were prepared to
evaluate this requirement by eliminating redox activity
(and formation of species like 3). To assay vir inhibition,
whole cell assays were performed in the presence of
100 lM acetosyringone (a potent vir inducer perceived
by the VirA/VirG TCS) as described in Supplementary
Information. Analog 6 retained the hydroxamic acid/
aldehyde groups found in DIMBOA and showed com-
parable inhibitory activity to that of natural product.
Unfortunately, poor aqueous solubility and elevated
toxicity prevented accurate IC50 determination. Analogs
8–11 lacked the hydroxamic acid and all were acceptably
soluble, less toxic, and more stable under aqueous
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Figure 1. The critical elements of HDMBOA vir-inhibition activity. Endogenous plant glucosidases activate the activity of 1 to generate a multi-


centered electrophile 2. In water, 2 decomposes to an ortho-imidoquinone (3) en route to the inactive product MBOA (4). The ortho-(hydro)quinone


nucleus (red) and electrophilic carbonyls (blue) of 2 (and 5) are potentially required for activity. Structure 12 retains the essential structural features


of the active natural products (shown in box) and aldehyde reactivity.
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conditions.7 The similar biological activities of 8–11
suggested that stable aldehyde inhibitors could be
designed and neither the hydroxamate nor the quinone
functional groups were essential.


The complex instability of the benzoxazinone nucleus
can be attributed largely to the ortho heteroatoms on
the aryl ring.7 As a template for stable inhibitors, these
heteroatoms were removed and the electrophilic carbo-
nyls (blue in Fig. 1) retained, leading to the simple
3H-isobenzofuran-1-one skeleton of 12. A series of com-
pounds based on this skeleton (12–25) were readily pre-
pared through two separate approaches. Compounds
containing an acid were prepared by electrophilic aro-
matic substitution of an acyl chloride or formyl equiva-
lent on the corresponding ester. Since this approach was
incompatible with the synthesis of many of the keto/
aldehyde and keto/keto structures, a unique rearrange-
ment of hydrazone phenols by [(diacetoxy)iodo]benzene
was employed.11 Although yields by this latter method
were poor, the generality of this procedure permits facile
access to a potentially diverse library of o-carbonyl com-
pounds. Attempts to synthesize aldehyde/aldehyde
analogs were unsuccessful.


The keto/aldehyde structures 13–16 were active inhibi-
tors, independent of the aldehyde position on the skele-
ton (Table 1B). While the aldehyde was necessary (17–
19), it was not sufficient (20–21) for activity. The reason
for the loss of inhibitory activity resulting from moving
the carbonyl center one atom from the aromatic ring in
22 and 7 remains unclear. Nonetheless, the acid/alde-
hyde 12 seemed the best candidate with an IC50 of 8 lM.


To evaluate the importance of the aryl methoxy substit-
uents in 12, an additional series of 3H-isobenzofuran-1-
one analogs was prepared. The diethoxy analog 26 was
easily prepared by electrophilic aromatic formylation of
the benzoic acid methyl ester, but mono-methoxy ben-
zoic acid methyl esters were inactive to formylation.
Analogs 27–30 were therefore prepared by activation
of the aromatic nucleus via ortho-lithiation of the corre-
sponding methoxy benzamide followed by addition of

DMF as the electrophile.12–14 Hydrolysis of the amide
afforded the 2-formyl monomethoxy benzoic acids in
good yield. 1H NMR indicated that the 3H-isobenzofu-
ran-1-one tautomer was dominant for 26, 27, 28, and 30
in D2O and DMSO-d6, however 29 existed equally in
both ring and chain tautomers in DMSO-d6 (see Sup-
porting Information).15


The simplest acid/aldehyde 3H-isobenzofuran-1-one
skeleton represented by 23 was completely inactive, as
was the diethoxy analog 26, suggesting some structural
role for the methoxy groups of 12. The 6-methoxy ana-
log 29, structurally most analogous to 3, also showed no
vir inhibitory activity. Only 27 with its methoxy substi-
tuent ortho to the aldehyde had significant inhibitory
activity. The 4,6-dimethoxy compound, HDI (12), re-
mained the most potent stable vir induction inhibitor
yet discovered.


To evaluate the biological specificity of the natural
products HDMBOA (2), DIMBOA (5), and their syn-
thetic analog HDI (12), two protocols were employed.
Both protocols were developed and used to establish
that a-bromo-acetosyringone (ASBr), an analog of the
inducer acetosyringone (AS), is an irreversible inhibitor
of VirA/VirG mediated induction.19 First, the octopine-
inducible occ regulon with the fusion reporter construct
occ::lacZ was developed as a control.20 Neither of the
benzoxazinones 2 and 5, nor the synthetic analog 12, sig-
nificantly induced or inhibited occ gene expression
(Fig. 2). The simple vinylogous acid/aldehyde 35 was
non-specific by this assay and was included as a positive
control. These results establish that the compounds are
not affecting reporter lacZ expression through the gen-
eral transcription and translation machinery, nor are
they compromising cell viability.


Second, a simple washing assay was employed to evalu-
ate reversibility. After 2 h of co-incubation with inducing
AS, 2, 5, and 12 inhibited vir expression equivalently.
Significant recovery of gene expression was observed fol-
lowing removal of these from the media (35 and ASBr
were included as positive and negative controls for







Table 1. Structures and vir inhibition data of (A) aldehyde-based benzoxazinone analogs, (B) various 1,2-diacyl-3,5-dimethoxy-benzene derivatives,


and (C) HDI analogs


A Compound IC50 (lM)


2 R=CH3 <1


5 R=H 30 ± 4


6 25 ± 20


7a >400


8b 25 ± 5


9 40 ± 6


10 34 ± 6


11 35 ± 3


B


R1 R2 R3 IC50 (lM)


HDI 12 COOH CHO OMe 8 ± 2


13 CHO COMe OMe 25 ± 2


14 COMe CHO OMe 25 ± 2


15 CHO CO-n-Bu OMe 10 ± 2


16 CO-n-Bu CHO OMe 10 ± 2


17 COOH COMe OMe >200


18 COOH CO-n-Bu OMe >200


19 COMe COMe OMe >200


20 H CHO OMe >200c


21 CHO H OMe >200c


22 CH2COOH CHO OMe >200


23 COOH CHO H >200


24 COMe CHO H 25 ± 2


25 CO-n-Bu CHO H 20 ± 2


C


X IC50 (lM)


HDI 12 4,6-OMe 8 ± 2


26 4,6-OEt >200


27 4-OMe 41 ± 8


28 5-OMe >200


29 6-OMe >200


30 7-OMe >200


23 H >200


(continued on next page)
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Figure 2. Specificity of HDMBOA (2), DIMBOA (5), HDI (12), and


HF (35). Inhibition of occ::lacZ activity was evaluated in A348


pSM102 induced by 100 lM octopine. For HDMBOA and DIMBOA,


inhibition of vir activity was monitored in A358mx (virE::lacZ).20 For


HDI and HF, inhibition of vir activity was monitored in A348/pSW209


(virB::lacZ). All vir assays were induced with 100 lM AS in 1% sucrose


induction media.


Table 1 (continued)


X IC50 (lM)


31 4,6-OMe,7-NO2 >200


32 4,6-OMe,7-NH2 >200


33 4,6-OMe,7-NHAc >200


34 4,6-OMe,7-OH >100d


35 25 ± 4


Activity was monitored in A. tumefaciens strain A348/pSW209 by virB::lacZ expression in the presence of 100 lM AS inducer at 28 �C. An IC50


assignment of ‘>200’ indicates that no inhibitory activity was observed up to 200 lM.
a NMR assignment in CHCl3 was most consistent with a cyclic hemiacetal which may interfere with the activity of the aldehyde.
b Synthesized as the methyl hemiacetal which was rapidly labile in aqueous solution.
c Inhibition <50% was observed near 200 lM, but toxicity at and above 200 lM prevented meaningful evaluation of IC50.
d Compound was insoluble above 100 lM in induction media supplemented with 2% DMSO.


Figure 3. Reversibility of inhibition. Agrobacterium tumefaciens strain


A348/pSW209 was incubated with 100 lM of vir inducer AS and


inhibitors at the indicated concentration in parentheses for 2 h at


which time samples were washed, split, and incubated for an additional


6 h with (white bars) or without (gray bars) inhibitor. The final


virB::lacZ activity is presented as percent of AS-only (‘Control’ gray


bar). The ‘Control’ white bar was incubated without AS for the final


6 h to represent a minimum activity.
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reversibility, respectively, Fig. 3), and no significant ef-
fects on cell growth rates were observed, even for HDM-
BOA concentrations 100-fold higher than the IC50 for vir
gene inhibition. Thus, all three compounds appear to
specifically inhibit the vir gene signal transduction path-
way and to inhibit AS induction through reversible inter-
action with signal perception elements rather than
through irreversible inactivation. By analogy to other
benzoxazinones,21 the open-chain form of 2 may revers-
ibly react with protein nucleophiles; forming adducts
with reactive amines,22 cysteines,23 or serine residues.24


HDMBOA therefore appears to protect maize from A.
tumefaciens infection by inhibiting virulence activation
mediated by the VirA–VirG TCS. TCSs play a central
role in the response of prokaryotes, and some eukary-
otes, to environmental changes and biotic stimuli includ-
ing xenognosis (host recognition).6 The defining proteins
of two-component systems—the histidine kinase sensor
and response regulator—are potential targets for antibi-
otic development since they are specific and often unique
to a particular pathogen.6 Although it would be tempt-

ing to speculate that the pressure to develop pathogen-
resistance has generally driven the evolution of antago-
nists to two-component virulence proteins, HDMBOA
is currently the only known example of a host-derived
inhibitor that targets two-component signal perception.
The unique and varied reactivity of this successful natu-
ral inhibitor may underlie the apparent rarity of this
strategy. Benzoxazinones are typically protected from
hydrolysis by storage as stable DD-glucosides that are re-
leased by endogenous plant glucosidases when needed (1
in Fig. 1). The instability of exuded active species 2 cre-
ates a steady-state concentration around the root that is
below the level of cyto-toxicity but sufficient for inhibi-
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tion of xenognosis in A. tumefaciens.5 Therefore, HDM-
BOA does not accumulate to the point where selection
pressure could create resistance; but merely disables
the sensory system of those pathogens very close to
the host. As researchers overcome the difficulties inher-
ent in studying unstable natural products, the generality
of this apparent resistance strategy may be revealed.


The emergence of antibiotic resistance in pathogenic
bacteria has inspired research and development of
two-component system inhibitors. The results of these
efforts have been reviewed,6,25 and unfortunately all
compounds identified by several different approaches
were either too hydrophobic or detergent-like for further
development as therapeutic agents. As a natural two-
component system inhibitor, HDMBOA may hold the
key to novel strategies for development of anti-virulence
two-component system inhibitors with improved phar-
macokinetics. Accordingly, this study examined the spe-
cific features of HDMBOA required for inhibition of the
host recognition elements VirA–VirG.


Simple in vivo assays suggested that the inhibitory activ-
ity of 2 and the weaker inhibitor 5 can be removed by
media exchange, implying a reversible inhibition mecha-
nism (Fig. 3). Yet most of the possible chemical reactiv-
ities ascribed to benzoxazinones are irreversible in
nature and associated with the unstable iminoquinone
nucleus.26–28 We therefore focused inhibitor design on
the reversible aldehyde electrophile. Indeed, the alde-
hyde was found to be essential to the activity of analogs
12–16 in Table 1B, with HDI (12) being the most potent
of these analogs. Replacement of the aldehyde with a ke-
tone abolished activity (compounds 17–19). Synthesis of
additional HDI analogs revealed that structural effects
of the methoxy substituents, possibly for active-site
recognition, are apparently more critical than their
electronic effects as the 4,6-diethoxy analog 26 was
completely inactive. The 4-methoxy group is required
for activity (Table 1C). Moreover, many ketone substi-
tutions at R1 were tolerated. Therefore, derivatization
of this position will permit convenient access to labeled
compounds and screening for more potent analogs.


Despite the simplicity of the assumptions in its design,
HDI is in fact a reversible inhibitor with higher po-
tency for vir inhibition than DIMBOA and all other
synthetic vir inhibitors. The design of HDI assumed
that HDMBOA was competitive with phenol induc-
tion through reversible covalent binding to VirA via
an electrophilic aldehyde. Although a site of phenol
binding on VirA has not been precisely identified,
the structural requirements and limits have been iden-
tified. Methoxy groups proximal to the phenol
hydroxy contribute positively to phenol sensitivity.
This dependence is observed in the trend of increasing
inducer potency for 4-hydroxy-acetophenone� 4-hy-
droxy-3-methoxy-acetophenone < 4-hydroxy-3,5-dime-
thoxy-acetophenone (AS).29 By simple analogy, the
3H-isobenzofuran-1-one derivative HDI (12) may also
be described as a stable structure combining the
critical features of HDMBOA with known structural
features of phenol inducers.

Given the instability of HDMBOA and the generality of
these assumptions, HDI may in fact function as an ana-
log of decomposition intermediate 3, which has been
shown to possess in vivo inhibitory activity. In a previ-
ous report, an analog of imidoquinone 3 which lacked
the aldehyde functional group was an active vir inhibi-
tor.7 In these experiments, we have now uncoupled the
aldehyde from the imidoquinone and demonstrated that
stable aromatic aldehydes are also vir inhibitors.


The high potency of HDMBOA is likely to depend on
both functional elements, though they may act on differ-
ent steps of signal transduction. In vivo and in vitro as-
says are being developed to assess the specificity of HDI,
HDMBOA, and DIMBOA for a particular step in two-
component system signal perception and transmission,
and for specificity to other two-component systems.
While HDI is an apparently specific inhibitor of VirA/
VirG signal recognition, these results raise the possibil-
ity that the unique reversible electrophilic reactivity of
3H-isobenzofuran-1-ones may find wider application
as an initial scaffold for library construction.

Acknowledgment


We are indebted to Professor Andrew Binns and his lab-
oratory at the University of Pennsylvania for resources,
insight and advice, we thank Andrew G Palmer for his
assistance with this manuscript, and acknowledge the
valuable support of NIH GM 47369 and NSF CHE
0121013.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmcl.2007.04.018.

References and notes


1. Hansen, G.; Wright, M. Trends Plant Sci. 1999, 4, 226.
2. Birch, R. G. Annu. Rev. Plant Physiol. Plant Mol. Biol.


1997, 48, 297.
3. D’Halluin, K.; Botterman, J. In Rhizobiaceae; Spaink, H.


P., Kondorosi, A., Hooykaas, P. J. J., Eds.; Kluwer
Academic: Boston, 1998; p 339.


4. Hansen, G.; Chilton, M. D. Curr. Top. Microbiol. 1999,
240, 21.


5. Zhang, J.; Boone, L.; Kocz, R.; Zhang, C.; Binns, A. N.;
Lynn, D. G. Chem. Biol. 2000, 7, 611.


6. Hubbard, J.; Burnham, M. K. R.; Throup, J. P. In
Histidine Kinases in Signal Transduction; Inouye, M.,
Dutta, R., Eds.; Elsevier Science: San Diego, 2003;
p 459.


7. Maresh, J.; Zhang, J.; Lynn, D. G. ACS Chem. Biol. 2006,
1, 165.


8. Maresh, J. Ph.D. thesis, University of Chicago, Chicago,
IL, 2004.


9. Sicker, D.; Schulz, M. Stud. Nat. Prod. Chem. 2002, 27,
185.


10. Hedin, P. A.; Davis, F. M.; Williams, W. P. J. Chem. Ecol.
1993, 19, 531.



http://dx.doi.org/10.1016/j.bmcl.2007.04.018

http://dx.doi.org/10.1016/j.bmcl.2007.04.018





3286 J. Maresh et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3281–3286

11. Moriarty, R. M.; Berglund, B. A.; Rao, M. S. C. Synthesis
1993, 318.


12. Wang, X.; Desilva, S. O.; Reed, J. N.; Billadeau, R.;
Griffen, E. J.; Chan, A.; Snieckus, V. Org. Synth. 1995, 72,
163.


13. Mills, R. J.; Taylor, N. J.; Snieckus, V. J. Org. Chem.
1989, 54, 4372.


14. Snieckus, V. Chem. Rev. 1990, 90, 879.
15. We found no obvious correlation between relative alde-


hyde hydration (or ring-chain tautomer equilibria) and
inhibitory activity. Many ketones and aldehydes in aque-
ous solution are in equilibrium with their non-electrophilic
hydrated gem-diol or ring tautomer. Substituents which
increase electrophilicity16 and anions17 favor the hydrate.
Presence of these equilibria species in compounds with
electron withdrawing groups does not significantly slow
nucleophilic reactivity.18 Moreover, a non-polar active site
should favor the dehydrated carbonyl. Therefore, we
currently assume structure correlates with binding to a
target in VirA–VirG mediated signal recognition.


16. Bell, R. P.; McDougall, A. O. Trans. Faraday Soc. 1960,
56, 1281.


17. Cox, B. G.; McTigue, P. T. Aust. J. Chem. 1969, 22, 1637.

18. Jencks, W. P.. In Progress in Physical Organic Chemistry;
Interscience: New York, 1964; Vol. 2, p 63.


19. Hess, K. M.; Dudley, M. W.; Lynn, D. G.; Joerger, R.
D.; Binns, A. N. Proc. Natl. Acad. Sci. U.S.A. 1991, 88,
7854.


20. Stachel, S. E.; Nester, E. W. EMBO J. 1986, 5, 1445.
21. Sicker, D.; Frey, M.; Schulz, M.; Gierl, A. Int. Rev. Cytol.


2000, 198, 319.
22. Perez, F. J.; Niemeyer, H. M. Phytochemistry 1989, 28,


1831.
23. Perez, F. J.; Niemeyer, H. M. Phytochemistry 1989, 28,


1597.
24. Cuevas, L.; Niemeyer, H. M.; Perez, F. J. Phytochemistry


1990, 29, 1429.
25. Macielag, M. J.; Goldschmidt, R. Exp. Opin. Invest. Drugs


2000, 9, 2351.
26. Hashimoto, Y.; Shudo, K. Phytochemistry 1996, 43, 551.
27. Ishizaki, T.; Hashimoto, Y.; Shudo, K.; Okamoto, T.


Tetrahedron Lett. 1982, 23, 4055.
28. Perez, F. J.; Niemeyer, H. M. Phytochemistry 1985, 24,


2963.
29. Palmer, A. G.; Gao, R.; Maresh, J.; Erbil, W. K.; Lynn,


D. G. Annu. Rev. Phytopathol. 2004, 42, 439.





		Rational design of inhibitors of VirA - VirG two-component  signal transduction

		Acknowledgment

		Supplementary data

		References and notes








Bioorganic & Medicinal Chemistry Letters 17 (2007) 3384–3387

Rational design of a novel, potent, and orally
bioavailable cyclohexylamine DPP-4 inhibitor by application


of molecular modeling and X-ray crystallography of sitagliptin


Tesfaye Biftu,a,* Giovanna Scapin,a Suresh Singh,a Dennis Feng,a Joe W. Becker,a


George Eiermann,b Huaibing He,a Kathy Lyons,a Sangita Patel,a Aleksandr Petrov,b


Ranabir Sinha-Roy,c Bei Zhang,c Joseph Wu,c Xiaoping Zhang,c George A. Doss,d


Nancy A. Thornberryc and Ann E. Webera


aDepartment of Medicinal Chemistry, Merck Research Laboratories, Merck & Co., Inc., PO Box 2000, Rahway, NJ 07065, USA
bDepartment of Pharmacology, Merck Research Laboratories, Merck & Co., Inc., PO Box 2000, Rahway, NJ 07065, USA


cDepartment of Metabolic Disorders, Merck Research Laboratories, Merck & Co., Inc., PO Box 2000, Rahway, NJ 07065, USA
dDepartment of Drug Metabolism, Merck Research Laboratories, Merck & Co., Inc., PO Box 2000, Rahway, NJ 07065, USA


Received 27 February 2007; revised 23 March 2007; accepted 29 March 2007


Available online 2 April 2007

Abstract—Molecular modeling was used to design a rigid analog of sitagliptin 1. The X-ray crystal structure of sitagliptin bound to
DPP-4 suggested that the central b-amino butyl amide moiety could be replaced with a cyclohexylamine group. This was confirmed
by structural analysis and the resulting analog 2a was synthesized and found to be a potent DPP-4 inhibitor (IC50 = 21 nM) with
excellent in vivo activity and pharmacokinetic profile.
� 2007 Elsevier Ltd. All rights reserved.
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Diabetes is a major health problem that is growing
rapidly. It is estimated that there are over 170 million
patients with type 2 diabetes worldwide.1 The incretin
hormones glucagon-like peptide 1 (GLP-1) and glucose
dependent insulinotropic polypeptide (GIP) play impor-
tant roles in glucose homeostasis.2,3 GLP-1 and GIP
have been evaluated as potential antidiabetic agents.4,5


However, both hormones are inactivated rapidly
in vivo through the action of dipeptidyl peptidase IV
(DPP-4), a serine exopeptidase which cleaves a dipeptide
from the N-terminus.6,7 Development of DPP-4 resis-
tant GLP-1 agonists, such as exenatide,8 circumvents
this problem. An alternative approach is to use small-
molecule inhibitors of DPP-4 to prolong the beneficial
effects of endogenous GLP-1,9,10 as well as to stabilize
GIP.11 Human clinical trials of several small molecule
DPP-4 inhibitors, including sitagliptin12–14 and vildag-
liptin,15 have shown improved glucose tolerance in
patients with diabetes. In addition, DPP-4 inhibitors
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are not likely to cause hypoglycemia or body-weight
gain, and could potentially alter the progression of dia-
betes by restoring b-cell function in the pancreas.


Sitagliptin (1), the first DPP-4 inhibitor approved by the
FDA for the treatment of diabetes, has a trifluorophenyl
group linked to a b-amino butanoyl moiety coupled to a
triazolopiperazine. We were interested in replacing the

central b-amino butanoyl group with a rigid analog.
However, in the absence of structural information as
to the mode of binding of sitagliptin to the DPP-4
binding site, choice of an appropriate ring system
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Figure 1. X-ray co-crystal structure of compound 2a bound to DPP-4


overlaid with sitagliptin.
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was not obvious. As soon as the crystal structure of
sitagliptin in the DPP-4 binding site was solved (PDB
entry 1 · 70), it appeared that cyclohexylamine could
be an appropriate replacement of the middle b-amino
butanoyl portion of the molecule, providing ring con-
strained analogs such as 2a. This was later confirmed
by molecular modeling and by solving the structure
of 2a bound to DPP-4 (PDB entry 2P8S; Fig. 1A).
Overlaying of 2a (yellow) onto sitagliptin (magenta)
in the DPP-4 binding site shows that the cyclohexyl-
amine group was very well accommodated. The inter-
actions made by sitagliptin with the protein are
retained in the new class of inhibitors: the cyclohexyl-
amine nitrogen hydrogen bonds to the side chains of
Glu205, Glu206, and Tyr662, and the hydrophobic
interactions with the side chain of Phe357 are also
retained. Interestingly, the structure also showed that
the triazolopiperazine moiety in 2a is disordered, that
is, has multiple conformations in the binding site,
although only two conformers were modeled in the
current structure (Fig. 1B). In one of the two conform-
ers (yellow, also shown in panel A), the triazole is
stacked over the side chain of Phe357, and the trifluo-
romethyl group is loosely interacting with the side
chain of Arg358 and Ser209. In the second conformer
(orange), the piperazine is making a side-to-face hydro-
phobic interaction with Phe357, and one of the triazole
nitrogens is part of a hydrogen bonding network that
includes a water molecule, the side chain of His126,
and the main chain oxygen of Glu205 (red lines in fig-
ure). In this paper, we will describe the synthesis and
activity of the novel cyclohexylamine lead 2a.


As shown in Schemes 1 and 2, compounds 2a and 2b
were prepared by reductive amination of ketone 11 and
trifluoromethyltriazolopiperazine used in sitagliptin.14


1-Halo-2,4,5-trifluorobenzene was treated with magne-
sium to form the corresponding Grignard reagent or
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Scheme 1. Synthesis of cyclohexylamine DPP-4 inhibitors.

lithiated with n-butyl lithium and then treated with
1,4-dioxaspiro[4.5]decan-8-one to form the alcohol 3.
Alcohol 3 was dehydrated by treatment with phospho-
rus oxychloride or by treatment with p-toluenesulfonic
acid in toluene with azeotropic removal of water, to pro-
vide styrene 4. Reduction by treatment with hydrogen in

POCl3 H2, Pd/C


Ar


OTIPS


PhIO / TMSN3


Ar


O


NHBoc
1. F-


7


11a


OTIPS


NHBoc


10


Ar


O


O


4


 TIPSOTf


 TsOH/toluene


N


N


CF3


Ar


NH2


N


N
N


N


CF3


2. Chiral Chromatography


Ar = 2,4,5-trifluorophenyl


2b







O


O


O


OO
Tf2O


Hunig's base


O


O


TfO


OO


Ar
B(OH)2


PdCl2(dppf)


DMF, Na2CO3


Ar


O


O


OO
Mg


MeOH


Ar


O


O


OO


NaOMe


MeOH


Ar


O


O


OO


19  trans racemic)


LiOH


THF/MeOH


Ar


O


O


OHO


Et3N, DPPA


BnOH, toluene


O


O


O dimethyl
carbonate


NaH


H2SO4


dioxane
Ar


NHCbz


O


14 15


17 18


20


21 11b


16


Ar


O


O


NHCbz


1. Decaborane / Amine / MeOH


2. Pd-C / H2


2a + 2b


Scheme 2. Synthesis of cyclohexylamine DPP-4 inhibitors.


Table 2. Pharmacokinetic parameters of compound 2a


Species Clp
(mL/min/kg)


t1/2


(h)


Foral


(%)


Cmax


(lM)


AUC


(lM h kg mg)


Rat 7.6 6.6 100 1.4 6.8


Dog 3.9 18 95 0.93 10.1


Monkey 9.5 14 94 0.56 3.9


Clp, plasma clearance; Foral, oral bioavailability; Cmax, peak plasma


concentration after indicated oral dosing. Pharmacokinetic parameters


were obtained following an IV (1 mg/kg) or po (2 mg/kg) dose


(amorphous dihydrochloride salt) in water.
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the presence of palladium on carbon as a catalyst gave
the 4-aryl substituted cyclohexane 5. Deprotection un-
der acidic condition gave the cyclohexanone 6, which
was then converted to triisopropylsilyl enol ether 7.
The enol ether 7 upon treatment with iodosobenzene
and trimethylsilyl azide formed the azido cyclohexene
8, which upon reduction to amine with lithium alumi-
num hydride yielded amine 9, as a mixture of cis and
trans isomers. The desired trans isomer was separated
by chromatography on silica. Protection of the resulting
amine as its BOC derivative by treatment with di-tert-
butyl dicarbonate gave 10. Treatment of 10 with a
source of fluoride anion removed the silyl group and
gave the racemic trans-11a which was resolved on chiral
column to yield the desired 1S,2R isomer. The disposi-
tion of substituents around the cyclohexyl ring (axial
vs equatorial) was deduced from the vicinal 1H–1H split-
ting and was confirmed by NOE data. The NMR signal
assignments were obtained by 2D NOESY, COSY, and
HSQC experiments.16


An alternative method to prepare Intermediate 11b is
shown in Scheme 2. The commercially available 1,4-
dioxaspiro[4.5]decan-8-one was treated with dimethyl
carbonate to form the keto ester 14, which was then
transformed into the enol triflate 15 by treatment with
trifluoromethanesulfonic anhydride. Treatment of 15
with 3,4,5-trifluorophenylboronic acid 16 gave the aryl
cyclohexene 17. Reduction of 17 was readily achieved

Table 1. Activities of cyclohexylamine DPP-4 inhibitors


Compound DPP-4 IC50 (nM) DPP-8 IC50 (lM)


1 18 48


2a 21 >100


2b 140 >100

with magnesium in methanol and provided the ester 18
as a mixture of cis and trans isomers. Conversion to
the thermodynamically more stable trans isomer 19
was effected by treatment with a base such as sodium
methoxide in methanol. Hydrolysis of the ester with lith-
ium hydroxide to form the acid 20 followed by Curtius
rearrangement in the presence of benzyl alcohol gave
the amine 21, as its benzylcarbamate derivative. Depro-
tection of the ketal by treatment with sulfuric acid in
dioxane provided Intermediate 11b. Compounds 2a
and 2b were prepared by reductive amination of ketone
11b and trifluoromethyltriazolopiperazine used in sitag-
liptin14 and deprotection with hydrogen in the presence
of palladium on carbon.


Compounds 2a and 2b were evaluated in vitro for their
inhibition of DPP-4 activity17 and selectivity against
DASH family members.18 Among them, selectivity
against DPP-8 and DPP-9 was of particular concern
since safety studies using a selective DPP-8/9 dual inhib-
itor suggested that inhibition of DPP-8 and/or DPP-9 is
associated with profound toxicity in preclinical spe-
cies.19 DPP-8, DPP-9, FAP, and quiescent cell proline
dipeptidase (QPP, also known as DPP-7)17,20 inhibition
data are also given in Table 1.


As shown in Table 1, isomer 2a where all substituents
are in equatorial positions has similar potency
(IC50 = 21 nM) to sitagliptin (IC50 = 18 nM) and was
also selective in the counter-screening assays. However,
when the triazolopiperazine group is in the axial posi-
tion, 2b was about an order of magnitude
(IC50 = 140 nM) less potent than sitagliptin. The two
left-hand side rings are similar in both molecules, and
that explains the partial activity of 2b.


The pharmacokinetic properties of 2a in male Sprague–
Dawley rats, dogs, and rhesus monkeys are summarized
in Table 2. Cyclohexylamine 2a has low to moderate
plasma clearance, excellent oral bioavailability, and long
half-life in rats, dogs, and monkeys.

DPP-9 IC50 (lM) QPP IC50 (lM) FAP IC50 (lM)


>100 >100 >100


>100 >100 60


>100 >100 >100
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In pharmacodynamic studies, oral glucose tolerance
tests (OGTT) in lean male mice were conducted to deter-
mine the efficacy of 2a. The glucose AUC was deter-
mined from 0 to 120 min. Percent inhibition values for
each treatment were generated from the AUC data nor-
malized to the water-challenged controls. Compound 2a
significantly reduced blood glucose excursions in a
dose-dependent manner as follows: 0.03 mg/kg (26%
inhibition), 0.1 mg/kg (48% inhibition), 0.3 mg/kg
(53% inhibition), 1 mg/kg (60% inhibition), 3 mg/kg
(54% inhibition). The mouse DPP-4 IC50 is 8 nM. In a
separate OGTT of 2a, plasma DPP-4 inhibition, com-
pound concentration, and active GLP-1 level were mea-
sured 20 min after dextrose challenge. At a dose of
0.1 mg/kg, the corresponding plasma concentration of
2a reached 27 nM, and 94% inhibition of plasma DPP-
4 activity was observed, resulting in a 3.5-fold increase
in active GLP-1 levels, and full efficacy in glucose
reduction.


In summary, compound 2a, designed by molecular mod-
eling of the X-ray crystal structure of sitagliptin, has
similar potency to sitagliptin, excellent pharmacokinetic
properties across species, and an excellent profile in an
OGTT assay. Further investigation of this lead is
continuing.
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Abstract—Chemistry was developed to synthesize the title series of compounds. The ability of these novel ligands to bind to the
glucocorticoid receptor was investigated. These compounds were also tested in a series of functional assays and some were found
to display the profile of a dissociated glucocorticoid. The SAR of the 6,5-bicyclic series differed markedly from the previously
reported 6,6-series. Molecular modeling studies were employed to understand the conformational differences between the two series
of compounds, which may explain their divergent activity. Two compounds were profiled in vivo and shown to reduce inflammation
in a mouse model. An active metabolite is suspected in one case.
� 2007 Elsevier Ltd. All rights reserved.

Treatment of inflammatory disease remains a serious
medical challenge. Although a variety of pharmaceutical
agents are available to treat inflammation, none are
ideal and the search continues for new methods to com-
bat this affliction. Glucocorticoids (e.g., dexamethasone
and prednisolone) constitute one of the most powerful
and effective classes of agents for treating inflammation.
However, these drugs suffer from serious side effects.1–4


Glucocorticoids (GCs) target the glucocorticoid recep-
tor (GR), which is a nuclear hormone receptor. Upon
binding to a GC ligand, GR undergoes a conforma-
tional change and translocates to the nucleus of the cell.
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In this active state, GR can suppress pro-inflammatory
cytokines, such as IL-6 and TNF-a, leading to relief
from inflammation.1–4 However, the activated GR also
upregulates a number of cellular processes that produce
undesired side effects. This is particularly true when GCs
are administered systemically over prolonged periods of
time. Such extended treatment with artificially high lev-
els of GCs leads to a situation mimicking Cushing’s syn-
drome (endogenous corticoid excess) with complications
including muscle wasting, osteoporosis, and hyperglyce-
mia due to increased gluconeogenesis.5


Both the desired anti-inflammatory effects and the unde-
sired side effects of GCs are mediated via GR. However,
recent scientific evidence indicates that anti-inflamma-
tory processes are mediated through a GR–GC monomer
interacting directly with proinflammatory transcription
factors including AP-1 and NF-jB. This process
is termed transrepression. In contrast, side-effects
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apparently result from a GR–GC dimer binding to DNA
and upregulating certain metabolic genes, which is
known as transactivation.6–15 This hypothesis regarding
the dual nature of GR has allowed scientists to entertain
the possibility that a ‘dissociated’ GC could be
developed.16 A GC that favors the monomeric GR–GC
complex over the dimeric state could retain the desired
anti-inflammatory effects of GCs while eliminating side
effects. The discovery of such a dissociated GC has been
the goal of our research program.


Several recent papers from these laboratories have de-
scribed a novel GC platform consisting of a truncated
steroid (A and B rings) with an appended p-fluorophe-
nyl pyrazole.17–19 The p-fluorophenyl pyrazole provides
specificity for GR over other steroid receptors. Substit-
uents on the B-ring were tuned to modulate transre-
pression and transactivation activities and attempt to
dissociate the two parameters. Examples have been re-
ported in which the B-ring was substituted with an aryl
or heteroaryl group and a hydroxyl moiety.17a In these
cases, the A,B-ring system was a classical steroid 6,6-
ring system (6,6-system). More recently, ketal substitu-
ents were examined on the B-ring.17c In addition to the
traditional 6-membered B-ring, a 5-membered B-ring
was also explored. In this work, a general trend ap-
peared in which compounds with a 5-membered B-ring
had better activity in the transrepression assays than
those with a 6-membered B-ring.17c However, binding

Scheme 1. Synthesis of glucocorticoids with 6,5-ring system.

and, more importantly, functional activity in the trans-
activation assay were similar. Based on this general
trend of improved transrepression activity for com-
pounds containing a 5-membered B-ring, an explora-
tion of this core structure was undertaken with
hydroxy-aromatic and heteroaromatic substituents on
the B-ring. It was also believed that compounds with
a 5-membered B-ring should have better pharmacoki-
netic properties as there are fewer sites available for
metabolism in the smaller ring. Hydroxy-aromatic
and heteroaromatic substituents have now been exam-
ined in the 6,5-system and the findings are reported in
this Letter.


The synthesis of these novel GCs is outlined in Scheme
1. An initial attempt was made to adopt the route used
for synthesis of the 6,6-system to our 6,5-platform. This
strategy worked well for conversion of the known Ha-
jos-Parrish ketone (1) to intermediate 2, which contains
the requisite p-fluorophenyl pyrazole. At this point in
the synthesis, an attempt was made to convert ketone
2 to aldehyde 3 as had been done previously for the
6,6-template.17a However, the transformation was prob-
lematic. Conversion to an enol-ether intermediate via a
Wittig reaction and hydrolysis to the aldehyde pro-
ceeded in poor yield. Furthermore, equilibration of the
diastereomeric mixture of aldehyde products to the de-
sired S-configuration at the newly formed stereocenter
was unsatisfactory. Therefore, an alternative protocol
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was employed.20 Conversion of 2 to alkene 4 using a
Wittig reaction was quantitative. Hydroboration pro-
ceeded cleanly with a selectivity of �25:1 to give 5,
which was oxidized to 3 in good yield via a Swern
reaction.


As seen previously in the 6,6-series, aryl and heteroaryl
lithium reagents added smoothly to aldehyde 3 provid-
ing secondary alcohol products. However, the stereo-
chemical outcome of the addition reaction differed
greatly between the 6,5- and 6,6-series. Whereas addi-
tions to the 6,6-aldehyde had provided the R-diastereo-
mer (b-hydroxyl) almost exclusively, additions to the
6,5-aldehyde gave nearly equal amounts of the R and
S isomers at the newly formed stereocenter. The selectiv-
ity in the addition was never better than 2:1 and often
closer to 1:1. The diastereomers were separated by either
silica gel chromatography or chiral HPLC in more
challenging cases.21


Following synthesis, the capacity of these novel GC
ligands to bind GR was tested by measuring their ability
to displace radiolabeled dexamethasone. The GCs were
then further evaluated in a series of in vitro assays.22 In
order to determine the extent to which the GCs were dis-
sociated, markers for transrepression (TR) and transac-
tivation (TA) were measured in both mouse and human
cell lines.23 In the human A549 lung carcinoma cell line,
repression of the inflammatory cytokine interleukin-6
(IL-6) relative to a dexamethasone control was mea-
sured.24 IL-6 was also used to evaluate TR in a mouse
cell line. To discern the TA activity of these compounds,
tyrosine amino transferase (TAT) activity was measured
in human cells. TAT is a hepatic gene known to be
upregulated by GCs.25 In mouse cell lines, TA was ana-
lyzed by investigating the levels of glutamine synthetase,
an enzyme associated with protein metabolism in
muscle.26


The investigation of GC ligands containing the 6,5-A,B-
ring system began with the synthesis of compounds con-
taining monocyclic substituents at the C1 position that
had shown potency in the 6,6-system; p-fluorophenyl
and thiophene rings were evaluated. The in vitro data
for these compounds are shown in Table 1, with results
from previously reported compounds in the 6,6-series in-
cluded for comparison.17 Striking differences in the
activity of the two series were apparent. The 6,5-p-fluor-
ophenyl analogs (8 and 9) bound much more weakly to
GR than their 6,6-system counterparts (6 and 7), dis-
placing less than 65% of [3H]dexamethasone in our bind-
ing assay. While compound 6 was a moderately potent,
well-dissociated, benchmark compound for our pro-
gram, its counterpart, compound 8, displayed almost
no functional activity in both mouse and human cell
lines. Compound 9 was more active but still fairly weak,
particularly in the mouse assays, and was not deemed to
be of interest, especially in light of the weak GR binding
that was observed. The results obtained for the thio-
phene substituent were also unsatisfying. Diastereomers
11 and 12 bound to GR with reasonable affinity and had
promising, dissociated profiles in the human cell lines
with >75% of dexamethasone’s activity in TR and very

little TA. Unfortunately, the thiophene substituents in
the 6,5-series did not display the balanced mouse/human
profile seen in the 6,6-series (i.e., compound 10). Com-
pounds 11 and 12 had almost no activity in the mouse
cell lines and therefore could not be evaluated in an
in vivo mouse model of inflammation.


Having obtained disappointing results with monocyclic
substituents in the 6,5-series, attention was turned to
bicyclic substituents at C1, which had displayed favor-
able profiles in the 6,6-series (Table 2). The benzothi-
ophene ring system had been one of the best
substituents in the 6,6-series, and investigation of the
6,5-series was begun with this moiety. Whereas a
connection to either the 2- or the 3-position of the ben-
zothiophene ring had yielded active GR ligands in the
6,6-series (compounds 13, 16, and 17), a striking differ-
ence between the two points of attachment was observed
in the 6,5-series. Forming a linkage between the B-ring
and the 2-position of the benzothiophene ring led to
compounds that were functionally inactive (compounds
14 and 15). However, attachment of the benzothiophene
at the 3-position led to a large improvement in potency
and functional activity; these were the first GCs ob-
served in the 6,5-series with >50% of dexamethasone’s
activity in both the mouse and human TR assays. Com-
pound 18, bearing an R configuration at the hydroxyl
center, had similar potency to compound 19 (S hydro-
xyl) in the GR binding assay and the two compounds
had comparable EC50’s in the mouse and human IL-6
TR assays. However, when their efficacy was measured
relative to dexamethasone, compound 18 was found to
have a larger window of dissociation. Compound 18
achieved >70% of dexamethasone’s activity in both
TR assays, and <35% of dexamethasone’s activity in
the two TA assays. Compound 19 had >90% TR relative
to dexamethasone, but also nearly 60% TA in both
mouse and human species. Thus, the trend previously
observed for GCs, in which compounds with the stron-
gest functional activity showed little dissociation, was
continued.17 Having obtained promising results for the
benzothiophene diastereomers, exploration continued
of bicyclic ring systems. A naphthyl substituent yielded
similar results: attachment at the 2-position was not tol-
erated, leading to complete loss of functional activity
(compounds 20 and 21), while linkage to C1 of the
naphthyl ring led to a pair of potent diastereomers
(compounds 22 and 23). As in the benzothiophene ser-
ies, although both 22 and 23 bound to GR with near
equal affinity, the diastereomer with an S configuration
at the hydroxyl center (23) showed greater functional
activity, but a smaller window of dissociation. Finally,
a benzofuran moiety was investigated, although in this
case only attachment at the 3-position was undertaken.
Again, both diastereomers showed strong binding affin-
ity for GR and good functional activity. Interestingly, in
this case, the diastereomer with an S configuration at the
hydroxyl center (25) had a larger window of dissocia-
tion, particularly in the assays using human cell lines.


Having synthesized compounds with a range of mono-
cyclic and bicyclic hydroxy-aromatic and heteroaromat-
ic substituents in the 6,5-series, it was evident that the







Table 1. Binding of GCs with monocyclic aromatic substiuents at C1 to GR; transrepression and transactivation in mouse and human cell lines
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prednisolone
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compounds 6-25
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Me


dexamethasone
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H


HO
Me


OH
OH


O


n


n=1; 6,5-series
n=2; 6,6-series


Compound n R GRa hIL-6b hTATc mIL-6d mGSe


IC50 (nM) EC50 (nM) %dex EC50 (nM) %dex EC50 (nM) %dex EC50 (nM) %dex


Prednisolone — — 13.8 4.5 102 24 82 5.7 95 3.4 89


6 2 HO


F


5.3 9.7 67 nd 25 22 74 nd 31


7 2 HO


F


10.4 16.5 48 nd 15 6.5 70 nd 23


8 1 HO


F


17.4* nd 26 nd 3 nd 19 nt nt


9 1 HO


F


12.0* 6 58 nd 7 392 62 nd 21


10 2 HO


S


5.1 1.0 81 nd 28 23 74 nd 21


11 1 HO


S


8.0 21 77 nd 17 145 44 nd 19


12 1 HO


S


28 2.1 80 nd 7 ia ia nt nt


nd, not determined; EC50 values were not determined in cases where %dex 6 35%. ia, inactive; %dex <10%. nt, not tested. *, Inflection point rather


than IC50. At the maximum dose tested (10 lM) for these two compounds only 55–65% of [3H]dexamethasone was displaced from GR; >90% of


[3H]dexamethasone was displaced in the binding assay for all other compounds reported here.
a Binding to hGRa receptor determined by displacement of [3H]dexamethasone.
b Human IL-6 assay in A549 lung carcinoma cell line.
c Activity in human tyrosine amino transferase (TAT) assay in HepG2 cells.
d Mouse IL-6 assay in peritoneal exudate cells harvested from C57BI/6 mice.
e Mouse glutamine synthetase (GS) assay in C2C12 cells.
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SAR was much tighter than in the 6,6-series. The trend
observed in the ketal work did not follow in the hydro-
xyl series. Rather than seeing improved transrepression
upon moving from the 6,6- to the 6,5-core, many com-
pounds bearing the same substituents had very little
activity, although a select few had the desired profile.
In an attempt to better understand these results, molec-
ular modeling was employed. To explore the structural
impact of B ring size on activity, we chose to study the
conformational preferences for a subset of compounds
that exhibited disparate activity profiles, the fluorophe-
nyls and the 2- or 3-benzothiophenes. The compounds
with an R configuration at the hydroxyl group, 6,
8, 13, 14, 16, and 18, were studied first. The two
benzothiophenes, 16 and 18, were then compared to
their analogs, 17 and 19, which have an S configuration
at the hydroxyl group. Two hundred conformations
were generated for each of the compounds using an

implementation of distance geometry, which incorpo-
rates the theory and algorithm as previously described.27


Each set of conformers was then energy minimized using
MMFFs with a distance-dependent dielectric of 2r with-
out explicit solvent.28 Alignment of all the compounds
onto the pyrazole moiety common to each provides
the basis for our discussion.


The presence of the axial methyl at what would corre-
spond to the C10 position in the steroid core forces
the pendant aromatics to position the lowest energy con-
formers on the opposite face of the tricyclic system; the
a face using the steroid frame of reference. In all of the
6,6-systems, the most stable orientation of the pendant
aromatic is one in which the aromatic is most removed
from the axial methyl; �160� angle on the dihedral de-
fined by the four atoms starting at the C10 position
and ending with the aromatic. Conversely, in the







Table 2. Binding of GCs with bicyclic aromatic substiuents at C1 to GR; transrepression and transactivation in mouse and human cell lines


Compound n R GRa hIL-6b hTATc mIL-6d mGSe


IC50 (nM) EC50 (nM) %dex EC50 (nM) %dex EC50 (nM) %dex EC50 (nM) %dex


Prednisolone — — 13.8 4.5 102 24 82 5.7 95 3.4 89


13 2 HO
S


29.1 19 66 nd 22 42 66 1209 41


14 1 HO
S


69.1 nd 34 ia ia nd 22 ia ia


15 1 HO
S


689 ia ia ia ia ia ia nd nd


16 2 HO


S


5.1 18 86 nd 21 54 78 nd 33


17 2 HO


S


1.5 6 94 356 43 11 99 3 100


18 1 HO


S


2.1 5 71 nd 29 16 73 nd 33


19 1 HO


S


3.1 10 92 675 62 14 92 36 58


20 1 HO 86 nd 14 ia ia ia ia ia ia


21 1 HO 198 nd 13 ia ia ia ia ia ia


22 1 HO 5 48 80 nd 28 46 78 68 36


23 1 HO 6.4 33 87 703 65 32 88 94 71


24 1 HO


O


2.3 3 83 1624 57 13 83 39 88


25 1 HO


O


3.9 5 78 1315 21 33 81 92 56


nd, not determined; EC50 values were not determined in cases where %dex 6 35%. ia, inactive; %dex <10%. nt, not tested. At the maximum dose


tested (10 lM) for these two compounds only 55–65% of [3H]dexamethasone was displaced from GR; >90% of [3H]dexamethasone was displaced in


the binding assay for all other compounds reported here.
a Binding to hGRa receptor determined by displacement of [3H]dexamethasone.
b Human IL-6 assay in A549 lung carcinoma cell line.
c Activity in human tyrosine amino transferase (TAT) assay in HepG2 cells.
d Mouse IL-6 assay in peritoneal exudate cells harvested from C57BI/6 mice.
e Mouse glutamine synthetase (GS) assay in C2C12 cells.
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6,5-systems (except for compound 19 which maps to the
6,6-system in this instance), the energetically favored
position of the aromatic is proximate to the axial methyl
at �65� angle along the same dihedral as above. In the
case of the p-fluorophenyl compounds 6 and 8 and the

2-benzothiophenes 13 and 14, the difference in energy
between the lowest energy conformer and the next
higher group is �1.5 kcal/mol with a barrier to rotation
between the two of the order of 2–4 kcal/mol.29 For the
3-benzothiophenes 16 and 18, the difference between the







Figure 1. Superposition of the lowest energy conformers representing


compounds 6 (light green), 8 (pink), 13 (cyan), 14 (orange), 16 (white),


and 18 (purple) aligned to the pyrazole common to each. The


compounds with the least activity (8 and 14) are depicted in wire.


Figure 2. Superposition of the lowest energy conformers for the 6,6-


and 6,5-benzothiophene diastereomers. These are the R hydroxyl


group compounds 16 (white) and 18 (purple) and the S hydroxyl group


compounds 17 (yellow) and 19 (green). The benzothiophene ring of 19


has two isoenergetic conformers, one of which is shown as wire.


Table 3. In vivo efficacy


Compound


(dose)


Absolute inhibition


of TNFa (%)


Inhibition of TNFa
relative to prednisolone (%)


Prednisolone


(3 mpk)


71 100


18 (30 mpk) 80 113


19 (30 mpk) 73 103


Figure 3. Compound 26.
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lowest energy conformer group and the next higher is
�2.5 kcal/mol with a similar rotational barrier to that
noted above.


In examining the superposition of the lowest energy con-
former for the six compounds with an R configuration at
the hydroxyl group (depicted in Fig. 1), it becomes clear
that one might first correlate activity with the rotation
angle about the bond connecting the aromatic to the
fused ring system. The compounds that favor placement
of the pendant aromatic near the axial methyl group at
C10, the 6,5-ring systems, suffer the largest drops in
binding and activity. The exception to this is when the
compound can extend its aromatic group into the space
occupied by the pendant aromatics in the 6,6-system. As
shown in Figure 1, compound 18 is capable of this feat
and, although not modeled but by extension, com-
pounds 22 and 24 could potentially achieve this as well.
The other ‘rescue’ of potency for the 6,5-system is by
inverting chirality of the hydroxyl group from R to S,
which, as noted above, causes the benzothiophene of
the 6,5-compound 19 to occupy the region of space
coincident with activity as depicted in Figure 2. The
inversion of chirality and concomitant potency enhance-
ment in the 6,5-ring system might also apply to
compounds 23 and 25.


Although, as rationalized by molecular modeling, a
number of analogs lost activity in moving from the
6,6- to the 6,5-series, some were still quite potent. We
decided to profile two of these compounds, 18 and 19,
in vivo. Initial results in a mouse anti-inflammatory
model that measures inhibition of LPS-induced TNFa
were promising (Table 3).30 Both compounds were sim-
ilar to prednisolone in their ability to reduce inflamma-
tion, albeit at a higher dose (30 mpk vs 3 mpk).
Encouraged by this result, we determined the pharmaco-
kinetic (PK) profile of these two compounds. Surpris-

ingly, the two diastereomers differed markedly in their
PK. Dosed intravenously in a mouse, compound 19
had a normalized AUC of 1.7 lM h kg/mg, a clearance
(Cl) of 22.3 ml/min/kg, a half-life of 7.8 h, and an oral
bioavailability (F) of 34%; the type of strong PK param-
eters envisioned for this 6,5-series. In contrast, com-
pound 18 had a normalized AUC of only 0.4 lM h kg/
mg, an extremely high Cl of 106.8 mL/min/kg, a half-life
of 3.1 h, and an F of 19%. The relatively poor PK of 18
was quite disappointing as this was a fairly well-dissoci-
ated compound in vitro, of great interest to the pro-
gram. Furthermore, the result of the PK experiment
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with 18 called into question the impressive PD result and
raised the suspicion that there might be an active metab-
olite. Exposure of compound 18 to mouse liver micro-
somes resulted in rapid formation of a major
metabolite with a molecular weight greater than the
parent by 32 mass units.31 Although the identity of this
species was not proven, compound 26 (Fig. 3) was
hypothesized to be the metabolite. Compound 26 could
be prepared in low yield (�15%) by treatment of com-
pound 18 with m-CPBA. Compound 26 was profiled
in vitro and shown to be very potent and not dissoci-
ated.32 This finding highlights yet another difficulty of
working in the dissociated glucocorticoid field: due to
subtle structural differences between compounds that
have a significant window of dissociation and those that
do not, one must ensure that not only is a parent com-
pound well dissociated, but that any active metabolites
are as well.


In summary, a series of GR ligands containing a 6,5-
A,B-ring system with a p-fluorophenyl pyrazole append-
age and an aromatic or heteroaromatic substituent at
the C1 hydroxyl center have been synthesized using
newly developed chemistry. These compounds were
evaluated in functional in vitro assays and compared
to analogous compounds containing a 6,6-A,B-ring sys-
tem. It was found that monocyclic aromatic or heteroa-
romatic B-ring substituents lacked potency in our TR
and TA assays, particularly in mouse cell lines. Bicyclic
ring systems displayed strong activity in both mouse and
human cell lines, although the SAR was much tighter
than in the 6,6-series, with the point of attachment to
the aryl or heteroaryl substituent of critical importance.
Molecular modeling was employed to better understand
this divergence in activity between the 6,6- and 6,5-sys-
tems. Modeling explained the in vitro data nicely with
the lowest energy conformation of active compounds
displaying the aromatic or heteroaromatic substituent
in one region of space and inactive compounds display-
ing their substituents in another. Interestingly, as in the
6,6-series, a benzothiophene paired with an R configura-
tion at the hydroxyl center (compound 18) gave the best
profile, with TR activity more than double that of TA in
both mouse and human cell lines. Although this par-
tially dissociated compound was able to suppress inflam-
mation in a mouse PD model, several lines of evidence
point to a poorly dissociated metabolite that may ac-
count for the strong in vivo activity. This is a cautionary
tale for other investigators working in the field. As in the
6,6-series, dissociative properties dropped off in the most
potent compounds (i.e., 19 and 23), and although com-
pounds with similar properties were identified, the 6,5-
series does not appear to offer any advantage over the
previously explored 6,6-series in terms of a dissociative
window.
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Abstract—A structurally novel liver X receptor (LXR) agonist (1) was identified from internal compound collection utilizing the
combination of structure-based virtual screening and high-throughput gene profiling. Compound 1 increased ABCA1 gene expres-
sion by eightfold and SREBP1c by threefold in differentiated THP-1 macrophage cell lines. Confirmation of its agonistic activity
against LXR was obtained in the co-factor recruitment and reporter transactivation assays. Structure–activity relationship studies
on compound 1 are described.
� 2007 Elsevier Ltd. All rights reserved.
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Liver X receptors (LXRa and LXRb) belong to the type
2 family of the nuclear hormone receptor superfamily
that function as transcription factors.1 LXRa is ex-
pressed at high levels in liver, adipose tissue, and macro-
phages, while LXRb is ubiquitously expressed. LXRs
function as heterodimers with the retinoid X receptors
(RXR) and regulate the expression of a number of genes
involved in cholesterol and fatty acid metabolism.2,3


Upon agonist binding, the DNA binding domain
(DBD) of LXR interacts with LXR response elements
on target genes to initiate transcription. One LXR target
gene is the ATP-binding cassette transporter ABCA1,
which is involved in reverse cholesterol transport
(RCT) from macrophages in the atherosclerotic plaques
to high-density lipoproteins (HDL) in the plasma.4,5 As
such, increasing RCT by LXR agonism is a potential
therapeutic approach for a number of pathophysiologi-
cal states including dyslipidemia, atherosclerosis, and
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diabetes.6 To date, several distinct classes of agonists
have been described in the literature7–9 and patents10


which include natural ligands 24(S),25-epoxycholesterol
(EPC, I), N,N-dimethyl-3b-hydroxy-cholenamide (DMHCA,
II), and non-steroidal synthetic ligands: GW3965 (III)
and T0901317 (IV) (Fig. 1). Both natural and synthetic
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Figure 1. Natural and synthetic LXR agonists.
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LXR agonists have been shown to increase the expres-
sion of ABCA1. Synthetic LXR agonists raise plasma
HDL levels in mice and show anti-diabetic activity in
rodent models of type 2 diabetes.11,12 However, LXR
agonists also activate sterol response element binding
protein-1c (SREBP1c) expression, which controls the
entire fatty acid biosynthetic pathway and promotes
hyperlipidemia and hepatic steatosis. Thus, there is a
clear need for selective LXR modulators that are devoid
of lipogenic activity and could offer potential pharmaco-
logical benefits.13


In the search for novel LXR modulators with appropri-
ate gene regulation profiles, we adopted a high-through-
put gene profiling platform for our primary screening.
Fifteen hundred compounds were selected from an inter-
nal compound collection through a homology-based
virtual screening14 and subsequently evaluated by
high-throughput genomic technology (HTG, Inc., Tuc-
son, AZ)15 for gene expression profiling including 12
LXR target genes. Boc-indole compound (1) was identi-
fied as an initial hit that showed an excellent induction
ratio of ABCA1 over SREBP1c genes in the differenti-
ated THP-1 macrophages. It was further confirmed to
be an LXR agonist with a cofactor peptide recruitment
study using homogeneous time-resolved fluorescence en-
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Figure 2. Initial HTG hit and SAR strategy.
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ergy transfer (HTRF) assay.16 Herein, we describe the
structure–activity relationship (SAR) studies on this no-
vel chemotype, as LXR agonists. Strategically, com-
pound 1 was divided into three portions: N-Boc-indole
(left portion), indane (linker), and benzene sulfonamide
(right portion), and systematic SAR studies were con-
ducted in each portion (Fig. 2).


A general synthesis for initial hit 1 and its analogs is
shown in Scheme 1. The amine 2 was converted to the
requisite sulfonamides (3 and 3a–b) followed by Suzuki
coupling leading to the indole sulfonamides (1, 1a–l, 35,
and 36). Alternatively, 2 was protected as the trifluoro-
acetamide that was coupled with N-Boc-indole-boronic
acid followed by de-protection to yield the amine inter-
mediate 4. Compound 4 was derivatized to yield various
targets (5a–y and 37–41). The enantiomerically pure iso-
mers, 1m (R) and 1n (S), were synthesized from the cor-
responding chiral amines 2a (R)- and 2b (S), which in
turn were obtained in excellent optical purity by co-crys-
tallization of 2 with (S)- and (R)-camphorsulfonic acids,
respectively.17


A convergent synthesis was also developed to explore
the N-1 substitution on the indole ring of compound 1
(Scheme 2).18 Thus, 2-nitrobenzaldehyde was converted
into dibromovinyl aniline 9 in two steps in high yields.
The aniline was functionalized (10) to yield the desired
N-alkyl (X = CH2), N-acyl (X = CO), and urea
(X = CONH) compounds which were subsequently re-
acted with the indane boronic ester 11 to provide the
corresponding N-substituted indole derivatives.


Compounds wherein the linker attachment position was
moved from the 2-position on the N-Boc-indole moiety
(1) to the 4- and 6-positions (28 and 29, Fig. 3), respec-
tively, were synthesized from requisite boronic acids
according to Scheme 1. The N-Boc-pyrrole and N-Boc-
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naphthalene compounds (30 and 31, Fig. 3) were pre-
pared in an analogous manner.


Compounds 32–34 with three different 1-aminoindane
linkers (1,4;1,5, and 1,6) were prepared in two steps from
the requisite bromoindan-1-ylamine (Scheme 3), which in
turn were prepared from the corresponding 1-indanone
via a modified Leuckart reaction in excellent yields.19


SAR compounds prepared above were tested in the
cofactor recruitment assay and were rank-ordered based
on EC50 values. Those compounds tend to have slight
selectivity for LXRb over LXRa. Initial SAR studies
indicated that only small groups such as methyl or hy-
droxy at the 6-position of the indole ring were tolerated
(compare 1k and 1l with 1, Table 1). Replacement of the
6-hydroxy in 1l with 6-methoxy group (1j) reduced �2-
fold potency, whereas total loss of activity was observed
with the corresponding benzyloxy analog 1i. Any group
at the C-5 position, even a fluorine atom (1e), decreased
the binding activity, indicating that the interaction of 1
with the LXR binding site is tight around the indole
ring. Compound 1n (S-) isomer was fivefold more potent
than the (R-) isomer 1m.
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Br Br
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Scheme 3. Reagents and conditions: (a) HCOONH4/NaCNBH3, MeOH, 65


DCM, 90%; (d) N-Boc-indole-2-boronic acid, Pd[(Ph3P)]4, DMF, 100 �C or

As indicated in Table 2, removal of the t-Boc group at
the indole N-1 position (6) resulted in the complete loss
of activity. Other carbamates such as ethyl, isobutyl,
and neopentyl (13–15) were 8- to 10-fold less potent
than the parent tert-butyl carbamate (t-Boc) derivative
1. Methyl carbamate (12) or more bulky alkyl carba-
mates such as 16 were inactive. No activity was seen
with the phenyl sulfonamide compound 17. While cyclo-
pentyl, n-pentyl or cyclopropyl methyl carboxamides
(18–20) retained micromolar potency, tert-butylmethyl
amide 21 wherein a methylene group substituted an oxy-
gen atom in 1 was completely inactive. The alkyl modi-
fications (22–27) were inactive indicating that either the
pocket size is limited around this area or the carbonyl
group is critical for activity.


The attachment point of the indole ring on the amin-
oindan linker seems to play a critical role. Switching
the aminoindan linker from the 2-position in 1 to
the 4- or 6-positions (28 and 29, Fig. 3), respectively,
was detrimental to the potency (EC50 > 30 lM).
Replacement of N-Boc-indole with N-Boc-pyrrole or
N-Boc-naphthalene resulted in a complete loss of
activity (30 and 31).
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Table 1. Effect of substitution on the indole ring


NH
S


N
Boc


O
O


R


Compound R EC50
a (lM) LXRb


1 H 0.21


1a 4-OH >30


1b 4-OBn >30


1c 5-OH >30


1d 5-OBn >30


1e 5-F 1.5


1f 5-CN 26


1g 5-OMe 28


1h 5-Me 18


1i 6-OBn >30


1j 6-OMe 1.6


1k 6-Me 0.3


1l 6-OH 0.67


1m(R)-isomer H 0.66


1n(S)-isomer H 0.13


a Results shown are mean values of duplicate samples in a single


experiment.


Table 2. SAR of N-substitution of indole


NH
S


N
R


O
O


Compound R EC50
a (lM) LXRb


6 H >30


12 COOMe >30


13 COOEt 1.6


14 COOCH2(i-Bu) 1.3


15 COOCH2(t-Bu) 1.4


16 COOCH2CH(Me)(CH2)3Me >30


17 SO2Ph >30


18 CO 1.16


19 CO 0.9


20 CO(CH2)4Me 2.1


21 COCH2t-Bu >30


22 Me >30


23 CH2COO t-Bu >30


24 (CH2)3OBn >30


25 CH2Ph >30


26 CH2Ph(4-OMe) >30


27 (CH2)2Ph >10


a Results shown are mean values of duplicate samples in a single


experiment.


Table 3. SAR of the sulfonamide moiety


NH
S


N
Boc


O
O R


Compound R EC50
a (lM) LXRb


5a 4-Cl 1.16


5b 4-F 0.46


5c 4-Et 0.65


5d 4-Me 0.43


5e 4-CF3 0.73


5f 3-Cl 1.81


5g 3-Me 1.33


5h 3-OMe 0.96


5i 3-CN 0.46


5j 2-CO2Me 0.6


5k 2-CO2H 3.35


5l 2-Me 0.2


5m 2-OMe 0.6


5n 2-CF3 0.8


5o 2-CN 0.06


5p 2-F 0.10


5q 2,6-DiF 0.09


5r 2-Cl 0.76


a Results shown are mean values of duplicate samples in a single


experiment.


Table 4. SAR of additional sulfonamides


NH
S


N
Boc


R
O


O


Compound R EC50
a (lM) LXRb


5s
S


0.11


5t


ON
S 0.67


5u


O
N


Me


Me
0.13


5v Ph–Ph(4) 2.1


5w 0.52


5x Me 0.21


5y Et 0.40


1 Ph 0.19


a Results shown are mean values of duplicate samples in a single


experiment.
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The importance of the relative position of the right por-
tion and left portion on the central indan ring (2,5 in
compound 1) was explored. Compound 33 with a 1,5

linker retained potency (EC50 = 0.22 lM), while com-
pounds with 1,4 (32) and 1,6 (34) linkers were not toler-







Table 5. SAR of the carboxamide/urea analogs


NH
X


N
Boc


R


Compound X R EC50
a (lM) LXRb


37 CO H 0.19


38 CO 2-F 0.17


39 CO 2-OMe 0.47


40 CO 2-OH 0.53


41 CONH H 1.5


a Results shown are mean values of duplicate samples in a single


experiment.
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ated (EC50 > 30 lM) indicating the importance of over-
all shape of the compounds for binding.


Unlike the N-Boc-indole moiety, the sulfonamide region
could tolerate a wide range of structural variations
(Tables 3–5). In general, small substitutions (Me, F,
CN) on the phenyl sulfonamide were tolerated although
the ortho position was favored over the meta or para (5l,
5o, 5p, and 5r vs 5g, 5i, 5b, and 5f, respectively) posi-
tions. Addition of a second fluorine atom at the 6-posi-
tion of the phenyl ring in 5p did not improve the potency
any further (5q vs 5p). The 2-CN analog (5o) was the
most potent one with an EC50 value of 60 nM. The cor-
responding carboxylic acid analog (5k) lost �17-fold po-
tency. The heterocyclic analogs 5s (2-thienyl) and 5u
(isoxazolyl) increased potency slightly(Table 4). Intrigu-
ingly, even the methyl sulfonamide (5x) retained potency
similar to the phenyl analog 1. Substitution on the sul-
fonamide nitrogen in 1 was not tolerated. While the
N-Me analog 35 retained weak activity
(EC50 = 2.65 lM), the corresponding N-Bn analog 36
was inactive (EC50 > 30 lM) implying the requirement
of an H-bond donor at this site for binding.


While the replacement of the sulfonamide moiety with
the corresponding carboxamides (37–40) was tolerated,
the urea analogs (e.g., 41) were not favored (Table 5),
indicating the sulfonamide group may be able to interact
with the protein in the active site.

Table 6. In vitro and cell functional activities for selected LXR agonists


Compound HTRF


EC50
a


LXRa


HTRF


EC50
a


LXRb


Reporter


EC50
a


LXRb


ABCA1 induction


(THP-1)


1 1.5 0.21 0.065 8.4


5b 4.3 0.464 0.12 11.4


5t >30 0.666 0.336 7.5


5s 0.54 0.108 0.363 7.3


5q 0.57 0.093 0.052 7.5


GW3965 0.367 0.035 0.015 10.7


T0901317 0.04 0.015 0.011 8.4


a Values shown are in lM.
b Values shown are in ratio of compound (10 lM) versus control (vehicle on
c Values shown are in ratio of compound (10 lM) versus control (vehicle on

Selected compounds were tested for their ability to acti-
vate LXRb in a reporter transactivation assay20 and the
regulation of LXR target genes such as ABCA1 and
SREBP1c in either THP-1 differentiated macrophages
or HepG2 cells with RT-qPCR assays (Table 6). In gen-
eral, those compounds maintained good potency in the
reporter assay. It is worth noting that those selected
compounds demonstrated somewhat better gene expres-
sion profiles than known LXR agonists such as GW3965
and T0901317. For instance, compound 5b caused 11-
fold increases in ABCA1 gene expression while the
SREBP1c gene induction was only twofold. Cell-based
functional assays, such as cholesterol efflux and lipogen-
esis assays,21,22 also indicated that these indole-based
compounds induced lipogenesis to a lesser extent than
did T0901317 or GW3965 (Table 6). It is interesting to
point out that compound 5t, which showed an activity
against LXRa, stimulated ABCA1 gene expression and
induced significant cholesterol efflux in the THP-1 cells,
indicating LXRb activity might be the determining fac-
tor for this cellular activity. However, correlation be-
tween LXRb activity and ABCA1 gene regulation is
not straightforward (5b vs 5q), partially due to com-
pound properties.


Docking studies suggested that compound 1 fits nicely in
the LXRb ligand binding domain. The indole aromatic
ring system is close to Trp457 in the AF-2 (helix 12)
and forms a p–p interaction, while the Boc carbonyl
group forms a hydrogen bond with the conserved
His435 in helix 10/11, thereby locking it into an agonis-
tic conformation.23 The binding mode is very similar to
that of GW3965. The plausible binding mode is consis-
tent with the limited room for modification around the
Boc-indole moiety. The sulfonamide group may have
an interaction with Arg319 (Fig. 4).


In summary, a structurally novel series of LXR ago-
nists was identified utilizing the combination of two
powerful technologies, virtual screening and high-
throughput gene profiling. Systematic SAR studies
were conducted and several potent and efficacious
LXRb agonists were identified. The docking study re-
vealed that the indole moiety in these compounds
may interact with conserved histidine 435 in helix 10/
10 and tryptophan 437 in the helix 12 (AF-2) to lock

b SREBP-1c


inductionb


(HepG2)


Efflux EC50
a


(THP-1)


Maximum


effluxc


Lipogenesis


Inductionc


(HepG2)


3.1 0.680 1.6 3.1


2.0 0.570 1.7 2.0


2.1 0.590 1.7 1.2


2.9 0.570 1.5 1.7


3.0 0.21 1.7 3.2


5.2 0.010 1.8 2.7


6.7 0.033 1.6 3.6


ly).


ly).







Figure 4. Plausible binding mode of compound 1 in LXRb LBD.
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LXR into the agonistic conformation. Selected indole
compounds were shown to regulate LXR target genes
and they tended to show slightly improved profiles in
cell based functional assays as compared to GW3965
and T0901317.
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Abstract—Reversible tetrapeptide-based compounds have been shown to effectively inhibit the hepatitis C virus NS3Æ4A protease.
Inhibition of viral replicon RNA production in Huh-7 cells has also been demonstrated. We show herein that the inclusion of hydro-
gen bond donors on the P4 capping group of tetrapeptide-based inhibitors result in increased binding potency to the NS3Æ4A pro-
tease. The capping groups also impart significant effects on the pharmacokinetic profile of these inhibitors.
� 2007 Elsevier Ltd. All rights reserved.

Hepatitis C virus (HCV) infection remains a significant
public health problem throughout the world.1 Current
standard of care is interferon-based immunomodulatory
therapy. It is suboptimal and morbidity is high.2 The
goal of direct antiviral therapy is potentially close at
hand as a number of anti-HCV agents, including HCV
NS3Æ4A protease inhibitors such as telaprevir (1, VX-
950),3–5 ciluprevir (BILN 2061),6 and SCH 503034,7


have recently entered clinical development.


The unusually shallow, solvent-exposed active site of the
HCV NS3Æ4A protease has provided formidable hurdles
for medicinal chemists to investigate ways to maximize
inhibitor-protein interactions while trying to maintain
drug-like properties in the resulting inhibitors. One com-
mon approach, based on the concept of product-based
inhibition, has been to optimally fill the hydrophobic
S2 pocket with large groups while truncating the inhib-
itor backbone that sits along the substrate-binding
groove of NS3.8–10 Hexapeptide inhibitors derived from
the HCV NS5A-5B natural substrate which incorporate
carboxylate residues at P5 and P6 that produce electro-
static interactions between inhibitor and protein, were
among early inhibitors examined.11,12 An alternative ap-
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proach is to anchor a natural substrate-based inhibitor
assembly with a serine-trap warhead at one end and a
P4 capping group at the other end, which can form a
hydrogen bond to a hydrogen-bond acceptor on the
NS3 protease surface. P4 capping groups containing
long-chained carboxylate functionality have also been
described on tetrapeptide scaffolds.13–15 These floppy,
charged groups produce minimal, if any, specific interac-
tions to the largely solvent-exposed S5 pocket of the
NS3Æ4A enzyme. In this report, we sought to study the
effect of introducing hydrogen-bond donors onto rela-
tively rigid P4 capping groups that could anchor the
inhibitor N-terminus to the enzyme surface in a tighter,
more compact manner.16


Based on the hydrophobic bicyclic proline P2 of telapre-
vir (1),3,17 a compound currently in Phase II clinical
development,18 the commercially available octahydroin-
dole carboxylic acid fragment was used as the constant
P2 moiety for this study, as for example, 2.19 This P2
replacement obviates the need to use the cyclopentapro-
line of 1, which is not commercially available. The octa-
hydroindole P2 was chosen because of the added
potency it provides over the unsubstituted proline result-
ing in a larger dynamic range of usable SAR. The
unsubstituted proline analogue of 2 has been previously
described and displays Ki = 1.15 lM relative to
Ki = 0.133 lM for 2.19 Herein, we describe the effect of
various P4 capping groups on the binding of a series
of tetrapeptide-based inhibitors to the NS3Æ4A protease
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as well as the consequences of incorporating those moi-
eties on the pharmacokinetic properties of this series.
The structure–activity relationship of the resulting series
of compounds reveals the contribution of key hydrogen
bonds to inhibitor binding.


The synthetic sequence to assemble the target com-
pounds, 2, 8–22, is shown in Scheme 1.16 The carboxyl-
ate of commercially available 3, was protected as a
tert-butyl ester with isobutylene and catalytic sulfuric
acid and subsequently coupled to the CBZ protected
tert-butyl glycine to give 4 via a standard EDC/HOBt
protocol. Following deprotection of 4 via catalytic
hydrogenation, the P4 cyclohexyl glycine was intro-
duced to give 5. Following the removal of the tert-butyl
ester of 5 with TFA, the C-terminal warhead portion of
the scaffold, 23, was coupled (EDC/HOBt) to generate 6
as a mixture of hydroxyl diastereomers at the warhead
position. Tetrapeptide 7 was produced, also as a mixture
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Scheme 1. Reagents: (a) iso-butylene, H2SO4; (b) CBZ-tBuGly, EDC, HOBt


HOBt, CH2Cl2; (e) TFA, CH2Cl2; (f) 23 (Ref. 23), EDC, HOBt, CH2Cl2; (g)


Dess–Martin periodinane, t-BuOH, CH2Cl2.

of diastereomers, after removal of the CBZ-protecting
group of 6 by catalytic hydrogenation followed by con-
densation with the activated carboxylate of the commer-
cially available20 capping group carboxylic acids.
Finally, 7 was oxidized to the target a-ketoamides (2,
8–22) via Dess–Martin oxidation conditions.


Target compounds were evaluated biochemically using a
previously described enzymatic assay to provide Ki val-
ues.21 Cellular data was obtained in Huh-7 replicon22


cells in a two day assay as described.3,21 Cytotoxicity re-
sults were generated from an MTS-based cell viability
assay simultaneously with the corresponding replicon
experiments. Both enzymatic and cellular data are
shown in Table 1.


The SAR for this series is instructive. Pyrazine deriva-
tive, 2, was more potent than the 2-pyridyl analogue,
8, or 3-pyridyl derivative 9 for reasons that are unclear.
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Table 1. Summary of enzymatic and cellular results for tetrapeptide inhibitors with varying P4 capping groups


N


O


H
N


O
N
H


O
R


O


H
N


O


2, 8-22


Compound R Inhibition Ki (lM)a Replicon IC50 (lM) Cytotoxicity CC50 (lM)b CC50/IC50


1 Telaprevir3 0.04 0.35 82 230


2
N


N


O


NH 0.15 1.1 47 43


8 N
O


NH 0.52 1.9 >100 >52


9 N


O


NH 0.24 1.7 >100 >58


10
N


N


NH


O


0.44 1.2 >100 >81


11
HN


O2N


O


NH
0.05 0.37 >100 >270


12 HN


N


O


NH 0.12 0.23 >100 >442


13 N


N


H3C
O


NH 1.2 >3 >100 —


14 HN


O


NH 0.09 0.50 >100 >201


15


F


N
H


O


NH
0.12 0.49 >100 >203


16
HO


O


NH 0.64 1.6 >.100 >64


17
O


O


NH 0.24 1.4 >100 >71


18
N
H


O


NH


0.32 1.1 >100 >90


19 N


O


O


0.37 >3 >100 —


20 N
H


O


O


NH 0.14 0.26 >100 >380


21 N
H


O


O


NH 0.11 0.27 >100 >375


22 N
H


O


O


NH 0.16 0.40 >100 >249


a Values are means of three experiments.
b Cytotoxicity data (CC50) were determined in an MTS-based cell viability assay.
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However, a properly situated hydrogen-bond donor
placed on the capping group, may allow a hydrogen
bonding interaction with the NS3 binding groove, as
suggested by the increased potency for 11 and 14 relative
to 2. The X-ray structure of 11 bound to the NS3Æ4A
protease is shown in Figure 1 (PDB code: 2P59). Indeed,
the structure clearly shows the hydrogen bond from the
pyrrole NH of 11 to the protein. Although imidazole 12
was not significantly more potent than 2, blocking of the
NH of the imidazole with a methyl group, as in the case
of 13 (Ki = 1.2 lM), resulted in a 10-fold loss of potency
relative to 12 (Ki = 0.12 lM). With the exception of 2
and 13, groups that are incapable of donating hydrogen
bonds to the protein surface (e.g., 8–10, 17, and 19) dis-
played a relatively flat SAR, though they were generally
less potent than 2. Although 16 possess a donor hydro-
xyl group, the potency was relatively poor, possibly due
to improper geometry of the quaternary hydroxyl center
relative to the NS3 surface. Oxamate derivatives 20–22
displayed good enzymatic potency as would be expected
from compounds incorporating an NH moiety. They did
not differ significantly in potency from each other
(Ki = 140, 110 and 160 nM, respectively, for 20–22). As
a whole in this series, the cellular potency in a HCV rep-

Figure 1. X-Ray structure of inhibitor 11 in a co-complex with HCV NS3Æ4A


to the P4 cap. The pyrrole NH forms a hydrogen bond with the Cys 159 of


Table 2. Pharmacokinetic data for selected compounds in CD-1 mice


Ki (lM) IC50 (lM) AUCliver(lM h) AUCplasma(l


1 0.04 0.35 19.0 3.0


2 0.15 1.1 2.9 1.5


11 0.05 0.37 0.06 BQL


12 0.12 0.23 0.47 0.05


13 1.2 >3 2.1 1.3


14 0.09 0.50 1.3 0.36


24 0.03 0.20 10.5 0.36


Mice were dosed orally with compounds as a solution in propylene glyco


concentrations, it is assumed that liver tissue has a density of 1 g/mL. BQL,

licon assay3,22 tracked well with enzymatic potency. In
the HCV replicon assay, compounds containing a
hydrogen-bond donating capping group were generally
more potent than those without. Again an exception is
the alcohol 16, which showed reduced enzymatic bind-
ing affinity as well as lower cellular potency. Cytotoxic-
ity for this series was relatively low, consistent with
previous results from tetrapeptide ketoamide
inhibitors.21,23


Hydrogen bond donors on the P4 capping position are
shown to increase enzymatic potency relative to moieties
that cannot form hydrogen bonds. Pharmacokinetic
data in mice following the oral administration of inhib-
itors (Table 2) showed that capping groups lacking
acidic protons resulted in better oral absorption than
those containing acidic hydrogen donor functionality.
There is some evidence that more acidic protons on
the capping group may lower the liver uptake (e.g., 11
relative to 14), although the data is limited. Unfortu-
nately, while stronger hydrogen bonds provide for
tighter binding, the resultant increased acidity of the
cap hydrogen appears to reduce oral bioavailability in
mice (Table 2). While 13 displayed good oral exposure

protease showing the hydrogen-bonding network from the P2 carbonyl


the NS3 protein.


M h) Cliver ave (lM) Cplasma ave (lM) Cliver ave/IC50


2.4 0.37 54


0.36 0.18 0.33


0.01 BQL 0.03


0.06 0.01 0.26


0.26 0.17 —


0.17 0.04 0.34


1.3 0.04 52


l at a concentration of 50 mg/kg. AUC values are 0–8 h. For liver


below quantitation limit.
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in mice, it was a relatively weak inhibitor of the protease
(Ki = 1.2 lM). Conversely, 11, a potent inhibitor in
enzymatic assay (Ki = 50 nM) as well as in the replicon
system (IC50 = 0.37 lM), showed relatively poor oral
bioavailability in mice. For orally bioavailable com-
pounds, the high lipophilicity resulted in higher liver
concentrations relative to plasma drug levels, a poten-
tially advantageous property given that the vast major-
ity, if not all, of the replicating HCV virions reside in
the liver.24 For example, 2 had an average liver concen-
tration that was approximately two-fold higher than the
average plasma concentration over 8 h. Similar results
were observed for 13 and 14 (approximately 1.5- and
four-fold, respectively). To observe the effect of incorpo-
rating a hydrogen bond-donating P4 cap onto the tela-
previr scaffold, compound 24,25 the P2 analogue of 12,
was prepared. Liver exposure for 24 was increased 20-
fold over that of 12. However, the plasma exposure
for 24 increased to a lesser degree than did the liver con-
centration. Relative to telaprevir, liver exposure was
modestly reduced (2·) but plasma exposure was reduced
approximately nine-fold.
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The SAR of a series of inhibitors containing P4 cap-
ping groups with varying abilities to donate hydrogen
bonds to the NS3 binding groove has been described
in this report. Some of these compounds were potent
inhibitors of the HCV NS3Æ4A protease. The results
of enzymatic assays showed that incorporation of
groups that form strong hydrogen bonds with the
NS3Æ4A protein derive additional affinity. In general,
cellular activity tracked reasonably well with enzyme
binding affinity. The pharmacokinetic properties of a
subset of the inhibitor series demonstrate that the
inclusion of hydrogen bond donors adversely affected
oral bioavailability for this series. Careful balancing
of these competing properties (binding affinity vs. oral
bioavailability) is required to identify compounds with
the requisite drug-like properties.
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Abstract—Based on X-ray crystallographic data of complexes of chlorodysinosin A with the enzyme thrombin, a series of analogs
were synthesized varying the nature of the P1, P2, and P3 pharmacophoric sites and the central octahydroindole carboxyamide core.
In general, introduction of a hydrophobic substituent on the DD-leucine amide residue dramatically improved the inhibition of the
enzyme. This is rationalized based on a better fit of the P3 subunit in the hydrophobic S3 enzyme site. Single digit nanomolar
inhibition expressed as IC50 was observed for several analogs.
� 2007 Elsevier Ltd. All rights reserved.
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The 20-plus members of the aeruginosin family of
potent serine protease inhibitors represent a relatively
new class of so-called linear peptides encompassing a
6-mono- or 5,6-dihydroxy 2-octahydroindole carboxam-
ide core unit (Choi and OHChoi, respectively).1 They
originate from geographically distinct aquatic sources
that contain cyanobacterial organisms from which they
can be isolated and characterized.2 Reported outbreaks
of livestock poisoning from contaminated water supplies
harboring these cyan-colored algal blooms3 attracted
attention to the aeruginosins which were found to be
non-toxic. Their structural novelty and interesting
in vitro activity against serine proteases involved in the
blood coagulation cascade leading to thrombus forma-
tion instigated structural studies with these enzymes,
as well as efforts toward their total syntheses.1 To date,
seven members of the aeruginosin family have been syn-
thesized, with four of these involving revisions to the
originally proposed structures.1 Potent in vitro activities
of dysinosin A,4 oscillarin,5 and chlorodysinosin A6
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against thrombin and other factors in the intrinsic or
extrinsic pathways to blood coagulation have been
observed (Fig. 1).7 Nearly all the aeruginosins contain
a Choi or OHChoi central core unit upon which are
appended pharmacophoric subunits that confer affinity
to the catalytic binding pocket of trypsin, thrombin,
and other serine proteases in this class (Fig. 2). Thus,
a basic P1 and hydrophobic P2, P3 main pharmaco-

Dysinosin A, R = H 
Thrombin IC50 = 0.046 μM 
FVIIa IC50 = 0.326 μM


Oscillarin
Thrombin IC50 = 0.028 μM 
FVIIa IC50 = 3.9 μM


Chlorodysinosin A, R= Cl 
Thrombin IC50 = 0.0057 μM
FVIIa IC50 = 0.039 μM


Figure 1. Structures and enzymatic activities of the natural aerugino-


sins chlorodysinosin A, dysinosin A, and oscillarin.
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Figure 2. Binding mode of the aeruginosin family according to X-ray


co-crystal structures complexed with thrombin.2d,5,6,8
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phoric subunits are strategically deployed for optimal
binding.


The most recent entry in the family of aeruginosins,
namely chlorodysinosin A, exhibited the highest
in vitro inhibitory activity against thrombin (Factor
IIA) and Factor VIIA (IC50 = 5.7 and 39 nM, respec-
tively).6 Even more remarkable was the dramatic effect
of a chlorine atom present in the (2S,3R)-3-chloroleu-
cine subunit, harboring the hydrophobic side-chain
compared to dysinosin A which lacks the chlorine in
the same amino acid unit (IC50 thrombin, 46 nM; Factor
VIIA, 326 nM).4 X-ray co-crystal structure data of
chlorodysinosin A (2GDE)6 (and dysinosin A),2d as well
as molecular modeling6, delineated the possible reasons
for this remarkable ‘chlorine effect’ especially that the
inhibitors (and amino acid residues in the enzyme) did
not undergo major positional or conformational
changes. We have ascribed this unexpected ‘chlorine ef-
fect’ to a more restricted v1 angle, possibly positioning
the chlorine atom in a spacially favorable orientation
in the S3 pocket with a better entropic gain and associ-
ated with loss of water molecules.6 To validate this
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Scheme 1. Synthesis of aeruginosin analogs comprising the LL-Choi subunit (6


DIEA, CH2Cl2 (99%, 2 steps) or TBSOTf, NEt3, CH2Cl2 (85%, 2 steps)


2,6-lutidine, CH2Cl2, 84%; (e) H2, Pd(OH)2/C, EtOAc, 95%; (f) 29, DEPBT,


Pd/C, MeOH, 95%; (i) 26, DEPBT, 2,6-lutidine, CH2Cl2, 84%; (j) LiOH, H2O


N2,N3-diBoc-agmatine,12 PyBOP, 2,6-lutidine, CH2Cl2; (l) concd HCl (aq)/T

effect, we embarked on the synthesis of hybrid aerugino-
sins by segment coupling of natural and unnatural phar-
macophoric units representing the P1 and P3 units
anchored upon the perhydroindole carboxylic acid core.
Variations in the P1 subunit consisted of the ‘natural’ 1-
amidino-D3 pyrroline and agmatine groups, and the
unnatural 4-amidinobenzylamino group.9 The P3 sub-
unit was varied to include DD-leucine, DD-3R-chloroleu-
cine, DD-isoleucine, and DD-cyclohexyl glycine. The
perhydroindole carboxylic acid core consisted of
5-mono- and 5,6-dihydroxy analogs, as well as the
unsubstituted ‘unnatural’ variant. Finally, the ‘acidic’
appendage was patterned after oscillarin5 containing a
DD-phenyllactic acid end-group, in addition to simpler
motifs. This provided a representative set of natural
and unnatural hybrid aeruginosin-like molecules to
probe the importance of each unit and functional group
in conferring inhibitory activity against thrombin as a
principal enzyme. Most anticipated was to validate the
beneficial ‘chlorine effect’ in selected analogs.


The Choi core structure 2 was prepared from the pro-
tected LL-glutamic acid 1 via dianion alkylation and azo-
nia-Prins halocarbocyclization, as previously described
(Scheme 1).5,10 The corresponding unsubstituted core
structure 10 in Scheme 2 was obtained quantitatively
from commercially available LL-Oic (2-octahydroindole
carboxylic acid) using TMSCl in MeOH. In order to in-
stall the diversity in the last step of the syntheses, differ-
ent routes were taken to the final aeruginosin hybrids 6,
8, 9, 12–14, 16–18, and 20–24 as shown in Schemes 1 and
2. Depending on which side-chain was varied, P1 or P3,
the C- and N-terminal segments were coupled to the
azabicyclic core structures in different orders. Standard
peptide coupling conditions were used utilizing PyBOP
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Scheme 2. Synthesis of aeruginosin analogs comprising the LL-Oic subunit (12–14, 16–18, and 20–24). Reagents and conditions: (a) Boc2O, NEt3,


MeOH, 96%; (b) LiOH, H2O/THF, 86%; (c) N-Cbz-4-amino-methylbenzamidine, PyBOP, 2,6-lutidine, DMF, 89%; (d) TFA/CH2Cl2 1:9, 99%; (e) N-


Boc-DD-isoleucine, DEPBT, 2,6-lutidine, CH2Cl2, 62%; (f) H2, Pd/C, MeOH, 73%; (g) 26, DEPBT, 2,6-lutidine, CH2Cl2, 71%; (h) LiOH, H2O/THF,
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CH2Cl2 or DMF; (j) concd HCl (aq)/THF 1:1 (12, 46%, 2 steps, 13, 72%, 2 steps) or H2, Pd/C, MeOH then concd HCl (aq)/THF 1:1 (14, 61%, 3


steps); (k) 27, 28, or 29, DEPBT, 2,6-lutidine, CH2Cl2; (l) H2, Pd/C, MeOH, then wet TFA/CH2Cl2 9:1 (16, 30%, 3 steps, 17, 35%, 3 steps, and 18,


65%, 3 steps); (m) TFA/CH2Cl2 1:9, 91%; (n) DD-lactic acid, PyBOP, 2,6-lutidine, CH2Cl2/DMF, or acetylchloride or hydrocinnamoylchloride, NEt3,


CH2Cl2; (o) H2, Pd/C, MeOH (20, 77%, 21, 70%, 22, 53%, over 2 steps); (p) TFA/CH2Cl2 1:9, 95%.
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or DEPBT as coupling reagents and 2,6-lutidine as base.
PyBOP was used in the couplings of the basic C-termi-
nal P1 groups, while DEPBT was employed to install
the N-terminal segments (Schemes 1 and 2). DEPBT
was previously successfully employed in the amide cou-
pling between the OHChoi nitrogen and the N-terminal
segment in the synthesis of the ‘natural’ chlorodysinosin
A.6 The N-terminal end groups in hybrids 20–22 were
incorporated in the last step before deprotection, either
via PyBOP coupling with DD-lactic acid to get 20, or via
direct coupling with the acid chlorides to obtain 21
and 22 (Scheme 2). Finally, global deprotection using
acidic conditions or hydrogenation followed by treat-
ment with acid afforded the target hybrids 6, 8, 9,
12–14, 16–18, and 20–24. Treatment with TFA in
dichloromethane resulted in a cleaner reaction com-
pared to concd HCl in THF. However, the Choi- and
OHChoi-containing hybrids had to be treated with
10% aq NaOH prior to purification on RP-HPLC in
order to saponify any trifluoroacetylated Choi-hydroxyls.11


The N-terminal segments 26–28 were prepared from the
MOM-protected DD-phenyllactic acid 25 essentially as
previously reported (Scheme 3).5 The route to the
3-chloroleucine N-terminal segments 29 was prepared
similarly as in the synthesis of chlorodysinosin A,6 with
oxidation to the carboxylic acid in the last step using
H5IO6 and cat. CrO3


13 (Scheme 3).


In an effort to investigate the impact of the acidic sulfate
group in chlorodysinosin A the non-sulfated 31 was pre-

pared by deprotection of the precursor 30 using TFA in
dichloromethane (Scheme 4).


A proline-containing hybrid 32 analogous to the Oic-hy-
brid 17 was synthesized as a reference compound to fully
investigate the effect of the size of the P2 subunit. The
same synthetic route as to hybrid 17 was employed
(Scheme 5).


The aeruginosin hybrids 6, 8, 9, 12–14, 16–18, 20–24, 31,
and 32 were evaluated in enzymatic assays for their
inhibitory activity against thrombin. The results are pre-
sented as IC50 values in Table 1.14 Activities ranging
from low nanomolar to micromolar IC50 values were
obtained depending on the specific combination of
P1–P3 pharmacophoric subunits.15 In accordance with
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previous observations,1 the shape and orientation of the
basic P1 side-chain was found to be of vital importance
for high inhibitory activity. In general, the 4-amidinob-
enzyl group was preferred in the P1 position over
agmatine and 1-amidino-D3 pyrroline (cf. 12, 13, and
14, Table 1).


The azabicyclic P2 subunit has mainly been suggested as
a device conferring the bioactive conformation in the
aeruginosin-like molecules. Apparently, the 6-hydroxyl
of Choi makes no difference for the inhibitory activity
when comparing to the unsubstituted Oic-hybrids (cf.
8 vs 12 and 13 vs 9, Table 1). In fact even slightly
improved activities were obtained without the 6-hydro-
xyl against thrombin. The activity of the proline hybrid
32 was noteworthy.16


Encouraged by the remarkable effect of a 3R-chloro sub-
stituent in the P3 side-chain (cf. 6 vs 9, Table 1) a series
of b-branched hybrids 16, 17, and 18 incorporating the
most potent 4-amidinobenzyl P1 group and the unsubsti-
tuted Oic P2 subunit were prepared and evaluated. To
the best of our knowledge the DD-3R-chloroleucine
hybrid 16 identified in this small series is the most active

thrombin inhibitor of the natural aeruginosins and
the aeruginosin-derived analogs reported to date
(IC50 = 0.0016 lM, Table 1). Hybrids 17 and 18 encom-
passing a DD-isoleucine or DD-cyclohexyl glycine in the P3


position demonstrated activities against thrombin in
the same low nanomolar range confirming a strong pref-
erence for b-branched P3 side-chains. Molecular dynam-
ics simulations indicate that this so-called ‘chlorine
effect’ primarily originates from a stabilization by the
b-substituent of the v1 angle in the bioactive conforma-
tion rather than from a general hydrophobic effect,
which is also reflected by the similar clogP values of
the hybrids with and without a b-chloro substituent
(cf. 9, clogP = 0.296 with 6, clogP = 0.359 and 14,
clogP = 3.91 with 16, clogP = 3.97).17 Moreover, the
bioactive conformation places the b-substituent in a
favorable position in the S3 subsite resulting in a release
of water and thus a gain in entropy as well as additional
hydrophobic interactions with the enzyme pocket.
According to the contour diagram in Figure 3 there
seems to be enough space in the S3 subsite to accommo-
date even larger b-substituents in aeruginosin hybrids.
Futhermore, DD-phenylalanine appears to be preferred
over DD-leucine in the P3 position. Compound 8, which
is the P3 DD-leucine hybrid of the natural oscillarin, was
less potent than the DD-phenylalanine-containing natural
product (IC50 = 0.22 and 0.028 lM against thrombin,
respectively).


The oscillarin DD-phenyllactic acid was chosen as a gen-
eral N-terminal appendage in this series of hybrids.
Oscillarin, which is lacking an N-terminal acidic group,
is one of the most active thrombin inhibitors of the nat-
ural aeruginosins (Fig. 1).5 The avoidance of an acidic
group was considered favorable both from synthetic
and ADME perspectives. It was also found that the gain
in activity due to an N-terminal acidic group appears to
be very modest. A comparison between the non-sulfated
chlorodysinosin A 31 and chlorodysinosin A shows only
a slight increase in activity against thrombin with a sul-
fate end group (IC50 = 0.0057 and 0.011 lM, respec-
tively). DD-Phenyllactic acid was found to be superior to
other simpler N-terminal end groups (cf. compound 17
with 20–24, Table 1). The loss in inhibitory activity
was more pronounced when omitting the hydroxyl than
the terminal phenyl group, cf. 22 and 20. A complete
truncation of the N-terminal appendage resulted in
amine 24, which still demonstrated significant activity
against thrombin (IC50 = 0.101 lM, Table 1).


The comparatively stronger inhibition of compound 6
than its des-chloro analog 9 suggests that the structure
of aeruginosin 205B should be revised, with the chloro
atom on the DD-leucine residue, rather than on Choi.18


In conclusion, a series of unnatural aeruginosin hybrids
have been synthesized to map the structure–activity
relationships of the P1, P2, P3, and the N-terminal sub-
units against thrombin. A pronounced increase in
activity was found when incorporating a b-substituent
on the P3 side-chain, establishing the previously
acknowledged ‘chlorine effect’ of the DD-3R-chloroleucine
in chlorodysinosin A.







Table 1. Inhibition of thrombin measured as IC50 values
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Figure 3. Contour diagram of the S3 pocket and the P3 side-chains


from an overlay of the co-crystal structures of dysinosin A2d (green)


and chlorodysinosin A6 (2GDE, pink) with thrombin.
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Abstract—Herein we report the first disclosure of biphenyl azoles that are nanomolar binders of adipocyte fatty acid binding protein
(aFABP or aP2) with up to thousand-fold selectivity against muscle fatty acid binding protein and epidermal fatty acid binding pro-
tein. In addition a new radio-ligand to determine binding against the three fatty acid binding proteins was also synthesized.
� 2007 Elsevier Ltd. All rights reserved.

Adipocyte fatty acid binding protein (aFABP, aP2) is a
14.6 kDa cytosolic protein located in adipocytes and
macrophages, and assists in the intracellular transport
of fatty acids.1a,b–d It is one of a class of fatty acid binding
proteins (FABPs) that are found predominately in the liv-
er, heart, intestine, and connective tissues. Hotamisligal
et al. have reported that aFABP-deficient mice, when
placed on a high fat diet (40% of caloric intake as fat),
were significantly protected from hyperinsulinemia and
insulin resistance compared to the wild type.2 Additional
genetic experiments have been reported in which aFABP
null mice have been crossed with ob/ob and in another in-
stance apoE�/� mice. The aFABP-deficient ob/ob mice

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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were more insulin-sensitive when compared to ob/ob con-
trols as demonstrated by measuring circulating glucose
and insulin levels.3 While apoE�/� animals developed se-
vere atherosclerosis on a high fat diet, the apoE�/�/
aFABP�/� progeny have lesions that are much smaller
and less complex, suggesting a role for aP2 in atheroscle-
rosis.4 Based on these genetic knock-out models, we pur-
sued the development of inhibitors of aFABP for their
therapeutic potential in the treatment of diabetes, obesi-
ty, and atherosclerosis.


Structurally, aFABP is a 10-stranded, 136-amino acid,
2-sheeted anti-parallel b-barrel with two short helixes
forming a ‘cap’. The protein contains essentially one
large cavity with a volume of approximately 950 cubic
angstroms. From crystallographic data of ligands bound
to the protein, the interior amino acids that are known
to specifically bind to endogenous fatty acids include
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Arg126 and Tyr128 (Fig. 2), which usually ligate an
acidic moiety directly, and Arg106, which often ligates
via a water bridge. A number of hydrophobic residues
also line the pocket. An unusual feature of this pocket
is that, dependent on substrate, it typically binds nine
or ten water molecules tightly. The bound water mole-
cules form part of the surface against which ligands
contact.5


The ubiquity of endogenous fatty acids in living systems
and the high intracellular concentration of aFABP (of
the order of micromolar)1a,b–d implied that we needed
an inhibitor of significantly greater intrinsic potency
than endogenous fatty acids. In addition, muscle FABP
(mFABP), which is expressed in both heart and skeletal
muscle, has been correlated to fatty acid oxidation
capacity in these tissues, and is necessary for their prop-
er function.6 Thus selectivity versus mFABP is thought
to be critical for an aFABP inhibitor as a therapeutic
agent. Epidermal FABP (eFABP) was also used as a
measure of selectivity in our assay protocol. eFABP is
widely distributed in many tissue and organs including
adipose, macrophages, stomach, heart, brain, liver,
spleen, muscle, lung, intestine, bone marrow, testis, ret-
ina, and mammary and endothelial cells.1d Because of
the high intracellular concentration of aFABP, its high
affinity for endogenous ligands, and need for selectivity
versus other FABPs, our program objectives were to dis-
cover potent aFABP inhibitors with selectivity over
mFABP and eFABP.


Directed screening (via DOCK software)7 of our com-
pound library based on known endogenous fatty-acid

O
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O


O


N


1a


OHO OHO


Figure 1. Virtual screening leads for aFABP binding.


Table 1. Ki (nM) Binding constantsa of Oxazoles (1) and Imidazoles (4) w


endogenous fatty acids


Compound X R aFABP


Palmitic acid — — 336 (±1


Oleic acid — — 185 (±3


1a — — 58 (±4)


1b — — 6 (±1)


4a O H 9.3 (±0


4b NH H 18 (±6)


4c O Me <2c


4d NH Me 2.7 (±0


4e O Et <2c


4f NH Et 3.4 (±0


4g NH Isobutyl 130 (±6


4h NH CH2COOH >2000


4i O FCH2CH2 <2c


a Values are means of three experiments, standard deviation is given in pare
b NT, not tested.
c Resolution of the assay does not allow for Ki quantification below 2 nM.

substrates of aFABP using a homology model of the hu-
man adipocyte protein generated from the mouse adipo-
cyte protein crystal structure5 (PDB code 1LIE, 91%
identity, 95% similarity) and the LOOK program,8 led
to the identification of 1a, a 58 nM inhibitor of aFABP
that is essentially equipotent against the mFABP (Fig. 1
and Table 1). Similarity searches using 1a as a template
resulted in the identification of 1b (Fig. 1) as a potent
inhibitor of aFABP with 170-fold selectivity over
mFABP (Table 1). The profile of compound 1b is inter-
esting in that it binds with significantly greater affinity to
aFABP and has better isoform selectivity as compared
to known endogenous substrates such as palmitic or ole-
ic acid (Table 1) and the initial screening hit 1a.


The weaker binding affinity of 1b compared to 1a for
mFABP suggested to us that the biphenylazole chemo-
type could provide a useful platform for obtaining selec-
tivity for aFABP over other FABP isoforms. Ligand 1b
contains a highly substituted oxazole ring and a distal
carboxylic acid bridged together by a biphenyl core.
This manuscript highlights the in vitro structure–activity
relationships (SAR) of several alternate heterocyclic ring
replacements for the oxazole in 1b and the resulting
FABP selectivity profiles. Compounds were assayed
against aFABP, eFAPB, and mFABP to determine
inhibition constants and selectivity. The 1,8-ANS
(8-anilino-1-naphthalene-sulfonic acid) displacement
assay developed by Kurian et al. was used to determine
binding affinity (Table 1).9b


Our initial approach to explore the SAR of 1b was to
replace the oxazole with an imidazole. The imidazole
allows for additional functionalization via N-alkylation
to provide a new set of ligands. The facile method for
the synthesis of substituted imidazoles is shown in
Scheme 1. Imidazoles 4a and 4b were less active vs
aFABP when compared to 1b, but maintained selectivity
against m- and eFABP. When N-substituents such as
methyl (4c and 4d) or ethyl (4e and 4f) were added to
the heterocyclic core, improved binding to aFABP was
achieved, with Ki values in the range of 2 nM (the lower

ith aFABP, eFABP, and mFABP in the 1,8-ANS assay compared to


Ki (nM) mFABP Ki (nM) eFABP Ki (nM)


64) NTb 802 (±336)


5) NT 248 (±12)


32 (±4) >2000


>1000 >2000


.6) >1000 >2000


>1000 >2000


>1000 830 (±100)


.5) >1000 >2000


>1000 830 (±70)


.3) >1000 >2000


) >1000 >2000


>1000 >2000


>1000 >2000


ntheses.
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detection limit for the ANS assay).9 Yet when the larger
iso-butyl (4g) group was appended to the imidazole, a
>50-fold loss in binding to aFABP was observed. Polar
substituents (e.g., 4h, R = CH2COOH) markedly de-
creased activity. The most potent compounds (4c, 4e,
and 4i) achieved high selectivity ratios over eFABP
and mFABP (Table 1).


With the understanding that the central oxazole in 1b
could be replaced with an imidazole and maintain good
binding affinity, our attention turned to examining addi-
tional heterocycles, with a view to varying both the elec-
tron density of the core and subtly influencing the
spatial relationship of the peripheral substituents. We
prepared electron-rich heterocycles from the common
intermediate diketone 6.10 Furans were generated by
dehydration of 6 with boron trifluoride, pyrroles by
weak acid catalysis in the presence of amines, and thi-
ophenes by reaction of 6 with Lawesson’s reagent
(Scheme 2).11


The comparatively electron-poor pyrazole 11a was pre-
pared in 5 steps from hydrazone 9 (Scheme 3).12 The
biological results for compounds of chemotypes 8 and
11a (Table 2) suggest a similar SAR to the imidazoles.
For these chemotypes, the ethylated compounds 8c
and 11a were more active than the corresponding unsub-
stituted analogs (8a and 8b). Both oxazoles and pyraz-
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hydroxyethyl)thiazolium iodide, Et3N, 90%; (b) BF3–Et2O, Y@O, 58–


78%; (c) NH4OAc, or RNH2, HOAc Y@N–R 0, 47–68%. (d) Lawes-


son’s reagent, Y@S, 85–100%; (e) i—Pd(PPh3)4, 4-methoxyphenylbo-


ronic acid, 63–84%; ii—BBr3, CH2Cl2, �78 �C 66–81%; (f) i—NaH,


ethyl bromoacetate, THF, 44–69%; ii—NaOH, H2O, then 1 N HCl,


95%.

oles maintained selectivity for aFABP over mFABP
and eFABP.


Additional analogs of 11a were prepared (Scheme 3) to
probe activity relative to the position of the carboxylic
acid group. As shown in Table 2, the a-hydroxy acid
11b was found to be 10-fold less active for aFABP when
compared to 11a. The benzoic acid 11c showed an even
greater loss in aFABP binding. This SAR suggests that
the position of the carboxylic acid group for the chemo-
type is critical for aFABP binding. Interestingly, these
modifications had negligible impact on the binding affin-
ity to m- and eFABPs.


Subsequent X-ray crystallographic analysis of 11a
bound to aFABP (Fig. 2) suggested that the ethyl at-
tached to the heterocyclic ring comes in close proximity
to Ser53. The residue Ser53 appears to play a role in the
intrinsic binding affinity of the azoles to aFABP. Substi-
tution with increasingly large groups (lone pair, H, Me,
Et) may enhance binding to aFABP through improved
van der Waals interactions with Ser53. Groups signifi-
cantly larger (e.g., 4g, isobutyl) or more polar (e.g., 4h
and 4i) than ethyl lead to reduced binding affinities.


Several of our compounds shown in Tables 1 and 2 test-
ed the limits of the fluorescence-based assay that we had
relied upon for much of our work. Resolution of Ki val-
ues in this 1,8-ANS assay is limited to the range of 2–
2000 nM.9a,b This arises from the relatively low fluores-
cent sensitivity of ANS, necessitating a high protein level
in the assay. As the lower limit of Ki measurement is
directly dependent on the protein concentration, this
in itself limits the assay sensitivity. In addition, the
1,8-ANS assay is subject to compound interference by
light absorption, because ANS fluoresces at 460 nm.
Because of these complications, a radioligand binding
assay was developed. The non-tritiated derivative of







Table 2. Fatty acid protein binding constants of Furans, Pyrroles, Thiophenes, and Pyrazoles in the 1,8-ANS assay


O


R


Ph


Ph


Y


8


OHO


Compound Y R aFABP Ki (nM) mFABP Ki (nM) eFABP Ki (nM)


8a O H 36 (±3) >1000 >2000


8b NH H 12 (±1) >1000 >2000


8c O Et 3.5 (±0.7) 220 (±20) 290 (±60)


11a (Scheme 3) <2b 250 (±15) 350 (±3)


11b (Scheme 3) 28 (±5) 360 (±50) 550 (±70)


11c (Scheme 3) 650 (±60) 110 (±5) 240 (±10)


aValues are means of three experiments, standard deviation is given in parentheses.
b Resolution of the assay does not allow for Ki quantification below 2 nM.


Figure 2. X-ray crystal structure of 11a bound to the active site of


aFABP.13a The X-ray model of 11a bound to the binding site of


aFABP with the initial 2Fo-Fc electron density map contoured at 1r.


Hydrogen bonds are shown as small spheres. For clarity only a limited


number of surrounding residues are included in the figure. In


particular, Ser53, which is a Thr in m- and eFABP, is proximal


(3.8 Å) to the ethyl substituent of the pyrrozole ring. Figure prepared
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Table 3. Binding constants of selected compounds in the radioligand


assay and comparison to 1,8-ANS displacement assay


Compound 1,8-ANS assay Ki (nM) 3H 14 assay Ki (nM)b


1b 6 (±1) 95 (1)


4b 18 (±6) 300 (1)


4c <2a 13 (1)


4d 2.7 (±0.5) 48 (1)


4e <2a 3.3 (2)


4f 3.4 (±0.3) 13 (2)


4i <2a 8.7 (1)


11 <2a 7.4 (1)


8c 3.5 (±0.7) 32 (1)


ANS Kd = 150 1000


a Resolution of the assay does not allow for Ki quantification below


2 nM.
b Values in parentheses refer to number of experiments.
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benzoate 14 was identified as a potent aFABP inhibitor
from other SAR studies.14 We selected compound 14 as
the radioligand since the non-labeled compound demon-
strates potent binding in the 1,8-ANS assay for several
FABPs including aFABP (Ki = 2 nM), eFABP
(Ki = 2 nM), and mFABP (Ki = 4 nM), and is therefore
of potential use as a probe for binding to each of these
proteins. Compound 14 was generated by the method
outlined in Scheme 4 in four steps starting from the
commercially available iodide 12. The aFABP Kd of
14 was determined by Scatchard analysis and found to
be 21 nM (±2).15


Selected compounds were assayed against aFABP and
the results were compared to the original 1,8-ANS assay
data (Table 3). Within the set of compounds tested, Ki


values were greater when determined with the radioli-
gand binding assay than with the 1,8-ANS assay. Given

that Ki values quantified in the fluorescent assay are
potentially in error by a factor of 3 to 4 and the signif-
icant differences in assay format,9a,b variation in calcu-
lated Ki values between the two assays was expected.
In addition, X-ray crystallographic analysis shows that
ANS and analogs of 14 bind in distinctly different posi-
tions. These differences in binding orientation suggest
another possible reason to expect differences in Ki.
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Because the Ki values in the ANS fluorescent assay are
highly variable in the low nanomolar range, the radioli-
gand binding assay offers a significant advantage in sen-
sitivity for tight binding ligands.


In conclusion, we have identified a novel structural class
of compounds that bind to aFABP with significantly
greater affinity and FABP isoform selectivity than
known endogenous fatty acid substrates. In particular
we have identified several compounds which are potent
(nM) and selective inhibitors of aFABP. These ligands
can serve as useful probes for further investigation of
the potential utility of aFABP inhibitors for the treat-
ment of diabetes, obesity, and atherosclerosis. Other ser-
ies of aFABP inhibitors have been reported in the
literature by Biovitrum.16a,b In comparison, the inhibi-
tors described in this manuscript are of greater potency.
We have also described a new and useful radioligand
binding assay for the determination of binding constants
for aFABP (and potentially m- and eFABP) with a
greater dynamic range than the standard fluorescence
assay and capable of distinguishing the SAR of our most
active compounds.
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Abstract—This report describes the preparation of antibacterially active emulsified polyacrylate nanoparticles in which a penicillin
antibiotic is covalently conjugated onto the polymeric framework. These nanoparticles were prepared in water by emulsion poly-
merization of an acrylated penicillin analogue pre-dissolved in a 7:3 (w:w) mixture of butyl acrylate and styrene in the presence
of sodium dodecyl sulfate (surfactant) and potassium persulfate (radical initiator). Dynamic light scattering analysis and atomic
force microscopy images show that the emulsions contain nanoparticles of approximately 40 nm in diameter. The nanoparticles have
equipotent in vitro antibacterial properties against methicillin-susceptible and methicillin-resistant forms of Staphylococcus aureus
and indefinite stability toward b-lactamase.
� 2007 Elsevier Ltd. All rights reserved.

The continuing rise in microbial drug resistance has led
to widespread problems in the treatment of bacterial
infections.1 Of particular concern are those illnesses
caused by methicillin-resistant Staphylococcus aureus
(MRSA), which are responsible for a majority of hospi-
tal-acquired infections, clinical complications, and
nearly 100,000 deaths each year in the United States
alone.2,3 The loss of effectiveness of commonly used
antibacterial antibiotics such as penicillin and other
b-lactam drugs further adds to the dilemma, calling
for the immediate need for improvements in drug
design, discovery, and delivery. One of the major chal-
lenges in treating antibiotic-resistant bacterial infections
is the need to develop agents that can stop the infection
at the site of initiation, which frequently occurs in re-
gions of the body where water-soluble drugs typically
have poor access. However, the application of lipophilic
agents to combat such infections likewise has limited
effectiveness due to uptake and delivery issues resulting

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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from low water solubility and biodistribution.4 The abil-
ity to deliver antibacterial drugs to infections in fatty tis-
sue or on the surface of implanted medical devices, for
example, where microbial biofilms often develop, ulti-
mately determines if the infection can be cleared without
surgical intervention.5 New drug delivery vehicles such
as liposomes and nanoparticles offer a promising way
to improve bioavailability, efficacy, and specificity of
pharmaceutical compounds in general. Several groups
have reported previously on the preparation and anti-
bacterial testing of various penicillin- or ampicillin-en-
trapped polycyanoacrylates formed by anionic
emulsion polymerization in water.6–15 These emulsified
suspensions consisted of drug-containing particles con-
siderably larger than 100 nm in diameter, and reportedly
provided enhancement of the drug’s performance
against some of the microbes tested. The use of antibi-
otic-laden nanoparticles such as those for drug-resistant
bacteria such as MRSA has not been investigated, nor
has there been an attempt to evaluate the effect of hav-
ing the drug covalently bound to the nanoparticle versus
non-covalently encapsulated within its matrix. In this re-
port, we describe the results of our studies on the synthe-
sis and evaluation of penicillin-bound polyacrylate
nanoparticles against MRSA as a function of the
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conjugated nanoparticles NP1–NP5, respectively.
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penicillin structure, linkage type, and location (for cova-
lently bound systems), and covalently conjugated versus
drug-encapsulated nanoparticle emulsions.


Recently we published15 a procedure for preparing anti-
bacterially active polyacrylate nanoparticles, which en-
hances the water-solubility and antibacterial properties
of highly lipophilic N-thiolated b-lactam antibacteri-
als.16,17 In this method, the water-insoluble antibiotic
was first converted to an acrylated form, then dissolved
in a mixture of liquid monomers (butyl acrylate and sty-
rene) before being emulsified with a surfactant and poly-
merized in the presence of a water-soluble radical
initiator (Scheme 1). This procedure enhances the per-
formance of water-insoluble antibiotics that act on tar-
gets within the bacterial cell.


The aim of the current study was to try to advance this
nanoparticle methodology to penicillins that are used
clinically in a water-soluble salt form and whose targets
reside along the outer periphery of bacterial cell mem-
branes. b-Lactam antibiotics such as the penicillins have
been mainstays of clinical treatment for many types of
bacterial infections, however, their effectiveness is signif-
icantly compromised in bacteria that produce b-lacta-
mase enzymes which hydrolyze the b-lactam ring to an
inactive ring-opened product. The hope was that penicil-
lins could be incorporated into the nanoparticle frame-
work during emulsion polymerization, despite their
ready water-solubility, and be sheltered inside the matrix
of the nanoparticle from bacterial penicillinase degrada-
tion. If this could be achieved, the b-lactam antibiotics
could potentially be rendered highly effective against
MRSA. As prototypes to explore this, five acrylated
penicillins 1–5 were employed as monomeric substrates
as a means to produce antibiotic-containing nanoparti-
cles in aqueous media (Fig. 1). Our primary objective
in selecting these particular penicillin derivatives was
to evaluate the effect of the location, length, and polarity
of the acrylate moiety linking the drug to the polymer
framework (NP1–NP5), versus having the drug mole-
cule non-covalently contained within the nanoparticle
matrix (NP6 and NP7).


Penicillin acrylimide 1 was synthesized from commer-
cially available penicillin G potassium salt via its
trimethylsilyl ester, which was reacted with acryloyl
chloride followed by an aqueous work up (Scheme 2).
It is our assumption that the acylation occurred selec-

tively on the amido nitrogen rather than on the meso-
meric oxygen center, to give the imide 1 as shown.


Penicillin acrylamide monomers 2 and 3 were synthe-
sized from 6-aminopenicillanic acid using either acryloyl
chloride or acryloyloxyacetyl chloride in the presence of
triethylamine in methylene chloride. Similarly, glycosyl-
ated penicillin monomer 5 was synthesized from 6-amin-
openicillanic acid and the relevant carbohydrate acyl
chloride. Acrylated penicillin G monomer 4 was pre-
pared by stirring penicillin G free acid with triethyl-
amine and an equivalent of ethyl chloroformate at
0 �C, then further with 2-hydroxyethyl acrylate
(2-HEA) as a means to produce the esterified penicillin
G (Scheme 3).


Two penicillin G analogues (6 and 7) were also prepared
that lack an acrylated side chain in order to construct
nanoparticles (NP6 and NP7) where the drug is incorpo-
rated non-covalently (Fig. 2). These two analogues were
chosen because while penicillin G (6) possesses the free
carboxyl acid needed for binding to the transpeptidase
target, analogue 7 does not and would presumably
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Figure 2. Penicillin G (6) and penicillin ester 7 used for preparing


drug-encapsulated nanoparticles NP6 and NP7, respectively.


Table 1. Antibacterial activity of penicillin-containing nanoparticles


NP1–NP7 against Staphylococcus aureus (ATCC 25923) and MRSA


(ATCC 43300), as determined by broth dilution MIC assaysa


Sample Microbe


Staphylococcus aureus (lg/mL) MRSA (lg/mL)


NP0 (control) >256 >256


NP1 2 2


NP2 64 64
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require cleavage of the ester moiety to be effective as an
antibiotic.


Commercially available penicillin G potassium salt was
first converted to the more highly organic-soluble free
acid 6 using dilute hydrochloric acid, which was then
subjected to EDCI coupling with 2-hydroxyethyl propi-
onate to produce ester derivative 7. Penicillin analogues
1–7 were rigorously purified by column chromatography
prior to use in the emulsion polymerization.


Penicillin nanoparticles were prepared by dissolving one
of the seven antibiotics (1% w/w) in a 7:3 (w/w) mixture
of butyl acrylate and styrene (Scheme 4).8 This mixture
was then pre-emulsified by adding sodium dodecyl sul-
fate (3% w/w) as a surfactant with stirring in nano-puri-
fied water. The resulting micelles were then heated in a
70 �C oil bath under an atmosphere of nitrogen and
treated with potassium persulfate (0.5% w/w), a water-
soluble radical initiator, to induce free radical polymer-
ization. The reactions were allowed to run at 70 �C for
6 h with rapid stirring. After cooling to room tempera-
ture, the samples were characterized to determine their
antibacterial capabilities, average size, shape, and stabil-
ity in solution.
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Scheme 4. Representative example of an emulsion polymerization


using acrylated penicillin monomer 1.

In vitro experiments were conducted to determine if the
penicillin-containing nanoparticles displayed antibacte-
rial activity against a methicillin-susceptible form of
S. aureus (MSSA), and if so, whether this activity could
be retained against a methicillin-resistant form (MRSA).
Minimum inhibitory concentration values (determined
by broth dilution assays) for each of the samples are
provided in Table 1. These assays showed that penicil-
lin-bound nanoparticles (NP1–NP4) and the penicillin-
encapsulated nanoparticles (NP6 and NP7) displayed
significant antibacterial activity against both MSSA
and MRSA, while the antibiotic-free nanoparticles
(NP0) were completely inactive. Penicillin G (free drug
form) is about 1500 times less active against MRSA
compared to MSSA, indicative of the presence of peni-
cillinase in MRSA.


While none of the penicillin nanoparticles had the anti-
bacterial activity of penicillin G alone against S. aureus,
the nanoparticles NP1 did display much stronger activity
than penicillin G against MRSA. In fact, the penicillin-
containing nanoparticles displayed equal antibacterial
activities for S. aureus and MRSA, indicating that the
b-lactamase enzyme exuded by the bacterium does not
at all affect the activity of the drug-bound nanoparticles.
This was further demonstrated with a control experiment
on agar plates in which the nanoparticle emulsion NP1
was screened against S. aureus (MSSA) in the absence
versus the presence of added b-lactamase enzyme
(Fig. 3). The image on the left shows three different
amounts of NP1 (20, 50, and 100 lg of antibiotic) as well
as penicillin G (20 lg) as a positive control. The penicillin
G free drug produces a large clearing zone due to inhibi-
tion of MSSA growth. However, when 100 lg of com-
mercial penicillinase (Type I from Bacillus cereus) is
added to the media (right image), penicillin G loses all
of its antibiotic activity, while the nanoparticles NP1 re-
tain their original inhibition capabilities. This confirms
the ability of the nanoparticle to protect the antibiotic
from enzymatic degradation by penicillinase (even at
unusually high concentrations of protein) without cur-
tailing its antibacterial properties. While this agar diffu-
sion experiment is illustrative, the broth MIC

NP3 16 16


NP4 16 16


NP5 >256 >256


NP6 64 64


NP7 64 64


Penicillin G 0.012 16


a MIC values refer to the lowest concentration of the bound drug


(lg/mL) required to completely inhibit bacterial growth for 24 h in


culture. MIC determinations were run in triplicate and the values


obtained for each compound were found to be invariant.







Figure 3. Kirby–Bauer studies of NP1 using Staphylococcus aureus


(ATCC 25923). Assays were performed first in the absence of added


penicillinase protein (left image) and then in the presence of 100 lg of


penicillinase added to the agar (right image). The control, penicillin G,


lost all of its activity in the presence of the enzyme, while NP1 retained


its original activity at all three drug amounts, as noted. The cloudy


white spots appearing in the inhibition zones in the penicillinase-


treated plate (right) appear to be due to uneven diffusion of the


polymer through the agar in the presence of the added protein, which


we have observed occasionally in Kirby–Bauer experiments (and seen


around the edges of the wells), and not from surviving bacterial


colonies. These spots were sampled and cultured on agar to confirm


that no surviving bacteria were present.
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measurements in Table 1 are more meaningful for quan-
titatively assessing in vitro activity of these nanoparticle-
bound antibiotics. NP1 also retained its full antibacterial
activity against MRSA after being exposed to 10% fetal
bovine serum (FBS) for 24 h, indicating that the nano-
particles are stable to the various enzymes and other deg-
radative components of serum. MIC assays performed
by substituting the commonly used Mueller–Hinton
broth with 10% FBS solution confirmed that the MIC
values of NP1 remained at 2 lg/mL, respectively, against
both the MSSA and MRSA strains.


The microbiological data in Table 1 suggest that the
penicillin G-conjugated nanoparticles (NP1 and NP4)
are significantly more active than the 6-aminopenicillan-
ic acid-containing nanoparticles (NP2 and NP3), and
that the type of linkage used to covalently attach the
drug moiety to the polymer backbone significantly alters
the activity of the drug-conjugated nanoparticle. Both
the type and the location of the linkage were varied in
order to optimize the antibacterial activity of the penicil-
lin nanoparticle system. The data suggest that the bioac-
tivity follows the relative order of hydrolytic sensitivity
of the linkage, with the imide > ester > amide
(NP1 > NP3 = NP4 > NP2� NP5). The fact that the

Figure 4. AFM images show the particles from the NP1 and NP4 emulsion

carboxylic ester-linked system, NP4, is active against
both MSSA and MRSA is notable, in that it implies that
the active drug is cleaved from the nanoparticle frame-
work, perhaps by esterases in the bacterial cell or along
the bacterial membrane, since the free carboxylic acid
form of penicillin is required for interaction with the tar-
get transpeptidases of S. aureus. These data also indicate
that antibacterial activity is somewhat greater when the
drug is covalently bound to the polymeric nanoparticle,
as opposed to being non-covalently encapsulated within
the nanoparticle, as in NP6 and NP7. This suggests that
the nanoparticle may enhance delivery of the bound
antibiotic to the bacterial cell. Additional studies are
underway in our laboratory to understand this interac-
tion and to obtain detailed insight as to how the drug
is being released into the cell. The MIC data obtained
for all of the penicillin nanoparticles against MSSA
and MRSA infer that drug release must occur after
interaction of the particle with the cell, since release of
the b-lactam drug outside the cell would likely result
in rapid hydrolytic cleavage of the antibiotic by extracel-
lular penicillinases exuded by the MRSA, and thus loss
of bioactivity. This expected loss of activity is clearly not
what we observe for the nanoparticles. Our attempts to
measure the rate of cleavage of the drug molecules from
the nanoparticle matrix using various commercial ester-
ases failed to provide any useful information thus far.
We suspect that the cleavage event may require not only
the presence of the esterase but also the interaction be-
tween the nanoparticle and the cellular membrane.


Particle size analysis of the emulsions was performed
using transmission electron microscopy (TEM), atomic
force microscopy (AFM), and dynamic light scattering
(DLS) analysis, which all indicated that the nanoparti-
cles possess uniformly spherical morphology with diam-
eters of 25–40 nm (Fig. 4). Zeta potential analysis
showed that the particles’ surface charge in the emul-
sions ranged from �40 to �80 mV, suggesting high par-
ticle stability. The thermal stability of the nanoparticle
emulsions was also examined over a range of storage
conditions. Experiments indicated that the original
emulsions (containing 20% solid polymer content) are
stable from pH 1 through pH 10, and to temperatures
from 5 to 40 �C without precipitation or changes in par-
ticle size or morphology, as determined by DLS. More-
over, nanoparticle samples NP0 (no drug), NP1, and
NP4 were analyzed for cytotoxicity against human

s are uniformly in the range of 25–40 nm in diameter.
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dermal fibroblast cells using a CyQUANT DNA bind-
ing assay. These experiments showed that all three nano-
particle formulations are non-toxic to the fibroblast cells
at 1 mg/mL drug concentrations, which are more than
10 times the bacterial MIC levels.


In summary, these studies have established that penicil-
lin-containing polyacrylate nanoparticles can be easily
prepared by free radical emulsion polymerization in
water and are effective at helping to rejuvenate the
in vitro antibacterial activity of penicillin drugs against
beta-lactamase-producing MRSA. The favorable
features of this methodology include simple, one-step
preparation of penicillin-containing nanoparticles in
aqueous media, rigid control of nanoparticle size
in the 25–40 nm range, absence of cytotoxic effects in
healthy human cell culture, and ability to incorporate
drugs covalently onto the polymer framework or non-
covalently (encapsulated) without the need for post-syn-
thetic modification of the nanoparticle. Ongoing studies
in our laboratory are attempting to elucidate the mech-
anism of bioactivity and drug release of the nanoparti-
cles, and examining their in vivo properties in animal
infection models to determine their efficacy and poten-
tial for therapeutic applications.
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Abstract—A novel series of 4-aryl-5-cyano-2-aminopyrimidines were synthesized and found to have potent VEGF-R2 kinase inhib-
itory activity. Structure–activity relationships were investigated and compound 14a was shown to be efficacious in a mouse model of
corneal neovascularization.
� 2007 Elsevier Ltd. All rights reserved.

Angiogenesis is the formation of new blood vessels, and
is an essential process for tumor growth. The selective
inhibition of tumor angiogenesis might be a useful strat-
egy for inhibiting tumor growth and metastasis. Patho-
logical angiogenesis in the retina is a major cause of
blindness and is responsible for the deterioration of vi-
sion that occurs in diabetic retinopathy, age-related
macular degeneration, and retinopathy of prematurity.
Several growth factors are elevated in the eye of patients
with active neovascularization that contribute to the for-
mation of new vessels.1,2 Vascular endothelial growth
factor (VEGF) and basic fibroblast growth factor
(bFGF) are critical components in the development
of pathological angiogenesis and are involved in the
etiology of these diseases. VEGF stimulates ocular
neovascularization, increases vascular permeability, and
correlates with disease progression.3 This makes the
VEGF signal transduction pathway an attractive target
for therapeutic intervention in ischemic ocular disease.
We have discovered a series of potent VEGF-R2 kinase
inhibitors that are potentially useful as anti-angiogenesis
agents for the treatment of cancer and diabetic retinop-
athy. We recently reported the in vitro anti-angiogenic,

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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in vivo anti-tumor activity of 14a (JNJ-17029259) as well
as its activity against VEGF-R2 and other biologically
relevant kinases.4 Herein, we report the SAR develop-
ment, synthesis, and biological activity of 4-aryl-5-cya-
no-2-aminopyrimidines that display potent inhibition
of VEGF-R2 kinase.5 We also describe the proposed
binding mode of the pharmacophore and the rationale
for structure–activity relationships.


Routine screening for selective VEGF-R2 inhibitors
provided compound 1 (Scheme 1) as a hit with VEGF-
R2 IC50 = 1.0 lM and cyclin-dependent kinase-1
(CDK1) IC50 > 100 lM.


Compound 1 was docked into a homology model of
VEGF-R2 using the software GLIDE.6,7 The proposed
binding mode (Fig. 2) shows the top reranked pose of
the ligand as overlapped with ATP along with the bind-
ing pockets of the ATP site.8 The amino pyrimidine
forms hydrogen bonds with backbone C@O and NH
of CYS 917 in the hinge region in the ATP site. The
cyano group is positioned at the opening of the hydro-
phobic pocket.


Synthesis of 4-substituted-5-cyano-2-aminopyrimidines
(2) is outlined in Scheme 2. The key step involved reac-
tion of a vinylogous amide with a guanidinium salt to
form the pyrimidine ring. Specifically, conversion of an



mailto:hughe007@hotmail.com





N


N


NC


H
N


1


N


N


NC


H
N


R2


R1


2


Scheme 1. Screening hit compound 1 and general structure of


pharmacophore 2.


R1
NC


O


N


N


NC
R1


Cl


N


N


NC
R1


H
N


R2


b, c


e


R1


MeO O a
N


N


NC
R1


NH2


d


3 4 5


62


Scheme 2. Reagents and conditions: (a) n-BuLi, CH3CN, THF, �78 to


�45 �C (80–100%); (b) DMF-DEA, DMF, 25 �C; (c) guanidine


nitrate, DMF, NaHCO3 (92%, over 2 steps); (d) SbCl3, tert-butyl


nitrite, 1,2-dichloroethane, 25 �C (47%); (e) R2NH2, THF, 25 �C to


reflux, NaHCO3 (73–95%).


T. V. Hughes et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3266–3270 3267

aryl methyl ester 3 (R1 = aryl) to the corresponding a-
cyanoketone 4 was achieved via formation of the lithium
salt of acetonitrile by treatment with n-BuLi at �78 �C
followed by reaction with the ester 3 at �45 �C. Subse-
quent treatment of the a-cyanoketone 4 with N,N-
dimethylformamide diethyl acetal (DMF-DEA) formed
a vinylogous amide in situ that was reacted with guani-
dine nitrate in DMF at 100 �C to form the 2-amino-4-
aryl-5-cyanopyrimidine 5. The Sandmeyer reaction of
the aminopyrimidine 5 was accomplished by treatment
with antimony trichloride and tert-butylnitrite in
1,2-dichloroethane at 25 �C to smoothly afford the 2-chlo-
ropyrimidine 6.9 The displacement of the Cl of 6 with
aliphatic amines proceeded at 25 �C and with aromatic
amines in refluxing THF to afford the pharmacophore
2. The synthesis of analogues via Scheme 2 was
divergent and allowed for the late stage modification of
R2. Initial exploration of the SAR of the R2 substituent
was determined by reacting 2-chloro-5-cyano-4-phenyl-
pyrimidine 6 (R1 = phenyl) with more than 65 different
amines. The VEGF-R2 and CDK1 enzyme inhibitory
activities of representative analogues are summarized in
Table 1.


A second synthetic route, outlined in Scheme 3, is con-
vergent and relies on the synthesis of different guanidine
salts 8 to vary the R2 substituent. The guanidine salts 8
were synthesized by reacting amines 7 with cyanamide
and 12 N HCl in refluxing EtOH.5 The a-cyanoketone
4 was treated with DMF-DEA in DMF at 25 �C and
the resulting vinylogous amide was reacted with the
guanidine salt 8 and NaHCO3 at 100 �C in a one-pot
reaction to yield analogues 2. Analogues where R1 was

electron rich (e.g., indolyl, pyrrolyl) were synthesized
via Scheme 3 as they were not stable to the Sandmeyer
conditions outlined in Scheme 2.


Examination of the R2 substituent data revealed that
electron-donating substituents such as alkyl or methoxy
(2g, i, j) are tolerated at the para and meta positions, but
VEGF-R2 activity is considerably reduced with an elec-
tron-withdrawing chloride (2o). Substitution at the ortho
position also results in loss of kinase activity, possibly
due to unfavorable steric interactions (2n,p). Analogues
having heteroaromatic rings such as pyrimidine (2m) or
benzimidazole (2l) directly attached to the 2-amino
group were poor VEGF-R2 inhibitors. However, the in-
dol-5-yl derivative 2h, which is attached to the 2-amino
group through the benzene ring, was about twice as po-
tent as the parent compound 1. Interestingly, 2h was
4-fold more potent than the all-carbon naphthalen-2-yl
analogue 2k, consistent with the trend toward enhanced
kinase potency with electron-rich ring systems. Expand-
ing on the favorable para-alkyl substitution pattern, the
attachment of polar groups to the alkyl chain led to ana-
logues with improved kinase potency. Thus, hydroxyl
substitution on the para-alkyl group (2f) resulted in an
increase in VEGF-R2 potency compared to 2j, and
amine substitution increased potency even more (2a–
c). Attachment of the amino group via a 1-carbon linker
(2a) displayed similar activity when compared to the
same group attached by a 2-carbon linker (2c). The meta
aminoalkyl analogue 2e and the morpholine amide 2d
were somewhat weaker VEGF-R2 inhibitors than the
preferred para aminoalkyl compounds.


With SAR for R2 groups in hand, we fixed R2 and
varied R1. Several analogues with various R1 groups
were made via the synthesis of specific arylguanidines
8 as detailed in Scheme 3. Table 2 details a representa-
tive selection of analogues 9 made with R2 fixed as
4-(2-hydroxyethyl)phenyl. A variety of aromatic and
heteroaromatic rings was tolerated at R1 but the tert-
butyl (9j) and indol-2-yl (9i) groups led to significant
loss of kinase potency. Some of the better substituents
for VEGF-R2 kinase inhibition such as 4-(2-amino-2-
propyl)phenyl (9a) and indol-5-yl (9c) contained an
NH group capable of acting as an H-bond donor.
Molecular modeling indicated that the NH2 of 9a
and the NH of 9c participate in a favorable H-bond
with the backbone C@O of Arg 177 in the phosphate
binding site.


Next, the hydroxyl groups of 9 were transformed into
pendant amino groups via mesylation and displacement
with an amine or via oxidation and reductive amination
to afford the 1 and 2-carbon linked analogues 10 as de-
tailed in Scheme 4. Numerous analogues 14, where R1 is
fixed as 4-(2-amino-2-propyl)phenyl and R2 is varied,
were synthesized to optimize inhibition of VEGF-R2 ki-
nase (Scheme 5).10 Some examples of the VEGF-R2
activity of analogues 14 are shown in Table 3. All ana-
logues were selective for VEGF-R2 and had greatly re-
duced potency against CDK1. Notably, compound 14a
was a very potent VEGF-R2 kinase inhibitor with an
IC50 value of 27 nM. Para-substitution (14a) was shown







Table 1. SAR for R2 substituent of compounds 1 and 2a–p (R1 = Ph)


Compound R2 VEGF-R2 IC50
a (lM) CDK1 IC50


a (lM)


1 Phenyl 1.0 >10


2a 4-(Pyrrolidin-1-yl-CH2)phenyl 0.061 6.2


2b 3-Methoxy-4-(pyrrolidin-1-yl-CH2)phenyl 0.091 9.0


2c 4-(Pyrrolidin-1-yl-CH2CH2)phenyl 0.11 6.5


2d 4-(3-Morpholin-4-yl-3-oxopropyl)phenyl 0.18 2.1


2e 3-(Morpholin-4-yl-CH2)phenyl 0.36 2.0


2f 4-(2-Hydroxyethyl)phenyl 0.20 2.0


2g 3-Methoxyphenyl 0.38 4.2


2h 2-Methylindol-5-yl 0.41 3.3


2i 4-Methoxyphenyl 0.49 3.3


2j 4-Methylphenyl 1 3.5


2k Naphthalen-2-yl 2.1 >10


2l Benzimidazol-2-yl 10 >10


2m Pyrimidin-2-yl >10 >10


2n 2-Chlorophenyl >10 >10


2o 4-Chlorophenyl >10 >10


2p 2-Methoxyphenyl >10 >10


a IC50 data are the average of at least two separate experiments. IC50 values listed as >10 indicate no observed 50% inhibition at 10 lM, nor was an


inhibition maximum observed. Assay performed at 5 lM ATP concentration.


Table 2. SAR for R1 substituent for analogues 9 (R2 = 4-


HO(CH2)nPh)


Compound n R1 VEGF-R2


IC50
a (lM)


CDK1


IC50
a (lM)


9a 2 4-(2-Amino-2-propyl)


phenyl


0.052 1.6


9b 2 2-Thienyl 0.082 0.47


9c 2 5-Indolyl 0.090 0.41


9d 2 4-Methoxyphenyl 0.15 1.5


9e 2 4-Bromophenyl 0.18 2.0


9f 2 4-Sulfamoylphenyl 0.20 1.9


9g 2 Benzothiazol-2-yl 0.34 0.56


9h 2 4-(2-Hydroxy-2-propyl)


phenyl


0.41 2.7


9i 2 Indol-2-yl 1.4 1.7


9j 2 tert-butyl 1.6 1.1


a IC50 data are the average of at least two separate experiments. Assay


performed at 5 lM ATP concentration.
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to confer better potency than meta-substitution (14b).
Compound 14e, which has an oxygen inserted in the
linker, was shown to be 20-fold less potent against
VEGF-R2 than 14a.11


Corneal micropocket model.12,13 The VEGFR-2 inhibitor
(SU-5416) has been reported in the literature to have

inhibited neovascularization in a corneal pocket mod-
el.14 To investigate if the antiangiogenic effects of these
analogues would translate to efficacy in animal models
of retinopathy, compound 14a was evaluated in mice
in a corneal micropocket model for inhibition of growth
factor-induced neovascularization in the eye as de-
scribed (Fig. 1). A marked reduction in vessel growth
was observed at all doses following oral administration
of compound 14a. Although the 100 mg/kg dose reduced
vessel growth, the effects at this dose only approached
the cutoff for significance (p = 0.059). Compound 14a







Figure 1. Corneal micropocket assay. Pellets containing bFGF were


implanted in one eye of C57BL6 mice to induce a vascular response.


(a) Representative photos of neovascularization induced by pellets


containing bFGF and dosed with 0.5% methylcellulose (vehicle) or


125 mg/kg compound 14a. (b) Inhibition of bFGF-induced retinal


neovascularization by compound 14a was assessed in mice following


daily oral administration for 6 days at the indicated dose levels. Results


are expressed as total vessel length in mm. Bars, SE; *p < 0.05,
**p< 0.01, compared to the vehicle + bFGF positive control group by


one-way ANOVA with Dunnett’s post hoc test.


Table 3. SAR for R substituent for analogues 14


Compound R VEGF-R2


IC50
a (lM)


CDK1


IC50
a (lM)


14a 4-(Morpholin-4-yl-


CH2CH2)phenyl


0.027 4.1


14b 3-(Morpholin-4-yl-


CH2CH2)phenyl


0.055 5.7


14c 4-(2-Ethylimidazol-1-yl-


CH2CH2)phenyl


0.094 4.8


14d 4-(4-Methylpiperazin-1-yl-


CH2CH2)phenyl


0.021 5.6


14e 4-(Morpholin-4-yl-


CH2CH2O)phenyl


0.45 21


a IC50 data are the average of at least two separate experiments. Assay


performed at 5 lM ATP concentration.
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Figure 2. Proposed binding mode of compound 1 in the active site of


VEGF-R2 as overlapped with ATP.
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was orally available in nude mice (44 %F,
AUC = 15.6 lM-h, dose = 3 mg/Kg). The plasma levels
of 14a reach 12 lM with a t1/2 of 7 h with an oral dose
of 100 mg/kg in nude mice. Doses of 125 mg/kg and

above resulted in statistically significant reductions in
neovascularization relative to the animals dosed with
vehicle alone. Compound 14a was efficacious at inhibit-
ing corneal neovascularization at several doses and daily
oral therapy was well tolerated with no decrease in body
weight and no treatment-related deaths.


In summary, we have described the SAR development
and synthesis of a novel series of 4-aryl-5-cyano-2-
aminopyrimidines that are potent and selective inhibi-
tors of VEGF-R2. The SAR development for R2 of
the pharmacophore 1 relied upon a divergent synthesis
(Scheme 2), while the SAR optimization for R1 focused
on a more convergent approach (Scheme 3). Compound
14a displayed potent inhibition of VEGF-R2 in vitro
and was shown to be orally efficacious at inhibiting cor-
neal neovascularization in vivo. Interfering with the
VEGF signal transduction pathway with pharmacologi-
cal agents represents a potential method for reducing or
preventing vision loss associated with uncontrolled reti-
nal angiogenesis.
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Abstract—A series of benzimidazo[1,2-c][1,2,3]thiadiazole-7-sulfonamides were synthesized and their binding to two carbonic anhy-
drase isozymes measured by isothermal titration calorimetry (ITC). Human carbonic anhydrase I (hCAI) and bovine carbonic anhy-
drase II (bCAII) bound the inhibitors with observed association constants in the range from 1.1 · 106 to 2.6 · 107 M�1.
� 2007 Elsevier Ltd. All rights reserved.

Carbonic anhydrases are zinc-containing metallopro-
teins widespread in all life kingdoms.1 There are 16 car-
bonic anhydrase isoforms identified in mammals
(humans have 15 isoforms) that differ in their subcellular
localization and catalytic activity.2,3 These enzymes are
efficient catalysts for reversible hydration of carbon
dioxide to bicarbonate ðCO2 þH2O$ HCO�3 þHþÞ,
and are thus involved in essential physiological pro-
cesses such as respiration, pH and CO2 homeostasis,
electrolyte secretion, bone resorption, calcification, bio-
synthetic reactions (e.g., lipogenesis, gluconeogenesis,
and ureagenesis), tumorigenicity and many other physi-
ological or pathological processes.2,4 Many of these iso-
zymes are important targets for design of inhibitors with
clinical applications. The most prominent class of CA
inhibitors is aromatic/heterocyclic sulfonamides which
have been studied for the development of antiglaucoma,
antitumor, antiobesity or anticonvulsant drugs.5,6 How-
ever, many sulfonamides possess high affinity for all
major isozymes. Although some progress was done on
the development of the isozyme specific inhibitors7,8, a
constant need exists for the design of novel CA inhibi-
tors belonging to different classes of compounds, since
such derivatives may lead to potential pharmacological
applications. The goal of the present study was the de-
sign and synthesis of novel CA inhibitors with bulky
and rigid structure that are useful for the design of
enzyme-specific inhibitors.

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


doi:10.1016/j.bmcl.2007.03.100
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The chemistry employed for the design of the new com-
pounds reported here is shown in Schemes 1 and 2. A
series of benzimidazo[1,2-c][1,2,3]thiadiazole-7-sulfona-
mides (3a–d, 4a–c) was synthesized. Incorporation of
the sulfonamide group in benzimidazo[1,2-c][1,2,3]thi-
adiazole ring system was accomplished according to
Scheme 1. 1,2,3-Thiadiazole derivatives 1a–d bearing
different substituents (chloro-, methylthio-, hydrogen-,
methylsulfonyl-) at ring position three were reacted with
chlorosulfonic acid, leading to the sulfonyl chlorides
2a–d which were converted to sulfonamides 3a–d.9 The
attempt to synthesize sulfonamide 3d directly from 3b
by oxidation with hydrogen peroxide in acetic acid or
with 3-chloroperbenzoic acid in acetic acid failed. The
formation of two compounds was observed, and they

Scheme 1. Synthesis of compounds 2a–d, 3a–d, 4a–c.
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Figure 1. Typical isothermal titration calorimetry curves of carbonic


anhydrase binding to compounds (4a binding to bCAII). a—raw data


(power (P) dependence on time), b—integrated data (enthalpy (DH)


evolved per injection).


Table 1. Dissociation constants of inhibitor 3a–d and 4a–c binding to


human carbonic anhydrase I and bovine carbonic anhydrase II


Compound Binding to


hCAI Kd
a (lM)


Binding to


bCAII Kd
a (lM)


3a 0.435 0.141


3b 0.217 0.322


3c 0.588 0.286


3d 0.141 0.500


4a 0.048 0.038


4b 0.197 0.391


4c 0.909 0.285


AZMb 1.163c 0.045c, 0.025d


a Values are means of at least two experiments, determined by ITC.
b AZM—acetazolamide, commonly used as CA inhibitor.
c Data from Ref.14.
d Data obtained by surface plasmon resonance.15


Scheme 2. Synthesis of compounds 1a–d.
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decomposed readily during separation by column
chromatography. Sulfonamide derivatives 4a–c were
prepared by nucleophilic substitution reactions of
compound 3a with morpholine, N-methylpiperazine,
and thiophenol.10


The starting materials 1b–d were synthesized from
3-chlorobenzimidazo[1,2-c][1,2,3]thiadiazole (1a)11 which
was prepared as previously reported.12 The methylthio
intermediate 1b was obtained from 1a by the two-step
reaction. First, 1a was treated with thiourea leading to
thione 5 whose different synthesis method was described
previously.12 Then the reaction of thione 5 with methyl
iodide yielded methylthio derivative 1b. Treatment of 1a
with sodium iodide dihydrate in the mixture of acetic
acid and 2-butanone yielded starting material 1c. Meth-
ylsulfonyl derivative 1d was prepared by oxidation of 1b.
It should be mentioned that oxidation of compound 1b
with hydrogen peroxide in acetic acid afforded a mixture
of compounds 1c and 1d. The main product which was
separated by flash chromatography was methylsulfonyl
derivative 1d.


The binding affinity of benzimidazo[1,2-c][1,2,3]thi-
adiazole-7-sulfonamides to human carbonic anhydrase
I and bovine carbonic anhydrase II was determined by
isothermal titration calorimetry, a method widely used
to measure inhibitor binding to CA13 (Fig. 1). The ob-
served dissociation constants and binding enthalpies of
compounds 3a–d and 4a–c are listed in Tables 1 and 2,
respectively.


Isothermal titration calorimetry (ITC)16–18 measure-
ments were performed on the Nano-ITC III calorimeter
(Calorimetry Sciences Corp., USA). Human carbonic
anhydrase I (hCAI) and bovine carbonic anhydrase II
(bCAII) were purchased from, ‘Sigma’. Binding mea-
surements were performed at pH 7.0 in 50 mM tris–
chloride buffer containing 50 mM NaCl. Titrations were
carried out at 25 �C. A typical titration consisted of 25
injections of a tested compound (10 ll per injection) at
3 min intervals into the sample cell containing protein
sample.

The strongest binder to both isozymes of carbonic anhy-
drase was compound 4a with the observed Kd of about
0.04 lM. The most specific binder of hCAI was com-
pound 3d that bound about fourfold stronger to hCAI
than to bCAII. The 3a compound bound threefold tigh-
ter to bCAII than to hCAI. The differences in the enthal-
pies of binding among the compounds were much
greater than the binding constants. The enthalpies of
binding to bCAII were more exothermic than hCAI.
The compound 4b, containing N-methylpiperazine







Table 2. The observed enthalpies of inhibitor 3a-d and 4a-c binding to


human carbonic anhydrase I and bovine carbonic anhydrase II


Compound Binding to


hCAI DHa (kJ/mol)


Binding to


bCAII DHa (kJ/mol)


3a �26.5 �44.5


3b �37.4 �49.0


3c �25.0 �46.8


3d �31.3 �39.0


4a �23.9 �34.6


4b �66.6 �72.8


4c �17.5 �16.0


AZM �44.4b �48.1b


a Values are means of at least two experiments, determined by ITC.
b Data from Ref. 14.
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moiety, bound with exceptionally large exothermic
enthalpy change, while the 4c had exceptionally small
enthalpy change. Based on enthalpy and Gibbs free
energy changes upon binding it may be possible to
design more specific inhibitors of carbonic anhydrases
with the therapeutic application.
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9. Preparation of 3-chlorobenzimidazo[1,2-c][1,2,3]thiadiaz-
ole-7-sulfonyl chloride (2a) as a representative of sub-
stituted benzimidazo[1,2-c][1,2,3]thiadiazole-7-sulfonyl
chlorides 2b, 2c. Sulfonyl chloride group goes to the
seventh position because electrophilic substitution at mild
conditions was shown to occur at the seventh position.
This was demonstrated by studying bromination and
nitration reactions. The structure of 6-nitro substituted 1a
obtained by an alternative route was determined by X-ray
crystallography. The 3-chlorobenzimidazo[1,2-c][1,2,3]thi-
adiazole (1a) (0.3 g, 1.43 mmol) was added slowly with
stirring to chlorosulfonic acid (3 mL) at �5 �C. The
reaction mixture was allowed to warm to room temper-
ature and remained under stirring for 24 h. The excess of
acid was then hydrolyzed with ice. The product was
extracted with chloroform. The combined chloroform
layers were washed with water, dried over anhydrous
sodium sulfate, yielding chlorosulfonyl compound after
evaporation. The crude material was used for next step
without further purification. Yield: 0.38 g (86%), mp 184–
185 �C. 1H NMR (300 MHz, CDCl3) d ppm 8.1 (1H, d,
J = 9 Hz, CH(5)), 8.23 (1H, dd, J = 2 and 9 Hz, CH(6)),
8.94 (1H, d, J = 2 Hz, CH(8)). 3-Methylthiobenzimi-

dazo[1,2-c][1,2,3]thiadiazole-7-sulfonyl chloride (2b).
Yield: 86%, mp 190 �C (dec). 1H NMR (300 MHz, CDCl3)
d ppm 2.99 (3H, s, SCH3), 8.05 (1H, dd, J = 0.6 and 9 Hz,
CH(5)), 8.17 (1H, dd, J = 2 and 9 Hz, CH(6)), 8.90 (1H,
dd, J = 0.6 and 2 Hz, CH(8)). Benzimidazo[1,2-c][1,2,3]thi-
adiazole-7-sulfonyl chloride (2c). Yield: 64%, mp 188–
189 �C. 1H NMR (300 MHz, CDCl3) d ppm 8.1 (1H, dd,
J = 0.6 and 9 Hz, CH(5)), 8.24 (1H, dd, J = 2 and 9 Hz,
CH(6)), 8.74 (1H, s, CH(3)), 9.00 (1H, dd, J = 0.6
and 2 Hz, CH(8)). 3-Methylsulfonylbenzimidazo[1,2-
c][1,2,3]thiadiazole-7-sulfonyl chloride (2d). The 3-meth-
ylsulfonylbenzimidazo[1,2-c][1,2,3]thiadiazole (1d) (0.05 g,
0.2 mmol) was added slowly with stirring to chlorosulfonic
acid (0.6 mL) at �5 �C. The reaction mixture was allowed
to warm to room temperature and remained under stirring
for 24 h. The excess of acid was then hydrolyzed with ice.
The solid that precipitated was filtered. The crude material
was used for next step without further purification. Yield:
0.05 g (72%), mp 210 �C (dec). 1H NMR (300 MHz,
DMSO-d6) d ppm 3.73 (3H, s, SO2CH3), 8.1 (1H, d,
J = 9 Hz, CH(5)), 8 (1H, dd, J = 2 and 9 Hz, CH(6)), 8.42
(1H, s, CH(8)). Preparation of 3-chlorobenzimidazo[1,2-
c][1,2,3]thiadiazole-7-sulfonamide (3a) as representative of
substituted benzimidazo[1,2-c][1,2,3]thiadiazole-7-sulfon-
amides 3b, 3c. To a solution of 3-chlorobenzimidazo[1,2-
c][1,2,3] thiadiazole-7-sulfonyl chloride (2c) (0.04 g,
0.13 mmol) in tetrahydrofurane (2 mL) was added drop-
wise with stirring an aqueous ammonia solution (0.1 mL,
25%). After addition the reaction mixture was stirred at
ambient temperature for 15 min. The solid that precipi-
tated was filtered, washed (NaHCO3/H2O, H2O). Recrys-
tallization was accomplished from acetic acid. Yield:
0.03 g (80%), mp 242–243 �C. 1H NMR (300 MHz,
DMSO-d6) d ppm 7.49 (2H, s, NH2), 8.01 (2H, s, CH(5),
CH(6)), 8.62 (1H, s, CH(8)). 13C NMR (75 MHz, DMSO-
d6) d ppm 112.00, 121.59, 125.77, 127.34, 127.37, 136.18,
154.13, 154.83. MS (+ESI) (m/z, %): (M+H)+ 289, 100%,
(M+H)+ 291, 50%. Analysis (C8H5ClN4O2S2): calcd C
33.28%, H 1.75%, N 19.40%; found: C 33.39%, H 1.8%, N
19.63%. 3-Methylthiobenzimidazo[1,2-c][1,2,3]thiadiazole-
7-sulfonamide (3b). Recrystallization was accomplished
from acetic acid. Yield: 53%, mp 260–261 �C. 1H NMR
(300 MHz, DMSO-d6) d ppm 2.99 (3H, s, SCH3), 7.47
(2H, s, NH2), 8.00 (2H, s, CH(5), CH(6)), 8.58 (1H, s,
CH(8)). 13C NMR (75 MHz, DMSO-d6) d ppm 18.58,
112.00, 121.47, 125.04, 126.69, 135.95, 138.72, 154.00,
154.98. Analysis (C9H8N4O2S3): calcd C 35.99%, H 2.68%,
N 18.65%; found: C 36.16%, H 2.62%, N 18.80%.
Benzimidazo[1,2-c][1,2,3]thiadiazole-7-sulfonamide (3c).
Recrystallization was accomplished from acetic acid.
Yield: 70%, mp 245–246 �C. 1H NMR (300 MHz,
DMSO-d6) d ppm 7.46 (2H, s, NH2), 7.98 (2H, s, CH(5),
CH(6)), 8.63 (1H, s, CH(8)), 9.3 (1H, s, CH(3)). 13C NMR
(75 MHz, DMSO-d6) d ppm 112.08, 121.22, 122.69,
125.18, 125.94, 135.37, 155.3, 157.75. Analysis
(C8H6N4O2S2): calcd C 37.79%, H 2.38%, N 22.03%;
found: C 37.86%, H 2.41%, N 22.18%. 3-Methylsulfonyl-
benzimidazo[1,2-c][1,2,3]thiadiazole-7-sulfonamide (3d).
To a solution of 3-methylsulfonylbenzimidazo[1,2-
c][1,2,3]thiadiazole-7-sulfonyl chloride (2d) (0.032 g,
0.09 mmol) in dioxane (20 mL) was added dropwise with
stirring an aqueous ammonia solution (0.1 mL, 25%).
After addition the reaction mixture was stirred at ambient
temperature for 0.5 h. The reaction solvent was evapo-
rated and residue was washed (NaHCO3/H2O, H2O).
Recrystallization was accomplished from acetic acid.
Yield: 0.018 g (60%), mp 249–250 �C. 1H NMR
(300 MHz, DMSO-d6): 3.69 (3H, s, SO2CH3), 7.56 (2H,
s, NH2), 8.1 (2H, s, CH(5), CH(6)), 8.7 (1H, s, CH(8)).
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13C NMR (75 MHz, DMSO-d6): 44.96, 112.13, 121.7,
126.44, 126.95, 132.96, 137.24, 152.79, 155.73. Analysis
(C9H8N4O4S3): calcd C 32.52%, H 2.43%, N 16.86%;
found: C 32.61%, H 2.44%, N 16.75%.


10. Preparation of 3-morpholinbenzimidazo[1,2-c][1,2,3]thi-
adiazole-7-sulfonamide (4a) as a representative of substi-
tuted benzimidazo[1,2-c][1,2,3]thiadiazole-7-sulfonamides
4b, 4c. The 3-chloro position of 1a is amenable to
substitution as discussed previously.12 The mixture of
3-chlorobenzimidazo[1,2-c][1,2,3]thiadiazole-7-sulfonamide
(3a) (0.02 g, 0.069 mmol), morpholine (0.012 g,
0.14 mmol), and ethanol (20 mL) was refluxed for 1.5 h.
The reaction mixture was cooled to room temperature and
the precipitate was filtered, washed (cold H2O). Recrys-
tallization was accomplished from acetic acid. Yield:
0.02 g (85%), mp 253–254 �C. 1H NMR (300 MHz,
DMSO-d6) d ppm 3.9 (8H, s, (CH2)4), 7.41 (2H, s, NH2),
7.88 (2H, s, CH(5), CH(6)), 8.44 (1H, s, CH(8)). 13C NMR
(75 MHz, CDCl3) d ppm 50.38, 65.79, 111.6, 121.27,
124.00, 126.4, 135.15, 146.94, 151.7, 154.23. Analysis
(C12H14N5O3S2): calcd C 42.47%, H 3.86%, N 20.63%;
found: C 42.56%, H 3.94%, N 20.47%. 3-(N-methylpi-
perazin)benzimidazo[1,2-c][1,2,3]thiadiazole-7-sulfonamide
(4b). Recrystallization was accomplished from
ethanol. Yield: 61%, mp 260–262 �C (dec). 1H NMR
(300 MHz, DMSO-d6) d ppm 2.29 (3H, s, CH3), 2.6 (4H, s,
(CH2)2), 3.9 (4H, s, (CH2)2), 7.42 (2H, s, NH2), 7.88 (2H,
s, CH(5), CH(6)), 8.43 (1H, s, CH(8)). 13C NMR
(75 MHz, CDCl3) d ppm 46.34, 50.4, 53.96, 111.62,
121.3, 123.95, 126.47, 135.11, 146.88, 151.67, 154.09.
Analysis (C13H16N6O2S2): calcd C 44.30%, H 4.58%, N
23.85%; found: C 44.18%, H 4.45%, N 23.72%. 3-Phenyl-
thiobenzimidazo[1,2-c][1,2,3]thiadiazol-7-sulfonamide (4c).
Recrystallization was accomplished from acetic acid.
Yield: 85%, mp 225–226 �C. 1H NMR (300 MHz,
DMSO-d6) d ppm 7.3–7.6 (5H, m, SC6H5), 7.65 (2H, s,
NH2), 7.96 (2H, s, CH(5), CH(6)), 8.59 (1H, s, CH(8)). 13C
NMR (75 MHz, CDCl3) d ppm 112.00, 121.54, 125.43,
127.13, 129.9, 130.9, 131.39, 131.97, 132.51, 136.15,
154.76, 155.7. Analysis (C14H10N4O2S3): calcd C 46.39%,
H 2.78%, N 15.46%; found: C 46.26%, H 2.87%, N 15.37%.


11. 3-Methylthiobenzimidazo[1,2-c][1,2,3]thiadiazole (1b). The
mixture of benzimidazo[1,2-c][1,2,3]thiadiazolo-3-thione
(5) (0.2 g, 0.96 mmol), methyl iodide (0.2 g, 1.4 mmol),
and methanol (40 mL) was refluxed for 0.5 h. The reaction
solvent was evaporated and residue was washed (NaH-
CO3/H2O, H2O). Recrystallization was accomplished from
mixture of H2O/ethanol (2:1).Yield: 0.18 g (86%), mp 120–
121 �C. 1H NMR (300 MHz, DMSO-d6/CCl4) d ppm 2.97
(3H, s, SCH3), 7.26 (1H, t, J = 8 Hz, CH(7)), 7.51 (1H, t,
J = 8 Hz, CH(6)), 7.77 (1H, d, J = 8 Hz, CH(5)), 8.09 (1H,
d, J = 8 Hz, CH(8)). 13C NMR (75 MHz, DMSO-d6/CCl4)
d ppm 18.49, 113.25, 120.33, 121.18, 127.66, 128.21,
134.79, 153.04, 153.63. Analysis (C9H7N3S2) calcd C
48.85%, H 3.19%, N 18.99%; found: C 48.93%, H 2.96%,
N 18.89%. Benzimidazo[1,2-c][1,2,3]thiadiazole (1c). The
mixture of 3-chlorobenzimidazo[1,2-c][1,2,3]thiadiazole
(1a) (0.2 g, 0.95 mmol), NaI*2H2O (0.9 g, 4.7 mmol),

acetic acid (10 mL), and 2-butanone (50 mL) was refluxed
for 5 h. The reaction solvent was evaporated and residue
was poured into Na2S2O3/H2O solution and was mixed up
carefully. The precipitate was filtered and recrystallized
from mixture of H2O/ethanol (10:1). Yield: 0.06 g (38%),
mp 158–160 �C. 1H NMR (300 MHz, CDCl3) d ppm 7.34
(1H, t, J = 8 Hz, CH(7)), 7.6 (1H, t, J = 8 Hz, CH(6)), 7.94
(1H, d, J = 8 Hz, CH(5)), 8.2 (1H, d, J = 8 Hz, CH(8)),
8.47 (1H, s, CH(3)). 13C NMR (75 MHz, CDCl3) d ppm
113.29, 116.76, 120.47, 121.15, 127.71, 128.28, 154.98,
155.38. MS (EI) (m/z,%): M+ 175, 93%. Analysis
(C8H5N3S): calcd C 54.84%, H 2.88%, N 23.98%; found:
C 54.65%, H 2.37%, N 23.60%. 3-Methylsulfonylbenzim-
idazo[1,2-c][1,2,3]thiadiazole (1d). H2O2 (0.65 g, 35%) was
poured to a solution of 3-methylthiobenzimidazo[1,2-
c][1,2,3]thiadiazole (1b) (0.3 g, 1.36 mmol) in acetic acid
(7 mL). The reaction mixture was kept at room temper-
ature for five days. The reaction solvent was evaporated
and residue was poured into NaHCO3/H2O solution and
was mixed up carefully. The precipitate contained a
mixture of compounds 1c and 1d. The compounds were
separated by flash chromatography (ethylacetate). Com-
pound 1c. Yield: 0.03 g (13%), mp 158–160 �C. Rf = 0.13
(ethylacetate). Compound 1d. Yield: 0.19 g (56%), mp 186-
187�C. Rf = 0,73 (ethylacetate). 1H NMR (300 MHz,
CDCl3) d ppm 3.64 (3H, s, SO2CH3), 7.47 (1H, t,
J = 8 Hz, CH(7)), 7.71 (1H, t, J = 8 Hz, CH(6)), 8.03
(1H, d, J = 8 Hz, CH(5)), 8.24 (1H, d, J = 8 Hz, CH(8)).
13C NMR (75 MHz, CDCl3) d ppm 44.82, 113.39, 121.68,
122.2, 128.35, 129.86, 141.86, 149.59, 155.6. Analysis
(C9H7N3O2S2), calcd C 42.67%, H 2.79%, N 16.59%;
found: C 42.86%, H 2.75%, N 16.48%. Benzimidazo[1,2-
c][1,2,3]thiadiazolo-3-thione (5). The mixture of
3-chlorobenzimidazo[1,2-c][1,2,3]thiadiazole (1a) (0.5 g
2.38 mmol), thiourea (0.4 g, 5.26 mmol), and methanol
(20 mL) was refluxed for 0.5 h. The reaction mixture was
cooled to room temperature and the precipitate was
filtered, washed (cold methanol). The precipitate was
dissolved in sodium hydroxide solution (0.2 M). This
solution was filtered, acidified with acetic acid (pH � 5).
Recrystallization was accomplished from dioxane. Yield:
0.34 g (69%), mp 236–237 �C.
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Abstract—Highly potent and selective substrate analogue factor Xa inhibitors were obtained by incorporation of non-basic or mod-
estly basic P1 residues known from the development of thrombin inhibitors. The modification of the P2 and P3 amino acids strongly
influenced the selectivity and provided potent dual factor Xa and thrombin inhibitors without affecting the fibrinolytic enzymes.
Several inhibitors demonstrated excellent anticoagulant efficacy in standard clotting assays in human plasma.
� 2007 Elsevier Ltd. All rights reserved.

Thrombotic complications are a major reason for mor-
tality and morbidity worldwide. The presently approved
anticoagulants have several limitations, in that most can
be used only parenterally, and the orally active vitamin-
K antagonists require drug monitoring and are influ-
enced by drug and food interactions. Ximelagatran,
the first orally available thrombin inhibitor was recently
withdrawn from the market due to some cases of
hepatotoxicity.


Factor Xa (fXa) is another protease of the clotting cas-
cade and has emerged as an alternative target for the
development of new anticoagulants.1 It is the enzymati-
cally active component of the prothrombinase complex,
which is responsible for thrombin generation. During
the last decade several groups have described different
types of non-substrate like fXa inhibitors.2,3 Most of
the initial inhibitors contained a strongly basic P1 group
that interacts with Asp189 at the bottom of the S1 bind-
ing site. During optimization it was possible to replace
this residue with chloro-substituted aromatics, which
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make strong interactions to Tyr228 on the back of the
specificity pocket.4–6 Some non-basic fXa inhibitors
have recently entered clinical trials, and in preliminary
reports it was described that the most advanced com-
pound Bay 59-7939 was well tolerated in healthy male
subjects and showed predictable pharmacodynamics
and pharmacokinetics.7,8


We have recently described several series of substrate
analogue fXa inhibitors containing a 4-amidinobenzyla-
mide as the P1 residue.9 The incorporation of aromatic
P3 amino acids with different side-chain lengths revealed
serendipitously the strongest fXa affinity for inhibitors
containing DD-homophenylalanine analogues at this posi-
tion.10 Optimized compounds, such as 1 with a DD-homo-
2-pyridylalanine(N-oxide) as P3 residue (Table 1), have
excellent selectivity for fXa over a whole set of tryp-
sin-like serine proteases and possess a strong activity
in the standard clotting assays and for the inhibition
of the prothrombinase complex. However, all pharma-
cokinetic studies with these benzamidine derived
inhibitors, including their hydroxyamidino-, acetylhydr-
oxyamidino- and hexyloxycarbonyl-amidino prodrugs,
revealed a rapid elimination from the circulation of rats
and an insufficient oral bioavailability. To overcome
these pharmacokinetic problems we replaced the
4-amidinobenzylamide in the P1 position with less basic
residues, some of which have been previously used for
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Table 1. Inhibition of fXa and thrombin by inhibitors with a modified P1 residue


R
N
H


O
H
N


O


N
H


S
O O


N
O


*


Compound * R Ki
a (nM)


fXa Thrombin


1 DD


NH


NH2


0.32 2700


2 DD/LL


N


NH2 21 88,000


3 DD N 3900 >1,000,000


4 DD


Cl


3.3 10,000


5 DD/LL


Cl


Cl


2.55 7600


6b
DD


Cl


H2N


0.095 170


7 DD/LL


H2N


32 40,000


8 DD/LL


S Cl
53 190,000


9 DD/LL


S
52 140,000


a The Ki values were measured as described previously.9,14a


b Compound 6 inhibits uPA, plasmin, and trypsin with Ki values of 150, 930, and 6.5 lM, respectively.
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the design of substrate analogue thrombin inhibitors.11


The results of these studies are presented in this
communication.


Although some of the compounds summarized in Table
1 were obtained as racemates, they contain an otherwise
constant P4–P2 segment and have a more than 1000-
fold selectivity for fXa over thrombin. All inhibitors
with a meta-chloro-substituted benzylamide group
retained high fXa affinity with inhibition constants in
the low nanomolar range, as previously found in related
thrombin inhibitor series.11 This was unsurprising,
because both sides of the S1 pocket from fXa and
thrombin are formed by nearly identical amino acids

(segments Asp189-Ser195 and Val213-Cys220, respec-
tively, as well as Tyr228 at its back). The only difference
is position 192, which is Gln in case of fXa and Glu in
thrombin. Although no X-ray structures of these inhib-
itors in complex with fXa are available, we assume that
in analogy to the related thrombin inhibitors the P1
chloro atom makes a lipophilic contact with the aro-
matic ring of the fXa residue Tyr228.


Inhibitor 6, containing a 2-aminomethyl-5-chloro-ben-
zylamide, is an even more potent fXa inhibitor than
the benzamidine 1, despite a moderate decrease in selec-
tivity. This was not expected because in a previously de-
scribed first X-ray structure with a related thrombin







Table 2. Inhibition of fXa and thrombin by inhibitors with modified P4 residue


N
H


O
H
N


O


N
H


R


N
O


*


Cl


H2N


Compound * R Ki (nM)


fXa Thrombin


10 DD/LL
O2SO


O


0.35 1005


11 DD/LL
O2SHO


O


0.36 930


12 DD/LL


O2
S 3.4 2700


13 DD/LL


O


O2
S


O
0.76 530


14 DD/LL


HO


O2
S


O
1.6 8300


15 DD/LL O


O


O


4.9 6500


16 DD/LL
HO


O


O


4.9 18,000


17 DD/LL


O


O


O
200 40,000


18 DD/LL


O


HO


O
65 140,000


19 DD/LL


HO


O
16 125,000
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inhibitor it was found that the interaction between the
ortho-aminomethyl group of the P1 residue and
Glu192 of thrombin is essential for their high poten-
cy.11d Obviously Gln192 of fXa also contributes to the
affinity of this P1 group. The comparison of the fXa
Ki values found for inhibitor 7 with those of compounds
4 and 6 (we assumed a Ki-value of 16 nM for the pure
DD-enantiomer of 7) reveals a ca. 170- and 35-fold
improved potency due to the 5-chloro and 2-amino-
methyl substitutions, respectively. We can only specu-
late that the 2-aminomethyl group might be involved
in additional hydrogen bonds, similarly as shown by
X-ray crystallography for a second thrombin inhibitor
complex containing an identical P1 group (pdb code
1zrb).12 In this complex the aminomethyl group is in
hydrogen bond distance to the carbonyl oxygen of the

P2 inhibitor residue, to the carbonyl oxygen of the
thrombin residue Gly216 and to a neighbouring water
molecule. Interestingly, in this structure the side chain
of the thrombin residue Glu192 is rotated away and
therefore not involved in inhibitor binding.


In contrast, the 5-chlorothiophene-2-methylamide 8,
which was synthesized analogously to known non-sub-
strate type fXa inhibitors,6,13 possessed only moderate
potency. A similar activity was found for the des-chloro
thiophene inhibitor 9; thus both results indicate that the
chlorine of compound 8 does not contribute to the bind-
ing of fXa. It is also worth mentioning that none of the
compounds (except the benzamidine 1) shown in Tables
1–3 significantly inhibited the fibrinolytic enzymes plas-
min and uPA (Ki values >5 lM, data not shown).







Table 3. Inhibition of fXa and thrombin by inhibitors of the general formula


R
N
H


P2
N
H


O


R1


H2N


Cl


*


Compound * R R1 P2 Ki (nM)


fXa Thrombin


20 DD


O2S


N
Ala 0.084 24


21 DD


O2S


N
O


Ala 0.033 170


22 DD/LL


O2S


N
Ser 0.25 250


23 DD


O2S


N
O


Ser 0.059 860


24 DD


O2S


N
O


Glu(OMe) 0.24 180


25 DD/LL


O2S


N
O


Glu 0.52 20,000


26a
DD


O2S


N
O


Pro 0.049 0.56


27a
DD


HO


O2
S


O N
O


Pro 0.08 7.7


28 DD/LL O


O


O


N
O


Pro 0.87 19


29 DD
HO


O


O


N
O


Pro 0.63 17.7


30 DD


O


O


N
O


Pro 1.7 4.9


31 DD


O


O
5


N
O


Pro 0.92 7.8


32 DD


O


O


N
O


Pro 1.0 9.0


33 DD


HO


O


N
O


Pro 0.94 17.3


(continued on next page)
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Table 3 (continued)


Compound * R R1 P2 Ki (nM)


fXa Thrombin


34 DD
O


O


N Pro 2.9 3.8


35 DD


HO


O


N
Pro 1.5 3.5


36 DD


O


O


HO


Pro 17 3.6


37 DD


HO


O


HO


Pro 8.3 3.2


*The diastereomers were separated by preparative HPLC during synthesis, if possible.17


a The highest inhibitory potency towards trypsin with Ki values of 6.3, 19 and 61 nM was found for the benzamidine derivative 1 and for the newly


synthesized inhibitors 26 and 27, respectively. All other derivatives showed reduced trypsin affinity (Ki > 0.5 lM).


Table 4. Anticoagulant activity of selected inhibitors


Compound IC200 (lM)


aPTT PT TT


6 0.16 0.14 0.5


11 0.49 0.29 1.2


12 0.45 0.6 6.5


14 0.89 1.3 57


16 1.85 1.3 15


19 6.0 3.3 >100


27 0.15 0.39 0.11


29 0.30 0.79 0.13


30 0.18 0.47 0.10


33 0.32 0.61 0.17


34 0.23 0.60 0.09


35 0.16 0.35 0.03


36 0.58 0.85 0.23


37 0.47 0.73 0.15
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Although compound 6 had excellent anticoagulant activ-
ity (Table 4), it was very rapidly eliminated from the cir-
culation of rats after intravenous injection (t1/2 < 20 min)
and had marginal oral bioavailability (F < 5%, dose
5 mg/kg). Approximately 75% of the given inhibitor dose
was found in the bile and �15% in the urine, which indi-
cates that the inhibitor is rapidly cleared mainly via the
hepatobiliary route. Therefore, further analogues were
prepared by modification of the N-terminus to overcome
these problems. The replacement of the benzylsulfonyl-
by the smaller propylsulfonyl-residue (inhibitor 12, Ta-
ble 2) did not change the elimination rate, although we
observed a slight shift in the elimination route; that is,
similar amounts of approximately 45% of the inhibitor
dose were found in the bile and also in the urine. In pre-
vious studies on compounds of different structural type
we were able to demonstrate a significantly reduced
clearance rate after incorporation of carboxyl groups
into the inhibitors.14 Therefore, we synthesized addi-
tional inhibitors containing carboxyl groups at the N-ter-
minus while retaining the structure of the rest of the
molecule (Table 2).

The racemic 4-(carboxymethyl)benzylsulfonyl derivative
11 inhibits fXa with a subnanomolar Ki value and retains
strong anticoagulant activity, however, its elimination rate
was not reduced compared to compound 6. As found pre-
viously with the 4-amidinobenzylamide series,9,10 the
replacement of the benzylsulfonyl residue by non-aromatic
P4 groups leads to reduced potency although several ana-
logues still inhibit fXa with Ki values in the low nanomolar
range. The oxalyl derivative 16 showed a slightly prolonged
retention time in the circulation (t1/2 � 30 min), but also a
weaker anticoagulant activity, which was further reduced
in case of inhibitor 19, containing a melagatran-like15


N-carboxymethyl group (Table 4).


In recent years several groups have reported the devel-
opment of dual fXa and thrombin inhibitors and pro-
posed a stronger anticoagulant activity for such
compounds compared to monoselective inhibitors.16


Using this approach, we have designed inhibitors with
improved thrombin affinity by replacement of the P2
glycine to recover some loss in anticoagulant activity,
which has been observed with some of the compounds
listed in Table 2. The incorporation of proline not only
enhanced thrombin inhibition, but also improved the
affinity towards fXa (Table 3). It is worth mentioning
that the ratio between the fXa and thrombin inhibition
could also be simply adjusted by the choice of the P3
amino acid: compounds 33 and 35 are superior fXa
inhibitors, whereas the DD-homotyrosine analogue 37
has higher affinity for thrombin. As expected, these P2
proline derivatives have stronger anticoagulant activity
than their glycine analogues, for example, as seen with
the inhibitor pairs 14/27 or 19/33 (Table 4).


The N-carboxymethylated ethyl ester prodrugs 30, 34
and 36 were prepared in analogy to the structurally re-
lated thrombin inhibitor Ximelagatran, a compound
that has sufficient oral bioavailability.15 A major differ-
ence between Ximelagatran and these inhibitors exists
in the P1 residues: at physiological pH the prodrug
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Ximelagatran contains a non-charged 4-hydroxyamidi-
no-benzylamide moiety, whereas the inhibitors of our
series posses a weakly basic 2-aminomethyl-5-chloro-
benzylamide.


Several compounds listed in Tables 2 and 3 were initially
evaluated in a permeability assay across a Caco-2 cell
monolayer as a model for intestinal absorption. Com-
pounds that show sufficient oral bioavailability and good
absorption by passive diffusion across the intestinal mem-
brane normally have a Caco-2 cell apparent permeability
(Papp) of P100 nm/s.18 The highest permeability was
found for the ethyl ester of the P3 DD-homotyrosine deriv-
ative 36 (Papp = 89 nm/s), which inhibits thrombin more
strongly than fXa. A moderate permeability was also ob-
served for the P3-DD-homo-2-pyridylalanine inhibitor 35
(Papp = 50 nm/s). Surprisingly, its ethyl ester 34 was trans-
ported with reduced efficacy (Papp = 24 nm/s). For all
other compounds tested, especially the more hydrophilic
pyridine-N-oxide derivatives, only poor Papp values
(<50 nm/s) were estimated.


In spite of the moderate Caco-2 cell permeability, we
determined the oral bioavailability of selected com-
pounds in rats. Unfortunately, none of the investigated
compounds (6, 14, 29, 35, 36) exhibited a sufficient oral
bioavailability at a dose of 5 mg/kg (F < 5%).19


In conclusion, we have developed highly potent sub-
strate analogue dual inhibitors of the clotting proteases
fXa and thrombin, which have strong anticoagulant

H
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O2N
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Scheme 1. Reagents and conditions for the synthesis of inhibitors 30, 33 an


0 �C, 3 h room temperature; (b) 1.5 equiv mCPBA over 7 h in DCM, separat


DMF, 15 min; 1.5 equiv BrCH2–COOEt, 12 h, rt; (d) 90% TFA, 1.5 h room


equiv DIEA in DMF, 15 min 0 �C, 3 h room temperature; (f) 2.25 equiv


temperature; (g) 90% TFA, 1 h room temperature, preparative HPLC provid


temperature; (i) 1 N LiOH in dioxane (1:1), 1 h room temperature, preparat

activity and excellent selectivity towards the fibrinolytic
enzymes uPA and plasmin. The highest inhibitory po-
tency towards trypsin with Ki values of 19 and 61 nM
was found for inhibitors 26 and 27, respectively. All
other derivatives showed reduced trypsin affinity
(Ki > 0.5 lM). However, due to their insufficient phar-
macokinetics, that is, low oral bioavailability and short
circulation half-life, it is necessary to improve these
compounds further.


Non-commercially available P1 residues used for inhib-
itors 2, 3 and 6–9 were obtained by known procedures.
2-(Boc-amido)-5-aminomethylpyridine for compound 2
was prepared from 2-amino-5-cyanopyridine by Boc
protection20 and subsequent hydrogenation of the nitrile
using Pd/C as catalyst. The 4-aminoethylpyridine for
analogue 3 was prepared from 4-vinylpyridine by treat-
ment with ammonium chloride.21 2-Boc-amidomethyl-
5-Cl-benzylamine for inhibitor 6 was prepared as
described by Nelson et al.,22 the 5-chloromethyl-2-chlo-
rothiophene was converted into the amine used for 8 by
reaction with sodium azide, followed by brief hydroge-
nation in ethyl acetate using Pd/C as catalyst. The
des-chloro P1 residues for inhibitors 7 and 9 were
obtained by extended hydrogenation of the chloro
aromatics. Most sulfonyl- and acyl chlorides, used for
the modification of the P3 amino acid (Table 2), are
commercially available or can be purchased as appropri-
ate esters. Chlorosulfonyl-isopropyl acetate for inhibitor
13 was obtained from the bis-chloride by reaction with 1
equiv isopropanol in diethyl ether.23 The substituted
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O H
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39


30


h, i


i 33


35


d 35: (a) H-Pro-OtBu · HCl, PyBOP, 3 equiv DIEA in DMF, 15 min


ion of the diastereomers by preparative HPLC; (c) 1.1 equiv Cs2CO3 in


temperature; (e) 2-(Boc-amidomethyl)-5-chlorobenzylamine, PyBOP, 2


thiophenol, 4.5 equiv K2CO3 in acetonitrile, 5 h 50 �C, 12 h room


es 30 as a TFA salt; (h) zinc dust in acetic acid/1 N HCl 1:1, 1 h room


ive HPLC.
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benzylsulfonylchloride used for 10 and 11 was obtained
from methyl-2-(4-(bromomethyl)phenyl)acetate by
reaction with sodium sulfite, followed by treatment with
phosphorus pentachloride.24 The n-hexyl- and cyclo-
hexyl esters of bromoacetic acid necessary for inhibitors
31 and 32 were prepared from bromoacetyl bromide.25


A representative synthesis of the inhibitors is exemplari-
ly described for compounds 30, 33 and 35 (Scheme 1).
Racemic homo-2-pyridylalanine10 was converted to the
4-nitrobenzylsulfonyl amino acid 38. PyBOP-mediated
coupling of H-Pro-OtBu, followed by oxidation using
mCPBA26 and separation of the diastereomers by
preparative HPLC, provided intermediate 39, which
was alkylated by reaction with ethyl bromoacetate in
the presence of Cs2CO3 in DMF.27 After tert-butyl ester
cleavage and PyBOP-mediated coupling of 2-(Boc-
amidomethyl)-5-Cl-benzylamine,22 the 4-nitrophenyl-
sulfonyl group was removed using thiophenol/K2CO3


in acetonitrile.27 The Boc group was removed and the
ethyl ester 30 was saponified using a mixture of 1 N
LiOH and dioxane.
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Abstract—SAR around a known molecule with dual 5-HT1D antagonist and 5-HTtransporter inhibitory activity has led to the discov-
ery of molecules with improved dual activity and reduced cross-reactivity toward other aminergic receptors (5-HT1B, a1, and D2).
� 2007 Elsevier Ltd. All rights reserved.

Major depression is a common illness affecting 5–10% of
the western European population.1 It is well established
that a significant component of the symptomatology of
depression can be attributed to a reduction in serotoner-
gic function. Serotonin (5-HT) reuptake inhibitors
(SRIs) have been widely used as antidepressant drugs,
with their effect being believed to be due to an enhance-
ment of postsynaptic 5-HT levels.2 Although SRIs are
effective drugs, their onset of clinical action may be
delayed by 2–4 weeks.3,4 One hypothesis for this delay
in symptomatic improvement is that time is required
for desensitization of the 5-HT1B/1D and 5-HT1A autore-
ceptors.5 The increased release of 5-HT mediated by the
SRI stimulates these receptors, which in turn results in
an inhibition of further 5-HT release, thus limiting the
effect of the SRI. Only on desensitization of these auto-
receptors does the SRI produce its therapeutic effect.
According to this mechanism of action, blockade of
the autoreceptors by an antagonist would prevent the
initial lack of efficacy of the SRI.


Combined administration of a 5-HT reuptake inhibitor
and a 5-HT1B/1D antagonist to guinea pigs demonstrated
a significant increase in the extracellular levels of 5-HT
above those evoked by a SRI alone, and to a level only
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observed after chronic SRI treatment.6 It has also been
demonstrated that pindolol, a 5-HT1A antagonist,
increases the clinical effectiveness of a SRI, fluoxetine.7


These results indicated that the effect of a 5-HT reuptake
inhibitor is more pronounced and long-lasting with the
co-administration of a 5-HT1A or 5-HT1B/1D antagonist.
Therefore, the identification of a drug with dual activity
as a 5-HT reuptake inhibitor and a 5-HT1A, 5-HT1B or a
5-HT1D antagonist should produce a similar effect,
potentially resulting in an antidepressant drug with a
superior profile to an SRI alone, both in terms of effi-
cacy and onset of clinically meaningful antidepressant
effects. While the dual activity 5-HT1B/SRI and
5-HT1A/SRI has been studied elsewhere,8–10 we were
interested in the identification of a drug with dual activity
as a 5-HT reuptake inhibitor and a 5-HT1D antagonist in
order to determine the role of the 5-HT1D autoreceptor11


in the augmentation of extracellular serotonin. With this
aim, selectivity toward 5-HT1A and 5-HT1B was also
required.


Initial studies in our laboratories demonstrated that the
incorporation of a SRI pharmacophore into a known 5-
HT1D agonist ligand, PNU-109291 1,12 (Fig. 1) led to
compounds with dual 5-HT1D antagonist/SRI activity.13


Microdialysis studies in guinea pigs demonstrated that 2
gave an elevation of the extracellular 5-HT levels signif-
icantly above that obtained after a maximally effective
acute dose of the SRI fluoxetine. However, this indole
derivative was also a potent a1 and D2 ligand. Although



mailto:bueno_ana_belen@lilly.com





O


N


N


F


H2NOC


O


N


N


F


H2NOC


O


N


N


H2NOC O


2 3


Binding affinities  Ki (nM)
h5-HT1D                 56 
h5-HT1B                 281
r5-HTtransporter         0.78
α1                          16
D2                         4.7


Binding affinities  Ki (nM)
h5-HT1D                 8.3 
h5-HT1B                 203
r5-HTtransporter         0.11
α1                          0.68
D2                         42


PNU-1092911
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the cross-reactivity at the a1 receptor could be somewhat
diminished by replacing the indole with a naphthylpiper-
azine, as in 3, further improvement of the selectivity
against both receptors would be desirable.


We report herein the effect on this dual activity of mod-
ifying the basic structure of compound 3 in order to
reduce the cross-reactivity on a1 and D2 receptors.


A series of naphthyl piperazines 4–8 were synthesized
for this study as potential SRI pharmacophores.14


(Fig. 2) They were combined with the isochroman pres-
ent in 3 or with a dihydroisobenzofuran.


The racemic isochroman (RS)-16 was synthesized as
described.12 The isobenzofuran (RS)-15 was synthe-
sized following the reaction conditions shown in
Scheme 1. Commercially available 5-chlorophthalide
915 was reduced to its lactol, which in turn was trans-
formed into the ester 10 by Horner–Emmons reaction.
This ester was reduced with DIBAH, followed by
NaBH4, to the corresponding alcohol 11.16 The alcohol
was protected as the TBDMS derivative 12. Palla-
dium(0)-catalyzed coupling of the aromatic chloride
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Figure 2. Naphthyl piperazines 4–8.

with Zn(CN)2 and hydrolysis of the resultant nitrile
13 with basic H2O2 provided the primary amide 14.
Deprotection of the primary alcohol provided the race-
mic alcohol 15. Activation of the primary alcohol of
(RS)-15 or (RS)-16 as the mesylate and reaction with
4 provided compounds 3 and 21, respectively, as a mix-
ture of diastereoisomers.


The two diastereomers of 3 and 21 were separated by
chiral HPLC (3a and 3b from 3; and 21a and 21b from
21, Table 1).17 The affinity for the 5-HT1D receptor and
the 5-HTtransporter was greater for one isomer in both
cases, necessitating an enantioselective synthesis of
intermediates 15 and 16. Compound (S)-16 was synthe-
sized as described.12 We also applied these conditions to
resolve the two enantiomers of 10 by lipase-catalyzed
hydrolysis of the ethyl ester (Scheme 2). Thus, hydroly-
sis of (±)-10 by Amano lipase at pH 7 to 50% conversion
provided the ester (+)-10 in a 45% yield and the acid
(�)-23 in a 45% yield, both compounds being of 95%
ee.18 A single recrystallization of (�)-23 in ether/hexane
provided this compound essentially enantiomerically
pure (>98%). The absolute configuration of (�)-23 was
determined by derivatization to the corresponding (R)-
and (S)-phenylglycine amides according to the method
described in the literature.19 Reduction of the free acid
with borane, followed by TBDMS protection, provided
enantiomerically pure (�)-12. Standard conditions used
for the synthesis of racemic 15 (Scheme 1) provided (S)-
15 enantiomerically pure. Synthesis of 3a and 21a from
(S)-16 and (S)-15, respectively, demonstrated that the
diastereomer that possesses the dual activity in both
scaffolds is (S). Enantiopure (S)-15 and (S)-16 were used
for the synthesis of 17–20 and 22.


The undesired enantiomer (+)-10 was racemized with
NaOEt to provide (±)-10 quantitatively, which could
be resubmitted to the enzymatic hydrolysis conditions
(Scheme 2).
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THF, �78 �C then NaBH4, MeOH, 0 �C, 73%; (c) TBDMS-Cl, imidazole, CH2Cl2, 90%; (d) Zn(CN)2, Pd2(dba)3, t-Bu3P, dioxane, 120 �C, 70%; (e)


H2O2, NaOH (2N), Bu4NHSO4; CH2Cl2, 0 �C–rt, 90%; (f) TBAF, THF, rt, 83%; (g) i—MsCl, Et3N, DMF, 70%; ii—4–8, K2CO3, CH3CN, 70 �C.


Table 1. Receptor binding affinities at h5-HT1D, h5-HTtransporter, h5-HT1B, h5-HT1A, rat a1 and D2 receptors expressed as Ki (nM) (mean of runs in


triplicate); functional affinity at h5-HT1D expressed as KB or % displacement at 30 nM
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Compound n Configuration Ra 5-HT1D 5-HT1D function 5-HTtransporter 5-HT1B 5-HT1A a1 D2


2 2 RS 8 4.3 0.1 203 N.D.b 0.7 42


3 2 RS 4 56 0.01 0.8 281 N.D.b 16 4.7


3a 2 S 4 7 0.01 3.0 103 115 80 71


3b 2 R 4 88 11.1 7.4 91 105 74 78


17 2 S 7 14 4.05 2.1 >1000 307 91 1170


18 2 S 8 10 0.86 8.1 >1000 N.D.b 96 704


19 2 S 5 0.9 (124%) 2.2 21 26 353 287


20 2 S 6 1.0 (101%) 5.7 15 16 178 88


21a 1 S 4 14 0.05 1.3 114 13 64 26


21b 1 R 4 67 1.9 8.8 >1000 13 43 107


22 1 S 5 1.8 0.18 1.3 88 N.D.b 338 346


a R corresponds to the naphthyl piperazines 4–8 without the H attached to the piperazine.
b N.D., not determined.
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In vitro inhibition of the serotonin transporter was mea-
sured by the ability of compounds to displace [3H]-
citalopram from human 5-HTtransporter expressed in
HEK293 cells.20 Human 5-HT1B and 5-HT1D binding
affinities were determined using [3H]-GR125743 as radi-
oligand in membrane homogenates prepared from

L-M(tk-) cells expressing the cloned human 5-HT1B or
5-HT1D receptors.20 Human 5-HT1A binding affinity
was determined using [3H]-8-OH-DPAT as radioligand
in membrane homogenates prepared from L-M(tk-) cells
expressing the cloned human 5-HT1A receptor.21 Adren-
ergic a1 binding affinity was determined in rat cortex







Figure 3. Effect of 3a or 19 at 10 mg/kg po and fluoxetine at 20 mg/kg


po on the elevation of 5-HT in the hypothalamus of the freely moving


guinea pig. Drug administered at arrow. Data expressed as a percentage


of a pre-injection control period and represent means + SEM. The


effect of 3a was not statistically different to fluoxetine.


Figure 4. Dose–response effect of 19 (1–20 mg/kg po) on the elevation


of 5-HT in the hypothalamus of the freely moving guinea pig. Drug


administered at arrow. Data expressed as a percentage of a pre-


injection control period and represent means + SEM (p < 0.05).
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membranes using [3H]-prazosin,20 and D2 binding activ-
ity was determined in rat caudate membranes using [3H]-
raclopride.20


Functional 5-HT1D antagonism was measured by the
dextral shift of the 5-HT dose–response curves for
the binding of GTP-c [35S] to human 5-HT1D receptor
stably expressed into LM (tk-) cells, and the results
were expressed as KB values or % displacement at
30 nM.22


The biological results of compounds 3 and 17–22 are
summarized in Table 1.


The two diastereomers of 3 (3a and 3b) show that one
diastereomer (3a, S configuration at the isochroman
center) has higher affinity for the 5-HT1D receptor and
the 5-HTtransporter, while both isomers display similar
cross-reactivity on the other receptors.


Comparison of the 2-naphthylpiperazine 17 with the 1-
naphthylpiperazine 3a shows that the 2-naphthylpiper-
azine maintains the binding affinity for the 5-HT1D


receptor, although there is a significant reduction in
the functional 5-HT1D antagonism.


The substitution of the naphthyl fluorine in 3a by nitrile
(compound 19) retains the 5-HT1D and SRI activity, and
reduces the binding affinity of the compound for the a1


and D2 receptors.23


Elimination of the chiral center on the piperazine of 17
or 19 by removal of the methyl substituent provided
compounds 18 and 20, respectively. The absence of the
methyl group reduced the SRI activity while increasing
the affinity for the D2 receptor.


Interesting results were obtained when the isochroman
was replaced by an isobenzofuran. As observed on the
isochroman series, a higher affinity for the 5-HT1D and
the 5-HTtransporter on the isobenzofuran series resides
in the (S) isomer.


A single change on 21a, from fluorine to nitrile in the 6-
position of the aromatic ring, generated 22, a compound
with a high affinity for 5-HT1D and the 5-HTtransporter,
and greater than 50-fold selectivity over the undesired
receptors.


Compounds 19 and 22 have the best profile in terms of
potency on 5-HT1D and the 5-HTtransporter (Ki < 3 nM)
and selectivity (>100-fold over a1 and D2, and >20-fold
of 5-HT1D affinity over 5-HT1B).


Microdialysis studies24 (Fig. 3) demonstrated that the
dual pharmacology of 3a and 19 leads to an elevation
of extracellular 5-HT levels in the guinea pig25 hypothal-
amus (at 10 mg/kg po). For 19, the increase obtained
(for a 3 h period post-drug administration) was signifi-
cantly greater than that obtained after a maximally
effective acute dose of the SSRI fluoxetine. Interestingly,
the effect is higher with 19 than with 3a. These two com-
pounds display similar affinity for the transporter but

the potency of 19 is sevenfold higher toward the 5-
HT1D receptor than that of 3a.26 Dose–response studies
performed with 19 show that this compound displays a
considerable elevation of 5-HT at all doses (1–20 mg/
kg) (Fig. 4).


In summary, we have identified a series of isochromans
and isobenzofurans with dual 5-HT1D antagonism and
5-HTtransporter inhibition. Isomer (S) shows a better pro-
file in both series. 1-Napththyl- and 2-naphthyl-pipera-
zines have been shown to be good 5-HT1D/SRI
pharmacophores in this study, with the presence of a
3-methyl group in the piperazines improving the affinity
for the transporter. We have identified two compounds
19 and 22 with Ki < 3 nM at 5-HT1D and 5-HTtransporter,
and >50-fold selectivity over a1 and D2.


These two compounds are viable candidates for further
development: details will be reported in due course.
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Abstract—The design and synthesis of a novel series of potent BACE1 hydroxyethylamine inhibitors. These inhibitors feature
hydrogen bonding substituents at the C-5 position of the isophthalamide ring with improved selectivity over cathepsin D.
� 2007 Elsevier Ltd. All rights reserved.
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Alzheimer’s disease (AD) is a debilitating and ultimately
fatal form of dementia generally affecting people aged 60
and older. The disease progresses from mild cognitive
impairment through profound dementia, loss of motor
functions and finally death.1 In addition to the devastat-
ing impact AD has on individuals and families there is
also a societal impact. The financial cost to society,
brought about by the prolonged nature of AD, is esti-
mated at over $100 billion a year in the US alone.2,3


One of the major factors contributing to the onset of
AD is the build-up of amyloid plaques in the brain.
The primary component of the amyloid plaque is
aggregated Ab-peptide produced from the cleavage of
Amyloid Precursor Protein (APP) by beta- and
gamma-secretase.4–6 b-Secretase (BACE1) cleaves APP,
releasing the soluble portion of APP (sAPP) and leaving
behind an APP fragment still anchored to the
membrane. Gamma-secretase cleaves the anchored
APP fragment a second time producing two forms of
peptide, Ab(1–40) and Ab(1–42), with Ab(1–42) being
the major component in amyloid plaques.7
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Inhibition of BACE1 appears to be a viable therapeutic
target for the reduction of Ab(1–40) and Ab(1–42). It
has been shown that BACE1 knockout mice, transgenic
for human APP, do not have amyloid plaque build-up in
the brain.6 This data helps validate BACE1 as a thera-
peutic target for AD.


Hydroxyethylamine (HEA), 1 (Fig. 1) was found to be a
potent inhibitor of BACE1 containing the optimized
transition state insert (TSI) 3,5-difluoro Phe and C-ter-
minal m-ethyl benzyl.8 Although highly potent, this
compound suffered from poor metabolic stability.
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Figure 1. Isophthalamide hydroxyethyl amine.
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X-ray crystal structures of 1 bound to BACE1, along
with modeling, suggested a hydrogen bonding substitu-
ent at the C-5 position of the isophthalamide ring (S2


pocket of BACE1) might result in improved binding
with BACE1. Subsequent to our work on the isophthal-
amide HEA series, other groups have described work on
related HEA series of inhibitors.9


Although 1 exhibits high affinity for BACE1 (2 nM) and
reasonable selectivity over cathepsin D (Cat D) (75-
fold), it was rapidly metabolized by rat and human
microsomes. The main pathways for metabolism are
N-debenzylation at the C-terminus and N-depropylation
at the N-terminus (data not shown). Unfortunately, re-
moval of the dipropyl amide results in a significant loss
of affinity for BACE1.11 Due to this loss we needed to
improve BACE1 affinity before addressing the metabolic
stability issues surrounding the HEA template.


The S2 pocket of Cat D is large and contains a lipophilic
valine residue whereas the S2 pocket of BACE1 contains
an arganine residue.12 Substituting the C-5 position of
the isophthalamide ring with hydrogen bonding substit-
uents may create an additional binding interaction with
hydrogen bonding substituents in BACE1 and improve
selectivity over Cat D. Towards these goals, we have
prepared a series of C-5 isophthalamide HEA analogs
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Scheme 1. Synthesis of 3-amide-5-[(dipropylamino)carbonyl]benzoic acid


propylamine/rt/5 h (75%); (b) 5%Pd on carbon/50PSI H2/18 h (70%); (c) but


0 �C/1 h (5c,d) (80%); (d) Pd(OAc)2/dppp/CO/DIEA/dimethylamine or hexa


HCl (70–80%); (f) CuCN/NMP/160 �C/6 h (70–80%).

in order to increase affinity for BACE1 and selectivity
over Cat D.


The synthetic route used to prepare the C-3 amide and
nitrile isophthalamide rings is outlined in Scheme 1.


Mono methyl 5-nitroisophthalate was converted to
isophthalamide 3a–b using standard CDI amide cou-
pling conditions. Nitro 3a–b was reduced to aniline
4a–b under catalytic hydrogenation conditions with pal-
ladium on carbon. Diazotization of anilines 4a–b and
displacement with either copper (II) bromide or potas-
sium iodide gave halides 5a–d. Under palladium ace-
tate/dppp catalyzed carbonylation conditions halides
5a–d gave amides 6a–d.15 Cyanide displacement of
halides 5a–d using copper cyanide gave nitriles 8a–b.
The esters of amides 6a–d and 8a–b were hydrolyzed
using lithium hydroxide to give acids 7a–f.


The C-3 acetonitrile was prepared using the synthesis
outlined in Scheme 2.


Acid 9 was reduced to alcohol 10 using borane dimethyl
sulfide complex. Selective hydrolysis of one ester of alco-
hol 10 was accomplished using 0.9 equiv of lithium
hydroxide to give acid 11. Acid 11 was coupled with
dipropylamine using EDC/HOBt to give amide 12.

O


O


O2


N


O O


O


NH2


N


O O


O


X


N


O O


O


N


OH


5a x=Br, R1 = H
5b x=Br, R1 = PrH


b


c


d


Pr


5c x=I, R1 = H
5d x=I, R1 = Pr


 = H


 = Pr


4a R1 = H


4b R1 = Pr


8a R1 = H
8b R1 = Pr


f


e R1


R1


R1


s 7a–7f. Reagents and conditions: (a) CDI/CH2Cl2/dipropyl or


yl nitrite/CuBr2/CH3CN/rt/3 h (5a,b) (75%); H2SO4/sodium nitrite/KI;


methyldisilazane/NMP/rt/18 h (70%); (e) LiOH/methanol/rt/24 h then







O


O


OHO


O


O O


O


OH


O


O OH


O


OH


O


O


N


O


OH


O


ON


O


Br


O


O
N


O O


O


N


N


O O


OH


N


9 10 11


121314


7g


a b


c


de


b
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The alcohol of amide 12 was converted to bromide 13
using PBr3 at 50 �C. Bromide 13 was displaced with
sodium cyanide to give nitrile 14. Hydrolysis of the ester
of nitrile 14 gave acid 7g.


The P1 � P02 fragments synthesis and final coupling are
outlined in Scheme 3.


Epoxides 15a–c were refluxed with benzyl amines 16a–b
to form P1 � P02 fragments 17a–c. BOC deprotection of
P1 � P02 fragments 17a–c using TFA gave amines 18a–
c. HATU coupling of amines 18a–c to acids 7a–g gave
HEA analogs 19a–k and 19m–n. The lower yields asso-
ciated with this coupling reaction was due to unwanted
coupling of the acid with the benzyl amine portion of
18a–c.


The ester and acid HEA analogs 19l and 19n, respec-
tively were made from acid 9 utilizing standard EDC/
HOBt coupling to form the desired amide and selective
hydrolysis as described above gave the desired isoph-
thalamide. The acid of 19l was formed by saponification
of ester 19n using lithium hydroxide.10


BACE1 and Cat D IC50 values are contained in Table
1.14 Compounds 19a and 19b are included for
comparison.8


Direct comparison of the parent compound 19b with the
corresponding carboxamide substituted analog 19c
showed comparable values for BACE1 but a 6-fold

decrease in Cat D affinity. The dimethyl amide 19m
exhibited an 8-fold decrease in Cat D affinity when
compared with the parent compound. Increasing the
alkyl chain length of the C-5 amide to propyl as in 19i
resulted in little change in Cat D affinity. BACE1 affinity
was reduced by a factor of 2.5 as compared with the
parent compound. Acid 19l was 3-fold more potent
and 4-fold more selective than amide 19c while ester
19n lost selectivity 4-fold compared to 19c.


Compounds 19d and 19j illustrate the contributions the
difluoro Phe and m-ethyl benzyl amine moieties make
toward BACE1 affinity compared to the amide 19c.
Replacing the P1 Phe with 3,5 difluoro Phe increased
BACE1 affinity 10-fold whereas Cat D affinity was un-
changed compared to 19c. Replacing the P02 m-methoxy
19d with m-ethyl 19j results in a two-fold increase in
BACE1 affinity.


The X-ray crystal structure of 19d in the BACE1 enzyme
shows a stacking interaction between the amide car-
bonyl group and Arg 235 as shown by Figure 2.13 The
distance between the amide carbonyl group and Arg
235 is between 2.8 and 3.1 Å. In Cat D the amide car-
bonyl likely interacts with a more lipophilic Val 238,
resulting in a less desirable interaction which is reflected
in the affinities for Cat D. This same interaction may be
responsible for the results obtained for 19e.


In an effort to increase the interaction between the
amide carbonyl and Arg 235, a methylene spacer was
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Table 1. Table of BACE1 and Cat D IC50 values
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Compound R1 R2 R3 R4 R5 BACE IC50 (nM) Cat D IC50 (nM)


19a Pr Me F H Et 2 150


19b Pr Me H H OMe 100 450


19c Pr CONH2 H H OMe 100 2800


19d Pr CONH2 F H OMe 11 2400


19e Pr CN H H OMe 90 660


19f Pr CH2CN H H OMe 360 570


19g H CN H H OMe 770 >20,000


19h H CONH2 H H OMe 1900 >20,000


19i Pr CON(Pr)2 H H OMe 250 3600


19j Pr CONH2 F H Et 5 1600


19k Pr CONH2 H OH OMe 300 >20,000


19l Pr COOH H H OMe 30 3600


19m Pr CON(Me)2 H H OMe 70 3800


19n Pr COOEt H H OMe 132 866
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Figure 2. A 3D view of the 2.5 Å structure of 19d bound to BACE


showing the stacking of the amide to Arg235 using van der Waals


surfaces (pink and blue). The carbonyl oxygen of Phe108 which is


3.5 Å away from the para position of the P1 phenyl is also shown.


Waters have been omitted for clarity.
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placed between the isophthalamide ring and the nitrile
substituent to give 19f. Unfortunately this brought
about a decrease in BACE1 affinity with a slight increase
in the Cat D affinity. Attempts to convert 19f to the pri-
mary carboxamide were unsuccessful.


Since a major metabolite of compounds such as 19a is
depropylation of the dipropyl amide on the N-terminus,
compounds such as 19g and 19h were prepared to elim-
inate this mode of metabolism and improve overall met-
abolic stability. Unfortunately the added interaction at
the C-5 position of the isophthalamide ring did not com-
pensate for the loss in affinity resulting from the removal
of one of the propyl groups in the dipropyl amide.
BACE1 affinity decreased �9 to 19-fold for the mono
propyl amide analogs.


Due to the loss in affinity for BACE1 in compounds
such as 19g and 19h we needed to further improve upon
the affinity for BACE1. Based on the X-ray crystal
structure of 19d in the BACE1 enzyme, Phe-108, which
resides in the bottom of the S3 pocket of BACE1, may
offer an additional hydrogen bonding opportunity. In
an attempt to gain hydrogen bonding between the
BACE1 inhibitor and the carbonyl oxygen of Phe-108,
we replaced the difluoro phenyl portion of 19d with a
para-hydroxy group; however 19k showed an approxi-
mately 30-fold decrease in BACE1 affinity. As a result,
further analogs with the tyrosine HEA insert were not
pursued.


A carboxamide HEA with optimized P1 and P02 groups
19j resulted in a 5 nM BACE1 inhibitor with 320-fold
selectivity over Cat D compared with 75-fold selectivity
for 19a. The added interaction with BACE1 at S2 was
not enough to overcome the affinity loss associated with
the removal of one of the propyl substituents of the
N-terminal dipropyl amide. Several other HEAs with
various substituents in the C-5 position of the isophthal-
amide ring were prepared but did not improve upon 19d.
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Abstract—High-throughput screening hit 1 was identified as a potent, broad-spectrum, non-nucleoside reverse transcriptase inhib-
itor (NNRTI) of HIV-1 replication. Analysis of the bound conformation of analogs of this inhibitor via molecular modeling and
NMR contributed to the design of novel tertiary amide, carbamate, and thiocarbamate based NNRTIs.
� 2007 Elsevier Ltd. All rights reserved.

NN NO2

In the more than 20 years since AIDS was discovered it
has evolved into an unprecedented threat to global
health. Worldwide, the pandemic has infected 70 million
people, 25 million of whom have already succumbed to
the disease. Additionally, there were 4.3 million new
infections and 2.9 million deaths in 2006 alone.1


In industrialized nations, an aggressive educational pro-
gram coupled with increasingly effective pharmaceutical
intervention has diminished the number of new infec-
tions and increased the life span of infected individuals
substantially. However, treatment failure as a result of
in vivo selection of multi-drug resistant mutants remains
a serious issue which must be continually addressed.


As part of our effort to develop improved NNRTIs, we
were interested in evaluating a structurally distinct class
of inhibitors with good anti-viral activity versus clini-
cally relevant mutants and with DMPK properties con-
sistent with once per day oral administration. To this
end, a high-throughput screening campaign targeting
the prevalent NNRTI resistant double mutant K103N/
Y181C was initiated. The screen against this enzyme
identified thio-tetrazole derivative 1 as a lead structure.
We and others2a–i have revealed that these compounds
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and closely related triazole derivatives are extremely po-
tent, broad-spectrum inhibitors of wild-type (WT) and
mutant HIV-1 reverse transcriptases. These compounds
however suffer from poor stability in the presence of hu-
man liver microsomes (HLM) which is predictive of ra-
pid clearance in humans. In order to facilitate patient
compliance, a demanding pharmacokinetic profile is
absolutely required in a contemporary NNRTI; we were
therefore challenged to address the metabolic weak-
nesses associated with these compounds.


Organic sulfur compounds are known to be prone to
metabolic oxidation so we immediately considered the
thio-ether linkage as a potential metabolic liability.
However, SAR rapidly revealed the importance of the
sulfur atom in this lead series. Simply substituting the
sulfur with either oxygen (2), or carbon (3), led to 10-
and 27-fold decreases in intrinsic wild-type potency,
respectively (Table 1). It was interesting to note that
no improvements in HLM stability were observed by
these modifications. We therefore decided to continue
the exploration of the thio-tetrazole series in order to

N
N S


N
H


O


1.


Figure 1. Hit identified in high-throughput screening.
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Table 1. SAR of naphthyl tetrazole linkers


NN
N


N X
N
H


O


R


Compounds X R IC50 (nM) t1/2 HLM


(min)


WT K103N/Y181C


1 S NO2 <20 849 3


2 O NO2 200 11750 3


3 CH2 NO2 542 >10,000 7


4 S Cl 20 1838 6


Figure 2. Model of 8 in the NNRTI binding pocket.
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ascertain any structure–activity relationships while at
the same time monitoring the effects of different substi-
tutions on the metabolic stability. This exercise provided
significant improvements in potency, particularly versus
the enzyme containing the prevalent double mutant
K103N/Y181C. It was very quickly discovered that the
undesirable 2-nitro anilide could be replaced with a 2-
Cl anilide as in 4 (Table 1) with only a 2-fold decrease
in potency versus the double mutant. It was also
revealed that the tetrazole N-naphthyl could be replaced
by a 2-Cl phenyl derivative as in 5 (Table 2) resulting in
only a 2-fold loss in WT activity compared to 1. Fur-
thermore, it was discovered that the potency could be
significantly enhanced by the introduction of a substitu-
ent at the 4-position of this aromatic ring, para to the
tetrazole.


The 4-methyl substituted analog 6 provided a 2-fold
improvement in potency versus K103N/Y181C RT rela-
tive to 5. Upon increasing the steric bulk of this substi-
tuent to cyclopropyl (7) or to tert-butyl (8), a further
8-fold gain versus the double mutant was realized and
compounds having IC50 values less than 100 nM versus
this enzyme were obtained. Interestingly, these improve-
ments were not observed versus the WT enzyme. In fact,
compounds 6, 7, and 8 were essentially equipotent
versus WT.

Table 2. SAR of thio-tetrazole series


NN
N


N X
OCl


R


Compound X R Y A


5 S H NO2 H


6 S Me Cl H


7 S c-Pr Cl H


8 S t-Bu Cl H


9 S t-Bu Cl SO2Me


10 S t-Bu Cl SO2NH2


11 S t-Bu Cl Ph-4-OCH2C


12 S t-Bu Cl Ph-4-CH2CO


13 CH2 t-Bu Cl Ph-4-OCH2C

On the right-hand side of the molecule, further enhance-
ments in potency could be attained by substituting the 2-
Cl anilide at the 4-position. A wide array of functional
groups were tolerated at this position, with sulfone (9),
sulfonamide (10), and biphenyl derivatives 11 and 12
being optimal (Table 2). Replacement of the thio-ether
by an all carbon linker in these more potent analogs
provided 13 which was significantly less potent, losing
16-fold versus wild-type RT and nearly 80-fold versus
K103N/Y181C. Some of the structural changes
described above provided substantial gains in potency
and moderate improvements in the HLM stability
(i.e., compound 9) however, these compounds still did
not meet our target profile Figure 1.


Molecular modeling provided a complex structure of
compound 8 bound in the WT NNRTI binding pocket
(Fig. 2). Notable features include: (1) a key H-bond
between the inhibitor’s amide carbonyl and the back-
bone N–H of K103; (2) an interesting CH–p interaction
in which the 4-substituent of the phenyl-tetrazole points
directly at, and perpendicular to, the indole side chain of
Trp229. Trp 229 is a highly conserved residue among all

N
H Y


A


IC50 (nM) t1/2 HLM (min)


WT K103N/Y181C


39 1995 ND


9 809 2


13 103 ND


8 94 8


3 27 45


6 36 23


O2H 7 23 7


2H 8 29 23


O2H 115 1777 ND







3364 J. A. O’Meara et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3362–3366

known RT sequences3 and has been implicated in tem-
plate primer utilization (3) the 4-position of the anilide
phenyl ring points directly toward a channel which is
lined by Pro236 and leads to solvent; (4) the inhibitor
binds in a ‘kinked’ conformation which involves a rota-
tion about the S–CH2–CO–N dihedral angle from 180�
in the fully extended free-state conformation to almost
0� in the bound state. This brings the two substituted
phenyl rings into close proximity and results in the
amide N–H pointing toward the sulfur.


Interestingly, however, no discernable interaction was
apparent for the thio-tetrazole motif which was vital
for potency. These data suggested that the tetrazole por-
tion of these inhibitors could simply be acting as a scaf-
fold which orients the pharmacophores into the proper
geometry for binding. Based on the above, we hypothe-
sized that alternate, potentially more stable scaffolds
could be designed.


Detailed examination of the bound conformation dem-
onstrated the obvious cis orientation of the tetrazole
appendages and that the N-2-chlorophenyl substituent
rests essentially perpendicular to the plane of the tetra-
zole. We therefore anticipated that we could mimic this
bound conformation with a variety of appropriately
substituted tertiary amides, carbamates or thiocarba-
mates. The structural rationale for this idea is as follows:
Tertiary amides such as 15 (Table 3) exist in either the
s-cis or s-trans conformation. The s-cis conformation
is preferred because of an unfavorable 1,5-steric interac-
tion between the N-methyl substituent and the protons
a to the carbonyl in the s-trans orientation. Further-
more, as in the bound conformation of the tetrazole
derivatives, the aromatic ring is forced to be perpendic-
ular to the plane of the amide in order to minimize a
similar destabilizing steric interaction between the aro-
matic o-substituents and the protons a to the tertiary
amide carbonyl.


The scaffold hopping5 hypothesis was evaluated when
secondary amide 14, a very weak inhibitor of K103N/
Y181C which exists almost exclusively in the s-trans

Table 3. SAR of tertiary amides


N
R


O


NH


O


O
O


OH


Cl
Cl


Compound R IC50 (nM) t1/2 HLM


(min)


WT K103N/Y181C


14 H 6060 4620 ND


15 Me 673 328 54


16 Et 340 207 6


17 Allyl 520 237 9


18 c-Pr 1922 506 15


19 CH2CF3 1117 718 ND

amide conformation, was converted to the tertiary
amide 15. By 1H NMR in DMSO at room temperature,
15 exists as a 9:1 mixture of s-cis/s-trans amide rotamers.
Gratifyingly, a 22-fold improvement in potency was
observed relative to 14. However, tertiary amide 15
was 14-fold less potent compared to its reference thio-
tetrazole derivative 11 against K103N/Y181C and 96-
fold less potent versus the WT enzyme. It is interesting
to note that for the first time a compound was observed
to be more potent against the double mutant K103N/
Y181C than against WT reverse transcriptase. An
X-ray crystal structure was obtained for 16 bound to
the NNRTI binding pocket (data not shown) and in-
deed, it was found to bind as predicted with only minor
shifts in binding mode relative to that of the thio-tetra-
zole inhibitors. In order to further evaluate the potential
of the tertiary amide series, structure–activity relation-
ship studies were initiated.


Initially, the tertiary amide N-substituent was examined.
It was rapidly discovered that a small primary aliphatic
group was required. The N-ethyl analog 16 (Table 3)
was optimal with IC50‘s of 340 and 207 nM versus WT
and K103/Y181C. This was roughly 2-fold better than
N-methyl compound 15. The N-allyl derivative 17 was
equipotent to the N-ethyl compound 16 versus the dou-
ble mutant, however, it was less potent against wild-type
enzyme. The secondary aliphatic substituent N-cyclo-
propyl in 18 was not well tolerated, especially versus
the wild-type RT. Trifluoroethyl analog 19 represents
an attempt to subtly alter the electronic characteristics
of 16, while maintaining a similar steric volume. The
compound demonstrated a decreased affinity, losing
3.5-fold affinity against both enzymes.


We next focused on the influence of altering the nature
of the functional group of the alternate scaffold. The
general synthetic route utilized to obtain the desired
compounds was straightforward and is depicted in
Scheme 1.6 Chlorination of commercially available 4-
tert-butyl aniline (20) was accomplished in acetonitrile
using N-chlorosuccinimide. The 2-chloro aniline was
then treated with acetyl chloride and the resulting amide
was reduced using borane–dimethylsulfide complex to
give the secondary aniline 21 in good yield. Compound
21 was treated with 3-carbomethoxypropionyl chloride
to provide the amide intermediate. Alternatively, 21
was treated with phosgene to access the carbamoyl chlo-
ride which was in turn treated with the sodium salts of
methyl glycolate, methyl thioglycolate or with glycine
methyl ester hydrochloride to give the carbamate, thioc-
arbamate, and urea intermediates. Treatment of these
intermediates with lithium hydroxide generated the cor-
responding acids. Finally, amide formation with aniline
22 in pyridine using phosphorus trichloride followed by
treatment with sodium hydroxide in DMSO provided
the desired inhibitors 23, 24, 25, and 26.


The amide 23 (Table 4) was prepared as a reference for
this study and it is noteworthy that the small change in
the biphenyl substitution from phenoxy-acetic acid
(compound 19) to the shorter acetic acid in compound
23 translated to 2.5-fold decrease in wild-type potency.
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a,b, c d, e, f, g , h


i, g, h


20 21 24 X = O
25 X = N
26 X = S


23


22


Scheme 1. Reagents and conditions: (a) N-chlorosuccinimide, CH3CN; (b) acetyl chloride, pyridine; (c) BH3–Me2S, toluene, reflux; (d) phosgene,


Et3N, THF; (e) methyl glycolate, NaH, THF or methyl thioglycolate, NaH, THF or glycine methylesterÆHCl, Et3N, THF; (f) LiOH, THF, MeOH;


(g) 22, PCl3, pyridine; (h) NaOH, DMSO; (i) 3-carbomethoxypropionyl chloride, pyridine, THF.


Table 4. SAR of tertiary amides, carbamates, and thiocarbamates


N X


O


NH


O


OH


O


Cl
Cl


Compound X IC50 (nM) t1/2 HLM (min)


WT K103N/Y181C


23 C 829 305 3


24 O 109 98 9


25 N 1530 414 23


26 S 34 35 4
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This decrease in affinity was not as pronounced versus
the double mutant K103N/Y181C.


Carbamate 24 exists as a 3:1 mixture of s-cis/s-trans
rotamers in DMSO (at room temperature) and is a po-
tent inhibitor of both WT and K103/Y181C reverse
transcriptases with IC50’s of 109 and 98 nM, respec-
tively. This represents an 8-fold improvement vs WT
and a 3-fold improvement versus the double mutant rel-
ative to the amide 23. The lower selectivity for the s-cis
conformation in 24 can be explained by the smaller vol-
ume occupied by oxygen and its two lone pairs relative
to CH2 in 23. The oxygen’s smaller volume compared
to that of CH2 results in a decreased repulsive steric
interaction with the N-ethyl substituent in the s-trans
conformation and therefore has a weaker influence on
overall molecular topography.


The urea 25 was not well tolerated and was 2-fold less
potent than the corresponding amide 23. Thiocarbamate
26, on the other hand, is extremely potent showing
equivalent IC50 values of 35 nM versus both WT and
K103/Y181 enzymes. By 1H NMR compound 26 exists
in essentially only the s-cis conformation, an observa-
tion explained by the greater volume occupied by sulfur

relative to both oxygen and CH2. This inhibitor is essen-
tially equipotent to the corresponding thio-tetrazole
derivative 12, versus the double mutant K103N/
Y181C. However, against wild-type enzyme the com-
pound is 4-fold less potent compared to 12. This sug-
gests that in the wild-type enzyme, the tetrazole is
more than simply a scaffold and is likely involved in rel-
atively weak associations with the side chains of Y181
and/or K103. It should be noted that none of these com-
pounds resulted in a substantial improvement in the
HLM stability.


In summary, a thorough understanding of the binding
mode of the thio-tetrazole based inhibitors permitted
the scaffold hop from tetrazoles to tertiary amides, car-
bamates, and thiocarbamates. Although these com-
pounds did not provide the desired improvement in
metabolic stability, they represent a novel,4 potent class
of NNRTIs with a broad spectrum of antiviral activity.
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Abstract—A novel series of 6-substituted 4-sulfonyl-1,4-diazepane-2,5-diones were designed, synthesized and evaluated as human
chymase inhibitors. Structure–activity relationship studies led to the identification of a potent inhibitor, (6S)-6-(5-chloro-2-meth-
oxybenzyl)-4-[(4-chlorophenyl)sulfonyl]-1,4-diazepane-2,5-dione, with an IC50 of 0.027 lM.
� 2007 Elsevier Ltd. All rights reserved.

Chymase (EC 3.4.21.39) is a chymotrypsin-type serine
protease localized in the secretory granules of mast cells,
and is known as a major non-ACE, angiotensin-II (Ang-
II)-generating enzyme in human tissue.1 In addition to
Ang-II formation, chymase mediates the production of
endothelin-1 (1–31)2 and modification of apolipopro-
teins,3 and several reports have suggested that these
functions of chymase are involved in cardiovascular dis-
eases such as atherosclerosis,4 restenosis,5 and heart fail-
ure.6 On the other hand, chymase has also been shown
to participate in the production of collagen,7 activation
of metalloproteases,8 and processing of cytokines such
as interleukin-1b,9 transforming growth factor-b1,10


and stem cell factor.11 In addition to such activities,
the localization of chymase in mast cells has prompted
the study of its role in allergy and fibrosis. It has been
demonstrated that chymase is involved in the progres-
sion of dermatitis12 and chronic inflammation following
cardiac6,13 and pulmonary fibrosis.14 Thus, inhibition of
chymase is expected to provide therapeutic means for
the treatment of cardiovascular diseases, allergic inflam-
mation, and fibrotic disorders.15
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In a previous paper, we have reported on novel human
chymase inhibitors possessing a 3-phenylsulfonylquinaz-
oline-2,4-dione scaffold.16 Although several compounds
identified in that report are effective in some pathologi-
cal animal models,15 these compounds are not suffi-
ciently efficacious for use as therapeutic agents. Thus,
we continued to explore a new class of human chymase
inhibitors, based on the insights from docking studies of
these quinazoline derivatives with human chymase. The
docking structure of the active site of human chymase
with compound 116 revealed that the inner part of the
S1 pocket is not completely filled with the aromatic part
of the quinazoline moiety of compound 1, and it seems
that the hydrophobic interaction of 1 at the S1 pocket is
not fully efficient. On the basis of these findings, we
designed benzyl-substituted monocyclic lactams to
increase the flexibility of the aromatic part of the
inhibitors, in order to sufficiently interact with the S1
pocket, and identified a novel scaffold, 6-substituted
4-arylsulfonyl-1,4-diazepane-2,5-diones (2), for human
chymase inhibitors (Fig. 1). In this paper, we describe
the synthesis and the pharmacological evaluation of this
new class of human chymase inhibitors.


Racemic compounds 2 were synthesized as shown in
Scheme 1. The Baylis–Hillman reaction of substituted
benzaldehydes 3 with ethyl acrylate followed by acetyla-
tion gave adducts 4. SN2 0-type substitution of the acet-
oxy groups of 4 by sodium azide, and subsequent
reduction of the introduced azide groups, led to amines
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Figure 1. Design of 1,4-diazepane-2,5-dione scaffold.


Scheme 2. Reagents and conditions: (a) H2, [RhCl(cod)2], (R,R)- or


(S,S)-Ph-CAPP, Et3N, MeOH, 40 �C, 3 h; (b) PhI(OH)OTs, MeCN,


reflux, 1 h; (c) (Boc)2O, aq NaOH, THF, rt, 2 h; (d) aq KOH, MeOH,


rt, 3 h; (e) EDCI HCl, DMAP, p-chlorobenzensulfonamide, CH2Cl2,


rt, 1 h; (f) 1 M HCl/AcOH, rt, 30 min; (g) bromoacetyl chloride, aq


NaOH, CH2Cl2, 0 �C, 30 min (isolated as sodium salt); (h) DMF, rt,


72 h.
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5, which were converted to b-amino acids 617 by stan-
dard methods. Condensation of 6 with p-chlorobenzen-
sulfonamide gave acylsulfonamides 7, which were
transformed to bromoacetamides 8 or their sodium
salts. Ring closure of 8 to a 7-membered ring by intra-
molecular alkylation, followed by catalytic hydrogena-
tion, afforded compounds 2.18 Compounds 2c, 2k, and
2l were prepared by reduction of precursor compounds
2a, 2m, and 2n, respectively. Compounds 2q and 2r were
synthesized from 9q, which was obtained by a similar
procedure to that described above. Scheme 2 shows
the synthesis of the optically active compounds (S)-
and (R)-2m. Optically active b-amino acids (S)- and
(R)-14 were synthesized19a from compounds (S)- and
(R)-13, which were obtained by asymmetric hydrogena-
tion of itaconic acid 12 using (S,S)- or (R,R)-phenyl-

Scheme 1. Reagents and conditions: (a) ethyl acrylate, DABCO, La(OTf)3


equiv), rt, 24–48 h; (b) AcCl, Et3N, CH2Cl2, 0 �C, 1 h; (c) NaN3, DMSO, r


(Boc)2O, aq NaOH, THF, 0 �C, 1 h or (CF3CO)2O, pyridine, THF, rt, 1 h; (g


i—1 M HCl/AcOH, rt, 1 h, ii— bromoacetyl chloride, Et3N, CH2Cl2, H2O, 0


aq NaOH, CH2Cl2, 0 �C, 30 min; (j) NaH, DMF, 60 �C, 18 h (in the case of X


C, THF, rt, 18 h; (l) H2, Pd–C, THF, rt, 14 h; (m) H2, PtO2, AcOH, rt, 8 h; (n)


20 h; (p) MeNH2 HCl, Et3N, 2-chloro-1,3-dimethylimidazolinium chloride,

CAPP,19b,9c respectively, as a chiral ligand. Using the
same procedure described in Scheme 1, (S)- and (R)-14
were converted to optically active (R)-2m and (S)-2m,
respectively.

, N(CH2CH2OH)3, rt, 24–48 h or ethyl acrylate, DABCO, MeOH (3


t, 1 h; (d) PPh3, H2O, THF, rt, 18 h; (e) aq NaOH, EtOH, rt, 1 h; (f)


) EDCI HCl, DMAP, p-chlorobenzensulfonamide, CH2Cl2, rt, 1 h; (h)


�C, 30 min; (i) i—aq NaOH, MeOH, rt, 1 h, ii—bromoacetyl chloride,


= H) or DMF, 60 �C, 18 h (in the case of X = Na); (k) H2, Pt(sulfided)–


TFA, CH2Cl2, 0 �C, 1 h; (o) BrCH2COOtBu, NaI, NaHCO3, DMF, rt,


CH2Cl2, rt, 2 h.







Table 2. Inhibitory activity of compounds 2m–2x against recombinant


human chymase


Compounda R1 R2 IC50
b (lM)


2m Me 50-Cl 0.034


2n Et 50-Cl 0.083


2o nPr 50-Cl 0.22


2p nBu 50-Cl 0.28


2q CH2COOH 50-Cl 0.039


2r CH2CONHMe 50-Cl 0.042


2s Me 50-F 0.026


2t Me 50-CN 0.027


2u Me 50-OH 1.1


2v Me 50-OMe 7.4


2w Me 40,50-Cl2 0.023


2x Me 30-Cl, 5 0-F 4.2


a Compounds 2m–2x are racemates at the 6-position.
b For details of the assay conditions, see Ref. 21.
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The compounds described above were tested for their
in vitro inhibitory activity against recombinant human
chymase20 using Suc-Ala-Ala-Pro-Phe-MCA as a sub-
strate.21 We initially examined the substituents on the
6-position of the 1,4-diazepane-2,5-dione core, which
would interact with the S1 pocket (Table 1). Compound
2b possessing a benzylidene substituent was less potent
than the corresponding benzyl derivative 2a. Similar
activity trends were observed in the other benzylidene ser-
ies corresponding to 2d–2m (data not shown), suggesting
that the benzene ring in the fixed benzylidene substituent
is not located in the proper position in the S1 pocket. The
more bulky cyclohexylmethyl (2c) and 2-naphthylmethyl
(2d), or more hydrophilic pyridylmethyl groups (2e and
2f), did not show high inhibitory activity. Introduction
of a chlorine atom to the benzene ring of 2a retained or
slightly increased activity (2g–2i), and the 2 0-Cl substitu-
ent (2i) was the most preferable. Other substituents at
the 2 0-position such as fluoro (2j) and alkoxy (2k and 2l)
also conferred high activity. The combination of 2 0-meth-
oxy and 5 0-chloro substituents (2m) synergistically en-
hanced the activity, so that the compound was 10- or
fivefold more potent than 2h or 2k, respectively. Next,
we investigated the effect of the substituents at the 2 0-
and 5 0-positions of 2m (Table 2). Elongation of the meth-
oxy moiety of 2m decreased the activity (2n–2p), whereas
addition of a carboxyl (2q) or carboxamide (2r) group re-
sulted in the same level of activity as 2m. The fact that 2q
and 2r having bulky and hydrophilic substituents at the
2 0-position showed high inhibitory activity indicated that
substituents at the 2 0-position were not located inside the
S1 pocket, which is space-restricted and hydrophobic,
and the carboxyl or methylcarbamoyl group was situated

Table 1. Inhibitory activity of compounds 2a–2m against recombinant


human chymase


Compounda X A IC50
b (lM)


Chymostatin — — 0.043


1 — — 0.018


2a –CH2– Ph 0.42


2b –CH@c Ph 1.5


2c –CH2– Cyclohexyl >10


2d –CH2– 2-Naphthyl >10


2e –CH2– 3-Pyridyl >10


2f –CH2– 4-Pyridyl >10


2g –CH2– 4-Cl–Ph 0.46


2h –CH2– 3-Cl–Ph 0.31


2i –CH2– 2-Cl–Ph 0.11


2j –CH2– 2-F–Ph 0.15


2k –CH2– 2-OMe–Ph 0.14


2l –CH2– 2-OEt–Ph 0.18


2m –CH2– 2-OMe-5-Cl–Ph 0.034


a Compounds 2a, 2c–2m are racemates at the 6-position.
b For details of the assay conditions, see Ref. 21.
c (E)-Isomer.

at a hydrophilic region and formed a favorable interac-
tion, such as hydrogen bonding, with another enzyme site
(e.g., S2 or S3). The lower activity of compounds 2n–2p,
which have longer, hydrophobic alkyl chains at the 2 0-alk-
oxy group, supports this idea. Replacement of the chlo-
rine atom at the 5 0-position with a fluoro (2s) or cyano
(2t) group did not alter the potency, but replacement with
a more hydrophilic hydroxy (2u) or methoxy (2v) group
decreased the activity remarkably. These results support
the idea that substituents at the 5 0-position lie in the inner
part of the hydrophobic S1 pocket. Introduction of an
additional chlorine atom at the 4 0-position did not affect
the activity (2m vs 2w), but introduction at the 3 0-position
did reduce the activity (2s vs 2x), probably due to restric-
tion of the space around the 3 0-position in the S1 pocket.
As shown in Table 3, the representative compound 2m
exhibited high selectivity against other serine proteases,

Table 3. IC50 valuesa of inhibition of human chymase and other serine


proteases for compound 2m


Enzyme IC50
a (lM)


Human chymase 0.034


Bovine a-chymotrypsin 0.3


Human cathepsin G 2.9


Bovine trypsin >10


Human elastase >10


a For details of the assay conditions, see Refs. 21,22.


Table 4. Inhibitory activity of compounds (S)-2m and (R)-2m against


recombinant human chymase


Compound IC50
a (lM)


(S)-2m 0.027


(R)-2m >10


a For details of the assay conditions, see Ref. 21.
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including chymotrypsin and chymotrypsin-type protease
cathepsin G. Finally, we examined the effect of chirality at
the 6-position of the 1,4-diazepane core, and found that
only (S)-2m exhibited inhibitory activity (IC50,
0.027 lM) (Table 4).


In conclusion, we have described here the design,
synthesis, and evaluation of 6-substituted 1,4-diaze-
pane-2,5-diones as novel and potent human chymase
inhibitors. From insights obtained from the docking of
compound 1 with the active site of human chymase,
we designed 6-benzyl-substituted 4-sulfonyl-1,4-diaze-
pane-2,4-diones to interact sufficiently with the S1 pocket.
Modification of the benzyl moiety of a prototype such as
2a led to the development of a potent inhibitor such as
(S)-(2m), which exhibited an IC50 of 0.027 lM.
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Abstract—1,3,5-Triazine derivatives were screened for phototoxicity as well as the cytotoxic activities against leukemia and adeno-
carcinoma derived cell lines in comparison to the normal human keratinocytes. A simple and environmentally friendly procedure
has been developed for the synthesis of 1,3,5-triazine derivatives under microwave irradiation in the presence of a HY zeolite.
The catalyst can be recovered and reused. Thus, the procedure provides a simple and green synthetic methodology under environ-
mentally friendly conditions. Structure–activity relationships between the chemical structures and antimycobacterial and photosyn-
thesis-inhibiting activity of the evaluated compounds are also discussed.
� 2007 Elsevier Ltd. All rights reserved.

Chemotherapeutic agents that target cellular DNA have
been established as one of the most effective classes of
drugs used in the clinic for the treatment of cancer. Sev-
eral subsets of structurally related compounds have been
also prepared and evaluated extensively for their cell-
killing effects,1,2 which can be attributed to a number
of different molecular mechanisms. Nevertheless, most
of these molecules have been designed to exert cytotox-
icity by interacting with DNA and subsequently causing
extensive DNA damage, leading to induction of cell
death.


1,3,5-Triazines (or s-triazines) are a class of compounds
well known for a long time, and still continue to be the
object of considerable interest, mainly due to their appli-
cations in different fields, including the production of
herbicides and polymer photostabilizers.3 Some 1,3,5-
triazines display important biological properties
(Fig. 1); for example hexamethylmelamine (HMM, 1)
and 2-amino-4-morpholino-s-triazine (2) are used clini-
cally due to their antitumor properties to treat lung,
breast, and ovarian cancer, respectively.4 Hydroxymeth-
ylpentamethylmelamine (HMPMM, 3) is also the
hydroxylated metabolite, which corresponds to the
major active form of HMM.5 More recently, similar
general structure 4 shows antitumor activity in human
cancer and murine leukemia cell line.5 Among several
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other 1,3,5-triazine substituted polyamines tested, the
substrate 5 presents a good in vitro activity against the
protozoan parasite Trypanosoma brucei, the causative
organism of Human African Trypanosomasis.6


Zeolites, heterogeneous catalysts, have been widely uti-
lized as catalysts in the petroleum refining and chemical
industries7 as well as in the preparation of fine chemi-
cals8 by use of their characteristic properties such as
highly acidic and basic nature, high thermal stability,
and specific shape selectivity. Main advantages of acidic
zeolites over homogeneous acid catalysts can be offered
by replacing corrosive and polluting acid catalysts with
more environmentally friendly zeolites. Y Zeolites are
also reported as effective catalysts in organic chemis-
try9–14 and their specificity in gas phase transformations
is greatly utilized in industry15 which encouraged us to
investigate the new catalytic possibilities of HY zeolite.


Parallely, the potential application of microwave tech-
nology in organic synthesis,16 and particularly under
free-solvent conditions, is increasing rapidly because of
its reaction simplicity, lesser environmental impact,
and reduced reaction time, providing rapid access to
large libraries of diverse molecules.


The development of one-pot reaction has been of great
interest in organic synthesis because this methodology
provides easy access to highly complex molecules
from relatively simple reagents under economically favor-
able reaction conditions. Thus, the combination of the
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Figure 1. Select examples of biologically active compounds containing the 1,3,5-triazine unit.
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one-pot strategy with the use of environmentally friendly
zeolite catalysts becomes a powerful means of preparation
for specific target compounds to minimize pollutants and
to reduce production cost.17


The diverse biological activities observed for different
molecules containing the 1,3,5-triazine unit prompted
us to discover other new potential molecules containing
the 1,3,5-triazine unit. As part of a program aimed at
achieving simple and environmentally compatible
synthetic methodologies for biodynamic heterocycles18


and substituted triazines,19 we herein report the one-
pot synthesis of 2,4,6-trisubstituted-1,3,5-triazines by
reaction of cyanuric chloride with aromatic/aliphatic

N N


N Cl


Cl


Cl


+ X ZH


X = Ar/CH3Ar/(C2H5)2/(CH3)2/CH3C


Y zeolite


MW,4-6min


1


2


Scheme 1.

amines, amide, and water under microwave irradiation
using HY zeolite as a catalyst (Scheme 1). We have also
investigated cytotoxic activities of the title compounds
against leukemia and adenocarcinoma-derived cell lines
in comparison to the normal human keratinocytes and
found that the introduction of a different substitution
results in an improvement of the antiproliferative
activity of these compounds.


Although one-pot syntheses of trisubstituted-1,3,5-tri-
azine derivatives are reported in the literature using Pd
as catalyst20, excess of selected amines and potential UV
absorbents21 under volatile and hazardous solvent, the
use of highly volatile solvent like dichlorobenzene/
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toluene/ether, etc., and Lewis acids such as ZnCl2,22


AlCl3,23 MgCl2,24 and Mo(CO)6
25 or Pd20 is not favorable


for environment.


As an initial attempt to find an optimal reaction condi-
tion, a variety of experimental conditions were examined
for cyanuric chloride (1) by changing catalyst, tempera-
ture, amine, and reaction medium (Tables 1 and 2).


Finally, in order to check the possible intervention of
specific (non-thermal) MW effects, the results obtained
under MW were compared to conventional heating
using toluene as solvent. The reaction, in the case of
compound 3a, has been carried out using preheated oil
bath, under the same conditions as under MW (time,
temperature, vessel) (Table 2). Reactions proceeding
with considerable good yields under similar thermal
conditions showed there is nonexistence of specific
MW effect. The reaction is also tried under neat and sol-
vent conditions with or without microwaves giving low-
er conversion to the product which showed catalytic
effect of zeolite.


It was found that HY zeolite is the best choice of cat-
alyst for the preparation of 2,4,6-trisubstituted-1,3,5-
triazines compared with NaY, CeY, and LaY zeolites
(3e–g). Since the number and strength of acid site in
zeolite decreases with metal cation exchanged in the or-
der of Na+ < Ca2+ < La3+, the decrease in the yield of
3a according to this order suggests that acid sites on
zeolite work as active sites for this reaction. As usual

Table 1. Substitution reaction of (1) to the corresponding 2,4,6-trisubstitute


Compound X Z Zeolite


Type


3a C6H5 NH HY


3b C6H5 NH HY


3c C6H5 NH HY


3d C6H5 NH HY


3e C6H5 NH NaY


3f C6H5 NH CeY


3g C6H5 NH LaY


3h CH3C6H4 NH HY


3i (C2H5)2 N HY


3j (CH3)2 N HY


3k CH3CO NH HY


3l CH3 NH HY


3m OCH3C6H4 NH HY


3n NO2C6H4 NH HY


3o ClC6H4 NH HY


3p H O HY


a Isolated yields.


Table 2. Comparative study of the synthesis of 3a


Entry Medium Reaction conditions Rea


1 HY zeolite MW 180


2 Neat MW 180


3 HY zeolite Reflux in aniline 180


4 HY zeolite Reflux in toluene 110


a Isolated yield.

in the catalytic reaction, the increase of the reaction
temperature accelerated the conversion of the substrate
(3a–d, Table 1).


The substituents of the aromatic ring also affected the
yields as well as the distribution of products. The reac-
tion of various aliphatic/aromatic amines substituted
with electron-withdrawing groups (3a, k, m–o) provided
high conversion in a short reaction time (Table 1), while
the reaction with an electron-donating group (3h–j, l)
resulted in low conversion (90–92%). The yield of
desired 2,4,6-trisubstituted-1,3,5-triazines was found to
be increased as the number of electron-withdrawing
substituents on the aromatic ring increased.


The phototoxicity of title compounds was investigated
first on a cell line of human tumor HL-60 (human pro-
myelocytic leukemia). Table 3 shows the extent of cell
survival expressed as GI50, which is the concentration,
expressed in mM, which induces 50% of inhibition of
cell growth, after irradiation at different UVA doses.


Control experiments with UVA light or compounds alone
were carried out without significant cytotoxic effects (data
not shown). The results, shown in Table 3, indicate that
compound 3a is not active, instead 3k, m, n, o exhibit
the highest activity. Interestingly, compound 3i is only
slightly active and substitution for a methyl group leads
to an inactive derivative 3h. From this preliminary screen-
ing the most active compounds were also evaluated on a
human intestinal adenocarcinoma cell line (LoVo) and

d-1,3,5-triazines (3) under various reaction conditions


Reaction conditions Yield (%)a


Temp. (�C) Time (min)


180 4 94


150 6 65


120 8 45


100 9 20


180 5 85


180 6 82


180 6 80


180 5 90


180 5 92


180 6 94


180 4 98


180 6 92


180 5 96


180 6 97


180 5 95


180 4 97


ction temperature (�C) Time (min) Yielda (%)


4 94


10 40


6 70


360 58







Table 3. Photocytotoxicity of test compounds against HL-60 cell line,


compounds GI50
a (mM)


Compound GI50
a (lm)


1.25b J cm�2 2.5 J cm�2


3a >10 10


3h >10 10


3i >10 7.5 ± 2.0


3j >10 7.2 ± 1.9


3k 6.8 ± 0.7 0.8 ± 0.1


3l >10 10


3m 3.4 ± 0.7 0.6 ± 0.1


3n 2.8 ± 0.7 0.8 ± 0.1


3o 4.3 ± 0.7 0.3 ± 0.1


a Concentration of compound required to inhibit the cell growth by


50% after 72 h of exposure as determined by MTT assay.
b UVA dose expressed in J cm�2 as measured at 365 nm with a Cole-


Parmer radiometer.


Table 5. Percentage of HL-60 in the different phases of the cell cyclea


Treatment G1 G2 S Apoptotic cellsb


Non irradiated cells 39.0 9.0 51.7 0.8


UVA irradiated cells without drug (2.5 J cm�2)


24 h 35.8 13.0 50.3 8.6


48 h 48.9 10.9 40.9 11.7


72 h 34.5 10.5 54.4 9.4


3k 2.5 mM CUVA (2.5 J cm�2)


24 h 29.3 10.8 58.4 13.2


48 h 44.5 10.3 45.0 27.0


72 h 45.2 12.0 43.8 40.5


3k 5.0 mM CUVA (2.5 J cm�2)


24 h 34.2 11.1 54.3 21.0


48 h 50.3 11.7 38.6 26.0


72 h 57.3 6.9 37.1 46.0


a The percentage of each phase of the cell cycle (G1, S, and G2/M) was


calculated on living cells.
b The percentage of apoptotic cells is referred to cell population


characterized by the appearance of a sub G1 peak.


Table 6. Antimycobacterial activity (MIC, % inhibition), IC50 values


K. Arya, A. Dandia / Bioorg. Med. Chem. Lett. 17 (2007) 3298–3304 3301

one line of immortalized, not tumorigenic, human kerat-
inocytes (NCTC 2544). From Table 4 it appears that the
phototoxicity of the most active compounds, in particular
3k, is higher in the tumor cell lines in comparison to the
normal ones (NCTC 2544). In preliminary experiments
devoted to the search for a possible molecular target, com-
pound 3k was evaluated for its potential capability to in-
duce single strand breaks in a plasmid DNA, as a model.


The obtained results (data not shown) indicate that 3k,
after irradiation in the presence of DNA, is not able to
induce any significant damage to DNA thus suggesting
that another target at cellular level may be involved in
its phototoxic effect. In parallel to the cytotoxic evalua-
tion, flow cytometry was employed to study cell cycle
variations upon irradiation. The effects of the most ac-
tive compound 3k were evaluated after 24, 48, and
72 h from irradiation in the leukemic cell line. The per-
centage of the cells in the different phases of the cell cy-
cle is shown in Table 5.


It can be observed that treatment with 3k in combina-
tion with UVA induces a reduction of the S phase at
48 and 72 h after irradiation especially for the highest
dose utilized. This is accompanied by a concomitant
block in G1 phase. This event is followed at 48 and
72 h after the irradiation by massive induction of apop-
tosis, as observed by the appearance of a sub G1 peak

Table 4. Photocytotoxicity of test compounds against NCTC 2544 and


LoVo cell linesa


Compound Cell line GI50
b (lm)


NCTC 2544 LoVo


1.25c J cm�2 2.5 J cm�2 1.25b J cm�2 2.5 J cm�2


3k 7.2 ± 1.3 2.5 ± 0.7 3.5 ± 0.8 1.89 ± 0.2


3i >20 >20 >20 12.5 ± 1.9


3j >20 7.5 ± 2.2 17.2 ± 2.1 10.3 ± 1.3


a Human cell lines: NCTC 2544 Human keratinocytes; LoVo


intestinaladenocarcinoma.
b Concentration of compound required to inhibit the cell growth by


50% after 72 h of exposure as determined by MTT assay.
c UVA dose expressed in J cm�2 as measured at 365 nm with a Cole-


Parmer radiometer.

(apoptotic cells) that refers to cells with DNA content
lower than G1.26,27 In fact, apoptosis induces the activa-
tion of endogenous nucleases, which are responsible for
nucleic acid degradation.


In vitro antimycobacterial activity and inhibition of
oxygen evolution rate in spinach chloroplasts were also
investigated. The highest antituberculotic activity (72%
inhibition) against Mycobacterium tuberculosis and also
the highest lipophilicity (log P = 6.85) were shown by
the N,N 0,N00-(4-methoxyphenyl)-1,3,5-triazine-2,4,6- tri-
amine (3m). Some other amides (3j, 3l, 3n, 3o) with high-
er than 20% inhibition were investigated. The negative
results of antimycobacterial activity screening allow us
to make no conclusions regarding potential structure–
activity relationships. Results of their antimycobacterial
activity (MIC, % Inhibition) and calculated log P values
of 3a, 3h–o are shown in Table 6.


Additionally some inhibition of chlorophyll production
in green algae Chlorella vulgaris was studied by the

for inhibition of oxygen evolution rate in spinach chloroplasts by


compounds 3a, 3h–o, and calculated log P values of the compounds in


comparison with standards rifampicin (RMP) and DCMU (see


Experimental)


Compound MIC


(lg ml�1)


%


Inhibition


IC50


(mmol dm�3)


log P


3a >6.25 0 1.072 2.72 ± 0.41


3h >6.25 0 0.440 3.28 ± 0.40


3i >6.25 0 0.244 4.41 ± 0.42


3j >6.25 28 0.486 2.72 ± 0.41


3k >6.25 11 0.148 3.28 ± 0.40


3l >6.25 24 0.118 4.41 ± 0.42


3m >6.25 72 0.241 6.85 ± 0.55


3n >6.25 20 0.107 5.15 ± 0.50


3o >6.25 39 0.081 4.03 ± 0.48


RMP 0.125 100 0.37 ± 0.35


DCMUc — — 0.0019 2.78 ± 0.38
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compounds 3h–m. Results of their antialgal activity
(Fig. 2) are given in Table 7.


In conclusion, we have presented a new economical, safe,
environmentally benign solvent-free HY zeolite pro-
moted synthesis of corresponding 2,4,6-trisubstituted
1,3,5-triazines under microwave irradiation.29,30 The
operational simplicity, avoiding the use of solvent and
solid support, high yield in significantly very short reac-
tion times, can impose this procedure as a useful and
attractive alternative to the currently available methods.


On the basis of the biological evaluation, compound 3k
seems to be very attractive as a potential drug for photo-
chemotherapy.31 Hence, experiments aimed at defining
the target(s) at cellular level and the phototoxicity mech-
anism are in progress. While the compound 3m shows
highest antituberculotic and antialgal activities.


Human promyelocytic leukemia cells (HL-60) were
grown in RPMI-1640 medium (Sigma Co., MO,
USA), human keratinocytes (NCTC 2544) were grown
in DMEM (Sigma Co., MO, USA), intestinal adenocar-
cinoma cells (LoVo) were grown in Ham’s F12 medium
(Sigma Co., MO, USA) all supplemented with 115 U/ml
of penicillin G (Invitrogen, Milano, Italy), 115 lg/ml
streptomycin (Invitrogen, Milano, Italy) and 10% fetal
bovine serum (Invitrogen, Milano, Italy). Individual
wells of a 96-well tissue culture microtiter plate (Falcon
BD) were inoculated with 100 ml of complete medium
containing 8 · 103 HL-60 cells or 5 · 103 NCTC 2544

Figure 2. Quasi-parabolic dependence between antialgal activity and


log P of 3h-m.


Table 7. IC50 values concerning inhibition of chlorophyll production


in green algae Chlorella vulgaris by the compounds 3h, 3i, 3j, 3k, 3l,


and 3m, and calculated log P values of the compounds in comparison


with standard DCMU (see experimental)


Compound IC50 (mmol dm�3) log P


3h 0.063 4.41 ± 0.42


3i 0.067 5.15 ± 0.50


3j 0.125 5.16 ± 0.54


3k 0.208 5.73 ± 0.53


3l 0.356 6.85 ± 0.55


3m 0.079 3.18 ± 0.41


DCMU 0.0073 2.78 ± 0.38

and LoVo cells. The plates were incubated at 37 �C in
a humidified 5% incubator for 18 h prior to the experi-
ments. After medium removal, 100 ml of the drug solu-
tion, dissolved in DMSO and diluted with Hanks’
Balanced Salt Solution (HBSS pH 7.2), was added to
each well and incubated at 37 �C for 30 min and then
irradiated.


After irradiation, the solution was replaced with the
medium, and the plates were incubated for 72 h. Cell
viability was assayed by the MTT [(3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide)] test, as de-
scribed previously.32,33


For flow cytometric analysis of DNA content, 5 · 105
HL-60 cells in exponential growth were treated at differ-
ent concentrations of the test compounds for 24, 48, and
72 h. After the incubation period, the cells were centri-
fuged and fixed with ice-cold ethanol (70%), treated with
lysis buffer containing RNAseA, and then stained with
propidium iodide. Samples were analyzed on a Becton
Coulter Epics XL-MCL flow cytometer. For cell cycle
analysis, DNA histograms were analyzed using Multi
Cycle for Windows (Phoenix Flow Systems, San Diego,
CA).


Antimycobacterial assay. Primary screening of all com-
pounds was conducted at 6.5 or 12.5 lg ml�1 against
Mycobacterium tuberculosis H37Rv in BACTEC 12B
medium using the BACTEC 460 radiometric system.34


The MIC was defined as the lowest concentration effect-
ing a reduction in fluorescence of 99% relative to con-
trols. For the results, see Table 6.


Study of inhibition of chlorophyll production in green
algae Chlorella vulgaris. The algae Chlorella vulgaris
were cultivated statically at room temperature according
to Sidóová et al.34 (photoperiod 16 h light/8 h dark; illu-
mination 4000 lux; pH 7.2). The effect of compounds
3h–m on algal chlorophyll (Chl) content was determined
after 4-day cultivation in the presence of the tested com-
pounds, expressing the response as percentage of the
corresponding values obtained for control. The Chl con-
tent in the algal suspension was determined spectropho-
tometrically (Specord UV VIS, Zeiss Jena, Germany)
after extraction into N,N-dimethylformamide according
to Inskeep and Bloom. The Chl content in the suspen-
sions at the beginning of cultivation was 0.5 mg dm�3.
Because of their low water solubility, the tested com-
pounds were dissolved in DMSO. DMSO concentration
in the algal suspensions did not exceed 0.25 v/v% and
the control samples contained the same DMSO amount
as the suspensions treated with the tested compounds.
IC50 value for the standard, a selective herbicide
3-(3,4-dichlorophenyl)-1,1-dimethylurea, DCMU (DIU-
RON), was measured about 7.3 lmol dm�3. For the
results, see Table 7.
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Abstract—A number of RXR modulators with novel structural features were synthesized and screened in the functional assays. The
synthesis and the structure–activity relationship within the series of compounds will be presented. Some in vivo data generated in the
models for dyslipidemia and diabetes will also be presented.
� 2007 Published by Elsevier Ltd.

In the accompanying communication we have disclosed
the structure-activity relationship in the compounds
shown by a general structure A (Fig. 1) based on the
structure of a known RXR modulator 1.1,2 Some com-
pounds from the series showed higher potency for
induction of ABCA1 mRNA, a target gene of the
RXR–LXR heterodimeric complex over induction of
aP2 mRNA, a target gene of RXR–PPARc heterodi-
mers. Encouraged by the results, we decided to explore
the SAR in some detail within this series. Attention
was focused on the trans double bond between the car-
boxylic acid and the phenyl ring. Almost all the RXR
agonists reported thus far in the literature contain the
carboxylic acid moiety conjugated to a double bond or
to an aryl ring as evidenced by the structures of some
of the known rexinoid agonists (2–8) shown in Figure
1.3–10 A plausible explanation for this observation might
be that most of the structures were inspired by the struc-
ture of the endogenous ligand for RXR, 9-cis-retinoic
acid.11 The cyclopropyl ring is generally considered a
double bond surrogate by organic chemists. However
to the best of our knowledge, RXR agonists incorporat-
ing cyclopropylcarboxylic acid in their structures such as
10 have not been reported. Structures of some com-
pounds that contain a cyclopropyl group (5 and 6) with
a ‘9-cis locked conformation’ have been published.10


The only example of RXR agonist containing a carbox-
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ylic acid without the a,b-unsaturated double bond (8)
was reported by GlaxoSmithKline.9


In this communication the synthesis and structure–activ-
ity relationship in the analogs of 1 where the trans dou-
ble bond was replaced with a cis double bond, alkyne
(general structure A), a single bond (9), an alkoxy group
and a cyclopropyl ring (10) is described.


Compound 13 containing a cis double bond was synthe-
sized from the known intermediate 11 via Wittig olefin-
ation as shown in Scheme 1.2 The cis isomer 13 was
isolated from the trans isomer by a careful column chro-
matography, although the final compound was found to
be contaminated with 5% of the compound with a trans
double bond (14). The double bond of 14 was reduced
by hydrogenation to obtain 15a–g. Hydrogenation of
compounds containing tri-substituted double bonds 16
and 17 yielded compounds 18 and 19, respectively, as
racemic mixtures. Sonogashira coupling of propargyl
alcohols with 20 yielded intermediates 21 and 22, which
upon TEMPO oxidation gave the corresponding car-
boxylic acids 23 and 24. In the case of 24, the alkynyl
bond was hydrogenated to give compound 25. A Suzuki
coupling reaction between 3,4-dihydro-1H-quinolin-2-
one (26b) and acetic acid 3-bromo-4-trifluoroethoxyt-
phenyl ester yielded phenol 27 with the acetoxy group
having cleaved during the reaction and work-up. The
phenol was then alkylated with the a-bromo esters to
yield 28 and 29 upon hydrolysis.


The racemic cyclopropyl analogs were synthesized by
the addition of an ylide generated from trimethylsul-
foxonium iodide and sodium hydride in DMSO, to
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the cinnamate 12b.12 The removal of the protecting
group under acidic conditions gave the compounds
31a–e. In all cases, only the trans diastereomer was
obtained as a racemic mixture.13 Compounds 31a and
31c were converted into a mixture of diastereomers
32 and 35, respectively, by attaching chiral auxiliaries
as shown in Scheme 2. The diastereomers of 32 were
separated by using chiral HPLC.14 The chiral auxiliary
was removed by hydrogenation to yield the cyclopro-
pylcarboxylic acids 33 and 34 in the enantiomerically
pure forms. In the case of 35, the oxazolidinone moiety
was removed by hydrolysis after separating the two
diastereomers by flash column chromatography. At
the present time, the absolute stereochemistry at the
chiral centers for 33, 34, 36, and 37 has not been
established.


The compounds were initially screened for their ability
to induce expression of ABCA-1 (ATP binding cas-
sette protein), a key gene involved in the reverse cho-
lesterol transport and known to be upregulated by
LXR agonists.15,16 A few compounds were screened
in the aP2 gene induction assay indicative of the acti-
vation of RXR–PPARc heterodimer (Tables 1–4).17 In
order to determine the activity at the RXR receptor
(specifically RXRa), the compounds were tested in a

co-transfection assay with the yeast GAL4 DNA bind-
ing domain fused to the ligand binding domain of
RXRa and the yeast promoter driving luciferase
expression Table 5.


In the ABCA-1 mRNA induction assay, the maximal
efficacy of the newly synthesized RXR agonists was
about half of that compared to the known LXR agonist
TO-901317.15 Compound 13 containing a cis double
bond showed significantly reduced potency to activate
the RXR–LXR heterodimer (EC50 = 886 nM) compared
to 14b (EC50 = 3.4 nM). The alkyne-containing com-
pound 23 was found to be inactive in the functional
assay. It is possible that the trajectory of the carboxylic
acid is important in order to make the key contact with
the Arg316 residue in the binding site of the RXR recep-
tor.9 Compounds 16 and 17 bearing b and a methyl
group on the double bond with respect to the carboxylic
acid showed completely different potency profiles. While
17 was found to be active in ABCA-1 gene induction as-
say and the RXR co-transfection assay, 16 was found to
be inactive in both assays at the testing concentrations.
Analog 31a where the double bond was replaced by a
cyclopropyl moiety showed potent activity in both
assays (EC50 = 17.4 and 19.2 nM, respectively). This
activity is quite interesting given the fact that these are
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the first reported RXR agonists that contain cyclopro-
pane-1-carboxylic acid. The activity of 31a raised a
possibility of reducing the double bond completely while
retaining the ABCA-1 activity. The only example of

such saturated bond to the carboxylic acid has been
reported by GlaxoSmithKline, where compound 8 was
found to be fivefold less potent than the parent com-
pound 7. The authors suggested that lower potency of







Table 1. Linker Chain Modification


NO


F3CO


X OH


O


Compound X ABCA-1


EC50
a (nM)


RXRa co-transfection


EC50
a (nM)


14b 3.6 (81%) 1.8 (115%)


13 886 (75%) 39.1 (97%)


23 >3000 ND


16 ND >10,000


17 100 (49%) 27.9 (81%)


31a
(±)


17.4 (ND) 19.2 (88%)


15b 47 (70%) 7.2 (79%)


25 >3000 527 (70%)


19 >3000 760 (85%)


18 347 (160%) 37.7 (99%)


28 O >3000 ND


29 O >3000 ND


ND, not determined.
a The numbers in parentheses represent %maximal activation in com-


parison to compound 1.


Table 2. SAR for compounds 15a–g


NO OH


O


R2R1


Compound R1 R2 ABCA-1


EC50
a (nM)


RXRa co-trans


EC50
a (nM)


15a Me OCF3 53 45.9 (91%)


15b Et OCF3 47 (70%) 7.2 (79%)


15c iPr OCF3 1 (59%) 3.4 (80%)


15d CH2CF3 OCF3 >3000 1.4 (100%)


15e Et OCH2CF3 >3000 70.2 (90%)


15f iPr OCH2CF3 369 (45%) 36.5 (79%)


15g iPr OMe >3000 361(60%)


ND, not determined.
a The numbers in parentheses represent %maximal activation in com-


parison to compound 1.


Table 3. SAR in cyclopropane-containing RXR agonists


Compound ABCA-1


EC50 nM


RXRa co-trans


EC50
a (nM)


NO


F3CO


OH


O


31a
(±) Racemate


17.4 19.2 (158%)


NO


O


OH


O


F3C


31b 
(±) Racemate


>3000 115.8 (87%)


NO


O


CF3


OH


O


31c
(±) Racemate


>3000 5.0 (85%)


NO


O


OH


O


Me


31d
(±) Racemate


1524.0 207.5 (50%)


NO


O


OH


O


CF3


31e
(±) Racemate


>3000 144.0 (108%)


NO


F3CO


OH


O


33
(-)-trans


>3000 2.3 (85%)


NO


F3CO


OH


O


34
(+)-trans


>3000 361 (92%)


NO


F3CO


OH


O


36
(+)-trans


>3000 10 (70%)


NO


F3CO


OH


O


37
(+)-trans


>3000 198 (50%)


ND, not determined.
a The numbers in parentheses represent %maximal activation in com-


parison to compound 1.
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8 ‘presumably resulted from the entropic cost of a more
flexible compound.’ Similarly, in the present series,
compound 15b was found to be active but fourfold less
potent than 14b in both functional assays (EC50 = 47
and 7.2 nM in the ABCA-1 and RXR co-transfection
assay, respectively).

Increasing the tether length from two to three carbons
resulted in a significant loss of potency for compound
25. Compound 19 bearing a methyl group on the a car-
bon with respect to the carboxylic group was less potent
than the compound 18 bearing methyl group on the b
carbon. This observation is in contrast to the results ob-
served for the double bond containing analogs 16 and
17. Interestingly, compounds 28 and 29, which bear
the same number of atoms as 15b but contain an oxygen
atom in the linker chain, were not active up to 3 lM
concentration.







Table 4. Selectivity for the RXR agonists


Compound ABCA-1 EC50
a (nM) aP2 EC50 (nM) RXR co-trans EC50


a(nM)


NO


F3CO


NH
S


O


O


1


180 (100%) 139 0.9 (100%)


NO


F3CO


OH


O15b


47 (70%) 1200 7.2 (79%)


NO


O


OH


O


F3C


15e


>3000 >3000 70.2 (90%)


NO


F3CO


OH


O


33


>3000 581 2.3 (85%)


NO


O


CF3


OH


O


36 


>3000 266 10 (70%)


a The numbers in parenthesis represent %maximal activation in comparison to compound 1.


Table 5. Effects of 15b on serum cholesterol and triglyceride levels following 8 days of treatment in Sprague–Dawley rats fed a high cholesterol diet


Dose (mg/kg) HDL-C (mg/dL) LDL-C (mg/dL) Total Cholesterol (mg/dL) Triglycerides (mg/dL)


Vehicle 21 ± 2 52 ± 5 321 ± 20 218 ± 20


0.3 mpk 29 ± 1** 53 ± 5 343 ± 18 320 ± 38


1 mpk 30 ± 2** 46 ± 4 313 ± 18 279 ± 32


3 mpk 37 ± 1** 46 ± 4 302 ± 14 253 ± 24


10 mpk 39 ± 2** 35 ± 2** 228 ± 18** 270 ± 42


30 mpk 42 ± 1** 38 ± 2* 252 ± 24* 322 ± 34


10 mpk 1 (0.5% methocel) 47 ± 1** 41 ± 1 267 ± 10* 286 ± 12


Data are expressed the means ± SEM and were analyzed using one-way ANOVA and Dunnet’s multiple comparison test (*p < 0.05, **p < 0.001). All


comparisons are made relative to the Vehicle controls.
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Similar to 15b, a number of analogs with differing R1


and R2 groups (15a–g) were active in the RXR co-trans-
fection assay with EC50 values ranging from 1.4 to
361 nM (Table 2). Some of the trends were common in
the compounds with or without a double bond, e.g.
for R1 group, the ethyl or isopropyl groups were found
to give compounds that were more potent than when
R1 = Me or for R2 group, compounds with trifluoroeth-
oxy group showed more functional activity than the
compounds with trifluoroethoxy group at the R2 posi-
tion.1 Compounds 15a–c had high potency in both the
ABCA-1 induction and RXR co-transfection assays,
particularly compound 15c. Although 14b is about four
times more potent in the RXRa co-transfection assay
than 15b (an observation similar to the one reported
for 7 and 8 by the researchers from Glaxo SmithKline),9


it must be pointed out that other analogs such as 15c
and 15d are almost as potent as 14b in the functional
assays.


Compounds where the cinnamic acid double bond was
replaced with a cyclopropyl group were also screened

in the ABCA-1 gene induction and RXR co-transfection
assays. The results are summarized in Table 3. In gener-
al, the compounds (31a–e, 33–37) showed good activity
(EC50 = 2.3–361 nM) in the RXR co-transfection assay.
However, the compounds showed significant differences
in the activation of the RXR–LXR heterodimer
(EC50 = 17.4 nM to >3 lM). The individual enantio-
mers were synthesized for compounds 31a and 31c.
The (�)-enantiomers (i.e. compounds giving negative
value for optical rotation) 33 and 36 were found to be
more potent than the (+)-enantiomers (34 and 37) and
the racemates (31a and 31c) in the co-transfection assay.
At the present time the absolute stereochemistry shown
for these enantiomers has not been assigned.


With the active compounds in hand, we screened a few
compounds in the selectivity screen for their ability to
activate the RXR–LXR (ABCA-1 mRNA induction)
and RXR–PPARc aP2 mRNA induction) heterodimer
complexes. The results are summarized in Table 4. While
1 is equipotent in activating both RXR–LXR and RXR–
PPARc heterodimer complexes, 15b showed some
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selectivity for activating the RXR-LXR complex
(EC50 = 47 nM vs EC50 = 1200 nM for RXR–PPARc).
Compound 15e had weak activity while compounds 33
and 36 were found to be selective for activating RXR–
PPARc heterodimer over the RXR–LXR heterodimer.
Compound 15b was selected as a representative example
for evaluation in the in vivo models for diabetes and dysl-
ipidemia based on the satisfactory pharmacokinetic pro-
file in rats (3 mg/kg oral dose in 0.5 methocel; oral
bioavailability = 71%; Cmax = 678 ng/mL; AUC = 6129
ng h/mL; T1/2 = 24 h; CL = 4.6 mL/min/kg).


As a model of dyslipidemia, Sprague–Dawley male rats
were fed a high cholesterol, atherogenic diet ad libitum,
which typically induces a fivefold increase in serum cho-
lesterol after 14 days. Compound 15b was orally admin-
istered after 6 days on the diet in 0.5% methocel for a
total of 8 days. Serum cholesterol, HDL-C, LDL-C
and triglycerides were measured. Treatment with com-
pound 15b elicited a statistically significant increase in
HDL-C and a decrease in LDL-C levels as compared
to the vehicle control animals. The Cmax values ranged
from an average of 58.5 ng/mL (0.3 mg/kg) to 7510 ng/mL
(30 mg/kg). A significant increase in serum triglyceride
levels was not observed. First generation rexinoid ago-
nists such as LGD1069 (TagretinTM) elevate the triglycer-
ide levels in both rat and human.18,19 On the other hand,
15b failed to lower blood glucose in the db–db mouse
model for diabetes following 11 days of treatment
(data not shown). These results are in agreement with
the observed selectivity of the compound to activate
RXR–LXR heterodimer over the RXR–PPARc
heterodimer.


We have reported some structurally unique and potent
RXR agonists where the double bond conjugated with
the carboxylic acid was replaced with either a single
bond or a cyclopropyl group. Some of the compounds
were found to selectively activate the RXR–LXR het-
erodimer complex over the RXR–PPARc heterodimer
complex.
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Abstract—A series of 2 0-substituted cyclobutyl nucleoside analogs were efficiently prepared by constructing the core cyclobutyl ring
using different [2+2] cycloaddition approaches. The triphosphate derivative of a cyclobutyl nucleoside was also synthesized and eval-
uated against wild-type and mutant HIV reverse transcriptases (RT). Whereas the nucleoside analogs were inactive against HIV-1 in
culture, the nucleotide showed good activity not only against wild-type and recombinant HIV RT (IC50 = 4.7, 6.9 lM), but also
against the M184I and M184V mutants (IC50 = 6.1, 6.9 lM) in cell-free assays.
Published by Elsevier Ltd.

Acquired immune deficiency syndrome (AIDS) has rap-
idly become one of the major causes of death in the
world. It is estimated that over 40 million people have
developed human immunodeficiency virus (HIV) infec-
tions, which is the causative agent of AIDS.1 In 1985,
3 0-azido-3 0-deoxythymidine (AZT) was approved as
the first synthetic nucleoside to inhibit the replication
of HIV. Since then, a number of other synthetic nucleo-
side analogs have been proven to be effective against
HIV. After cellular phosphorylation to the triphosphate
form by cellular kinases, the nucleotides are incorpo-
rated into a growing strand of viral DNA and cause
chain termination due to the absence of the 3 0-hydroxyl
group.


Despite the enormous success of nucleoside based ther-
apy of HIV infection, there is still no cure for AIDS.
One reason is that the prolonged clinical use of nucleo-
side analogs gives rise to resistant viruses that contain
mutations in the RT.2 For example, the M184V/I muta-
tion in HIV-1 RT is associated with high level resistance
to lamivudine (3TC) and emtricitabine (FTC). Struc-
tural studies suggest that the mechanism of resistance
of HIV-1 RT carrying the M184V/I mutation involves

0960-894X/$ - see front matter Published by Elsevier Ltd.
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steric hindrance, which would prevent further incorpo-
ration of nucleoside analogs such as 3TC and FTC in
the nucleotide forms.3


We postulated that the more rigid and smaller cyclobu-
tyl ring would enable the nucleoside analog to fit into
the more sterically hindered active site of RT containing
the M184V/I mutants. Nucleoside analogs of this type
received a great deal of attention several years ago with
the discovery of naturally occurring Oxetanocin A,
which shows activity against HIV and Lobucavir
(Cyclobut-G) with activity against HBV. However,
virtually all of the reported derivatives possess the
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2 03 0-bis-hydroxyl motif that enables them to be phos-
phorylated and incorporated into growing strands of
DNA. We were interested in preparing a series of 2 0-
substituted cyclobutyl nucleosides that only have the
3 0-hydroxymethyl for phosphorylation, but not the 2 0-
hydroxymethyl motif. We reasoned that these nucleo-
side analogs could fit into the more sterically hindered
active site of M184I/V mutant forms of RT.


In this paper, we report the synthesis and biological
evaluation of 2 0-substituted cyclobutyl nucleosides as
potential anti-HIV agents. To elucidate the mechanism
of action of these novel cyclobutyl nucleosides, a tri-
phosphate derivative 21 was also synthesized and evalu-
ated against wild-type and mutant HIV-1 RT.


The 5-fluoro-1-[cis-3-(hydroxymethyl)-cyclobutyl]-cyto-
sine 1 was synthesized using a reported procedure.4 As
shown in Scheme 1, reduction of the cyclobutanone 4

Scheme 1. Synthesis of 5-fluoro-1-[cis-3-(hydroxymethyl)-cyclobutyl]-uracil.


Scheme 2. Synthesis of 2 0-substituted cyclobutyl 5-fluorocytidine analogs.

with L-Selectride in THF solution gave cis-compound
5, which was converted to trans-(3-benzyloxymeth-
yl)cyclobutanol 6 via Mitsunobu reaction followed by
hydrolysis of the resulting ester. Cyclobutanol 6 reacted
with N3-benzoyl-5-fluorouracil under Mitsunobu condi-
tions to give nucleoside 7 which was deprotected to give
5-fluorouracil nucleoside 8 in moderate yield. Finally,
compound 8 was converted to the corresponding 5-flu-
orocytosine derivative 1 by the procedure shown in
Scheme 2.


Fluorine as a substituent is isosteric with hydrogen;
therefore, it should not affect the spatial disposition of
atoms in the molecule. On the other hand, the phys-
ico-chemical properties of a fluorine atom can, due to
its high electron negativity, profoundly affect the electro-
static properties of the bonds around it, thereby influ-
encing both the conformation of the four-membered
ring and the innate strength of the bonds.







Scheme 3. Synthesis of 3-benzyloxymethyl-2-methylcyclobutanol.


Scheme 4. Synthesis of triphosphate of compound 1.


Table 1. Comparison of inhibition of HIV RT in cell-free assays


HIV RTa Inhibition of RT activity


(IC50, lM)


3TC-TP Compound 21


Recombinant HIV RT (WT) 3.0 4.7


HIV RT (WT) 6.5 6.9


HIV RT (M184I) >10 6.1


HIV RT (M184V) >10 6.9


a All the HIV RT used, except the recombinant RT, was obtained from


viral lysates from PBM cell infected with respective HIV.


3400 Y. Li et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3398–3401

In the synthesis of 2 0-fluoro-substituted cyclobutyl
nucleosides, we found electrophilic fluorination with
Selectfluor to be the most efficient method to introduce
fluorine in the cyclobutanone 4.5 As shown in Scheme 2,
the cyclobutanone 4 was first deprotonated by LDA,
followed by lithium enolate quenching with TMSCl to
afford the silyl enol ether 9.6 This silyl enol ether was
then allowed to react with Selectfluor to give a 3:1 mix-
ture of inseparable diastereomers 10. The crude mixture
was reduced by L-Selectride followed by chromatogra-
phy to isolate pure diastereomer 11 in good yield. Mesy-
lation of 11 gave compound 12, which then was coupled
with N3-(4-methoxybenzyl)-5-fluorouracil under basic
conditions to give 53% of nucleoside 13. Removal of
both the p-methoxylbenzyl and benzyl groups by alumi-
num trichloride afforded compound 14 in 80% yield. The
stereochemistry of 14 was confirmed by X-ray crystal
structure analysis.7 Conversion of 14 to 5-fluoro-1-
[trans-2-fluoro-cis-3-(hydroxylmethyl)-cyclobutyl]cyto-
sine 2 was achieved in the standard three-step process as
shown in Scheme 2.


To compare the electronic properties of the 2 0-substi-
tuted analogs, the 2 0-methylcyclobutyl nucleoside was
synthesized and evaluated. As shown in Scheme 3, a ket-
eniminium salt was used as the key intermediate to form
the cyclobutanone.8 The keteniminium triflate generated
from N,N-dimethylpropionamide in situ reacted with al-
lyl benzyl ether to give the intermediate cyclobutanimin-
ium salt which is hydrolyzed to provide cyclobutanone
15 as the major diastereomer with the methyl group
trans to the benzyl group (dr = 9:1). Reduction of the
cyclobutanone 15 gave primarily one diastereomer 16
with the methyl group and the hydroxyl group cis to
each other as confirmed by 1H NOE analysis. The
remainder of the synthesis of 5-fluoro-1-[trans-2 0-
methyl-cis-3 0-(hydroxymethyl)cyclobutyl]cytosine 3 is
shown in Scheme 2.


Although they were not found to be toxic, unfortu-
nately, none of the nucleosides 1, 2, and 3 showed signif-
icant anti-HIV activity up to 100 lM in primary human
lymphocytes infected with HIV-1 (strain LAI). To eluci-
date the mechanism of the nucleotides incorporating
into the viral DNA chain, the triphosphate of nucleoside
1 was synthesized according to Scheme 4.


The monophosphate 20 was generated by the reaction of
the nucleoside with phosphorus oxychloride using trim-
ethylphosphate as the solvent. The monophosphate 20
was activated as its morphine phosphoramidate, which
was subsequently combined with nucleophilic pyrophos-
phate to provide triphosphate 21 (Scheme 4).9–11


Although the previously described anti-HIV studies
demonstrated that compound 1 was not active up to

100 lM, its triphosphate 21 exhibited comparable anti-
HIV activity to 3TC-TP against recombinant HIV RT
and wild-type HIV RT (IC50 = 4.7, 6.9 lM). Further-
more, the triphosphate showed also very good activity
against M184I and M184V mutant RT (IC50 = 6.1,
6.9 lM), which were not inhibited by 3TC-TP. The re-
sults suggest that the cyclobutyl nucleotide can be incor-
porated into the DNA chains of HIV RT and M184M/V
mutants to terminate the DNA elongation.


All the biochemical results were obtained according to
the assay described by Eriksson et al.10 and are shown
in Table 1.


In conclusion, several 2 0-substituted cyclobutyl nucleo-
sides were synthesized and evaluated as anti-HIV agents.
Although the cyclobutyl nucleosides were not active
against HIV, the triphosphate form of one of them was
quite active against wild-type and M184V or M184I
HIV RT. This suggests that the nucleosides are not being
phosphorylated by the cellular kinases. It appears that
the cellular kinases cannot recognize the modified nucle-
oside analogs due to their structural and conformational
differences from the natural nucleoside substrates. Our
future work will be focused on the synthesis of phosphate
prodrugs of various cyclobutyl nucleoside analogs to cir-
cumvent the problems with phosphorylation.
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Abstract—An iodine-123 labeled bicyclic nucleoside analogue ([123I]-4) has been synthesized and evaluated as a potential single pho-
ton emission tomography (SPECT) reporter probe for the non-invasive imaging of expression of the varicella zoster virus thymidine
kinase (VZV-tk) reporter gene. In vitro enzymatic assays revealed that the non-radioactive mono-iodo derivative 4 has good affinity
for VZV-TK (IC50: 4.2 lM). Biodistribution of [123I]-4 was examined in normal mice. Evaluation of [123I]-4 in HEK-293T cells
showed 1.74-fold higher accumulation in VZV-TK-expressing cells compared to control cells.
� 2007 Elsevier Ltd. All rights reserved.

Bicyclic nucleoside analogues (BCNAs) are novel, lipo-
philic, highly potent, and selective inhibitors of
varicella-zoster virus (VZV). VZV-thymidine kinase
(VZV-TK) efficiently phosphorylates these BCNAs to
the corresponding 5 0-monophosphates and the thymidyl-
ate kinase activity of VZV-TK (Note: tk refers to the
gene and TK refers to the protein) further converts
BCNA-5 0-monophosphates to BCNA-5 0-diphos-
phates.1,2 The phosphorylated metabolites are
negatively charged and remain trapped in the cell. There-
fore, radiolabeling of these BCNAs with a positron emis-
sion tomography (PET) or single photon emission
computed tomography (SPECT) radioisotope may allow
non-invasive imaging of VZV-tk activity, analogous to
the widely studied herpes simplex virus type 1 thymidine
kinase (HSV1-tk) reporter gene.3,4
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We recently synthesized 11C or 18F labeled BCNAs
(Fig. 1) as potential PET reporter probes for imaging
expression of the VZV-tk gene.5 In vitro evaluation
using the human embryonic kidney cell line
HEK-293T has revealed that these tracers selectively
accumulate in VZV-TK-expressing cells,5 in accordance
to mentioned phosphorylation data. The short half-life
of 11C and 18F (t1/2 20.4 and 110 min, respectively)
allows for repeated or sequential imaging using PET.
However, longer half-life radioisotopes would allow

Figure 1. Chemical structures of the 11C or 18F labeled BCNAs for


PET.
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Scheme 1. Synthesis of radiolabeling precursor 3. Reagents and conditions: (a) Pd(PPh3)4, iPr2EtN, CuI, DMF, rt, 19 h; (b) Et3N/MeOH, CuI,


reflux, 4 h.
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for imaging up to several hours after administration of
the tracer and may allow to achieve images with a high
signal/noise ratio because of physiologic wash-out of
background radioactivity and retention of radioactivity
in VZV-TK-expressing cells.4 Iodine-123 (t1/2 13.2 h) is a
SPECT radioisotope and can be conveniently intro-
duced on an aromatic ring bearing a phenol group via
an electrophilic substitution reaction. In this paper, we
report the synthesis and preliminary biological
evaluation of a mono-123I-iodo labeled BCNA, namely
3-(20-deoxy-b-DD-ribofuranosyl)-6-(3-hydroxy, 4-[123I]iod-
ophenyl)-2,3-dihydrofuro[2,3-d]pyrimidin-2-one ([123I]-4),
and its evaluation as a reporter probe for the newly
developed VZV-tk reporter gene.


Bicyclic nucleoside analogues are usually synthesized by
Sonogashira coupling of aryl acetylenes to 5-iodo-2 0-
deoxyuridine under co-catalysis of Pd and cuprous ions,
followed by copper(I)-promoted cyclization of the cou-
pled product in situ or after isolation.6,7 Following this
reaction, the radiolabeling precursor 3 was synthesized
by coupling 3-hydroxyphenyl acetylene and 5-iodo-2 0-
deoxyuridine in 38% yield as reported earlier (Scheme
1).5,8 Compound 3 was used as starting material for
the synthesis of non-radioactive mono-iodo derivative
4 through a standard electrophilic substitution reaction
using sodium iodide (NaI) in the presence of peracetic
acid as an oxidizing agent in acidic medium, in ethanol
as solvent (Scheme 2).9,10 It is evident from the structure
of the phenol precursor 3 that iodination can occur at
three possible positions (two ortho- and one para-posi-

Scheme 2. Synthesis of non-radioactive and radioactive 4. Reagents


and condition: (a) 0.5 M H3PO4, 0.2 M CH3COOOH, [127/123I]NaI,


EtOH, rt, 30–60 min.

tion to the aromatic hydroxyl group). Interestingly,
however, the iodination reaction resulted in one major
mono-iodo compound 4 (as determined using mass spec-
trometry) that was isolated in 47% yield using RP–
HPLC. Two-dimensional rotating frame Overhauser
effect spectroscopy (1H–1H ROESY) experiments using
HPLC purified 4 have revealed that the C-5 proton of
the furopyrimidine ring interacts with C-2 and C-6 pro-
tons of the phenyl moiety, proving the absence of iodine
atom on both these positions. This interaction of C-5
proton (furopyrimidine) with both C-2 and C-6 protons
(phenyl ring) can be explained by the free rotation of the
phenol group around the C-6(furopyrimidine)/C-1(phe-
nyl) bond. Such interaction of C-5 proton (furopyrimi-
dine) with C-5 (or C-4) proton of the phenyl ring is
not very probable in view of the relative large distance
between these protons. Further, the presence of iodine
atom at C-5 position of the phenyl ring can also be
excluded by the presence of a duplet at 7.76 ppm with
a characteristic 3JH–H coupling of 8.2 Hz. These data
strongly suggest that the location of the iodine atom in
4 is at C-4 of the phenyl ring.


The affinity of compounds 3 and 4 for purified recombi-
nant VZV-TK enzyme was evaluated in vitro in compe-
tition with [CH3-3H]dThd (deoxythymidine) as the
natural substrate for VZV-TK, and the results are pre-
sented in Table 1 as 50% inhibitory concentration
(IC50) values. The phenol precursor 3 displays good
affinity for the enzyme with an IC50 value of 2.6 lM,5


followed by the mono-iodo derivative 4 whose IC50


value is 4.2 lM. The affinity of the mono-iodo derivative
4 is comparable to that of previously reported [11C]-1
(IC50 of 1: 4.8 lM), which proved to be a promising
agent in cell uptake studies.5 In contrast to their affinity
for VZV-TK, BCNAs are not phosphorylated by other
nucleoside kinase enzymes (e.g., HSV1-TK, cytosolic

Table 1. Affinity (IC50) of the synthesized non-radioactive compounds


for the enzyme VZV-TK


Compound R IC50
a (lM) LogP


3 H 2.6 ± 0.1 —


4 I 4.2 ± 0.6 —


[123I]-4 123I — 0.83 ± 0.01


a 50% inhibitory concentration or compound concentration required to


inhibit nucleoside kinase-catalyzed phosphorylation of 1 lM


[CH3-3H]dThd by 50%.







Table 2. Biodistribution of [123I]-4 in normal mice at 2 and 60 min


post-injection


Organ %IDa SUVb


2 min 60 min 2 min 60 min


Urine 4.9 ± 3.0 23.3 ± 9.3 — —


Kidneys 12.3 ± 0.9 3.3 ± 1.7 9.0 ± 0.7 2.4 ± 1.1


Liver 26.1 ± 0.7 20.3 ± 5.0 4.9 ± 0.2 4.0 ± 1.0


Spleen + pancreas 1.2 ± 0.1 0.4 ± 0.0 1.7 ± 0.1 0.5 ± 0.0


Lungs 2.2 ± 0.8 0.2 ± 0.1 3.7 ± 0.3 0.7 ± 0.1


Heart 0.5 ± 0.1 0.1 ± 0.0 1.6 ± 0.2 0.4 ± 0.2


Stomach 1.5 ± 0.1 4.1 ± 3.0 — —


Intestines 11.1 ± 1.6 30.1 ± 12.3 — —


Brain 0.1 ± 0.0 0.0 ± 0.0 0.4 ± 0.1 0.0 ± 0.0


Blood 25.5 ± 5.5 4.4 ± 1.8 3.6 ± 0.8 0.6 ± 0.3


Carcass 29.5 ± 0.9 16.5 ± 3.6 — —


Data are expressed as means ± SD; n = 3 per time point.
a Percentage of injected dose calculated as cpm in organ/total cpm


recovered.
b Standard uptake values calculated as (radioactivity in cpm in organ/


weight of the organ in g)/(total counts recovered/body weight in g).
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TK-1) as shown before,5 confirming the basis for the
specificity of these compounds for VZV-TK.


Similar to the synthesis of non-radioactive 4, radiosyn-
thesis of 123I-labeled 4 was achieved by incubating com-
pound 3 with no-carrier-added (nca) [123I]NaI as
labeling agent in the presence of peracetic acid at room
temperature (rt) for 30 min.11 The reaction mixture was
purified using HPLC on an XTerraTM RP C18 column
(5 lm, 4.6 · 250 mm; Waters, Milford, USA), employ-
ing 35% EtOH in 0.05 M NaOAc buffer (pH 5.5) as a
mobile phase at a flow rate of 0.9 mL/min. The radiola-
beled product [123I]-4 was isolated at 21 min. The radio-
chemical yield (RCY) of [123I]-4 was rather low
(12 ± 1%; n = 2) but sufficient for the preliminary bio-
logical evaluation of the tracer. However, this low
RCY is assumed to be partly due to the formation of
isomers in the radioactive synthesis. At least two other
peaks with similar relative intensity as [123I]-4 were ob-
served in the HPLC-chromatogram of the reaction
product after radioactive synthesis. Although the forma-
tion of one such mono-iodo isomer (apart from com-
pound 4) was also observed in the non-radioactive
synthesis, its relative amount was low and hence it was
not isolated and characterized. However, the formation
of other isomers was more pronounced during radiosyn-
thesis resulting in a relative low radiochemical yield of
[123I]-4. Therefore, use of a para-hydroxy compound as
starting material may help to achieve a higher RCY,
in which case the iodination can occur only at the
meta-position of the phenyl ring, resulting in a single
product. The identity of the purified [123I]-4 was con-
firmed by co-elution with authentic non-radioactive
compound 4 after co-injection on the above-described
analytical HPLC system (Fig. 2). The collected fraction
containing [123I]-4 was concentrated using a flow of
nitrogen at 40 �C. An aliquot was reinjected on the same
HPLC system to check the stability of the tracer, and the
analysis showed that the product did not decompose
upon heating at 40 �C for about 20 min.


The lipophilicity of the RP–HPLC purified radiolabeled
product [123I]-4 was determined by partitioning between

Figure 2. RP–HPLC chromatogram of purified [123I]-4 co-injected


with its non-radioactive analogue (rt = 21.3 min).

1-octanol and 0.025 M phosphate buffer, pH 7.4 (n = 6).
The log partition coefficient (log P) value of [123I]-4 was
0.83 ± 0.01.


In vivo distribution of the tracer [123I]-4 was studied in
male NMRI mice and the results are presented in Table
2 as percentage of the injected dose (% ID), or, where
possible, as standard uptake values (SUVs). SUVs were
calculated as (radioactivity in cpm in organ/weight of
the organ)/(total counts recovered/body weight). The
mice were injected via a tail vein with 37 kBq of [123I]-
4 and sacrificed by decapitation at 2 min or 60 min after
injection (n = 3 per time point). Blood and organs were
recovered and weighed, followed by counting of the
radioactivity in an automated c-counter. A high fraction
of the injected radioactivity was present in blood at
2 min post-injection (pi) (25.5% ID), but this cleared
rapidly with only 4.4% ID remaining at 60 min pi. This
indicates a good clearance of the tracer from blood and
its possible usefulness for in vivo imaging starting from
the early hours after injection of the tracer. The com-
pound was cleared mainly by the hepatobiliary system
(50.4% of ID in liver + intestines at 60 min pi) and to
a lesser extent to the urine (23.3% of ID at 60 min pi).
The excretion of [123I]-4 is comparable to that of [11C]-
1 and [18F]-2, which showed 65–67% of ID in the hepa-
tobiliary system and 28–30% ID in urine at 60 min pi.
The activity in other organs (spleen, pancreas, lungs,
heart, and brain) was negligible at 60 min pi (60.4%
ID). In addition, no brain uptake of the tracer was ob-
served at 2 min or 60 min pi. At 2 min pi, the highest
concentration of radioactivity was found in the kidneys
with a SUV of 9.0, followed by liver (SUV = 4.9) and
lungs (SUV = 3.7).


The accumulation of [123I]-4 was evaluated in VZV-TK-
or beta-galactosidase-(control) expressing HEK-293T
cells. HEK-293T cell line is preferred because they can
be readily transduced to high copy numbers, allow for
good selection using puromycin, and because they are
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sufficiently adherent to tolerate the multiple wash-steps
during the uptake studies. The cells were transduced
with a lentiviral vector (LV)12 encoding the VZV-tk gene
or the beta-galactosidase gene and a puromycin resis-
tance gene (pac, puromycin-N-acetyl-transferase) linked
by an internal ribosome entry sequence (IRES). Cells
were incubated in triplicate with about 18 kBq of
[123I]-4 at 37 �C for 30 min. The incubation was followed
by removal of the medium, triple washing of the cells
with ice-cold phosphate-buffered saline, cell lysis using
Cell Culture Lysis Reagent (Promega Corporation,
Madison, USA), and subsequent counting of the radio-
activity in combined wash fractions as well as in cell ly-
sate (c-counter). The accumulation of the tracer was
normalized for total protein content in the cell fraction
for each well and expressed as percent of total radioac-
tivity per mg protein (% tracer/mg protein). The uptake
of [123I]-4 was 1.74-fold higher in VZV-TK-expressing
cells than in beta-galactosidase-expressing cells (1.23%
vs 0.7% of tracer/mg protein in control cells; n = 3;
p < 0.05, unpaired bidirectional Student’s
t-test). However, this uptake ratio (VZV-TK+ cells vs
control) is rather low considering the good affinity of
the non-radioactive compound 4 against VZV-TK
(IC50: 4.2 lM). The previously reported PET tracer
[11C]-1 (IC50 of 1: 4.8 lM) showed an uptake ratio of
53 (VZV-TK+ cells vs control) in the same cell line.
However, the logP of [11C]-1 is 1.27 compared to 0.83
for [123I]-4. Most nucleosides and their analogues are
hydrophilic and are transported across the cell mem-
brane by specialized membrane nucleoside transporter
(NT) proteins belonging to the family of either concen-
trative or equilibrative NTs (CNTs or ENTs, respec-
tively). In contrast, BCNAs that are pyrimidine
nucleoside analogues cross the cell membrane presum-
ably by passive diffusion due to the lipophilicity of the
tracer, which is a crucial factor for its accumulation in
VZV-tk transduced cells. The logP value should ideally
be between 1 and 2.5 for passive diffusion of neutral com-
pounds through cell and tissue membranes.13 Hence, the
low logP value of [123I]-4 may explain its lower uptake in
VZV-TK-expressing cells. However, detailed transport
studies are required to establish the exact mode of trans-
portation of BCNAs across cell and tissue membranes.


In conclusion, further in vivo evaluation of [123I]-4 as a
SPECT tracer for the VZV-tk reporter gene is warranted
in view of its favorable biodistribution, good affinity for
the VZV-TK, and its significant uptake in VZV-TK-
expressing cells.
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Groot, T.; Vanbilloen, H.; de Witte, P.; Verbruggen, A.
J. Labelled Compd. Radiopharm. 2004, 47, 191.


10. Compound 4: To a stirred solution of compound 3
(100 mg, 0.29 mmol) in EtOH (200 mL) were sequentially
added 0.5 M H3PO4 (33.3 mL), 0.2 M peracetic acid
(66.6 mL), EtOH (70 mL), and dropwise a solution of
NaI in 0.01 M NaOH (2 mg/mL; 21.7 mL). The reaction
mixture was stirred at rt for 1 h, followed by evaporation
of the solvents under reduced pressure. The crude product
was purified using HPLC that consisted of a Waters 600
pump (Waters) and a C-18 semi-preparative column
(Econosphere, 10 · 250 mm; Alltech, Deerfield, USA)
eluted with 25% CH3CN in 0.01 M NH4OAc solution at
a flow rate of 3.0 mL/min (rt = 18.7 min). Detection was
carried out using a UV-spectrometer (Waters 2487 Dual k
absorbance detector) set at 254 nm. After evaporation of
the solvent from the combined HPLC fractions, the
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product was obtained as a white solid (64 mg, 47%). dH


(DMSO-d6) 8.86 (1H, s, 4-H), 7.76 (1H, d, 3J = 8.2 Hz, Ph-
5-H), 7.30 (1H, d, 4J = 1.6 Hz, Ph-2-H), 7.21 (1H, s, 5-H),
7.05 (1H, dd, 3J = 8.2 Hz, 4J = 1.6 Hz, Ph-6-H), 6.18 (1H,
t, 3J = 6.1 Hz, 10-H), 5.32 (1H, d, 3J = 4.4 Hz, 3 0-OH),
5.20 (1H, t, 3J = 5.0 Hz, 5 0-OH), 4.25 (1H, m, 30-H), 3.93
(1H, m, 40-H), 3.67 (2H, m, 5 0-CH2), 2.41 (1H, m, 2 0-H),
2.10 (1H, m, 2 0-H); MS (ES)+ Accurate mass:
[C17H15IN2O6+Na]+ theor. 492.9872; found 492.9825.


11. Synthesis of [123I]-4: To a labeling reaction vial containing
37 MBq of nca [123I]NaI in 2 lL of 0.05 M NaOH were
sequentially added a solution of 3 in EtOH (0.5 mg/mL;
150 lL), 0.5 M H3PO4 (25 lL), 0.2 M peracetic acid
solution (50 lL), and EtOH (50 lL). The reaction mixture

was incubated at rt for 30 min, followed by purification
using RP–HPLC on an XTerraTM RP C18 column (5 lm,
4.6 · 250 mm; Waters), eluted with 35% EtOH in 0.05 M
NH4OAc buffer (pH 5.5) at a flow rate of 0.9 mL/min
(rt = 21.3 min). Detection of the compounds was carried
out using a UV-detector set at 254 nm, and a 3-inch
NaI(Tl) scintillation detector connected to a single channel


analyzer. [123I]-4 was obtained in 12 ± 1% yield (relative to


starting 123I activity, n = 2).
12. Geraerts, M.; Michiels, M.; Baekelandt, V.; Debyser, Z.;


Gijsbers, R. J. Gene Med. 2005, 7, 1299.
13. Young, R. C.; Mitchell, R. C.; Brown, T. H.; Ganellin, C. R.;


Griffiths, R.; Jones, M.; Rana, K. K.; Saunders, D.; Smith, I.
R.; Sore, N. E.; Wilks, T. J. J. Med. Chem. 1988, 31, 656.
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Abstract—The ubiquitin–proteasome pathway degrades the majority of proteins in mammalian cells and plays an essential role in
the generation of antigenic peptides presented by major histocompatibility class I molecules. Proteasome inhibitors are of great
interest as research tools and drug candidates. Most work on proteasome inhibitors has focused on the inhibition of the chymotryp-
tic-like (b5) sites; little attention has been paid to the inhibition of two other types of active sites, the trypsin-like (b2) and the cas-
pase-like (b1). We report here the development of the first cell-permeable and highly selective inhibitors (4 and 5) of the
proteasome’s caspase-like site. The selectivity of the compounds is directly and unambiguously established by Staudinger–Bertozzi
labeling of proteasome subunits covalently modified with azide-functionalized inhibitor 5. This labeling reveals that the caspase-like
site of the immunoproteasome (b1i) is a preferred target of this compound. These compounds can be used as tools to study roles of
b1 and b1i sites in generation of specific antigenic peptides and their potential role as co-targets of anti-cancer drugs.
� 2007 Elsevier Ltd. All rights reserved.

The 26S proteasomes degrade the majority of cytosolic
and nuclear proteins to oligopeptides,1 some of which
are used in the major histocompatibility complex
(MHC) class I antigen presentation pathway.2 Proteaso-
mal protein degradation takes place inside a barrel-
shaped 20S core that consists of four rings of seven
subunits each. Proteolytic active sites are located on
the three b subunits (b1, b2, and b5) of each of the
middle two rings.3 Each catalytic subunit has a different
substrate specificity.4 The b1 subunit cuts preferentially
after acidic residues and is therefore referred to as cas-
pase-like.5 The b2 subunit cleaves peptide bonds after
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basic residues and is called trypsin-like. The b5 subunit
displays a chymotrypsin-like activity and cleaves after
large, hydrophobic residues. Interferon-c induces
expression of immunoproteasome, in which the catalytic
b1, b2, and b5 subunits are replaced by the b1i (LMP2),
b2i (MECL), and b5i (LMP2) subunits that are encoded
by the MHC genome locus.1,6 The active sites of the
immunoproteasome display slightly different substrate
specificities from those of the corresponding active sites
of the constitutive subunits. As a result, the immunopro-
teasome generates more peptides amendable for MHC
class I antigen presentation.7


To gain more insight into the contribution of the differ-
ent proteasomal subunits to the process of protein deg-
radation and antigen presentation, selective inhibitors of
individual active sites are needed. Some inhibitors with
selectivity for either the trypsin-like or the chymotryp-
sin-like subunits have been reported.8,9 In contrast, the
only cell-permeable inhibitor of the caspase-like sites10
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causes considerable inhibition of the chymotrypsin-like
sites.5 In addition to the chymotrypsin-like (b5) site,
the caspase-like site has been recently identified as a sec-
ondary target of bortezomib (VELCADE),11,12 a pro-
teasome inhibitor being used for the treatment of
multiple myeloma.13 Specific inhibitors of the caspase-
like site are needed to address the question whether inhi-
bition of this site is important for bortezomib’s anti-neo-
plastic activity and thus facilitate the development of
new drugs of this class.


The most convenient and reliable way to directly mea-
sure proteasome inhibition inside living cells is by using
activity-based probes. Most of the probes that report on
activity of all three active sites are much weaker inhibi-
tors of the caspase-like sites than of the chymotrypsin-
like and trypsin-like sites. No specific activity-based
probe for the caspase-like proteasomal subunits has
been reported to date.


We considered the selective, reversible, and cell-imper-
meable peptide aldehyde inhibitor 1 (Fig. 1) of the cas-
pase-like site of the proteasome to be a suitable
starting point for the development of a cell-permeable
inhibitor/probe 5. Vinyl sulfones are suitable electro-
philic traps to alkylate the N-terminal threonine residue,
the active-site nucleophile of the proteasome.9,14 The
selectivity of peptidyl vinyl sulfones toward proteasomal

Figure 1. Proteasome inhibitors. Inhibitors 1, 2, 3, and 6 are described in th


study. Compound 7 is a Staudinger–Bertozzi phosphine reagent used to bio

catalytic residues depends on the peptide portion of the
inhibitor but also on the functional group downstream
of the vinyl sulfone moiety. For example, Bogyo and
co-workers14 showed that in case of GL3-vinyl sulfones,
phenolic vinyl sulfone (compound 2; Fig. 1) was a better
inhibitor of the caspase-like site than was the corre-
sponding methyl vinyl sulfone (compound 3; Fig. 1).
Thus, a phenolic vinyl sulfone seemed to be the obvious
electrophilic trap to use.


To avoid the elaborate synthesis of a suitably protected
aspartic acid vinyl sulfone moiety for block coupling of
the peptide vinyl sulfone building block to a peptide
sequence, the P1 aspartic acid was replaced by leucine,
thus generating compound 4 (Fig. 1). It is known that
the caspase-like subunit also cleaves after hydrophobic
branched-chain amino acids,4,5,15 and this fact has been
used in irreversible inhibitor design. An epoxyketone-
based inhibitor with leucine in the P1 position can inhi-
bit the caspase-like subunit with significant, albeit not
absolute, specificity.5,10 Furthermore, the leucine residue
renders the inhibitor more apolar and thus possibly
more cell-permeable.


The synthesis of vinyl sulfone 4 (described in Supporting
Information) makes use of solid-phase peptide synthesis
to generate the Ac-Ala-Pro-nLeu-OH oligopeptide,
which was condensed in solution with phenolic leucine

e literature. Compounds 4 and 5 are novel inhibitors described in this


tinylate proteasome subunits covalently modified by compound 5.







Figure 3. Two-step visualization of compound 5 targets. RPMI-8226


human multiple myeloma cells were incubated for 18 h with different


concentrations of 5. Cells extracts were prepared and treated with


biotinylated phosphane 7, followed by fractionation on SDS–PAGE


(a) or 2D gel (b) and Western blotting. Membranes were incubated


with streptavidin-IRDye800CW conjugate. Labeled proteins were


visualized with Odyssey near-IR fluorescent imager. In panel (c) and


in lane 1 of panel (a), an extract treated with 100 lM biotinylated


active site probe 6, which modifies all six catalytic subunits, was


analyzed. The identities of subunits were inferred from gel migration


patterns based on previous work.17
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vinyl sulfone. In an initial experiment, the potency and
selectivity of peptide vinyl sulfone 4 toward caspase-like
activity was assessed using purified 26S proteasome from
rabbit muscle20 and fluorogenic substrates that report on
either trypsin-like activity (Boc-LRR-amc), chymotryp-
sin-like activity (Suc-LLVY-amc), or caspase-like activity
(Ac-nLPnLD-amc).16 Compound 4 irreversibly inhibited
caspase-like activity with kobs/[I] = 128 ± 7 M�1 s�1. Sim-
ilar to compound 1,5 more than 90% inhibition of this site
was achieved at 10–20 lM concentrations of compound
4. No inhibition of chymotrypsin-like and trypsin-like
activity was observed at concentrations of up to
500 lM. To further confirm the specificity of the com-
pound 4, 26S proteasomes were pre-incubated with large
excess of compound 4 (50–100 lM, Fig. 2a). This resulted
in a complete block of caspase-like activity, but did not af-
fect the rate of hydrolysis by the chymotrypsin-like sub-
unit, and activated the trypsin-like site. Similar
activation of the trypsin-like activity by compound 1
has been observed.5 Thus, compound 4 is a highly selec-
tive inhibitor of the caspase-like sites (b1) of purified
proteasomes.


To convert inhibitor 4 into an activity-based probe, we
decided to introduce an azide moiety on the N-terminal
acetyl function to give compound 5 (Fig. 1; for prepara-
tion of compound 5, see Supporting Information).
Based on literature evidence, direct attachment of a bio-
tin moiety to the probe was expected to influence sub-
unit specificity and decrease cell permeability.17 This
has been circumvented before by use of an azide as la-
tent ligation handle and by biotinylation via Staudinger–
Bertozzi ligation.18,19 Staudinger–Bertozzi ligation is a
reaction of biotinylated triarylphosphine with an azido
group on a biological macromolecule, which results in
a selective biotinylation of the latter. In the case of
proteasome, only subunits that are covalently modified
by azido-inhibitor, such as compound 5, will become
biotinylated when treated with Staudinger–Bertozzi
reagent.7,19


Assay of proteasome peptidase activities21 in cells trea-
ted with compounds 4 (not shown) and 5 (Fig. 2b) using
fluorogenic substrates16 clearly demonstrated specific
inhibition of caspase-like activity and activation of the

Figure 2. Selectivity of compounds 4 and 5. (a) Purified 26S proteasomes from


different active sites were measured with fluorogenic peptide substrates.16 (b)


18 h, followed by measurements of proteasome peptidase activities in cel


Ac-nLPnLD-amc for the caspase-like site, and Boc-LRR-amc (a) or Ac-RL

trypsin-like site (Fig. 2b). In order to visualize the sub-
units modified by inhibitor 5, the azide moieties of
labeled proteasomal subunits were modified with a bio-
tin moiety by Staudinger–Bertozzi ligation with biotinyl-
ated phosphine 7. In short, cells were incubated for 16 h
with different concentrations of 5, harvested, and perme-
abilized with digitonin, and cytosol was squeezed out by
centrifugation. Extracts were treated with phosphine 7
to introduce a biotin moiety, separated on SDS–PAGE,
and transferred onto polyvinylydine difluoride mem-
branes. Biotinylated proteins were stained with fluores-
cently labeled streptavidin (Fig. 3a). b1i is modified
predominantly at lower concentrations of 5, whereas
at higher concentration both caspase-like subunits (b1
and b1i) are targeted.


Because the b1, b1i, b5, b5i proteasome subunits are not
always resolved on one-dimensional SDS–PAGE, the
specificities of compounds were further confirmed by
two-dimensional (2D) gel electrophoresis of the same
phosphane-treated cytosolic extracts.21 2D gels are
known to separate all three catalytic subunits of consti-

rabbit muscle were treated with 4 for 30 min and peptidase activities of


RPMI-8226 human multiple myeloma cells were incubated with 5 for


l extracts. Suc-LLVY-amc was used for the chymotrypsin-like site,


R-amc (b) for the trypsin-like site. All substrates were at 100 lM.
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tutive proteasomes from each other and from the three
catalytic subunits of the immunoproteasomes.14,17 Ex-
tracts of cells treated with inhibitor 5 were incubated
with phosphine 7 and separated on a 2D gel21 (Fig. 3).
Modification of both b1 and b1i subunits was observed.
The lack of labeling of the other proteasomal subunits
confirms the specificity of 5 for caspase-like activity as
found with peptidase assays. No other non-proteasomal
spots were detected, indicating no significant inhibition
of other cellular proteases.


In conclusion, we have presented here two new peptide
vinyl sulfone inhibitors of the caspase-like (b1 and b1i)
subunits of the proteasome. The introduction of an
azide moiety did not change the inhibition profile and
enabled direct visualization of caspase-like activities
via Staudinger ligation followed by SDS–PAGE and
Western blotting. This approach revealed that these
compounds are better inhibitors of b1i sites of the
immunoproteasome than of the b1 sites of normal (con-
stitutive) proteasome. Both inhibitors presented here, as
well as the Staudinger ligation protocol applied, will be
of value for future research aimed at the role of the cas-
pase-like subunit in the processing of antigens and as
co-targets of anti-cancer drugs.
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3. Groll, M.; Ditzel, L.; Löwe, J.; Stock, D.; Bochtler, M.;
Bartunik, H.; Huber, R. Nature 1997, 386, 463.


4. Dick, T. P.; Nussbaum, A. K.; Deeg, M.; Heinemeyer, W.;
Groll, M.; Schirle, M.; Keilholz, W.; Stevanovic, S.; Wolf,
D. H.; Huber, R.; Rammensee, H. G.; Schild, H. J. Biol.
Chem. 1998, 273, 25637.


5. Kisselev, A. F.; Garcia-Calvo, M.; Overkleeft, H. S.;
Peterson, E.; Pennington, M. W.; Ploegh, H. L.; Thorn-

berry, N. A.; Goldberg, A. L. J. Biol. Chem. 2003, 278,
35869.


6. Pamer, E.; Cresswell, P. Annu. Rev. Immunol. 1998, 16,
323; Kloetzel, P. M. Nat. Immunol. 2004, 5, 661; Groett-
rup, M.; Khan, S.; Schwarz, K.; Schmidtke, G. Biochimie
2001, 83, 367.


7. Cascio, P.; Hilton, C.; Kisselev, A.; Rock, K.; Goldberg,
A. EMBO J. 2001, 20, 2357; Van den Van den Eynde, B.
J.; Morel, S. Curr. Opin. Immunol. 2001, 13, 147.


8. Elofsson, M.; Splittgerber, U.; Myung, J.; Mohan, R.;
Crews, C. M. Chem. Biol. 1999, 6, 811; Garcia-Echeverria,
C. Mini-Rev. Med. Chem. 2002, 2, 247; Kisselev, A. F.;
Goldberg, A. L. Chem. Biol. 2001, 8, 739.


9. Groll, M.; Nazif, T.; Huber, R.; Bogyo, M. Chem. Biol.
2002, 9, 655.


10. Myung, J.; Kim, K. B.; Lindsten, K.; Dantuma, N. P.;
Crews, C. M. Mol. Cell 2001, 7, 411.


11. Altun, M.; Galardy, P. J.; Shringarpure, R.; Hideshima,
T.; LeBlanc, R.; Anderson, K. C.; Ploegh, H. L.; Kessler,
B. M. Cancer Res. 2005, 65, 7896; Berkers, C. R.; Verdoes,
M.; Lichtman, E.; Fiebiger, E.; Kessler, B. M.; Anderson,
K. C.; Ploegh, H. L.; Ovaa, H.; Galardy, P. J. Nat.
Methods 2005, 2, 357.


12. Kisselev, A. F.; Callard, A.; Goldberg, A. L. J. Biol.
Chem. 2006, 281, 8583.


13. Adams, J. Nat. Rev. Cancer 2004, 4, 349.
14. Bogyo, M.; McMaster, J. S.; Gaczynska, M.; Tortorella,


D.; Goldberg, A. L.; Ploegh, H. Proc. Natl. Acad. Sci.
U.S.A. 1997, 94, 6629.


15. Cardozo, C.; Michaud, C.; Orlowski, M. Biochemistry
1999, 38, 9768; McCormack, T. A.; Cruikshank, A. A.;
Grenier, L.; Melandri, F. D.; Nunes, S. L.; Plamondon,
L.; Stein, R. L.; Dick, L. R. Biochemistry 1998, 37,
7792.


16. Kisselev, A. F.; Goldberg, A. L. Methods Enzymol. 2005,
398, 364.


17. Kessler, B. M.; Tortorella, D.; Altun, M.; Kisselev, A. F.;
Fiebiger, E.; Hekking, B. G.; Ploegh, H. L.; Overkleeft, H.
S. Chem. Biol. 2001, 8, 913.


18. Saxon, E.; Bertozzi, C. R. Science 2000, 287, 2007.
19. Ovaa, H.; van Swieten, P. F.; Kessler, B. M.; Leeuwen-


burgh, M. A.; Fiebiger, E.; van den Nieuwendijk, A. M.;
Galardy, P. J.; van der Marel, G. A.; Ploegh, H. L.;
Overkleeft, H. S. Angew. Chem., Int. Ed. 2003, 42, 3626.


20. Kisselev, A. F.; Kaganovich, D.; Goldberg, A. L. J. Biol.
Chem. 2002, 277, 22260.


21. Cells were treated with varying concentrations of inhib-
itors (or mock-treated) for 18 h, harvested, washed three
times in ice-cold PBS, and frozen at �80 �C. After
thawing, cells were re-suspended in 4 volumes of homog-
enization buffer (50 mM Tris–HCl, pH 7.5, 250 mM
sucrose, 5 mM MgCl2, 2 mM ATP, 1 mM DTT, 0.5 mM
EDTA, and 0.025% digitonin). After 5 min of incubation
on ice, extracts were separated from cell debris by
centrifugation at 20,000g for 15 min (4 �C). Protein
concentrations were determined by Bradford and used to
normalize subsequent assays. Peptidase activities were
measured with site-specific fluorogenic peptides as
described,16 using pre-treatment of extracts with epox-
omicin to account for background cleavage of these
peptides from non-proteasomal proteases. Another ali-
quot of each extract was treated with 0.5 mM phosphane 7
and analyzed on SDS–PAGE (12% Novex NuPAGE Bis–
Tris gel with MOPS running buffer) or 2D gels (using
Invitrogen ZOOM system with pH 3–10 isoelectric focus-
ing strips and a 4–12% gradient NuPAGE Bis–Tris gel
with MOPS buffer).



http://dx.doi.org/10.1016/j.bmcl.2007.03.092

http://dx.doi.org/10.1016/j.bmcl.2007.03.092



		A cell-permeable inhibitor and activity-based probe for the  caspase-like activity of the proteasome

		Acknowledgments

		Supplementary data

		References and notes








Bioorganic & Medicinal Chemistry Letters 17 (2007) 3497–3503

RXR–LXR heterodimer modulators for the potential treatment
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Abstract—A number of RXR agonists were synthesized and screened in functional assays. The synthesis and the structure–activity
relationship (SAR) within the series of compounds will be presented. Some in vivo data in rodent models for dyslipidemia and dia-
betes will also be presented.
� 2007 Published by Elsevier Ltd.

Retinoid X receptors are part of the nuclear receptor
superfamily that function as ligand-activated transcrip-
tion factors. RXRs modulate gene transcription through
homodimers (RXR–RXR) or heterodimers such as
RXR–LXRs, RXR–PPARs, RXR–FXR, RXR–TR,
and RXR–VDR.1,2 These receptors impact a number
of metabolic pathways and the modulators of these
receptors have shown efficacy in treating metabolic dis-
orders. These modulators, however, also result in unde-
sired side effects. Agonists of PPARc such as AvandiaTM


and ActosTM improve insulin sensitivity in diabetic
patients but also induce weight gain and edema in many
patients. RXR modulators might provide an alternative
pathway for treating a variety of metabolic diseases such
as dyslipidemia and diabetes.3,4 A pan RXR agonist,
however, may also show untoward side effects in the
clinic including hypertriglyceridemia and suppression
of thyroid hormone.5,6 Recent data with heterodimer
selective RXR agonists such as LG1506 (4) indicate that
it is possible to develop RXR modulators having bene-
ficial metabolic effects without hypertriglyceridemia
and thyroid suppression.7 LG1506 selectively activates
the PPAR subfamily of heterodimers and, unlike the
selective PPARc agonists, does not induce weight gain
in rodents. These data indicate that RXR modulators
with the appropriate tissue and gene selective profiles
may be developed.
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Structures of some of the known RXR agonists are
shown in Figure 1.8–13 A few compounds such as 1
and 4 were reported to selectively activate the
RXR–PPARc heterodimer over the RXR–LXR hetero-
dimer.10,13 Similarly, compound 3 was reported to acti-
vate the RXR–RXR homodimer and RXR–PPAR
heterodimers but not the RXR–FXR and the RXR–
LXR heterodimers.12 The data reported for the tetra-
hydrobenzofurans 5a and 5b reveal that the binding
affinity of the compounds increased when the thiazolid-
inedione (TZD) moiety was replaced by the carboxylic
acid (Ki = 6 nM for 5b; Ki = 20 nM for 5a).14 The collab-
orative research program between Johnson & Johnson
PRD and Maxia Pharmaceuticals (now Incyte Corpora-
tion) resulted in the identification of novel TZDs such as
6.13 If a similar trend is observed, it might be possible to
increase the potency of 6 by replacing the TZD moiety
with a carboxylic acid 7. Herein we disclose the synthesis
and SAR for the series of compounds that are analogs of
7 (Fig. 1). Some of the compounds showed an unexpect-
ed selectivity for the RXR–LXR heterodimer partner,
which could have beneficial effects for both cardiovascu-
lar disease and diabetes.14,15


A number of compounds with changes in the left hemi-
sphere and the linker chain (Fig. 1) were synthesized by
using the chemistry shown in Schemes 1 and 2. In all the
analogs except 36 and 37, the methyl group at the C-6-
position was maintained in the left hemisphere. This
methyl group is considered to be necessary for the com-
pounds to attain the necessary L-shaped conformation
(‘a-methyl effect’) thereby imparting selectivity for
RXR over RAR.16 In general, a number of benzo-fused
cyclic amides were synthesized by known synthetic
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routes and brominated by the treatment with NBS.17–19


The amide nitrogen was then alkylated under standard
conditions in high yield. Suzuki coupling with an appro-
priate aryl boronic acid yields aldehyde, which was then
converted into the cinnamate ester using Horner–Em-
mons conditions in good overall yields. The final
carboxylic acids were obtained by the removal of the
tert-butyl group by treatment with TFA (Scheme 3).


In order to identify compounds that would have poten-
tial to increase reverse cholesterol transport and plasma

HDL-C as potential novel therapy for the treatment of
dyslipidemias characterized by low circulating HDL-C,
we initially screened all the compounds for their ability
to induce expression of ABCA-1 (a member of the
ATP binding cassette protein family), a key gene in-
volved in reverse cholesterol transport and known to
be upregulated by LXR agonists.20,21 Compounds were
screened using branched DNA technology to measure
induction of ABCA1 mRNA in the human monocytic
cell line, THP-1.22 In this assay, the maximal efficacy
of the newly synthesized RXR agonists was about half
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of that compared to the known LXR agonist TO-
901317.23 In addition, all RXR agonists screened
showed additive activity when screened in combination
with an LXR agonist using the bDNA assay but did
not have LXR agonist activity as evidenced in the
LXR transactivation reporter assays (data not shown).
These data lend additional support that the compounds
activated the RXR/LXR heterodimers through an inter-
action with the RXR receptor. To determine the activity
at the RXR receptor (subtype alpha), the compounds
were tested in a co-transfection assay with the yeast
GAL4 DNA binding domain fused to the ligand binding
domain of RXRa and the yeast promoter driving
luciferase expression. A few selected compounds were
also tested for their ability to induce the adipocyte fatty
acid binding protein (aP2) mRNA in primary human

preadipocytes, which would be indicative of activation
of the RXR–PPARc heterodimer. The results are sum-
marized in Tables 1–3.


As shown in Table 1, compound 14a where the double
bond resided at the para position with respect to the
OCF3 group in the linker phenyl group showed EC50


comparable to that of 6 in the RXR co-transfection
assay (1.8 nM vs 0.9 nM for 6). The compound was sig-
nificantly more potent (EC50 = 3.6 nM) for activating
RXR–LXR heterodimer than 6 (EC50 = 180 nM). In
comparison, 14b where the double bond was attached
at the meta position with respect to the OCF3 group in
the linker phenyl group was not active in the ABCA-1
gene induction assay. Replacement of the trifluorometh-
oxy group with a triflouroethoxy group resulted in 14d







Table 1. Modifications in the linker chain in 14


NO X OH


O


NO


F3CO


NH
S


O


O


6 14


Compound X ABCA-1 EC50
a (nM) RXRa co-trans EC50


a (nM)


6 N/A 180 (100%) 0.9 (100%)


14a


F3CO


3.6 (81%) 1.8 (115%)


14b
F3CO


>3000 ND


14c


MeO
975 ND


14d O


F3C


296 (60%) 67.3 (76%)


14k
O


>3000 >10,000


14m
S


>3000 1200


ND, not determined.
a The numbers in parentheses represent % maximal activation in comparison to compound 6.
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with decreased potency and efficacy while replacement
of the OCF3 group with a methoxy (14c) dramatically
decreased the activity. The compounds 14k and 14m
where the phenyl ring was replaced by a furan or a thi-
ophene were found to be weakly active in the functional
assays Table 4.


We next turned our attention to the dihydro-[1H]-quin-
olin-2-one core of the compounds. The results are
shown in Table 2.


The presence and the nature of an alkyl group on the
nitrogen of the dihydro-[1H]-quinolin-2-one core were
found to be important in the functional assays for com-
pounds 14a and 14f–i. The absence of an alkyl group in
14e resulted in loss of activity. Interestingly, the presence
of ethyl, propyl or trifluoroethyl gave compounds with
high and comparable potency (EC50 = 1–2 nM) in the
RXR transactivation assay but a wider range of potency
observed in the ABCA-1 gene induction assay. The pres-
ence of methyl or an isopropyl group on the nitrogen
gave compounds with lower potency in the co-transfec-
tion assay. However, 14h was significantly more potent
in the ABCA-1 gene induction assay (EC50 = 10 nM)
than 14f (EC50 = 200 nM) suggesting that the com-
pounds may be showing some degree of selectivity.
The compounds 18, 23, and 28 where the dihydro-quin-
olin-2-one core was modified showed no activity at the

testing concentration, however compound 24 was found
to have reasonable potency in the RXR co-transfection
(EC50 = 173.1 nM) and the ABCA-1 (EC50 = 39.7 nM)
assay. Both 36 and 37 were found to be inactive at the
testing concentration in the ABCA-1 assay, but 37 was
found to be substantially more potent (EC50 = 96 nM)
than 36 (EC50 = 1600 nM) in the RXR transactivation
assay.


As previously mentioned, some reported compounds
such as 1 and 4 selectively activated the RXR–PPARc
heterodimer. A few compounds from this series were
screened for their ability to activate RXR–PPARc het-
erodimer (induction of aP2) using the bDNA assay22


and the results are shown in Table 3. The maximal activ-
ity for compound 6 in this assay was 25–35% compared
to the PPARc agonist Rosiglitazone.


While 6 was equipotent for activating RXR–LXR and
RXR–PPARc heterodimers, compounds 14d, 14j, and
31 were found to be more specific for the activation of
RXR–LXR over RXR–PPARc heterodimers. Com-
pounds 14j, and 31 had low potency but high efficacy
for the induction of aP2 as evidenced by the high
maximal activation values relative to compound 6.
To the best of our knowledge, these are the first
reported examples of RXR agonists that show greater
selectivity in the in vitro assay for the activation of







Table 2. Modifications in the left hemisphere
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F3CO


OH


O


R


X


F3CO


OH


O


or


Compound R or X ABCA-1 EC50
a (nM) RXRa co-trans EC50


a (nM)


14e H >3000 NA


14f Me 200 (56%) 24.3


14a Et 3.6 (81%) 1.8 (94%)


14g n-Pr >3000 2.1 (83%)


14h i-Pr 10 (70%) 16.3


14i CH2CF3 >3000 1.8 (94%)


18
N


O


O
>3000 ND


23
N


O


O >3000 ND


24
N


O


O
39.7 (79%) 173.1(78%)


28
N


N


O
>3000 ND


36
NO


>3000 1600


37
NO


>3000 96.6 (125%)


NA, not active. ND, not determined.
a The numbers in parentheses represent % maximal activation in comparison to compound 6.
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the RXR–LXR heterodimer complex over RXR–
PPARc complex.


While the origin of such selectivity is not well under-
stood at the present time, one of the compounds, 14d,
was evaluated in rodent models of diabetes and dyslipi-
demia. The compound showed a satisfactory pharmaco-
kinetic profile in Sprague–Dawley rats when dosed at
3 mg/kg (10% hydroxypropyl b-cyclodextrin (pH 10)
with an oral bioavailability of 51%, Cmax = 844 ng/mL,
AUC = 5519 ng h/mL; T1/2 = 4.6 h).


As a model of dyslipidemia, Sprague–Dawley male rats
were fed a high cholesterol, atherogenic diet (C13002
Research Diets, New Brunswick, NJ) ad libitum, which

typically induces a fivefold increase in serum cholesterol
after 14 days. Compound 14d was orally administered
(0.3, 1, 3, and 10 mpk) after 6 days on the diet in 15%
hydroxylpropyl b-cyclodextrin at pH 10) for a total of
8 days. Serum cholesterol, HDL-C, LDL-C, and triglyc-
eride levels were determined. Treatment with compound
14d elicited a statistically significant increase in HDL-C
and a small decrease in LDL-C levels as compared to the
vehicle control animals. Serum triglycerides were not in-
creased to a statistically significant level. The Cmax con-
centrations ranged from an average of 61 ng/ml (0.3 mg/
kg) to 2124 ng/ml (10 mg/kg). On the other hand, the
compound failed to lower blood glucose in the db/db
mouse model for diabetes following 11 days of
treatment (data not shown). These results seem to be







Table 3. Selectivity for the RXR agonists


Compound ABCA-1 EC50
a (nM) aP2 EC50 (nM) RXRa co-trans EC50


a (nM)


NO


F3CO


NH
S


O


O


6


180 (100%) 139 0.9 (100%)


N


F3C


O


F3CO


OH


O14i


>3000 126 1.8 (94%)


NO


F3CO


OH


O
14g


>3000 131 2.1 (83%)


NO


O


OH


O


F3C


14d


296 (60%) >3000 67.3 (80%)


NO


O


OH


O


F3C


14j


44 (32%) >3000b 18.3 (64%)


N


O


O


F3CO


OH


O
31


163 (76%) >3000c 61.2 (86%)


a The numbers in parentheses represent % maximal activation in comparison to compound 6.
b 149% maximal activation compared to 6.
c 240% maximal activation compared to 6.


Table 4. Effects of 14d and 6 on serum cholesterol and triglycerides following 8 days of treatment in Sprague–Dawley rats fed a high cholesterol diet


Dose (mg/kg) HDL-C (mg/dL) LDL-C (mg/dL) Total cholesterol (mg/dL) Triglycerides (mg/dL)


Vehicle 15 ± 3 144 ± 14 421 ± 26 227 ± 36


0.3 16 ± 5 134 ± 17 382 ± 38 341 ± 31


1 38 ± 4* 151 ± 8 440 ± 24 182 ± 24


3 34 ± 2* 102 ± 9 302 ± 27 249 ± 38


10 41 ± 2** 126 ± 13 349 ± 26 175 ± 28


1 (mpk) 6 41 ± 2** 126 ± 13 371 ± 38 216 ± 9


Data are expressed as means ± SEM and were analyzed using one way ANOVA and Dunnet’s multiple comparison test (*p < 0.05, **p < 0.001). All


comparisons are made relative to the vehicle controls.
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consistent with the in vitro finding that 14d did not acti-
vate the RXR–PPARc heterodimer but did activate the
RXR–LXR heterodimer. In contrast, 6 was found to
potently activate both RXR–LXR and RXR–PPARc
heterodimers and showed glucose-lowering effects in
addition to the beneficial effects on the cholesterol levels
(data not shown). These observations suggest that it
may be possible to synthesize RXR modulators that
selectively activate different permissive heterodimers

other than RXR–PPARc. While these results are
intriguing, one would need to study a large number of
RXR agonists with different selectivity profiles (in the
in vitro assays) in these models of dyslipidemia and dia-
betes before a firm conclusion is reached.


We have synthesized analogs of 6 where the TZD group
was replaced with a carboxylic acid. The SAR in the ser-
ies suggest a possibility of finding RXR modulators that
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are selective for activation of different permissive hetero-
dimers of RXR other than the previously reported
RXR–PPARc modulators. These compounds could be
used as tools to further ascertain the roles of various het-
erodimers for the treatment of metabolic disorders.
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Abstract—Design and synthesis of a series of 3-amino-4-(2-(2-(4-benzylpiperazin-1-yl)-2-oxoethoxy)phenylamino)cyclobutenedione
derivatives as novel CCR1 antagonists are described. Structure–activity relationship studies led to the identification of compound
22, which demonstrated potent binding activity, functional antagonism of CCR1 as well as good species cross-reactivity. In addition,
compound 22 also showed desirable pharmacokinetic profiles and was selected for in vivo studies in the mouse collagen-induced
arthritis model.
� 2007 Elsevier Ltd. All rights reserved.

Chemokines are a specialized family of small cytokines
(8–15 kDa) that act as potent mediators of inflammation
by their ability to recruit and activate specific leukocyte
subpopulations. Chemokines activate leukocytes by
binding to specific chemokine receptors belonging to
the G protein-coupled receptors (GPCR) on the target
cell plasma membrane.1,2


Chemokines are divided into four subfamilies: CC,
CXC, C, and CX3C defined by the position of the con-
served cysteine residues near the N-terminus. CCR1 is a
chemokine receptor expressed by a variety of immune
cells including monocyte-macrophages, T-lymphocytes,
neutrophils, basophils, eosinophils, NK cells, mast cells,
and dendritic cells. CCR1 is activated by CC chemo-
kines such as MIP-1a, RANTES, and MPIF-1.3 Sub-
stantial evidence regarding genetic and animal studies
has linked CCR1 and its ligands to the pathogenesis of
autoimmune diseases such as rheumatoid arthritis
(RA) and multiple sclerosis, and to allograft rejection.
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CCR1-positive cells—mostly macrophages—are scat-
tered throughout the synovium in RA.4 MIP-1a null
mice exhibited lower clinical and histopathological
scores in anti-type II collagen monoclonal antibody
(anti-CII mAb)-induced arthritis.5 CCR1-deficient mice
had reduced incidence and ameliorated severity of
disease in a mouse EAE model.6 CCR1-deficiency also
significantly prolonged allograft survival in several
cardiac allograft models.7 The administration of
Met-RANTES, a CCR1/5 antagonist, reduced joint
inflammation, bone destruction, and cell recruitment
into joints in rodent arthritis models.8,9 Initial safety
and proof-of-concept was shown with a selective, orally
bioavailable CCR1 small molecule antagonist in
patients with RA.10 These data illustrate the potential
of CCR1 antagonists in these diseases, and thus make
it an attractive target for drug discovery research.


Several chemotypes of CCR1 antagonists have been
reported: piperazine derivative I (BX-471)11 and II,12


xanthene derivative III,13 hydroxyethylene peptide
isostere compound IV14, and piperidine derivative V15


(Fig. 1). BX-471 and compound IV were advanced to
the clinic for multiple sclerosis and rheumatoid arthritis,
respectively.


Except compound II,12a,2b most CCR1 antagonists
reported so far suffered from poor species cross-reactivity
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or poor oral bioavailability, which may limit extensive
safety and pharmacological evaluation. For example,
compound III has shown in vivo efficacy only by sc

B
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Figure 2. Cyclobutenedione as a urea bioisostere and SAR strategy.
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administration in the collagen-induced arthritis mouse
model. Our objective was to design a novel series with
an improved profile based on BX-471. A review of the
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, reflux, 55–70%; (b) R4NH2, rt, 60–80%; (c) (R)-2-methylpiperazine or


0–85%; (e) K2CO3, KI, DMF, 65–75%.







Table 1. Effect of substitutions on the N-benzylpiperazine moiety


NH


O


O


O


NHMe


N


O


N
R1Cl


Compound R1 IC50


(nM, hCCR1 binding)a


4 F 26


5 350


6 Cl 78


7 Br 270


8
F


F


97


9


F


2,340


10


F


2,910


11
S Cl


220


12
Cl


(des-methyl piperazine)


200


a Results shown are mean values of triplicate samples in a single


experiment.16


Table 2. Effect of substitutions on the left aryl ring


NH


O


O


O


NHMe


N


O


N
R3


FR2


Compound R2 R3 IC50 (nM, hCCR1 binding)a


4 H Cl 26


13 H H 920


14 H Br 25


15 H F 160


16 H Me 90


17 F F 140


18 H Ph >10,000


a Results shown are mean values of triplicate samples in a single


experiment.16
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literature related to BX-471 indicated that the urea
moiety is dispensable and can be replaced with various
groups including hydrogen. We thus sought a urea
replacement and identified diaminocyclobutenedione
as a novel urea mimetic moiety. Here, we report the
synthesis and structure–activity relationships (SAR) of
a novel series of diaminocyclobutenedione derivatives
as highly potent and selective CCR1 antagonists.


We separated the prototype structure into four discrete
areas—benzyl piperazine (part A), left aryl (part B),
aminocyclobutenedione (part C), linker (part D)—and
conducted methodical SAR studies (Fig. 2).


Compounds 4–32 were synthesized according to the gen-
eral Scheme 1, wherein the substitutions on the right and
left aryls (R1/R2/R3, parts A and B, Tables 1 and 2,
compounds 4–18) as well as the amine moiety on the

Table 3. Effect of amine substitutions on the cyclobutenedione moiety


NH


O


O


O


NH


N


O


N
Cl


F


R4


Compound R4 IC50 (nM, hCCR1 binding)a


4 Me 26


19 Et 72


20 Pr 170


21 CH2Ph 800


22 H 10


23 N 160


24 O 63


25 OH 20


26 NH2 18


27 N 64


28
N


O
12


29
N


NH
50


30
N


15


31 N 42


32
N


26


a Results shown are mean values of triplicate samples in a single


experiment.16







Table 4. Linker modification


NH


O


O


NHR


N


O


N
Cl


F


Compound R IC50 (nM, hCCR1 binding)a


33 H 7


34 Me 76


a Results shown are mean values of triplicate samples in a single


experiment.16
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cyclobutenedione (part C, Table 3, compounds 19–32)
were varied.


Requisite hydroxyanilines were reacted with 1,2-diet-
hoxycyclobutenedione under EtOH reflux to give
intermediate 1 and the corresponding diaminated
compound 1a. Treatment of 1 with desired amines at
room temperature led to the diaminocyclobutenedione
intermediate 2, which was subsequently reacted with
compound 3 (prepared in two steps) to yield target
compounds 4–11 and 13–32. The des-methyl piperazine
compound 12 was prepared in a similar fashion starting
from the 4-chloro-N-benzylpiperazine. The synthesis of
compounds 33–34 wherein the linker –OCH2– was
replaced with the bioisostere –C@C– is outlined in
Scheme 2.


The analogs prepared in this study were evaluated for
their inhibitory activity against human CCR1 and ex-
pressed as IC50 values. Compound 4, where a cyclob-
utenedione moiety was used to replace the urea
functionality in BX-471, showed high potency for hu-
man CCR1 binding (IC50 = 26 nM). It was selected as
the starting compound for systematic SAR studies.
The effect of substitutions on the aromatic ring (part
A, Table 1) was initially investigated. Unfortunately,
all but 4-halo substitutions resulted in reduced potency.
The potency decreased with the increase in size of the
halogen (compare compounds 4, 6, and 7). Compound
8, the 3,4-difluoro analog, was 3-fold less potent than
compound 4. The un-substituted piperazine analog 12
also exhibited a 3-fold loss in potency.

Cl NO2


H


O


a)


Cl NO2


O


c)


Cl NH2


O


OH d)


e)


Cl NH


O


N
N


F


OEtO


O


Scheme 2. Reagents and conditions: (a) Ph3P@CHCO2CH3, toluene, reflux,


(d) (R)-1-(4-fluorobenzyl)-3-methylpiperazine, EDC, HOBt, DIEA, THF, 6


EtOH, rt, 40% (R = H), 50% (R = Me).

The effect of substitutions on the phenyl ring (part B,
Table 2) was explored next. Deletion of the 4-chlorine
atom from 4 was detrimental to the potency, resulting
in a >30-fold loss in activity (13 vs 4). The 4-fluoro ana-
log (15) as well as 3,4-difluoro analog (17) led to a 6-fold
loss in potency. Replacement of the 4-chloro with 4-bro-
mo (14) retained the high potency with an IC50 value of
25 nM. On the other hand, replacement of the 4-chloro
with the bulky phenyl group resulted in total loss of
affinity, suggesting a space restriction around this site.
Interestingly, replacement of the 4-chloro group of 4
with a methyl group retained modest potency (16,
IC50 = 90 nM).


Having identified the 4-fluorobenzyl and 4-chloro-
substituted phenyl as the two best moieties for parts A

O
b)


Cl NH2


O


O


Cl NH2


O


N
N


F


f)


Cl NH


O


N
N


F


NHR4O


O


R4 = H, 33
R4 = Me, 34


82%; (b) Zn, AcOH, EtOH, reflux, 30%; (c) 2 M NaOH, MeOH, 95%;


8%; (e) 1,2-diethoxycyclobutenedione, EtOH, reflux, 42%; (f) R4NH2,







Table 5. Functional and species activities of selected compounds


Compound Ca2+ flux (h, IC50, nM) Chemotaxis (h, IC50, nM) mCCR1 binding (IC50, nM) rCCR1 binding (IC50, nM)


4 18 ± 2 17 615 49


14 14 ± 5 25 — —


22 4 ± 1 7 260 20


24 19 ± 1 54 — —


25 13 ± 2 47 960 21


26 6 ± 1 23 968 17


28 12 ± 3 12 1770 87


29 5 ± 3 39 1670 24


31 8 ± 1 38 1000 130


33 6 ± 1 — — —


BX471 18 ± 2 18 615 59


Table 6. Pharmacokinetic profiles in rodents for compound 22a


Species Cmax


(lM, po)


Tmax


(h, po)


AUC0!1
(h*lM, po)


t1/2 (h, po) F (%)


Mouse 11.6 1 95.1 2.3 100


Rat 5.3 1 43.6 2.6 ND


ND, not determined.
a Male Balb/C mice and male Sprague–Dawley rats were used. Com-


pound was administered as a solution in methyl cellulose with 10%


Tween 80. AUC, area under the curve; F, bioavailability determined


by iv/po ratio. Dose: 5 mg/kg iv; 50 mg/kg po.
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and B, respectively, the focus was switched to modify
the amino group on part C (Table 3). Increasing the size
of the alkyl from Me (4) to Et (19) and Pr (20) gradually
reduced the potency, whereas a 3-fold increase in
potency was observed with the primary amine
compound 22. Incorporation of additional substitutions
on the Et-chain of 19 either retained (24, 27, and 29) or
enhanced potency (25, 26, and 28). The enhanced
potency observed for the pyridyl analogs suggests that
a hydrogen bond acceptor in this region of the molecule
is favorable. SAR at this site also indicates the presence
of a binding pocket that can accommodate diverse
groups.


Table 4 highlights the modification of linker part D.
Replacement of –OCH2– in 22 with the bioisostere
–C@C– in the linker part D produced the corresponding
cinnamide analog 33 that retained similar potency
(IC50 = 7 nM). However, compound 34, the cinnamide
analog of 4, showed a 3-fold reduction in potency. Sim-
ilar SAR with cinnamide analogs was observed
previously.12


Selected compounds were examined for functional activ-
ity and species cross-reactivity17 (Table 5). All com-
pounds showed the inhibition of the MIP-1a-induced
Ca2+ mobilization and inhibition of chemotaxis, which
indicated functional antagonism for hCCR1. Com-
pounds also showed higher affinity for rCCR1 than
mCCR1. Compound 22 showed the best overall profile
with IC50 values of 4 nM (Ca2+ mobilization), 7 nM
(chemotaxis), 260 nM (mCCR1 binding), and 20 nM
(rCCR1 binding), respectively.


Compound 22 was found to be a highly selective CCR1
antagonist with greater than 500-fold selectivity over

CCR2, CCR3, CCR4, and CCR5 (data not shown).
Based on its excellent in vitro potency, functional activ-
ity, species cross-reactivity, and pharmacokinetic pro-
file (Table 6), compound 22 was selected for in vivo
evaluation in a mouse collagen-induced arthritis model.
It showed a statistically significant reduction of arthri-
tis score at 50 mg/kg via oral administration. The de-
tails of these studies will be published in a separate
paper.


In summary, we have identified a series of diaminocy-
clobutenedione analogs as novel, highly potent, selec-
tive, and orally active CCR1 receptor antagonists with
functional activity and good species cross-reactivity
against rat CCR1.
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Abstract—A series of quinazolinone-derived inhibitors of the CXCR3 receptor have been synthesized and their affinity for the recep-
tor evaluated. Compounds were evaluated in a 125I-IP10 displacement assay and in in vitro cell migration assays to IP10, ITAC, and
MIG using human peripheral blood mononuclear cells.
� 2007 Elsevier Ltd. All rights reserved.

CXCR3 is a chemokine receptor primarily expressed on
activated CD4+ and CD8+ T cells with a Th1 pheno-
type;1 it is also expressed on B cells,2 natural killer
(NK) cells,3 malignant T cells4, and astrocytes.5 The
ligands for CXCR3 are Mig (CXCL9), IP-10 (CXCL10),
and ITAC (CXCL11). These ligands are induced pri-
marily by IFN-c and are produced by macrophages as
well as other cell types in inflamed tissue.6 CXCR3
and its ligands have been implicated in a number of
inflammatory diseases including rheumatoid arthritis,7


multiple sclerosis,8 inflammatory bowel diseases,9 psori-
asis,10 and transplant rejection.11 Therefore, it has been
postulated that blockade of CXCR3 may play a benefi-
cial role in the treatment of these diseases.12


High-throughput screening led to the discovery of struc-
ture (1) as a moderate CXCR3 antagonist.13 Compound
1 inhibited binding of 125I-IP10 to CXCR3 receptors
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expressed on activated peripheral blood lymphocytes
with an IC50 of 0.25 lM (Table 1). In addition, 1 also
inhibited calcium mobilization induced by MIG with
IC50 of 0.50 lM. Pharmacokinetic studies with 1 in rats
revealed high clearance (2.8 L/kg/h) after a 0.5 mg/kg iv
dosing. The bioavailability after oral gavage dosing at
2 mg/kg is very low (1.5%). In this report, we describe
our effort in improving the potency and pharmacoki-
netic properties of compound 1 that led to the identifica-
tion of AMG 487 (47), which was selected for evaluation
in clinical studies.


A series of quinazolinone derivatives were prepared as
described in Scheme 1.14 The critical intermediates 2
were easily synthesized by treatment of 2-aminobenzoic
acid and the appropriate BOC-protected amino acid
with triphenyl phosphite and pyridine, followed by reac-
tion with anilines in one pot.15 Deprotection of 2 using
TFA provided the primary amines, which were subse-
quently converted to secondary amine 3 by reductive
amination reactions with aldehydes. In the case where
R2 is dimethylamino methyl, the corresponding alde-
hyde was prepared by heating dimethylamino acetalde-
hyde dimethyl acetal in concentrated HCl at 100 �C
for 1 h and neutralizing with 10 N NaOH at 0 �C (The
prepared aldehyde in aqueous solution was used in the
next step without purification.). Final functionalization
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Scheme 2. Reagents and conditions: (a) isobutylchloro- formate,


NMM, DCM, �25 �C, 1 h; (b) 2-amino aza-benzene carboxylic acid,


�25 �C, 12 h; (c) anilines, DCM, �25 �C, 2 h; (d) isobutylchloro-


formate, DCM, �25 to �15 �C, 6 h, 30% four steps; (e) TFA, DCM,


rt, 2 h, >90%; (f) aldehydes, Na(OAc)3BH, ClCH2CH2Cl, rt, 2 h,


�80%; (g) acetic acids, EDC, HOBt, DMF, rt, 1 h, 50–90%.


Table 2. Optimization of the amide moiety


O
F


Table 1. Exploration of the stereocenter


N


N


O


NCH3(CH2)8


O


F


N(Me)2


1


Compound 125I -IP10 IC50
a,b (lM)


1 0.25


1(R-enantiomer) 0.146


1(S-enantiomer) >10


a Values are means of three experiments, standard deviation is ±30%.
b Displacement of 125I-labeled IP10 from the CXCR3 receptor


expressed on PBMC. See Ref. 16 for assay protocol.
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with the appropriate carboxylic acids afforded com-
pounds 1, 7–9, 14–45. Tertiary amines 10 and 11 were
obtained by a second reductive amination of 3 with
the respective aldehydes. Formation of sulfonamides
12 and 13 was achieved by treatment of 3 with the sul-
fonyl chlorides.


In addition, a series of aza-quinazolinones were synthe-
sized according to Scheme 2. The cyclization method
from Scheme 1 resulted in significant racemization in
the case of 2-amino aza-benzene carboxylic acid. Thus,
the oxazinones 4 were obtained by addition of the
appropriate 2-amino aza-benzene carboxylic acid to a
solution of the amino acid pretreated with isobutylchlo-
roformate. Ring opening by anilines provided bisamides
5, which upon treatment with isobutylchloroformate fol-
lowed by deprotection with TFA afforded the amine 6.
Amine 6 was converted to compounds 46–50 using
transformations described in Scheme 1.


The lead optimization was primarily guided by a 125I-
IP10 ligand replacement assay.16 Table 1 shows the

OH
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+ HO


O
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NHBOC


a, b


N
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N
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N R2
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3 1, 7-45


R2
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Scheme 1. Reagents and conditions: (a) P(OPh)3, pyridine, 70 �C, 3 h;


(b) anilines, 55 �C, 1 h, �50% for two steps; (c) TFA, DCM, rt, 2 h,


>90%; (d) R2CHO, Na(OAc)3BH, ClCH2CH2Cl, rt, 2 h, 50–80%; (e)


for amides: acetic acid, EDC, HOBt, DMF, rt, 1 h, 50–90%; for


sulfonamides: sulfonyl chloride, pyridine, rt, 3 h, 60%; for amines:


aldehydes, Na(OAc)3BH, ClCH2CH2Cl, rt, 2 h, �80%.

significant difference in activty between the enantiomers
of 1. Enantioselective synthesis established that the R
stereoisomer is the more active of the two enantiomers.


Our initial effort focused on identifying replacements for
the long alkyl chain and the dimethylamine groups of 1
which were identified as the major metabolic sites in
stability studies with microsomes. These groups were
presumed to be responsible in part for the high clearance
of the compound in vivo.


When evaluating replacements to the long alkyl-amide
moiety, it was found that the amide carbonyl was impor-
tant for activity (Table 2). Replacement of the amide by
an amine 10–11 or a sulfonamide 12–13 resulted in sig-
nificant loss of activity. However, it was discovered that
the long alkyl amide group could be effectively replaced

N


N


N
R N(Me)2


Compound R 125I -IP10 IC50
a,b (lM)


1 –CO(CH2)8CH3 0.146


7 –CO(CH2)10CH3 0.154


8 –CO(CH2)6CH3 0.375


9 –CO(CH2)4CH3 >10


10 –(CH2)8CH3 0.710


11 –(CH2)7CH3 0.79


12 –S(O)2(CH2)9CH3 0.587


13 –S(O)2(CH2)7CH3 1.4


14 –COCH2Ph-4-Ph 0.075


15 –COPh-4-Ph >10


16 –COCH2Ph >10


17 –COCH2Ph-4-CH3 >10


18 –COCH2Ph-4-CF3 0.088


19 –COCH2Ph-4-OCF3 0.156


a Values are means of three experiments, standard deviation is ±30%.
b Displacement of 125I-labeled IP10 from the CXCR3 receptor


expressed on PBMC. See Ref. 16 for assay protocol.







Table 3. Exploration of N-substituents


N


N


O


N


F


O
F3C


R


Compound R 125I –IP10


IC50
a,b (lM)


18 –(CH2)2N(CH3)2 0.088


20 –(CH2)2OMe 0.30


21 –(CH2)2OEt 0.04


22 –(CH2)2CH3 >10


23 –CH2-2-thiazolyl 0.10


24 –CH2-2-imidazoyl 0.23


25 –CH2-4-imidazoyl 0.65


26 –CH2-4-(1-methyl-imidazoyl) 0.24


27 –CH2-2-pyridyl 0.073


28 –CH2-3-pyridyl 0.013


a Values are means of three experiments, standard deviation is ±30%.
b Displacement of 125I-labeled IP10 from the CXCR3 receptor


expressed on PBMC. See Ref. 16 for assay protocol.


Table 4. Exploration of 4-phenyl substitutions


N


N


O


N


R


O
F3C


N


1 2
3


45
6
7 8


Compound R 125I -IP10 IC50
a,b (lM)


29 –H 0.299


30 –F 0.012


31 –Cl 0.022


32 –CH3 0.025


33 –OCH3 0.014


34 –OCH2CH3 0.006


35 –C„CCH3 0.004


36 –NO2 0.007


37 –CN 0.011


38 –SO2Me 10


39 –COOH 1.37


40 –NHCOMe 25


a Values are means of three experiments, standard deviation is ±30%.
b Displacement of 125I-labeled IP10 from the CXCR3 receptor


expressed on PBMC. See Ref. 16 for assay protocol.


Table 5. Exploration of the stereocenter


N


N


O
OEt


N


O
OEt


R1
R2


Compound R1 R2 125I -IP10 IC50
a,b (lM)


41 H H 2.3


42 H Me 0.075


43 Me Me >10


44 H Et 0.009


45 H Ph 4


a Values are means of three experiments, standard deviation is ±30%.
b Displacement of 125I-labeled IP10 from the CXCR3 receptor


expressed on PBMC. See Ref. 16 for assay protocol.
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by a biphenyl-acetyl moiety (14). It was also discovered
that the orientation of the biphenyl group played an
important role in maintaining CXCR3 antagonistic
activity. Removal of the methylene group from the
biphenyl-acetamide moiety resulted in complete loss of
activity (15). In addition, the importance of the terminal
phenyl group was established with phenyl acetamide 16,
which exhibited significantly lower activity. The series of
para-substituted phenyl acetamides 17–19 established
that CF3 and OCF3 groups, but not CH3 (17), could
serve as a replacement for the terminal phenyl ring.


Evaluation of the dimethylamine moiety demonstrated
that while this group is important for activity, it could
be substituted by other polar groups (Table 3). Substitu-
tion of the dimethylamine group by a methyl group, as
in 22, resulted in significant loss of activity. However,
the dimethylamine moiety could be effectively replaced
by alkoxy (20–21) or a heterocycle (23–28).


Substitutions on the 3-N-phenyl were also explored
(Table 4). Alkoxy and propargyl groups (33–35) were
preferred for activity, however, the propargyl analogs
exhibited significant CYP 3A4 inhibition. Fluoro,
chloro, and cyano were also well tolerated (30, 31, 37),
while inclusion of groups such as carboxylic acid,
sulfone or amide resulted in dramatic reduction in
potency (38–40).


Investigation of the 2-alkylamino group is illustrated in
Table 5 with the N-ethoxyethyl-biphenylacetyl scaffold.
Efforts to remove the stereo center by replacing the
methyl with hydrogen (41) or adding an additional
methyl group to the stereocenter (43) resulted in signif-
icant loss of CXCR3 activity (Table 5). The methyl
group attached to the stereocenter can be replaced by
an ethyl group (44) while maintaining potency. How-
ever, replacement of the methyl group by phenyl (45)
resulted in decreased activity.

In order to increase polarity we explored the effect that
introducing nitrogen atoms in the central quinazolinone
core have in potency (Table 6). It was discovered that
quinazolinone 46 and 8-azaquinazolinone (47, AMG
487) derivatives were similar in activity, while the 5-,
7-azaquinazolinone and 5,8-diazaquinazolinone deriva-
tives (48–50) were significantly less potent.


Further evaluation of AMG 487 (47) demonstrated that,
in addition of inhibiting 125I-IP-10 binding, AMG 487
also inhibits binding of 125I-ITAC to CXCR3 with an
IC50 value of 8.2 nM. Evaluation of AMG 487 in
in vitro functional assays demonstrated that it inhibits
CXCR3-mediated cell migration by the three CXCR3
chemokines (IP-10 IC50 = 8 nM, ITAC IC50 = 15 nM,
and MIG IC50 = 36 nM). Furthermore, AMG 487







Table 7. Pharmacokinetic profile of AMG 487 (47)


Parameter Rat Dog Cyno


CL (L/h/kg)a 1.6 1.1 0.12


t1/2 (h)a 9.3 0.4 7.6


Fpo (%)b 12–57 85 19


a Following iv dosing in rat at 0.5 mg/kg and dog and cyno at 1 mg/kg.
b Following po dosing in rat at 2 mg/kg, dog at 2.5 and cyno at 5 mg/kg.
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Figure 1. Evaluation of AMG 487 in a mouse bleomycin model of


cellular recruitment. *p < 0.005 as determined by Student’s t tests.


Table 6. Replacement of the quinazolinone core


N


N


O
OEt


N


O
F3CO


N


c


b
a


Compound a b c 125I -IP10 IC50
a,b (lM)


46 C C C 0.006


47 N C C 0.008


48 C N C 0.144


49 C C N 1.40


50 N C N 0.480


a Values are means of three experiments, standard deviation is ±30%.
b Displacement of 125I-labeled IP10 from the CXCR3 receptor


expressed on PBMC. See Ref. 16 for assay protocol.
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inhibits calcium mobilization in response to ITAC
(IC50 = 5 nM).


The pharmacokinetic parameters of AMG 487 were
markedly improved relative to (1). AMG 487 showed
moderate to low clearance after iv dosing in rat, dog
or cyno and was well absorbed after oral administration
in rat and dog (Table 7).


In order to evaluate the ability of AMG 487 to inhibit
cell migration in vivo we used a mouse model of bleomy-
cin-induced cellular recruitment into the lung. In this
model bleomycin is introduced in the lungs of mice via
intra-tracheal instillation after tracheostomy.17 Six days
after bleomycin challenge a bronchoalveolar lavage
(BAL) is performed and the number of cells collected
in the BAL are counted using a hemocytometer. All
but the lowest dose treatment group exhibited signifi-
cant reduction in cellular infiltration into the lungs
(p < 0.005 as determined by Student’s t-test). A dose
of 3 mg/kg given subcutaneously twice daily gave similar
migration inhibition results as the CXCR3 deficient
mice (n = 8–12 mice per group) (Fig. 1).


Based in part on the evaluation of CXCR3 activity and
pharmacokinetic studies, we selected AMG 487 (47) as a
candidate compound for evaluation in clinical studies.


In summary, we have discovered and optimized a novel
series of potent CXCR3 antagonists. Several observa-
tions, including identification of the R-enantiomer as
the active molecule, discovery of fluorinated-phenyl acyl
groups and 3-pyridylmethyl as replacements of the alkyl

moiety and the dimethylaminoethyl moieties of the lead
compound, led to the discovery of 47 (AMG 487) which
exhibited good potency in binding and functional assays
and good in vivo pharmacokinetic properties across spe-
cies. This compound was shown to inhibit in vitro cell
migration mediated by IP-10, Mig, and ITAC. Further-
more, this compound is a potent inhibitor of cellular
recruitment in vivo using a bleomycine-mouse model.
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Abstract—Condensation of a new unnatural sugar 1 with 1,3-dicarbonyl compounds in the presence of anhydrous zinc chloride gave
the polyhydroxyalkyl-furans in excellent yields. Further modification afforded the corresponding furanosyl a-C-glycoside deriva-
tives. The absolute configuration of 3-acetyl-2-methyl-5-(2 0-chloro-DD-galacto-tetritol-1-yl)-furan was confirmed by single-crystal
X-ray analysis. The in vitro cytotoxic activities of these furanosyl C-glycosides were also investigated.
� 2007 Elsevier Ltd. All rights reserved.

Due to their unique properties and applications, C-gly-
cosides are becoming useful building blocks1 for the to-
tal synthesis of various types of natural products such as
palytoxin,2 brevetoxin3, and polyether antibiotics,4 and
used as a model in enzymatic and metabolic studies as
well. A number of recent reviews have been devoted to
synthetic methodology for C-glycosides.5 In general,
introduction of halogen atom may significantly modify
the chemical, physical, and biological activities of the
natural substances.6,7 At the same time, structural mod-
ifications via substitution with nitrogen, sulfur, phos-
phate, and other groups8 could endow compounds
with new and attractive characteristics. Therefore, in re-
cent years many efforts have been directed toward the
introduction of azido and halogen atom into carbohy-
drate analogues.


In our previous paper, we reported the preparation of
1 0,4 0:3 0,6 0-dianhydro-4-chloro-4-deoxy-galacto-sucrose
by using sucralose as the starting material9 and further
hydrolysis to afford 4-chloro-4-deoxy-a-DD-galactose
(1),10 in which 4-hydroxyl group was substituted by a
chlorine atom. Some new bio-based quinoxaline deriva-
tives were synthesized by using this building block.11


Thus, we decided to apply this unnatural sugar as start-
ing material into preparation of desired new C-glyco-
sides with potential biological activities. Several
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attempts have been made to prepare furanosyl C-glyco-
sides from the free sugar, but in most cases b-linked
derivatives are obtained in the literature.12–15 Herein,
we report the synthesis of new polyhydroxyalkyl furan
derivatives and further cyclization to furnish corre-
sponding a-C-glycosides. The mechanism of this reac-
tion and the determination of configuration were
detailedly expatiated as well in this article.


Aiming to prepare polyhydroxyalkyl furan scaffolds
through the Knoevenagel condensation of the new
unnatural sugar and 1,3-dicarbonyl compounds,
4-chloro-4-deoxy-a-DD-galactose was treated with acety-
lacetone and ethyl acetoacetate, respectively, in acidic
medium (ZnCl2, MeOH). The reaction afforded high
yields of corresponding polyhydroxyalkyl furan deriva-
tives (2a and 2b), which have a chlorine atom in the
polyhydroxylic chain as confirmed by spectral analysis.
The absolute configuration of the polyhydroxyalkyl fur-
an derivatives was established by X-ray crystallographic
analysis of a suitable crystal of 2a (as shown in Fig. 1)
after recrystallization from ethanol. It can be seen from
the structure that C(6), C(7), and C(8) remained R, S,
and R configurations, respectively, as those in the start-
ing material.


Cyclization of the polyhydroxyalkyl furan derivatives 2a
and 2b in the presence of POCl3 in anhydrous acetoni-
trile at room temperature afforded furanosyl C-glycoside
derivatives 3a and 3b (Scheme 1), whose structures were
confirmed by spectral analysis. The correlations of
H-4 0a (d 4.19) and H-4 0b (d 4.01) to C-1 0 (d 80.8)
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Figure 1. X-ray crystal structure for compound 2a.
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observed in the HMBC spectrum of 3a indicated the for-
mation of tetrahydrofuran ring. The HRMS spectrum
revealed the molecular formula of 3a to be C11H13ClO4


from its [M+Na]+ peak at m/z 267.0396 and the
[M+Na+2]+ peak at m/z 269.0375, and the intensity ra-
tio of the two peaks was 3:1, corresponding to Cl-35 and
Cl-37 isotopes, respectively. All of these indicated that
3a is a dehydrated product of 2a. It is worth pointing
out that the product 3a is a mixture of two stereoisomers
in the ratio of 9:1 based on their 1H NMR integrals. This
fact indicates that the cyclodehydration predominantly
follows the SN1 mechanism. That is to say, the easily
formed carbocation at C(1 0) undergoes nucleophilic

Scheme 1. Reagents and conditions: (a) 1,3-dicarbonyl compounds, ZnCl2,
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attack of the hydroxyl group on C(4 0) in a stereoselective
process to give the mixture of a-isomer (retention of the
configuration of C-1 0) and b-isomer (inversion of the con-
figuration of C-1 0). However, it is not easy to confirm the
absolute configuration of the main isomer.


In order to further clarify the configurations of 3a, we
designed and conducted a stereospecific SN2 substitu-
tion as follows. First, selective monomesylation of pri-
mary hydroxyl group at C-4 0 of 2a afforded a
mesylate 4a. Then treatment of 4a with alkali allowed
a ring closure of the polyhydroxyalkyl chain to form a
sole furanosyl C-glycoside 5a. This reaction, not
involving the cleavage of C(1 0)–O bond, should give
a stereospecifically product with retention of the con-
figuration of C-1 0, that is, 5a is an a-C-glycoside.
Compound 5b was stereospecifically synthesized by
following above procedure (Scheme 2). Comparing
the NMR spectrum of 3a with that of 5a, we con-
cluded the main product of 3a has a-configuration.
Compound 3b have a same anomeric ratio as 3a
due to its similar NMR spectrum. It should be noted
that the anomeric ratio of 3a was a:b = 9:1, which was
higher than those of the normal SN1 reactions, prob-
ably due to the participation of the neighboring chlo-
rine atom. This proposition was confirmed by the fact
that under the same conditions described above for
preparation of 3a and 3b, the DD-galactose (9) gave fur-
anosyl C-glycoside (11) with a 1:1.4 ratio of a and b
isomers (Scheme 3), in a lower stereoselectivity.
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overnight; (d) H2O, reflux, 3 h, 76–85%.


Table 1. Cytotoxic activities of the compounds determined at different


concentrations


Compound Percentage of inhibition (%)
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Glycosyl azides are frequently applied as carbohydrate
intermediates, especially as precursors to glycosylam-
ines and 1,2,3-triazole nucleosides.16 Herein conven-
tional mesylation of 5a and 5b gave compounds 6a
and 6b, respectively (Scheme 4), and subsequent treat-
ment with NaN3 (10 equiv) in N,N-dimethylformamide
at 80 �C overnight afforded compounds 7a and 7b,
respectively. Both of the compounds showed IR
absorption at �2100 cm�1 corresponding to the azido
group. The HRMS spectra showed the molecular for-
mula of 7a and 7b to be C11H12ClN3O3 and
C12H14ClN3O4, respectively, from the [M7a+H]+ peak
at m/z 270.0646 and [M7b+H]+ peak at m/z 300.0753.
All the spectral data elucidated the products 7a and
7b to be the corresponding azide derivatives. The azi-
doglycosides 7a and 7b were further treated with
Ph3P overnight and followed by H2O offering the cor-
responding aminoglycosides 8a and 8b (Scheme 4).
Resonances of H-3 0 and C-3 0 in 8a and 8b were upfield
shifted comparing to the corresponding signals in 7a
and 7b, indicating the conversion of the azido groups
to the amino groups.


Moreover, oxo derivatives of glycosides have biological
importance,17 thus we attempted to convert 3 0-OH to
carbonyl group. In organic synthesis, PDC is a common
reagent used to oxidize hydroxyl groups of cyclic com-
pound to the corresponding ketones. Therefore, treat-
ment of compounds 5a and 5b with PDC in CH2Cl2
provided the ketones 12a and 12b (Scheme 5). The dis-
appearance of the signal of H-3 0 in 1H NMR spectrum
and the presence of two carbonyl groups at d205.2 and
193.5, respectively, in 13C NMR spectrum of 12a
revealed that the new carbonyl group was generated.
In consideration of the a-configurations of the com-
pounds 5a and 5b, and basic conditions being unfavor-
able to anomerization,18 we could deduce the a-
configuration of the compounds 6a and 6b, 7a and 7b,
8a and 8b, and 12a and 12b.

O


R


O


O


ClHO


5a,5b
R: a, CH3; b, OC2H5


1′


2′3′
4′ O


R


O


O


Cl
12a,12b


1′


2′3′
4′


O


Scheme 5. Reagents and condition: PDC, CH2Cl2, reflux, 76–81%.

We are interested in the influence on the bioactivity with
introduction of chlorine at C-2 0 and the effect of other
substituents at C-3 0 in furanosyl a-C-glycosides. The
cytotoxic activities of the above furanosyl C-glycoside
derivatives were evaluated against A549, human lung
adenocarcinoma cells, as described.19 The results are
summarized in Table 1. All the compounds exhibited
moderate cytotoxic activity in the evaluation. Compari-
son of the data for the chlorinated compound (5a) with
their hydroxylated counterpart (11) showed that com-
pound 5a has higher cytotoxicity than compound 11.
The introduction of 3 0-OMs, 3 0-N3, 3 0-NH2, and 3 0-car-
bonyl substituents, respectively, caused the changes of
the inhibition to some extent. The slightly poor inhibi-
tions of the compounds 8a and 8b showed that 3 0-NH2


substituent is unfavorable for the cytotoxic activity.
The lower inhibitions of the compounds 5b, 6b, 7b,
and 8b, than those of the corresponding compounds
5a, 6a, 7a, and 8a, suggested that replacement of the
methyl group with the ethoxyl group is not well toler-
ated in most cases. An exception was that in oxo deriv-
atives the inhibitory activity of 12b is higher than that of
12a.


In conclusion, the reaction of 4-chloro-4-deoxy-a-DD-
galactose 1 with 1,3-dicarbonyl compounds led to
polyhydroxyalkyl furan derivatives bearing a chlorine
atom in the polyhydroxylic chain. Further modifica-
tion afforded the corresponding a-C-glycoside deriva-
tives. The preliminary study on structure–activity
relationships revealed that introduction of chlorine
and other substituents at sugar ring has an important
influence on the cytotoxicity of the furanosyl a-C-gly-
coside derivatives.

50 lmol mL�1 100 lmol mL�1 200 lmol mL�1


5a 24.36 31.92 39.36


5b 15.15 18.51 25.72


6a 26.42 35.65 46.80


6b 15.30 18.55 27.87


7a 32.73 48.60 56.70


7b 18.28 19.79 36.89


8a 13.04 24.86 34.57


8b 10.09 16.29 24.82


12a 21.49 28.55 37.67


12b 28.81 31.36 45.68


11 23.14 27.40 33.09
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Supplementary data


CCDC-628469 (derivative 2a) contain the supplemen-
tary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.
ac.uk/data_request/cif, by emailing data_request@ccdc.
cam.ac.uk, or by contacting The Cambridge Crystallo-
graphic Data Centre, 12, Union Road, Cambridge
CB2 1EZ, UK; fax: +44 1223 336 033.

Acknowledgment


We are grateful to NNSF of PR China (No. 20572103)
for financial support of this work.

References and notes


1. Postema, M. H. D. Tetrahedron 1992, 48, 8545, and
references cited therein.


2. Lewis, M. D.; Cha, J. K.; Kishi, Y. J. Am. Chem. Soc.
1982, 104, 4976.


3. Nicolaou, K. C.; Theodorakis, E. A.; Rutjes, F. P. J. T.;
Tiebes, J.; Sato, M.; Untersteller, E. J. Am. Chem. Soc.
1995, 117, 1171.


4. Paterson, I.; Mansuri, M. M. Tetrahedron 1985, 41, 3569.
5. For leading reviews on C-glycoside synthesis: (a) Du, Y.;


Linhardt, R. J.; Vlahov, I. R. Tetrahedron 1998, 54, 9913;
(b) Togo, H.; He, W.; Waki, Y.; Yokoyama, M. Synlett
1998, 700; (c) Beau, J.-M.; Gallagher, T. Top. Curr. Chem.
1997, 187, 1; (d) Smoliakova, I. P. Curr. Org. Chem. 2000,
4, 589.


6. Tsuchiya, T. Adv. Carbohydr. Chem. Biochem. 1990, 48,
91.


7. Hazeldine, S. T.; Polin, L.; Kushner, J.; White, K.;
Corbett, T. H.; Biehl, J.; Horwitz, J. P. Bioorg. Med.
Chem. 2005, 13, 1069.

8. Teranishi, K. Carbohydr. Res. 2002, 337, 613.
9. Liu, F.-W.; Liu, H.-M.; Ke, Y.; Zhang, J.-Y. Carbohydr.


Res. 2004, 339, 2651.
10. Liu, F.-W.; Zhang, Y.-B.; Liu, H.-M.; Song, X.-P.


Carbohydr. Res. 2005, 340, 489.
11. Yan, L.; Liu, F.-W.; Dai, G.-F.; Liu, H.-M. Bioorg. Med.


Chem. Lett. 2007, 17, 609.
12. Gomez, S. A.; Rodriguez, A. Carbohydr. Res. 1972, 22, 53.
13. Kozikowski, A. P.; Lin, G. Q.; Springer, J. P. Tetrahedron


Lett. 1987, 28, 2211.
14. Cermola, F.; Iesce, M. R.; Buonerba, G. J. Org. Chem.


2005, 70, 5603.
15. Misra, A. K.; Agnihotri, G. Carbohydr. Res. 2004, 339,


1381.
16. Gyorgydeak, Z.; Szilagyi, L.; Paulsen, H. J. Carbohydr.


Chem. 1993, 12, 139.
17. Melo, A.; Elliott, W. H.; Glaser, L. J. Biol. Chem. 1968,


243, 1467.
18. Gasch, C.; Pradera, M. A.; Salameh, B. A. B.; Molina, J.


L.; Fuentes, J. Tetrahedron-Asymmetr. 2000, 11, 435.
19. In vitro cytotoxicity study: human lung adenocarcinoma


cell line A549 (purchased from Institute of Biochemistry
and Cell Biology, SIBS, CAS) was cultured in RPMI-1640
medium (GIBCO Co., Grand Island, NY) supplemented
with 10% FBS, 100 IU/mL of penicillin, and 100 lg/mL of
streptomycin (Sigma Chemical Co., St. Louis, MO) at
37 �C in humidified air atmosphere of 5% CO2 (Binder,
CB150, Germany). Cell cytotoxicity was assessed by MTT
assay. Briefly, cells were plated into 96-well-plate (5000
cells/well). The next day compound at various concentra-
tions diluted in culture medium was added (200 lL/well)
to the wells. Forty-eight hours later 20 lL of MTT (Sigma
Chemical Co., St. Louis, MO) (0.5 mg/mL MTT in PBS)
was added and cells were incubated for a further 4 h. Two
hundred microliters of DMSO was added to each culture
to dissolve the reduced MTT crystals. The MTT-formazan
product dissolved in DMSO was estimated by measuring
absorbance at 570 nm with a microplate reader (Biotech,
Power Wave, CA). Then the inhibitory percentage of each
compound at various concentrations was calculated.



http://www.ccdc.cam.ac.uk/data_request/cif

http://www.ccdc.cam.ac.uk/data_request/cif



		Synthesis of furanosyl  alpha -C-glycosides derived from  4-chloro-4-deoxy- alpha -d-galactose and their cytotoxic activities

		Supplementary data

		Acknowledgment

		References and notes








Bioorganic & Medicinal Chemistry Letters 17 (2007) 3310–3313

Squalene-derived flexible linkers for bioactive peptidesq


Bhumasamudram Jagadish,a Rajesh Sankaranarayanan,a Liping Xu,b Reyniak Richards,a


Josef Vagner,a Victor J. Hruby,a,b Robert J. Gilliesb and Eugene A. Masha,*


aDepartment of Chemistry, University of Arizona, Tucson, AZ 85721-0041, USA
bDepartment of Biochemistry and Molecular Biophysics, The Arizona Cancer Center, Tucson, AZ 85724-5024, USA


Received 9 March 2007; accepted 2 April 2007


Available online 6 April 2007

Abstract—A regiochemical and stereochemical mixture of flexible linkers bearing terminal azide functionality was synthesized in two
steps from squalene and was used to connect two high affinity NDP-a-MSH ligands or two low affinity MSH(4) ligands. The ligands
were N-terminally acylated using N-hydroxysuccinimidoyl 5-hexynoate and were subsequently attached to the linker via copper-cat-
alyzed ‘click’ 3 + 2 cyclization of the azide and alkyne moieties. In vitro biological evaluations showed that the binding affinity to the
human melanocortin 4 receptor was not diminished for most linker-ligand combinations relative to the corresponding parental
ligand. Statistical and cooperative binding effects were observed for dimeric constructs containing the low affinity ligand
MSH(4), but not for dimeric NDP-a-MSH constructs, presumably due to slow off rates for this high affinity ligand.
� 2007 Elsevier Ltd. All rights reserved.

Early detection of many human cancers would be facil-
itated by the availability of reagents that could seek out
and selectively bind to cancer cells and report their exis-
tence and location by non-invasive molecular imaging.1


Our strategy for development of such reagents involves
linking reporter moieties to multivalent ligands that con-
tain multiple copies of individual binding units that
hence cooperatively bind to cell surface receptors that
are overexpressed in cancer cells.2 Multivalent molecules
should display enhanced affinity and selectivity for such
cells.2,3


The foundation for ligand-guided multivalent attach-
ment of reporter moieties to cell surfaces bearing tar-
geted receptors was laid in part by studies that
employed a poly(vinyl alcohol) (PVA) scaffold deco-
rated with fluorescein and NDP-a-MSH ligands.4 Such
molecules bound specifically and irreversibly to mouse
and human melanoma cells that expressed and displayed
melanocortin receptors. The PVA-based system was not
extended to other peptide hormone/receptor systems due
to problems with the attachment chemistry and the
insolubility of PVA. Recent advances in polymer-sup-
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ported multivalent binding3b,5 have prompted a reexam-
ination of this earlier approach with the intent of
developing a more soluble biocompatible polymer scaf-
fold and more efficient ligand attachment chemistry.
Herein we present model synthetic and in vitro biologi-
cal studies relevant to these goals.


The copper-catalyzed 3 + 2 cyclization of azide and
alkyne moieties to generate triazole products6 was an
obvious choice to replace the maleimide electrophile/
thiol nucleophile and thiol/disulfide redox attachment
chemistries used previously with PVA.4


The search for a PVA replacement was guided by the
observation that incompletely hydrolyzed PVA is often
more water-soluble at room temperature than is a more
completely hydrolyzed PVA.7 This is presumably due to
interruption of hydrogen bonded microcrystalline do-
mains, and suggested that a polymer bearing fewer, ste-
reorandom hydroxyl groups might exhibit less
crystallinity and greater water solubility. Such a polymer
can be prepared from polyisoprene.8 Since analysis of a
polymer product is complicated by high molecular
weight and polydispersity, we chose to employ squalene
as a more tractable model system for the establishment
of the synthetic methodology necessary for this
approach.


Hydroboration and oxidation of squalene9 produced a
mixture of hexaols 1 (Scheme 1).10 The crude product
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Scheme 1. Reagents: (a) BH3, THF, H2O2, NaOH; (b) NaH, DMF,


Br(CH2)6N3 (2). The sites of attachment of the 6-azidohexyl moieties


to the squalane scaffold shown are arbitrary. Mixtures of all possible


stereoisomers of 1 and regioisomers of 3 and 4 are produced.
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Figure 1. Monovalent and divalent compounds on a squalene-derived


scaffold prepared via ‘click’ attachment of alkynylated ligands. The


sites of ligand attachment shown are arbitrary.
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was purified by column chromatography (67% yield)
and analyzed by NMR and HRMS. These analyses con-
firmed that secondary alcohols were highly predominant
and that a mixture of diastereomers had been pro-
duced.11 Reaction of 1 with 2.2 equivalents of sodium
hydride in DMF, followed by addition of 4.0 equiva-
lents of 1-azido-8-bromohexane (2),12 afforded, after
chromatography, monoazides 3 and bisazides 4 in 38%
and 24% yields, respectively, as mixtures of regioisomers.
Trace amounts of trisazides and higher homologs were
also obtained.


To demonstrate the feasibility of click attachment to 3
and 4, alkyne 7 was prepared from serine amide hydro-
chloride (5)13 and 2,5-dioxopyrrolidin-1-yl hex-5-ynoate
(6, Scheme 2). Reaction of 3 and 4 with 7 in the presence
of the catalyst derived from tetrakis(acetonitrile)cop-
per(1) hexafluorophosphate and tris-(benzyltriazolylm-
ethyl)-amine (TBTA, 8)14 in t-BuOH/water 2:1 gave
the corresponding triazoles 9a and 10a (Fig. 1) in 84%
and 80% yields, respectively, after chromatography.


The high affinity ligand NDP-a-MSH15 was constructed
on Rink amide Tentagel S resin (initial loading

N
O


O
O


O


NH2•HCl
H2N


O


HO


5 6


Scheme 2. Reagents: (a) Et3N, DMF, H2O.

0.17 mmol/g).16 The product resin retained all side-chain
protecting groups. NHS ester 6 was coupled to the
N-terminus of the resin-bound peptide. Simultaneous
side chain deprotection and cleavage of the peptide from
the resin was effected using a mixture of trifluoroacetic
acid, 1,2-ethanedithiol, thioanisole, and water (91/3/3/
3), producing the desired alkynylated NDP-a-MSH
ligand 11. An alkynylated derivative, 12, of the low
affinity ligand MSH(4)17 was similarly prepared. Com-
pounds 11 and 12 were purified by reverse-phase C18


preparative HPLC and were characterized by ESI-MS
and MALDI-TOF. Details appear in Table 1.
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Table 1. Mass spectral and HPLC characterization of compounds 9b and c, 10b and c, 11, and 12


Compound Formula Calcd mass [Ion] Mass found (error) tR
a K 0


9b C118H188N24O25 781.4804 [M+3]3+ 781.4833 (3.7 ppm) 35.3–36.4 nab


10b C206H314N48O44 1042.1030 [M+4]4+ 1042.1055 (2.4 ppm) 33.4–34.7 nab


9c C74H120N14O11 691.4709 [M+2]2+ 691.4693 (2.4 ppm) 34.8–37.3 nab


10c C118H178N28O16 748.8070 [M+3]3+ 748.8052 (2.4 ppm) 32.9–36.9 nab


11 C82H115N21O19 566.9638 [M+3]3+ 566.9653 (2.6 ppm) 20.41 8.66


12 C38H47N11O5 738.3840 [M+1]1+ 738.3829 (1.4 ppm) 15.48 6.02


a Linear gradient of from 10% to 60% CH3CN in 0.1% aqueous TFA over 50 min.
b Not applicable, this compound is a regiochemical and stereochemical mixture.
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sponding triazoles 9b and 10b, while reaction of 3 and 4
with 12 gave the corresponding triazoles 9c and 10c
(Fig. 1). These compounds were purified by preparative
reverse-phase C18 HPLC and were characterized by ana-
lytical HPLC and by ESI-MS and MALDI-TOF. De-
tails appear in Table 1.


HEK293 cells overexpressing the human melanocortin 4
receptor (hMC4R) were used to assess ligand binding,18


which was evaluated using a previously described lan-
thanide (Eu) based competitive binding assay.19,20 Table
2 lists the IC50 values (averaged over n experiments) for
the serine amide-containing compounds 7, 9a, and 10a,
the ligand NDP-a-MSH and the NDP-a-MSH-contain-
ing compounds 11, 9b, and 10b, and the ligand MSH(4)
and the MSH(4)-containing compounds 12, 9c, and 10c.


As expected, serine amide derivatives 7, 9a, and 10a
were ineffective at displacing Eu-NDP-a-MSH over the
range of concentrations tested (10�5–10�12 M).


The IC50 values for compounds 9b [scaffold + NDP-a-
MSH], 10b [NDP-a-MSH + scaffold + NDP-a-MSH],
and the alkynylated NDP-a-MSH control compound
11 were all somewhat lower than the value for the paren-
tal NDP-a-MSH ligand. These results indicate that acyl-
ation of the N-terminus of NDP-a-MSH modestly
enhanced binding to hMC4R, and that attachment of
NDP-a-MSH to the squalene-derived scaffold had no ef-
fect on the binding. No statistical halving of the IC50


was observed for 10b relative to 9b. This is presumably
due to slow release of the ligand from the receptor, as
previously described for short, rigid linkers.21

Table 2. Competitive binding of NDP-a-MSH, MSH(4), 7, 9a–c,


10a–c, 11, and 12 to hMC4R


Compound IC50 na


7 nab 3


9a nab 3


10a nab 3


NDP-a-MSH 5.9 ± 1.9 nM 5


11 3.2 ± 0.9 nM 4


9b 3.9 ± 1.2 nM 5


10b 3.3 ± 0.8 nM 6


MSH(4) 1.1 ± 0.5 lM 4


12 0.9 ± 0.1 lM 4


9c 3.3 ± 0.5 lM 7


10c 0.4 ± 0.2 lM 7


a The IC50 value given is the average of n independent binding exper-


iments, each done in quadruplicate.
b This compound was unable to displace Eu-NDP-a-MSH in the


concentration range tested (10�5–10�12 M).

In contrast, the IC50 values for compounds 9c [scaf-
fold + MSH(4)] and 10c [MSH(4) + scaffold + MSH(4)]
were higher and lower, respectively, than the values
for the alkynylated MSH(4) control compound 12 and
the parental MSH(4) ligand, which were similar. These
results indicate that acylation of the N-terminus of
MSH(4) had little or no effect on the binding to
hMC4R, that attachment of MSH(4) to the squalene-de-
rived scaffold had a modest detrimental effect on the
binding, and that statistical and proximity effects re-
sulted in the lowering of the IC50 for 10c relative to 9c
by an order of magnitude.


This model study has demonstrated that a poly(1,5-diol)
can be prepared from a polyisoprene (squalene) and
modified by alkylation with a 1-azido-x-bromoalkane
to introduce terminal azide moieties; that functionally
protected peptides on a solid support can be N-termi-
nally acylated with active x-alkynyl esters to introduce
alkyne moieties that survive deprotection and cleavage
from the resin; that the above azides and alkynes can
be joined by copper-catalyzed 3 + 2 cyclization to form
triazoles that can be purified and characterized; and that
attachment in this manner of NDP-a-MSH and MSH(4)
ligands to the polyisoprene-derived scaffold does not sig-
nificantly interfere with ligand binding to the hMC4
receptor at the cell surface. Extension of this work to
polymeric polyisoprene-derived scaffolds and to other li-
gand/receptor combinations is underway.
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Abstract—The synthesis and in vitro binding of several new arginine-containing C3aR ligands are reported. DMPK properties and
functional activities of selected compounds have been evaluated. One compound is shown to be active in an in vivo model of airway
inflammation after aerosol administration.
� 2007 Elsevier Ltd. All rights reserved.
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The complement system is at the heart of the inflamma-
tory process. This complex system encompasses approx-
imately 30 components working together to recruit
phagocytes for the destruction of pathogens. It is acti-
vated by the immune complex and complements C1 acti-
vators. This results in C3 being cleaved to release C3a,
which in turn leads to the cleavage of C5 into C5a and
C5b. The latter binds together with C6–C9 to form the
membrane attack complex, responsible for cell lysis.
When left unchecked this very efficient system favors
the development of chronic inflammatory diseases such
as asthma, rheumatoid arthritis, multiple sclerosis, etc.
C3a in particular has been linked to various pro-inflam-
matory processes linked to allergic airway diseases, such
as contraction of human parenchymal strips,1 increase
of vascular permeability,2 and release of vasoactive
amines.3 Moreover, C3aR knock-out mice are charac-
terized by decreased airway hyperresponsiveness4 and
KO guinea pigs show decreased allergic response.5 In
humans, asthmatic patients have elevated levels of C3a
in the broncho-alveolar fluid6 and in the plasma.7


This central role of C3a makes it an ideal drug target.
C3a is a 77-amino acid peptide which activates a G-pro-
tein coupled receptor called C3aR, widely expressed in
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the periphery and the brain. It has been shown that
the C-terminus LPLPR sequence is essential for C3aR
activation.8 Disrupting this interaction seems a good
way to block the inflammatory processes linked to C3a.
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Figure 1. Small molecule ligands of the C3a receptor.
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This approach has been followed by several others be-
fore us, and as a result, all known ligands feature an
arginine (compounds 1, 3, 4, and Fig. 1)9 or a bioisostere
in the case of 2.10 We selected 4 (pIC50 = 6.3) as a start-
ing point and we reasoned that we could gain some affin-
ity by rigidifying its ether chain. We were delighted to
see that compound 5 in which the ether chain is locked
within a furan ring had a much improved affinity for
C3aR indeed, with a pIC50 of 7.2.


With this good starting point in hand we decided to
investigate its structure–activity relationships.


‘Western’ substitution was varied starting from 5-bro-
mofuran-2-carboxylates (B or G, Scheme 1). The ester
G was coupled under Suzuki conditions with a range
of aryl boronic acids F. It was then hydrolyzed and cou-
pled with arginine. On the other hand, carboxylic acid B
was treated with three equivalents of tert-butyllithium
and the resulting dianion was reacted with substituted
benzophenones A. The resulting tertiary alcohols C were
then reduced with triethylsilane and finally coupled with
arginine.
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Scheme 1. Synthetic route toward Western side modifications. Reagents and


H2O; (c) t-BuLi (3 equiv), THF, �70 to 22 �C; (d) TFA, Et3SiH, DCM (Ar =


Table 1. SAR data for biaryl-substituted arginines


N
H


O CO
Ar linker


Compound Aryl


6 3-Fluorophenyl


7 3-Methylphenyl


8 3-Methoxyphenyl


9 3-Ethoxyphenyl


10 3-Hydroxymethylphenyl


11 3-Cyanophenyl


12 3-Chlorophenyl


13 3-Chloro-4-fluorophenyl


14 3-Chloro-6-methylphenyl


15 3,6-Dichlorophenyl


16 3-Benzothiophenyl


17 6-Dibenzofuryl


18 3-Chlorophenyl


19 3-Chlorophenyl


20 3-Chlorophenyl


a Values are means of three experiments. Assays were performed in 96-well


centrations of compounds were added, followed by 125I-C3a (2200 Ci/mmo


Non-specific binding was determined using C3a at 1 nM. Pre-coupled bead


Aequorin and the human C3a receptor) diluted in 80 ll buffer were then a


determined by scintillation counting on a Wallac Beta Trilux scintillation

‘Eastern’ substitution (data not shown) arose from
chemical modifications of protected amino-acids and
coupling with the carboxylic acid of interest (D or I,
Scheme 1).


All compounds were tested in a C3a binding assay. Var-
ious aryl (Table 1) or diarylmethine groups (Table 2)
were introduced on the Western side. In the first series,
it quickly became apparent that the 3-substitution of
the phenyl gave the best improvements in affinities com-
pared to 2- and 4-substituted phenyls (data not shown).
After some experimentation, a chlorine atom (12) was
found optimal. Additional substituents did not yield
any improvements (13–15). Attempts at replacing the
furan linker with a benzene (18 and 19) or a thiophene
(20) highlighted the essential role of the oxygen atom.
In the second series, the linker seemed as critical as in
the first series, as highlighted by close analogues of 5:
21 and 22. However, here again, the introduction of hal-
ogen atoms at the 3-position of phenyls gave rise to
more potent ligands 23 and 24. The most active com-
pounds were profiled internally against a panel of 20 dif-
ferent GPCRs and showed no additional affinity.

O
O


OHAr


Ar


O
O


Ar OH


O
O


N
H


R R'


d


b


e


D


I


E
e
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2H
N
H


NH


NH2


Linker C3a pIC50
a


2,5-Furyl 6.5


2,5-Furyl 6.9


2,5-Furyl 6.5


2,5-Furyl 6.7


2,5-Furyl 6.1


2,5-Furyl 6.7


2,5-furyl 7.1


2,5-Furyl 6.7


2,5-Furyl 6.1


2,5-Furyl 5.8


2,5-Furyl 6.5


2,5-Furyl 5.4


1,4-Phenyl 4.0


1,3-Phenyl 6.1


2,5-Thienyl 5.2


format using wheat germ agglutinin SPA beads (GE). Various con-


l, PE) at 0.02 nM in 120 ll of 50 mM Tris/2 mM MgCl2 gC/0.5% BSA.


s and membranes prepared from HMC-1 cells (stably expressing both


dded. Plates were sealed and incubated at rt for 3 h. Bound C3a was


counter.







Table 2. SAR data for triarylmethine-substituted arginines


N
H


O CO2H
N
H


NH


NH2


Ar


Ar linker


Compound Diarylmethine Linker C3a pIC50
a


21 Phenyl 1,4-Piperazinyl 4.3


22 Phenyl 1,4-Phenyl 6.1


5 Phenyl 2,5-Furyl 7.2


23 3-Fluorophenyl 2,5-Furyl 7.5


24 3-Chlorophenyl 2,5-Furyl 7.8


25 4-Chlorophenyl 2,5-Furyl 6.8


a Values are means of three experiments.


Figure 2. Hepatic extraction of 5 after oral administration (rats).
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On the other side of the molecule, it proved impossible
to replace the original arginine while maintaining a good
affinity: the three-carbon chain, the chirality, and the
carboxylic acid were all found essential for C3aR recog-
nition. Moreover, all modifications of the guanidine
function to make it less basic also led to compounds
with drastically reduced affinities.


The functional activity of our best ligands was then
investigated (Table 3). In the first series, most of the li-
gands behaved as antagonists, such as 19 and 20. How-
ever, 12, our best ligand in this series, turned out to be a
full agonist. To our dismay this tendency was confirmed
in the other series, where our strongest ligand 24 showed
agonistic properties, while its p-dichloro analogue 23
was a partial agonist. Compound 5 was the best example
of this series to keep an antagonistic profile.


Our compounds were also evaluated for their in vitro
DMPK properties. Compound 5, representative of the
chemical family, showed low in vitro metabolic clear-

Table 3. Functional activities of selected compounds


Compound SPA


binding


pIC50


Antagonist


activitya


pEC50


Agonist


activityb


pEC50


5 7.2 6.8 —


12 7.1 — 6.3


19 6.1 5.4


20 5.2 4.8


23 6.4 5.9 —


24 7.9 — 7.7


25 6.8 — 6.9


a Following the 2-h incubations with Coelenterazine, the cells were


plated and treated with compounds, dilutions (200 ll final volume,


1% DMSO) for 1 h at 37 �C. Fifty microliters of C3a agonist (final


concentration of 5 nM) was then injected. Emitted light was imme-


diately recorded for 30 s using Novostar (BMG). Maximal inhibition


is determined using 4 as the reference antagonist (20 lM final


concentration).
b HMC-1 cells stably expressing both Aequorin and the human C3a


receptor were loaded with 10 lM Coelenterazine in HBSS/Hepes


20 mM/BSA 0.2%, pH 7.4, for 2 h at 37 �C. They were then diluted


four times, placed in 96-well plates (200 ll final volume, 1% DMSO),


and incubated for 1 h at 37 �C. Fifty microliters of compound dilu-


tions was then injected to get a final volume of 250 ll at 1% DMSO


final concentration. Emitted light was immediately recorded for 30 s


using Novostar (BMG). The maximal signal was determined in the


presence of C3a agonist (Advanced Research Technologies, 50 nM).

ance (Clint of 4 lL/min/mg prot in NADPH-fortified
rat liver microsomes and 5 lL/min/106 cells in rat hepa-
tocytes) and low potential to inhibit human CYP2D6/
3A4 (12 and 0% inhibition at 50 lM, respectively). How-
ever, 5 showed a low apical-to-basolateral permeability
in Caco-2 assay (0.4 · 10�6 cm/s). In line with this find-
ing, the oral bioavailability in male rats was found to be
ca. <1% (single oral and iv dosing at 1 mg/kg). The mea-
sured concentrations in the portal vein and the vena
cava further confirmed that only a small fraction of
the dose is absorbed, while the hepatic extraction is min-
imal. Overall this suggests that all our arginine com-
pounds suffer from restricted intestinal absorption,
presumably because of high hydrogen bonding and/or
high basicity. The high PSA (above 130 Å2 on average)
of all these compounds might also account for their low
permeability11 (Fig. 2).


Compound 5 was also tested in an in vivo model of
inflammation.12 Mice were treated with 5 either intra-
peritoneally or were exposed to inhale an aerosol of 5
for 30 min. The eosinophil count in the broncho-alveo-
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Figure 3. Evaluation of 5 in vivo in an ovalbumin-triggered model of


airway inflammation. BalbC mice (n = 5) were treated by intra-


peritoneal injection of ovalbumin (OVA 8 lg + aluminum hydroxide


2 mg per mouse) at day 0 and day 14 and by aerosol (OVA 0.5% for


30 min) at days 21–23. Compound 5 was injected ip 1 h before and 4 h


after the aerosol on days 21–23 or inhaled for 30 s at 3 mg/ml. The


broncho-alveolar fluid was sampled on day 25 and the eosinophils


counted.
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lar fluid revealed that inhalation of 5 (3 mg/ml aerosol)
was equally effective to a 30-mg/kg dose ip. The mea-
sured peak concentrations of 5 in the plasma were of
33,800 and 27 ng/ml for ip and aerosol administration,
respectively. Aerosol administration thus leads to a
thousandfold reduced plasma exposure with equal effec-
tiveness in preventing airway inflammation. In another
study, IL-13 levels in the broncho-alveolar fluid of mice
treated with 30 mg/kg of 5 were reduced to levels com-
parable to mice treated with 10 mg/kg ip of montelukast.
This in vivo proof of concept confirmed our hypothesis
that C3a was a valid target to treat airway inflammation
and that aerosol administration is a promising mode of
administration to circumvent the PK issues of this class
of compounds (Fig. 3).


In conclusion, rigidification of known scaffold 4 led to
the discovery of new potent C3aR ligands. Those com-
pounds had poor bioavailability due to the presence of
the arginine side-chain. Attempted modification of this
essential part led to almost inactive compounds. Minute
structural modifications on the ‘Western’ part of the
molecule were shown to exert a drastic influence on
the functional activity. Antagonist 5 was shown to be ac-
tive in vivo, with aerosol administration leading to much
reduced plasma concentrations of active compound.
This suggests that such compounds could be useful for
the treatment of chronic and acute airway inflammatory
diseases.
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Abstract—Series of ureas and thioureas were designed and synthesized, and their inhibitory activities of NO production in lipopoly-
saccharide-activated macrophages were evaluated. We found several essential moieties in the structure of the prepared compounds
for the activity. Thiourea derivatives revealed higher inhibitory activity than the corresponding urea derivatives. Among these com-
pounds, 7e having carboxymethyl group at N3 position of thiourea was the most potent in the inhibition of NO production. They
inhibited NO production through the suppression of iNOS protein and mRNA expression.
� 2007 Elsevier Ltd. All rights reserved.

The critical role of nitric oxide (NO) in various patho-
logical conditions has led to the discovery of new inhib-
itors of NO production as potential therapeutic agents.
NO, a gaseous free radical, is produced through the oxi-
dation of LL-arginine by three isoforms of nitric oxide
synthase (NOS).1 The constitutive NOS (cNOS) found
in neuronal tissues (nNOS, type I) and vascular endo-


thelium (eNOS, type III) is Ca2+-dependent and releases
small amounts of NO required for homeostatic func-
tion.2 Meanwhile, inducible NOS (iNOS, type II), which
can be induced by lipopolysaccharide (LPS) and various
cytokines such as IFN-a, IL-1b, and TNF-a, is Ca2+-
independent and produces micromolar levels of NO.3


Low concentrations of NO produced by iNOS possess
beneficial roles in antimicrobial activity of macrophages
against pathogens,4 while the overproduction of NO and
its derivatives, such as peroxynitrite and nitrogen diox-
ide, has been suggested to be mutagenic in vivo and to
provoke the pathogenesis of septic shock and various
inflammatory processes.5 Furthermore, NO and its oxi-
dized forms have also been known to be carcinogenic.6


Among the many strategies for providing rational con-
trol of NO levels, the efforts have been mainly directed
toward development of selective inhibitor of iNOS that
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can be applied for the treatment of diseases accompany-
ing high levels of NO. Regulation of iNOS can be
achieved by the control of expression level and/or enzy-
matic activity of iNOS. Many classes of iNOS inhibitors
can be classified according to their structural features,
such as, amino acid analogues,7 amino heterocycles,8


amidines,9 guanidines,10 isoquinolinamines,11 and isot-
hiourea.12,13 But most of the inhibitors are neither po-
tent nor selective enough against NOS isoforms, that
limited the application of them in vivo. Only one class
of iNOS inhibitors, LL-lysine analogue, was reported to
enter the clinical trial in human.14


Urea was known to inhibit not only the activity of iNOS
in macrophages during the uremia,15 but also the expres-
sion of iNOS in LPS-activated macrophages.16 Urea was
suggested as an important modulator for renal function
through the fine tuning of NO production.17 Several
groups have reported that urea and thiourea18 or iso-
thiourea12,13,19 inhibit iNOS expression and/or NO pro-
duction. Based on these reports, we tried to investigate
urea and thiourea derivatives as novel inhibitors having
mechanism for enzymatic inhibition and/or downregula-
tion of iNOS expression.


Herein, we report the design and synthesis of urea and
thiourea derivatives as depicted in Figure 1. Their effects
on the NO production and expression of iNOS were
evaluated in LPS-activated macrophage cell culture
system.
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Figure 1. Representative structure of urea and thiourea.
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The preparation of the carbazole-linked urea and thio-
urea derivatives is outlined in Schemes 1 and 2. Hydroxy
ethyl group was introduced at nitrogen of carbazole and
the resulting alcohol 2 was mesylated to obtain com-
pound 3. Alkylation of 4-nitrophenol by treatment of
compound 3 in the presence of NaH gave compound
4. Following reduction of nitro compound 4 over 10%
Pd/C under atmospheric pressure of hydrogen gas pro-
vided amine 5. Condensation of amine 5 with the appro-
priate isocyanates or isothiocyanates offered the desired
compounds 6 and 7.


The activities of the prepared compounds were evalu-
ated for the inhibition of NO production in LPS-acti-
vated macrophages. Murine macrophage cell line,
RAW 264.7 cells, was stimulated with 1 lg/mL of LPS
in the presence of samples for 20 h. The amounts of
NO released into culture media were determined by
the Griess method20 in the form of nitrite.21


The inhibitory activities of the prepared compounds on
the NO production are given in Table 1. Aminoguani-
dine, a well-known specific inhibitor of iNOS, was used
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Scheme 1. Preparation of 4-(2-carbazol-9-ylethoxy)phenylamine. Reagents: (a


NaH, DMF; (d) H2, 10% Pd/C.
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Scheme 2. Preparation of carbazole-linked urea and thiourea derivatives. Re


K2CO3, THF; (c) i—R10CHO (R10 = corresponding alkyl-CH2), NaCNBH3


MeOH/H2O.

as positive control that showed 85% inhibition of NO
production at 0.1 lM. Most of the thiourea derivatives
revealed higher activity than the corresponding urea
derivatives. For example, thioureas 7a, 7c, 7e, and 7f
showed significantly higher activities than ureas 6a, 6b,
6g, and 6i, respectively.


Effects of the alkyl substituents at the N1 and N3 posi-
tion of urea 6a and thiourea 7a were investigated. Intro-
duction of methyl group 6h at the N1 position of urea 6a
lowered the activity, while introduction of bulkier sub-
stituent retrieved the activity. Compound 6i with ethyl
group showed the similar activity as 6a. Meanwhile,
activity of compound 6j with cyclopropylmethyl at N1
became 2.5-fold higher than that of 6a. On the other
hand, thiourea derivatives 7f substituted with ethyl
and 7g with cyclopropylmethyl at N1 of 7a revealed
2-fold lower activity than 7a.


The effects of substituents at N3 position were consider-
ably different between urea and thiourea derivatives.
While the substitution at N3 of urea derivatives 6b–6g
showed no significant effects on the activity, the alkyl
substitution of thiourea greatly enhanced the activity.
Compounds 7b, 7c, 7e with methyl, ethyl, or carboxym-
ethyl group at N3 revealed similar activity ranging from
80% to 90% inhibition of NO production at 5lM con-
centration. In both cases of ureas and thioureas, the
carboxymethyl was the best substituent at N3 for the
improvement of activity. IC50 values of 6j, 7a–7c, and
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Figure 2. Effects of the prepared compounds on the expression of


iNOS protein in LPS-activated macrophages. RAW 264.7 cells were


treated for 20 h with compounds (10 lM) during LPS (1 lg/mL)


activation. Cell lysates were prepared and the iNOS and actin protein


levels were determined by Western blotting. The relative iNOS protein


levels were normalized with the respective amounts of actin. Values


represent means ± SD of three independent densitometric analyses of


bands.


Table 1. Inhibitory activities of carbazole-linked phenylureas and phenylthioureas on the NO production in LPS-induced NO production


N
O


N
H
N


X


R1


R2 R1, R2 = H, alkyl
X = O, S


Compound R1 R2 X Inhibitiona (%) IC50
b (nM)


6a H H O 24


6b H Et O 30


6c H Pro O 14


6d H i-Pro O 15


6e H Ph O 28


6f H CH2CO2Et O 38


6g H CH2CO2H O 43


6h Me H O 8


6i Et H O 25


6j Cyclopropylmethyl H O 61 3120 ± 250


7a H H S 55 5310 ± 702


7b H Me S 80 730 ± 180


7c H Et S 90 901 ± 211


7d H CH2CO2Et S 41


7e H CH2CO2H S 87 153 ± 83


7f Et H S 33


7g Cyclopropylmethyl H S 34


a Values mean the inhibition (%) of NO production at 5 lM concentration of compounds relative to the LPS control (n = 3).
b Values are means ± SD of three experiments.
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7e, which showed more than 50% inhibitory responses at
5 lM, were determined as 3.12, 5.31, 0.73, 0.90, and
0.15 lM, respectively.


In order to find the influence of lipophilic tail on the
activity, carbazolylmethyl group of thiourea derivatives
7b–7c was eliminated. These compounds showed lower
activities, less than 15% inhibition of NO production
at 5 lM, than the corresponding carbazole-linked thiou-
reas. It has been reported that a carbazole derivative
inhibited iNOS expression in the LPS-activated macro-
phage.22 Our results also demonstrated that both thio-
urea and carbazole moieties might play an important
role for their activities although carbazole moiety devoid
of thiourea group revealed no activity. We expect to
potentiate the activity by the structural modification of
thiourea and lipophilic segment.


For the further biological study of our derivatives, we
examined the effects of 6j, 7a–7c, and 7e on the expres-
sion of iNOS protein and mRNA in LPS-activated
RAW 264.7 cells. The amounts of iNOS protein were
analyzed in Western blot analysis after 20-h incubation
with compounds during LPS (1 lg/mL) activation of
macrophages.23 Compounds 7b and 7e significantly
reduced the amounts of iNOS at 10 lM (Fig. 2). At
RT-PCR analysis,24 the expression level of iNOS
mRNA was increased markedly by LPS-activation for
6 h. Compounds 7b and 7e suppressed the induction of
iNOS mRNA at 10 lM (Fig. 3). These results indicated
that the inhibition of NO production by thiourea deriv-
atives resulted from the suppression of iNOS protein
and mRNA.


When we treated the compounds after the completion of
iNOS induction by LPS (post-treatment), they showed

weak activity compared with the results of the co-treat-
ment of compounds with LPS. Even the most potent
compound 7e showed 12% inhibition at 10 lM by
post-treatment. These results suggested that thiourea
derivatives exhibited their activities mainly through
the inhibition of iNOS expression with marginal inhibi-
tion against enzymatic activity. It has been reported
that urea itself inhibited the activity of iNOS by transcrip-
tional15 and post-transcriptional16 mechanisms. Many
of thioureas and isothioureas were reported12,25 as
inhibitors of iNOS enzyme devoid of controlling the
expression step. In addition, a carbazole compound,
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Figure 3. Effects of the prepared compounds on the expression of


iNOS mRNA in LPS-activated macrophages. RAW 264.7 cells were


treated for 6 h with compounds (10 lM) during LPS (1 lg/mL)


activation. The mRNA levels of iNOS and b-actin were determined


by RT-PCR from total RNA extracts. The relative iNOS mRNA levels


were normalized with the respective amounts of b-actin. Values
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9-(2-chlorobenzyl)-9H-carbazole-3-carbaldehyde, was
reported as an inhibitor of iNOS mRNA expression
through a signaling pathway that does not involve NF-
jB pathway.22 The exact difference between the mecha-
nism of our compounds and that of the reported thioureas
and carbazole derivative was not explained in this report.
The study of the mechanism for the iNOS inhibition by
our compounds might be worthy to pursue further.


In conclusion, we prepared a series of urea and thiourea
derivatives and evaluated their inhibitory activities of
NO production in LPS-activated macrophages. They
suppressed the release of NO into culture media through
the suppression of iNOS protein and mRNA expression.
The SAR studies demonstrated that thiourea is superior
to urea and N3 substitution of thiourea with alkyl group
is highly beneficial for their activity. Further study of the
other biological activities related with the overproduc-
tion of NO, and the detailed mechanism for the activities
of these derivatives, is in progress. Our thiourea deriva-
tives that can control the expression of iNOS can be
good leads for the development of therapeutic agents
for the management of NO-related diseases.
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Abstract—A series of piperidine amide inhibitors of human 11b-hydroxysteroid dehydrogenase type 1 (11b-HSD1) were identified
via modifications of the HTS hit compound 1. The synthesis, in vitro biological evaluation, and structure–activity relationship of
these compounds are presented.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Interconversion of cortisone and cortisol by 11b-HSD1 and


11b-HSD2.

11b-Hydroxysteroid dehydrogenase type 1 (11b-HSD1)
has attracted attention during the last few years due to
its potential as a target for the treatment of diseases
associated with the metabolic syndrome.1–3 The enzyme,
which is mainly expressed in liver and adipose tissue,
catalyzes the conversion of inactive cortisone to gluco-
corticoid receptor-active cortisol (Fig. 1). The type II
isoform (11b-HSD2) is located primarily in the kidney
and catalyzes the inactivation of cortisol.4


A growing number of research results indicate that glu-
cocorticoid excess in tissues such as the liver and adipose
might contribute to the development of the metabolic
syndrome. In the liver, cortisol has been shown to pro-
mote gluconeogenesis via the glucocorticoid receptor
by activation of phosphoenolpyruvate carboxykinase
and glucose-6-phosphatase enzymes.5 In the adipose tis-
sue, cortisol is involved in the stimulation of adipogene-
sis, lipolysis, and release of free fatty acids.6 The
significance of 11b-HSD1 in metabolic diseases such as
type 2 diabetes and obesity has been demonstrated in
various rodent studies.7–9 In addition, indirect clinical
evidence in humans has been found in patients with
Cushing’s syndrome where elevated cortisol levels are
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accompanied by characteristic features of the metabolic
syndrome, that is, visceral obesity, impaired glucose tol-
erance, and hyperglycemia.10 These findings have led to
the hypothesis that selective inhibition of 11b-HSD1
would provide a beneficial therapy against metabolic
syndrome related diseases.11–16


In our ongoing research program on selective 11b-HSD1
inhibitors,17 the piperidinylbenzimidazolone 1 (Ki =
0.30 lM) was identified in a HTS-campaign (Fig. 2).
Based on synthetic accessibility of a wide range of ana-
logs, an expansion of the hit was performed aimed at
improving in vitro potency. The inhibitory properties
of the molecules were evaluated in a SPA-based human
11b-HSD1 enzymatic binding assay.18


It was found that isosteric alternatives to the piperidine
amide functionality, for example, sulfonamides, ureas or
carbamates, gave decreased 11b-HSD1 binding poten-
cies. Therefore, it was decided to retain the piperidine
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Figure 2. HTS hit compound 1.
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amide moiety as featured in 1 and to focus the investiga-
tions on synthetic analogs to the 3-methoxybenzoyl
group as well as substitutions/variations on the benzim-
idazolone ring system.


To determine the SAR around the N-acyl substituent at
the piperidyl nitrogen, a series of aryl, heteroaryl, satu-
rated cyclic, and aliphatic piperidine amides were syn-
thesized from commercially available 1-piperidin-4-yl-
1,3-dihydro-2H-benzimidazol-2-one and acyl chlorides
or carboxylic acids (Scheme 1). The 11b-HSD1 SPA
binding assay results of representative examples of these
compounds are shown in Table 1.


Compounds with aliphatic substituents (2 and 3) were
>10 lM in the SPA assay, and attempts to introduce
alternative heterocycles such as furan (4) also resulted
in poor binding, although the 2-chloro-4-methoxypyri-
dine derivative 5 retained activity. Electron-rich meta-,
para-disubstituted aromatic amides appeared more fa-
vored (6–10), and the most potent compounds (6 and
7) showed a threefold increase in potency when com-
pared to the hit compound 1. Phenyl groups containing
electron-withdrawing substituents such as fluorine (13
and 14) and trifluoromethyl (15–17) gave, on the other
hand, reduced activity. To confirm selectivity, com-
pound 7 was tested against 11b-HSD2 and showed very
weak activity (Ki > 10 lM).


Synthetic variations on the benzimidazole scaffold are
described in Schemes 2–5. For comparison purposes,
and since 7 was one of the most potent compounds in
Table 1, the 3-methoxy-4-methylbenzoyl moiety was re-
tained as the piperidyl N-acyl substituent in all of these
compounds. Synthesis of the benzoxazolone 18 was
achieved in four steps from N-Boc-4-piperidone
(Scheme 2). Reductive amination with 2-aminophenol
and sodium triacetoxyborohydride in DCE at room
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temperature overnight yielded the corresponding 2-[1-
Boc-piperidine-4-yl-amino]phenol. Ring-closure to the
benzoxazolidinone was achieved with triphosgene and
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Scheme 5. Reagents and conditions: (a) 3-methoxy-4-methylbenzoic acid,


NaBH(OAc)3, AcOH, DCE rt; (c) DSC, MeCN, rt; (d) NaH, MeI, THF, 0

pyridine as previously described.19 Deprotection with
concentrated HCl and subsequent amide formation
using EDC and Et3N gave the desired benzoxazolone
18.


The synthesis of the indolone 19 was performed in four
steps, the first being acylation of 4-amino-1-benzylpi-
peridine with 2-bromophenylacetyl chloride (Scheme
3). Subsequent ring closure with Pd(OAc)2, PhB(OH)2,
X-Phos, and K2CO3 yielded the benzyl protected
1-(4-piperidyl)indolone.20 Benzyl deprotection with
ammonium formate and Pd/C in MeOH under micro-
wave irradiation and subsequent EDC-catalyzed amide
formation with triethylamine gave the desired target
compound 19.
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The corresponding benzothiazolone 20 was synthesized
by coupling of 4-bromopiperidine and 3-methoxy-4-
methylbenzoic acid followed by alkylation of 2-hydroxy-
benzothiazole with potassium carbonate21 to give the
desired product according to Scheme 4.


Amide coupling of piperidone and 3-methoxy-4-methyl-
benzoic acid using EDC and Et3N in dichloromethane
(DCM) yielded the desired N-acyl piperidone amide
intermediate (Scheme 5). Reductive amination with
aryl-substituted o-phenylenediamines, NaBH(OAc)3,
and AcOH in DCE at room temperature gave the corre-
sponding benzimidazolones. Ring-closure was achieved
using disuccinimido carbonate (DSC) in MeCN at ambi-
ent temperature to give compounds 21–23 in >80% reg-
ioisomeric purity.22 Compound 24 was synthesized
directly from commercially available 5-chloro-1-piperi-
din-4-yl-1,3-dihydro-2H-benzimidazol-2-one according

to Scheme 1. Alkylation of compounds 7 and 24 using
NaH in dry THF followed by addition of excess MeI
yielded the N-methylated benzimidazolones 25 and 26,
respectively.


Table 2 illustrates the variations of the benzimidazolone
scaffold where the SAR was found to be relatively flat in
comparison to the dramatic shifts in activity observed
when altering the N-acyl substituent at the piperidyl
nitrogen. Changing the peripheral scaffold from benzim-
idazolone (7) to the corresponding benzoxazolone (18),
indolone (19), or benzothiazolone (20) gave essentially
equipotent compounds. Various substitution patterns
on the benzimidazolone were tolerated (21–24) but
did not improve potency; however, monosubstituted
benzimidazolone 21 appeared more favored than the
disubstituted derivative 22. N-Methylation of the
benzimidazole (25 and 26) gave compounds with similar
or slightly improved activities when compared to their
non-alkylated analogs (7 and 24). Thus, none of the per-
formed modifications on the benzimidazolone scaffold
resulted in an increase in inhibitory activity when com-
pared to compound 7.


In conclusion, we have identified a novel class of
piperidine amide inhibitors of the human 11b-HSD1
enzyme. Modification of the hit compound 1 resulted
in a threefold increase in potency (compounds 6 and 7).
Alternatives to the piperidine amide linker, variations
of the N-acyl substituent, and substitutions/variations
on the benzimidazolone moiety of 1 were investigated.
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Abstract—Annonaceous acetogenins are a large class of naturally occurring polyketides exhibiting potent anticancer activities.
Based on our previous discovery of AA005, a multi-ether mimic of natural acetogenins having potent antitumor activities and sig-
nificant selectivity between normal cells and cancer cells, a new series of mimics containing a terminal lactam were designed, syn-
thesized and evaluated. Bioactivity study against cancer cells shows that the N-methylated lactam-containing compounds 3, 4, and 5
exhibit comparable potencies to that of AA005, as well as the similar selectivity to cancer cells. Hydrocarbon-length effects of
N-alkyl were further explored through synthesizing derivatives 24–26, and application of this derivation protocol to the fluorescent
labeling was also investigated.
� 2007 Elsevier Ltd. All rights reserved.

Annonaceous acetogenins are a large family of fatty
acid-derived natural products with unique structures.
Many diverse members in this family display a broad
spectrum of biological activities, among which the most
impressive is the antitumor activity.1,2 It is believed that
acetogenins directly act at the terminal electron transfer
step in complex I of mitochondria. However, studies to-
ward determining the accurate binding sites of acetoge-
nins still remain unclear due to lack of detail structural
information about complex I.3,4 Previous studies in our
group showed that a mimic of natural acetogenins
(AA005, 1) containing most potential functionalities of
natural acetogenins exhibited potent antitumor activity
in 50–100 nM range against a variety of human cancer
cell lines. Furthermore, this compound presented gen-
eral selectivity between human normal and cancer cells.5


It would be of great significance to reveal the detailed
action mechanism which is presented by AA005. In or-
der to carry out such studies, a fluorescent derivative
of AA005 that can be visualized in the living cells by
microscopy is required in most priority. The second,
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more chemical space in the acetogenin mimicry is still
urgent to be explored for understanding essential SAR
knowledge through creative chemistry.6 As part of our
continuing efforts on AA005-initiated studies, we report
herein the synthesis of a new series of actogenin mimics
bearing a terminal lactam functionality instead of the
original lactone unit, and the evaluation of their biolog-
ical activities, as well as its application to the fluorescent
labeling.


As mentioned as above, the acetogenin mimic AA005
(1) was found to inhibit complex I of the mitochondrial
electron transport chain.7 Considering the proposed
model by McLaughlin’s group8 for the interaction
between natural acetogenins with complex I, introduc-
tion of a labeling group into the hydrocarbon skeleton
between terminal lactone unit and middle ethylene gly-
col moiety of AA005 might alter the configuration of
the whole skeleton and weaken the binding of AA005
to the target. Based on our previous results,6 we suppose
that introduction of a fluorescent label at one terminal
of the molecule (lactone moiety) may affect less on bind-
ing of AA005 to the target. It is known the a,b-unsatu-
rated c-butenolide is an essential functionality for the
bioactivities of these acetogenins. If this lactone moiety
could be replaced by an unsaturated lactam, the newly
introduced nitrogen atom may offer us the opportunities
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to introduce a fluorescent label directly through a prop-
er spacer. Also, such new AA005-like molecules with a
terminal lactam are of value to be explored. Guided
by the above idea, a series of new acetogenin mimics
2–5 with a terminal lactam moiety were designed
(Fig. 1).


Retrosynthetically, the terminal a,b-unsaturated lactam
could be constructed by a sequential aldol condensation,
lactamization, and b-elimination (Fig. 2). Two direc-
tional successive O-alkylations of ethylene glycol could
introduce both required long-hydrocarbon chains. This
protocol allows us to rapidly assemble the lactam moiety
in considerable diversity from a common intermediate 6
and a variety of easily prepared aminoaldehydes 7–10
from corresponding amino acids.


As shown in Scheme 1, the synthesis started from diol
13.5b Selective protection of the secondary alcohol9
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ics of acetogenin.

and followed by the mesylation10 of the primary hydro-
xyl group afforded mesylate 17 in 90% yield (2 steps).
Mono O-alkylation of ethylene glycol with freshly pre-
pared mesylate 17 gave alcohol 18, which was further
converted to the corresponding iodide 11 in 72% yield
(2 steps).


Right-hand part of the common skeleton 6 was prepared
from the commercially available cis-eruic acid (Scheme
2). Ozonization of the double bond of cis-eruic acid gave
the desired aldehyde, which was reduced immediately by
KBH4. Bromination of the resulting alcohol with HBr
followed by esterification afforded the methyl ester 16
in a satisfactory overall yield. Subsequently, Wittig olef-
ination, hydrogenation, and removal of the acetonide
protecting group gave the expected diol 12.


Cross-coupling of both fragments 11 and 12 was accom-
plished through an etherification in the presence of
Bu2SnO and CsF (Scheme 3). Protection of exposed sec-
ondary hydroxyl group with MOMCl gave the linear
skeleton 6 in good yield. Final construction of the termi-
nal lactam moiety was achieved by the following three-
step sequential procedure. Aldol reactions of the enolate
derived from ester 6 with various adehydes 7–10,11 re-
moval of N-Cbz-protection by hydrogenation and
in situ cyclization (to form the lactams), and b-elimina-
tion gave compounds 20–23 in reasonable yields, respec-
tively. Finally, global deprotection of the MOM ethers
by treatment with BF3ÆEt2O in Me2S12 afforded target
mimics 2–5.


The results of biological evaluation of compounds 2–5
are shown in Table 1. All five lactam-based mimics of
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Table 1. Cytotoxicity screenings of acetogenin mimics 2–5a,b


Compound IC50
c (lM)


Chang B16 BEL-7404 SK-Hep1


AA005 (1) NA 0.035 0.041 0.065


2 NA 0.87 2.20 NA


3 NA 0.013 0.234 0.589


4 NA 0.478 0.845 0.583


5 NA 0.168 0.168 0.104


a AA005 was used as a positive control.
b Exponentially growing cells were treated with compounds 1–5 for


48 h, respectively. Cell viability was determined by MTT assay.
c NA, not active.
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AA005 retain the selectivity between the human cells
(Chang) and tumor cells (B16, BEL-7404, and SK-
Hep1), while they are 5–10-fold less potent than
AA005. Compound 2 (without an N-methyl in the lac-
tam) exhibits weaker activities as compared to com-
pound 3 (with an N-methyl in the lactam). Such kind
of difference was often found in some known N-methyl-
ated peptides with unique physicochemical properties.13


Compound 3 also shows some kind of selectivity among
different tumor cells, which is a defection of AA005, and
other three N-methylated compounds 3–5 only show
slight difference. In addition, elimination of the stereo-
genic center on the lactam by replacement of the (S)-
methyl with a hydrogen atom or replacement of the
hydrogen there with a methyl (compounds 4 and 5) does
not decrease the bioactivity dramatically.


According to the above biological results, N-methyla-
tion on the terminal lactam increases the activity, and
those mimics retain the cell selectivity. It mentions that
the chemical space to introduce other longer alkyls car-
rying on more functional groups, including a fluorescent
group, is possible. Therefore, compounds 24–26 with
different lengths of alkyls at the nitrogen atom of termi-

nal lactam were designed. Such a protocol extended to
the fluorescent labeling is illustrated in Figure 3.


Derivatives 24–26 were prepared using a similar proce-
dure as described above (Scheme 4). Reductive alkyl-
ation14 of LL-alanine methyl ester 28 with aldehyde 29
followed by N-Cbz protection of the secondary amine
afforded ester 30, which was further reduced by Dibal-
H at �78 �C to give aldehyde 31.15 By a similar three-
step procedure, lactam 32 was prepared in a satisfactory
overall yield. After removal of two MOM ethers and the
N-Boc protecting group, further branch extension was
achieved by coupling(s) with the linear amino acid 33
under standard conditions (EDCI/HOBt), affording
compounds 24 (a by-product), 25, and 26, respectively.
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A fluorescent probe 27 was synthesized from intermedi-
ate 25 ( Scheme 5). Deprotection of the N-Boc group of
25 followed by coupling with a commonly used fluores-
cent labeling reagent 34 gave the designed fluorescein-la-
beled compound 27 in 59% yield.


Unfortunately, these compounds bearing the longer
branches decrease the antitumor activity dramatically
as compared to the N-methyl compound 3 ( Table 2),
and no activity was measured for the fluorescent label-
ing compound 27. According to these data, it mentions
that the longer the N-terminal alkyl chain is, the less ac-
tive it is.


In summary, a new series of AA005-like acetogenin
mimics bearing a terminal lactam moiety have been syn-
thesized16 for the first time and their cytotoxicities were
measured and evaluated. Among these compounds,
N-methyl compound 3 shows comparable activities to
that of AA005 and retains similar cell selectivity. It
was also revealed that the stereogenic center on the lac-
tam is not an essential to the antitumoral activity. Utiliz-
ing the newly introduced nitrogen atom, new fluorescent
labeling through N-branching was also studied, and all
these efforts are negative. The compounds bearing long-
er chains through N-alkylation dramatically decrease
the activities, and no activity was observed for the de-
signed fluorescent probe 27. However, the presented

Table 2. Biological evaluation of compounds 3 and 24–27a,b


Compound IC50
c (lM)


Chang SK-hep1 B16 Bel-7404


3 NA 0.437 0.075 0.295


24 NA NA 0.995 1.35


25 NA NA NA 3.20


26 NA NA NA 2.50


27 NA NA NA NA


a Compound 3 was used as a positive control.
b Exponentially growing cells were treated with compounds 3, 24–27


for 48 h, respectively. Cell viability was determined by MTT assay.
c NA, not active.
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Scheme 5. Synthesis of fluorescent labeling compound 27.

work opens an entrance to those new AA005-like ace-
togenin mimics containing nitrogen functionalities. Fur-
ther optimization of the structures and selective labeling
of the acetogenin mimics are currently underway in our
laboratory.
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C. J. J. Org. Chem. 1997, 62, 3880.
16. Data for final compounds: Compound 2. ½a�25


D ¼ þ34:4 (c
0.13, CHCl3); 1H NMR (300 MHz, CDCl3): 0.88 (3H, t,
J = 6.9 Hz), 1.20–1.60 (43H, m), 2.24 (2H, t, J = 8.0 Hz),
2.83 (2OH, br s), 3.32 (2H, dd, J = 8.2, 9.8 Hz), 3.53 (2H,
dd, J = 2.8, 9.8 Hz), 3.67 (4H, m), 3.79 (2H, m), 4.13 (1H,
q, J = 7.0 Hz), 6.51 (1H, s), 6.60 (1H, s) ppm; 13C NMR
(75 MHz, CDCl3): 174.0, 143.2, 139.0, 75.8, 70.5, 70.2,
52.7, 33.0, 31.8, 29.6, 29.59, 29.57, 29.55, 29.51, 29.3, 29.2,
27.5, 25.5, 25.2, 22.6, 19.0, 14.0 ppm; IR (KBr): 3443,
1689, 1637, 1471, 1465, 1159, 1143, 1093, 958 cm�1; MS
(ESI, m/z): 576 (M++Na); HRMS (ESI) calcd for
C33H63NO5Na 576.4598, Found 576.4599. Compound 3.
½a�25


D ¼ þ8:4 (c 0.25, CHCl3); 1H NMR (500 MHz,
CDCl3): 0.88 (3H, t, J = 7.1 Hz), 1.22–1.55 (43 H, m),
2.25 (2H, t, J = 8.0 Hz), 2.95 (3H, s), 3.32 (2H, dd, J = 8.3,
9.7 Hz), 3.54 (2H, dd, J = 2.8, 9.8 Hz), 3.64 (4H, m), 3.78
(2H, m), 3.88 (1H, dq, J = 1.4, 6.9 Hz), 6.53 (1H, dd,
J = 1.6, 3.1 Hz) ppm; 13C NMR (125 MHz, CDCl3):
171.2, 140.1, 139.3, 75.9, 70.5, 70.3, 57.7, 33.0, 31.9,
29.7, 29.6, 29.59, 29.57, 29.4, 29.3, 27.5, 26.6, 25.6, 25.5,
22.6, 16.7, 14.1 ppm; IR (KBr): 3441, 2977, 2850, 1683,
1641, 1464, 1431, 1398, 1328, 1159, 1141, 957 cm�1; MS
(ESI, m/z): 590 (M++Na); HRMS (ESI) calcd for
C34H65NO5Na 590.4754, found 590.4753. Compound 4.
½a�25


D ¼ 5:55 (c 3.5, CHCl3); 1H NMR (400 MHz, CDCl3):

0.88 (3H, t, J = 7.0 Hz), 1.22 (6H, s), 1.22–1.70 (40H, m),
2.24 (2H, t, J = 8.0 Hz), 2.85 (3H, s), 3.32 (2H, dd, J = 8.2
9.7 Hz), 3.53 (2H, dd, J = 2.9, 9.8 Hz), 3.66 (4H, m), 3.78
(2H, m), 6.54 (1H, t, J = 1.4 Hz) ppm; 13C NMR
(100 MHz, CDCl3): 170.3, 145.8, 137.9, 75.9, 70.5, 70.2,
61.5, 33.0, 31.9, 29.68, 29.60, 29.5, 29.4, 29.3, 29.32, 29.30,
27.4, 25.5, 25.4, 23.5, 23.2, 22.6, 14.0 ppm; IR (KBr): 3443,
2918, 2850, 1683, 1647, 1467, 1336, 1160, 1092 cm�1; MS
(ESI, m/z): 604 (M++Na); HRMS (ESI) calcd for
C35H67NO5Na 604.4911, found 604.4911. Compound 5.
½a�25


D ¼ 5:77 (c 0.40, CHCl3); 1H NMR (500 MHz, CDCl3):
0.88 (3H, t, J = 6.9 Hz), 1.22–1.70 (40H, m), 2.27 (2H, t,
J = 8.0 Hz), 3.04 (3H, s), 3.32 (2H, t, J = 9.7 Hz), 3.53
(2H, dd, J = 2.7, 9.8 Hz), 3.66 (4H, m), 3.78 (2 H, m), 3.82
(2H, s), 6.59 (1H, d, J = 1.6 Hz) ppm; 13C NMR
(125 MHz, CDCl3): 171.8, 140.7, 133.5, 75.9, 70.5, 70.3,
52.6, 33.0, 31.9, 29.69, 29.61, 29.5, 29.4, 29.34, 29.33, 29.2,
25.9, 25.5, 22.6, 14.1 ppm; IR (KBr): 3440, 2918, 2850,
1669, 1633, 1472, 1464, 1330, 1160, 1143, 957 cm�1; MS
(ESI, m/z): 576 (M++Na); HRMS (ESI) calcd for
C33H63NO5Na 576.4598, found 576.4596. Compound 27.
1H NMR (500 MHz, CDCl3/MeOD): 0.88 (3H, t,
J = 7.1 Hz), 1.22–1.75 (51H, m), 2.24 (4H, m), 3.07 (1H,
m), 3.27 (3H, m), 3.49 (2H, m), 3.62–3.80 (10H, m), 4.08
(1H, q, J = 6.5 Hz), 6.57 (2H, d, J = 8.7 Hz), 6.68 (1H, s),
6.70 (2H, s), 6.80 (2H, d, J = 8.7 Hz), 7.14 (1H, d,
J = 8.2 Hz), 7.90 (1H, d, J = 8.2 Hz), 8.07 (1H, s) ppm;
13C NMR (125 MHz, CDCl3/MeOD): 181.9, 176.9, 175.2,
173.2, 171.4, 155.0, 142.8, 141.4, 139.1, 130.6, 129.5, 126.7,
115.6, 112.5, 103.6, 76.4, 71.0, 70.9, 57.4, 50.5, 50.0, 36.9,
33.9, 32.6, 31.4, 30.4, 30.4, 30.3, 30.2, 30.0, 26.2, 23.3, 18.2,
14.6 ppm; IR (film): 3282, 3070, 2924, 2853, 1736, 1658,
1610, 1501, 1465, 1378, 1326, 1254, 1210, 1180, 1110, 993,
913, 851, 787, 730 cm�1; MS (MALDI, m/z): 1135
(M++Na); HRMS (MALDI) calcd for C63H92N4O11SNa
1135.6375, found 1135.6360.
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Abstract—A series of b-aminoamides bearing triazolopiperazines has been prepared and evaluated as potent, selective, orally active
dipeptidyl peptidase IV (DPP-4) inhibitors. Efforts at optimization of the b-aminoamide series, which ultimately led to the discovery
of JANUVIATM (sitagliptin phosphate, compound 1), are described.
� 2007 Elsevier Ltd. All rights reserved.
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The discovery of a biological function of dipeptidyl pep-
tidase IV (DPP-4), a serine protease, has spurred recent
intense research efforts directed toward the development
of DPP-4 inhibitors as new potential anti-diabetic
agents.1 DPP-4 inhibitors function as indirect stimula-
tors of insulin secretion and this effect is believed to be
mediated primarily by enhancing the action of the incre-
tin hormone glucagon-like peptide 1 (GLP-1).2 This hor-
mone is released in the gut in response to food intake.
GLP-1, in turn, stimulates the pancreas to synthesize
and secrete insulin, while inhibiting the release of gluca-
gon. GLP-1 regulates insulin in a strictly glucose-depen-
dent manner, thus posing little or no risk of
hypoglycemia. Other beneficial effects of GLP-1 therapy
include the slowing of gastric emptying3 and reduction
of appetite.4 Furthermore, recent data suggesting a po-
tential role for GLP-1 in restoration of b-cell function
in rodents indicate that this mechanism might even slow
or reverse disease progression.5 However, GLP-1 is rap-
idly degraded in vivo through the action of DPP-4,
which cleaves a dipeptide from the N-terminus to give
the inactive GLP-1[9–36]amide.6 Thus, inhibition of
DPP-4 would increase the half-life of GLP-1 and pro-
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long the beneficial effects of this incretin hormone. Com-
pound 1, JANUVIATM (sitagliptin phosphate), a potent,
selective, and orally active DPP-4 inhibitor, has recently
been approved by the U.S. Food and Drug Administra-
tion (FDA) for the treatment of type 2 diabetes (Fig. 1).
Several other DPP-4 inhibitors are currently being eval-
uated in late stage human clinical trials, including
vildagliptin (2) and saxagliptin (3).7


Extensive structure–activity relationship (SAR) studies
around the left side phenyl ring and the right side triaz-
olopiperazine moiety in the b-aminoamide series

3  Saxagliptin (BMS477118)


N


NH2


Figure 1. DPP-4 inhibitors.
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Scheme 2. Reagents and conditions: (a) fluorobenzoic acid or isoni-


cotinic acid, PPA, 150 �C, 18 h, 8–16%; (b) H2, 10% Pd/C, EtOH, rt,


18 h, 80–93%; (c) cyclopropanecarbonyl chloride, py, reflux, 47%; (d)


PPA, 150 �C, 18 h, 57–74%; (e) (CHF2CO)2O, Et3N, CH2Cl2, 0 �C to


rt, 2 h, 100%; (f) ethyl oxalyl chloride, Et3N, CH3CN, 27%; (g) PTSA,


toluene, reflux, 6 h, 31%; (h) t-BuNH2, 35%.
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provided various close analogs of sitagliptin (1).8 While
the discovery of sitagliptin (1) was previously reported,9


herein, our initial efforts at optimization of b-aminoa-
mide series are described in detail.


The b-amino acid derived DPP-4 inhibitors in this
report were prepared by standard peptide coupling of
b-amino acids (7 and 12, Scheme 1) with fused heterocy-
cles (14–19, Scheme 2) as reported earlier.9 Two different
approaches to non-commercially available b-amino
acids are described in Scheme 1.


First, using Scholkopf’s bis-lactam strategy,10 the start-
ing dihydropyrazine 4 was converted to a-amino acid
6 with the requisite (R)-stereochemistry following the
procedure similar to those previously reported (Route
1, Scheme 1).8a,9 Subsequent one-carbon extension gave
rise to the desired b-amino acid 7 for the synthesis of
DPP-4 inhibitors. In a second approach (Route 2,
Scheme 1), 2,4-difluorophenylacetic acid was converted
to b-ketoester 9 in three steps according to the known
procedure.11 Treatment of b-ketoester 9 with (S)-phe-
nylglycine amide followed by asymmetric hydrogenation
provided compound 11a. Enantiomeric excess (ee) of
methyl ester 11b was determined to be 98.5% using chi-
ral HPLC (ChiralPak AD column). Boc-protection of
11a followed by hydrolysis afforded b-aminoacid 12.


Several approaches for the variation of the substituents
on triazolopiperazines are described in Scheme 2. First,
direct condensation of hydrazinopyrazine 13 with corre-
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Scheme 1. Reagents and conditions: (a) n-BuLi, THF, �78 �C, BnBr,


75–80%; (b) i—1 N HCl, rt, 16 h, ii—MeOH; (c) (Boc)2O, Et3N,


CH2Cl2; (d) LiOH, 1:1 THF/H2O, 62–70% (3 steps); (e) Et3N, iso-butyl


chloroformate, �30 �C, CH2N2; (f) silver benzoate, 1,4-dioxane/H2O


(5:1), sonication, 81–86% (2 steps); (g) (COCl)2, cat. DMF, CH2Cl2;


(h) 2,4,6-collidine, Meldrum’s acid, 45% (2 steps); (i) MeOH, reflux,


4 h, 81%; (j) (S)-phenylglycine amide, MeOH, AcOH, 40 �C, 2 h, 87%;


(k) 90 psi H2, THF/MeOH = 5:1, PtO2, 42%; (l) MeOH/AcOH/H2O,


Pearlman’s catalyst; (m) (Boc)2O, Et3N, CH2Cl2, 59% (2 steps); (n) 1 N


aqueous LiOH, THF, 87%.

sponding fluorobenzoic acid or isonicotinic acid in
polyphosphoric acid (PPA) followed by catalytic hydro-
genation afforded aryl-substituted triazolopiperazine 14.


Acylation of starting hydrazinopyrazine 13 with cyclo-
propanecarbonyl chloride or difluoroacetic anhydride
followed by PPA cyclization and hydrogenation affor-
ded 15 and 16, respectively. Similarly, hydrazinopyr-
azine 13 was acylated with ethyl oxalyl chloride and
then cyclized under mild conditions to give 17,12 which
was hydrogenated to afford 18 or converted to tert-butyl
amide 19 by treatment with tert-butyl amine.


Compounds in Tables 1 and 2 were evaluated in vitro
for their inhibition of DPP-4.13 The inhibitors were also
tested against DPP-4 structural homologs in the DPP-4
gene family, including DPP8,14 DPP9,15 fibroblast acti-
vation protein (FAP, also called seprase),16 and other
proline specific enzymes with DPP-4 like activity, includ-
ing quiescent cell proline dipeptidase (QPP, also known
as DPP-II),13,17 amino peptidase P, and prolidase. Since
significant QPP off-target activity was often observed for
the b-amino acid derived DPP-4 inhibitors reported
from these laboratories earlier,8 QPP data are presented
for comparison. Safety studies using a DPP8/9 selective
inhibitor suggest that inhibition of DPP8 and/or DPP9
is associated with profound toxicity in preclinical
species.18 Although the relevance of these findings to
human toxicity is unknown, treatment-related dermato-
logical toxicity in monkeys was observed with a
non-selective DPP-4, DPP8, and DPP9 inhibitor.19


Thus, selectivity profiles against DPP8 and DPP9 were
also obtained for safety reasons.


In the course of the SAR development of this triazolo-
piperazine series, an interesting fluorine effect on DPP-
4 activity was observed. The trend was consistent with
the SAR observed with a previously reported thiazoli-
dine series.8 In the case of mono-fluoro substitution,







Table 1. Effects of R1 substituent on inhibitory properties of selected DPP-4 inhibitorsa


NH2


N


O


N
N


N


CF3


R1


Compound R1 DPP-4 IC50 (nM) QPP IC50 (nM) DPP-8 IC50 (nM) DPP-9 IC50 (nM)


20 2-F 98 14,000 75,000 >100,000


21 3-F 135 31,000 >100,000 >100,000


22 4-F 272 >100,000 65,000 >100,000


23 3,4-Di-F 128 98,000 46,000 >100,000


24 2,4-Di-F 82 >100,000 83,000 >100,000


25 2,5-Di-F 27 >100,000 69,000 >100,000


26 2,3,5-Tri-F 805 42,000 >100,000 >100,000


27 2,3,6-Tri-F 151 >100,000 >100,000 >100,000


28 2,4,6-Tri-F 87 >100,000 >100,000 >100,000


1 (Sitagliptin) 2,4,5-Tri-F 18 >100,000 48,000 >100,000


29 2,3,4,5,6-Penta-F 1018 66,000 >100,000 >100,000


30 2-CF3 486 >100,000 >100,000 >100,000


31 3-CF3 366 >100,000 >100,000 >100,000


32 4-CF3 511 >100,000 >100,000 >100,000


33 2-Cl 145 >100,000 >100,000 >100,000


34 3-Cl 59 >100,000 >100,000 >100,000


35 4-Cl 264 >100,000 26,000 72,000


36 3,4-Di-Cl 1580 >100,000 >100,000 >100,000


37 2,4-Di-Cl 23 >100,000 30,000 49,000


38 2,5-Di-Cl 180 >100,000 >100,000 >100,000


39 2-F, 5-Cl 21 >100,000 >100,000 98,000


40 2,5-Di-F, 4-Cl 76 46,000 49,000 >100,000


41 2-Cl-, 4,5-di-F 84 >100,000 >100,000 >100,000


a Unless otherwise noted, values reported are means of a minimum of two experiments with a standard deviation <25% of the mean.
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2-fluoro analog 20 was slightly more potent than 3-flu-
oro analog 21, and 4-fluoro analog 22 was the least
active. Sequential addition of one or two more fluorine
atoms further increased the DPP-4 potency. In the case
of difluoro-analogs (23–25), highest DPP-4 potency was
achieved with the addition of fluorine atoms at the
2- and 5-positions (25, IC50 = 27 nM). Interestingly,
reordering of three fluorine atoms on the phenyl of the
most potent 2,4,5-trifluoro-compound 1 (sitagliptin)
resulted in a significant decrease in the DPP-4 potency
(P5-fold, 26–28). It was notable that pentafluoro-ana-
log 29 was the least active in the fluorine-substitution
series (DPP-4 IC50 = 1018 nM). Trifluoromethyl substi-
tuted analogs (30–32) were uniformly less active than
their corresponding fluoro-analogs (21–23). Unlike the
fluorine series, the preferred positions for chlorine atoms
changed in both mono- and di-substitution cases. In the
case of mono-chloro substitution, the 3-position is the
optimal position for DPP-4 potency (35; DPP-4
IC50 = 59 nM). Compound 34 was ca. 2-fold more
potent than the corresponding 3-fluoro compound 21.
Among three dichloro-substituted compounds (36–38)
the 2,4-dichloro compound 37exhibited the highest
potency (DPP-4 IC50 = 23 nM). Compound 37 was ca.
4-fold more potent than the corresponding 2,4-diflu-
oro-compound 24 and was as potent as 2,5-difluoro
compound 25. Interestingly, compound 39 with mixed
halides (2-F, 5-Cl) exhibited a similar activity as
2,5-difluoro-compound 25. Displacement of a fluorine
atom with a chlorine atom at either the 2- or 4-position
of compound 1 (sitagliptin) resulted in a 4- to 5-fold

decrease in the DPP-4 potency (40 and 41). In general,
most of the triazolopiperazine analogs exhibited high
selectivity over counterscreens.


In order to improve DPP-4 potency as well as pharma-
cokinetic properties, the effects of substituents on the
triazolopiperazine moiety were investigated. Both aryl
and heteroaryl substituents were found to be as effective
as alkyl or perfluoroalkyl substituents in terms of DPP-4
potency. However, these analogs (42–44) displayed
unacceptable DPP8 activity (IC50: 1–4 lM), whereas
the effects of aryl and heteroaryl substituents on DPP9
activity were insignificant. Since inhibition of DPP8
and/or DPP9 is associated with significant toxicity in
preclinical species, further development of a series of
compounds with aryl or heteroaryl substituent was dis-
continued. While ethyl ester and tert-butyl amide ana-
logs (45, 50, and 51) showed moderate DPP-4 activity,
hydroxyl analog 46 exhibited a 3-fold increase in DPP-
4 potency over these analogs.20 Ethyl analog 47 was
equipotent to cyclopropyl analog 48. Deletion of one
fluorine from a CF3-group at R2 resulted in a slight
decrease in potency (49: DPP-4 IC50 = 29 nM).
Representative potent compounds were selected for the
evaluation in rat pharmacokinetic studies (Table 3).
While both 2,4-dichloro- and 2-fluoro-, 5-chloro-ana-
logs (37 and 39) are comparable to compound 1 (sitag-
liptin) in terms of DPP-4 potency, they showed faster
clearance and disappointing oral bioavailability
compared to compound 1. Additional halo-substituted
analogs 40 and 41 also exhibited decreased oral







Table 2. Effects of R1 and R2 substituents on inhibitory properties of selected DPP-4 inhibitorsa


NH2


N


O


N
N


N


R2


R1


Compound R1 R2 DPP-4 IC50 (nM) QPP IC50 (nM) DPP-8 IC50 (nM) DPP-9 IC50 (nM)


42 2,5-Di-F


F


60 38,000 979 >100,000


43 2,5-Di-F
F F


30 95,000 1010 58,000


44 2,5-Di-F


N


65 >100,000 4200 84,000


45 2,5-Di-F O
O


190 >100,000 37,000 78,000


46 2,5-Di-F OH 69 >100,000 >100,000 >100,000


47 2,4,5-Tri-F Et 37 >100,000 39,000 >100,000


48 2,4,5-Tri-F 30 83,000 54,000 >100,000


49 2,4,5-Tri-F
F


F 29 >100,000 86,000 >100,000


50 2,4,5-Tri-F O
O


219 >100,000 22,000 78,000


51 2,4,5-Tri-F NH
O


234 46,000 63,000 >100,000


a Unless otherwise noted, values reported are means of a minimum of two experiments with a standard deviation <25% of the mean.


Table 3. Pharmacokinetic properties of selected DPP-4 inhibitors in


the rat (iv, 1 mg/kg; po, 2 mg/kg)


Compound CL


(mL/min/kg)


t1/2 (h) AUC norm


(lM h kg mg�1)


F (%)


1 60 1.7 0.523 76


37 98 2.6 0.144 36


39 99 1.7 0.180 43


40 58 2.1 0.371 54


41 78 1.7 0.238 47


47 70 1.7 0.016 2


48 68 1.8 0.016 3


49 66 1.3 0.251 39
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bioavailability in the rat comparable to compound 1
(sitagliptin). Replacement of CF3 in compound 1 with
an ethyl or cyclopropyl substituent resulted in a loss of
oral bioavailability (47 and 48: F = 2–3%). Deletion of

one fluorine atom from the CF3-substituent in
compound 1 resulted in a significant decrease in oral
exposure and oral bioavailability (49).


In summary, we have discovered a series of novel triaz-
olopiperazine-based DPP-4 inhibitors, which are among
the most selective DPP-4 inhibitors reported to date.
Reordering of three fluorine atoms (26–28), displace-
ment of a fluorine atom with a chlorine (40 and 41) in
the left side phenyl ring of compound 1 (sitagliptin),
and deletion of a fluorine from triazolopiperazine ring
(49) gave rise to several close analogs of compound 1.
Among these analogs compound 40 was found to
possess the best pharmacokinetic profile, however, its
DPP-4 activity was suboptimal. Decreased DPP-4
potency and oral bioavailability of des-fluoro-analog
49 demonstrated that the CF3 group on the triazolopip-







D. Kim et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3373–3377 3377

erazine moiety of compound 1 is optimal. Importantly,
it was discovered that some substituents on the triazolo-
piperazine moiety often afford the unacceptable DPP8
activity (42–44). This result suggests that we need to
take precautions in designing DPP-4 inhibitors even in
highly selective series such as the triazolopiperazine
series.
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Abstract—A novel series of 2-aryl-2-hydroxyethylamine substituted 4-oxo-4,7-dihydrothieno[2,3-b]pyridine-5-carboxamides have
been identified as potent antivirals against human herpesviruses. These compounds demonstrate broad-spectrum inhibition of
the herpesvirus polymerases HCMV, HSV-1, EBV, and VZV with high specificity compared to human DNA polymerases.
� 2007 Elsevier Ltd. All rights reserved.
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Infections by viruses of the Herpesvirus family pose a
significant health burden to the general population,
leading to diminished quality of life for millions, and
are a leading contributor to morbidity in immunocom-
promised patients. Human cytomegalovirus (HCMV)
is associated with clinical symptoms such as pneumonia,
retinitis, and graft rejection in the immunocompro-
mised, as well as congenital birth defects in neonates.1


The existing therapies to treat HCMV infection are
hampered by significant drug-associated toxicities which
limit their duration of use. As a consequence and be-
cause of the nature of the patient population, emergence
of drug resistance is a common concern.2 The prevalence
of other herpesviruses such as herpes simplex virus
(HSV), Epstein–Barr virus (EBV), and varicella-zoster
virus (VZV) is widespread among the human popula-
tion.3 The adoption of routine childhood vaccination
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against VZV has significantly reduced the incidence of
primary disease, chickenpox. However, the impact on
corresponding epidemiological outcome and extent of
acceptance of vaccination in the elderly toward inci-
dence of reactivation leading to herpes zoster (shingles),
a highly debilitating illness characterized by persistent
neuropathic pain, remains unclear. Antiviral therapy
in the immunocompromised to address complications
to VZV infections will likely still be a necessity in the fu-
ture. Unfortunately, the availability of a well-tolerated,
orally bioavailable, broad-spectrum agent to address
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Figure 1. Optimization of lead 4-oxo-4,7-dihydrothieno[2,3-b]pyridine


carboxamide 1 by replacement of the morpholine substituent.
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Scheme 1. Synthesis of 2-hydroxyethylamine-substituted 4-oxo-4,7-dihydrothieno[2,3-b]pyridines 3a–f and 5a–r. Reagents and condition: (a) MsCl,


2,4,6-collidine, DMAP, DMF; PhCH(OH)CH2NHR (6a–f); (b) ethyl chloroformate, CHCl3, reflux; (c) i-Pr2EtN, DMF, RCH(OH)CH2N(CH3)H


(7a–s).
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herpesvirus infections in the growing immunocompro-
mised population remains an unmet medical need.


Previously, we have described a novel series of 4-oxo-
4,7-dihydrothieno[2,3-b]pyridine (DHTP) carboxamides
exemplified by 1 which were broad-spectrum inhibitors
of herpesvirus polymerases including HCMV, HSV-1,
and VZV polymerases, Figure 1.4 During the course of
screening commercially available amine monomers in

Table 1. HCMV polymerase and antiviral inhibition for compounds


3a–f


Compound R HCMV Polymerase


IC50
a (nM)


HCMV Antiviral


IC50
a,b (nM)


3a H 8400 >5000


3b CH3 100 180 (±64)


3c CH2CH3 240 (±50) 450 (±150)


3d CH2CH2OH 1580 400 (±200)


3e CH(CH3)2 2040 1600


3f C3H5 8900 >5000


a Values are means of at least two experiments where standard devia-


tion is given in parentheses, see Table 5 for reference compounds.
b Determined by plaque reduction assay (Davis strain).


O
NHR


OH


6c-f


a


Scheme 2. Synthesis of 2-hydroxyethylamines 6c–f. Reagents and


condition: (a) RNH2, methanol, reflux (R = c, ethyl; d, 2-hydroxyethyl;


e, isopropyl; f, cyclopropyl).


Table 2. Configurational preference of stereogenic center in compound


3b toward herpes polymerase inhibition


Compound Polymerase IC50
a (nM)


HCMV HSV-1 VZV


(S)-3b 100 400 200


(R)-3b 2550 10,500 5000


a Values represent single determinations, see Table 5 for reference


compounds.

order to explore the structure–activity relationships
surrounding the critical morpholine substituent, an
alternative 2-hydroxyethylamine motif was identified.
This motif imparted to compounds of the DHTP series
differentially improved polymerase inhibition compared
to the same analogs in the earlier 4-oxo-1,4-dihydro-
quinoline carboxamide template.5 Herein we report
optimization of the amine substituent in the thie-
no[2,3-b]pyridine carboxamide series leading to overall
increased antiviral potency.


Synthesis of 2-hydroxyethylamine-substituted thie-
no[2,3-b]pyridine carboxamides was accomplished by
alkylation of the corresponding aminoethanol with
2-chloromethyl thieno[2,3-b]pyridine 4 either discreetly
or generated in situ, Scheme 1. Alkylchloride 4 could

Table 3. Influence of ethylamine C2-substituent on HCMV polymer-


ase and antiviral inhibition for compounds 5a–s


Compound R HCMV


polymerase


IC50
a (nM)


HCMV


antiviral


IC50
a,b (nM)


3b Phenyl 100 180 (±64)


5a 4-Hydroxyphenyl 100 57 (±11)


5b 4-Fluorophenyl 220 (±40) 200 (±100)


5c 3-Chlorophenyl 203 (±31) 250 (±50)


5d Pyridin-2-yl 86 (±3) 90 (±10)


5e Pyridin-3-yl 160 (±20) 60 (±40)


5f Pyridin-4-yl 200 85 (±15)


5g 2-Furan 77 (±15) 30 (±0)


5h 3-Furan 250 (±10) 400 (±0)


5i Benzofuran-2-yl 12 150 (±50)


5j Quinolin-2-yl 65 (±10) 40


5k 2-Thiophene 175 (±25) 250 (±50)


5l 3-Cyanophenyl 66 (±35) 100 (±0)


5m 4-Cyanophenyl 315 (±15) 300 (±100)


5n 3-Methoxyphenyl 87 (±14) 20 (±10)


5o 1,3-Thiazol-2-yl 235 (±35) 200


5p Pyrimidin-2-yl 100 (±30) 100 (±0)


5q Pyrazin-2-yl 85 (±25) 65 (±35)


5r CH3 3530 1500


5s CH(CH3)2 17,500 >5000


a Values are means of at least two experiments where standard devia-


tion is given in parentheses, see Table 5 for reference compounds.
b Determined by plaque reduction assay (Davis strain).
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be prepared either from the corresponding 2-hydroxy-
methyl thieno[2,3-b]pyridine 24 by reaction with metha-
nesulfonyl chloride in the presence of 2,4,6-collidine and
DMAP or in high yield (95%) from 2-morpholinylmeth-
yl thieno[2,3-b]pyridine 14 upon treatment with ethyl
chloroformate.


Initial SAR evaluation focused on the role of the
hydroxyethylamine nitrogen substituent by reacting N-
alkyl-substituted 2-hydroxy-2-phenylethylamines (6a–f)
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Scheme 3. Synthesis of 2-hydroxyethyl-1-methylamines 7b–g. Re-


agents and conditions: (a) NaBH4, methanol (R = b, 4-fluorophenyl;


c, 4-chlorophenyl) or NaBH4, methanol; 48% HBr (R = d, pyridin-2-yl;


e, pyridin-3-yl; f, pyridin-4-yl); (b) methylamine, methanol, 60 �C; (c)


methylamine, methanol, 0 �C; NaBH4.
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Scheme 4. Synthesis of 2-hydroxyethyl-1-methylamines 7h–n. Re-


agents and conditions: (a) methylamine, methanol, rt (i, benzofuran-


2-yl; k, 2-thiophene) or 60–100 �C (h, 3-furan; j, quinolin-2-yl; l, 3-


cyanophenyl; m, 4-cyanophenyl;n, 3-methoxyphenyl).
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Scheme 5. Synthesis of 2-hydroxyethyl-1-methylamines 7o–q. Re-


agents and condition: (a) methylamine, methanol, NaI, 60 �C (o, 1,3-


thiazol-2-yl; p, pyrimidin-2-yl; q, pyrazin-2-yl).
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Scheme 6. Synthesis of 7-substituted 4-oxo-4,7-dihydrothieno[2,3-b]pyridines


iodopropane; c, 2-bromoethyl methyl ether), K2CO3, DMF, rt or RX (d, TH


MsCl, 2,4,6-collidine, DMAP, DMF; (c) i-Pr2EtN, DMF, (R)-7g; (d) 65% p

with 4 generated in situ to afford thieno[2,3-b]pyridines
3a–f, Table 1. Aminoalcohols 6c–f were prepared from
styrene oxide by ring opening with the corresponding
primary amine, Scheme 2. HCMV polymerase inhibition
and antiviral activity in an HCMV plaque reduction as-
say was measured for each compound.6 This survey
established that small alkyl substituents (methyl and
ethyl) were preferred with a significant potency reduc-
tion for the unsubstituted (3a) and branched (3e–f) ana-
logs. Ring opening of (R)- and (S)-styrene oxide with
methylamine afforded the corresponding scalemic amin-
oalcohols7 which subsequently provided (R)-3b and (S)-
3b of established configurations (>98% ee), Table 2. The
configuration of the hydroxy-bearing stereogenic center
was found to play a significant role toward polymerase
inhibition with the (S)-isomer being 25-fold more potent
than the (R)-isomer for HCMV, HSV, and VZV poly-
merase. The relevance of substitution at the hydroxy-
bearing carbon toward polymerase inhibition was next
examined. A series of 2-aryl, 2-heteroaryl, and 2-alkyl-
N-methyl-2-hydroxyethylamines (7a–s) were alkylated
with 4 to provide thieno[2,3-b]pyridines 5a–s, Scheme
1 and Table 3. Aminoalcohols 7b–g were prepared from
the corresponding bromoacetyl by reduction to the bro-
mohydrin followed by displacement with methylamine
except for furan-2-yl 7g where the sequence of steps
had to be reversed in order to afford satisfactory yields,
Scheme 3. Aminoalcohols 7h–n were readily prepared
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11a–c, 11f, and 11g. Reagents and conditions: (a) RX (a, iodoethane; b,


POCH2CH2I; e, THPOCH2CH2CH2I), Cs2CO3, DMF, 60–100 �C; (b)


erchloric acid, THF (f, n = 1; g, n = 2).


Table 4. Influence of N7-substituent on HCMV polymerase and


antiviral inhibition for compounds (R)-5g, 11a–c, 11f, and 11g


Compound R HCMV


polymerase


IC50
a (nM)


HCMV


antiviral


IC50
a,b (nM)


(R)-5g CH3 35 (±6) 7 (±2)


11a CH2CH3 200 (±20) 150 (±50)


11b CH2CH2CH3 180 (±20) 35 (±5)


11c CH2CH2OCH3 350 250 (±50)


11f CH2CH2OH 240 (±40) 250 (±50)


11g CH2CH2CH2OH 280 (±81) 300


a Values are means of at least two experiments where standard devia-


tion is given in parentheses, see Table 5 for reference compounds.
b Determined by plaque reduction assay (Davis strain).







Table 5. Broad-spectrum activity of (R)-5d and (R)-5q compared to morpholinyl-substituted DHTP 1 and established therapies


Compound Polymerase IC50
a (nM) Antiviral IC50


a,b (nM) CC50
c (lM)


HCMV HSV-1 VZV a/c/d HCMV HSV-1 VZV


1 1100 (±400) 1200 770 >40,000 800 (±300) 5530 (±160) 770 (±180) >100


(R)-5d 61 (±1) 76 21 >40,000 100 3000 2 >100


(R)-5q 37 (±3) 76 (±9) 19 (±1) >40,000 15 (±5) 1600 7 >100


Ganciclovir 1300 (±300) nd nd >100


Acyclovir >20,000 2100 8100 >100


Foscarnet 2500 nd nd <280 (c)


Aphidicolin 487 (±74) 438 (±136) 473 (±90) 2600 (a)


AZT-TPd 22,100 3300 5800 2300 (d)


a Values are means of at least two experiments where standard deviation is given in parentheses (nd, not determined).
b Determined by plaque reduction assay (HCMV, Davis strain; HSV-1, KOS strain; VZV, Webster strain).
c CC50, 50% cellular cytotoxicity in HFF cells derived from single determination, Ref. 14.
d AZT-TP, zidovudine triphosphate.
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through ring opening of the corresponding oxiranes,8


Scheme 4. Lastly, aminoalcohols 7o–q were prepared
from the corresponding chlorohydrins9,10 by reaction
with methylamine, Scheme 5. The resulting phenyl and
heteroaromatic substituted thieno[2,3-b]pyridines all
showed strong HCMV polymerase inhibition and corre-
sponding HCMV antiviral activity in contrast to the
corresponding alkyl derivatives (5r and 5s) suggesting
the aromatic ring plays an important role in the en-
hanced activity of these analogs. Several analogs dem-
onstrated HCMV polymerase and antiviral IC50 values
below 100 nM including substitution by pyridin-2-yl
(5d), 2-furan (5g), and pyrazin-2-yl (5q). Analogs 5d
and 5q demonstrated good aqueous solubility (9 and
72 lM, respectively); however, furan derivative 5g
unfortunately showed poor solubility (0.4 lM). From
previous work in the series,4 polymerase inhibition was
tolerant of substitution in the 7-position of the thie-
no[2,3-b]pyridine ring system, and we felt it may be pos-
sible to modify the compound’s physical properties by
functionalization in this region. Alcohol 94 was alkyl-
ated by a series of alkyl and alkyl ether halides and sub-
sequently converted to the corresponding chloride 10,
Scheme 6. The resulting chlorides were reacted with chi-
ral 2-furyl aminoalcohol (R)-7g (>96% ee)9,11 to afford
thieno[2,3-b]pyridines 11a–e, Table 4. THP-ether deriva-
tives 11d and 11e were deprotected to provide alcohols
11f and 11g, respectively. Resolution by chiral chroma-
tography afforded (R)-5g.12 By incorporating a hydroxyl
group into the N7-substituent, compounds 11f and 11g
showed improved aqueous solubility (22 and 72 lM,
respectively) over the alkyl derivatives for which solubil-
ity remained poor. Unfortunately, for these analogs as
well as alkyl derivatives 11a–c, HCMV polymerase
and antiviral potency was reduced compared to the ste-
rically smaller methyl substituent.


The more potent stereoisomer of the pyridin-2-yl and
pyrazin-2-yl derivatives was similarly prepared by reac-
tion of 4 with the corresponding scalemic (R)-aminoal-
cohols9 to provide (R)-5d13 and (R)-5q (>98% ee),
respectively. Both compounds were found to broad-
spectrum inhibitors of herpesvirus polymerases includ-
ing HCMV, HSV, and VZV while not being active
against human DNA polymerases (a, c, and d), Table 5.
Broad-spectrum herpes antiviral activity was also

demonstrated with (R)-5d and (R)-5q being substantially
more potent than 1 against HCMV and VZV. Both
compounds also demonstrated good oral bioavailability
in rat (45% and 21%, respectively) and in dog (76% and
66%, respectively).15 Compound (R)-5d was also found
to inhibit Epstein–Barr virus (EBV) polymerase
(IC50 = 70 nM)16 and demonstrate EBV antiviral activ-
ity in a cell culture assay (IC50 = 200 nM).17 As seen
previously with compound 1,4 HSV-1 mutants contain-
ing a V823A mutation in their polymerase gene were sig-
nificantly less sensitive to inhibition by (R)-5d than wild-
type virus.


The replacement of the morpholinyl-substituent in her-
pes antivirals of the thieno[2,3-b]pyridine series such as
1 with a 2-aryl-2-hydroxyethylamine moiety has affor-
ded orally bioavailable compounds with significantly
improved viral polymerase inhibition. Compounds
(R)-5d and (R)-5q exhibit antiviral activity comparable
(HSV-1) or superior (HCMV and VZV) to that of 1
and established therapies. The application of the
2-aryl-2-hydroxyethylamine motif to core ring systems
other than thieno[2,3-b]pyridines offers the hope of fur-
ther improved antiviral potency within this novel class
of broad-spectrum agents.
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Abstract—Norcantharidin (3) is a potent PP1 (IC50 = 9.0 ± 1.4 lM) and PP2A (IC50 = 3.0 ± 0.4 lM) inhibitor with 3-fold PP2A
selectivity and induces growth inhibition (GI50 �45 lM) across a range of human cancer cell lines including those of colorectal
(HT29, SW480), breast (MCF-7), ovarian (A2780), lung (H460), skin (A431), prostate (DU145), neuroblastoma (BE2-C), and glio-
blastoma (SJ-G2) origin. Until now limited modifications to the parent compound have been tolerated. Surprisingly, simple hetero-
cyclic half-acid norcantharidin analogues are more active than the original lead compound, with the morphilino-substituted (9)
being a more potent (IC50 = 2.8 ± 0.10 lM) and selective (4.6-fold) PP2A inhibitor with greater in vitro cytotoxicity (GI50


�9.6 lM) relative to norcantharidin. The analogous thiomorpholine-substituted (10) displays increased PP1 inhibition
(IC50 = 3.2 ± 0 lM) and reduced PP2A inhibition (IC50 = 5.1 ± 0.41 lM), to norcantharidin. Synthesis of the analogous cantharidin
analogue (19) with incorporation of the amine nitrogen into the heterocycle further increases PP1 (IC50 = 5.9 ± 2.2 lM) and PP2A
(IC50 = 0.79 ± 0.1 lM) inhibition and cell cytotoxicity (GI50 �3.3 lM). These analogues represent the most potent cantharidin ana-
logues thus reported.
Crown Copyright � 2007 Published by Elsevier Ltd. All rights reserved.

Protein phosphorylation and dephosphorylation is a
fundamental process for regulating cellular signaling
pathways and is mediated by a delicate interplay be-
tween kinases and phosphatases. The protein phospha-
tases 1 (PP1) and 2A (PP2A) comprise �1% of all
cellular proteins and account for 90% of all serine/thre-
onine protein phosphatase activity.1–4 PP2A has a het-
erotrimeric architecture with the core PP2A enzyme
consisting of a 65-kDa (A)-subunit and a 36-kDa cata-
lytic (C) subunit. This AC core enzyme binds to at least
18 different regulatory subunits (B) which are implicated
in regulating cellular localization, substrate specificity,
and enzymatic activity.5–9 Evidence is accumulating that
PP2A is a pivotal mediator of many, if not all, cellular
processes.10–13
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There are numerous natural product inhibitors of PP1
and PP2A as exemplified by the okadaic acid class of
compounds. Okadaic acid, tautomycin, calyculin A,
and the microcystins are highly complex nanomolar
potent inhibitors of both PP1 and PP2A, typically dis-
playing modest levels of PP2A selectivity (�100-fold at
best), with tautomycin the exception being �4-fold
PP1 selective.3,4,14 Fostriecin (1), isolated from a bacte-
rial broth, is the most selective PP2A (vs PP1) inhibitor
yet reported (�40,000-fold PP2A selective).15,16 Interest-
ingly fostriecin has undergone considerable evaluation
as a potential anti-cancer agent, and as yet no successful
outcome has been reported, however most of these stud-
ies were compromised by poor compound supply, qual-
ity, and/or rapid in vivo deactivation. Cantharidin (2),
the active component of Spanish Fly, is another toxin
that inhibits both PP1 and PP2A albeit at higher con-
centrations.3 Like fostriecin, cantharidin has been eval-
uated and indeed utilized as an anti-cancer agent.
Mylabris, a natural source of cantharidin, was first
reported as an anti-cancer agent in 1264.3

vier Ltd. All rights reserved.
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Structurally the simplest member of the okadaic acid


class of compounds, cantharidin, has been the subject
of multiple medicinal chemistry studies in efforts to im-
prove its PP1 and PP2A potency and to induce either
PP1 or PP2A selectivity.3,4,17,18 Our group has devel-
oped many such analogues and explored the correlation
between PP2A selectivity and in vitro anti-cancer activ-
ity. However we, as have others, have been frustrated by
the apparent inability to improve potency beyond that
of the native compound.17,18 In this paper, we report
on our recent efforts that have been somewhat more
successful.


In keeping with our philosophy that medicinal chemistry
should adopt elegantly simple synthetic approaches
where possible, and in an extension of earlier work,
our analogue development commenced with the readily
accessible norcantharidin (3).18a Treatment, Scheme 1,
of this active anhydride with a series of substituted
heterocyclic amines in THF at room temperature rap-
idly furnished us with the family of analogues shown
in Table 1. For comparative purposes cantharidin and
norcantharidin were also included in all assays
conducted.18a


Our synthesis and evaluation commenced with the
cyclopentylamine analogue 5.18a As shown in Table 1,
5 displayed modest levels of PP1 and PP2A inhibition,
with no enzyme selectivity, which is contrary to the par-
ent compounds which show modest levels of PP2A selec-
tivity. Indeed, 5 displayed comparable activity to
previously reported anilino derivatives from our
group,18a suggesting that the aromatic ring at this junc-
ture is not necessary for inhibition, but may play a role
in imparting PP2A selectivity. A moderate level of broad
spectrum cytotoxicity was also observed (GI50 �36 lM).


Current literature consensus is that cantharidin and its
analogues bind in the surface grooves of both PP1 and
PP2A, in the same area as the larger toxins, and several
groups including ours have made efforts to access these
hydrophobic domains to improve potency and specific-
ity.3,4,17,18 This was the rationale for examining the
chain extended analogues 6 and 7. No activity, either
phosphatase inhibition or growth inhibition, was
observed (Table 1). There are two logical explanations
for this unanticipated loss of activity: (1) the introduc-

OO
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O
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Scheme 1. Reagents and condition: (i) RNH2, THF, rt.

tion of a second pyrrolidine (piperidine) nitrogen
adversely affects interactions in the hydrophobic domain
or (2) these analogues do not bind in the proximity of
the hydrophobic domain. In previous work, we devel-
oped a series of analogues that seemed to suggest that
accessing the hydrophobic domain was possible.18c


However, a report by Shan on the evaluation of a family
of norcantharidin analogues and enzyme kinetic experi-
ments supplied tantalizing evidence that cantharidin
may not bind in the same site as the okadaic acid class
of toxins.19 Our own enzymatic kinetic studies have been
ambiguous. We are in the process of completing a series
of synthesis and computer modeling studies in this area
and will report our findings shortly.


Piperidine analogue 8 is by far the most intriguing entry
in Table 1, with the removal of the basic nitrogen atom
and drawing the hydrophobic entity closer to the amide
linkage we observed highly potent PP inhibitor, more
potent even than norcantharidin against PP1 and equi-
potent at PP2A, a first in our laboratory. In addition
to a return to PP inhibition we also observed an increase
in cytotoxicity across all cell lines evaluated, again at
least comparable or better than that observed for
norcantharidin.


Having established that the presence of the piperidine
substituent conferred highly favorable PP inhibition
and cytotoxicity, we extended our evaluations to include
a number of similar small heterocyclic amines. These
data are presented in Table 2.


Commencing with a series of simple bioisosteric
replacements: 8 (4 0-CH2)) 9 (4 0-O)) 10 (4 0-S)) 11
(4 0-NH)) 12 (4 0-N-CH3) it is immediately apparent
that the 4 0-heterocyclic ring substituent has a pro-
nounced effect on PP inhibition and cytotoxicity. First
the introduction of the morphilino oxygen is detrimen-
tal to PP1 inhibition whilst improving PP2A inhibition
and hence PP2A specificity, with 9 now 4.6-fold PP2A
selective. Gratifyingly, given our contention that PP2A
specificity and potency correlates with cytotoxicity, we
observed across the board improvement in GI50 values
relative to 8 (8 mean GI50 = 14.5 lM; 9 mean
GI50 = 9.6 lM). Bioisosteric replacement O) S gener-
ates 10, which adversely affects PP2A inhibition whilst
positively affecting PP1 inhibition with 10 now PP1
selective (1.6-fold), and equipotent with 8, i.e., the
change from 4 0-CH2 to 4 0-S has no real effect on PP
inhibition, the effect on cytotoxicity is also negligible.
Given the change in PP2A selectivity we had expected
a decrease in cytotoxicity. Analogue 11 arises via
installation of a 4 0-NH and allows a return to PP2A
specificity (3.4-fold), although at the expense of po-
tency, and a modest level of cytotoxicity. Presumably
the decrease in cytotoxicity is a combination of reduced
PP inhibition and the bioavailability of 11. The former
effect could be due to a change in H-bonding character;
the change in heterocycle polarity based on an O) N
replacement, our data do not distinguish between these
possibilities. N-methylation of 11 to 12 renders the
analogue insoluble in assay media as such no data were
obtained.







Table 1. Inhibition of PP1 and PP2A, and growth inhibition against a number of human cancer cell lines by 2, 3, and the acid–amide analogues 5–8


R IC50
a (lM) GI50


a (lM)


PP1 PP2A HT29b SW480b MCF-7c A2780d H460e A431f DU145g BE2-Ch SJ-G2i


2 11 ± 2.0 1.2 ± 0.1 3.3 ± 0.1 4.6 ± 0.2 7.0 ± 0.2 5.8 ± 0.2 4.0 ± 0.1 3.4 ± 0.2 2.4 ± 0.1 4.9 ± 0.2 3.0 ± 0.1


3 9.0 ± 1.4 3.0 ± 0.4 48 ± 4.0 35 ± 1.1 64 ± 3.4 59 ± 0.0 45 ± 1.8 33 ± 0.8 30 ± 1.1 56 ± 1.8 35 ± 1.1


O


H
N


5 18 ± 1.5 17 ± 1.0 44 ± 3.0 27 ± 4.5 48 ± 2.5 56 ± 1.0 29 ± 4.3 32 ± 2.0 33 ± 4.0 31 ± 2.0 31 ± 1.5


O


N
H


N 6 (0) (0) (3.9 ± 3.0) (2.4 ± 3.1) (5.9 ± 6.6) (8.4 ± 2.8) (7.7 ± 4.8) (6.3 ± 2.8) (0) (0) (5.7 ± 3.3)


O


N
H


N 7 (0) (0) (13 ± 4.7) (5.1 ± 8.3) (13 ± 1.8) (11 ± 0.6) (1.2 ± 7.7) (4.8 ± 3.4) (0) (2.6 ± 1.4) (0)


O


N 8 3.0 ± 0.49 4.4 ± 0.18 14 ± 1.2 9.3 ± 0.40 14 ± 0.9 12 ± 1.0 19 ± 1.7 14 ± 0.2 16 ± 0.3 14 ± 0.3 18 ± 1.8


Values in parentheses represent percentage growth inhibition generated at 100 lM drug concentration with IC50 or GI50 values not determined.
a Means ± SEM of three experiments conducted in triplicate.
b Colorectal.
c Breast.
d Ovarian.
e Lung.
f Skin.
g Prostate.
h Neuroblastoma.
i Glioblastoma human cancer cell lines.
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Table 2. Inhibition of PP1 and PP2A, and growth inhibition against a number of human cancer cell lines by acid–amide analogues 9–18


R IC50
a (lM) GI50


a (lM)


PP1 PP2A HT29b SW480b MCF-7c A2780d H460e A431f DU145g BE2-Ch SJ-G2i


O


N


O


9
13 ± 2 2.8 ± 0.1 7.4 ± 2.1 5.5 ± 0.8 7.7 ± 1.8 8.3 ± 0.4 18 ± 2.8 8.5 ± 1.3 14 ± 0.3 6.0 ± 0.6 11 ± 0.6


O


N


S


10 3.2 ± 0.0 5.1 ± 0.4 7.7 ± 1.6 5.3 ± 0.6 7.0 ± 0.1 6.2 ± 0.1 13 ± 1.2 8.5 ± 0.7 11 ± 1.0 5.6 ± 0.2 12 ± 0.9


O


N


NH


11 32 ± 2.0 9.3 ± 0.8 17 ± 0.0 17 ± 0.9 20 ± 1.7 24 ± 2.5 21 ± 1.6 23 ± 3.0 29 ± 1.5 20 ± 0.7 13 ± 3.0


O


N


N


12 Insol Insol Insol Insol Insol Insol Insol Insol Insol Insol Insol


O


N


OH


13 54 ± 13 13 ± 1.9 46 ± 4.9 76 ± 1.3 88 ± 10 (18 ± 0.9) > 100 (54 ± 2.9) > 100 96 ± 3.3 96 ± 3.7 57 ± 3.1 48 ± 4.0


O


N


O
14 9.3 ± 1.2 4.4 ± 0.07 19 ± 0.9 15 ± 1.3 24 ± 2.7 24 ± 1.5 24 ± 0.9 21 ± 0.0 25 ± 0.0 18 ± 3.6 20 ± 0.7


O


H
N


N


O


15 44 ± 6.3 18 ± 0.3 (29 ± 5.3) (29 ± 1.0) (12 ± 3.8) (7.0 ± 1.8) (18 ± 0.4) (36 ± 4.9) (3.1 ± 5.0) (39 ± 8.1) (30 ± 2.4)


N


O


N
H


O


16 31 ± 2.9 43 ± 1.0 (37 ± 13) (14 ± 1.6) (7.5 ± 3.0) (14 ± 1.2) (10 ± 3.7) (23 ± 5.6) (17 ± 6.9) (26 ± 20) (19 ± 4.8)


N
H


O
N


O


17 6.5 ± 2.4 7.9 ± 0.4 (23 ± 1.6) (29 ± 0.7) (20 ± 2.7) (18 ± 3.8) (19 ± 3.1) (21 ± 3.9) (17 ± 1.6) (13 ± 4.1) (21 ± 2.3)


N
H


O
N


HN


18 (35 ± 5.5) (56 ± 8.7) (21 ± 4.6) (33 ± 5.3) (17 ± 2.0) (20 ± 1.9) (25 ± 5.1) (32 ± 2.5) (14 ± 3.0) (23 ± 2.3) (27 ± 3.7)


alues in parentheses represent percentage enzyme or percentage growth inhibition generated at 100 lM drug concentration with IC50 or GI50 values not determined.


Means ± SEM of three experiments conducted in triplicate.
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Table 3. Inhibition of PP1 and PP2A, and growth inhibition against a number of human cancer cell lines by cantharidin (2) and the morphilino-


substituted half-acid analogue 19


Analogue IC50
a (lM) GI50


a (lM)


PP1 PP2A HT29b SW480b MCF-7c A2780d H460e A431f DU145g BE2-Ch SJ-G2i


O O


O


O


2 11.3 ± 1.97 1.2 ± 0.1 3.3 ± 0.1 4.6 ± 0.2 7.0 ± 0.2 5.8 ± 0.2 4.0 ± 0.1 3.4 ± 0.2 2.4 ± 0.1 4.9 ± 0.2 3.0 ± 0.1


O
O


O


OH


N


O


19 5.9 ± 2.2 0.79 ± 0.1 2.8 ± 0.0 3.9 ± 0.1 5.8 ± 0.2 4.9 ± 0.4 3.3 ± 0.1 2.9 ± 0.1 1.7 ± 0.0 2.5 ± 0.3 2.1 ± 0.1


a Means ± SEM of three experiments conducted in triplicate.
b Colorectal.
c Breast.
d Ovarian.
e Lung.
f Skin.
g Prostate.
h Neuroblastoma.
i Glioblastoma human cancer cell lines.
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Introduction of additional substituents to the morphol-
ine ring of 8 with a 2 0-ethyl alcohol resulted in a decrease
in both PP inhibition and cytotoxicity (Table 2, com-
pound 13), whilst the 3 0,5 0-dimethylmorphilino analogue
14 displayed a slight decrease in PP1 inhibition but no
such adverse effect on either PP2A inhibition or cytotox-
icity suggesting that this may be a site suitable for fur-
ther modification. Insertion of an ethyl linker into
analogue 9, afforded analogue 16 which displayed very
poor PP inhibition and cytotoxicity. This suggests that
the proximity of the ring to the amide carbonyl is pivotal
for activity with 9 as one of the most potent protein
phosphatase norcantharidin analogues thus far re-
ported. This effect is further confirmed with the position
of the morpholine substituent as close to the amide car-
bonyl vital for high activity, with movement of even one
bond length detrimental to activity (Table 2, compounds
15 and 16). It is also likely that the type of nitrogen
atoms present in these analogues impacts on the ob-
served activity. The aniline-type nitrogen of 17 is less ba-
sic than the tertiary amine nitrogen of 16 and thus more
favorable for a hydrophobic environment. Also, drop in
potency of 16 compared to 9 may result from the in-
creased polarity of the basic nitrogen of the morpholine
ring in 16 (versus the amide nitrogen of 9).


In this series the most potent and PP1 selective analogue
is 10 and the most potent and selective PP2A analogue is
9, and in both cases all the data generated indicate that
both these analogues are more potent than the lead nor-
cantharidin. The type of spacer (phenyl ring, 17) has an
effect on PP inhibition with the insertion of a phenyl ring
restoring potency analogous to our previously reported
anilino series, however analogue 18 possessing a simple
imidazole terminated ethyl chain displays low levels of
PP1/PP2A inhibition as well as very low levels of
cytotoxicity.

Cantharidin has greater potency, selectivity, and cyto-
toxicity than norcantharidin, associated with the addi-
tional methyl groups. Thus, it was hypothesized that
the synthesis of a cantharidin based variant of 9
would generate an analogue with improved PP inhibi-
tion and cytotoxicity. Hence, we applied our synthetic
approach as shown in Scheme 1 and generated 19 and
the results of our biological screening are given in
Table 3.


The data in Table 3 clearly show that 19 is more potent
in all aspects than the parent 2. Given we observed no
decrease in inhibition with the 3 0,5 0-dimethylmorphili-
no-substituted 14 we feel that this result has the poten-
tial to allow the rapid development of novel highly
potent cantharidin analogues.


In this work, nucleophilic ring opening with a series
of heterocyclic amines has for the first time allowed
the generation of a series of novel (nor)cantharidin
analogues that are more potent than the original
lead compounds. Both PP inhibition and cytotoxicity
are enhanced. In particular, further evaluation of
substituted morphilino analogues should be investi-
gated, and are currently underway in our laborato-
ries and will be reported in due course.
Interestingly, the data generated suggest that the
consensus binding motif associated with analogues
of this kind warrants further investigation and gives
tentative support to the kinetic studies performed by
Shan et al.19
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Abstract—A series of novel acylide derivatives have been synthesized from erythromycin A via a facile procedure. By applying this
procedure, cyclic carbonation to C-11,12 position, acylation to C-3 hydroxyl, and deprotection provided the desired acylides. These
compounds showed antibacterial activity against both macrolide-susceptible strains and macrolide-resistant strains. Because of
existence of 6-O-allyl substitution, these derivatives can be used as intermediates for further structural modification.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of Telithromycin and Cethromycin.
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The increasing resistance of community-acquired respi-
ratory tract infection to many antimicrobials has be-
come a serious problem over the past decades.1,2 The
therapeutic utility of macrolides has been severely com-
promised by the emergence of resistant pathogens.
Many efforts have been made to discover novel macro-
lides to address this status.3 For example, Telithromy-
cin4,5 and Cethromycin,6–8 known as ketolides, have
been investigated. These compounds, possessing a 3-
keto and a proper side chain which can interact with
nucleotide A 752 in domain II of the 23S rRNA, showed
excellent activities against major macrolide-resistant
strains9 (Fig. 1).


Some researchers postulated that modification at C-3
was important for the enhanced activity against efflux
resistance.10 The structural modification other than
introducing a keto group at C-3 position could also
improve activity against efflux resistance.11–13


A new class of macrolide antibiotics, named as acylides,
has been reported14,15 (Fig. 2). TEA077714 and
TEA0929,15 for example, showed potent antibacterial
activity against Gram-positive pathogens, and signifi-
cant activity against H. influenzae. Acylides possess a
3-O-acyl group and an 11,12-carbamate provided
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improved antibacterial activity, especially against
erm-containing erythromycin-resistant strains. The
five-membered cyclic carbamate attached to the 11,
12-position was important to rigidify the conformation
of the mother ring. It showed that both 3-O-acyl group
and the 11,12-carbamate ring could account for the
activity against erythromycin A susceptible as well as
resistant strains.


We focused on the synthesis of 3-O-acyl-6-O-allyl-11,12-
carbonate-5-O-desosaminyl erythronolide A, reasoning
that 11,12-carbonate ring can also be able to increase
the rigidity of the conformation of acylide and provide
a good antibacterial activity.16 Furthermore, during
our synthesis of carbonate derivatives, introduction of
five-membered cyclic was more convenient. Only one
step reaction was required for obtaining of 11,12-car-
bonate product from 11,12-diol. This could greatly
shorten the synthesis route of five-membered ring on
erythronolide A.


6-O-Allylerythromycin A is identified as a versatile syn-
thetic equivalent, which can be converted into an array
of diversified derivatives.3 In particular, allyl group
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Scheme 1. Synthesis of compound 5. Reagents: (a) allyl tert-butylcarbona


EtOH:H2O/1:1, 70%; (c) 1 N HCl, EtOH:H2O/3:1, 80%; (d) Ac2O, acetone,

can provide an ideal point for aryl group attaching.17–19


The 6-O-tethered three-atom chain with an aryl group
substituent is necessary for its activity against MLSB-
resistant.


Using 2 0,400-O-bis(trimethylsilyl)-erythromycin A 9-[O-
(1-methoxy-1-methylethyl)oxime] 120 as starting mate-
rial, the procedure for synthesis of compound 5 is as fol-
lows (Scheme 1): 1 was converted to 6-O-allyl derivative
2 by reacting with allyl tert-butylcarbonate in presence of
palladium acetate, N,N-diisopropylethylamine, and tri-
phenylphosphine in THF (anhyd) in yield of 60%. The
mixture of the resulting 2, formic acid, and NaHSO3 in
a solution of EtOH/H2O (v:v 1:1)was refluxed for 4.5 h.
Compound 3 was obtained in yield of 70%. Hydrolysis
of the cladinose by treating 3 with 1 N HCl in a mixture
of EtOH and H2O (v:v 3:1) gave 4 in yield of 80%. Acet-
ylation of 4 with acetic anhydride in presence of K2CO3


in acetone (anhyd) gave 5 in yield of 75%.


The treatment of 5 with trichloromethyl chloroformate
in pyridine and CH2Cl2 at 0 �C gave 6 in 71% yield.
The structure of 6 was confirmed by 13C NMR. Com-
pound 6 reacted with different arylacetic acids in
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Scheme 2. Synthesis of compound 8(a–i). Reagents and condition: (a) trichloromethyl chloroformate, pyridine, CH2Cl2, 71%; (b) ROH, EDC,


DMAP, CH2Cl2, 36–65%; (c) MeOH, reflux.


Table 1. Antibacterial activity of acylides 8(a–i)


Pathogens MIC (lg/mL)


8a 8b 8c 8d 8e 8f 8g 8h 8i Clara


01-430 MSSA 1 8 1 1 4 16 32 0.5 4 0.25


01-431 MSSA 1 8 1 1 4 16 32 0.5 4 0.25


01-481 MSSA 2 16 4 2 8 32 32 1 16 0.5


01-433 MRSA 32 16 16 16 16 32 32 32 32 256


01-429 MRSA 32 16 16 16 16 32 32 32 32 256


01-483 MRSA 8 16 4 2 16 32 32 1 32 256


01-1005 MSSE 0.5 4 1 1 2 8 32 0.5 4 0.125


01-1091 MSSE 0.5 4 1 1 2 8 32 0.5 4 0.125


01-1004 MSSE 0.5 4 1 1 2 8 32 0.5 4 0.125


01-1056 MRSE 32 32 32 32 32 32 32 32 32 256


01-1059 MRSE 32 32 8 2 16 32 32 1 32 256


01-1090 MRSE 2 32 4 1 16 32 32 1 32 256


S. pneumoniae


ATCC 49619 0.25 2 0.25 0.125 1 2 4 0.062 1 0.25


S. pneumoniae


03-451(Ery-R) 2 16 4 4 8 16 32 4 32 32


03-436(Ery-R) 2 32 8 8 16 32 32 8 32 128


03-458(Ery-R) 2 32 2 2 8 16 32 2 16 256


S. pyogenes


01-469(Ery-S) 0.125 0.5 0.062 0.125 0.5 0.5 1 0.016 0.5 0.062


01-804(Ery-S) 0.125 0.5 0.125 0.125 0.5 1 1 0.031 0.5 0.125


01-740(Ery-S) 0.125 0.5 0.062 0.125 0.25 0.5 1 0.016 0.5 0.062


S. pyogenes


03-680(Ery-R) 16 16 16 16 8 16 32 16 32 256


a Clar, clarithromycin.
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presence of 1-(3-dimethylaminopropyl)-3-ethylcarbodii-
mide hydrochloride and 4-dimethylaminopyridine. After
stirring at ambient temperature for 24 h and purification
on silica gel, the desired carbonate acylides 7(a–i) were
obtained in yield of 36–65%, respectively (Scheme 2).
Compound 8(a–i) were obtained by refluxing 7(a–i) in
MeOH for 5 h. Especially, 8a has similar acylide core
as TEA0929 but differs on 6-O-allyl group and 11,12-
carbonate ring. The structures of 8(a–i) were confirmed
by HRMS, 1H NMR, and 13C NMR spectra.21


The 6-O-allyl-11,12-carbonate acylides 8(a–i) and the
reference compound, Clarithromycin, were tested
against different representative pathogens. Various
macrolide- and multidrug-resistant pathogens were
tested in order to identify the potency of these acylide
analogues. Staphylococcus aureus 01-430, 01-431, and
01-481 are methicillin-sensitive Staphylococcus aureus
(MSSA). S. aureus 01-433, 01-429 and 01-483 are
methicillin-resistant Staphylococcus aureus (MRSA).
Staphylococcus epidermidis 01-1005, 01-1091, and
01-1004 are methicillin-sensitive Staphylococcus
epidermidis (MSSE). S. epidermidis 01-1056, 01-1059,
and 01-1090 are methicillin-resistant Staphylococcus
epidermidis (MRSE). Streptococcus pneumoniae
ATCC49619, Streptococcus pyogenes 01-469, 01-804,
and 01-740 are erythromycin-susceptible strains
(Ery-S). S. pneumoniae 03-451, 03-436, and 03-458
are erythromycin-resistant strains (Ery-R). S. pyogenes
03-680 is erythromycin-resistant strain encoded by an
ermB gene. The in vitro antibacterial activity is
reported as minimum inhibitory concentrations (MICs),
which were determined by the broth microdilution
method as recommended by the National Committee
of Clinical Laboratory Standard (NCCLS).22–24


The in vitro antibacterial activity of 8(a–i) and
reference compounds is shown in Table 1. All these
acylides showed antibacterial activity against macro-
lide-resistant strains. 8a and 8h showed significantly
improved activity against not only macrolide-suscepti-
ble strains but also macrolide-resistant strains. The
results suggested that the introduction of an aryl-
acetyl group into 3-position enhanced the antibacte-
rial activity. In particular, acylide 8h showed more
potent activity against susceptible Gram-positive
pathogens than 8a.


In summary, a series of novel acylides 6-O-allyl-3-O-
acyl-11,12-carbonate erythromycin A derivatives 8(a–i)
were synthesized by a facile process. This 6-O-allyl acy-
lide core can be evaluated as important intermediate for
further study.
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Abstract—A series of substituted bis[(para-methoxy)benzyl] (bisPMB) esters of 1-naphthalenemethylphosphonate (NMPA) were
synthesized and evaluated as phosphonate prodrugs. BisPMB NMPA esters (4b and 4c) with significantly improved aqueous sta-
bility were identified that also resulted in increased intracellular levels of NMPA following prodrug incubation with primary rat
hepatocytes.
� 2007 Elsevier Ltd. All rights reserved.

Phosphonic acids represent a functional group that is
rarely found amongst potential drug candidates largely
because at physiological pH phosphonic acids are nega-
tively charged and therefore often exhibit low oral bio-
availability and poor cell penetration.1 To circumvent
one or both of these limitations, efforts have been on-
going over the past twenty years to identify suitable
phosphonate prodrugs.2 Most phosphonate prodrug
classes depend on carboxylic acid esterases to initiate a
multi-step cleavage mechanism that results in the hydro-
lysis of the phosphonate ester. Examples include the
acyloxyalkyl esters,3,4 S-acyl-2-thioethyl (SATE) esters5


and more recently a series of monoamidates6,7 and
bisamidates.8 While highly successful in improving cell
penetration and in some cases oral bioavailability, some
of these prodrugs often fail to deliver high levels of the
phosphonic acid to tissues in large part because prodrug
cleavage is fast and as a consequence circulating pro-
drug levels are low.


Efforts to find phosphonate prodrugs that cleave by a
non-esterase dependent mechanism have led to the dis-
covery of two classes of prodrugs that have advanced
into human clinical trials, namely bisphenyl esters9 and
HepDirect prodrugs.10,11 Bisbenzyl esters have also been

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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explored but the simple unsubstituted benzyl ester
cleaves too slowly to be of use as a prodrug. Efforts to
enhance the rate of prodrug cleavage led to bisbenzyl
prodrugs containing a para-O-acyl12,13 substituent that
is rapidly cleaved by esterases to the corresponding phe-
nol which in turn undergoes rapid, non-enzymatic
breakdown to the phosphonic acid.


To discover phosphonate prodrugs with increased chem-
ical stability that cleave by a non-esterase-mediated
mechanism, we investigated various 4-alkyloxybenzyl
esters as potential phosphonate prodrugs, since O-deal-
kylation of alkoxyphenyl derivatives occurs in the liver
and is mediated by cytochrome P(450) (CYP)
enzymes.14,15 As outlined in Scheme 1, bisPMB phos-
phonate esters are expected to enter hepatocytes by pas-
sive diffusion and then undergo rapid CYP-mediated
dealkylation to generate the corresponding phenol,
which then undergoes elimination of quinone methide
to generate the monophosphonic acid. Cleavage of the
second PMB group generates the parent phosphonic
acid. The by-product generated resulting from prodrug
release, a quinone methide or its derivatives, is expected
to react rapidly with glutathione, a thiol that exists at
high concentrations inside the liver and is known to rap-
idly detoxify electrophiles.16


To investigate the potential of bisPMB phosphonate es-
ters as prodrugs, our strategy was to first test this con-
cept in rat hepatocytes using a model phosphonic acid.



mailto:dang@mbasis.com

mailto:erion@ mbasis.com

mailto:erion@ mbasis.com





[Drug] P


O


O


O


OMe


OMe


[Drug] P


O


O


O


OH


PMB


O


 


[Drug] P


O


O


O PMB


OH


S


Glutathione


CYP


+
?


Scheme 1. Activation of bisPMB phosphonate prodrugs.
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Should a bisPMB phosphonate ester be identified with
desired properties such as good intracellular activation,
good chemical and plasma stability, then the hope was
that it could be applied to phosphonic acids with biolog-
ical activity (e.g., a FBPase inhibitor) and that a phar-
macological readout (e.g., glucose lowering) could then
be used to test in vivo activity. Previously, we reported
that studies with 1-naphthalenemethylphosphonate
(NMPA, 1) as the model phosphonic acid allowed us
to identify a series of 3-phthalidyl esters as potential
prodrugs.4 Herein, various NMPA bisPMB esters (4a–
m, Fig. 1) were synthesized and evaluated for prodrug
activation in primary rat hepatocytes and prodrug sta-
bility in both aqueous solutions and rat plasma.


BisPMB NMPA esters (4a–m) were synthesized via a
two-step procedure entailing conversion of NMPA to
its corresponding dichloridate using oxalyl chloride in
the presence of a catalytic amount of N,N-dimethyl-
formamide (DMF) followed by reaction of the dichlori-
date with various benzyl alcohols in the presence of
pyridine.17 Isolated yields are shown in Table 1.


NMPA bisPMB esters (4a–m) were evaluated for aque-
ous and rat plasma stability as well as activation in cells,
Table 1. Aqueous stability was determined in Krebs
bicarbonate buffer at 37 �C; while plasma stability was
determined by using procedures previously described.4


NMPA bisPMB esters (4a–m) were also evaluated for
activation in primary rat hepatocytes by measurement
of intracellular levels of NMPA following 1 h of expo-
sure to prodrug (100 lM). Cells were separated from
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Figure 1. NMPA esters as potential prodrugs.

medium by centrifugation through an oil layer and ex-
tracted with methanol (60%). Analysis of prodrug and
NMPA levels in aqueous media or cells was performed
by reverse phase HPLC using a Beckman Ultrasphere
column (5 l, 4.6 · 250 mm). A gradient was run from
10% to 80% acetonitrile in 20 mM potassium phosphate,
pH 6.4, buffer over 20 min. The elution time of NMPA
was �4.6 min.


As expected, NMPA (1) and its simple diethyl ester 2 did
not produce detectable intracellular levels of NMPA
(entries 1–2, Table 1). On the other hand, bis[(para-
methoxy)benzyl]NMPA (4a) was converted to NMPA
inside rat hepatocytes, and more importantly it gener-
ated similar NMPA levels (91 lM) compared to bis(iso-
butyryloxymethyl)NMPA (3, 85 lM), indicating an
excellent degree of prodrug activation. However, 4a
exhibited a short half-life of 9 min in Krebs bicarbonate
confirming the lack of chemical stability. Consequently,
two approaches were taken to further stabilize 4a. First,
changing the electronics of the phenyl ring was investi-
gated via exploration of both electron-donating and
electron-withdrawing substituents. Introduction of
electron-donating groups was detrimental to stability,
as 3-methyl and 3-methoxy analogues of 4a, although
detectable by TLC, were too unstable to be isolated.
In contrast, electron-withdrawing groups such as fluoro
and chloro groups led to a significant improvement in
aqueous stability. For example, the 3-fluoro (4b),
3-chloro (4c) and 3-bromo (4d) analogues showed much
improved half-lives in Krebs bicarbonate: t1/2 > 120 min.
More importantly, there is no diminution in prodrug
activation for 4b and 4c judging by the high levels of
NMPA generated in hepatocytes. These bisPMB esters
(4a–4d) were also tested for plasma stability and they
showed the exact profiles as in the aqueous stability as-
say. Therefore, for all other compounds the plasma sta-
bility assay was used to evaluate both chemical and
plasma stability and results are summarized in Table 1.
The second approach was to alter the methoxy group
on the phenyl ring of 4a. The O-ethyl (4e) and O-propyl
(4f) analogues of 4c also gave greater stability than 4a
due to the presence of the 3-chloro group, but 4e gener-
ated twofold less NMPA relative to 4c; while 4f was not
converted to NMPA at all, suggesting a lack of prodrug
activation. Other 4a analogues, in which the 4-methoxy
group was replaced by methyl, methylthio, chloro and
other groups, failed to generate NMPA inside hepato-
cytes, which is consistent with the prodrug activation
mechanism shown in Scheme 1. Other para-methoxy
analogues with electron withdrawing groups such as
NO2, CN, CF3 and Ac (entries 10–13, Table 1) also
exhibited improved stabilities (t1/2 > 120 min), but
unfortunately they also showed decreased prodrug acti-
vation (ca. twofold less). Interestingly, 3,5-disubstituted
analogues (entries, 14–16, Table 1) showed no activation
in hepatocytes, except 4m which is chemically unstable,
suggesting that the enzymatic activation of these pro-
drugs may be sensitive to steric factors around the meth-
oxy group.


Numerous reports indicate that O-demethylation of aryl
methoxy groups is commonly observed in both rodents







Table 1. Yield, stability and activation of bisPMB NMPA esters


Entry R1 R2 R3 No.a Yieldb (%) t1/2
c NMPAd


1 1 NDe 0


2 2 ND 0


3 3 0.5 85


4 H Me H 4a 24 9 91


5 F Me H 4b 15 >120 125


6 Cl Me H 4c 28 >120 130


7 Br Me H 4d 15 >120 76


8 Cl Et H 4e 18 >120 54


9 Cl Pr H 4f 18 ND 0


10 NO2 Me H 4g 11 >120 60


11 CN Me H 4h 20 >120 73


12 CF3 Me H 4i 28 >120 46


13 Ac Me H 4j 12 ND 0


14 Cl Me Cl 4k 41 ND 0


15 Br Me Br 4l 15 ND 0


16 OMe Me OMe 4m 20 ND 26


a Compound numbers, Figure 1.
b Isolated yields for the conversion of 1 to 4a–m.
c t1/2 represents half-lives (minutes) in rat plasma at 37 �C.
d NMPA represents intracellular concentration (nmoles/g cells) of NMPA in isolated rat hepatocytes.
e Not determined.
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and humans.18–28 These observations strengthened our
belief that if we were able to demonstrate prodrug acti-
vation in rat hepatocytes then this prodrug approach
would have potential utility to deliver drugs to humans.
Encouraged by the good activation of bisPMB NMPA
esters shown in Table 1, compounds 4b–d were tested
in human liver microsomes for activation to generate
NMPA, and the results are summarized in Figure 2
and Table 2.
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Figure 2. Activation of NMPA esters 4b–d in human liver microsomes.


Table 2. Liver microsome activation rates of bisPMB NMPA estersa


Entry R1 R2 R3 No


1 F Me H 4b


2 Cl Me H 4c


3 Br Me H 4d


4 Br Me H 4d


a Rate of NMPA appearance during incubation of bisPMB NMPA esters in


measured.
b NADPH was added for entries 1–3, but not for entry 4.
c Rate of NMPA generation using either human or rat liver microsomes is r
d NADPH was added but microsomes were omitted.

All three bisPMB esters tested (4b–d) were converted to
NMPA by either rat or human microsomes (Fig. 2,
Table 2). Consistent with the similar levels of NMPA
generated by 4b–d in rat hepatocytes (Table 1), the rates
of activation of these esters in rat microsomes were sim-
ilar. The NADPH-dependence of the in vitro activation
of 4d in rat and human microsomes confirms the
involvement of a microsomal oxidoreductase such as a
cytochrome P450 enzyme. It is encouraging to observe
that bisPMB esters 4b–d showed higher activation rates
(�2-fold) in human relative to rat liver microsomes. This
suggests bisPMB esters could have utility for drug deliv-
ery in humans.


In summary, a variety of bisPMB NMPA esters were
synthesized to test their suitability as phosphonate pro-
drugs. Several bisPMB NMPA esters generated high
intracellular levels of NMPA, thereby demonstrating
both enhanced cellular penetration relative to the phos-
phonic acid and rapid prodrug cleavage in rat hepato-
cyte. NMPA bisPMB esters 4b and 4c have
significantly improved chemical and plasma stability
over 4a while maintaining a high degree of prodrug acti-
vation. The stability of 4b and 4c to esterases may offer
enhanced oral bioavailability relative to acyloxyalkyl
prodrugs such as 3, as a result of resistance to ester-

. NADPHb Humanc Ratc


Yes 5.23 2.94


Yes 4.52 1.58


Yes 4.85 2.76


No 0.00 0.00d


NADPH-fortified rat and human liver microsomes (2 mg/mL, 37 �C) is


eported as pmol/min/mg.







Q. Dang et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3412–3416 3415

ase-mediated degradation in the intestine. In vitro pro-
drug activation of compounds 4b–d was demonstrated
with human liver microsomes, which suggests potential
utility for drug delivery in humans. In addition, bisPMB
prodrugs may result in liver-targeting similar to HepDi-
rect prodrugs10 based on their likely CYP-mediated acti-
vation mechanism. Although the preliminary results
presented here suggest that bisPMB esters can be poten-
tially used as phosphonate prodrugs to enhance cell pen-
etration, further in vivo experiments are needed to assess
the feasibility of this prodrug approach as a method for
oral delivery of phosphonate drugs.29
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Abstract—Benign Prostatic Hyperplasia/Lower Urinary Tract Symptoms (BPH/LUTS) can be effectively treated by a1-adrenergic
receptor antagonists. Unfortunately, all currently marketed a1 blockers produced CV related side effects that are caused by the sub-
type non-selective nature of the drugs. To overcome this problem, it was postulated that a a1a/1d subtype selective antagonist would
bring more benefit for the treatment of BPH/LUTS. In developing selective a1a/1d ligands, (arylpiperazinyl)cyclohexylsulfonamides
were synthesized and their binding profiles against three cloned human a1-adrenergic receptor subtypes were evaluated. Many
compounds show equal affinity for both a1a and a1d subtypes with good selectivity against the a1b subtype. They also overcome
the problem of dopamine receptor affinity that previous analogues had exhibited.
� 2007 Elsevier Ltd. All rights reserved.

The increasing elderly population within society has
caused healthcare givers and the pharmaceutical indus-
try to spend more effort on age related diseases such
as Benign Prostatic Hyperplasia (BPH). The prostate
is a male sex auxiliary gland situated just below the blad-
der and surrounding the urethra. Excessive growth of
the prostate with age will result in BPH, which causes
obstruction of the bladder outlet and eventually leads
to Lower Urinary Tract Symptoms (LUTS). These
symptoms include increased urinary frequency, de-
creased urine stream, increased urgency and feeling of
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irritation, and sensation of incomplete bladder empty-
ing.1,2 As a urological disorder, BPH/LUTS is not a
life-threatening disease, but it has adverse impacts on
the patient’s life style.


Several methods for the treatment of BPH/LUTS may
be chosen, depending on the severity of the disease. In
addition to surgery (prostatectomy), drug interventions
are also available. Since there are two pathological com-
ponents in BPH, namely the increased size and elevated
muscle tone of prostate gland, medication for BPH/
LUTS has been classified into two categories. The first
category, 5-a-reductase inhibitors (finasteride and
dutasteride), work by reducing the size of prostate;
another category, a1-adrenergic receptor antagonists
(tamsulosin and terazosin), work by relaxing prostate
smooth muscle. Unlike 5-a-reductase inhibitors that
take considerable time to show results, the a1 blockers
can provide effective relief of symptoms in very short
period of time. Unfortunately, the advantage of using
a1 blockers for treatment of BPH/LUTS is limited by
the fact that all a1 drugs currently on the market also
produce significant side effects, specifically, the cardio-
vascular-associated orthostatic hypotension.3,4
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Since late 1980s, molecular biology studies have identi-
fied three a1-adrenergic receptor subtypes, classified as
a1a, a1b, and a1d.5–7 Current a1 blocking drugs are
known to bind to all of them relatively indiscriminately.8


It is speculated that orthostatic hypotension is caused by
the subtype non-selective nature of present a1 blockers.8


Further studies also revealed that among three a1 sub-
types, the a1a-adrenoceptor subtype plays a dominant
role in controlling human prostatic smooth muscle con-
traction,8 but the exact contribution of each subtype to
the orthostatic hypotension is not yet clearly deter-
mined. Many a1a-adrenoceptor subtype selective antag-
onists have since been discovered, and they have
demonstrated the ability to relax prostate muscle in ani-
mals without producing cardiovascular side effects.9a–c


Surprisingly, in subsequent clinical trials, these a1a selec-
tive compounds have not proven to be effective in reliev-
ing LUTS, especially the symptom of irritation. This is
in sharp contrast to their subtype non-selective counter-
parts10 and strongly suggests that, in addition to the a1a


subtype, other a1 receptor subtype(s) may be implicated
in BHP/LUTS.


For the past several years, many studies have provided
evidence indicating that the a1d subtype is involved in
the mediation of LUTS.11a–c There are also experimental
data suggesting that a1b subtype may be associated with
CV related side effects.12 On the other hand, tamsulosin
(1), a moderately a1a/1d selective drug is capable of treat-
ing both BPH and LUTS. These results led to the forma-
tion of new hypothesis that, rather than non-selective or
pure a1a selective drug, an antagonist with balanced a1a/1d


selectivity profile will be efficacious yet produce less side
effects, hence rendering optimum benefit for BPH/LUTS
patients.13a–e Unfortunately, providing convincing proof
for this hypothesis has been unsuccessful, due to the fact
that no a1 antagonist with high selectivity for the a1a/1d


subtypes is currently available.


We initiated a research program to validate this hypoth-
esis by first discovering a1a/1d selective compounds, then
studying them in established animal models. Our pri-
mary goal was to design and synthesize potent and
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Figure 1. The structure of tamsulosin, compound 2 and 3.

a1a/1d subtype selective antagonists, with superior selec-
tivity profile compared to marketed drug tamsulosin.
In our previous papers,14 we reported the discovery of
a series of (phenylpiperazinyl)cyclohexylphthalimides
(2). These compounds showed equal affinity for both
a1a and a1d subtypes, with good selectivity against the
a1b subtype. Unfortunately, they also interacted with
the dopamine D2 receptor.15 In this paper, we report
our efforts to overcome this problem through the design
and synthesis of a series of (arylpiperazinyl)cyclohexyl-
sulfonamides (3), and the evaluation of their subtype
selectivities for cloned human a1a-, a1b-, and a1d-adren-
ergic receptors. As will be shown, compounds not only
possess excellent a1a/1d affinity and selectivity, but also
show much reduced dopamine activity (Fig. 1).


The (phenylpiperazinyl)cyclohexylsulfonamides (X =
CH) were prepared by the following general sequence
(Scheme 1). The appropriately substituted phenylpiper-
azine was subjected to reductive amination with tBoc
protected 4-aminocyclohexanone to give a cis/trans mix-
ture of diaminocyclohexane intermediates. Treatment
with TFA produced the corresponding free amine,
which was sulfonylated by various sulfonyl chlorides.
Final chromatographic separation gave the individual
isomer.16,18 The related (pyridine-2-ylpiperazinyl)cyclo-
hexylsulfonamides (X = N) were prepared by the same
synthetic route starting from substituted (pyridine-2-
yl)piperazines.17


We first investigated analogues with mono-substituted
sulfonamide aryl ring (4). In addition to binding affinity
for the a1-adrenoceptor subtypes, each analogue’s dopa-
mine D2 affinity was evaluated. For this series, we ob-
served striking differences in affinity and selectivity
profiles between cis and trans isomers (e.g., cis-5 vs
trans-5, cis-9 vs trans-9, and cis-13 vs trans-13). Gener-
ally speaking, trans isomers had relatively weaker affin-
ity toward the a1d subtype. This made cis-isomers more
desirable compounds since they had a1a/1d selectivity
profiles closer to the desired 1:1 ratio. Although it is
difficult to outline any SAR from such limited number
of compounds, several analogues with electron
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Scheme 1. Reagents and conditions: (a) Na(AcO)3BH, HOAc, CH2Cl2, rt, 8 h, 40–65% yield; (b) CF3CO2H/CH2Cl2, rt, 2 h, 90–100% yield;


(c) sulfonyl chloride/CH2Cl2/Na2CO3 (aq), rt, 8 h, 60–90% yield; (d) SiO2 column or prep. TLC.


Table 1. Binding profiles of analogues with mono-substituted sulfonamide aryl ring 4 (Ki, nM)


N N N
H


S


O


O


O X


4


Compound Configuration X a1a a1b a1d D2


1 0.19 2.0 0.2


5 Cis16 H 13.7 111 5.2 191


Trans16 H 2.7 487 55 34


6 Cis 2-CN 9.6 217 6.3 55


Trans 2-CN 0.77 31 3.2 2.4


7 Cis 2-F 5.6 103 2.4 149


Trans 2-F 0.88 385 30 31


8 Cis 2-NO2 6.3 201 2.5 51


Trans 2-NO2 1.0 236 27 86


9 Cis 3-F 3.5 108 3.3 74


Trans 3-F 0.73 545 24.5 64


10 Cis 3-CF3 14 222 1.4 118


Trans 3-CF3 20 334 35 39


11 Cis 4-F 5.6 150 4.8 69


Trans 4-F 1.3 301 36 27


12 Cis 4-SO2Me 4.8 195 3.4 122


Trans 4-SO2Me 7.5 392 22 14


13 Cis 4-OCF3 17 174 2.1 430


Trans 4-OCF3 100 1254 111 58
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withdrawing groups showed equal affinity for a1a and
a1d subtypes, with good selectivity against the a1b sub-
type (6, 8, 9, and 12). Their a1a/a1b ratios ranged from
23- to 40-fold, and their a1d/a1b ratios ranged from 33-
to 80-fold. This represents an improvement over the
10-fold a1a/a1b ratio shown by commercial drug tamsul-
osin (1). Perhaps the most encouraging trend we
observed was that many (phenylpiperazinyl)cyclohexyl-
sulfonamides had much reduced dopamine affinities,
which were difficult to remove from our previously
investigated a1a/1d selective antagonists15 (Table 1).

We next concentrated our efforts on analogues with di-
substituted sulfonamide aryl ring (4). The binding study
results are summarized in Table 2. Once again, cis iso-
mers exhibit more favorable a1a/1d selectivity ratios
(i.e., closer to the desired 1:1 ratio) than trans isomers,
although again no apparent relationship between substi-
tution pattern and affinity was observed. However, com-
pared with the mono-substituted series, di-substituted
analogues showed an even better selectivity profile, espe-
cially compounds 14, 18, and 23. Their a1a/a1b ratios
ranged from 70-fold to more than 300-fold, and their







Table 2. Binding profiles of analogues with di-substituted sulfonamide aryl ring 4 (Ki, nM)


N N N
H


S


O


O


O X


4


Compound Configuration X a1a a1b a1d D2


14 Cis 3,4-diOMe 1.6 109 1.0 94


Trans 3,4-diOMe 23 126 24 62


15 Cis 2,5-diOMe 8.7 153 5.1 81


Trans 2,5-diOMe 17 424 56 62


16 Cis 2-MeO-5-Me 18 162 7 110


Trans 2-MeO-5-Me 0.9 218 31 50


17 Cis 2-MeO-5-F 6.0 162 5.0 173


Trans 2-MeO-5-F 11 714 66 139


18 Cis 2-MeO-5-Cl 1.0 78 0.75 101


Trans 2-MeO-5-Cl 3.8 250 11 78


19 Cis 2-MeO-5-Br 1.6 42 0.8 37


Trans 2-MeO-5-Br 10 131 38 36


20 Cis 2-MeO-5-CF3 36 473 14 194


Trans 2-MeO-5-CF3 25 258 15 1.9


21 Cis 2-MeO-5-NO2 4.3 85 2.2 45


Trans 2-MeO-5-NO2 1.0 173 22 18


22 Cis 3-Cl-4-Me 11 167 11 60


Trans 3-Cl-4-Me 1.5 193 16 52


23 Cis 2,4-diCl 4.5 177 0.64 42


Trans 2,4-diCl 1.6 596 8.6 76


24 Cis 3-Cl-2-F 12 120 6.2 198


Trans 3-Cl-2-F 0.56 348 24 271


25 Cis 4-Cl-2-F 11 101 1.5 130


Trans 4-Cl-2-F 3.0 243 19 42
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a1d/a1b ratios ranged from 60- to 270-fold. 3,4-dime-
thoxy substituted compound cis-14 and 2-methoxy-5-
chloro substituted compound cis-18 also showed very
good selectivity against the D2 receptor. These com-
pounds are the a1a/a1d selective antagonist that met
our initial goal. Their structural features lay a solid
foundation for the further development of new BPH/
LUTS drugs.


To increase water solubility of (phenylpiperazi-
nyl)cyclohexylsulfonamides and potentially gain favor-

Table 3. Binding profiles of pyridine containing analogues 26–31 (Ki, nM)


N N


N


O
R


Compound R X


26 i-Pr 3,4-diOMe


27 i-Pr 2-MeO-5-Cl


28 i-Pr 2-F-5-Cl


29 c-PrCH2 3,4-diOMe


30 c-PrCH2 2-MeO-5-Cl


31 c-PrCH2 2-F-5-Cl

able PK properties, we decided to incorporate a
pyridine group into the scaffold. Several analogues
were designed following the best substitution patterns
in sulfonamide portion. In this series, only the cis iso-
mers were prepared and are reported in Table 3. Judg-
ing from these binding data, it was very clear that in
most cases, replacement of the phenyl ring with pyrid-
inyl has a detrimental effect on binding affinity; even
the best analogue in this series, 27 is much weaker
than its phenyl counterpart 18. It is possible that
under physiological conditions, this part of receptor

N
H


S
O


O X


a1a a1b a1d D2


61 112 19 810


11 399 12 259


45 1855 15 356


189 364 64 123


19 601 48 588


36 952 44 425







Table 4. Binding profiles of compounds 32–35 (Ki nM)
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S
OO
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N


Cl
Br


32 33


34 35


Compound Configuration a1a a1b a1d D2


32 Cis 1.2 82 3.6 24


Trans 3.9 200 12 71


33 Cis 5.0 400 46 15


Trans 5.8 192 5.5 55


34 Cis 4.9 169 9.4 92


Trans 13.4 268 76 43


35 Cis 14.4 125 0.14 61


Trans 3.5 279 14.6 80
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does not favor a positively charged aromatic ring. We
speculated that the iso-propoxy group could be a
metabolic weak point for these molecules, and there-
fore we decided to replace it with cyclopropylmethoxy
group. The binding data show that compounds with a
cyclopropylmethoxy group are slightly inferior to their
iso-propoxy counterparts, perhaps due to a strict size
or electronic requirement in this part of the a1a and
a1d binding pockets.


Finally, we prepared and tested several related com-
pounds, including benzylsulfonamide 32 and pyridyl-
sulfonamides 33, 34, and 35 (Table 4). Extending
phenylsulfonamide 5 by one carbon unit gave benzyl-
sulfonamide 32, which had better affinity and selectiv-
ity than phenylsulfonamide 5. Unfortunately, this
change also gave the compound higher dopamine
affinity. To increase the compound’s water solubility,
we replaced the sulfonamide phenyl ring in 5 with a
pyridine. The resulting unsubstituted compound cis-
33 lost substantial a1d affinity. Interestingly, the trans
isomer of 33 is a better a1a/1d antagonist than cis iso-
mer, a very rare phenomenon. Addition of a methoxy
group to 33 gave 34, which improved the affinity (cis-
34 vs cis-33), but still was inferior to our benchmark
compounds cis-14 and -18. Introduction of chloro
and bromo groups to the pyridine gave 35, which
resulted in loss of affinity in the a1a subtype.


In conclusion, to discover an a1a/1d selective antago-
nist as a new drug for the treatment of BPH/LUTS,
we have designed and synthesized a series of (arylpip-
erazinyl)cyclohexylsulfonamides. Binding affinity and

selectivity for these compounds were evaluated in
cloned human a1a-, a1b-, and a1d-adrenergic receptor
subtypes. The effect of aromatic substitution on their
affinity and selectivity was investigated. We discovered
several compounds (cis-8, -9, -12, -14, -18, and -23)
that showed equally high affinity for both a1a- and
a1d-adrenoceptor subtypes, with good selectivity
against the a1b subtypes. Among these compounds,
cis-14 and -18 also had respectable selectivity over
the dopamine D2 receptor in addition to their excel-
lent a1a/1d selectivity. This selectivity profile is a great
improvement over the commercial drug tamsulosin,
and we believe this discovery has enriched our knowl-
edge about a1 blockers and will eventually lead to the
development of a1a/1d selective drug for the treatment
of BPH/LUTS. Future work will be concentrating on
improvement of PK properties and progress will be re-
ported in due course.
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Abstract—The in vitro and in vivo activities of a series of (2R, 3R)-2-(2,4-difluorophenyl)-3-(substituted indazol-1-yl)-1-(1H-1,2,4-
triazol-1-yl)butan-2-ol as potential antifungal agents are described. In particular, the analog 12j having 5-bromo substitution on the
indazole ring exhibited significant antifungal activity against a variety of fungal cultures (Candida spp. and Aspergillus spp.). In addi-
tion, oral administration of 12j showed its excellent efficacy against Candida albicans in a murine infection model and the signifi-
cantly improved survival rates of the infected mice.
� 2007 Elsevier Ltd. All rights reserved.

The incidence of systemic fungal infections such as can-
didosis, cryptococcosis, and aspergillosis has rapidly
been increasing due to an increase of the immunocom-
promised hosts. Thus, the development of new and clin-
ically useful antifungal azoles has been considered as
one of the most attractive approaches for the treatment
of these infections. In particular, attention has been paid
to the triazole derivatives because of their broad anti-
fungal spectrum and low toxicity.1 Triazoles are known
to displace lanosterol from lanosterol 14-demethylase
(14 DM), a cytochrome P-450-dependent enzyme and
block the biosynthesis of ergosterol, an essential compo-
nent of fungal cell membrane.2


Fluconazole (1) is an antifungal agent of choice for the
treatment of infections by Candida albicans and Crypto-
coccus neoformans due to its potent activity, excellent
safety profile, and favorable pharmacokinetic character-
istics.3,4 However, its poor efficacy against Aspergillus
infections5 prompted the developments of new triazoles
such as voriconazole (2),6 albaconazole (3),7 and ravuco-
nazole (4),8 which are therapeutically useful for the
treatment of Aspergillus infection or under clinical trials
(Fig. 1).


Considering necessity of the C3-methyl, which functions
as an equivalent of the 13b-methyl group of lanos-
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terol,9,10 and the fluorobenzene moieties for high anti-
fungal activity,11,12 our structural modification focused
on the variation of the arylalkyl moiety. Thus, our pre-
liminary work on the development of new antifungal
triazoles included an introduction of a variety of linker
moiety such as hydrazine, semicarbazide, amide, urea,
and amine. Among these, the hydrazine-linked triazole
analogs, which have not been reported yet, were found
to have the potent antifungal activity and the substituted
benzyl-hydrazine analog (5) turned out to be most ac-
tive. However, we extended the structural modification
to a series of the indazole analogs depicted as 11 and
12, which are the cyclic hydrazine fused with benzyl
groups, because the hydrazine moiety was known as
an inappropriate drug moiety in terms of stability.


In this paper, we describe synthesis and antifungal activ-
ity of the novel antifungal agents 11 and 12.


The title compounds 11a–j, 12b, 12d, and 12h–j were
prepared from the optically active oxirane intermediate
(10),13 which was conveniently derived from methyl
(R)-lactate in eight steps as shown in Scheme 1. The
amide intermediate 6 was prepared from methyl (R)-lac-
tate by amidation with morpholine followed by THP
protection. The amide 6 was then reacted with phenyl-
magnesium bromide, followed by epoxidation (Corey’s
reagent, DMSO) to afford the oxirane intermediate 7
as a diastereomeric mixture in favor of the desired dia-
stereomer (1 0R, 2R)-7 (4:1). The diastereomeric mixture
was reacted with 1H-1,2,4-triazole in the presence of so-
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Figure 1. Structures of fluconazole (1), voriconazole (2), albaconazole (3), ravuconazole (4), and the novel triazole analogs (5, 11, and 12).
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dium hydride to give 8. The THP group of 8 was re-
moved with pyridinium p-toluenesulfonate and the
resulting diol was recrystallized to give the diastereomer-
ically pure diol (2R, 3R)-9. The optically active diol 9
was converted to the oxirane (2R, 3S)-10 by selective
mesylation and sodium methoxide-assisted epoxidation.
Finally, the oxirane 10 was reacted with various indaz-
oles in the presence of K2CO3 in DMF to give the con-
densation products14 as a single product or a mixture of
11 and 12, which were separated by flash column chro-
matography or preparative HPLC. The 1H NMR spec-
tra showed the characteristic resonance for C3-CH3 of
11 in more upfield compared to those of 12.15,16 The ra-

tio of isolated yields of the above two isomers suggested
that the 11b, 11d, and 11h–j isomers are the predomi-
nated one. The steric and electronic factors of substitu-
ents seem to affect the ratio of the produced isomers as
reported earlier.17


The antifungal activities of 11a–j, 12b, 12d, and 12h–j
were evaluated by in vitro broth microdilution assay
and their MIC80s are summarized in Table 1. Generally,
the indazole analogs 11 and 12 were more potent than
the hydrazine analog 5. The C5-nitro indazole analog
(11c) exhibited the most potent activity as well as the
broad spectrum compared to other analogs, which have







Table 1. In vitro antifungal activity of R1-substituted analogs


Compound R1 R2 MIC80 (lg/mL) of compounds and standard drugs against fungal culturea


CA CG CK CN CL CT CP AF Af AT AN


5 1 nd nd nd nd nd nd nd nd nd nd


11a H H 60.015 2 0.5 0.063 0.063 0.125 0.063 2 1 2 4


11b 4-NO2 H 60.015 2 1 0.031 60.015 60.015 0.031 1 2 1 2


11c 5-NO2 H 60.015 4 0.25 0.063 60.015 0.031 0.031 1 1 2 2


11d 6-NO2 H 60.015 8 0.5 0.25 60.015 60.015 60.015 2 2 2 4


11e 7-NO2 H 60.015 4 0.5 0.125 60.015 60.015 60.015 2 1 2 4


11f 5-NH2 H 0.25 >8 8 1 0.25 1 2 nd nd nd nd


11g 5-N(CH3)2 H 0.063 8 1 0.25 0.063 0.5 0.5 1 1 2 2


11h 5-F H 60.015 4 1 0.063 60.015 0.25 0.125 4 4 4 8


11i 5-C1 H 60.015 4 2 0.031 60.015 0.5 0.125 2 4 4 8


11j 5-Br H 60.015 4 2 60.015 60.015 1 0.125 2 4 4 4


12b 4-NO2 H 60.015 >8 4 0.063 0.125 1 0.25 1 2 1 4


12d 6-NO2 H 0.063 >8 >8 0.5 0.5 8 0.25 32 32 128 64


12h 5-F H 60.015 4 0.5 0.063 60.015 0.125 0.031 0.25 0.5 0.5 1


12i 5-C1 H 60.015 4 0.125 0.015 60.015 0.031 60.015 0.25 0.5 0.5 1


12j 5-Br H 60.015 2 0.125 60.015 60.015 60.015 60.015 0.25 0.5 0.5 1


1 (Fluconazole) 2 >8 >8 8 8 >8 >8 >128 >128 >128 >128


nd, not determined.
a CA, C. albicans ATCC 36082, CG, C. glabrata, ATCC 34138. CK, C. krusei ATCC 6528, CN, Cryptococcus neoformans ATCC 24065, CL, Candida


lusitanea ATCC 42720, CT, Candida tropicalis ATCC 750, CP, Candida parapsilosis ATCC 21019, AF, Aspergillus fumigatus ATCC 16424, Af,


Aspergillus flavus ATCC MYA-1004, AT, Aspergillus terreus ATCC 28301, AN, Aspergillus niger ATCC 9042.


Table 2. In vitro antifungal activity of R1 and R2-substituted compounds


Compound R1 R2 MIC80 (lg/mL) of compounds and standard drugs against fungal culture


CA CG CK CN CL CT CP AF Af AT AN


11c 5-NO2 H 60.015 4 0.25 0.063 60.015 0.031 0.031 1 1 2 2


11k 5-NO2 Me 0.015 8 4 0.25 0.063 4 0.125 4 16 8 16


111 5-NO2 Ph 2 nd nd nd nd nd nd nd nd nd nd


11h 5-F H 60.015 4 1 0.063 60.015 0.25 0.125 4 4 4 8


11m 5-F Me 0.031 8 4 0.5 0.125 4 0.5 4 8 4 16


11n 5-F Et 60.015 4 2 0.125 0.063 2 0.125 16 >16 >16 >16


11o 4-F Me 60.015 8 1 0.125 0.125 1 0.25 16 >16 >16 >16


11p 6-F Me 0.031 >8 8 0.5 0.25 >8 0.5 16 >16 >16 >16


11q 5-C1 Me 60.015 4 2 0.25 60.015 1 0.125 >16 >16 >16 >16


11r 5-CF3 Me 60.015 8 4 1 0.25 >8 1 >16 >16 >16 >16


nd, not determined.
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nitro-substituent at other position. In particular, the ut-
most of 11c in antifungal activity was shown against
Aspergillus spp.


Thus, other substituents (11f–11j) were introduced at the
C5-position of the indazole ring and the antifungal activ-
ities of the corresponding analogs were evaluated. The
analogs with halogens at C5-position (11h–j) showed
remarkable antifungal activities against Aspergillus
spp. Generally, the potency decreased especially against

Table 3. In vitro antifungal activity of 12j


Compound MIC80 (lg/mL) of 12j an


CA CG CK CN CL


12j <0.015 2 0.125 60.015 60.015


Fluconazole 2 >8 >8 8 8


Voriconazole 60.015 4 1 0.125 0.063


Albaconazole 60.015 8 0.25 60.015 60.015


Ravuconazole 60.015 2 0.125 60.015 60.015


Amphotericin B nd nd nd nd nd


nd, not determined.

Candida glabrata and Candida krusei, known as the
fluconazole-resistant species, as the size of halogen in-
creases. Introduction of free amines at C5-position
(11f) almost eliminated the antifungal activity. However,
the N,N-dimethyl amine-substituted analog (11g)
showed an antifungal activity although it was less potent
against Candida spp. than the analogs, which possess the
electron-withdrawing substituent such as the nitro
group. The N-2 regioisomers 12h–j having halogen
groups were generally more active than the N-1 isomers

d standard drugs against fungal culture


CT CP AF Af AT AN


60.015 60.015 0.25 0.5 0.5 1


>8 >8 >128 >128 >128 >128


0.25 0.25 0.25 0.5 1 1


0.031 60.015 0.5 0.5 1 2


60.015 60.015 0.125 0.5 0.5 1


nd nd 1 4 2 0.5







Table 4. In vitro hepatocyte toxicity of the selected analogs


11a 12j 11o 11r Ketoconazole


CC50 (lM) 599.0 ± 124.4 141.3 ± 4.3 8.1 ± 2.31a 2.9 ± 2.8a 51.0 ± 1.6


a % Inhibition at 50 lM. Values are means of two or three (for CC50) experiments.


Table 5. In vivo efficacy (mean survival days) in Candida albicans


infection model in mice


Mean survival days Control


11a 6.1 3.5


11c 12.4a 2.0


12j 13.5a 7.2


nd, not determined.
a P < 0.05 versus each vehicle control.
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11h–j. However, The N-2 regioisomers 12b, d having ni-
tro groups were quite less active than the N-1 isomers
11b–e.


Next, we investigated the C3-substituent (R2 group) ef-
fect of indazole ring on the antifungal activity, as shown
in Table 2. The antifungal activity decreased as the size
of the R2 increases. Especially, the phenyl derivative 11l
was almost devoid of antifungal activity. In addition,
the MICs of the analogs 11m, 11o, and 11p possessing
methyl as R2 and fluorine as R1 at various positions
were compared. Again, the 5-fluoro analog 11m turned
out to be the most potent compound among the C3-
methyl (R2) series. The other C3-methyl analogs 11q
and 11r were almost inactive against Aspergillus spp.


Table 3 shows the in vitro activity of 12j against Candida
spp. and Aspergillus spp. The analog 12j exhibited an
excellent antifungal activity and broad spectra against
most of the fungal pathogens tested, which is superior
or comparable to those of the currently available anti-
fungal agents.


The hepatotoxic potential of the analogs 11a, 12j, 11o,
and 11r was determined in human liver cancer cell
HepG2 by the neutral red uptake assay according to
the protocol described previously.18,19 Ketoconazole
was used as a reference antifungal agent. The CC50 (half
concentration of cytotoxicity) value of ketoconazole
(51 lM) was quite close to the CC50 which was previ-
ously reported. The hepatotoxic potentials of all
the tested analogs were lower than that of ketoconazole
(Table 4). In particular, the CC50s of 11a and 12j were
599 lM and 141 lM, respectively.


In vivo efficacy of the selected analogs, which exhibited
excellent in vitro antifungal activities, was evaluated in
the systemic C. albicans infection model in mice.20 The
results are summarized in Table 5. Each analog was
compared to the untreated control group. The analogs
11c and 12j showed good efficacies on oral administra-
tion and the significantly improved survival rates of
the infected mice.


In conclusion, the indazole analogs with C3-H and C5-
halogen substituent, respectively, were identified as the

promising leads for antifungal therapy. These analogs
showed potent antifungal activity, broad spectrum, sig-
nificantly low hepatocyte toxicity, and good oral efficacy.
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Abstract—A series of novel stearoyl-CoA desaturase 1 (SCD1) inhibitors were identified by scaffold design based on known SCD1
inhibitors. Large structural changes were made leading to multiple analogs with comparable or improved potency. This approach is
valuable for generation of proprietary compounds without conducting a costly high-throughput screening.
� 2007 Elsevier Ltd. All rights reserved.

The quality of lead compounds and druggability of bio-
logical targets dictate the lead optimization strategies.1


When the lead is a literature compound, one needs to
drastically change its structure to secure an unquestion-
able intellectual property (IP) position.2 Scaffold hop-
ping is a computational technique that identifies
compounds with different skeletons that match the pre-
defined pharmacophore in a given database.3 Medicinal
chemists can also design and synthesize novel molecules
with a different scaffold from the lead compound and
nonetheless show similar or improved properties. Here
we report a successful application of this strategy in
the discovery of a series of potent stearoyl-CoA desatur-
ase 1 (SCD1) inhibitors based on competitor’s com-
pounds. This approach is cost and time effective
because no internal high-throughput screening is needed
and is particularly desirable for those drug discovery
programs without screening capacity.


SCD1 is a microsomal enzyme that catalyzes the rate-
limiting step in the biosynthesis of monounsaturated
fatty acids from saturated fatty acids.4–6 It plays an
important role in lipid metabolism7 and body weight
control.8 Reduced adiposity, increased insulin sensitiv-
ity, and resistance to diet-induced obesity have been ob-

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


doi:10.1016/j.bmcl.2007.03.099


Keywords: Scaffold manipulation; Molecule design; SCD1 inhibitors.
* Corresponding author. Tel.: +1 847 287 3894; fax: +1 847 788


9641; e-mail: zhao_hongyu@hotmail.com
� Present address: Build-A-Scaffold Medchem Consulting LLC, 968


Crofton Lane, Buffalo Grove, IL 60089, USA.

served in SCD1 deficient Asebia mice9 and SCD1
knockout mice.10,11 Inhibition of SCD1 activity via anti-
sense oligonucleotides in diet-induced obese (DIO) mice
resulted in lower adiposity and higher energy expendi-
ture.12 Higher SCD1 activity has been linked to elevated
plasma triglyceride level in humans.13 Small molecule
SCD1 inhibitors are expected to be beneficial in treating
obesity and the related metabolic syndrome.


When we started the program, the only known class of
SCD1 inhibitors was piperidyl arylcarboxamides re-
ported by scientists from Xenon Pharmaceuticals (e.g.,
compound 1, Figure 1).14–19 To change the molecular
skeleton of 1 and yet retain its biological activity, we
first needed to hypothesize a pharmacophore model.
Since the structure of SCD1 was not known, only li-
gand-based design was possible. Compound 1 was a
fairly efficient ligand for SCD1 considering its size,
molecular complexity, and level of functionalization.
The pyridazine ring in 1 could be replaced by other het-
erocycles such as isomeric pyridines, pyrimidines, and
pyrazines without losing much of the activity, suggesting
this region might tolerate larger structural changes. The
process of deriving the pharmacophore 4 is outlined in
Figure 1. Structure 2 has similar functional groups to
those in lead 1 although their most stable conformations
would be quite different. Structure 3 is a close analog of
1 and 2 that retains all of their heteroatoms and continu-
ity of sp2 hybridized carbon atoms if linker (‘L’) is an
aromatic ring. To turn 3 into a stable molecule, pharma-
cophore 4 was envisioned. In structure 4, a more flexible
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Figure 1. The logic of generating pharmacophore 4.


Table 2. SAR of pyridine-based SCD1 inhibitors


N


O


O
R1N


H


N R2


No. R1 R2 IC50 (lM)


6a Cl CONHBn 0.56 ± 0.27


6b CF3 CONH2 0.090 ± 0.12


6c CF3 CONHMe 0.097 ± 0.017
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and hydrophobic sp3 hybridized carbon atom is intro-
duced resulting in a large conformational change and
an increase of hydrophobicity. To accommodate this
new feature, screening several polar aromatic linkers
(‘L’) was deemed necessary to find an optimal scaffold.


Thus several aromatic linkers (‘L’ in 4) were evaluated
first and the results are summarized in Table 1. Based
on the SAR information on 1, the 2-trifluoromethyl
and 2-chlorophenoxy groups on the right hand side
and the methyl and benzyl amides at the left hand side
were very similar and they were interchangeably used
depending on the commercial availability of the starting
materials and chemistry used. A benzene analog (inhib-
itor 5) showed a weaker potency than 1.20 The core

Table 1. Evaluation of different aromatic linkers (‘L’ in 4, Fig. 1)


N


O


O
R1N


H


R2


No. R1 R2 IC50 (lM)


5 Cl


O


N
H


Bn
0.58


6a Cl
N


O


N
H


Bn
0.56 ± 0.27


7a Cl


N


N
O


N
H


Bn
0.14 ± 0.0


8 CF3
N


H
N O


Bn
7.3 ± 0.0


9 CF3


N


O


N
H


>1

structure of 5 has more carbon atoms than 1, which
might lead to unfavorable interactions and desolvation
energy for binding. Indeed, a pyridine derivative 6a
showed a comparable potency to 1 and a pyrazine ana-
log 7a demonstrated an even stronger inhibitory activity
than the lead compound 1. The isomeric pyridine ana-
logs 8 and 9 were much less active.


Having identified two new scaffolds (those of 6a and 7a,
respectively), more thorough SAR investigations were
initiated to search for more potent inhibitors. As sum-
marized in Tables 2 and 3, a series of 2,3-substituted
pyridine and pyrazine carboxylamides were synthesized
and assayed. Although, most analogs showed good po-
tency against human SCD1, a relatively flat SAR was
observed with primary or short secondary amides being
slightly favored. Tertiary amides and branched second-
ary amides (e.g., 6j and 6k in comparison to 6c and
6e, Table 2) were much less favorable. The alkyl portion

6d CF3 CONHEt 0.11 ± 0.085


6e CF3 CONHPr 0.39 ± 0.14


6f CF3 CONH(CH2)2OH 0.12 ± 0.021


6g CF3 CONHCH2(m-pyridyl) 0.43 ± 0.38


6h CF3 CONHCH2(p-pyridyl) 0.35 ± 0.35


6i CF3 CONH(CH2)2Ph 0.78


6j CF3 CONMe2 >10


6k CF3 CONH(c-pentyl) >10


Table 3. SAR of pyrazine-based SCD1 inhibitors


N


O


O
ClN


H


N


N


R


No. R IC50 (lM)


7a CONHBn 0.14 ± 0.00


7b CONH2 0.094 ± 0.033


7c CONHMe 0.051 ± 0.040


7d CONHEt 0.039 ± 0.060


7e CONH(iBu) 0.26 ± 0.22


7f CONH(CH2)2OH 0.10 ± 0.008


7g CONHCH2(o-pyridyl) 0.11 ± 0.11


7h CONHCH2(m-pyridyl) 0.099 ± 0.11


7i CONHCH2(p-pyridyl) 0.11 ± 0.017


7j CONHPh 0.55 ± 0.45


7k CO2Me 0.039 ± 0.020


7l CHO 0.21 ± 0.049


7m CN 0.34 ± 0.33


7n Cl 0.030 ± 0.0007







Table 4. SAR of the aryl at the 4-position of the piperidine ring


N


R


O
N
H


N


N


O


NH


No. R IC50 (lM)


7c 2-Chlorophenoxyl 0.051 ± 0.040


10a Phenoxyl 6.3


10b 2-Bromophenoxyl 0.058 ± 0.0007


10c 2,5-Dichlorophenoxyl 0.038 ± 0.017


10d 2-Chloro-5-fluorophenoxyl 0.051 ± 0.030


10e 2,3-Difluorophenoxyl 0.47 ± 0.18


10f 2-Chloro-3,5-difluorophenoxyl 0.035 ± 0.016


10g 2-Trifluoromethyl-phenylamino 0.10 ± 0.067


10h Bz >1


a b
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Scheme 2. Reagents and conditions: (a) 1—NH2CH2CO2
tBuÆHCl,


Et3N, NMP, 150 �C, 2—HCl (4 N in dioxane); (b) 1—4-(2-trifluorom-


ethylphenoxy)piperidine hydrochloride, TBTU, Et3N, 2—LiOH, 3—


MeNH2, TBTU, Et3N.
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of the secondary amides seemed to provide little interac-
tions, which suggested it might point to the solvent.
Furthermore, the amide functional group did not ap-
pear critical for SCD1 inhibition. For example the ester
(7k, Table 3), aldehyde, cyano, and chloro groups (7l,
7m, and 7n, respectively, Table 3) at the same position
all showed respectable potency. In fact, chloro analog
7n was one of the most active inhibitors.


The SAR on the aryl groups at the 4-position of the
piperidine ring was also studied and the results are sum-
marized in Table 4. The 2-halogen clearly helped the
binding as plain phenoxy analog 10a showed only weak
inhibitory activity against SCD1. Additional halogens at
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Scheme 1. Reagents and conditions: (a) 1—NH2CH2CO2
tBuÆHCl, Et3N,


3—HCl (4 N in dioxane); (b) 4-(2-chlorophenoxy)piperidine hydrochloride, T


1—N-Boc-glycine, TBTU, Et3N, 2—2-chlorophenol, Ph3P, DEAD, 3—HCl (4


7n), Et3N, NMP, 140 �C; (f) DIABL-H; (g) 1—corresponding piperidine der

the 5-position (10c and 10f) of the phenoxy ring also
seemed to increase the potency, but to a lesser extent.
A fluorine atom at the 3-position of the phenoxy ring ex-
erted negative effect on the potency (10e). Replacing the
phenoxy group with an analino group resulted in a sim-
ilarly potent inhibitor (10g), but with a benzoyl group
led to an inactive inhibitor (10h).


The syntheses of the inhibitors are outlined in Schemes
1–3. The glycine moiety was either introduced via an
aromatic substitution reaction (Schemes 1 and 2) or a
reductive amination reaction (Scheme 3). The carboxyl
group on the aromatic ring was introduced via a palla-
dium catalyzed carbonylation reaction. The amide
bonds were formed via a standard TBTU mediated
amide-coupling reaction. The other transformations
were straightforward and well-documented in the
literature.


In conclusion, a series of new SCD1 inhibitors with
good potency were identified without any screening
effort. The scaffold design was based on medicinal
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chemistry principles without the knowledge of the three-
dimensional structure of the enzyme. Although, SCD1 is
likely a promiscuous protein and the success of the ap-
proach used in this study may not reproduce on less
druggable proteins, scaffold design clearly offers advan-
tages if is appropriately implemented. This method is
especially useful for programs without access to large
compound collections for screening or the 3D structure
of the target for structure-based design.
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Abstract—A variety of Hantzsch 1,4-dihydropyridines were oxidized to the corresponding pyridines in high yields in the presence of
H6PMo9V3O40, a Keggin type heteropolyacid, in refluxing acetic acid. The heteropolyacid was found to be reusable.
� 2007 Elsevier Ltd. All rights reserved.

1,4-Dihydropyridines (1,4-DHPs) are a class of model
compounds of NADH coenzyme, and calcium channel
antagonists (CCAs).1 These compounds have been
established as one of the first line drugs for treatment
of hypertension because of their promising depressor
effect and relatively good tolerability.2 1,4-Dihydropyri-
dines have been extensively studied in view of the bio-
logical pertinence of these compounds to the NADH
redox process,3 and their therapeutic functions for treat-
ment of a variety of diseases,4 such as cardiovascular
disorders,4a cancer4b and AIDS.4c In the human body,
these compounds are oxidized to pyridine derivatives
by the action of cytochrome P-450 in the liver.5 These
oxidized compounds are largely devoid of the pharma-
cological activity of the parent compounds. The oxida-
tion of 1,4-DHPs to the corresponding pyridine
derivatives constitutes the principal metabolic route in
biological systems,1,3 as well as a facile access to the cor-
responding pyridine derivatives, which show anti-hyp-
oxic and anti-ischemic activities,6 from the easily
available DHPs.7 Therefore, oxidative aromatization
of DHPs has attracted continuing interests of organic
and medicinal chemists and a plethora of protocols
has been developed.8–10 Early works mostly used strong
oxidants, such as HNO3,8b KMnO4,8c or CAN8d and

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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I2–MeOH.8e Recently, attention has been paid to more
efficient and environmentally benign methods, such as
electrochemical oxidation9 and catalytic aerobic oxida-
tion using RuCl3,10a Pd/C10b and activated carbon10c


as the catalyst. Despite these intensive efforts, most of
the reported oxidation procedures require long reaction
times, utilize strong oxidants in large excess, afford
products with only modest yields, and non-reusability
of the catalyst. Therefore, the development of more
effective methods for aromatization of 1,4-dihydropyri-
dines is still necessary.


Recently, there has been considerable interest in the use
of heteropolyacids as environmentally benign catalysts
due to their unique properties such as high thermal sta-
bility, low cost, ease of preparation and ease of recycla-
bility. Numerous chemical reactions can be carried out
in the presence of heteropolyacids.11


Based on our previous studies on the use of heteropoly-
acids as catalyst for carrying out organic reactions12–23


and continuing our interest in aromatization of Han-
tzsch 1,4-dihydropyridines,24 we examined the possibil-
ity of using a mixed addenda heteropolyacid to effect
the oxidative aromatization of Hantzsch 1,4-dihydro-
pyridines (Scheme 1).


In order to get the best reaction condition the efficiency
of a variety of solvents and heteropolyacids in the oxida-
tion of 2,6-dimethyl-4-phenyl-1,4-dihydropyridine-3,5-
dicarboxylate as a model reaction was studied.
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First we carried out the model reaction under solvent-
free condition at room temperature. The reaction was
not completed. The temperature of the reaction mixture
started to rise but the reaction was not completed after
24 h. Then we decided to examine the effect of the
solvent on the reaction. The results are summarized in
Table 1.


One of the important factors affecting the oxidation
capacity of plyanions is the energy gap between the
highest occupied molecular orbital (HOMO) and
the lowest unoccupied orbital (LUMO). The heteropoly
anions are easily reducible chemical species, thus the
energy of the LUMO must be sufficiently low. The sol-
vent molecules can stabilize these anions and place
molecular orbitals at the appropriate level. Therefore
both yields and reaction times can be affected by varying
the solvent. By taking a look to the results of Table 1, we
can see the highest yield of product has been obtained
with acetic acid as solvent. In solutions, the acid proper-
ties of heteropolyacids have been characterized in terms
of dissociation constants and Hammett acidity func-
tion.25 As heteropolyacids have different dissociation
constants and Hammett acidity in various solvents25–28


and therefore, show different behaviors for dissociation
of protons in different solvents.26,27 In this area, in the
less polar acetic acid, Keggin-type acids behave as 1–1
electrolytes.25 From the conductivity study,27 it was in-
ferred that in polar nonaqueous solvents heteropolyac-
ids are fully ionized, so the solvated protons are
loosely bound to the anion as a whole rather than to a
certain oxygen atom in the anion, in contrast to the crys-
talline acid.

Table 1. The effect of the solvent on the oxidation of 2,6-dimethyl-4-phenyl-1


of catalytic amount of H6PMo9V3O40


Solvent Dichloromethane Chloroform E


Time (min) 70 70 7


Yield (%)a 20 20 2


a Yields were analyzed by GC.


Table 2. Oxidation of 2,6-dimethyl-4-phenyl-1,4-dihydropyridine-3,5-dicarbo


dine-3,5-dicarboxylate(B) (entry 5, Table 3), using a catalytic amount of diff


Entry Heteropolyacid T


A


1 H3PW12O40 240


2 H6P2W18O62 240


3 H3PMo12O40 225


4 H4PMo11VO40 80


5 H5PMo10V2O40 80


6 H6PMo9V3O40 70


a Yields were analyzed by GC.

Because of large negative charge of polyoxoanions, all
of the HOMOs and LUMOs of them have very high en-
ergy levels. Heteropolyanions are reducible easily and it
is necessary in oxidative catalytic reactions. The LUMO
must be sufficiently low to accept the electrons in oxida-
tive catalytic reactions. The solvent molecules can place
these molecular orbitals at the appropriate level. It is
suggested that the solvent effects are dominated by the
electrostatic component-the interactions of the polarized
polyanions with the charge distribution of the solvent,
to place the molecular orbitals at the appropriate level
and or to lower the activation energy. In this research,
with respect to the Table 1 it seems likely that this effect
is higher for the acetic acid.


The effect of a variety of heteropolyacids including
H3PW12O40, H6P2W18O6 2, H5PMo10V2O40, H4PMo11-


VO40 and H3PMo12O40 in the oxidation of 2,6-di-
methyl-4-phenyl-1,4-dihydropyridine-3,5-dicarboxylate(A)
and 2,6-dimethyl-4-ethyl-1,4-dihydropyridine-3,5-dicarb-
oxylate(B) in refluxing acetic acid was also explored.
The results are shown in Table 2. Among Keggin type
heteropolyacids H6PMo9V3O40 gave the best results in
terms of yields and times. It is difficult to clarify the dif-
ferent activity between these anions clearly. Obviously
there is a complex relationship between the activity
and structure of polyanions. Transition metal cations
have an important effect on the properties of these com-
pounds when they substitute molybdenum cations in the
Keggin units or when they are present as counter cat-
ions. The case of vanadium, which can occupy both an-
ionic and cationic positions, is more complex. The
introduction of vanadium (V) into the Keggin frame-
work is beneficial for redox catalysis,29 shifting its reac-
tivity from acid to redox-dominated. One of the
difficulties encountered in interpreting data obtained
from reactions of vanadomolybdophosphate anions is
that in solution, a mixture of heteropoly anions are
usually present. In addition positional isomers of the
polyvanadium anions are also apparent. Another
complication inherent in the study of multi electron

,4-dihydropyridine-3,5-dicarboxylate, (entry 5, Table 3) in the presence


thanol Water Acetonitrile Acetic acid


0 70 70 70


5 35 40 96


xylate(A) (entry 1, Table 3) and 2,6-dimethyl-4-ethyl-1,4-dihydropyri-


erent heteropolyacids (1 mol%) in refluxing acetic acid


ime (min) Yield (%)a


B A B


240 10 12


240 15 15


80 95 96


130 95 98


35 80 98


20 96 99
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oxidations by polyvanadium-containing anions is the
capacity of these oxidants to be reduced by one or more
electrons (reduction of each V(V) ion to V(IV)).30,31


Considering the real oxidant in these reactions one can
tell, redox chemistry of polyoxometalates is extremely
diverse.32,33


According to Pope,32,34 polyoxometalates, regarding
their redox abilities, can be divided into two groups-
mono-oxo, (type I) and, cis-dioxo, (type II). This classi-
fication is based on the number of terminal oxygen
atoms attached to each addenda atom, for example,
molybdenum or tungsten, in the polyanion. Examples
of type I polyanions are the Keggins, the Wells–Daw-
sons and their derivatives that have one terminal oxygen
atom M@O per each addenda atom. Type II polyanions
can be represented by the Dexter–Silverton anion which
has two terminal oxygens in cis positions on each adden-
da atom.


In type I octahedral MO6, the lowest unoccupied
molecular orbital (LUMO) is a nonbonding metal-cen-
tered orbital, whereas the LUMO for type II octahe-
dral is antibonding with respect o the terminal
M@O bonds. Consequently, type I polyoxometalates
are reduced easily and frequently reversibly to form
mixed-valence species, heteropoly blues, which can
act as an oxidant. In contrast, type II polyoxometa-
lates are reduced with more difficultly and irreversibly
to complexes with yet unknown structures.32,34 For
this reason, only type I heteropoly compounds, by
and large the Keggins, are of interest for oxidation
catalysis.


The total number of accepted electrons on reduction of
type I polyoxometalates can be quite high. As the anion
structure retains upon this process, the additional
negative charge is compensated for by protonation of
the anion from solvent. Thus, the reduction is frequently
pH-dependent. This can be represented by Eq. 1. Also,
this point shows the importance of solvent in these
reactions (Table 1).

Table 3. Oxidation of Hantzsch 1,4-dihydropyridines in the presence of cata


Entry R1 R2 Time (min)


1 H- Et 30


2 Me- Et 70


3 Et- Et 20


4 Isopropyl- Et 15


5 ph Et 70


6 4-Me-ph Et 75


7 4-MeO-ph Et 50


8 4-Cl-ph Et 300


9 3-NO2-ph Et 720


10 3-NO2-phc Et 240


11 2-NO2-ph Me 240


12 2-NO2-phc Me 120


a Yields were analyzed by GC.
b Products exhibited physical properties in accordance with the assigned stru
c The reactions were carried out in the presence of 2 mol% of the catalyst.

½XM6þ
12 O40�x�8 þ pe� þ qHþ


! Hq½XM6þ
12�pMp5þO40�xþq�p�8 ð1Þ


where q 6 p.32,33


Redox properties of the mixed-addenda anions
[PMo12�nVnO40] have been studied in considerable de-
tail, especially in connection with their application for
catalytic oxidation.35–37 These anions are remarkable
because they posses not only a fairly high oxidation po-
tential (ca. 0.7 V)but also their reduced forms are very
easily reoxidised by oxygen (air) in solution. These re-
dox reactions can be represented by Eqs. 2 and 3.


½PMo12�nVnO40�þRedþmHþ!Hm½PMo12�nVnO40�þOx ð2Þ
Hm½PMo12�nVnO40�þðm=4ÞO2!½PMo12�nVnO40�þðm=2ÞH2O ð3Þ


Electron-transfer reactions of Keggin polyoxometalates
in solution can be viewed as the outer-sphere electron
transfers,38–41 which is in line with their very low solva-
tion energies as well as their weakness as ligands.


In our reactions, the heteropolyacid, oxidizes the sub-
strate and then, in a separate step, is reoxidised by O2.
Either step can be rate-determining to control the over-
all reaction rate.


In order to establish the scope of this novel oxidation
protocol, we tested a variety 1,4-DHPs under the opti-
mized reaction conditions.46 As shown in Table 3 both
electron donating and electron withdrawing substituents
on the precursors afforded the corresponding pyridines
in good to excellent yields. In the presence of more
amount of the catalyst the corresponding products of
1,4-dihydropyridines containing electron-withdrawing
groups were obtained in shorter reaction times (Table
3, entries 10 and 12).


All compounds were known and their physical and spec-
troscopic data were compared with those of authentic
samples and found to be identical.3b,10a,42,43 Yields were
obtained using GC analysis. The reusability of the cata-
lyst was also studied. After completing the model

lytic amount of H6PMo9V3O40 in refluxing acetic acid


Yield (%)a mp (�C)


Foundb Reported


98 68–70 69–7029


97 Oil Oil3b


99 Oil Oil3b


94 70–72 70–7110a


96 60–62 61–623b


98 72–73 72–739h


97 50 5010a


80 64–66 65–6630


100 62–63 61–6329


80 62–63 61–6329


80 104–105 104–1059d


100 104–105 104–1059d


ctures.
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reaction, the catalyst was removed and washed with
diethyl ether and subjected to a second run of the reac-
tion process with the same substrate. The results of the
first experiment and subsequent were maintaining more
than 90% yield.
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Abstract—A series of novel 3,4-dihydro-2H-benzo[1,4]oxazine derivatives has been designed and synthesized as 5-HT6 receptor
antagonists. Many of the compounds displayed subnanomolar affinities for the 5-HT6 receptor and good brain penetration in rats.
The relationship of structure and lipophilicity to hERG inhibition of this series of compounds is discussed.
� 2007 Elsevier Ltd. All rights reserved.

The human 5-HT6 receptor is one of the more recently
identified members of the serotonergic receptor family.
The density of 5-HT6 receptors in rat brain is highest
in the olfactory tubercles, striatum, nucleus accumbens,
and hippocampus. Its distribution, together with its high
affinity for several tricyclic antipsychotics, suggests the
5-HT6 receptor may be involved in memory disorders,
psychosis, depression, and appetite control.1–3 More-
over, 5-HT6 receptor antagonists have been shown to in-
crease extracellular concentrations of neurotransmitters
that are important for cognition. Therefore, there has
been increasing interest in the 5-HT6 receptor as a ther-
apeutic target over the past few years, as evidenced by
numerous publications appearing in the literature.1


Our initial lead was RO-65-7674 (2),4 a potent and selec-
tive 5-HT6 antagonist with good DMPK properties in
preclinical studies. However, the whole brain homoge-
nate to plasma ratio of 2 in rats was found to be low
(B/P = 0.1). It is also a potent hERG channel inhibitor
with an IC20 of 0.2 lM. Hence, our goal was to discover
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a 5-HT6 antagonist with an improved brain to plasma ra-
tio and lower hERG inhibitory activity compared to 2.
Herein, we report the design, synthesis, and biological
activity of a series of novel 3,4-dihydro-2H-benzo[1,4]ox-
azine derivatives 1 as 5-HT6 receptor antagonists.


In addition to 2, arylsulfonamides 3 and 4 were also
reported to be 5-HT6 receptor antagonists,5,6 albeit with
low brain penetration in the case of 3. In comparing 2, 3,
and 4, common features are evident, including a central
aromatic scaffold, a basic side chain, and an aryl sulfo-
nyl or arylsulfonamide group. These groups are ar-
ranged in a spatially similar fashion (Scheme 1).
Therefore, we envisioned that molecules of template 1,
which possess all these features, would also be high-af-
finity 5-HT6 receptor antagonists. Moreover, template
1 lacks the sulfonamide NH hydrogen bond donor in
3, which should help improve its brain penetration.


The synthesis of compounds 1 is exemplified by the reac-
tion sequences shown in Schemes 2 and 3. The latter is
more divergent, allowing more rapid synthesis of com-
pounds with different substituted arylsulfonyl groups.


Substituted 6-bromo-2-nitrophenols were either com-
mercially available or synthesized by bromination of
the corresponding 2-nitrophenols in acetic acid in good
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yields. The nitro compound 6 was reduced to aniline 7
by sodium dithionite in a mixture of ethanol and water
at �70 �C in 68% yield. Compound 7 was then reacted
with chloroacetyl chloride in a mixture of acetonitrile
and water in the presence of sodium bicarbonate at
room temperature for 30 min. followed by heating at
60 �C for 10 h to afford benzoxazinone 8.7 Reduction
by BH3 in THF followed by sulfonylation in dichloro-
methane in the presence of pyridine gave aryl bromide
10. The piperazine moiety was installed by a palladi-
um/Binap-catalyzed aryl amination reaction using
1-Boc-piperazine.8 The final piperazinyl benzoxazine
compound 1m was obtained after deprotection in etha-
nolic HCl and isolated as the HCl salt.


Alternatively, bromodihydrobenzoxazine 9 was protect-
ed with Cbz to give 12. Subsequent amination with
1-Boc-piperazine followed by hydrogenolysis to remove
Cbz gave intermediate 14, which was then reacted with
different arylsulfonyl chlorides to afford the desired
compounds1 after removal of the Boc group under acid-
ic conditions (Scheme 3).
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Scheme 2. Synthesis of 3,4-dihydro-2H-benzo[1,4]oxazine derivative 1m. Re


water, heat, 68%; (c) ClCH2COCl, 95%; (d) BH3–DMS, THF, reflux, 89%;


Pd2(dba)3, NaO-t-Bu, toluene, 52%; (g) HCl, EtOH, reflux, 90%.

The in vitro binding activity of these compounds was
determined by displacement of [3H]LSD in HEK293
cells expressing the recombinant human 5-HT6 receptor
at 37 �C and pKi values are presented in Table 1.


Halogen substitution on the 2 and/or 3 positions of the
phenylsulfonyl group seems beneficial for 5-HT6 affinity.
For example, 2,3-dichlorophenylsulfonyl (1a) gave the
highest affinity in this series with a pKi of 10.2, whereas
the parent unsubstituted compound 1b had relatively
modest affinity (pKi = 7.9). A simple 2-fluoro substitu-
tion on the phenylsulfonyl group (1c) increased the
pKi from 7.9 to 8.9. Polar substituents on the phen-
ylsulfonyl group such as methylsulfonyl or methylsulf-
onamide led to markedly lower activity (1g and 1h).
Naphthyl and some heteroaryl sulfonyl groups were well
tolerated (1i–k). The effect of substitution at positions 2
and 6 of the 3,4-dihydro-2H-benzo[1,4]-oxazine core
scaffold was also investigated. These substitution posi-
tions were chosen for synthetic considerations. Small
lipophilic substituents such as Me, F, Cl, and methoxy
on position 6 increased 5-HT6 affinity (1l–q). The bulky
6-tert-butyl group lowered affinity (1s). Analogs with
substitution on position 2 of the 3,4-dihydro-2H-ben-
zo[1,4]oxazine core were synthesized according to
Scheme 2 using corresponding substituted chloroacetyl
chlorides. The 2,2-dimethyl and 2,2-spirocyclobutyl
substituted compounds (Table 2, 15 and 16) had slightly
better affinity than the nonsubstituted analog (1c).
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Table 1. Biological activities of novel 3,4-dihydro-2H-benzo[1,4]oxazine derivatives: 5-HT6 affinity, hERG inhibition and brain to plasma ratio in


rats
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R


Compound R Ar 5-HT6 pKi
a hERG at 1 lMb clogPc B/Pd


1a H 2,3-Dichloro-Ph 10.2


1b H Ph 7.9


1c (R1485) H 2-F-Ph 8.9 9.9 ± 3.3% 2.90 1.8


1d H 2-Cl-Ph 8.5 28.2 ± 5.4% 3.34 1.6


1e H 3-Cl-Ph 8.7 1.4


1f H 3-F-Ph 8.0


1g H 3-MeSO2NH-Ph 6.7


1h H 2-MeSO2-Ph 6.5


1i Cl Naphthalen-1-yl 9.1


1j Cl Benzo[1,2,5]oxadiazol-4-yl 9.3


1k Cl Quinolin-8-yl 9.2


1l Me Ph 8.6 23.2 ± 9.9% 3.25 1.0


1m Me 2-F-Ph 9.4 26.5 ± 1.8% 3.45


1n Me 2-CN-Ph 8.7 14.2 ± 0.8% 2.79


1o F 2-F-Ph 9.2 26.0 ± 3.5% 3.11


1p Cl 2-F-Ph 9.4 45.2 ± 12% 3.54 2.7


1q MeO 2-F-Ph 9.8


1r MeO Ph 9.4 34.0 ± 3.8% 2.78 0.8


1s t-Bu 2-F-Ph 8.1


1t F 4-Amino-Ph 8.9


a Standard deviation of the pKi estimates was 0.05–0.3.
b Inhibition of hERG outward current at 1 lM concentration; mean ± SEM; baseline = 0%, n = 2 cells.11


c Ko/w–c logP values (calculated values of octanol–water partition coefficient) calculated using KowWin (V1.57, Syracuse Research, North Syracuse,


NY, USA).
d Whole brain homogenate to plasma ratio at 1 h post 2 mg/kg iv dosing in rats, drug concentrations were determined by HPLC–MS/MS.
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Several benzoxazine derivatives with basic side chains
other than piperazine were synthesized (Table 2). Simi-
larly to the synthesis of the piperazine derivatives, the
homopiperazine, 2,6-dimethylpiperazine, and dimeth-
ylaminoethylamine derivatives (18, 19 and 22) were syn-
thesized by the palladium-catalyzed amination reaction
of the corresponding aryl bromide with the required
amine. The aniline compound (17) was synthesized using
benzophenone imine as an ammonia surrogate.9 The
piperidine derivatives (20, 21) were synthesized via the
Suzuki coupling reaction of the corresponding aryl
bromide with 4-(4,4,5,5-tetramethyl-[1,3,2]dioxaboro-
lan-2-yl)-3,6-dihydro-2H-pyridine- 1-carboxylic acid
tert-butyl ester,10 followed by hydrogenation and
removal of the Boc group. The homopiperazine and
the piperidine derivatives (19, 20 and 21) had 5-HT6


affinity comparable to the corresponding piperazine
analog. Other side chains led to lower 5-HT6 affinity.
Among the basic side chains investigated, piperazine
derivatives offered the combination of good 5-HT6 affin-
ity and ease of chemical synthesis.


Compounds with high 5-HT6 affinity (pKi > 8.5) and
acceptable initial DMPK properties, such as good sta-
bility in microsomes and low cytochrome P450 inhibi-
tion, were selected for hERG inhibition measurement
by conventional patch clamp electrophysiology assays.11


Inhibition of hERG current by the tested compounds at
1 lM concentration ranged from 10% to 45% depending
on the substitution (Table 1). Lipophilic substituents

such as Me, F, and Cl on the aromatic rings seem to
increase hERG blockade, with Cl substitution having
a stronger effect (1d, 1m, 1o and 1p). The more polar
cyano substituted analog (1n) had weaker hERG inhibi-
tion than the fluoro analog (1m). In fact, a correlation
seems to exist between calculated logP values and the
measured hERG inhibition, with the methoxy com-
pound 1r being the outlier. Within this chemical series,
the general trend is that the more lipophilic the mole-
cule, the stronger its hERG inhibitory activity.


Several compounds were profiled in rat in vivo following
2 mg/kg single intravenous dose (iv). The brain to plas-
ma ratios at 1 h post iv dose were calculated from drug
levels in whole brain homogenate versus plasma. The
drug levels were determined by using HPLC–MS/MS.
The B/P ratios for the compounds tested ranged from
0.8 to 2.7, a significant improvement over our initial lead
RO65-7674 (2) or SB-271046 (3).5 This improvement is
probably due to the fact that template 1 has fewer het-
eroatoms than 2, and is also devoid of the sulfonamide
NH hydrogen bond donor in 3.


Compound 1c (R1485) showed good B/P ratio (1.8) and
low hERG inhibition (10% at 1 lM) while maintaining
high affinity for the 5HT6 receptor (pKi = 8.9). Its
hERG IC20value at 37 �C was determined using four
concentrations in a patch clamp physiology assay and
shown to be 2.2 lM, representing a significant improve-
ment over our initial lead molecule 2 (IC20 = 0.2 lM). In







Table 2. 5-HT6 affinity of 3,4-dihydro-2H- benzo[1,4]oxazines
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the functional assay, 1c was devoid of agonist activity
and behaved as an antagonist at 5-HT6 receptor. Profil-
ing against standard receptor, ion channel, and uptake
system panels including other serotonergic receptor sub-
types indicated that R1485 was >100-fold selective over
>50 other targets.


In summary, a series of novel 3,4-dihydro-2H-ben-
zo[1,4]oxazine derivatives was designed and synthesized,
and found to comprise potent 5-HT6 receptor antago-

nists. The 5-HT6 affinity of these compounds is depen-
dent on the substitution on the aromatic rings. A
general correlation between lipophilicity and hERG
inhibition was observed in this chemical series. R1485
was selected for further development because of its over-
all superiority, and was eventually advanced to human
clinical trials.

Acknowledgments


The authors thank Keith A. Walker, Ralph N. Harris
III, Hans Maag, and Zhongjiang Jia for helpful
discussions.

References and notes


1. Davies, S. L.; Silvestre, J. S.; Guitart, X. Drugs Future
2005, 30, 479.


2. Mitchell, E. S.; Neumaier, J. F. Pharmacol. Ther. 2005,
108, 320.


3. Bourson, A.; Borroni, E.; Austin, R. H.; Monsma, F. J.;
Sleigh, A. J. J. Pharmacol. Exp. Ther. 1995, 274, 173.


4. (a) Boes, M.; Riemer, C.; Stadler. H. Eur. Pat. Appl.
EP941994, 1999; (b) Stadler, H.; Boes, M.; Borroni, E.;
Bourson, A.; Martin, J.; Poli, S.; Riemer, C.; Sleight, A. J.
37th IUPAC Congress, Berlin, August 14–19, 1999;
Abstract MM-7.


5. (a) Bromidge, S. M.; Brown, A. M.; Clarke, S. E.;
Dodgson, K.; Gager, T.; Grassam, H. L.; Jeffrey, P. M.;
Joiner, G. F.; King, F. D.; Middlemiss, D. N.; Moss, S. F.;
Newman, H.; Riley, G.; Routledge, C.; Wyman, P.
J. Med. Chem. 1999, 42, 202; (b) Bromidge, S. M.; Clarke,
S. E.; Gager, T.; Griffith, K.; Jeffrey, P.; Jennings, A. J.;
Joiner, G. F.; King, F. D.; Lovell, P. J.; Moss, S. F.;
Newman, H.; Riley, G.; Rogers, D.; Routledge, C.;
Serafinowska, H.; Smith, D. R. Bioorg. Med. Chem. Lett.
2001, 11, 55.


6. Sleight, A. J.; Boess, F. G.; Bos, M.; Levet-Trafit, B.;
Riemer, C.; Bourson, A. Br. J. Pharmacol. 1998, 124, 556.


7. Combs, D. W.; Rampulla, M. S.; Bell, S. C.; Klaubert, D.
H.; Tobia, A. J.; Falotico, R.; Haertlein, B.; Lakas-Weiss,
C.; Moore, J. B. J. Med. Chem. 1990, 33, 380.


8. Yang, B. H.; Buchwald, S. L. J. Organomet. Chem. 1999,
576, 125.


9. Wolf, J. P.; Ahman, J.; Sadighi, J. P.; Singer, R. A.;
Buchwald, S. L. Tetrahedron Lett. 1997, 38, 6367.


10. Eastwood, P. R. Tetrahedron Lett. 2000, 41, 3705.
11. Ly, J. Q.; Shyy, G.; Misner, G. D. L. J. Assoc. Lab. Auto.


2005, 10, 225.





		3,4-Dihydro-2H-benzo[1,4]oxazine derivatives as 5-HT6 receptor antagonists

		Acknowledgments

		References and notes








Bioorganic & Medicinal Chemistry Letters 17 (2007) 3271–3275

Benzopyran sulfonamides as KV1.5 potassium channel blockers


John Lloyd,* Karnail S. Atwal, Heather J. Finlay, Michael Nyman, Tram Huynh,
Rao Bhandaru, Alexander Kover, Joan Schmidt, Wayne Vaccaro, Mary Lee Conder,


Tonya Jenkins-West and Paul Levesque


Bristol-Myers Squibb Pharmaceutical Research Institute, PO Box 5400, Princeton, NJ 08543-5400, USA


Received 2 February 2007; revised 2 April 2007; accepted 4 April 2007


Available online 10 April 2007

Abstract—KV1.5 blockers have the potential to be atrium-selective agents for treatment of atrial fibrillation. The benzopyrans
provide a template for the synthesis of potent and selective KV1.5 blockers.
� 2007 Elsevier Ltd. All rights reserved.

Atrial fibrillation (AF) is a cardiac arrhythmia that af-
fects a large and growing population. Over 2 million
cases were reported in the US in 1999 and that number
has increased 2- to 3-fold over that last 15 years.1 Inci-
dence of AF increases with age so that the number of
cases will likely increase in the future.2 Although AF is
not a fatal condition, the inefficient emptying of the
atrium can lead to thrombus formation. The primary
mortality risk in AF is from stroke.3


Cardiac rhythm is regulated by the cyclic changes in
membrane potential of the cardiac myocytes. Changes
in membrane potential are regulated by the opening
and closing of ion channels. Together, ionic currents
contribute to the shape of the membrane potential ver-
sus time relationship known as the action potential.
After excitation and depolarization caused by the influx
of sodium and then calcium ions, the myocytes return to
their resting potential following the efflux of potassium
ions. This final repolarization phase is necessary for an-
other excitation and contraction to occur. The net
potassium current is conducted through several different
potassium channels, including the rapid (IKr) and slow
(IKs) delayed rectifier potassium currents. Block of the
IKr with class III antiarrhythmic drugs (e.g., dofetilide)
results in delayed repolarization and has been shown
to effectively treat both atrial and ventricular arrhyth-
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mias.4 Unfortunately, prolongation of repolarization
in the ventricle at normal heart rates has been shown
to also cause arrhythmia. The polymorphic ventricular
tachycardia torsades de pointes can be caused by block
of repolarization in the ventricle and can lead to fatal
ventricular fibrillation.5


The ultrarapid potassium current (IKur) is an important
repolarizing current that in humans is expressed in the
atrium but not ventricle.6 Therefore, selective block of
this current may lead to a method of treating atrial
arrhythmia without the risk of ventricular effects. IKur


is conducted by the voltage gated potassium channel
encoded by KV1.5.7 Drugs that block this channel have
the potential to increase atrial action potential duration
and prevent and/or terminate atrial fibrillation with
increased safety.


Researchers at Icagen discovered an indane compound
(1) that blocked KV1.5 (Fig. 1).8 We proposed that the
indane template could be replaced by the benzopyran
template and we wished to test this hypothesis with
the synthesis of KV1.5 blockers based on a benzopyran.
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Figure 1. Indane KV1.5 blocker.
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dioxane, Et3N (46%); (d) TFA, CH2Cl2 (65%); (e) 3-MeO–Ph–COCl,


Et3N, CH2Cl2 (75%).
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The benzopyran template was available from the known
3S,4R-aminoalcohol (2).9 Hydrolysis of the nitrile
followed by sulfonylation of the amine provided the acid
3 (Scheme 1). The 6-aminobenzopyran analog of the
indane was synthesized from the acid using the Arndt–
Eistert synthesis to form the amine which was coupled
with 3-methoxybenzoyl chloride to provide the amide 4.


The reversed amide analog (5a) of amide 4 and addi-
tional amide analogs 5b–m were synthesized from acid
3 using standard coupling procedures (Scheme 2).
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Scheme 2. Reagents: (a) amine, EDC, HOAt, CH2Cl2 (40–90%);


(b) TFFH, Et3N, CH2Cl2 (90%); (c) amine, Et3N, MeCN (30–85%).

Analogs with variation in the sulfonamide fragment
were synthesized from 2 by hydrolysis of the nitrile
and BOC protection of the amine followed by amide
formation with phenethylamine. Deprotection and sub-
sequent sulfonylation provided the analogs 7a–h
(Scheme 3).


The tertiary sulfonamides 9a–f were synthesized from
the amine 6 by reductive amination followed by sulfony-
lation (Scheme 4).


Compounds with the opposite stereochemistry of the
amino alcohol were synthesized from the known
3R,4S-benzopyran10 by methods described (Schemes 1
and 2). Thus we synthesized analogs of 5e and 5g–j with
3R,4S-configuration (10a–e).


The des-hydroxy compound 11 was synthesized from
the amino alcohol 2 by sulfonylation followed by thio-
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Scheme 5. Reagents: (a) 4-EtPhSO2Cl, Et3N, CH2Cl2 (85%); (b)


Im2CS, C2H4Cl2 (85%); (c) n-Bu3SnH, AIBN, MePh; (d) KOH,


HOC2H4OH; (e) pyrrolidine, EDC, HOAt, DMF (31% 3 steps).


Table 1. Indane and benzopyran anaolgs


Compound KV1.5 inhibition IC50
a(lM)


1 0.033


4 0.29


5a >10


5b >1.0


5c 0.28


5d 0.17


5e 0.26


5f 0.077


5g 0.12


5h 0.13


5i 0.17


5j 0.21


5k 0.079


5l >1.0


5m >10


a Values are means of 2–4 experiments.
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carbonylimidazolide formation then reduction.10


Hydrolysis of the nitrile to the acid followed by amide
formation provided 11 (Scheme 5).


The analog with replacement of the amide functionality
at the 6-position with an isosteric amine 12 was synthe-
sized by reduction of the amide 5e. The amidine 13 was
synthesized by sulfonylation of the nitrile 2 followed by
formation of the imidate and reaction with phenethyl-
amine. The sulfonamide 15 was made from the sulfonyl-
chloride 1411 by formation of the sulfonamide followed
by epoxide formation, ring opening with ammonia, and
sulfonylation (Scheme 6).


All the compounds were tested for block of potassium
current in mouse fibroblast L929 cells expressing human
KV1.5.12 The initial compounds were direct analogs of 1
where we retained the 4-ethylphenylsulfonamide but
modified the substituent at the 6-position of the benzo-
pyran (Table 1). The direct benzopyran analog 4 showed
a 10-fold decrease in potency from the indane, however,
it still retained significant potency. Although the re-
versed amide analog 5a lost additional potency, we felt
we could re-optimize this chemotype using automated
synthesis. This proved to be the case and we quickly
identified alternate substituents that significantly
improved potency over 5a. In many cases, these
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Scheme 6. Reagents and condition: (a) LiAlH4, THF, 67 �C (13%); (b)


4-EtPhSO2Cl, Et2N, CH2Cl2 (80%); (c) HCl, EtOH; (d)


PhCH2CH2NH2 (47% 2 steps); (e) PhCH2CH2NH2, Et3N, CH2Cl2
(87%); (f) mCPBA, CH2Cl2; (g) NH4OH, THF, EtOH (71% 2 steps).

contained combinations of aryl and alkyl substituents
(5b–e).


We were interested in the tolerance for basic functional-
ity. Amides with both anilines (5f–h) and alkyl amines
(5i–j) showed potency in the range of 0.08–0.2 lM (Ta-
ble 1). The amide of 5-phenyl-3-aminopyrazole (5k) was
among the most potent compounds we discovered.
However, not all basic functionality was tolerated. Pyr-
idine and imidazole replacements of the phenyl ring in
5e resulted in compounds (5l and 5m) that showed little
KV1.5 block.


Our investigation then turned to the sulfonamide substi-
tuent. We first modified substituents on the benzenesulf-
onamide while the 6-position substituent was held as
the 2-phenylethylamide. The unsubstituted benzenesulf-
onamide (7a) was much less potent than the 4-ethyl
compound (5e). The compounds containing either
4-trifluoromethyl (7b), 4-methyl (7c), 3-methyl (7d) or
2-trifluoromethoxy (7e) groups had about the same
potency as the 4-ethylbenzenesulfonamide (5e). How-
ever, the 4-fluoro (7f), 4-methoxy (7g), and 4-nitro (7h)
substituents were significantly less potent (Table 2).


Additional substitution on the sulfonamide nitrogen
appeared to be well tolerated and enhanced potency in
some cases (Table 3). The simple butyl substituent
provided one of our most potent compounds (9a).
Compounds 9b and 9c with branched alkyl groups were

Table 2. Sulfonamide substituents


Compound KV1.5 inhibition IC50
a(lM)


5b 0.26


7a >1.0


7b 0.20


7c 0.40


7d 0.34


7e 0.15


7f >1.0


7g >1.0


7h >1.0


a Values are means of 2–4 experiments.







Table 4. Amino alcohol modifications


Compound KV1.5 inhibition IC50
a(lM)


5e 0.26


5g 0.12


5h 0.13


5i 0.17


5j 0.21


5g 0.19


10a >1


10b 0.26


10c 0.089


10d 0.20


10e 0.22


11 0.11


a Values are means of 2–4 experiments.


Table 5. Amide replacements


Compound KV1.5 inhibition IC50
a(lM)


5e 0.26


13 >10


12 0.24


15 0.51


a Values are means of 2–4 experiments.


Table 6. Block of hERG


Compound % Inhibition at 10 lMa


1 21%


4 40%


5d 7%


5f 39%


5g 9%


5k 47%


9a 35%


9d 61%


10d 80%


11 51%


a Values are means of 2–4 experiments.


Table 3. Amide benzopyran analogs


Compound KV1.5 inhibition IC50
a(lM)


9a 0.057


9b 0.32


9c 0.12


9d 0.13


9e 0.12


9f 0.28


a Values are means of 2–4 experiments.
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less potent than 9a. Some basic substituents were toler-
ated. The pyridylmethyl compounds 9d and 9e were
about 2-fold less potent than the n-butyl compound
9a, however, the imidazomethyl compound 9f suffered
significant loss of potency.


We were also interested in investigating some modifi-
cations of the amino alcohol template. We reversed
the stereochemistry of the amino alcohol in 5e and
5g–i to give the 3R,4S analogs 10a–e. This modifica-
tion was not well tolerated in the neutral phenethyl
compound 10a but was tolerated in the analogs
containing a basic amine (10b–e). Among these basic
analogs, stereochemistry of either the amide or the
benzopyran makes little difference in blocking potency.
This suggests that the compounds that contain an
amine may bind differently from the neutral com-
pounds. The des-hydroxy compound (11) was as
potent as the hydroxy compound (5g) indicating that
the alcohol is not important for interaction with the
channel protein (Table 4).


We have also attempted to replace the amide at the 6-
position. Reduction of the amide at the 6-position to
the amine (12) was a successful replacement with little
loss of potency, however, the amidine replacement of
the amide (13) was inactive. Replacement of the amide
with a sulfonamide gave a compound (15) with about
2-fold less potency (Table 5).


Several of the most potent compounds (4, 5d, 5f, 5g, 5k,
9a, 9d, 10d, and 11) were tested for block of the human
ether-a-go-go-related gene (hERG) expressed in human
embryonic kidney cells.13 Most of these compounds
have less than 50% block at 10 lM (Table 6).

In conclusion, we have established that the benzopy-
ran core is an acceptable scaffold for potent IKur


blockers. We have explored modifications of this scaf-
fold including the amide at the 6-position, the substi-
tuent on the phenyl ring of the benzenesulfonamide,
and modifications of the amino alcohol template.
We have discovered several compounds with good
potency for block of IKur and good selectivity over
block of hERG. In subsequent publications we will
discuss further modification of the benzopyran core
structure.
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Abstract—AMP-activated protein kinase (AMPK) is well established as a sensor and regulator of intracellular and whole-body
energy metabolism. A high-throughput screen was performed in order to identify chemotypes that are bound by AMPK. A novel
thienopyridone compound (1) was identified and subsequently optimized. The structure–activity relationships that emerged from
this effort are described.
� 2007 Elsevier Ltd. All rights reserved.
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Obesity and associated diseases like type 2 diabetes, the
metabolic syndrome, hypertension, and atherogenic
dyslipidemia represent major health risks around the
world. An estimated 194 million people have either type
1 or 2 diabetes, according to the International Diabetes
Federation. Type 2 diabetes is the most common and
fastest growing form of the disease and is often
complicated by obesity. AMPK (adenosine monophos-
phate-activated protein kinase), a heterotrimeric serine/
threonine kinase, is well established as a key sensor
and regulator of intracellular and whole-body energy
metabolism.1 Activation of AMPK alters carbohydrate
and lipid metabolism to increase fatty acid oxidation
and glucose uptake and decrease fatty acid and choles-
terol synthesis.2 Through its central role in the regula-
tion of glucose and lipid metabolism, AMPK is
emerging as an attractive molecular target for the treat-
ment of diabetes, metabolic syndrome, and obesity.2,3


There have been a number of reports of small molecule
regulators of AMPK, such as AICAR, metformin and
rosiglitazone.4 These are all indirect activators, however,
and thus to further elucidate the physiological conse-
quences of AMPK activation, our laboratory sought
to identify small molecules that directly interact with
this enzyme.
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As part of our effort to identify and assess the effects of
AMPK activation on appropriate metabolic parameters,
a high-throughput screening was performed from which
several structurally diverse AMPK activators were iden-
tified. This report describes the systematic evaluation of
the thienopyridone agonist 1, in addition to the struc-
ture–activity relationships (SAR) of the resultant
analogs.


We initiated our efforts with a resynthesis of the HTS hit
1 (Fig. 1), followed by the preparation of several direct
analogs. The synthesis of the thienopyridone com-
pounds is outlined in Scheme 1.5a,6 Briefly, acetophe-
none derivatives were treated with ethyl cyanoacetate,
sulfur, and morpholine, heated at 60 �C to afford the
2-amino-4-aryl-thiophene-3-carboxylic acid ethyl esters
2. The appropriate ethyl ester 2 was then reacted with
cyanoacetic acid chloride, which was made fresh by
treating cyanoacetic acid with PCl5 in dichloromethane,

H


1


AMPK Rat liver EC50 (μM) 38


Figure 1. High-throughput screen hit: thienopyridone compound 1.
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Table 1. SAR of 3-aryl thienopyridones


S


R1


N
H


OH
CN


O
R2


Compound R1 R2 AMPK Rat liver


EC50
a (lM)


1 H H 38


5 3-OH H 38


6 4-OH H 20


7 3,4-OCH2O H 20


8 4-F H 84


9 4-Cl H 81


10 4-Br H 72


11 4-COOMe H 55


12 4-Allyl H 40


13 4-OCH2OCH3 H 8


14 H Cl 3.7


15 H Br 5.8


16 4-OH Cl 2


17 4-F Br 10


18 H NO2 Inactive


19 H 2-OH-C6H4 Inactive


a All compounds were >95% pure by HPLC and characterized by 1H


NMR and HRMS. Values represent an average of at least two


determinations.
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in the presence of triethylamine at 60 �C to provide the
2-(2-cyano-acetylamino)-4-aryl-thiophene-3-carboxylic
acid ethyl esters 3. Following this step, the ethyl esters 3
were treated with sodium hydride in tetrahydrofuran at
temperatures ranging from 25 to 80 �C to provide the fi-
nal thienopyridone compounds. The final products were
very polar and typically required reverse-phase HPLC
purification.


Compound 1, which showed modest AMPK activity (rat
liver EC50, 38 lM),7 was our starting point for optimiza-
tion (Table 1). The SAR investigation was initiated with
the functionalization of the unsubstituted 3-phenyl ring.
Derivatization of this ring with either a meta- or para-
hydroxy group either retained or had a twofold
improvement of activity of parent 1, respectively (see 5
and 6, Table 1). Tying these hydroxyls into a five-mem-
bered ring to produce the methylenedioxyphenyl analog
7 also improved the activity twofold, resulting in an
EC50 of 20 lM. Other fused ring systems resulted in a
diminution of AMPK activity, along with various
ortho-substitutions (data not shown). Since the para-
substitution position appeared to be the most produc-
tive position for increasing the potency, several more
analogs with substituents at this position were prepared.
Replacement of the hydroxyl group in 3 with fluoro,
chloro or bromo afforded analogs that had lowered po-
tency as compared to parent 1. While no gain in potency
was observed with the para ester 11, the allyl-substituted
analog 12 resulted in a compound equipotent to 1. Fi-
nally, capping the para-hydroxyl moiety of 6 with a
methoxymethyl group afforded the most potent analog
in this group of compounds, as analog 13 showed a sig-
nificantly improved EC50 of 8 lM.

Encouraged by the increase in AMPK activation affor-
ded by the appropriately substituted phenyl analogs,
we turned our efforts towards the incorporation of func-
tionality at the 2-position of the thienopyridine core. 2-
Chloro and 2-bromo substitution was effected according
to Scheme 2. Briefly, 4-phenylthiophene intermediate 3
was treated with thionyl chloride in dichloromethane
to afford the chlorinated intermediate 4 in 90% yield.
Treatment with sodium hydride rapidly afforded the fi-
nal cyclized product in good yields. Alternatively, the







Table 2. SAR of 5-substituted thienopyridones


N
H


S


OH


R


O


Compound R AMPK Rat liver EC50
a (lM)


25 Ph Inactive


26 3-OMe-C6H4 180


27 2-Thiophene 183


28 –COOMe 175


29 –NMe2 Inactive


30 Cl 88


31 H Inactive


a All compounds were >95% pure by HPLC and characterized by 1H


NMR and HRMS. Values represent an average of at least two


determinations.
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2-chlorinated analogs could also be prepared by the
treatment of analogs 1 and6 with N-chlorosuccinimide,
although the yields in this transformation were low
(30%). The 2-brominated analogs were prepared in a
straightforward manner by the treatment of analogs 1
or 8 with NBS, affording the desired products in about
60% yield.


Evaluation of these analogs in our binding assay re-
vealed that functionalization with electron withdrawing
groups at the 2-position significantly improved AMPK
activation. As demonstrated in Table 1, analogs 14
and 15 had EC50 values of 3.7 and 5.8 lM, respectively.
Compound 16, the 2-chloro-substituted analog of 6,
showed a tenfold improvement in activity relative to
the parent analog. This trend was further present in ana-
log 17. In contrast, incorporation of larger electron-
withdrawing groups, such the nitro moiety present in
18,8 resulted in a loss of potency. The same result was
observed with the phenyl-substituted compound 19.9


We next evaluated the requirement of the hydroxyl moi-
ety on the thienopyridone core. To this end, the chemi-
cal reactivity of the acidic-OH and -NH were
investigated. While basic alkylation conditions (sodium
hydride, methyl iodide) exclusively afforded N-alkylated
products, O-alkylation required more neutral conditions
(CH2N2) for an efficient and selective transformation
(Scheme 2). Finally, the amino analog 24 was prepared
in an analogous manner to 1 (see Scheme 3). However,
all of these modifications proved unproductive, as ana-
logs 20–24 were inactive against rat liver AMPK.


Our final exploration was directed towards replacement
of the 5-cyano functionality on the pyridone ring. As
shown in Scheme 3, this was achieved analogously to 1
by switching from cyanoacetyl chloride to various
substituted acyl chlorides in the coupling step prior to
cyclization. Our attempts to generate the 5-carboxylic
acid analogs were unsuccessful, as the attempted hydro-
lysis of the nitrile under acidic conditions only afforded
the corresponding decarboxylated product 31.

N
H


S


COOEt


NH
S


OH


R


OO
R


c


25-33


S N
H


NH2


CN


O


Br


S


CN


NH2


Br


24


a,b


Scheme 3. Reagents and conditions: (a) CH2(CN)CO2H, PCl5, Et3N,


DCM (90%); (b) NaOEt, EtOH, reflux (43%); (c) NaH, THF, reflux or


KHMDS, THF, PhCH3, 0 �C–rt, (20–70%).

As shown in Table 2, only the chloride substituent could
effectively replace the cyano group in the pyridone ring
of 1 (analog 30). Other substitutions resulted in a dimi-
nution or complete loss of AMPK activity up to the con-
centrations tested.


The systematic investigation of the HTS lead structure 1
identified several productive areas for optimization. Spe-
cifically, 3-phenyl ortho-substitution led to improve-
ments as much as tenfold, while 2-substitution
afforded analogs with improvements over fortyfold.
Subsequent reports will disclose further optimization
of these analogs, as well as their evaluation in in vivo
models of glucose lowering.
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Abstract—The technetium-99m-labeling and synthesis of a series of thymidine analogs were studied. The target molecules were
obtained by using 6-hydrazinopyridine-3-carboxylic acid (HYNIC) as a bifunctional coupling agent and using N-(2-hydroxy-1,1-
bis(hydroxymethyl)ethyl)glycine (tricine) and ethylenediamine-N,N 0-diacetic acid (EDDA) as coligands. The effects of different spac-
ers between thymidine analog with HYNIC on radiochemical yield were also studied.
� 2007 Elsevier Ltd. All rights reserved.

Nuclear medicine imaging of tumor proliferation has
gained broad interest. Proliferation is one of the greatest
targets to differentiate between carcinoid and malignant
tumor. Proliferation is one of the tumor characteristics
and thymidine is utilized by proliferating cells for
DNA replication, the determination of cell proliferation
with radiolabeled thymidine.1,2 has been a well-estab-
lished method in life sciences. Positron isotope labeled
thymidine analog is an important branch of radiola-
beled thymidine analogs.3,4 3-Deoxy-3-[18F]fluorothymi-
dine ([18F]FLT) is one of the most promising PET
tracers.5,6 The labeled thymidine analog targets specifi-
cally the proliferative activity of malignant lesions.7,8


However, the short half-life, complicated radiochemical
synthesis, and the lower radiochemical yield have be-
come main obstacles for its production. In addition,
the high cost of PET examination has also become a
large difficulty for its clinical application, especially in
developing country. Technetium-99m-labeled thymidine
analogs would settle the concerns because of its conve-
nience of production and optimal physical characteris-
tics9 (T1/2 = 6 h, 140 keV).


Toward this goal, it would be desirable to explore some
technetium-labeled thymidine analogs for tumor imag-
ing. We have designed four precursors which are alleged
to permit label with isotopes, such as technetium and
rhenium. We synthesized these thymidine analogs which
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doi:10.1016/j.bmcl.2007.03.086


Keywords: Probe; Technetium; Thymidine; Imaging.
* Corresponding author. Tel.: +86 10 62796753; fax: +86 10


62771149; e-mail: zhlli@mail.tsinghua.edu.cn

could be labeled easily by technetium-99m and explored
the primary labeling conditions. Up to now, these com-
pounds have not been reported in previous references.
The labeling of these innovative compounds is the first
time to be reported. The purpose of this study is to con-
jugate thymidine analogs with chelating agent and eval-
uate the feasibility of technetium-99m-labeled thymidine
analogs as candidates for tumor imaging agents.


The 3 0-amino-3 0-deoxy-5 0-O-(4,4 0-dimethoxytrityl)-thy-
midine (compound 5) is a significant intermediate which
was synthesized through a multiple-step reaction using
thymidine as a starting material. The synthesis proce-
dure is outlined in Scheme 1. First, thymidine was pro-
tected at the 5 0-O-position with dimethoxytrityl chloride
in dry pyridine to give compound 2. The subsequent
synthesis of compound 3 was an inversion of the 3 0-car-
bon from S-configuration (ribose like) to R-configura-
tion (lyxose like);10 following that compound 4 was
obtained through Nucleophilic Substitution Reaction
using sodium azide as nucleophile.11 Finally, thymidine
analog 4 was reduced to obtain 3 0-amino-3 0-deoxy-5 0-O-
(4,4 0-dimethoxytrityl)-thymidine using triphenyl phos-
phine as a reducing agent.12


The metal chelating moiety was 6-hydrazinopyridine-3-
carboxylic acid (HYNIC). Succinimidyl 6-Boc-hydrazi-
nopyridine-3-carboxylic acid (Boc-HYNIC-NHS) was
an active ester which was prepared according to the
method previously described.13 HYNIC-thymidine was
synthesized according to procedure outlined in Scheme
2. The intermediate compound 5 was reacted with this
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active ester to give compound 10. Following that,
DMTr and Boc protecting groups were removed in
one pot by addition of trifluoroacetic acid (TFA) for
30 min to give 3 0-(hydrazinopyridine-3-carbonyl-amino)
thymidine (compound 11).

Table 1. Rf values of 99mTc-species on TLC


99mTc-species System 1a


99mTc-compound 11 0.9–1.0
99mTc-compound 15a 0.9–1.0
99mTc-compound 15b 0.9–1.0
99mTc-compound 15c 0.9–1.0
99mTcO�4 0.9–1.0
99mTcO2ÆH2O 0.0


a Xinhua No. 1 paper developed by 0.1 N citrate buffer (pH 5).
b Xinhua No. 1 paper developed by acetone/water (9:1, v/v).
c Merck silica gel 60 on aluminum sheets developed by dichloromethane/met

Between the metal chelating moiety and 3 0-amino-
3 0-deoxy-5 0-O-(4,4 0-dimethoxytrityl)-thymidine, we de-
signed some flexible spacers with different alkyl chain
lengths. The thymidine analogs with different alkyl chain
lengths were prepared by reaction with Boc-protected

System 2b System 3c


0.0–0.2 0.0–0.2


0.0–0.2 0.0–0.2


0.0–0.2 0.0–0.2


0.0–0.2 0.0–0.2


0.0–0.1 0.9–1.0


0.0 0.0


hanol (1:1, v/v).







Table 2. The radiochemical yields of Tc-99m-labeled thymidine analogs obtained by using tricine as coligand


Compound Radiochemical yield (%)/temperature (�C)


25 �C/time (min) 50 �C/time (min) 100 �C/time (min)


5 15 30 5 15 30 5 15 30


11 31 34 43 42 50 51 43 57 62


15a 32 37 45 32 45 52 31 46 67


15b 23 31 35 26 37 59 28 50 71


15c 19 24 29 15 27 31 19 25 35


Table 3. The radiochemical yields of Tc-99m-labeled thymidine analogs obtained by EDDA/tricine exchange labeling


Compound Radiochemical yield (%)/temperature (�C)


25 �C/time (min) 50 �C/time (min) 100 �C/time (min)


5 15 30 5 15 30 5 15 30


11 45 48 52 86 75 79 88 95 95


15a 30 45 54 60 65 74 79 89 92


15b 36 45 61 72 74 81 84 94 90


15c 24 25 31 39 43 42 59 63 62
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x-amino acids (Scheme 3). First, 3 0-amino-3 0-deoxy-5 0-O-
(4,4 0-dimethoxytrityl)-thymidine reacted with Boc-pro-
tected x-amino acids to give compound 12a–c, following
that DMTr and Boc protecting groups were removed in
one pot by addition of TFA at 0 �C for 30 min to give
compound 13a–c. And then, thymidine analogs with dif-
ferent chain lengths were conjugated with Boc-HYNIC-
NHS to give compound 14a–c. Finally, the deprotection
of compound 14a–c was performed with the same proce-
dure of HYNIC-thymidine to give 3 0-{[(hydrazinopyri-
dine-3-carbonyl-amino)-1-oxobutyl]-amino} thymidine
(compound 15a), 3 0-{[(hydrazinopyridine-3-carbonyl-
amino)-1-oxohexyl]-amino}thymidine (compound 15b),
and 30-{[(hydrazinopyridine-3-carbonyl-amino)-1-oxoun-
decanyl]-amino} thymidine (compound 15c).


These HYNIC-thymidine analogs were conjugated with
technetium-99m to give compounds 16, 16a–c. We ex-
plored two different labeling methods including direct
labeling with N-(2-hydroxy-1,1-bis(hydroxymethyl)
ethyl)glycine (tricine) and Ethylenediamine-N,N 0-diace-
tic acid (EDDA)/tricine exchange labeling.


The reaction time (5–30 min) and temperature (25–
100 �C) were varied to optimize the labeling reaction con-
ditions. The amount of thymidine analogs (compounds
11, 15a–c) (10 lg), tricine (40 mg) and EDDA (1.5 mg),
Na99mTcO4 (150 MBq) were kept constant. The labeled
mixture was passed through a Sep-Pak Plus C18 cartridge
and then the final labeling product was eluted by alcohol.
The radiochemical yields and radiochemical purity of
technetium-99m-labeled thymidine analogs were deter-
mined by TLC on three systems and the Rf values of tech-
netium-99m-species are listed in Table 1.


The radiochemical purity of all labeled thymidine ana-
logs was over 97% through purification using Sep-Pak
Plus C18 cartridge. The radiochemical yields obtained
by different labeling methods are, respectively, shown
in Tables 2 and 3.

It has been shown that the choice of chelating system
has profound influence upon the radiochemistry and
labeling conditions. EDDA/tricine exchange labeling
could produce better radiochemical yield than the other
labeling methods. With increase in reaction temperature,
the radiochemical yield obviously increased in the radio-
labeling experiments. The best radiochemical yields
(95%, 89%, 94% and 63%) were obtained by using com-
pounds 11, 15a–c, respectively, as precursors when the
reaction temperature was set at 100 �C. The optimized
labeling time was 15 min when the reaction temperature
was 100 �C; the prolonged reaction time could not
increase obviously the radiochemical yield. On the
other hand, the spacer is an important factor which
influences the radiochemical yield. Overlong spacer
decreased obviously the radiochemical yield in labeling
experiment.


In summary, we have synthesized several novel thymi-
dine analogs which could be labeled easily with techne-
tium-99m. We suggested that it is advisable when the
length of alkyl spacers was set as n = 3, 5 or none spacer.
Additionally, we have explored the technetium-99m-la-
beled conditions of these thymidine analogs and found
that the optimized labeling conditions were the reaction
temperature 100 �C and reaction time 15 min. The bio-
distribution and imaging of these labeled thymidine ana-
logs in tumor-bearing mice are underway in our
laboratory. The effect of different spacers between thy-
midine analogs with HYNIC on biological function of
these labeled thymidine analogs will also be published
elsewhere.
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aDepartament de Quı́mica Farmacéutica, Facultad de Farmacia, Universidad de Salamanca, Campus Miguel de Unamuno,


37007 Salamanca, Spain
bDepartamento de Fisiologı́a Vegetal, Facultad de Farmacia, Universidad de Salamanca, Campus Miguel de Unamuno,


37007 Salamanca, Spain


Received 27 February 2007; revised 27 March 2007; accepted 27 March 2007


Available online 30 March 2007

Abstract—Novel phenstatin analogues with a 2-naphthyl moiety combined with either a 2,3,4- or a 3,4,5-trimethoxyphenyl ring have
been synthesized, and their tubulin polymerization inhibiting and cytotoxic activities have been evaluated. The 2-naphthyl ring
is a better replacement for the 3-hydroxy-4-methoxyphenyl ring in the phenstatin series than in the combretastatin series. For
the naphthylphenstatins, the carbonyl is required, and the preferred orientation of the trimethoxyphenyl ring is the one found in
combretastatins.
� 2007 Elsevier Ltd. All rights reserved.
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Ligands binding at the colchicine site of tubulin, such as
colchicine itself, podophyllotoxin, the combretastatins
and the phenstatins, are receiving much attention due
to their interesting antitumour, antiangiogenic and anti-
parasitic activities. Several such ligands are now under-
going clinical trials, for example, the combretastatin A4
phosphate prodrug.1,2 Most of these ligands share com-
mon structural features, often summarized in the struc-
ture of combretastatin A4, such as two non-coplanar
oxygenated aromatic rings (typically one trimethoxy-
phenyl and a 3-hydroxy-4-methoxyphenyl or related
ring). Certain variability is allowed for the size of the
bridge between the two phenyl rings, which ranges from
zero to more than four atoms (Fig. 1).3


We have previously shown that the 3-hydroxy-4-meth-
oxyphenyl ring of combretastatin A4 can be replaced
by a 2-naphthyl ring (Fig. 2) with no substantial loss
of potency. On the other hand, replacement of the
3,4,5-trimethoxyphenyl ring or the introduction of a
1-naphthyl ring is detrimental for the activity.4–6 In an
attempt to increase the aqueous solubility of the naphthyl
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analogues, we have also explored the consequences of
the introduction of nitrogen atoms on the 2-naphthyl
ring of naphthylcombretastatins and found that in quin-
oline and isoquinoline analogues of combretastatins the
heteroatom has an effect on the activity which is depen-
dent on its position.7 The moderate solubility increase
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Figure 2. Structures of naphthylcombretastatin, phenstatin and


designed naphthylphenstatins.
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achieved and the more cumbersome handling make such
a modification less attractive.


Recently, much synthetic effort has been devoted to the
bisarylketones named phenstatins (Fig. 2) and related
analogues, which show substantial differences in their
structure–activity relationships when compared to the
combretastatins.8–10 In this paper, we disclose our preli-
minary results on the synthesis and biological activity of
2-naphthophenones (Fig. 2) bearing a 2-naphthyl ring
(in substitution of the 3-hydroxy-4-methoxyphenyl or
related ring) combined with either a 3,4,5-trimethoxy-
phenyl ring (such as the one present in combretastatins
and podophyllotoxin) or a 2,3,4-trimethoxyphenyl ring
(such as that found in colchicine). We have termed these
compounds naphthylphenstatins, in analogy to the
naphthylcombretastatins.


We planned the synthesis of the naphthylphenstatins
based on the reaction of an organometallic (formed by
transmetallation of the corresponding bromoderivative)
with an aldehyde (Scheme 1). Of the two possible pairs
of starting materials, we set out to start the synthesis
with the halogenated trimethoxyphenyl rings and com-
mercial 2-naphthaldehyde, a strategy we thought might
be more convenient for the later preparation of related
analogues, such as the quinolines, and which had previ-
ously shown itself successful.


Accordingly (Scheme 2), we brominated 1,2,3-trimeth-
oxybenzene with NBS in carbon tetrachloride. The bro-
mide was transmetallated with n-BuLi and treated with
2-naphthaldehyde. We obtained mixtures of mono- (1)
and dialkylated (3) products even in the presence of ex-
cess of bromide. These byproducts could not be chro-
matographically resolved, not even after oxidation to
the corresponding ketones (2 and 4), rendering this
route inconvenient for this and related synthesis.


The alternative approach, starting from 2-bromonaph-
thalene and the isomeric trimethoxybenzaldehydes,
was then attempted (Scheme 3). Initially, treatment of
the 2-naphthyl bromide with Mg in THF was selected
for the formation of the organometallic species, in order
to avoid direct addition of the organolithic reagent to
the aldehyde. However, even under inert atmosphere,
mixtures of alcohols and ketones were formed. There-
fore, we chose n-BuLi for the transmetallation reaction.
With this reagent, the major byproducts (9 and 10) were
formed by direct addition of n-BuLi to the aldehyde, but
they were easily removed by chromatography.
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Naphthylphenstatins


X or Y = MeO


YCHO
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OMe
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Y


Br


Br


OMe
OMe


X
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Scheme 1. Retrosynthetic analysis for naphthylphenstatins.

Acetylation of the resulting alcohols with acetic anhy-
dride and pyridine occurred in lower than usual yields
(around 70%), probably due to the ease of formation
of the corresponding bisbenzilic cation and its transfor-
mation into byproducts during chromatography. Oxida-
tion of the alcohols was attempted with PCC, according
to literature procedures, but low yields of the desired ke-
tones were obtained. When the crude reaction mixture
was treated with PCC in CH2Cl2, the only oxidized
products were 9 and 10. In our hands, the best condi-
tions found for the oxidation were: KMnO4 and a phase
transfer catalyst (tetrabutylammonium bromide) with
wet CH2Cl2 as solvent. Under these conditions, the ke-
tones could be readily isolated after oxidation of the
unpurified alcohols in 70% or better yields.


The synthesized compounds were assayed for tubulin
polymerization inhibition6 at a single concentration of
20 or 40 lM (Table 1). Compound 7 was the only active,
showing an IC50 one order of magnitude lower than its
naphthylcombretastatin analogue (Table 1) and three
times lower than CA-4. Literature values for tubulin
polymerization inhibition for phenstatin show that it is
only one to two times more potent than CA-4.8–10 Cross
comparison of these data suggests that 7 is at least equi-
potent to phenstatin. In combretastatins, replacement of
the 3-hydroxy-4-methoxyphenyl ring by the 2-naphthyl
one decreases somewhat the potency. In phenstatins,
no reduction is observed, indicating that the 2-naphthyl
is an even better replacement in these structures. Neither
the alcohols (1 and 6), nor the acetates (5 and 8) were
active. The active orientation for the trimethoxyphenyl
ring corresponds to that of combretastatins and podo-
phyllotoxin. The lack of activity for the one-carbon
bridged naphthylphenstatins with a 2,3,4-trimethoxy-
phenyl ring agrees with our earlier observation on the
same ring combination (2-naphthyl and 2,3,4-trimeth-
oxyphenyl) in zero-carbon bridged analogues6 and indi-
cates that it is not a good replacement in colchicine-like
compounds.


The synthesized compounds were assayed following a
described procedure6 against several cancer cell lines,
including human cervix epitheloid carcinoma HeLa,
human lung carcinoma A-549 and human colon adeno-
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Table 1. Tubulin polymerization inhibition assay results for com-


pounds 1, 2, and 5–8


Compound % inhibition


of tubulin


polymerization


(lM)a


IPT IC50
b (lM)


1 0 (20) >20


2 4 (20) >20


5 26 (20) >20


6 0 (40) >20


7 100 (40) 1.1


8 5 (20) >20


CA-4 100 (20) 3 (1–3)


Naphthylcombretastatin — 10


Phenstatin — (0.4–1.5)


a Values are means of at least three experiments (concentration


assayed).
b Concentration inhibiting 50% of 1.0 mg/mL microtubular protein


polymerization (literature values).
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carcinoma HT-29, and compared with naphthylcombre-
tastatin and CA-4 (Table 2). The most sensitive cell line
was HeLa, in which all the compounds except 1 showed
micromolar to submicromolar (compound 7) potencies.
The other two cell lines were more resistant to the com-
pounds, again being 7 the only one with remarkable
activity. Opposite to the tubulin polymerization inhibi-
tory activity, 7 is less cytotoxic than CA-4 and even than
naphthylcombretastatin. These observations agree well
with previous work on phenstatins: they display higher

Table 2. Cytotoxicity results (IC50/lM) for compounds 1, 2, 5, 7, and 8


Compound HeLaa A549a HT29a


1 >10 >10 >10


2 1.7 >10 >10


5 2.7 >10 >10


7 0.042 0.25 —


8 3.8 >10 >10


CA-4 0.003 0.003 0.003


Naphthylcombretastatin 0.02 0.02 0.02


a Values are means of three experiments.

tubulin inhibitory activity but lower cytotoxicity than
their combretastatin counterparts.11 This apparent con-
tradiction might be explained by the different concentra-
tion ranges at which the two measured effects are
produced and/or by differences in permeability. In such
a context, the small difference in cytotoxicity observed
between 7 and its naphthylcombretastatin analogue
again suggests a more favourable substitution of the 3-
hydroxy-4-methoxyphenyl ring by the 2-naphthyl in this
family of compounds than in the combretastatins. As
different trends of structure–activity relationships for
both families have been previously found,8–10 these
results suggest that the 2-naphthyl ring represents a
structural intersection between the structure activity
relationships of both families of compounds.


In summary, we have synthesized new naphthylphensta-
tins with two trimethoxyphenyl ring orientations. The
most potent compound has a ketone on the bridge and
a 3,4,5-trimethoxyphenyl, equivalent to that found in
combretastatins and podophyllotoxin. On the other
hand, a 2,3,4-trimethoxyphenyl, equivalent to that
found in colchicine, turned out to be suboptimal. These
results suggest that the 3D structure of podophyllotoxin
in complex with tubulin might be a better model in
which to perform docking experiments than the complex
with colchicine. When compared to this family of com-
pounds, the 2-naphthyl ring seems to be an even better
substitution for the 3-hydroxy-4-methoxyphenyl ring
than in the combretastatin family.
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Abstract—The synthesis and structure–activity relationships against the C3a receptor of a series of substituted aminopiperidine
derivatives are reported. DMPK properties and functional activities of selected compounds are described. The compounds obtained
are the first non-arginine ligands of C3aR.
� 2007 Elsevier Ltd. All rights reserved.
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The complement system is well known for its central role
in the inflammation process. This wonderful machinery
may sometimes turn against its host and create various
inflammatory diseases, such as asthma, rheumatoid
arthritis, etc. To treat such diseases, it should be possible
to reduce the efficacy of the complement cascade by
blocking it at strategic points with small molecules.


Our interest for C3aR ligands (see previous paper) has
prompted us to screen UCB’s collection of compounds
against the C3a receptor. As a result, compound 1
(Fig. 1) was identified with a pIC50 of 5.8. We were par-
ticularly delighted as this is—to the best of our knowl-
edge—the first C3aR ligand not to display the
ubiquitous arginine.1 A first SAR study around 1 indi-
cated that although the regiochemistry around the pyri-
dine seemed essential—as seen from compounds 2 and 3,
it was nonetheless possible to modify the xanthene ring
and retain some activity. Compound 5 in particular was
quite attractive to start a medicinal chemistry program
as it had much better solubility than the starting hit
(0.1 mg/ml instead of <0.0001 mg/ml).
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Depending on the focus of interest, we used two main
approaches to generate derivatives of 5. ‘Western’ side
modulations required the alkylation of commercially
available arylacetic acids A/E with cyclohexyl tosylates.
Best results were obtained by treating the arylacetic acid
with two equivalents of n-butyllithium and treating the
resulting dianion at low temperature with a cyclohexyl
tosylate. The resulting acids B/F were finally coupled
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Figure 1. HTS result and preliminary SAR around 1. Numbers refer to


pIC50 values against C3aR. I/A, inactive.
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using standard amide formation techniques with the re-
quired aminopiperidine derivative C (Scheme 1).


‘Eastern’ side modulations of the aminopiperidine
scaffold required the coupling of cyclohexyl phenylacetic
acid I with commercially available 1-Boc-4-aminopiperi-
dine J. The resulting amide was deprotected K and cou-
pled with the required aryl propanoic acid derivative N.
It could be obtained by Heck coupling of methyl
acrylate with the corresponding bromopyridine L
(Scheme 2).


While the initial modifications of the diphenylmethyl
based on the original xanthene substitution gave only
poor results (Table 1), it was quickly discovered that
the transformation of one phenyl group into a cyclo-
hexyl 7 led to a very interesting increase of the affinity.
Further modifications on the cyclohexyl group (8–14)
did not bring about any other improvement in affinity.
However, the two enantiomers of 7 were separated
and the best enantiomer 7B (chirality not determined)
was found to be ca. 10-fold more active against C3aR
than the less active enantiomer 7A.


Substituents of the phenyl ring were then investigated
and were found to have more influence on the affinity
compared to cyclohexyl substitution. Meta substituted
compounds with small lipophilic groups such as Me 17
and Cl 22 were found especially active with a tenfold
boost over their unsubstituted counterparts. 3,5-Disub-
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Scheme 2. ‘Eastern’ side modulations. Reagents and conditions: (d) i. (COCl)


acrylate, Pd(OAc)2, P(o-Tol)3, DMF, 80 �C (50%); (f) i. H2, Pd/C, MeOH; i

stitution gave equiactive compound 18 but its lower sol-
ubility made it a less interesting candidate.


Finally, modifications of the arylpropanoyl group were
investigated. We already knew from the preliminary
SAR on 2 and 3 (Fig. 1) that the regiochemistry of the
pyridine attachment was of prime importance. The
replacement of the pyridyl ring by a phenyl in 34–36
led to a sharp drop in affinity, pointing to the key role
of the pyridine. It was also discovered that substitution
of the pyridine was very delicate. While a methoxy 29 or
a methyl 33 gave poor binders, the 6-fluoro 31 kept a
good affinity and the 2-fluoro 30 finally gave us a much
better binder. The most promising compounds were
screened internally against a panel of 20 GPCR’s and
did not reveal any other significant affinity.


DMPK profiling of our best compounds was uniformly
disappointing (Table 2). All compounds were found to
suffer from high metabolic instability in vitro as well as
low oral bioavailability and rapid elimination in vivo
(rat data). Compound 7 was selected as a representa-
tive candidate for further investigations. It showed a
high microsomal clearance whatever the species (rat,
guinea-pig, dog, and human). Portal vein experiment
in rat (1 mg/kg) demonstrated a high hepatic extraction
ratio. Finally, its in vivo profile in male dog (1 mg/kg)
was similar to the one observed in rat with low oral
bioavailability (4%) and rapid elimination half-life
(0.3 h).

NH


N


R


N


O


N
N
H


Ph
O


R


.TFA


gK


O


2, DMF cat, DCM then amine, Et3N; ii. TFA, DCM (75%); (e) methyl


i. NaOH, MeOH (90%); (g) EDCI, HOBt, DCM, Et3N (40–50%).







Table 1. Structure–activity relationship of aminopiperidine derivatives


N
H


O N


O


R1


R2


R3linker


Compound R1 R2 Linker R3 C3a pIC50
a


1 Dichloroxanthene C2H4 3-Pyridyl 5.8


2 Dichloroxanthene C2H4 2-Pyridyl I/A


3 Dichloroxanthene C2H4 4-Pyridyl I/A


4 Dihydroantracene C2H4 3-Pyridyl 4.1


5 Phenyl Phenyl C2H4 3-Pyridyl 4.9


6 4-Chlorophenyl 4-chlorophenyl C2H4 3-Pyridyl 4.7


7 Phenyl Cyclohexyl C2H4 3-Pyridyl 6.1


7A Phenyl Cyclohexyl (epimer A) C2H4 3-Pyridyl 5.3


7B Phenyl Cyclohexyl (epimer B) C2H4 3-Pyridyl 6.5


8 Phenyl 4,4-Dimethylcyclohexyl C2H4 3-Pyridyl 6.0


9 Phenyl 4,4-Difluorocyclohexyl C2H4 3-Pyridyl 6.2


10 Phenyl 3,3,5,5-Tetramethylcyclohexyl C2H4 3-Pyridyl 4.2


11 Phenyl Cyclohexylmethylene C2H4 3-Pyridyl 4.6


12 Phenyl Methylcyclohexyl C2H4 3-Pyridyl 6.1


13 Phenyl Cyclopentyl C2H4 3-Pyridyl 6.1


14 Phenyl 3-Cyclopentenyl C2H4 3-Pyridyl 5.5


15 4-Methylphenyl Cyclohexyl C2H4 3-Pyridyl 6.1


16 2-Methylphenyl Cyclohexyl C2H4 3-Pyridyl 5.6


17 3-Methylphenyl Cyclohexyl C2H4 3-Pyridyl 7.1


18 3,5-Dimethylphenyl Cyclohexyl C2H4 3-Pyridyl 6.9


19 4-Methoxyphenyl Cyclohexyl C2H4 3-Pyridyl 6.2


20 4-Chlorophenyl Cyclohexyl C2H4 3-Pyridyl 6.7


21 2-Chlorophenyl Cyclohexyl C2H4 3-Pyridyl 5.7


22 3-Chlorophenyl Cyclohexyl C2H4 3-Pyridyl 7.3


23 3-Thienyl Cyclohexyl C2H4 3-Pyridyl 6.7


24 4-Fluorophenyl Cyclohexyl C2H4 3-Pyridyl 6.8


25 3,4,5-Trifluorophenyl Cyclohexyl C2H4 3-Pyridyl 7.0


26 4-Nitrophenyl Cyclohexyl C2H4 3-Pyridyl 6.5


27 2-Naphthyl Cyclohexyl C2H4 3-Pyridyl 6.1


28 Cyclohexyl Cyclohexyl C2H4 3-Pyridyl 6.0


29 Phenyl Cyclohexyl C2H4 2-Methoxy-3-pyridyl 4.8


30 Phenyl Cyclohexyl C2H4 2-Fluoro-3-pyridyl 7.5


31 Phenyl Cyclohexyl C2H4 6-Fluoro-3-pyridyl 5.9


32 Phenyl Cyclohexyl C2H2 3-Pyridyl 6.0


33 Phenyl Cyclohexyl C2H2 5-Methyl-3-pyridyl 4.3


34 Phenyl Cyclohexyl C2H4 2-Fluorophenyl 5.7


35 Phenyl Cyclohexyl CH2 2,3-Difluorophenyl 5.0


36 Phenyl Cyclohexyl C2H2 2-Fluorophenyl 4.9


a Values are means of three experiments. Assays were performed in 96-well format using Wheat germ agglutinin SPA beads (GE). Various


concentrations of compounds were added, followed by 125I-C3a (2200 Ci/mmol, PE) at 0.02 nM in 120 ll of 50 mM Tris/2 mM MgCl2 gC/0.5%


BSA. Non-specific binding was determined using C3a at 1 nM. Pre-coupled beads and membrane prepared from HMC-1 cells (stably expressing


both Aequorin and the human C3a receptor) diluted in 80 ll buffer were then added. Plates were sealed and incubated at rt for 3 h. Bound C3a was


determined by scintillation counting on a Wallac Beta Trilux scintillation counter.
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None of the modifications of the ‘eastern’ or ‘western’
parts of the molecules did alleviate the metabolic insta-
bility issue. In particular, halogen substitution on the
phenyl ring (6, 20, and 25) to block potential oxidation
sites did not translate into any benefit. It was thus tenta-
tively assumed that the amino-piperidine central core
was responsible for the observed DMPK liabilities.
New compounds will be prepared to validate this
hypothesis.


In a functional activity test (Table 3), the same subtle
influence of substituents was found as in our arginine
derivatives.1 It was found that although the starting
hit was an antagonist, most of our cyclohexyl-bearing

compounds were in fact full agonists at the C3a
receptor.


In conclusion, we have identified the first C3aR binders
not displaying a guanidine function in their structures.
Rather surprisingly, most of these compounds were
found to be agonists. They would thus constitute the
first small molecules with an agonistic profile on
C3aR.2 These agonists could be useful starting points
for the treatment of memory altering diseases.3–6 None-
theless, we still aim to turn them into antagonists for the
treatment of inflammatory diseases. Preliminary data
indicate that substitution of the cyclohexyl group might
lead to antagonists. Furthermore, the amino-piperidine







Table 3. Functional activities of selected compounds


Compound SPA binding pIC50 Ant. activityb pEC50 Ago activitya pEC50


1 5.9 6.2 —


5 4.9 5.5


7 6.1 5.7


22 7.3 — 6.7


25 7.0 6.1


27 6.1 5.8


30 7.5 6.7


a HMC-1 cells stably expressing both Aequorin and the human C3a receptor were loaded with 10 lM Coelenterazine in HBSS/Hepes 20 mM/BSA


0.2%, pH 7.4, for 2 h at 37 �C. They were then diluted four times, placed in 96-well plates (200 ll final volume, 1% DMSO), and incubated for 1 h at


37 �C. Fifty microliters of compound dilutions was then injected to get a final volume of 250 ll at 1% DMSO final concentration. Emitted light was


immediately recorded for 30 s using Novostar (BMG). The maximal signal was determined in the presence of C3a agonist (Advanced Research


Technologies, 50 nM).
b Following the 2-h incubations with Coelenterazine, the cells were plated and treated with compounds dilutions (200 ll final volume, 1% DMSO) for


1 h at 37 �C. Fifty microliters of C3a agonist (final concentration of 5 nM) was then injected. Emitted light was immediately recorded for 30 s using


Novostar (BMG).


Table 2. DMPK properties of selected compounds


Compound Cl microsa Cl hepat.b Caco-2c Fd (%) T1/2
d (h)


5 500 21 8.5 5 0.1


6 175 6.3 0 0.4


7 500 33 12 5 0.2


9 170 16 2 0.3


12 500 44 1 0.7


20 500 28 10 0 0.3


25 609 17 0 0.3


27 585 9 0.5


28 675 6 0.2


31 782 19 0 0.3


32 238 26 8.5 7 0.3


33 175 21 7.9 3 0.3


a Clearance on rat microsomes (ll/min/mg prot.).
b Clearance on rat hepatocytes (ll/min/10�6 cells).
c Permeability through Caco-2 cells (·106 cm/s).
d Data after single oral and iv dosing to male rat at 1 mg/kg.
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core will be modified to improve the poor DMPK profile
of the family. Our efforts in that direction will be re-
ported in due course.

References and notes


1. See previous paper in this series.
2. SB 290157 shows agonistic as well as antagonistic proper-


ties on C3aR, depending on the experimental conditions

Mathieu, M.-C.; Sawyer, N.; Greig, G. M.; Hamel, M.;
Kargman, S.; Ducharme, Y.; Lau, C. K.; Friesen, R. W.;
O’Neill, G. P.; Gervais, F. G.; Therien, A. G. Immunol.
Lett. 2005, 100, 139.


3. Van Beek, J.; Elward, K.; Gasque, P. Ann. N. Y. Acad. Sci.
2003, 992, 56.


4. Jinsmaa, Y. et al. Peptides 2001, 22, 25.
5. Gasque, P. et al. Immunopharmacology 2000, 49, 171.
6. Jinsmaa, Y.; Takahashi, M.; Takahashi, M.; Yoshikawa,


M. Life Sci. 2000, 67, 2137.





		Discovery of new C3aR ligands. Part 2:  Amino-piperidine derivatives

		References and notes








Bioorganic & Medicinal Chemistry Letters 17 (2007) 3508–3510

One-pot synthesis of 3,4-dihydropyrimidin-2(1H)-ones using
chloroacetic acid as catalyst


Yang Yu, Di Liu, Chunsheng Liu and Genxiang Luo*


Department of Chemistry, Liaoning University of Petroleum and Chemical Technology, Fushun, Liaoning 113001, PR China


Received 27 September 2006; revised 4 December 2006; accepted 21 December 2006


Available online 23 December 2006

Abstract—A simple and effective synthesis of 3,4-dihydropyrimidin-2(1H)-one derivatives from aldehydes, 1,3-dicarbonyl
compounds and urea or thiourea using chloroacetic acid as catalyst under solvent-free conditions is described. Compared with
the classical Biginelli reaction conditions, this new method has the advantage of good to excellent yields and short reaction time.
� 2006 Elsevier Ltd. All rights reserved.
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Dihydropyrimidinone derivatives have attracted consid-
erable interest in recent years because of therapeutic and
pharmacological properties nowadays. For example,
they can serve as the integral backbones of several calci-
um channel blockers,1 antihypertensive agents2 and
a-1a-antagonists.3 In addition, several marine alkaloids
containing the dihydropyrimidinone-5-carboxylate mo-
tifs also show interesting biological activities.4


The classical Biginelli reaction of an aldehyde, 1,3-dicar-
bonyl and urea or thiourea requires strongly acidic condi-
tions with relatively low yields.5 In order to improve the
efficiency of Biginelli reaction, a lot of catalysts, such as
zirconium(IV) chloride,6 indium(III) bromide,7 ytterbi-
um(III) resin,8 ionic liquids (BMImPF6 and BMImBF4),9


ceric ammonium nitrate (CAN),10 manganese acetate,11


lanthanide triflate,12 indium(III) chloride,13 lanthanum
chloride,14 copper(II) triflate,15 p-TsOH,16 KHSO4,17 sil-
ica sulfuric acid,18 H3PW12O40,19 H3PMo12O40


20 and so
on, have been developed. Some of them are really fasci-
nating from the synthetic chemist’s points, however,
some drawbacks still remain. For example, some cata-
lysts are expensive, complex or unavailable and organic
solvents are always used. Furthermore, many heavy
metallic salts were used which resulted in the pollution
to environment to some extent.


In connection with our previous work on the synthesis
of 3,4-dihydropyrimidin-2-(1H)-ones using convenient
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and inexpensive acid as a catalyst,21 we wish to report
a simple but effective procedure for Biginelli’s three-
component condensation producing high yields of 3,
4-dihydropyrimidin- 2(1H)-ones by employing chloro-
acetic acid as a sort of efficient catalyst (Scheme 1).


First, we groped for the optimized reaction conditions.
To optimize the reaction conditions, the reaction of
benzaldehyde, ethyl acetoacetate and urea was selected
as model to investigate the effects of the catalyst at dif-
ferent reaction temperatures (rt 70, 80 and 90 �C) and
the different dosages of catalyst (5, 10 and 20 mol%)
on the yield. The best result in 92% yield was obtained
by carrying out the reaction with 1:1.1:1.5 mol ratios
of aldehyde, 1,3-dicarbonyl, urea or thiourea at 90 �C
and the dosage of 10 mol% catalyst for 3 h under
solvent-free conditions.22


Using the above optimized reaction conditions, then
the reactions of various aldehydes, 1,3-dicarbonyl com-
pounds and urea or thiourea were investigated. The

N
H XH3C


1 2 3 4


X=O, S


Scheme 1.
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Table 1. Synthesis of dihydropyrimidin-2(H)-ones and thiones catalyzed by chloroacetic acid under solvent-free conditions at 90 �C


Compound R1 R2 X Time (h) Yielda (%) Mp (�C)


Found Reported


4a C6H5 OEt O 3 92 198–200 200–20224


4b 4-(Cl)-C6H4 OEt O 3 98 211–213 209–21125


4c 4-(CH3O)-C6H4 OEt O 3 95 203–205 201–20226


4d 4-(CH3)-C6H4 OEt O 3 86 213–216 214–21526


4e 2,4-(Cl)2-C6H3 OEt O 3 89 246–248 248–25027


4f C3H7 OEt O 5 75 180–182 179–18028


4g (CH3)2 CH OEt O 5 47 196–197 195–19728


4h C6H5 OMe O 3 92 210–213 209–21229


4i 4-(Cl)-C6H4 OMe O 3 97 207–208 206–20819


4j 4-(CH3O)-C6H4 OMe O 3 97 193–196 193–19630


4k 4-(CH3)-C6H4 OMe O 3 93 210–213 204–2067


4l 2,4-(Cl)2-C6H3 OMe O 3 93 252–253 254–25512


4m (CH3)2 CH OMe O 5 50 217–218 216–21828


4n C6H5 Me O 3 88 230 233–23612


4o 4-(Cl)-C6H4 Me O 3 97 230–232 233–23529


4p 4-(CH3O)-C6H4 Me O 3 94 176–178 177–17930


4q C6H5 OEt S 5 84 202–204 205–20631


4r 4-(CH3O)-C6H4 OEt S 5 86 137–139 136–13831


4s 4-(Cl)-C6H4 OEt S 5 87 184–185 180–18231


4t 4-(OH)-C6H4 OEt S 5 79 193–195 193–19432


4u C6H5 OMe S 5 83 221–222 22233


a Isolated yields.


Table 2. Comparison the results of the 5-ethoxycarbonyl-6-methyl-4-


phenyl-3,4-dihydropyrimidin-2(1H)-one using different Brønsted acid


catalysts


Catalysts (10 mol%) Yield (%)


Chloroacetic acid 92


Acetic acid 80


Phosphotungstic acid 87


Phosphomolybdic acid 80


Potassium acid sulfate 78


Trifluoroacetic acid 72


Bromoacetic acid 80


Trichloroacetic acid 71


p-Toluenesulfonic acid 88
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results are shown in Table 1 and all the products were
characterized by mp, IR and 1H NMR spectra.23


In all cases studied, the three-component reaction pro-
ceeded smoothly to give the corresponding 3,4-dihydro-
pyrimidin-2(1H)-ones in satisfactory yields. Most
important, aromatic aldehydes carrying either electron-
donating or electron-withdrawing substituents reacted
efficiently and gave good to excellent yields. Even for ali-
phatic aldehydes which usually show extremely poor
yields in the Biginelli reaction, 75%, 47% and 50% yields
of the corresponding dihydropyrimidin-2(1H)-ones 4f,
4g and 4m could be obtained with a slightly longer reac-
tion time. In addition, acetylacetone and thiourea were
also used with similar success to provide the correspond-
ing 3,4-dihydropyrimidin-2(1H)-thiones.


Meanwhile we also performed several experiments in the
absence of chloroacetic acid under the same reaction
conditions. For example, when the reaction was execut-
ed in the presence of chloroacetic acid the yields of 4a,
4b, 4c, 4f, 4i, 4j and 4k in Table 1 were 92%, 98%,
95%, 75%, 97%, 97% and 93%, respectively, however,
the corresponding yields were 71%, 59%, 45%, 60%,
73%, 46% and 58%, respectively, in the absence of chlo-
roacetic acid. Furthermore, in order to show the excel-
lent catalytic activity of the catalyst, we carried out the
synthesis of 5-ethoxycarbonyl-6-methyl-4-phenyl-3,4-
dihydropyrimidin-2(1H)-one (entry 4a in Table 1) cata-
lyzed by other several Brønsted acid catalysts under the
same reaction conditions (Table 2).


Table 2 shows that the yield of the desired product in the
presence of chloroacetic acid is higher than that in the
presence of other Brønsted acid catalysts. From the re-
sults mentioned above, chloroacetic acid is an excellent

catalyst for the synthesis of 3,4-dihydropyrimidin-
2(1H)-ones and thiones through Biginelli reaction.


In conclusion, an efficient procedure for the synthesis of
dihydropyrimidinones by using chloroacetic acid as an
inexpensive and easily available catalyst was developed.
This procedure is much simpler and faster than the pro-
tocols published to date. It is also consistent with a
green chemistry approach since no solvent is needed.
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Abstract—A series of oxadiazole mannich bases were synthesized by reacting oxadiazole derivatives, dapsone and appropriate
aldehyde in the presence of methanol. The synthesized compounds were evaluated for antimycobacterial activity against M. tuber-
culosis H37Rv and INH resistant M. tuberculosis. Among the synthesized compounds, compound (4) 3-{2-furyl[4-(4-{2-furyl
[5-(2-naphthyloxymethyl)-2-thioxo-2,3-dihydro-1,3,4-oxadiazol-3-yl]methylamino}phenylsulfonyl)anilino]methyl}-5-(2-naphthylox-
ymethyl)-2,3-dihydro-1,3,4-oxadiazole-2-thione was found to be the most promising compound active against M. tuberculosis
H37Rv and isoniazid (INH) resistant M. tuberculosis with Minimum inhibitory concentration (MIC) 0.1 lM & 1.10 lM respectively.
� 2007 Elsevier Ltd. All rights reserved.

Among infectious diseases, tuberculosis (TB) is the num-
ber one killer with over two million casualties annually
worldwide. The WHO considers tuberculosis to be the
most dangerous chronic communicable disease in the
world.1 The emergence of AIDS, decline of socioeco-
nomic standards and a reduced emphasis on tuberculo-
sis control programmes contribute to the disease’s
resurgence in industrialized countries.2 Resistance of
Mycobacterium tuberculosis strains to antimycobacterial
agents is an increasing problem worldwide.3–5 In spite of
severe toxicity on repeated dosing of isoniazid (INH) it
is still considered to be a first line drug for chemother-
apy of tuberculosis.6 Literature survey reveals oxadiaz-
ole derivatives, which belong to an important group of
heterocyclic compounds, have been the subject of exten-
sive study in the recent past. Numerous reports have
highlighted their chemistry and use.7–9 Diverse biologi-
cal activities, such as antimycobacterial, antiinflamma-
tory, analgesic, antipyretic and anticonvulsant, have
been associated with oxadiazole derivatives.10,11 The
current work describes the synthesis of novel oxadiaz-
ole-substituted mannich bases with encouraging antimy-
cobacterial activity.

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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3-[2-Furyl(4-{4-[2-furyl(5-substituted phenyl-2-thioxo-2,
3-dihydro-1,3,4-oxadiazol-3-yl)methylamino]phenylsulf-
onyl}anilino)methyl]-5-(substituted phenyl)-2,3-dihy-
dro-1,3,4-oxadiazole-2-thione (1–7) and 5-(substituted
phenyl)-3-phenyl{4-[4-phenyl(5-substituted phenyl-2-thi
oxo-2,3-dihydro-1,3,4-oxadiazol-3-yl)methylamino-phe-
nylsulfonyl]anilino}methyl-2,3-dihydro-1,3,4-oxadiazole-
2-thione (8-14) described in this study are shown in
Table 1 and a reaction sequence for the preparation is
outlined in Schemes 1 and 2 using the synthetic proce-
dure based on the ring closure reaction of appropriate
acid hydrazide with carbondisulfide (CS2). All synthe-
sized oxadiazole underwent condensation with appro-
priate aromatic aldehyde and dapsone in methanolic
solution (reaction time varies from 8 to 22 h) affording
titled mannich bases (1–14) in 72–92% yield after recrys-
tallization with ethanol. The purity of the compounds
was checked by TLC and elemental analyses. Both ana-
lytical and spectral data (1H NMR, IR) of all the synthe-
sized compounds were in full agreement with the
proposed structures. In general, Infrared spectra (IR) re-
vealed NH, C@N, C–N, S@O, C–O–C, C@S peak at
3400, 1600, 1350, 1250,1150 and 1100 cm�1, respec-
tively. In the Nuclear Magnetic Resonance spectra (1H
NMR) the signals of the respective protons of the
prepared titled compounds were verified on the basis
of their chemical shifts, multiplicities and coupling
constants. The spectra showed a singlet at d 6.16 ppm cor-
responding to CH proton; multiplet at d 6.51–7.0 ppm
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Table 1. Physical constants and antimycobacterial activity of the synthesized compounds
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Compound R1 R2 MP (�C) Mol. Formula Mol. wt % yield MIC (lM)


MTBa MTBb


1 C6H5 Furfuryl– 265–267 C38H28N6O6S3 760.86 92 0.94 2.24


2 4-NO2–C6H5 Furfuryl– 292–294 C38H26N8O10S3 850.85 90 0.42 1.74


3 C6H5–NH–C6H5 Furfuryl– 234–236 C50H38N8O6S3 943.08 88 0.66 1.86


4 b-C10H7–O–CH2 Furfuryl– 278–280 C48H36N6O8S3 921.02 82 0.10 1.10


5 a-C10H7–O–CH2 Furfuryl– 203–205 C48H36N6O8S3 921.02 85 0.72 2.12


6 C6H5OCH2 Furfuryl– 254–256 C40H32N6O8S3 820.91 75 0.14 1.14


7 C6H5CH2 Furfuryl– 211–213 C40H32N6O6S3 788.91 72 0.24 3.24


8 C6H5 Phenyl– 221–223 C42H32N6O4S3 780.93 80 1.72 5.42


9 4-NO2–C6H5 Phenyl 282–284 C42H30N8O4S3 870.93 76 1.94 3.94


10 C6H5–NH–C6H5 Phenyl 236–238 C54H42N8O6S3 963.15 84 1.65 4.65


11 b-C10H7–O–CH2 Phenyl 239–241 C52H40N6O6S3 941.10 85 0.42 2.42


12 a-C10H7–O–CH2 Phenyl 254–256 C52H40N6O6S3 941.10 72 0.96 5.96


13 C6H5OCH2 Phenyl 257–259 C44H36N6O6S3 840.98 90 0.98 4.98


14 C6H5CH2 Phenyl 244–246 C44H36N6O4S3 808.98 92 1.29 5.98


INH — — — — — — 0.73 11.37


a Mycobacterium tuberculosis H37Rv.
b INH resistant Mycobacterium tuberculosis.
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corresponding to furan protons; multiplet at d 6.81–
8.21 ppm for aromatic protons; singlet at d 10.23 ppm
corresponding to NH proton. The elemental analysis
results were within ±0.4% of the theoretical values.


The synthesized compounds (1–14) were tested for their
antimycobacterial activity in vitro against MTB and
INHR-MTB by agar dilution method using double dilu-
tion technique similar to that recommended by the Na-
tional Committee for Clinical Laboratory Standards12


for the determination of minimum inhibitory concentra-
tion (MIC). The INHR-MTB clinical isolate was
obtained from Tuberculosis Research Center, Chennai,
India. The MIC was defined as the minimum concentra-
tion of compound required to inhibit 90% of bacterial
growth and MIC’s of the compounds are reported in
Table 1 with standard drug INH for comparison.
Among the newly synthesized compounds eleven
compounds exhibited excellent antimycobacterial activ-
ity with MIC ranging from 0.1 to 5.96 lM. Among
the synthesized compounds, 3-{2-furyl[4-(4-{2-furyl[5-
(2-naphthyloxymethyl)-2-thioxo-2,3-dihydro-1,3,4-oxa-
diazol-3-yl]methylamino}phenylsulfonyl)anilino]methyl}-
5-(2-naphthyloxymethyl)-2,3-dihydro-1,3,4-oxadiazole-2-
thione (4) was found to be most potent compound and
was 7.3-fold against MTB and 10.3-fold against INH
resistant MTB more active than isoniazid. These anti-
mycobacterial data clearly show that the presence of fur-
furyl with 2-naphthoxymethyl substitution at mannich
bases causes remarkable improvement in antitubercular
activity against both M. tuberculosis H37Rv and INH
resistant M. tuberculosis.
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All the newly synthesized compounds (1–14) were fur-
ther examined for toxicity (IC50) in a mammalian Vero
cell line at concentrations of 62.5 lg/mL. After 72 h
exposure, viability was assessed on the basis of cellular
conversion of (MTT) 3-(4,5-dimethylthiozole-2yl)-2,5-
diphenyl tetrazolium bromide into a formazan product
using the Promega Cell Tier 96 non-radioactive cell pro-
liferation assay.13 These compounds were found to be
non-toxic at 62.5 lg/mL.


To summarize, we have synthesized new class of mannich
bases as a novel class of antitubercular agents. The newly
synthesized novel heterocycles exhibited promising myco-
bacterial activities against both drug-sensitive and
drug-resistant strains of Mycobacterium tuberculosis.
Among the compounds (4) 3-{2-furyl[4-(4-{2-furyl[5-
(2-naphthyloxymethyl)-2-thioxo-2,3-dihydro-1,3,4-oxa-
diazol-3-yl]methylamino}phenylsulfonyl)anilino]methyl}-
5-(2-naphthyloxymethyl)-2,3-dihydro-1,3,4-oxadiazole-2-
thione and (6) 3-[2-Furyl(4-{4-[2-furyl(5-phenoxymethyl-
2-thioxo-2,3-dihydro-1,3,4-oxadiazol-3-yl)methylami-
no]phenylsulfonyl} anilino)methyl]-5-phenoxymethyl-
2,3-dihydro-1,3,4-oxadiazole-2-thione14 were most active
agents and more than 5-fold potent than INH against
M. tuberculosis H37Rv and �10-fold potent than INH
against INH resistant M. tuberculosis. These results make
novel oxadiazole-substituted mannich bases interesting
lead molecule for more synthetic and biological evalua-
tion. It can be concluded that this class of compounds cer-
tainly hold great promise towards pursuit to discover
novel class of antimycobacterial agents. Further studies
to acquire more information about quantitative struc-
ture–activity relationships are in progress in our
laboratory.
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