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Abstract—Three-dimensional quantitative structure—activity relationship (3D-QSAR) models were developed for 44 (benzothiazole-
2-yl) acetonitrile derivatives, inhibiting c-Jun N-terminal kinase-3 (JNK3). It includes molecular field analysis (MFA) and receptor
surface analysis (RSA). The QSAR model was developed using 34 compounds and its predictive ability was assessed using a test set
of 10 compounds. The predictive 3D-QSAR models have conventional 1% values of 0.849 and 0.766 for MFA and RSA, respectively;
while the cross-validated coefficient 72, values of 0.616 and 0.605 for MFA and RSA, respectively. The results of the QSAR model
were further compared with a structure-based analysis using docking studies with crystal structure of JNK3. Ligands bind in the
ATP pocket and the hydrogen bond with GLN155 was found to be crucial for selectivity among other kinases. The results of
3D-QSAR and docking studies validate each other and hence, the combination of both methodologies provides a powerful tool

directed to the design of novel and selective JNK3 inhibitors.
© 2006 Elsevier Ltd. All rights reserved.

The c-Jun N-terminal kinases (JNKs), also called stress-
activated protein kinases, are members of the mitogen-
activated protein kinase (MAPK) family together with
p38 mitogen-activated protein kinases (p38 kinases)
and extracellular signal-regulated kinases (ERKs). The
JNK MAPK pathway is predominantly activated by
stress stimuli and plays important roles in development,
apoptosis, cell growth, and immune responses. Three
distinct genes encoding JNKs have been identified
(jnkl1, jnk2, and jnk3), and at least 10 different splicing
isoforms are believed to exist in mammalian cells.!
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JNK1 and JNK2 are widely expressed in a variety of tis-
sues. In contrast, JNK3 is selectively expressed in the
brain and to a lesser extent in the heart and testis.!-?

Experimental instances from knockout studies in mice
show that lack in JNKI1 or JNK2 results in T-helper
(CD4) cell deficiency, while double knockout mice are
embryonic lethal. Fibroblasts viable in vitro, however,
exhibit a remarkable resistance to radiation-induced
apoptosis.> JNK3, on the other hand, when deficient,
increased resistance to kainic acid-induced apoptosis in
the hippocampus. These facts show that JNK activity
is crucial in both the immune response and programmed
cell death.* Therefore, therapeutic inhibition of this
enzyme may elicit improvement in clinical treatment of
a wide range of apoptosis and inflammatory related dis-
eases such as neurogenerative diseases, ischemia reperfu-
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sion injuries, multiple sclerosis, rheumatoid arthritis and
also recent evidence supports its relevance application in
vascular, metabolic, and oncological diseases.>’ Never-
theless, isoform selectivity is critical for the development
of safe compounds.

Three isoforms of JNK share more than 90% sequence
identity and the ATP pocket is 98% similar. It has been
found that the same substrate binds with different affin-
ities, and only small differences in primary sequences are
present in the primary sequences of the putative binding
site. Therefore, designing selective ATP competitive
JNK3 inhibitors is a rather challenging task. Crystal
structures of JNK3 have been previously reported.®
Merck researchers have succeeded in crystallizing
JNK3 with various small JNK inhibitors.” Recently
there were a few reports on development of JNK3 iso-
form ATP competitive inhibitors.!?-12

A recent one demonstrates that compounds exhibiting
benzothiazol-2-ylacetonitrile pyrimidine as their core
inhibit JNK3 kinase activity. The reported experimental
study based on structure—activity relationship (SAR)
studies of a series of potent JNK3 inhibitors leads to
the discovery of selective, potent, and in vivo active
compound 41.13

In the present study, we have gone beyond the men-
tioned studies to include 3D-QSAR analyses on a series
of benzothiazol-2-ylacetonitrile derivatives in order to
provide key structural features required to design highly
selective JNK3 inhibitors. Our study includes molecular
field analysis (MFA)'# combined with receptor surface
analysis (RSA)!>'® 3D-QSAR models for JNK3 inhibi-
tors. Furthermore selected inhibitors were docked in the
binding pocket of JINK3 in order to single out the main
interactions at the atomic and amino acid level between
the inhibitors and receptor.

Hitherto, no other study of this nature can be found in the
literature, and the 3D-QSAR models that we have ob-
tained for the first time through the present investigation
may contribute to a more robust process of design of
JNK3 inhibitors taking into account the several structural
characteristics and features predicted by our model.

Design of highly selective inhibitors for enzymes re-
quires a detailed analysis of the conformational proper-
ties of both the receptor and the inhibitor or ligand
molecule. Combining 3D-QSAR modeling for the Ili-
gand results in highly accurate models for prediction
of the activity of the ligand and its binding characteris-
tics to the receptor. Here, we have collected data on
JNK3 inhibitors and we have carried out the structural
analysis using MFA and RSA methodologies as de-
scribed in the following.

A series of benzothiazol-2ylacetonitrile derivatives
reported to have rat JNK3 (rJNK3) inhibitory activities
was chosen in this study (Table 1).!3 in vitro rJNK3 ki-
nase activities were converted into the corresponding
pICsy values (—logICsg). The pICsy values were set as
the dependent variable in the MFA and RSA. The total

set of JNK3 inhibitors (44 compounds) was divided into
a training set (34 compounds) and a test set (10 com-
pounds) in the approximate ratio of 4:1. In order to
diversify the training set and test set, they were generat-
ed manually so that structurally diverse molecules pos-
sessing activities of wide range were included in both
sets. The mean biological activity (pICsg) of the chosen
training and test set molecules was 6.11 and 6.17,
respectively.

Three-dimensional structure building and molecular
modeling studies were carried out on Cerius2 Version
4.7.'7 All the structures were initially minimized by
OFF methods using the steepest descent algorithm with
a gradient convergence value of 0.001 kcal/mol. Partial
atomic charges were calculated using the Gasteiger
method.'® Further geometry optimization of each mole-
cule was carried out with MOPAC 6 package using the
semi-empirical AM1 Hamiltonian.!® Alignment was car-
ried out using the MCSG method. This method looks at
molecules as points and lines, and uses the techniques of
graph theory to identify patterns. It finds the largest sub-
set of atoms in the shape reference compound that is
shared by all the structures in the study table and uses
this subset for alignment. A rigid fit of atom pairings
was performed to superimpose each structure so that it
overlays the shape reference compound. Alignment of
structures through pairwise superposition placed all
the structures of the study compounds in the same frame
of reference as the reference compounds, which in our
study was the active compound 41. Even though com-
pound 41 used for the alignment is not the most active,
its in vivo efficacy was demonstrated in an experimental
model of rheumatoid arthritis.

Molecular field analysis: MFA studies were performed
using the QSAR module of Cerius2.'*!'7 The molecular
field was created using proton and methyl groups as
probes, which represent electrostatic and steric fields,
respectively. These fields were sampled at each point
of a regularly spaced grid of 1 A. An energy cutoff of
130.0 kcal/mol was set for both steric and the total grid
points generated were 1260. In addition, the number of
spatial and structural descriptors such as dipole mo-
ment, polarizability, radius of gyration, number of
rotatable bonds, molecular volume, principal moment
of intertia, AlogP98, number of hydrogen bond donors
and acceptors, and molar refractivity were also consid-
ered. Only 10% of the total descriptors for which the
variance was the highest were considered for further
analysis. Regression analysis was carried out using the
genetic partial least squares (G/PLS) method consisting
of 50,000 generations with a population size of 100. The
optimum number of components was set to 5. Cross-val-
idation was performed with the leave-one-out proce-
dure. PLS analysis was scaled, with all variables
normalized to a variance of 1.0.

Receptor surface analysis: The same set of aligned mol-
ecules was considered for the generation of a receptor
surface, using the van der Waals field function. The con-
tribution of each molecule for generation of the receptor
surface was set to be proportional to its biological
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Table 1. Structures of JNK3 inhibitors used in this study
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Compound 1-3
Compound 4-44
Compound R! R? rINK3 ICsy (nM)

1 H Br 350
2 H H 250
3 CF; H 993
4 H H 7500
5 H NH, 500
6 H Me 950
7 Me Me 9400
8 Piperazinyl 6600
9 4-Me-piperazinyl 6800
10 Morpholinyl 2900
11 4-OH-piperidinyl 7200
12 H (CH,),N(Me), 1300
13 H (CH»),NH, 1490
14 H (CH,),0OMe 820
15 H (CH,),OH 510
16 H (CH,),N-piperidinyl 3740
17 H (CH,),N-morpholinyl 760
18 H (CH,);N(Me), 1644
19 H (CH»);NH, 707
20 H (CH,);0OH 660
21 H (CH,);N-morpholinyl 407
22 H (CH,);N-(4-Me-piperazinyl) 473
23 H (CH,);N-pyrolidinyl-2-one 1340
24 Me (CH,);NHMe 1324
25 H CH,Ph 6500
26 H CH,-pyridin-2-yl 650
27 H CH,-pyridin-3yl 337
28 H CH,-pyridin-4yl 340
29 H (CH,),-Ph-2-F 273
30 H (CH,),-Ph-3-F 1810
31 H (CH,),-Ph-4-OH 3500
32 H (CH,),-Ph-4-OMe 3080
33 H (CH,),-Ph-4-NH, 80
34 H (CH,),-Ph-4-SO,NH, 41
35 H (CH,),-Ph-4-NO, 600
36 H (CH,),-indolyl 458
37 H (CH,),-imidazol-4-yl 80
38 H (CH,),-imidazol-4N-Me 65
39 H (CH,),-imidazol-2N-Me 143
40 H (CH,),-pyridin-2-yl 250
41 H (CH,),-pyridin-3-yl 120
42 H (CH,),-N-1,2,4-triazolyl 397
43 H (CH,);-N-imidazolyl 147
44 H (CH,);-N-pyrazolyl 583

activity. The most active compounds 33, 34, 37, 38, and
41 were used to develop the Receptor Surface Model
(RSM). Various chemical properties namely charge,
electrostatic potential, hydrogen bonding propensity,
and hydrophobicity associated with each surface point
were calculated. The interaction energy and strain ener-

gy between the molecule and receptor were evaluated
and added to the study table. Moreover, the interaction
energies of each molecule with methyl (steric) and pro-
ton positioned along the grid points throughout the
receptor surface were also added to the study table. Only
10% of the total descriptors for which the variance was
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the highest were considered independent data to per-
form further analysis. Regression analysis was carried
out using the G/PLS method as described earlier.

Docking studies for selected compounds were carried
out using LigandFit?*?> module of Cerius2. The crys-
tal structure of JNK3 (PDB ID: 1PMV)’ was used for
docking studies. The active site was defined as a
sphere of radius 6.5 A surrounding the bound ligand
(SP600125). Energetically the most favorable confor-
mation of the docked structure was selected on the
basis of the LigandFit score and visual inspection.
Initially hydrogen atoms were added to the protein,
considering all the residues at their neutral form.
Minimizations were carried out using the AMBER
force field in Maestro.”*> Minimized structures of
docked ligands were submitted for molecular dynamics
studies. MD studies were carried out to observe any
particular movement of amino acids in the binding
site and to get stable ligand-receptor complex. MD
studies were carried out using New-Ryudo program
developed in our laboratory for 200 ps with step size
of 1.0 fs.

Molecular field analysis and RSA 3D-QSAR models
were derived using series of benzothiazol-2-yl-acetoni-
trile derivatives possessing JNK3 inhibitory activi-
ties.!> The training set consisted of 34 compounds
while the model was validated using an external set
of 10 compounds. The statistical details of the 3D
QSAR models are shown in Table 2. Tables 3 and 4
show the actual and predicted activities obtained from
MFA and RSA 3D-QSAR models for the training
and the test set molecules. Figure 1 shows the graph
of actual versus predicted pICs, values of the training
set and the test set molecules for MFA and RSA 3D-
QSAR models.

The cross-validated 12, for MFA model was 0.616, while
the non-cross-validated r* with five components was
0.849. The boot strapping 7, value was 0.818. The actu-
al and predicted pICso values of the training set are
shown in Table 3. The CHj; probe represents steric
and H" represents electrostatic descriptors in the QSAR
equation of MFA (1). It specifies the regions where vari-
ations in the structural features (steric or electrostatic)

Table 2. Statistical details for MFA and RSA 3D-QSAR models

MFA RSA
20 0.616 0.605
r° 0.849 0.766
N¢ 5 5

rd 0.818 0.681
LSE® 0.067 0.085
Pt 0.721 0.535

2 Cross-validated 1.

® Conventional 2.
“Number of components.
4 Bootstrap 1.

¢ Least square error.

MPredictive .

Table 3. Actual and predicted activities of the training set molecules
by the MFA and RSA models

Compound Actual pICs Predicted pICsg

MFA Residual RSA Residual

1 6.46 6.35 0.11 6.40 0.06
2 6.60 6.71 —0.11 6.62 —0.02
4 5.12 5.51 —-0.39 584 —0.72
5 6.30 5.76 0.55 6.11 0.19
6 6.02 6.12  —0.10 6.03 0.00
8 5.18 533  -0.15 537 —0.19
9 5.17 5.13 0.04 4.99 0.18
10 5.54 5.51 0.03 5.39 0.15
11 5.14 5.09 0.05 4.91 0.23
12 5.89 590 —0.01 6.16 —0.27
14 6.09 6.07 0.01 6.37 —0.28
15 6.31 6.44 —0.13 5.75 0.56
16 5.43 5.28 0.15 571  —0.28
17 6.12 5.94 0.18 5.80 0.33
19 6.15 6.30 —0.14 6.01 0.14
20 6.18 6.09 0.09 6.42 —0.24
21 6.39 6.31 0.08 6.04 0.35
22 6.33 6.26 0.07 6.34  —0.01
23 5.87 6.15  —0.27 594  —0.07
24 5.88 589  —0.01 6.17 —0.29
25 5.19 5.16 0.03 5.54  —0.35
27 6.47 6.54  —-0.07 6.14 0.33
29 6.56 6.06 0.51 6.25 0.31
30 5.74 6.02  —0.28 6.01 —0.27
31 5.46 597  —0.51 6.05 —0.60
32 5.51 592 —-041 5.69 —0.18
33 7.10 6.69 0.40 6.66 0.44
35 6.22 6.03 0.19 6.34  —0.12
37 7.10 7.31 —0.21 729  —0.20
38 7.19 6.93 0.26 7.18 0.00
39 6.84 6.58 0.26 6.64 0.20
40 6.60 6.45 0.15 6.15 0.45
41 6.92 7.02  —0.10 6.78 0.14
43 6.83 695 —0.12 6.79 0.04

Table 4. Actual and predicted activities of test set molecules by MFA
and RSA models

Compound Actual pICsg Predicted pICsg

MFA Residual RSA Residual

3 6 5.74 0.26 6.35 —035

7 5.03 5.09 —0.06 519 -0.16
13 5.83 6.21 —0.38 587 —0.04
18 5.78 582 —0.04 6.23  —-045
26 6.19 6.3 —0.11 6.45 —0.26
28 6.47 6.39 0.08 6.44 0.03
34 7.39 7.09 0.3 5.63 1.76
36 6.34 5.87 0.47 6.65 —0.31
42 6.4 6.9 —0.5 6.83 —043
44 6.23 591 0.32 6.51 —0.28

of the different compounds in the training set lead to in-
creased or decreased activities. The electrostatic descrip-
tor H" with positive coefficient indicates a region
favorable for electropositive group, while negative coef-
ficient indicates electronegative (electron-withdrawing)
group required at the position. The MFA model for
the activity in terms of the most relevant descriptors is
expressed as:





A. R. Shaikh et al. | Bioorg. Med. Chem. Lett. 16 (2006) 5917-5925

a 7.50 q MFA
+ Training Set *
<

7.00 A < Test set
B
E 650 -
-
= 6.00 -
T 550 -
=

5.00 - s

4.50 T T T T T 1

4.50 5.00 5.50 6.00 6.50 7.00 7.50
Actual Activity

b

Predicted Activity

5921

750 - RSA

+ Training Set
¢ Test Set

7.00
6.50 -
6.00 -
5.50 ¢34

5.00

4.50 T T T T T 1
4.50 5.00 5.50 6.00 6.50 7.00 7.50
Actual Activity

Figure 1. Graphs of actual versus predicted pICs, for both training and test set molecules for (a) MFA and (b) RSM 3D-QSAR models (Outlier

labeled).

Activity = 5.588 + 0.0338 x (CH3/208) — 0.0356
x (H/147) +0.0584 x (H*/146)
—0.0143 x (CH3/404) — 0.0237

x (CH3/494) — 0.0122 x (H"/209). (1)
Presence of two steric descriptors near to N-ethyl-3-pyr-
idine group (CH3/404) and (CH3/494) indicates that
groups with bigger steric group at these position lead
to drop in activity. This can be observed in compounds
18, 21, 24, and 44. Less activity in compounds 4-11 is
due to the fact that these molecules are too small and
do not completely fit in the binding criteria for steric
interactions. As shown in Figure 2, the presence of elec-
trostatic descriptors (H'/147) and (H'/146) near to
pyrimidine N indicates the importance of the electrostatic

environment at these positions. H'/147 with negative
coefficient and H*/146 with positive coefficient indicate
that subtle balance of electrostatic parameter is required
at these positions. The electron-withdrawing group is
necessary at this position. Replacement of pyrimidine
N with C atom also leads to drop in activity as found
experimentally.!® The steric descriptor (CH3/208) with
positive coefficient indicates that the steric group is
favorable at this position. While electrostatic descriptor
with negative coefficient (H"/209) indicates that an elec-
tron-withdrawing group is required at these positions.
Hence, cyanide group can be replaced with a bulkier
electron-withdrawing group. When the cyanide group
is replaced with ethyl ester a drastic drop in activity is
found,!® these observations indicate that the balance
of steric as well as electron-withdrawing groups is cru-
cial for the activity of the compounds.

Figure 2. Compound 41 within the grid with 3D points of the QSAR equation. H" represents electrostatic interaction, while CH; represents steric

interaction.
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A high 2, alone, however, is not a sufficient criterion for
a QSAR model to be robust and highly predictive.?* The
predictive power of the model was therefore validated
with the test set molecules. The predictive power of
the model generated was calculated by Eq. 2:

(SD — PRESS)
Fored = ——sp (2)

where SD is the sum of the squared deviations between
the biological activities of each molecule and the mean
activity of the training set of molecules and PRESS is
the sum of squared deviations between the predicted
and actual activity values for every molecule in the test
set. The prediction of the model was reasonably good
with a predictive (rfmd) value of 0.721.

A receptor surface model with 72, value of 0.605 and r%
value of 0.681 was developed. The conventional r* was
found to be 0.766. The QSAR equation generated by
RSM is given in Eq. 3

Activity = 6.77147 — 1.48075 x (ELE/2640)
— 1.04146 x (ELE/1584) — 0.333204
x (VDW/734) + 2.00925 x (ELE/397)
—0.267425 x (VDW/2518) — 1.24533
x (ELE/1287) — 0.59127
x (ELE/1168) — 0.7671
x (ELE/2849). (3)

The equation consists of eight molecular field descrip-
tors and their positioning is indicated by the number
along with the descriptor. Electrostatic descriptor
(ELE/1584) near the benzothiazole -NH group indicates
that an electron-donating group is essential at these
positions. The electrostatic descriptor (ELE/397) that
shows the electrostatic characteristics of the region close
to N of pyrimidine ring indicates that an electron-with-
drawing group is required for activity at this position.
When pyrimidine N is replaced with a carbon atom,
the result is an inactive pyridine derivative as found in
experimental studies. The electrostatic descriptor
(ELE/1168) near to pyrimidine amino N indicates that
electron-donating group (N-H) is required at this posi-
tion. In compounds 7-11, the pyrimidine ring is at-
tached to cyclic amine, while in compound 24 —NH
group is replaced with -NMe group, which is responsi-
ble for the decrease in activity. This observation indi-
cates that —NH group is very crucial for JNK3
activity. Similarly the steric descriptor (VDW/2518) with
negative coefficient near to the pyrimidino amino —-NH
group evidences that when NH is replaced with any
other steric group it will decrease the activity (com-
pounds 7-11 and 24). The electrostatic descriptors
(ELE/2640) and (ELE/2849) were found near the tail
part of the pyridine ring in compound 41. Drastic drop
in activity for compound 25 is due to the hydrophobic —
CH2Ph group that appears at these positions where an
electrostatic group is required. In compounds 20, 21,
33, and 34, electron-donating groups or polar groups
are in close vicinity to (ELE/2849) and (ELE/2640)

and hence they are moderately active. Similarly com-
pounds 35 and 41 that bear electron-withdrawing
groups are also active. These results indicate that elec-
tron-donating as well as preferably electron-withdraw-
ing groups in the tail part are essential for activity.

When the charge is mapped on the receptor surface
model, it shows a positive contour (blue color) near
the S group of the benzothiazole ring (Fig. 3). This indi-
cates that a hydrophobic group is essential at this posi-
tion and S fulfills this criterion. This observation is
consistent with SAR studies where S replaced with a
~NH group made the compound inactive.!? Similarly a
negative charge is shown near the tail of the pyridine
ring and 1,3 pyrimidine ring on compound 41. This indi-
cates that an electron-withdrawing group is essential at
this position. A red color contour is observed near to
pyrimidine ring N and NH group that is attached to
pyrimidine indicating the importance of electronegative
environment at these positions. Weak intramolecular
hydrogen bonding was seen between the N of pyrimi-
dine ring, which acts as an acceptor and the —-NH of
the benzothiazole ring, which acts as a donor. Hydrogen
bonding properties were mapped on the receptor surface
as shown in Figure 4. Hydrogen bond donor capability
is shown in purple, while cyan color shows hydrogen
bond acceptor properties. The cyan color was seen in
close proximity of the cyanide (—CN) group, pyrimidine
N, and also near to tail pyridine N indicating that
hydrogen bond acceptor groups are quite essential at
these positions. Benzothiazole -NH and amino group
attached to pyrimidine (—HN) is surrounded by cyan
color, indicating that electron donor groups are crucial
at these positions. The reduced activity of compounds
7-11 is due to the fact that there is no hydrogen bond

Figure 3. Model of the receptor surface on which charges are mapped.
Positive regions are shown in blue and negative regions are shown in
red. Compound 41 is placed within the generated receptor surface.
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Figure 4. Receptor surface model with hydrogen bonding propensity
mapped on it. Hydrogen bond donor regions are shown in purple,
while hydrogen bond acceptor regions are shown in cyan color.
Compound 41 is placed within the generated receptor surface.

donor since the N belonging to a cyclic amino group was
used while in compound 24, -NH group is replaced with
—NMe group. As shown in Figure 5, brown color indi-
cates the hydrophobic area, while white color indicates
hydrophilic area. The hydrophilic region near to benzo-
thiazole —-NH, pyrimidine N, and pyrimidine NH indi-
cates the importance of these groups at these positions.

Figure 5. Receptor surface model with hydrophobic regions mapped
on it. Hydrophobic regions are shown in brown and hydrophilic
regions are shown in white. Compound 41 is placed within the
generated receptor surface.

Compound 34 was found to be an outlier in the RSM.
Its activity is underpredicted. This might be due to the
presence of —-SO,NH, group on the 4th position of the
tail part of the phenyl ring. As there were no other com-
pounds with such groups at the 4th position in the traln-
1ng set, the prediction might be wrong. The predictive >
2 .4) value was found to be 0.535 without compound
éf Hence, the predictive ability of RSM model is also
high except for compound 34.

rz, for MFA is 0.616 and RSM is 0.605. r7 , values for
both models are listed in Table 2. Statistical analysis for
both MFA and RSA 3D-QSAR models indicates that
MFA is somewhat better than RSA. In both models,
the predictive values fall close to the actual pICs, values,
not deviating more than 1 logarithmic unit (Fig. 1,
Tables 3 and 4), except for one of the test set molecules
(compound 34) in RSM. Compound 34 is outlier in case
of RSM, whereas in MFA, the residual value is 0.3. 77
value for MFA is 0.721, whlle for RSM it is 0.521. Over-
all both models have good predictive ability while MFA
predicted well as compared to RSM.

The structure of the docked compound 41 is shown in
Figure 6. Ligand binds in an ATP-binding pocket and
hence they can be deemed ATP competitors. Benzo-
thiazole ring binds in a pocket formed by residues
Gly71, Ser72, Ser193, Val78, Leu206, Vall96, Leul4s,
and Metl149. The docked conformation of compound
41 also shows weak intramolecular hydrogen bond
between benzothiazole -NH group and pyrimidine N
atom. Acetonitrile group binds in a pocket formed by
residues Leu206, Lys93, and GIn75. N in pyrimidine
ring forms a hydrogen bond NH group of the backbone
of Metl49 (N---H-N, 2.26 A) Similarly Met149 back-
bone carbonyl group forms a hydrogen bond with the
amino group attached to the pyrimidine ring
(NH---0=C, 2.03 A) Hence it mimics the bidentate
interaction in ATP molecule and it has been shown in
kinases in general to be essential for inhibitor bind-
ing.?>2% The linker N-ethyl chain in compound 41 binds
with residues: 11e70, Asn152, and Gly71. The tail part of
the ligand is the pyridine ring in case of compound 41. N
of pyridine ring forms hydrogen bond with the sidechain
of GIn155 (N---HN, 2.26 A). GInl155 is not conserved in
other map kinases and hence it may be at the core of the
selectivity for JNKs, which may depend on these types
of non-conserved amino acids. Amino acids present in
binding site like Lys68, Metl146, Asnl52, GInl55, and
Vall96 are non-conserved in p38 and ERK2 kinase,
while they are conserved in JNKI1, JNK2, and JNK3.
Hence selectivity can be achieved against p38 and
ERK?2 kinase by considering interactions with non-con-
served amino acids. This indicates that most of the ac-
tive compounds under study are selective against other
map kinases such as p38, ERK2, and cAMP kinases.
Isoform selectivity in JNKs is one of the major challeng-
es in designing selective JNK3 inhibitors. Alignment of
JNK3 sequence with JNK1 and JNK2 sequence indi-
cates that residues that come in putative substrate bind-
ing domain (I1e246-Tyr268) display the greatest diversity
among JNKs isoform. So designing of bidentate inhibi-
tors that extend from the ATP-binding pocket toward
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Glul47

Metl 46
Luel48

AsplS0

Alal3l

Asnl3s2

Ser193

Figure 6. Docked conformation of compound 41 (gray) in the binding
site of JNK3. All the hydrogen atoms of the protein are removed for
clarity. Hydrogen bonds are shown with dotted red lines.

substrate binding pocket may enable us to design selec-
tive JNK3 inhibitors. Hence isoform selectivity can be
addressed by considering these issues.’

Figure 7 shows the superposition of the least active
compounds 7 and 9. The least active compound 7
binds differently as compared to compound 41. It is
almost flipped in the active site (Fig. 7). As this li-
gand is small in size, there may be many possibilities
it can bind in the active site. Compound 9 binds in a
similar manner as compound 41 but the hydrogen
bond with Metl49 is missing since the pyrimidino
amino group (-NH) is replaced with pyrimidine cyclic
amino group. The hydrogen bond with Metl49 is
missing together with pyrimidine amino group (NH)
in compound 9. It seems that this pyrimidine —NH
group 1is essential for hydrogen bonding with
Metl49 and hence it explains the reduced activity
for compounds 7-11 and 24. The most active com-
pound 34 forms hydrogen bond with Metl49 and
GInl155. Our studies indicate that a group such as
carboxylic acid at the tail part of the ligand may also
improve the activity of the compound due to favor-
able hydrogen bonding interaction with GInl55 and
Asnl52 in the binding site.

Vall926

Figure 7. Superposition of the docked conformations of compound 7
(pink) and compound 9 (orange) in the binding site of JNK3. Note
that compound 7 is flipped in the binding site, while in compound 9
hydrogen bonds with Met149 are missing.

Comparison between docking and receptor surface analy-
sis: As shown in Figure 4, the cyan color near to the
pyrimidine N indicates hydrogen bond acceptor propen-
sity. Similarly in the docked structure, it has been found
that the same pyrimidine N atom forms hydrogen bond
with Met149 and hence it act, as hydrogen bond accep-
tor. Similarly the purple color near to the pyrimidino
amino group (—NH) indicates that hydrogen bond do-
nor group is essential at this position, while in the
docked structure also a hydrogen bond was found with
the backbone of Met149. Both studies indicate that pyr-
imidino amino (-NH) group is very important for JNK3
activity. And hence it correlates well with RSM model.
Similarly, a hydrogen bond was found in between NH
group of benzothiazole and pyrimidine N as also shown
with RSM model for hydrogen bond propensity (Fig. 4).
Tail pyridine ring is surrounded by cyan color indicating
hydrogen bond acceptor moiety is required at this par-
ticular position. It also correlates well with docking re-
sults as pyridine N forms hydrogen bond with GInl155
as shown in Figure 7. The least active compound 7 lacks
hydrogen bonding with Metl49, which is crucial for
inhibitory activity. Similarly this also explains the rea-
son for less activity of compounds 7-11 and 24. Overall
docking and 3D-QSAR reveals that two-carbon chain
away from amino pyrimidine group is required for selec-
tivity and both acceptor as well as donor group may im-
prove the selectivity since it increases the chances of
interaction with GInl55.

In conclusion, 3D-QSAR studies were carried out by
building MFA and RSA models. MFA model has better
predictive capability than RSA model. Both models
yield significant information to build a strategy to
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improve the activity of the compounds. The MFA mod-
el predicts the importance of proper steric and electro-
static fragments, which are necessary for higher
activity. In general pyrimidine ring bearing amino (-
NH) group and the linker chain attached to the aromat-
ic hydrogen bond acceptor group are crucial for JNK3
activity. Docking studies revealed that these ligands
bind in an ATP-binding pocket. RSA model compared
well with docking studies. Hydrogen bonding interac-
tion of the amino pyrimidine ring is crucial for kinase
inhibition while selectivity against p38, ERK2, and
cAMP can be improved by choosing right structural
fragments that can form hydrogen bonds with GInl155.
To our knowledge, this is the first study aimed at deriv-
ing predictive 3D-QSAR models for INK3 inhibitors. In
addition, the docking studies provided good insights
into inhibitor-JNK3 interactions at the molecular level.
This information will be very useful in designing novel
JNKs inhibitors with broad spectrum of activity against
rheumatoid arthritis.
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Abstract—A novel class of tetrahydroindolone-derived carbamates has been discovered whose members are potent Kv1.5 blockers.
The in vitro data show that compounds 6 and 29 are quite potent. They are also very selective over hERG (>450-fold) and L-type

calcium channels (>450-fold).
© 2006 Elsevier Ltd. All rights reserved.

Atrial fibrillation (AF) is the most common type of car-
diac arrhythmia, affecting more than 2 million Ameri-
cans.! AF can lead to thromboembolism, reduced left
ventricular function, and stroke.>* It is also indepen-
dently associated with increased mortality. Current drug
therapies for this type of arrhythmia are unsatisfactory.’
Most currently marketed antiarrhythmic agents block
the potassium channel, hERG, and the associated I,
repolarizing current which is present in both the atria
and the ventricles. In contrast, the potassium channel
Kvl.5, which underlies the ultra-rapid delayed rectifier
K" current, IKur, is found selectively in the atria.®®
IKur is a major repolarizing current in the human atria
and is not found in the human ventricles. Thus, Kv1.5 is
an attractive molecular target for the treatment of atrial
fibrillation or atrial flutter.”!? Theoretically, atrial selec-
tive antiarrhythmics that block only the Kv1.5 channel
should avoid the induction of potentially fatal ventricu-
lar arrhythmias known as torsades de pointes, a serious
side effect of many current antiarrhythmic agents that
lack the proposed chamber selectivity.

Recently, we reported on tetrahydroindolone-derived
semicarbazones as potent and selective Kv1.5 inhibi-
tors.!" In our efforts to broaden the diversity of our
Kv1.5 inhibitors, we prepared isosteric tetrahydroindo-

Keywords: Carbamate; Kv1.5 blocker; Atrial antiarrhythmic; In vitro

efficacy.
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0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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lone-derived carbamates, as a potential new class of
Kvl1.5 inhibitors. Herein, we report the synthesis and
in vitro evaluations of these new analogs.

The compounds were prepared using the routes shown
in Scheme 1.

The appropriate substituted dihydroindolones 1 were
treated with hydroxylamine in the presence of KOH to
generate dihydroindolone oximes 2. The oximes 2 were
then converted to the final desired carbamates 3-22 by
treating with variety of arylisocyanates.

To generate the N-1 alkylated analogs, the indolones 1
were treated with Mel or other similar alkyating agents
in the presence of NaH to afford N-alkyl indolones 23.
Again, the condensation of indolones 23 with hydroxyl-
amine gave N-alkyl dihydroindolone oximes 24. These
were further converted to products 25-31 by reaction
with arylisocyanates. Lastly, compounds with different
alkyl linking groups between the aryl ring and the N
of the carbamate were constructed by the treatment of
2 or 24 with carbonyldiimidazole (CDI) to yield 32
where R* is H or a small alkyl chain. This intermediate
was then reacted in situ with different primary amines to
afford final targets 33-37 (Scheme 2).

More than 120 carbamates were prepared and screened.
Whole cell patch clamp electrophysiology was used to
determine channel block in LTK™ cells expressing
Kv1.5'2 and in HEK cells expressing hERG.!* A FLIPR
assay was used to determine channel block in HL-1 cells
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Scheme 1. Reagents and conditions: (a) Mel, NaH/dioxane, 70 °C,
1.5h; (b) NH,OH-HCI (excess)/ KOH/EtOH H,O, 70 °C, overnight;
(c) aryl isocyanates/TEA/CH,Cl,, rt, 2 h.

expressing endogenous L-type calcium channels.!* From
the single point 1 uM percent inhibitions, a select group
of compounds were further evaluated to obtain the ICs
values. As a reference, a known Kvl.5 benchmark by
Icagen, ICA-32, had a measured ICs, value of 170 nM
in our laboratory.

Compounds with desired inhibitory inhibition can be
grouped into NH analogs (3-22 and 33-37), and N-1-
alkyl analogs (25-31). Both classes of compounds
provided very potent blockers.

In determining the SAR trends, the substituents on the
dihydroindolone ring were first examined. The 2,3-di-
methyl compounds (3-5) were less active than the corre-
sponding 2-methyl, 3-ethyl compounds (6-8). In
contrast, the 2,3-diethyl compounds (18, 19) had
approximately equal activity to their 2-methyl, 3-ethyl
counterparts (6, 8). This tolerance of larger substituents
at C, or C3 was also observed in the N-1 methyl series
where R! = methyl or ethyl and R? = ethyl or isopropyl
gave compounds with similar activity (26, 30, and 31).
The R' and R? substituents were combined in the cyclo-

0
) _OH
" ’\f R? N
CICE N
a0
R® N
R3
24 32

Scheme 2. Reagents: (a) CDI/dioxane; (b) Ar(CH,),NH,.
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hexyl fused compounds (20-22) which were active
blockers in contrast to the previously reported fused
cyclohexyl semicarbazones which showed little or no
block of Kv1.5.!!

Another trend displayed in Table 2 concerns the size of
the alkyl group on the N-1 position of the dihydroindo-
lone ring. Compounds with the smaller methyl substitu-
ent were more active than the corresponding ethyl
compounds (25 (77%) and 26 (96%) vs 27 (35%) and
28 (71%)).

As shown in Table 1, the blockade of Kv1.5 was not sen-
sitive to electronic effects of the substituents at the 4 po-
sition of the aromatic ring. The blocking activity for
analogs with both electron-donating and electron with-
drawing groups was very similar (12, 14, and 15, vs 7,
8, 9, and 13). In contrast, the size of alkyl substituents
at the 4 position on the aryl ring has significant impact

Table 1.
o N
R? N~ N N Ar
(_ O
R 1
N 3-22
Compound R’ R? Ar % Inhibition Kvl.5
of Kvl.5 1C5
at 1 uM (M)
3 Me Me Phenyl 57
4 Me Me 4-Ac-Phenyl 60
5 Me Me 4-Cl-Phenyl 78
6 Me Et Phenyl 91 0.067
7 Me Et 4-Ac-Phenyl 91
8 Me Et 4-Cl-Phenyl 91
9 Me Et 4-F-Phenyl 90 0.275
10 Me Et 4-t-Bu-Phenyl 6
11 Me Et 4-i-Pr-Phenyl 51
12 Me Et 4-Me-Phenyl 85
13 Me Et 4-CN-Phenyl 95
14 Me Et 4-OMe-Phenyl 90
15 Me Et 4-SMe-Phenyl 90 0.350
16 Me Et 3-SMe-Phenyl 73
17 Me Et 2-SMe-Phenyl 41
18 Et Et Phenyl 84
19 Et Et 4-Cl-Phenyl 87
20 —(CH»)s— Phenyl 79
21 —(CH,)s— 4-Ac-Phenyl 79
22 —(CH,)s— 4-Cl-Phenyl 58
Imid H
e N O
o) n

33-37
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on inhibition. Smaller alkyl groups, such as the methyl
analog (12), exhibit good activity (85%), while the larger
isopropyl substituted analog (11 (51%)) and the fert-bu-
tyl analog (10 (6%)) showed reduced activity.

Substituents on the aryl ring in positions other than 4
appear to have considerable effects on inhibition. As
shown in Table 1, analogs with substituents at the 2
position tend to have less activity (17 (41%)) than
those in the 3 position (16 (73%)). Analogs with sub-
stituents in the 4 position (15 (90%)) provided the
most active analogs. This trend was similar for com-
pounds substituted with chlorine or methyl substitu-
ents (data not shown).

Next, the chain length between the aromatic ring and
the nitrogen of the carbamate side was examined. As
shown in Table 3, analogs without extended alkyl link-
ers (6 (91%)) were more active than those with alkyl
linkers n =1 (33 (70%)) and n = 2 (34 (76%)). This trend
was further substantiated with the 4-OMe phenyl iso-
mers when the chain length was extended from n =0
through n = 2 (data not shown).

In order to increase the solubility of the carbamate

class, we prepared and evaluated several compounds

Table 2.

R? N hi \Ar
(0]

!
R? m
N 25-31

!
R3

Compound R' R?> R* Ar % inhibition Kvl.5

of Kvl.5 1Cso (LM)
at 1 uyM

25 Me Et Me Phenyl 77

26 Me Et Me 4-Ac-Phenyl 96 0.368

27 Me Et Et Phenyl 35

28 Me Et Et 4-Ac-Phenyl 71

29 Et Et Me Phenyl 99 0.021

30 Et Et Me 4-Ac-Phenyl 92

31 Me i-pr Me 4-Ac-Phenyl 96

Table 3.

H
_O_N
R2 N Y \(/),nAr

{ o
R ]
N
H 6, 33-37
Compound R' R?> N Ar % inhibition Kvl.5
of Kvl.5 1Cso (LM)
at 1 uM
6 Me Et 0 Phenyl 91 0.067
33 Me Et 1 Phenyl 70
34 Me Et 2 Phenyl 76
35 Me Et 2 2-Pyr 91 0.547
36 Me Et 2 3-Pyr 25
37 Me Et 2 4-Pyr 20

containing the pyridinylethyl carbamate side chain.
The position of nitrogen on the pyridine ring had a
large impact on blocking inhibition. For example,
the 2-pyridinyl isomer showed very good activity
(35 (91%)), while analogs with the 3- or 4-pyridinyl
substitutions gave low activity (36 (25%), and 37
(20%)).

In the carbamate series, our most potent analogs were 6
and 29 with ICsq values of 67 nM and 21 nM, respective-
ly. Compound 6 was considerably more potent than its
corresponding and previously published semicarbazone
(ICsp = 125 nM).'"" While a patch value of 91% on the
surface does not appear to be one of the most potent
compounds, the rate at which that block occurred com-
pared to the others resulted made us confident we could
observe a low ICsy value. Additionally, carbamates 6
and 29 showed selectivity of more than >450-fold
against the L-type-Ca channel (6 (ICso > 30 uM), and
29 (ICs59p =20 uM)), and >450-fold selectivity versus
hERG (6 (ICso>30uM), and 29 (ICsy > 30 uM)).
Low activity for Calcium and hERG was consistent
throughout the class.

In conclusion, we have discovered a novel class of tetra-
hydroindolone-derived carbamates that are very potent
blockers of the Kvl.5 channel. Some members also
showed excellent selectivity for Kvl1.5 inhibition over
the calcium and hERG ion channels.
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Kvl1.5 currents are recorded by the whole cell mode of
patch clamp electrophysiology. Kv1.5 is stably overex-
pressed in either HEK or LTK-cells. Microelectrodes are
pulled from borosilicate glass (TW150) and heat polished
(tip resistance, 1.5-3 MQ). The external solution is stan-
dard Tyrode’s solution. The internal (microelectrode)
solution contained: 110 mM KCI, 5mM K,APT, 5 mM
K4BAPTA, 1 mM MgCl,, and 10 mM Hepes, adjusted to
pH 7.2 with KOH. Command potentials are applied for
1 s to +60 mV from a holding potential of —70 mV using
Axon software (pClamp 8.1) and hardware (Axopatch 1D,
200B). Compounds are prepared as 10-20 mM DMSO
stocks and diluted to appropriate test concentrations.
After stable currents are achieved, compounds are per-
fused onto the cells and the cells are pulsed every 5 s until
no further changes in current are evident at a given
compound concentration. Inhibition was measured at the
end of the 1s pulses and expressed relative to controls.
Concentration-response curves are generated for appro-
priate compounds utilizing at least four concentrations
and an n = 3. Curve fitting and 1Csq estimation were done
using Graphpad software (Ver. 4).

HERG currents are recorded by the whole cell mode of
patch clamp electrophysiology as described by Hamill
et al.'> HERG is stably overexpressed in HEK cells.
Microelectrodes are pulled from borosilicate glass
(TW150) and heat polished (tip resistance, 1.5-3 MQ).
The external solution is standard Tyrode’s solution. The
internal (microelectrode) solution contained: 110 mM
KCl, 5mM K,APT, 5mM K4 BAPT, | mM MgCl,, and
10 mM Hepes, adjusted to pH 7.2 with KOH. Command
potentials are applied for 2 s to +20 mV from a holding
potential of —80 mV using Axon software (pClamp 8.1)
and hardware (Axopatch 1D, 200B). Tail currents are
generated by returning to —40 mV for 2 s. Compounds are
prepared as 10-20 mM DMSO stocks and diluted to
appropriate test concentrations. After stable currents are
achieved, compounds are perfused onto the cells and the
cells are pulsed every 20s until no further changes in
current are evident at a given compound concentration.
Inhibition of HERG is measured at the peak of the tail

14.

15.

currents and expressed relative to controls. Initial HERG
activity is estimated by single point determinations run at
10 uM. Concentration-response curves are generated for
appropriate compounds utilizing at least four concentra-
tions and an n = 3. Curve fitting and ICs, estimation were
done using Graphpad software (Ver. 4).

HL-1 cells expressing endogenous L-type calcium
channels are removed from culture flasks using trypsin,
plated on fibronectin/gelatin-coated, clear-bottomed,
black-walled 96-well microplates in Claycomb media
(JRH Biosciences #51800) containing 10% fetal bovine
serum, 4 mM L-glutamine, and 10 uM norepinephrine,
and grown to confluency overnight. The next day,
growth medium is aspirated from confluent cell mon-
olayers and replaced with 100 uL per well Tyrode’s
solution (in mM: 130 NaCl, 4 KCI, 1.8 CaCl,, 1.0
MgCl,, 20 Hepes, and 10 glucose, pH 7.35) and 50 pL
per well FLIPR Calcium Assay kit, component A
(#R-8033, Molecular Devices Corporation) and incu-
bated for 60 min. in a 5% CO, 37 °C incubator. Fifty
microliters per well test compounds is added to the
plates and further incubated for 15min. in a 5% CO,
37 °C incubator. All final solutions contain the anion
exchange inhibitor, probenecid (2.5 mM). The 96-well
plates are then placed in the center position of the
FLIPR 1(Fluorometric Imaging Plate Reader, Molec-
ular Devices Corporation). Cell monolayers in each
well are simultaneously illuminated at 488 nm with an
Argon ion laser, and fluorescence emission is moni-
tored using a 510-570 nm bandpass filter and a cooled
CCD camera. To depolarize the plasma membrane
and activate L-type calcium channels, 50 pL per well
of 20mM KCI (final concentration) is dispensed
simultaneously to all 96 wells using the FLIPR’s
automatic 96-well pipettor. Fluorescence measurements
are captured for Smin. following KCI addition.
Calcium influx, expressed as % control, is calculated
for each concentration of test compound and concen-
tration-response curves and ICsy values are generated
using GraphPad Prism 4.0.

Hamill et al. Pflugers Archive 1981, 391, 85.
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Abstract—A novel series of hydantoin derivatives were identified by in vivo studies as tissue selective androgen receptor modulators.
SAR around this series revealed that the function of the ligand could be altered by minor structural modification.
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The androgen receptor agonists and antagonists are use-
ful in the treatment of a variety of disorders and diseas-
es.! Antagonists of the androgen receptor have shown
efficacy in the treatment of prostate cancer, benign pros-
tate hyperplasia, hirsutism in women, alopecia, anorexia
nervosa, breast cancer, and acne. Agonists of the andro-
gen receptor could be employed in male contraception,
male performance enhancement, as well as in the treat-
ment of cancer and AIDS cachexia. Recent success of
novel selective estrogen receptor modulators (SERMs)
has provided both preclinical and clinical proof-of-con-
cept that small molecules can be developed with a great
degree of tissue selectivity. These novel SERMs specifi-
cally target the estrogen receptor which prevents com-
mon side effects and maintains the positive protective
effects of selective transcriptional receptor activation.?
A new class of molecules targeting androgen receptors
called selective androgen receptor modulators (SARMs)
has been developed in response to the success of the
SERMs.? An ideal SARM has antagonist or weak ago-
nist activity in the prostate (androgenic organ) while
presenting strong agonist activity in the muscle and
bone (anabolic organ). This profile would allow the mol-
ecules to treat muscle-wasting conditions, hypogonad-
ism, or age-related frailty while preventing potential
risks for nascent or undetected prostrate cancer. Typical
antiandrogens such as bicalutamide and nilutamide have
been modified leading to the discovery of novel SARMs
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such as structure I, BMS-564929 and structure II
(Fig. 1), which behaved as partial agonists in the pros-
tate but full agonists in the levator ani. muscle as indi-
cated by the castrated rat model.* These minor
structural differences are interesting to explore further
because they could greatly alter the nature of recep-
tor-ligand interactions while showing a promising in vi-
vo profile. In the present paper, we describe our design,
synthesis, and SAR studies on a novel series of bicyclic
structures containing hydantoin moiety as SARMs.

Our design approach was to mimic BMS 564929 by
incorporating a novel hydantoin moiety. First, replace-
ment of the angular H with a methyl group resulted in
structure 3 (Scheme 1). Second, introduction of another
heteroatom such as O or N into the B-ring of the bicyclic
structure afforded structure 6 or 8 (Scheme 2). Finally,
B-ring of the bicyclic structure was switched from pyrro-
lidinyl to dihydropyrazolinyl moiety to generate struc-
ture 13 (Scheme 3).
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Scheme 1. Reagents and conditions: (a) dioxane, 100 °C, 4-6 h; (b)
HCI, dioxane, 70 °C, 2 steps, 35-62%; (c) compounds 3c-3e, 3d-3f,
CuCN, NMP, 200 °C, 10 h, 43-55%.

1 R' (0]
de,f R O Me ¢9 2]@\ Me
- . 2 ~— 'R N
H A

Scheme 2. Reagents and conditions: (a) dioxane, 100 °C, 4-6 h; (b)
HCI, dioxane, 70 °C, 2 steps, 50-65%; (c) triphosgene, EtsN, 0 °C, rt,
2 h, 70-75%; (d) MsCl, Et;N, 0 °C, rt, 2 h, 82-85%; (e) KI (cat), NaN3,
DMF, 80 °C, 6 h, 85-90%; (f) Ph;P, H,O/THF, 80 °C, 1 h, 85-88%;
(g) NaH, Mel, 0 °C, rt, 2 h, 65-70%.
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Scheme 3. Reagents and conditions: (a) Et;N, 0 °C, 0.5-2 h, 71-85%;
(b) R3CH=NNHTs, NaH, 0 °C, 30 min then 70 °C 4-6 h, 45-78%;
(c) CDI, triphosgene, (COCl),, SOCI, or SO,Cl,, Et;N, 0°C, rt, 2 h,
55-80%.

The synthetic pathways utilized in the preparation of the
bicyclic hydantoins 3, 6, 8, and 13 are outlined in
Schemes 1-3. The desired bicyclic compounds 3 were
synthesized as described in the literature or with slight
modifications to known procedures (Scheme 1).> Com-
pound 3e or 3f was obtained from 3c or 3d by treatment
with CuCN.

The synthesis of 6 or 8 was initiated through a manner
similar to 3 by condensations of isocyanates 1° with
the amino acid 4 followed by acid catalyzed cyclization
to afford 5 in reasonable yields (Scheme 2). Compounds
5 could easily fuse into the bicyclic structures 6 by treat-
ment with CDI or triphosgene in the presence of triethyl
amine (TEA). Compounds 5 were further transformed
into primary amines 7 through mesylation followed by
conversion of the mesylates to the corresponding azides

and reduction of the azides. Upon treatment with tri-
phosgene and TEA, the bicyclic structures 8 (where R?
is H) were obtained in good yields. The bicyclic struc-
tures 8 (where R* is Me) could also be prepared from
alkylation of their amide precursors.

The key step in the preparation of 13 consisted of an effi-
cient 1,3-dipolar cycloaddition between the o,p-unsatu-
rated alkenes 11 and the hydrozones
(R?*CH=NNHTs)’ in the presence of NaH to afford
12.% The alkene precursors 11 were obtained by cou-
pling of methacryl chloride 10 with the corresponding
anilines 9. Compounds 13 were then prepared by intra-
molecular annulation of 12 with triphosgene, oxalyl
chloride, thionyl chloride or sulfuryl chloride in the
presence of TEA.

Our early discovery of structure II (Fig. 1) showed that
it was active in both in vitro binding assay and in vivo
assay via oral administration. Here, we started to inves-
tigate the SAR of its structural derivatives (3, 6, 8, and
13).4 A modified Hershberger assay® was utilized as
our primary guide for screening purposes to eliminate
the complexity of in vitro and ADME data analysis.
All compounds were tested in five-day immature
(approximately 50 g) castrated male Sprague-Dawley
rat (Charles River) agonist and antagonist assays. In
these studies, the weights of the ventral prostate and
seminal vesicle were used as the indicators of androgenic
activity, while the weight of levator ani muscle was used
as the indicator of anabolic activity. Thus, rationaliza-
tion of these results should combine a test compound’s
ADME properties and intrinsic efficacy. Initial studies
on structure 3 revealed that these hydantoin derivatives
acted like a pure antiandrogen. None of the compounds
listed in Table 1 showed any substantial agonist activity
on the ventral prostate or the levator ani muscle (data
not shown). The substitution pattern R' and R? on the
aniline portion of the molecule dictated the antiandro-
genic activity. Potent ventral prostate weight inhibition
activities were found in compound 3e and its sulfur ana-
log 3f where R' =CN and R?=CF; on the phenyl
rings, which correlated to the SAR of known toluidide
antiandrogens such as hydroxyflutamide, nilutamide,
and bicalutamide. Electron-donating or neutral group
at either the R' or R? position of the phenyl group
diminished the antiandrogenic activity, as shown with
compounds 3a-3d. Table 2 illustrates the in vivo antian-
drogenic activities for compounds 6 and 8 containing
urea or oxazolidinone functionality in the B-ring of
the bicyclic hydantoin structures. Similar to compounds
3 in Table 1, compounds 6 and 8 demonstrated the AR
antagonist activities in the testosterone treated castrated
immature rats, while they did not present clear agonistic
potency. As the data indicated, both the substitutions at
R! or R? ;)ositions of the phenyl rings and the substitu-
tion at R” position contributed to the overall activities
of this series of compounds. Strong prostate weight inhi-
bition was observed with oxazolidinone 6b (75% inhibi-
tion) and urea 8b (]79% inhibition), 8e (87% inhibition).
Replacement of R* from CN to Cl group significantly
reduced the potency (6a and 8a). Masking of R*® with
a methyl group seemed to improve the potency, as illus-
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Table 1. SAR at substitutions R!, R? and A of structure 3

Compound R' R? A Prostate Seminal vesicle
inhibition (%) inhibition (%)

Bicalutamide® 70 80
3a cl c o 11 16
3b c ca s 17 27
3c Cl CF; O 32 nac
3d Cl CF; S 19 na
3e CN CF; O 69 na
3f CN CF; S 78 95

& All compounds were administered via po (vehicle: 20% cyclodextrin)
once daily in the presence of 0.1 mg/d (approximately 1.3 mg/kg)
testosterone propionate (subcutaneous dosing; vehicle: sesame oil) at
a dose rate of 2 mg/day for 5 days. The data were normalized to
control group administered with vehicle (n = 3/group).

bAverage value (n = 10).

“na, not active (<10% inhibition at a dose rated of 2 mg/day).

Table 2. SAR at substitutions R', R%, and R of structures 6 and 8*
Compound R! R?> R?

Prostate Seminal vesicle
inhibition (%) inhibition (%)

Bicalutamide 70 80
6a Cl CF; — 55 51
6b CN CF; — 175 80
6¢ NO, CF; — 43 28
8a Cl CF; H 33 19
8b CN CF; H 79 86
8c NO, CF; H 32 15
8d Cl CF; Me 77 85
8e CN CF; Me 387 85

# All footnotes in Table 1 apply in this table.

trated in 8d. Overall, compounds 6 and 8 containing
urea or oxazolidinone moiety at the B-ring of the bicy-
clic hydantoin structure were well tolerated for antian-
drogenic activity compared with their carbon analogs
of compounds 3.

Interestingly, replacement of pyrrolidine with dihydro-
pyrazoline ring led to the discovery of a novel series of

Table 3. SAR at substitutions R!, R? and R? of structures 13*

hydantoin structures as selective androgen receptor
modulators, as shown in Table 3. Unlike compounds
3, 6, and 8, compound 13d bearing a CF; group at R?
position demonstrated the AR agonist activities in cas-
trated immature rats. In the agonist model, 13d prevent-
ed castration caused tissue weight loss and behaved as
partial agonist in the prostate (11% stimulation of the
prostate weight at 3 mg/d) but full agonist in the levator
ani muscle (75% stimulation of the levator ani muscle
weight at 2 mg/d). The activity observed on 13d was fur-
ther confirmed by a four-point dose-dependent study to
generate EDsy 2.9 mg/d. On the other hand, it worked as
a weak AR antagonist in the prostate (26% inhibition of
the prostate weight at 2 mg/d) in the antagonist model.
Compound 13e, R-enantiomer of 13d,” presented similar
dose-dependent response (EDsq >3 mg/d) to the rat
prostate and levator ani muscle in the agonist model,
while the efficacy was substantially decreased, suggesting
13d acted as eutomer in the racemate. Any modification
of R? group, including removal (13a), replacement with
hydrophilic (13b and 13g) or bulky group (13c¢), resulted
in total loss of agonistic activity. Several replacements of
the carbonyl linker at the A position of the bicyclic
structure were well tolerated for in vivo efficacies. As
illustrated in 13k and 13l, these compounds containing
sulfonyl or sulfinyl linker still maintained both agonistic
activity in the levator ani muscle and antagonistic activ-
ity in the ventral prostate.

In summary, we have shown that modification of hydan-
toin-based antiandrogens led to the discovery of a novel
series of bicyclic hydantoin derivatives as selective
androgen receptor modulators. The lead compound
13d, upon further optimization, has the opportunity to
be a novel therapeutic agent with potential application
in treatment of androgen-related disorders.
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Compound R! R? R? A Prostate stimulation (%) Levator ani muscle stimulation (%) Prostate inhibition (%)
TP® 100 100

Bicalutamide 70
13a CN CF; H CO na na 26
13b CN CF; CO,Et CcO na na 16
13c CN CF; 4-NHAc-Ph CO na 13 25
13d (S) CN CF; CF; Cco 11° 754 26
13e (R) CN CF; CF; CcO 14° 42°¢ 21
13f NO, CF; CF; CcO 51 73 39
13g NO, CF; CO,Et CcO na na 35
13i CN CF; COEt COCO na na 15
13j (S) CN CF; CF; COoCOo 12 21 27
13k (S) CN CF; CF; SO, 41 66 28
131 (S) CN CF; CF; SO 58 117 41

# All footnotes in Table 1 apply in this table.

® Testosterone propionate was administered subcutaneously by injection at the nape of the neck at 5 mg/kg, in a volume of 0.1 mL in sesame oil.

©11% prostate weight stimulation at a dose rate of 3 mg/d.

9 Compound 13d was further tested in a four-point dose-dependent study at doses from 0.1, 0.3, 1 to 3 mg/d to generate EDs; 2.9 mg/d. Compound

13e in the similar test showed EDsg > 3.0 mg/d.
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Supplementary data associated with this article can be
found in the online version at doi:10.1016/
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Abstract—X-Linked inhibitor of apoptosis protein (XIAP) is a promising molecular target for the design of new anticancer drugs
aiming at promoting apoptosis in cancer cells. We have previously identified embelin as an inhibitor of XIAP through computation-
al structure-based database screening. Herein, we report the design, synthesis, and evaluation of new embelin analogues as inhibitors
of XIAP. Our efforts led to the identification of new and more potent inhibitors. For example, compound 6g has a K; value of
180 nM binding to XIAP BIR3, in a competitive binding assay and represents a promising lead compound for further optimization.

© 2006 Elsevier Ltd. All rights reserved.

Apoptosis, or programmed cell death, is a genetically
regulated cell death mechanism.! Dysfunction of the
apoptosis machinery plays a major role in many human
diseases, including cancer. X-Linked inhibitor of apop-
tosis protein (XIAP) is a potent and effective cellular
inhibitor of apoptosis.>> XIAP has been found to be
overexpressed in many human cancer cell lines.® XIAP
is considered as a promising cancer therapeutic target
because inhibition of XIAP can promote apoptosis in
cancer cells with overexpression of XIAP and sensitize
cancer cells to apoptosis induction.” One of the major
cellular functions of XIAP is the inhibition of the activ-
ity of caspase-9 by binding to caspase-9 through its
BIR3 domain and trapping caspase-9 in its inactive
form.® Smac/DIABLO protein (second mitochondria-
derived activator of caspase or direct IAP-binding pro-
tein with low pl) has been discovered as an endogenous
cellular inhibitor of XIAP,%!° and promotes apoptosis
in cells at least in part by binding to the BIR3 domain
of XIAP where caspase-9 binds and relieving the inhibi-
tion of XIAP to caspase-9.'! There is a strong research
interest in the design of peptidomimetics and non-pep-
tidic small-molecule inhibitors to target the XIAP
BIR3 domain where Smac and caspase-9 bind.'>?° Such
small-molecule inhibitors are predicted to promote

Keywords: XIAP; Embelin; Small-molecule inhibitors.
* Corresponding author. Tel.: +1 734 615 0362; fax: +1 734 647
9647; e-mail: shaomeng@umich.edu
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apoptosis in cancer cells and may have great therapeutic
potential to be developed as an entirely new class of
anticancer drugs.
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Through structure-based database searching, we have
previously discovered embelin as a fairly potent, non-
peptide, small-molecule inhibitor of XIAP.?® Embelin
was determined to bind to the XIAP BIR3 domain with
a K; value of 0.40 uM in our competitive fluorescence-
polarization (FP)-based assay (Table 1). To the best of
our knowledge, embelin is the only known class of
non-peptide inhibitor that binds to the XIAP BIR3
domain, whose chemical structure is not related to the
AVPI peptide in Smac. Hence, embelin represents a
promising initial lead for optimization toward our ulti-
mate goal of developing a new class of anticancer drugs
to target XIAP. In this paper, we wish to report our de-
sign, synthesis, and biochemical evaluation of a series of
new embelin analogues as inhibitors of XIAP.
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Table 1. Binding affinities to the XIAP BIR3 in an FP-based binding
assay for 6a-g

OH
(0]
(0] R
OH
Compound R K; £ SD (uM)
FP-based binding
assay
1 I e g 0.40 £0.13
6a H 104%1.3
6b *CH2CH2CH2CH2CH2M€ 1.25+£09
6¢ 'CHQCHz@ 1.3+£0.3
6d @ 0.71 £0.17
6e QN 048 +0.3
of 0.38 £ 0.09
6g 0.18 + 0.09

Embelin consists of the dihydroxyquinone core and a
long hydrophobic tail. Our modeling predicted that
the hydrophilic dihydroxyquinone core forms a number
of hydrogen bonds with XIAP and the hydrophobic tail
interacts with the hydrophobic pocket where the isoleu-
cine residues in the AVPI Smac peptide bind. In the
present study, we have kept the dihydroxyquinone core
intact and focused our modifications on the hydropho-
bic tail portion of the molecule.

A series of embelin analogues 6a—g with different hydro-
phobic tails were designed and synthesized. The synthe-
sis of compounds 6a—g is shown in Scheme 1. Briefly,
commercially available or easily prepared corresponding
triphenylphosphonium bromide 2a-g were treated with
1:1 equivalent of n-butyllithium, followed by reaction
with aldehyde 3, which was prepared according to a
published method?' and hydrogenation afforded the
key intermediates 4a-g. Oxidation of 4a-g with ceric
ammonium nitrate gave [l,2]benzoquinones Sa-g.>?
The final target compounds 6a-g were obtained by the
treatment of Sa—g with 70% perchloric acid and concen-
trated hydrochloric acid at room temperature for 48 h.?3

Compounds 6a—g were tested for their binding affinities
to recombinant XIAP BIR3 protein using our estab-

lished quantitative fluorescence-polarization (FP)-based
competitive binding assay’* and compared directly to
embelin (1) and the AVPI Smac peptide. The results
are summarized in Table 1. In our FP-based binding as-
say, embelin (1) and the Smac AVPI peptide were deter-
mined to have K; values of 0.40 and 0.58 uM,
respectively.

Compound 6a was designed to test the importance of
the C;;H»3 long hydrophobic tail, in which the C;;H»;
tail was replaced by a much shorter ethyl group. Our
FP-based binding assay showed that compound 6a has
a K; value of 10.4 uM to XIAP BIR3, thus 25 times less
potent than embelin. This suggests that the C;;H»; long
hydrophobic tail is critical for the binding of embelin to
XIAP BIR3. Based upon this result, we have designed
and synthesized compound 6b with an n-octyl side
chain. Compound 6b has a K; value of 1.25 uM. Hence,
although compound 6b is 3 times less potent than embe-
lin, it is 8 times more potent than compound 6a, further
confirming the importance of the long hydrophobic tail
in the binding of embelin to XIAP BIR3.

The crystal and NMR structures of XIAP BIR3 in com-
plex with Smac protein or peptide showed that the bind-
ing of Smac to XIAP BIR3 is mediated primarily by the
AVPI four amino acid residues in Smac and a well-de-
fined surface binding groove in XIAP BIR3.2>2° While
the alanine residue in the Smac AVPI-binding motif
forms an extensive hydrogen bonding network with
XIAP BIR3, the proline residue has hydrophobic con-
tacts with Trp323 in XIAP. Our modeling suggested that
the hydrophilic dihydroxyquinone core in embelin mim-
ics the alanine residue in the Smac AVPI peptide to form
a hydrogen bonding network. We have designed two
new analogues, 6¢ and 6d, to explore whether a phenyl
ring would be able to mimic the interaction between
the proline ring in the Smac AVPI peptide and Trp323
in XIAP. As can be seen, while compound 6¢ with a
(CH,)4 linker between the dihydroxyquinone group
and the phenyl ring has a K value of 1.3 M, compound
6d with a (CH,), linker has a K; value of 0.71 uM.
Hence, compound 6d is 2 and 15 times more potent than
6¢c and 6a, respectively. Thus, we have made further
modifications based upon compound 6d.

The isoleucine residue in the Smac AVPI peptide binds
to a hydrophobic pocket in XIAP BIR3 and plays an
important role for their binding. Our modeling suggest-
ed that the long hydrophobic tail in embelin interacts
with this hydrophobic pocket in XIAP. We have thus
designed and synthesized a series of new analogues
based upon compound 6d in an attempt to capture the
hydrophobic interaction between the isoleucine residue
in the Smac AVPI peptide and the hydrophobic pocket
in XIAP BIR3.

Compound 6e with an n-butyl group attached to the
meta-position on the phenyl ring in compound 6d has
a K; value of 0.48 uM, which is slightly more potent than
6d. Encouraged by this result, we replaced the n-butyl
group with a phenylethyl group since it was previously
shown that replacement of the isoleucine in the Smac
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2a-g 3 4a-g

5a-g 6a-g

Scheme 1. Synthesis of compounds 6a-g. Reagents and conditions: (a) n-BuLi, THF, 0 °C, 10 min; (b) H,, 10% Pd-C, EtOAc, room temperature;
(c) CAN, CH3CN-H,O0, 0 °C, 1 h; (d) HCIO,4, HCI, dioxane, room temperature, 48 h.

AVPI peptide by a phenylalanine residue increased the
binding affinity of the resulting peptide.?” This resulted
in compound 6f, which has a K; value of 0.38 uM bind-
ing to XIAP and is as potent as embelin.

Compound 6g was designed and synthesized to further ex-
plore the interaction between the terminal phenyl ring and
XIAP by installation of a methyl group on the meta-posi-
tion the binding affinity of the resulting peptide.?® Com-
pound 6g has a K; value of 0.18 uM and is thus 2 times
more potent than embelin for binding to XIAP BIR3.

We have evaluated compound 6g for its activity in inhi-
bition of cell growth in the MDA-MB-231 (2LMP) hu-
man breast cancer line and the PC-3 human prostate
cancer cell line. Both of these two cancer cell lines have
high levels of XIAP (data not shown). The results are
shown in Figure 1. As can be seen, compound 6g is effec-
tive in inhibition of cell growth with ICs, values of 5.0
and 5.5 UM in the MDA-MB-231 and PC-3 cell lines,
respectively.

In summary, embelin represents a novel class of non-
peptide small-molecule inhibitor of XIAP. Our present
study focused on the modifications of the hydrophobic
tail in embelin. Our study yielded new inhibitors with
binding affinities better than embelin and provided pre-
liminary structure-activity relationship for this class of
inhibitors. The most potent inhibitor 6g binds to XIAP
BIR3 with a K; value of 180 nM. Importantly, 6g is
effective in inhibition of cell growth in human breast
and prostate cancer cell lines with high levels of XIAP.
Hence, compound 6g represents a promising new lead
compound for further optimization toward our

. g 100 Cell Line (IC50,uM)
E _E 754 -4~ MDA-MB-231 (5.0)
o)
o —— -
<=5 $ 5o PC-3 (5.5)
Se
< 251
0 T T T 4
0.01 0.1 1 10 100

[Compound 6g] (M)

Figure 1. Inhibition of cell growth by compound 6g in the MDA-MB-
231 (2LMP) human breast cancer cell line and the PC-3 human
prostate cancer cell line. Cells were treated by compound 6g for 4 days
and cell growth was determined using the WST assay.

ultimate goal of developing a new class of anticancer
drugs by targeting XIAP and promoting apoptosis in
cancer cells.
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Abstract—In the course of studies directed toward the discovery of novel acetyl- and butyrylcholinesterase (AChE and BChE) inhib-
itors for the treatment of Alzheimer*s disease, we focused on f-carbolines (BCs). 6-Oxygenated B-carboline and B-carbolinium deriv-
atives based on the serotonin template were synthesized and tested in vitro for their ability to inhibit AChE and BChE, respectively.
Particularly the carbolinium salts, which can be formed by intracerebral methylation out of the tertiary-BC prodrugs, show inhib-
itory activity levels reaching those of galantamine, physostigmine, and rivastigmine.

© 2006 Elsevier Ltd. All rights reserved.

The enzyme acetylcholinesterase (AChE) plays an
important role in the central nervous system. It is one
of the fastest known enzymes and catalyzes the cleavage
of acetylcholine in the synaptic cleft after depolariza-
tion. Inhibitors of acetylcholinesterase such as galanta-
mine and others are used frequently in the
pharmacotherapy of Alzheimer‘s disease (AD).! The less
specific butyrylcholinesterase (BChE) has recently got
into the focus of research, because BChE concentration
stays the same or is even up-regulated while AChE is
dramatically down-regulated in the brains of patients
suffering from AD.!

B-Carbolines (pyrido[3,4-blindoles) were first found in
plants and referred to as harman alkaloids because they
occur in Peganum harmala. In the human organism they
may be formed from the condensation of the biogenic
amines tryptamine and serotonin with aldehydes or a-
keto acids, respectively. In traditional Indian medicine
the carboline-containing plant Desmodium spec.-viz. is
used to treat eye diseases and intestinal malfunctions;
the plant’s efficacy is probably due to the AChE-inhibit-
ing properties of its alkaloids. Ghosal et al. investigated
some tetrahydro- and fully aromatic carboline deriva-

Keywords: B-Carbolines; Cholinesterase inhibitors.
* Corresponding authors. Tel.: +49 3641 949 803; fax: +49 3641 949
802; e-mail: j.lehmann@uni-jena.de

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.08.067

tives, including quaternary salts for ChE inhibitory
activity (only AChE was tested in this in vivo assay)
and reported that some quaternary compounds—includ-
ing compound 4a—were found to be one-sixth as potent
as physostigmine.?

Furthermore, because endogenous BCs are considered in
the literature to induce Parkinson’s disease in non-pri-
mates, they are discussed as possible causative protox-
ines in idiopathic Parkinson‘s disease.®> Neurotoxic
B-carbolinium salts have been found in the lumbar
cerebrospinal fluid of patients suffering from Parkinson.*

It was subsequently discovered that phenylethanol-
amine-N-methyltransferase exhibits p-carboline 2N-
methyltransferase activity.® If suitable non-neurotoxic
tertiary BCs could be identified, they would be bioactivat-
ed in vivo to the quaternary ChE-inhibiting BCs, that
would in turn be ‘locked’ in the brain. These compounds
could therefore be considered as target-specific prodrugs.

BCs can be regarded as potential anti-AD drugs as well
as endogenous tryptamine- and serotonin-derived neu-
rotoxins. To get more insight into their pharmacological
profile, we synthesized a series of systematically varied
6-hydroxylated and 6-methoxylated harman and nor-
harman derivatives (3, 4) (Figs. 1 and 2), including the
corresponding  quaternary  N-methyl-carbolinium
salts. All of these compounds are methoxylated or
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Figure 2. Target compounds.

hydroxylated, respectively, in position 6 and methylated
or non-methylated in position 9 (Fig. 2).

6-Methoxy-tryptamine (1) was cyclized via the Pictet-
Spengler reaction®’ using glyoxylic acid for the norhar-
man and pyruvic acid for the harman derivatives.
Aromatization of compounds 2a (R;=H) and 2b
(R3 = CHj3) by Pd/C in boiling cumene yielded 3a and
3c. The indole-N atom was methylated using methyl
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iodide after deprotonation with sodium hydride. Meth-
ylation of the pyridine-N was achieved by having the
carbolines react directly with methyl iodide in acetone
or methanol. A mixture of acetic acid and aqueous
hydrogen bromide (1:1) was used to convert the meth-
oXy group in position 6 into a hydroxy group. Further
details are given in Scheme 1.

In an initial pharmacological evaluation, the inhibitory
activities at AChE and BChE were measured in vitro
in order to get information about their ability to influ-
ence cognitive functions. The anti-AD drug galanta-
mine, physostigmine, and all target compounds
synthesized, respectively, were tested for inhibition of
AChE and BChE activity levels using the Ellman as-
say.®? This colorimetric assay is based on chromophores
generated in situ and formed after enzymatic cleavage of
acetyl- and butyrylthiocholine and reaction of the result-
ing thiocholine with Ellman’s reagent (5,5'-dithiobis-2-
nitrobenzoic acid).

It may not be an advantage for a cholinesterase inhibitor
(ChEI) to be selective for AChE (like galantamine); on
the contrary, a balance between AChE and BChE may
result in higher efficacy.!

Test solutions with ¢ = 107> pM of the tertiary amine
salts 3a—c, 3e-h,'° the tetrahydro-B-carboline derivatives
2a,b, and the quaternary salt 4d,'° respectively, were pre-
pared and tested in triplicate. All of them showed less

HsCO

R3 H R3
4a,4c
H,CO
= _d» = .
N \ NS,
N
Rs CH, Ro
4b'°,4d"
HO
= =
N> \ _N~cH
EH, Ro
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Scheme 1. Reagents and conditions: (a) for norharmans with R3 = H: H,O, KOH, 1 h, rt; for harmans with R3 = CH;: methanol/H,O (1:1), 12 h, rt;
(b) HCI, 15-30 min, 100 °C; (c) Pd/C (10%Pd), cumene, 10-15 h, reflux; (d) acetone, Mel, 2-4 h, rt; (¢) HBr/CH3COOH (1:1), 2-4 h, 130 °C;

(f) i—NaH, DMF, 0 °C — rt; ii—Mel.
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Table 1. AChE/BChE inhibition results of B-carbolines” (R, R,, Rj as defined in Fig. 2)

Compound R, R, R; AChE inhibition (LM) BChE inhibition (uM) Selectivity
1Cso (pICsop = SEM) 1Cs50(pICsp = SEM) 1C5o(BChE)/IC5o(AChE)
Galantamine 0.6 (6.197 £ 0.052) 8.4 (5.076 £ 0.033) 14.0
Physostigmine 0.5 (6.307 £ 0.112) 1.2 (5.934 £ 0.084) 24
3d OCHj3; CH; CH; 11.8 (4.929 £ 0.100) 17.4 (4.758 £ 0.081) 1.5
4a OCHj; H H 2.2 (5.656 £ 0.073) 17.5 (4.758 = 0.366) 8.0
4b OCHj3; CH; H 1.3 (5.885 £ 0.090) 20.9 (4.679 £ 0.087) 16.1
4c OCHj; H CHj; 0.8 (6.122 £ 0.030) 1.2 (5.959 £ 0.062) 1.5
4e OH H H 4.2 (5.377 £ 0.082) 8.7 (5.059 £ 0.085) 2.1
a4f OH CHj; H 1.8 (5.740 £ 0.050) 32.2 (4.492 £0.057) 17.9
4g OH H CH; 1.0 (6.007 £ 0.051) 1.6 (5.789 £ 0.068) 1.6
4h OH CH; CHj; 1.9 (5.722 £ 0.133) 2.7 (5.571 £0.051) 1.4

#Values are means of three independent experiments.

than 50% inhibition at 107> M, indicating ICs, values
>10 uM. To measure the exact ICsy values of these
low activity compounds would have afforded higher
concentrations which were not possible due to poor sol-
ubility in water.

In general, the quaternary pB-carbolinium salts were
found to be potent inhibitors whose activity!® levels
reached those of the reference drugs (Table 1). No rela-
tionship between the inhibitory activity of the carbdini-
um salts at AChE and methylation in position 9 was
observed. Interestingly, there was also no prominent dif-
ference in inhibitory activity for 6-methoxylated com-
pared to 6-hydroxylated compounds.

Quaternary harmanium salts (i.e., with an additional
methylation in position 1, but not at the indole-N)
showed increased inhibitory activity levels by a factor
of three (4¢c to 4a and 4g to 4e). The highest activity
was found for the 6-methoxy-harmanium salt 4¢ with
IC5o=0.8uM for AChE and ICs5o=12uM for
BChE.

Regarding the selectivity profiles for the cholinesterases:
some preference for AChE was observed but selectivity
was not prominent, with the exception of the 9-methyl-
ated (indole-N-methylated) norharmanium derivatives:
the non-9-methylated harmanium salts 4a and 4c
showed mixed activity profiles, whereas compounds 4b
and 4f exhibited a considerable selectivity toward
AChE, indicating that indole-N methylation leads to
AChE selectivity. Therefore, most BCs tested show im-
proved activity profiles in the light of the decreased
AChHE in AD patients.!

The activity increase between class of quaternary com-
pounds, 4, with tertiary compounds 3 might be well ex-
plained by the resemblance of 4 to the natural substrate
acetylcholine.

In conclusion, a series of B-carbolines and B-carbolini-
um salts were synthesized and their inhibitory activity
levels at AChE and BChE were measured in vitro. All
of the carbolinium salts showed moderate to high activ-
ity levels in the ChEs reaching those of physostigmine,
galantamine, and rivastigmine (ICsy (AChE) =48 uM;
ICsy (BChE) = 54 uM[1]). In contrast to the tertiary

compounds, which can penetrate the blood-brain barri-
er, the quaternary compounds show strong levels of
inhibitory activity. Therefore tertiary compounds might
act as pro-drugs for the quaternary BCs that are formed
in vivo in the brain, representing a novel and target-spe-
cific approach for the therapy of AD. Additional high
levels of activity at BChE might be a further advantage
of these compounds due to the increasing relevance of
this enzyme in later stages of AD.!
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dg) 0 9.16 (s, 1H, OH), 8.10-8.08 (d, J = 5.3 Hz, 1H, 3-H),
7.84-7.81 (dd, J = 0.5, 5.2 Hz, 1H, 4-H), 7.51-7.47 (m, 2H,
5-H, 8-H), 7.13-7.07 (dd, J =2.4, 9.0 Hz, 1H, 7-H), 4.08
(s, 3H, N(9)-CH;), 2.97 (s, 3H, C(1)-CH;). '*C NMR
(DMSO) 151.1 (C6), 141.9 (C9a), 136.7 (C1), 136.1 (C8a),
135.8 (C4), 127.2 (C3), 121.0 (C7), 118.1 (C4a), 112.9
(C4b), 110.9 (C8), 105.9 (C5), 32.2 (N(9)-CHs), 23.3 (C(1)-
CHs3). HRMS Calcd for C;3H;3N,O: M 213.1028. Found
M 213.0985.

6-Hydroxy-1,2,9-trimethyl-9 H-p-carbolin-2-ium iodide (4 h):
mp 320 °C; IR (KBr, selected lines) cm~! 3148, 1513, 1482,
1338, 1217, 810, 635."H NMR (DMSO-d,) 6 9.67 (s, 2H,
OH), 8.56-8.53 (d, J=6.6 Hz, 1H, 3-H), 8.52-8.49 (d,
J=6.6Hz, 1H, 4-H), 7.76-7.72 (d, J=9.1 Hz, 1H, 8-H),
7.65-7.64 (d, J=2.2Hz, 5-H), 7.36-7.31 (d, J=24,
9.0 Hz, 1H, 7-H), 4.34 (s, 3H, N(2)-CH3), 4.19 (s, 3H,
N(9)-CHj), 3.19 (s, 3H, CCH3). '>*C NMR (DMSO) 152.5
(C6), 141.4 (Cl1), 139.5 (C9a), 135.1 (C8a), 133.9 (C4),
130.8 (C3), 122.4 (C7), 119.3 (C4a), 115.1 (C4b), 112.1
(C8), 105.7 (C5) 45.4 (N(2)-CH3), 33.4 (N(9)-CH3), 16.3
(C(1)-CHs;). Anal. (C4H;sBrN,O) C, H, N.
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Abstract—Dimeric opioid analogues linked to a pyrazinone platform, 3-[Tyr/Dmt-NH(CH,),,]-6-[Tyr/Dmt-NH(CH,),]-2(1 H)-pyr-
azinone (m, n = 3 or 4), were synthesized. The Tyr-containing compound (m = 4, n = 3) exhibited p-receptor affinity (Kjp; 7.58 nM)
comparable to that of morphine, while the Dmt derivatives exhibited considerably higher affinity (Kju; 0.021-0.051 nM) with
corresponding agonism (ICsy = 1.79-4.93 nM). Interestingly one compound (m = 4, n = 3) revealed modest 3-opioid agonism; the
converse analogue (m = 3, n = 4), however, was inactive in MVD assay.

© 2006 Elsevier Ltd. All rights reserved.

The N-terminal Tyr residue is essential for the opioid
receptor interactions in peptides,'® except nociceptin,’
which contains Phe in lieu of Tyr, and is an integral
component of the ‘message domain’.® While several ami-
no acids were found to replace Tyr in opioids,’ 2/,6’-di-
methyl-L-tyrosine  (Dmt) dramatically enhanced
receptor affinity and functional bioactivity, and consis-
tently altered receptor selectivity. In fact, H-Dmt-NH-
CH;!? was found to specifically interact with the p-opi-
oid receptor (Kji = 7.45 nM), although H-Tyr-NH-CH3;
interacted with neither p- nor &-opioid receptors
(Kju = 23,000 nM); however, H-Dmt-NH-CH; could
not trigger a biological reaction. Incorporation of
Dmt into opioid ligands greatly increased biological
activity as seen with Dmt-Tic pharmacophore,!' endo-
morphins,'>!3  [Dmt' Leu’-enkephalin, '* bis[Dmt-
NHJalkane,'> and the symmetrically substituted
3,6-bis[Dmt-aminoalkyl]-pyazinone derivatives.'® The
3,6-bis|Dmt-aminoalkyl]-pyazinone analogues exhibited

Keywords: 2',6’-Dimethyl-L-tyrosine; Pyrazinone; p-Selective opioid

ligand.

* Corresponding author. Tel.: +81 78 974 1551; fax: +81 78 974
5689; e-mail: okada@pharm.kobegakuin.ac.jp

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.08.079

not only high p- and 6-opioid affinities, but also unique
in vitro functional biological activity profiles (GPI and
MVD bioassays), and potent in vivo antinociceptive
activity after intracerebroventricular (icv), subctaneous
(sc), and oral (po) administration.!® Thus, we directed
our studies to the further development of 3,6-bis[Tyr-
or Dmt-aminoalkyl]-pyrazinone derivatives for their
application as possible therapeutics. Previously,'® we
synthesized eight kind of 3,6-bis[Tyr- or Dmt-amin-
oalkyl]-pyrazinone derivatives (Fig. 1, m = n: 1-4) and
revealed that 3,6-bis[Tyr or Dmt-aminoalkyl]-pyrazi-
none derivatives (Fig. 1, m = n: 3) exhibited the highest

HO. R
(6]
N NHeHCI
| T A R

H

. N N (6]

HCI*HN N
(0]
R OH

5 m=3, n=4, R=H
6 m=3, n=4, R=CH;,
7 m=4, n=3, R=H
8 m=4, n=3, R=CH;,

Figure 1. Structure of compounds 5-8.
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p-opioid affinity (Kju = 25.7 and 0.042 nM for Tyr and
Dmt derivative, respectively); and the compound
(m =n: 4), followed the above compounds (K;u = 70.2
and 0.114 nM for Tyr and Dmt derivative, respectively).
To determine the effect of different chain lengths of the
aminoalkyl linkers of pyrazinone derivatives on opioid
properties and to develop more potent opioidmimetic
analgesics, the unsymmetrical aminoalkyl linkers (m,
n =73 or 4) were covalently bound at the positions 3
and 6 of pyrazinone ring platform (Fig. 1, 5-8), which
could provide a further basis for uncovering the discrete
and subtle differences in opioidmimetic substances to
produce biological effect.

Compounds were synthesized as shown in Scheme 1
starting from dipeptidyl chloromethyl ketones.!” After
removal of Boc group of dipeptidyl chloromethyl ke-
tone, the resulting hydrochlorides were treated in aceto-
nitrile at 60°C to afford Z-protected pyrazinone
derivative, in which the different and desired aminoalkyl
moieties are covalently bound to positions 3 and 6.
Z-Protection of compounds was removed by HBr/
AcOH to release the amine groups, which were then
coupled with Boc-Tyr-OH or Boc-Dmt-OH'® using
PyBop reagent to produce asymmetrical Boc-protected
3,6-bis(Tyr- or Dmt-aminoalkyl)-pyrazinone derivatives
(1-4). The Boc group was removed by 7 N HCl/dioxane
to give the 3,6-bis(H-Tyr- or H-Dmt-aminoalkyl)-pyraz-
inone-2HCI (5-8). The crude final products were purified
by semi-preparative HPLC [column: YMC pack R&D
ODS (4.6 x250 mm) in an initial acetonitrile/water
gradient (10:90) for 20 min to 50:50 for 40 min and
finally 90:10 for 5 min]. The identification and purity
of the final compounds were assessed using MS, 'H
and '3C NMR, analytical HPLC, and elemental analy-
sis.!” The compounds exhibited greater than 98% purity.

The competitive displacement assay'?> was performed
using PHIDAMGO (H-Tyr-p-Ala-Gly-N*-MePhe-Gly-
ol) and [*H]deltorphin II for p- and 3-opioid receptors,
respectively. The affinities are summarized in Table 1
with the relative activity (RA, the difference between
Tyr and Dmt). Of the Tyr dimers, 7 (m = 4, n = 3) exhib-
ited a higher p-receptor affinity (K 7.38 nM), similar to
that of morphine with a higher receptor selectivity
(K;d/Kijp = 220) compared with a previous report
(Kip = 25.7-460 nM and K;8/K;p = 4.0-31).'¢ Substitu-

(K;d/Kip = 1519). Similarly, the affinity of 5 increased
537-fold upon replacement of Tyr by Dmt (6), compara-
ble to published data;'® however, in the case of 1,4-bis-
[Dmt-NH]butane, the relative activity rose to 7500,
while in the case of endomorphin-2, RA value was only
4.6.'2 These results further support the observations that
Dmt in opioidmimetics plays an important role to
anchoring the compounds within opioid receptors to
elicit a higher degree of binding'>'® and suggest that
an unsymmetrical alkyl chain at position 3 or 6 of the
pyrazinone ring produced a more favorable conforma-
tion for affinity and selectivity to the receptor. The
d-opioid receptor affinity of 5 and 7 is essentially non-ex-
istent, whereas the Dmt derivatives (6 and 8) exhibited
K;5=18.8 and 31.9nM, respectively, with relative
activity of 147- and 29-fold, respectively. Interestingly,
although Dmt derivatives increased affinities compared
with those of the corresponding Tyr derivatives for both
p- and d-opioid receptors, they are still p-selective opioid
ligands.

In the functional bioactivity'? (Table 1), 6 and 8 exhib-
ited p-agonism and they were either inactive (6) or
exhibited weak agonism (8); however, even at this level,
the maximum inhibition of muscle contraction was only
60% in the MVD assay. Other Dmt opioid deriva-
tives!21316 were reported to exhibit full p-agonist activ-
ity, but [Dmt']-endomorphin-2 was a full p and &
agonist.'> While the differences in the opioid receptor
affinity between 6 and 8 are not significant, the function-
al bioactivity revealed a major difference in the effect of
the length of the aminoalkyl chain and its position on
the pyrazinone ring; namely, relative to 6, the agonism
elicited by 8 for p- and d-opioid receptors more than
doubled and increased by over 40-fold, respectively.

Thus, from the data on asymmetrical pyrazinone
derivatives (5-8), differences in not only chain lengths,
but also the position (3 or 6) on the pyrazinone ring
to which aminoalkyl chains are bound, affected bio-
logical activity and allowed the opioidmimetics to dif-
ferentially interact with the ligand-binding domains of
p- and 6-opioid receptors. These data also opened fur-
ther possibility for rational design of potential opioid
mimetic drugs that are more p-selective. It is also
emphasized that our rapid and facile synthetic proce-
dure of pyrazinone ring from dipeptidyl chloromethyl

tion by Dmt (8) enhanced p-opioid receptor affinity ketones?® could provide the asymmetric pyrazinone
361-fold (Kju=0.021 nM) with higher selectivity derivatives.
0 o
N m |l g g
ICI) ﬁ | N g—C—T—N—C—BOC
Boc-Om(Z)-Lys(Z)-CH,Cl . .. N o H - )
or 1, 11, | \r\mNHZ u, 1y, Boc—C—N_C,H_C_N TN o CH, —! » 56,7,8
BocLys(ZyOm(Z-CH,Cl  “INN AN A CH, H R R
H R R
1 :R=H, m=3,n=4
2 :R=CH;, m=3, n=4
3 :R=H, m=4,n=3 gy
OH 4 :R=CH;, m=4,n=3

Scheme 1. Synthesis of bis-Tyr-pyrazinone (5 and 7) or bis-Dmt-pyrazinone opioidmimetics (6 and 8). Reagents and conditions: (i) 7 N HCl/dioxane;
(i) CHiCN, 60°C; (iii)) 25% HBr/AcOH; (iv) Boc-Tyr-OH or Boc-2',6'-dimethyl-L-tyrosine (Boc-Dmt-OH), PyBop, DIEA, DMF;

Z = benzyloxycarbonyl.
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Table 1. The competitive opioid receptor affinities and functional bioactivities of compounds 5-8

R
N
\Iﬁ/
. :
~ h =N o
H

Compounds Receptor affinity Receptor Functional bioactivity
K; (nM) selectivity 1Cso £ SE (nM)
n (n) RA ) (n) RA K; d/K; p GPI assay® MVD assay®
SR=Tyr,m=3,n=4 274+52 %) 1 2770 * 446 %) 1 65
6R=Dmt,m=3,n=4 0.051 £ 0.009 5) 537 18.8 £2.9 3) 147 369 493+ 1.73 >10,000°
TR=Tyr,m=4,n=3 7.58 £0.21 5) 1 9244+ 125 4) 1 220
8R=Dmt,m=4,n=3 0.021 £ 0.003 (5) 361 31929 5) 29 1519 1.79 £0.57 25.8+4.3°

Displacement of PHIDAMGO (p-selective) and [*H]deltorphin II (5-selective) from rat synaptosomes (P, fraction).'®

Values are means * SE with (n)

the number of independent repetitions. (RA: relative activity of Dmt derivative compared with the corresponding Tyr derivatives.)
#The data are means of over five independent repetitions that used different isolated tissue preparations.

® Partial agonist (max inhibition 44%).
¢ Partial agonist (max inhibition 60%).
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(59.5%), cx]D "+32.4° (¢ 0.1, MeOH), R; (n-BuOH/AcOH/
pyridine/H,O = 4:1:1:2) 0.64, tg 31.9 (min), TOF-MS m/z:
622.05 (M+1)*. Caled 621.78. HPLC conditions: column,
YMC pack R&D ODS (4.6 x 250 mm); detection: 220 nm,
purity (99.1%). Anal. Calcd for Cs4H43NgOs2HCI'S.5-
H,0: C,47.2; H, 6.42; N, 9.71. Found. C, 47.0; H, 6.23; N,
9.99.
3-[4’-(H-Tyr)-aminobutyl]-6-[3’-(H-Tyr)-amino-propyl]-5-
methyl-2(1 H)-pyrazinone hydrochloride (7): Yield 5.0 mg
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TOF-MS m/z: 565.50 (M+1)". Calcd 564.68. HPLC
conditions: column, YMC pack R& D ODS
(4.6 x 250 mm); detection: 220 nm, purity (99.7%). Anal.
Calcd for C30H40N605'2HC1'5.5 H203 C, 504, H, 696, N,
11.0. Found: C, 50.4; H, 6.74; N, 11.4.

3-[4’-(H-Dmt)-aminobutyl]-6-[3’-(H-Dmt)-aminopropyl]-
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20.
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AcOH/pyridine/H,0 = 4:1:1:2) 0.48, tg: 25.7 (min), TOF-
MS miz: 621.88 (M+1)". Calcd 621.78. HPLC conditions:
column, YMC pack R&D ODS (4.6 x 250 mm); detection:
220 nm, purity (98.3%). Anal. Calcd for C34H43N¢O52H-
CI'6H,0: C, 50.9; H, 7.49; N, 10.5. Found: C, 50.7; H,
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Abstract—A new class of potent NK3R antagonists based on the N’,2-diphenylquinoline-4-carbohydrazide core is described. In an
ex vivo assay in gerbil, the lead compound 2g occupies receptors within the CNS following oral dosing (Occgy 30 mg/kg po; plasma

Occyp 0.95 uM) and has good selectivity and promising PK properties.

© 2006 Elsevier Ltd. All rights reserved.

The mammalian tachykinins and their receptors have
been extensively studied,! with the majority of drug dis-
covery work focused on substance P and its preferred
receptor NK; and, to a lesser extent, the NKA/NK,R sys-
tem. However, attention has recently turned to NKB and
the NKj receptor, which have now been implicated in a
range of conditions, including nociception, inflammation,
cough and schizophrenia.? This paper describes our devel-
opment of a novel series of orally active non-peptide

Ph_.Et Phy, .R
AN '}l
Os_NH Os_NH
N OH N R'
— —Z
N Ph N Ph
1 Talnetant 2

Keywords: NK3; Schizophrenia; N’,2-Diphenylquinoline-4-carbohydrazide.
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440390; e-mail: jason@elliottj25.fsnet.co.uk

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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NK;R antagonists which are able to occupy receptors
within the CNS.

A number of non-peptide based hNK;3;R antagonists
have been reported, including a series based on quino-
line cores, of which Talnetant’ (1, hNK;R ICs
2.4 £0.8nM)* is a leading example. The SAR leading
to the (S)-N-(1-phenylpropyl)carboxamide group at
the 4-position of this series has been described.? Howev-
er, the possibility that this group could be replaced by an
achiral phenylhydrazide (i.e., 2) has not previously been
considered.

Quinoline-4-carboxylic acids were easily prepared by
Pfitzinger reactions of appropriately substituted, com-
mercially available isatins with aryl ketones under either
acid or base catalysis (Scheme 1).° Coupling to phen-
ylhydrazines could be carried out under a variety of pep-
tide coupling conditions. As expected, coupling occurs
exclusively to the more reactive hydrazine 2-nitrogen.
Compounds with electron-withdrawing acyl or carba-
mate groups on the hydrazine 1-nitrogen were easily
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Ph\N,COZMe

N\COZMe

N OMe

Pz
N Ph

3

Scheme 1. Reagents and conditions: (i) HCI-H,O (Concd), AcOH,
reflux; (i) KOH, EtOH-H,O, reflux; (iii) PhAN(R)NH,, EDC, HOBT,
Et;N; (iv) (COCl),, DMF, CH,Cly; (v) PANHNH,, Et;N, CH,Cl,; (vi)
RCOCI, PhMe, reflux.

prepared by first coupling the quinoline carboxylic acid
to phenylhydrazine followed by treatment with an
appropriate acyl chloride or chloroformate. This gave
acylation exclusively on the hydrazine 1-nitrogen pro-
vided the reaction was carried out under neutral condi-
tions (toluene, reflux); addition of base resulted in
variable amounts of a second, unwanted acylation of
the hydrazine 2-nitrogen (e.g., 3). An alternative ap-
proach was the preparation of 1,1-disubstituted hydra-
zine 4 and coupling to give the target molecules in a
single step (Scheme 2). In practice, 4 was less reactive
than phenyl(alkyl)hydrazines, resulting in poor yields
under mild peptide bond formation conditions, but reac-
tion occurred smoothly with preformed quinoline-4-car-
bonyl chlorides. An example of this approach was the
synthesis of the 3-hydroxyquinoline 2m via its O-ben-
zyl-protected analog.

Our initial studies focused on optimizing the hydrazide
N-substituent. With the quinoline C-3 substituent fixed
as methoxy, a series of analogs were prepared (Table
1, 2a-2i). We were gratified to find that these showed
promising hNK3R affinity, with considerable tolerance

Ph\NH i i Ph\N,Cone i, v Ph\N,COQMe
NH 9 HN \
2 9% SCO,CH,Ph  87% NH HCI
Ph\N,COZMe
|
OsNH

CO,H

SN OR
/
e
v,vi (R=H
R = CH,Ph

vii, viii

- U
0, Z
33% N O

i C R =CH,Ph
R=H 2m
Scheme 2. Reagents and conditions: (i) PhCH,OCOCI, NaHCOs,
K,COs;, EtOAc, H,0, 0-5 °C; (ii)) MeOCOCI, PhMe 100 °C; (iii) H,
(40 psi), Pd-C, MeOH; (iv) HCI, MeOH; (v) PhCH,Br, Nal, THF,
reflux; (vi) NaOH, MeOH, H,O; (vii) (COCl),, DMF, CH,Cl,; (viii)

compound 4, Et;N, CH,Cl,.

for alkyl, aryl, and carbonyl containing N-substituents.
In particular, the introduction of a second phenyl group
gave very high affinity (2d, hNK3R ICs 0.85 nM). How-
ever, further exploration of this compound showed that
it had poor pharmacokinetic stability (incubation with
rat liver microsomes: 2d, 65% turnover after 15 min.)
which made it unattractive as a lead. It seemed possible
that this liability was a consequence of the two electron-
rich N-phenyl rings; indeed, replacing one ring with an
electron-withdrawing group improved metabolic stabili-
ty. In particular, carbomethoxy substitution gave an
optimal combination of good affinity and metabolic sta-
bility (2g, hNK;R 1Cs, 8.8 nM; incubation with rat liver
microsomes: 21% turnover after 15 min.). Larger carba-
mate groups led to reductions in affinity (2h-2i).

With the hydrazine N-substituent fixed as carbome-
thoxy, we next explored the effect of the substituent at
C-3 (Table 1, 2§-2m). Groups at this position improved
affinity, but it is interesting to note that methoxy (2g),
methyl (2k), and amino (2I) were preferred over hydrox-
yl (2m) in this series, in contrast to the series which led to
Talnetant (1).

The effect of aromatic substitution was next explored by
introduction of a single fluorine at all available positions
(Table 2). In many cases, this led to losses in affinity rel-
ative to the unsubstituted compound 2g, although fluo-
rination at the meta-position of the N-phenyl ring (4b)
or the quinoline 5-position (4g) was tolerated. Only fluo-
rination at the quinoline 8-position (4j) offered a mar-
ginal improvement in affinity, but introduction of
larger substituents (4k—4m) was not tolerated.

The ability of compounds to occupy NKj3 receptors
within the CNS is critical for any potential drug for
the treatment of psychiatric conditions such as schizo-
phrenia. We therefore required an assay to assess this
property for our lead compounds. We decided to target
a biochemical (rather than behavioral) assay to directly
measure receptor occupancy. As with other NK recep-
tors, species differences in NK;R pharmacology make
rats or mice inappropriate for study.! However, the ger-
bil NKj3 receptor is close to the human receptor, show-
ing very similar antagonist affinities (e.g., 2g, NK3R
ICsps: human, 8.8 nM; gerbil, 4.5 nM; rat, 66 nM). We
surveyed a range of NK;R radioligands for a combina-
tion of affinity, low non-specific binding, and high brain
penetration but found none suitable for an in vivo bind-
ing assay. Instead, we developed an ex vivo binding as-
say in which occupancy of novel ligands was measured
in gerbil cortex and striatum using [*H]-senktide, a pep-
tidic agonist (derivatized fragment 6-11 of substance P)
as the radioligand. Routinely, compounds were dosed
orally and occupancy was measured 45 min. post dosing
with collection of plasma for drug level determination.®
In this assay, Talnetant (1) had an Occgg dose of 75 mg/
kg po and a plasma Occyg of 3.8 uM. Under the same
conditions, the high affinity antagonist 2d achieved
70% occupancy at 10 mg/kg po (plasma concentration
0.04 pM). This was an encouraging result as it demon-
strated that compounds in this class were active in vivo.
However, while the low plasma exposure needed for
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Table 1.

Compound R R’ hNK; ICso*  hPXR Response®
(nM) (%Rif. at 10 M)

1 Talnetant 24+0.8 62

2a H OMe 32+4

2b Me OMe 57%2

2¢ Et OMe 167

2d Ph OMe 0.85+0.24 68

2e COMe OMe 210%25

2f COEt OMe 22+3

2g CO,Me OMe 8.8x5.1 49

2h CO,Et OMe 60 + 22

2i CO,iBu OMe 190 20

2j CO.Me H 91 +18 44

2k CO,Me Me 8404 56

21 CO,Me NH, 102 64

2m CO,Me OH 39+4

2 Displacement of ['2°I] labeled neurokinin B from the cloned hNK;
receptor expressed in CHO cells. Data are means = SD (n=3 or
more).*

®Increase in hPXR activation in HepG2 cells transiently transfected
with hPXR (% of 10 pM rifampicin positive control).”

occupancy was a reflection of very good affinity and
availability to the receptor, the dose required was indic-
ative of the problems of poor metabolic stability and

hence bioavailability for 2d. A more interesting lead
was the less labile carbamate 2g which was orally active
with an Occgy of 30 mg/kg po and a plasma Occyg of
0.95 M.

In addition to good stability in vitro in microsomal incu-
bations, 2g had promising PK properties (rat: F, 43%;
t12, 4.6 h; dog: F, 36%; t1,5, 3 h). We felt it was impor-
tant to verify at an early stage that the presence of an
acylated hydrazide in 2g did not lead to the formation
of potentially toxic hydrazine metabolites. Both in vitro
and in vivo we found no evidence of oxidation or cleav-
age of the hydrazine N-N bond, or release of a hydra-
zine. Moreover, Ames testing’ of 2g was negative in
both the presence and absence of liver microsomal
enzymes.

Cellular functional NK3R antagonist activity of 2g was
measured in inositol phosphate generation studies using
CHO/hNK;R cells in response to eledoisin or senktide
stimulation.!® Eledoisin caused a concentration-depen-
dent increase in inositol phosphate generation in these
cells with an ECsy of 5.7 £ 0.1 nM (n = 2). In a Schild
analysis of its antagonist behavior, 2g caused a concen-
tration-dependent rightward shift in the ECs, of eledoi-
sin with no diminution of the maximal agonist response
(Kp of 11 nM, slope of 1.0), indicative of competitive
antagonism. When titrated versus an approximate
ECs5, concentration (3 nM) of senktide, 2g inhibited ino-
sitol phosphate generation with an ICsy of 28 £ 6 nM
(n = 2). Similarly, 2g (2.8 pM) was able to completely
block senktide-induced (30 nM) Ca”>* mobilization in
CHO/hNK3R cells. Compound 2g demonstrated no
measurable agonist activity for inositol phosphate

Table 2.
’ Compound Substitution hNK; ICsy* (nM) hPXR Responseb
(%Rif. at 10 pM)
4a 2'-F 53+26 —
4b 3'-F 7.4+48 54
4c 4'-F 33+33 —
4d 2"-F 110 £ 48 —
4e 3"-F 22+6 69
4f 4"-F 24+ 5 54
4g 5-F 11£3 55
4h 6-F 38+4 62
4i 7-F 285 62
4j 8-F 4.1+0.3 75
4k 8-Br 430 £ 93 88
41 8-CN 35% % 11% inh. at 1 uM 87
4m 8-CF; 27% £ 15% inh. at 1 pM 87

a Displacement of ['*°I] labeled neurokinin B from the cloned hNKj receptor expressed in CHO cells. Data are means + SD (1 = 3 or more).*
® Increase in hPXR activation in HepG?2 cells transiently transfected with hPXR (% of 10 uM rifampicin positive control).”
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generation or Ca>" mobilization at concentrations up to
10 uM.

Further profiling of 2g showed that it had good selectiv-
ity over hNK R and hNK,;R (ICs¢s >1 uM) as well as a
panel of other receptors and ion channels, including the
hERG ion channel (K; > 8 uM), blockade of which can
lead to QT interval prolongation and severe side effects.
2g showed low levels of CYP450 inhibition (human liver
microsomes, I1Csps: 2C9, 2D6, >30 uM; 3A4, 12 uM),
but caused CYP3A4 induction in human hepatocytes
at high concentrations (77% of positive control at
20 uM),!3 suggesting a risk for drug-drug interactions.
A key step in the main pathway for CYP3A4 induction
is activation of the hPXR nuclear receptor;’ 2g was
found to activate hPXR in vitro (HepG2 cells transient-
ly transfected with hPXR; 49% of 10 uM rifampicin po-
sitive control). The substitutions reported here were
shown to have no effect on this activation (Tables 1
and 2); this was a critical issue which required
resolution.

In summary, we have shown that 2-phenyl quinolines
substituted at C-4 with a phenylhydrazide are potent
hNK;R antagonists which are capable of occupying
receptors within the CNS following oral dosing. The
lead compound 2g showed good selectivity and promis-
ing PK properties. The further development of this ser-
ies to improve the in vivo profile while addressing the
remaining issues of CYP induction and weak CYP3A4
inhibition will be reported in the following paper.
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Abstract—A novel metabolite (—)-1 was isolated as its peracetylated derivative, (—)-2-(3',4’-diacetoxyphenyl)-3,4-diac-
etoxytetrahydrofuran (2), from a strain of the phytopathogenic fungus Colletotrichum gloeosporioides CECT 20122. The synthesis
of (—)-1 was carried out by ring-closing metathesis of diene 6 and sterecoselective dihydroxylation of a dihydrofuran derivative 7 as
key steps. The tetraol (—)-1 showed free radical scavenging activity comparable to that of BHT, caffeic acid or protocatechuic acid.

© 2006 Elsevier Ltd. All rights reserved.

Colletotrichum fungal species include some of the most
destructive post-harvest pathogens of a wide range of
plants including cereals, legumes, fruits and vegeta-
bles."? As a part of our research programme on the ra-
tional control of phytopathogenic fungi,> we have
focussed on the relationship between the infective capa-
bilities of certain phytopathogenic fungi and the role of
their secondary metabolites in the production of active
oxygen species.*” These may prove to be a vital re-
source for medically applicable free radical scavengers
in important conditions such as atherosclerosis, stroke,
myocardial infarction, trauma, arthritis and cancer.’-1°

A wide variety of fungi have produced novel antioxi-
dants.!""'2 These include Penicillium roquefortii,'
Aspergillus candidus,'*'® Mortierella sp.,"” Emericella
falconensis'® and fungi of the genus Acremonium.'® In
this paper, we report the synthesis and radical scaveng-
ing activity of the tetrahydroxylated compound (—)-1,
which was isolated as a peracetylated derivative from
the culture broth of a strain of the fungus Colletotrichum
gloeosporioides (Penz.) Penz. and Sacc. (teleomorph
Glomerella cingulata). Radical scavenging activity has
been determined using the stable 2,2-diphenyl-1-pic-

Keywords: Isolation; Stereoselective synthesis; Antioxidants; Fungi.
* Corresponding author. Tel.: +34 956 016368; fax: +34 956 016193;
e-mail: isidro.gonzalez@uca.es

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.08.071

rylhydrazyl radical (DPPH") due to its easy and its wide-
spread use.?? 22

A liquid culture (65 L) of the fungus C. gloeosporioides
CECT 2012223 was filtered and the resulting broth was
repeatedly extracted with ethyl acetate. After solvent
drying and evaporation, a crude extract (9.3 g) was
obtained, which was fractionated by silica gel column
chromatography. The ethyl acetate fraction (2.6 g) was
acetylated (Ac,O/py) and further analysed (silica gel,
petroleum ether—ethyl acetate gradients) to yield
(—)-(2R(S),3R(S),4S(R))-2-(3',4’-diacetoxyphenyl)-3,4-
diacetoxytetrahydrofuran ((—)-2) (4 mg), together with
acetates of previously known compounds.?*

Compound (—)-2 was obtained as a yellow oil which
gave a negative optical specific rotation ([Ot]]zjs -34 (c
2 mg/mL, CHCI;)). EIMS gave a quasi-molecular ion
peak at m/z 381 [M+1]", while HREIMS gave a frag-
ment ion peak at m/z 320.0895 [M—AcOH], which is
consistent with the formula C;¢H;507 (calcd 320.0896).
This, together with the analysis of the '*C NMR and
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DEPT spectra, which shows the presence of 4 methyl
groups, 1 methylene, 6 methines and 7 quaternary car-
bons, allows the molecular formula C;7H,,09 to be as-
signed to compound (—)-2. The '"H NMR spectrum of
compound (—)-2 showed signals attributed to a 1,3,4-tri-
substituted phenyl moiety at 6 7.17 (1H, d, J = 8.4 Hz,
H-5"), 7.23-727 (2H, H-2’, H-6'), 4 methyls from acetate
groups at 6 2.09 (3H, s, CH3CO on C-4), 2.11 (3H, s,
CH3;CO on C-3), 2.28 (6H, s, 2CH3CO on C-3'4'),
and a 2,3,4 trisubstituted tetrahydrofuran moiety at ¢
3.97 (1H, dd, J=10.3,5.6 Hz, H-5), 443 (1H, dd,

=10.3, 5.6 Hz, H-5'), 494 (1H, d, J=7.0 Hz, H-2),
5.03 (1H, dd, J=6.8, 52 Hz, H-3), 541 (1H, ddd,
J =153, 5.2,40Hz, H-4). The connectivity among the
described fragments was determined by HMBC experi-
ments. The data are consistent with the proposed struc-
ture assigned to compound (—)-2 as (—)-(2R(S),
3R(S),4S(R))-2-(3',4'-diacetoxyphenyl)-3,4-diac-etoxy-
tetrahydrofuran.

Relative stereochemistry at C-2 for compound 2 was de-
duced from J coupling analysis but it could not be
directly confirmed by NOE analysis. A chemical syn-
thesis of compound (%)-2 and the related tetraol,
(2R(S),3R(S),4S(R))-2-(3',4’-dihydroxyphenyl)tetra-
hydrofuran-3,4-diol ((£)-1), would support the regio
and stereochemical assignations and would produce
further material for testing.

The chemical synthesis of the metabolite relied on a
stereoselective hydroxylation of a non-conjugated
dihydrofuran precursor (*)-7, which was prepared via
a ring-closing metathesis (Scheme 1).

Diallylether (+)-6 was prepared by treatment of the pro-
tected 3,4-dihydroxybenzaldehyde (4)*° with vinyl
bromide and magnesium turnings, in THF,?¢ to yield
1-[(3',4’-bis-(tert-butyldimethyl-silyloxy)phenyl)]prop-2-
en-1-ol ((£)-5) (71%). O-Allylation of compound (*)-5
was efficiently carried out by treatment with (TMS),NLi
and allyl bromide in THF, which allowed to obtain the
allyl ether (£)-6 in 98% yield.

Ring-closing metathesis on the non-conjugated diene
(£)-6, mediated by the first generation Grubbs’ cata-
lyst,”” gave a high yield (99%) of the non-conjugated
dihydrofuran (%)-7 after 2 h reaction time. This com-
pound was dihydroxylated with the OsO4/Me;NO?® sys-
tem to give a 1:8 mixture of syn-diols ((*)-8a—(%)-8b;
45% yield). The observed product ratio reflected the
preference of the reagent for the least hindered face of
the olefin in the precursor compound (+)-7.

The relative stereochemistry of minor compound (+)-8a
could be determined by NOE experiments as
2S(R),3R(S),4S(R) (Fig. 1). Compounds (%)-8a and
(%)-8b, syn diols obtained by OsO4 mediated dihydroxy-
lation, are diastereoisomers which only differ on their
configuration at C-2. Therefore, once the relative stereo-
chemistry for (+)-8a had been determined as stated
above, the relative stereochemistry for its diastereocom-
plementary diol (£)-8b could be assigned as
2R(S),3R(S),4S(R).

a
3 R= H
b
4 R= TBS
\/\o
/@/K/ =
OR
-)-6 R=TBS (+/-)-6 R=TBS

(+/-)-8a R=TBS (+/-)-8b R=TBS

f
(+)8b — = (+/)1

(+-)-2

Scheme 1. Synthesis of (£)-1 and (%)-2. Reagents and conditions: (a)
TBSCI, imidazole, THF, 0 °C (87%); (b) vinyl bromide, magnesium,
THEF, 25 °C (73%); (c) allyl bromide, (TMS),NLi, THF, 0 °C, 15, then
90°C, 12h (98%); (d) 10mol% Grubbs catalyst ((PCy;),Cl,.
RuCH=Ph), CH,Cl,, reflux (99%); (e) OsO4, MesNO, ¢-BuOH,
H,0, pyridine, reflux, (45%, 1:8 8a vs 8b diastereoisomeric ratio); (f)
iodine, MeOH, reflux (37%); (g) Ac,0, pyridine, 25 °C (34%).

Figure 1. Selected NOE correlations for compounds (+)-8a (above)
and (%)-8b (below); R = TBS.
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Deprotection of the major diol (+)-8b with 1,/MeOH?’
gave the tetrahydroxylated compound (%)-1, which after
peracetylation with Ac,O/py gave compound (F)-2. In
order to obtain compound (—)-1 and its peracetate
(—)-2, major diol (+)-8b was treated with (—)-(2R)-2-
methoxy-2-phenylacetic acid, DCC and a catalytical
amount of DMPA in CH,Cl, at room temperature for
1 hour. This produced two diastereoisomeric diesters,
which after separate treatment with KOH/MeOH yield-
ed, respectively, the enantiomeric diols (—)-8b and
(+)-8b. Separate treatment of (—)-8b and (+)-8b with
I,/MeOH gave, respectively, the synthetic tetrols (—)-1
and (+)-1.%° Treatment of compound (—)-1 with Ac,O/
py yielded a synthetic product which had identical phys-
ical ([oc]g5 —34 (¢ 2.2 mg/mL, CHCl3)) and spectral prop-
erties to the isolated natural product (—)-2.

The radical scavenging activity of the synthetic natural
product (—)-1 was estimated according to the procedure
described by Brand-Williams et al.>> This assay involved
measuring the decrease in absorbance at 515 nm that oc-
curred when the DPPH radical was reduced by the test-
ed antioxidant. A 90 uM methanolic solution of DPPH"
(Fluka) was employed and compound (—)-1 was assayed
at final concentrations in the range between 30 and
5 uM in methanol. For every evaluated concentration,
an aliquot of the DPPH" solution (950 pL) was mixed
with an aliquot of the test solution (50 pL) in such a
fashion that the desired concentration was achieved
and the mixture was incubated in darkness at 25 °C.
Simultaneously, a control solution of DPPH" was pre-
pared by mixing an aliquot of the DPPH" stock solution
(950 puL) with MeOH (50 uL), which was also incubated
in darkness at 25 °C. The absorbance of the mixtures of
compound (—)-1 and DPPH" and their corresponding
controls at 515 nm were determined immediately and
every 10 min for 120 min. Methanol was used to zero
the spectrophotometer. Absorbancies were measured
using a Varian model Cary 50 Bio UV-vis spectropho-
tometer. The measurements were made in triplicate.
The inhibition percentage (IP) values referred to the
DPPH radical at different times (¢) were calculated using
the following equation: IP = 100 x (Abs control, — Abs
test,)/Abs control,. Percentage of remaining DPPH" (cal-
culated as 100-IP) at steady state for every tested con-
centration of compound (—)-1 was obtained from a
plot of the percentage of remaining DPPH" against time
for the above-mentioned concentrations, according to
the procedure described by Brand-Williams et al.?>3!

In order to carry out a comparison of DPPH" scaveng-
ing activity of compound (—)-1, the amount of com-
pound necessary to decrease the DPPH" concentration
by 50% efficient concentration = ECsq ((mol/L) (—)-1/
(mol/L) DPPH") was calculated from a plot of the stea-
dy-state values (120 min) of the percentage of remaining
DPPH" versus concentration of (—)-1, according to the
procedure of Brand-Williams et al. (Table 1).2?

The synthetic tetraol (—)-1 showed a radical scavenging
activity comparable to that of BHT, caffeic acid or pro-
tocatechuic acid, as shown in Table 1. All these com-
pounds can be described as having a slow kinetic

Table 1. Comparison of DPPH radical scavenging activity for
compound (—)-1, BHT, caffeic acid and protocatechuic acid

Compound ECs;® ARP (AE)® Kinetic behaviour®
(-)-1 0.14 17.14 Slow
BHT¢ 023 420 Slow
Protocatechuic acid® 0.14 7.14 Slow
Caffeic acid® 0.11 9.1 Slow

# Efficient concentration = ECs; ((mol/L) (—)-1/(mol/L) DPPH").

®Antiradical power (ARP) = antiradical efficiency (AE) = 1/ECsy,.

¢ Time required to reach steady state in the DPPH" scavenging exper-
iment (fast <1 min, intermediate >1 min, <30 min, slow >30 min).

4Ref. 22.

behaviour against the DPPH" scavenging, as more than
half an hour is needed to reach a steady state in the reac-
tion (no decrease in percentage of remaining DPPH"
with time).

In conclusion, we have described the isolation of a novel
natural compound (—)-1 as its tetraacetate (—)-2, and
established its constitution and relative stereochemistry
via spectroscopic studies and stereoselective synthesis.
The tetrahydrofuran derivative (—)-1, obtained by
chemical resolution, proved to be an effective inhibitor
of the DPPH radical.
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moles of (—)-1/mol of DPPH". The DPPH" concentration
at a given time in the reaction medium was calculated
from a calibration curve with the equation:
AbS515 mm — 25.607 x COHCDPPH- (mg/mL) +0.0064 (R =
0.9982).
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Abstract—A series of 3-phenyl-2-propenamides discovered from a high-throughput screening campaign as novel, potent, glucose-
sensitive inhibitors of human liver glycogen phosphorylase « is described. A solid-phase synthesis on DMHB resin was also devel-
oped which provided efficient access not only to certain analogues that could not be cleanly made using more traditional means, but
also to a variety of additional analogues. The SAR scope and synthetic strategy are presented herein.

© 2006 Elsevier Ltd. All rights reserved.

Type 2 diabetes (non-insulin dependent diabetes melli-
tus) is a disorder characterized by hyperglycemia.
According to the American Diabetes Association
(ADA), nearly 16 million Americans have type 2 diabe-
tes. Studies have shown that excessive hepatic glucose
production (HGP) is a significant factor contributing
to diabetic hyperglycemia.! Glucose is produced by both
gluconeogenesis and glycogenolysis, the release of glu-
cose-1-phosphate from glycogen. Since glycogenolysis
is a major component of HGP and human liver glycogen
phosphorylase a (GPa) catalyzes this reaction, it is
thought that inhibiting GPa will limit glycogenolysis, re-
duce HGP, and thus lower blood glucose, thereby pro-
viding a potential new treatment for type 2 diabetes.
In addition, there are several examples in the literature
of small molecule allosteric inhibitors of this enzyme.>
Herein are presented the discovery, synthesis, and struc-
ture—activity relationships of a series of 3-phenyl-2-pro-
penamides as novel glucose-sensitive GPa inhibitors.

Compound 1b was discovered as part of a high-through-
put screen of the GSK proprietary compound collection.
This compound (1b) was found to have both good

Keywords: Human liver glycogen phosphorylase; Solid-phase
synthesis.
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7391; e-mail: karen.a.evans@gsk.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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enzyme inhibition (ICso = 0.94 uM) as well as glucose-
sensitivity, being completely devoid of enzyme activity
in the absence of glucose (—glu).? Clearly, significant
metabolic advantages should exist for glucose-sensitive
GPa inhibitors which act primarily at the high blood
glucose levels typically seen in diabetic patients, and
then lose potency as glucose levels fall in order to avoid
hypoglycemia.

cl N N\)
T cl
o} cl
cl
1b

ICso (+glu) = 0.94 uM
ICso (-glu) > 20 pM

Initial objectives for this chemical series were to develop
efficient synthetic methods, increase the potency, and
establish key structure-activity relationships. In the ini-
tial synthesis of analogues 1, key diamine intermediates
5 were prepared individually via traditional solution-
phase synthesis (Scheme 1). Cinnamic acid 2 was
converted to the acid chloride and then coupled to the
desired aminoalcohol. Treatment of the alcohol 3 with
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(0] (0]
HO = (a).(b).(c) XH}N = (d).(e)
2 cl 3, X=OH cl
4, X=Br

cl cl
0 0
5 T~
HN N N
! cl R T M) cl
5 cl o}

1, m=4,5,6 cl
n=12

Scheme 1. Reagents and conditions: (a) (COCl),, 1.5 equiv, DMF, cat., DCM, rt, 2 h; (b) NH,(CH,),,OH, 2 equiv, DIPEA, 2 equiv, DCM, 0 °C to
rt, 30 min; (¢) CBry, 1.2 equiv, PPhs, 1.2 equiv, DCM, rt, 5 h; (d) Boc-piperazine (n = 1), 1 equiv CH3CN, refl, 6 h; (¢) 50% TFA/DCM, 0 °C, 2 h; (f)

R’NCO, 10% TEA/DCM, rt, 30 min.

carbon tetrabromide/triphenylphosphine to form 4, fol-
lowed by displacement of the bromide with Boc-pipera-
zine, or Boc-homopiperazine, afforded the key final
intermediates after deprotection, in multi-gram quanti-
ty. Rapid diversification of the secondary amines (5,
m = 4-6) with a variety of isocyanates to form the final
products 1 was then accomplished in parallel using the
Robbins Flex-Chem System.* Intermediates 5 could also
be reacted with isothiocyanates, sulfonyl chlorides, chlo-
roformates, and acid chlorides in a similar fashion.

Preparation of intermediates 5 (m = 2, 3) was found to
be problematic however. For example, when alcohol 3
(m = 3) was subjected to the deoxybromination condi-
tions described in Scheme 1, oxazine 6 was formed as
the major product via an intramolecular cyclization. At-
tempts to convert the alcohol 3 (m = 3) to a tosylate also
provided predominantly oxazine 6. Interestingly, bro-
mide 4 (m = 2) could be formed successfully, but when
treated with the cyclic amine still afforded predominant-
ly the oxazoline 7.

(@) o
Tl O

N

Cl Cl

A solid-phase synthesis strategy was conceived to not
only address this undesirable side reaction, but to also
provide a more efficient and robust method for rapid
SAR identification for this series. This solid-phase strat-
egy, which allowed swift diversification of four regions
of this molecule, is outlined in Scheme 2.°

The aminoalcohols were loaded onto 2-(3,5-dimethoxy-
4-formylphenoxy)ethyl polystyrene resin’ via reductive
alkylation. The resin-bound secondary amines were then
coupled with the carboxylic acid R' using diisopropyl-
carbodiimide in N-methylpyrrolidinone. This reaction
was very successful for phenylpropenoic acids (for
example, R! = 3 4-dichlorophenylpropenoic acid) and
provided the desired product 8a exclusively. Benzoic
acids (3,4-dichloro and 4-chlorobenzoic acid) gave

primarily the desired intermediates 8a as well as 15—
20% of the bisacylated product 8b. In contrast, the alka-
noic acids (for example, 3,4-dichlorophenylacetic acid),
provided only the undesired bisacylated product 8b.
Fortunately, in this case, the resin-bound ester 8b could
simply be treated with base to liberate the primary alco-
hol 8a before proceeding to the next step.

The resin-bound alcohol 8a was next converted to the
tosylate, which was directly displaced with an unpro-
tected diamine to afford resin-bound amine 9. It is
noteworthy that no bisalkylated products derived from
crosslinking events on the resin were observed when
using the unprotected piperazine in the tosylate dis-
placement step under these conditions. The importance
of diamine concentration in avoiding crosslinking when
using unprotected diamines has been described.® More
importantly, none of the undesired cyclized byproduct
6 (m =3) was observed under these conditions. This
is presumably due to the fact that in contrast to the
solution-phase approach, the amide is now tertiary,
with the solid support acting as a protecting group.
The resin-bound piperazine 9 was then reacted with a
variety of isocyanates to form the corresponding ureas
10 after resin cleavage. Similar conditions were also
used successfully to react the amine 9 with acid chlo-
rides, sulfonyl chlorides, and isothiocyanates to explore
additional SAR. Lastly, the products were cleaved
from the resin using 50% trifluoroacetic acid in dichlo-
romethane. This synthesis was successfully applied in
Irori minikan format to produce focused arrays of up
to 96 members (m = 3,5; n=1), with purities of 80—
96% by LC-MS (UV 214nm detection).® All com-
pounds were purified by reverse-phase HPLC.!° In
addition, this approach is highly applicable to the prep-
aration of other 3-phenyl-2-propenamide derivatives,
which are known in the literature as antiallergic
agents,'" hypotensives,'’> CCR2 antagonists,!> and
dopamine receptor ligands.'*

With efficient synthetic methods thus established, the
structure—activity relationships of GPa inhibition were
explored in four key areas: the urea moiety, the cyclic
diamine, the flexible spacer, and the phenylpropenamide
portion. Initially, modifications to the urea were exam-
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Scheme 2. Reagents and conditions: (a) NH,(CH,),,OH, 5 equiv, NaBH;CN, 10 equiv, DCM, rt; (b) 0.33 M R'CO,H, 0.4 M 1,3-diisopropylcar-
bodiimide, NMP, rt, 20 h; (c) 0.33 M p-toluenesulfonyl chloride, 0.43 M pyridine, DCM, rt, 20 h; (d) piperazine (n = 1), 35 equiv, saturated solution
in NMP, 80 °C, 20 h; (e) 0.4 M R2NCO, NMP, rt, 20 h; (f) 50% TFA/DCM, rt, 2 h.

ined. It was found that compounds in which the phenyl
urea was replaced with the corresponding phenyl amide,
sulfonamide, or thiourea were inactive (ICsy > 20 uM).
Likewise, replacement of the aryl group on the urea with
heteroaryl, hydrogen, or diverse alkyl groups, such as
benzyl, branched alkyl, or heteroalkyl, also produced
inactive compounds. However, a variety of substitutions
on the urea phenyl ring were tolerated, with electron
withdrawing groups (la, 4-F, 3-Cl, ICso=0.98 uM,
Table 1, or 1b, 3,4-diCl, ICsy = 0.94 uM) clearly pre-
ferred over electron-donating groups (1f, 3,4-OCH,0,
1Csp > 20 uM). Interestingly, the 3,4-dichloro substitu-
ent combination in this series was strongly preferred
over the 3-chloro (1d) or 4-chloro (le) substituents
alone. Additionally, homopiperazine conferred essen-
tially no potency advantage over piperazine when the
flexible spacer was a five-carbon chain (1b,
ICSO =940 nM vs. lj, IC50 =470 I’IM)

Table 1. In vitro GPa inhibition: urea and diamine variations (m = 5)

(0]

2 oty

Compound R? n GPa ICs (uM)
la 4-F,3-Cl 1 0.98
1b 3,4-DiCl 1 0.94
1c 4-Cl, 3-CF; 1 51

1d 3-Cl 1 51

le 4-Cl 1 100

1f 3,4-OCH,0 1 70
1g 3-OMe 1 100
1h 4-Me 1 100

1i 4-F,3-Cl 2 0.72
1j 3,4-DiCl 2 0.47
1k 4-Cl, 3-CF; 2 1.6
1 3-Cl 2 1.3
1m 4-Cl 2 51

In 3-OMe 2 10
1o 4-Me 2 100

However, the differences between piperazine and homo-
piperazine were more pronounced when the length of
the flexible spacer was varied (Table 2, Compounds
11a-h, 1b, 1j) from three to six carbons. For example,
an increase in potency with homopiperazine over
piperazine was observed when the spacer was shortened
to four carbons (11g, ICs50 =170 nM vs. 1ll¢, ICs5y =
710 nM). Analogues in which there was no carbon spac-
er or a two-carbon spacer were inactive. Finally, the
urea nitrogen of the piperazine ring of 1b could be
replaced with carbon (11d, G=C) with no loss in
potency.

Variation of the 3-phenylpropenamide moiety was then
studied. First, a number of alterations to the double
bond were examined, including compounds 12
(R! = 3,4-diCl) in which the double bond was replaced
with saturated alkyl (X=Y = CH,CH,), cyclopropyl,
and also in which the double bond was removed entirely
(q 0). Second, a variety of substituents on the phenyl
ring (R') were explored. In each case, the resulting com-
pounds were devoid of activity (ICso > 20 uM).

Table 2. In vitro GPa inhibition: flexible spacer variations
0}
=
e
Cl N G
JORSLE ;
(6] Cl
Cl

Compound m n G GPa ICs (uM)
11a 2 1 N 90
11b 3 1 N 0.32
11c 4 1 N 0.71
1b 5 1 N 0.94
11d 5 1 C 0.63
11e 6 1 N 0.44
11f 2 2 N 100
11g 4 2 N 0.17
1j 5 2 N 0.47
11h 6 2 N 24
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Y w

12 (m=5)

The 3,4-dichlorophenylpropenamide was found to be a
critical pharmacophore for good potency in this series.

In summary, a series of 3-phenyl-2-propenamides was
identified from high-throughput screening as novel,
potent, glucose-sensitive inhibitors of human liver
glycogen phosphorylase a. A solid-phase synthesis on
DMHB resin was quickly developed and exploited
which not only facilitated rapid SAR generation in four
regions, but also provided access to previously problem-
atic analogues. Interestingly, the artificial membrane
permeability'> for compounds in this series ranged from
undetectable (11e) to moderate (90 nm/s for 11d). While
potent exemplars were identified (11g, ICso = 170 nM),
this series was not further progressed due to lack of cel-
lular activity (for example, 11¢, ICsq (cell) > 10 uM) pos-
sibly due to insufficient membrane permeability. A
separate series of novel, potent inhibitors with cellular
activity has been discovered through high-throughput
screening and will be disclosed in a future publication.
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Abstract—A series of 3-substituted-1,4-dioxo-1,4-dihydronaphthalen-2-yl-thio-alkanoate derivatives 3-21 and naphtho[2,3-b][1,4]-
thiazine-5,10-diones 24 were synthesized and evaluated for their antibacterial and antifungal activities. The structure—activity rela-
tionships of these compounds were studied and the results show that the compound 24a exhibited better antibacterial activity than
Gentamycin in vitro against Staphylococcus aureus. In addition 24a also imparted marked antifungal activity in vitro against Cryp-
tococcus neoformans, Sporothrix schenckii, and Trichophyton mentagraphytes when compared with Fluconazole. Compounds 15, 18,
19, and 21 also exhibited significant antibacterial activity in vitro against S. aureus.

© 2006 Elsevier Ltd. All rights reserved.

The quinone group forms the basis of biological activity
of a number of clinical and experimental drugs that are
associated with antitumor, antimalarial, antifungal, and
antibacterial studies.!™!! The clinical significance of this
class of compounds has stimulated the synthesis and
biological evaluation of new agents retaining the ‘core’
quinone moiety.!>1?

The diverse biological effects caused by incorporation
of nitrogen or sulfur atoms in five- or six-membered
heterocyclic ring retaining the ‘core’ chromophore
have been one of the mainstay of structural and chem-
ical modifications of this class of compounds.!™?!
This has already led to development of lead molecules
I-1II  (Fig. 1) having pronounced biological
effects. 1:3-10.19

In the course of a medicinal chemistry program aimed at
the synthesis of new quinone derivatives having both N

Keywords: Antibacterial; Antifungal; Heterocyclic quinones; Naph-

thothiazine-5,10-diones.

* Corresponding author. Fax: +91 522 2684388; e-mail: vishnutandon
@yahoo.co.in

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.08.060

and S atoms in a six-membered ring as part of heterocy-
clic quinone, we have synthesized a series of 3-substitut-
ed-1,4-dioxo-1,4-dihydronaphthalen-2-yl-thioalkanoate
derivatives 2-21 and naphtho[2,3-b][1,4]-thiazine-5,10-
diones 24.

The evaluation of antibacterial activities of compounds
2-24 against various strains of the bacteria, for example,
Staphylococcus aureus, Streptococcus faecalis, Klebsiella
pneumoniae, Pseudomonas aeruginosa, and Escherichia
coli was carried out according to the broth microdilution
technique described by NCCLS.?>?3 The minimum
inhibitory concentration (MIC) and ICs, of each com-
pound were determined against test isolates using this
technique. The MICs and ICsgs of standard antibacteri-
al drugs Gentamycin and Ampicillin were determined in
96-well tissue culture plates using Mueller—Hinton
broth.

Table 1 shows antibacterial activity of compounds
2-24. The antibacterial activity was compared with those
of Gentamycin and Ampicillin which were used as
positive control in all tests with MIC and ICs, values
expressed in pg/mL. Compound 24a showed better
activity than Gentamycin against S. aureus. It also showed



mailto:vishnutandon @yahoo.co.in

mailto:vishnutandon @yahoo.co.in



5884

V. K. Tandon et al. | Bioorg. Med. Chem. Lett. 16 (2006) 5883-5887

(0]
N (CHp)1oCHg N
o -
S oH s
0 0
1 UHDBT (II) 111

Figure 1.

Table 1. Structures and in vitro antibacterial activity of compounds 2-24 (MIC, pg/mL) and (ICsq, pg/mL)

Compound R R! R%Ar R? S. aureus S. faecalis K. pneumoniae  P. aueruginosa E. coli
MIC (ICs9)  MIC (ICsp) MIC (ICsp) MIC (ICso) MIC (ICso)
2c H CHs * N 12.5 (6.98) 12.5(9.24)  50.0 (33.24) 50.0 (44.42) 12.5 (8.56)
2d CH; CHs *° a 12.5 (7.95) 12.5(9.52)  50.0 (28.34) 50.0 (48.31) 12.5 (6.34)
4 CH; C,Hs (CH,),- C¢H3-3,4-(OMe), * 12.5 (9.52) >50 (>50) 50.0 (42.54) 50.0 (46.24) 50.0 (44.28)
5 H CHs CgHs 4 12.5(11.82)  25.0 (18.64) 12.5(9.24) 25.0 (22.82) 6.25 (4.32)
7 H C,Hs CH,C¢Hs N 12.5(11.59)  >50 (>50) 25.0 (22.34) >50 (>50) 12.5 (9.20)
12 H C,Hs CH,CH(CHs), a 25.0 (21.56)  25.0 (19.54) 50.0 (38.52) 50.0 (42.52) 50.0 (39.26)
13 H C,Hs CH(CHs), # 25.0 (18.46)  25.0 (20.64) 50.0 (46.88) 50.0 (35.92) 25.0 (24.98)
15 CH; C,Hs CH,CH,OH a 6.25(4.82) 6.25(542) 12.5(11.58) 25.0 (24.54) 3.12 (2.24)
18 CH; CHs H N 6.25(6.16)  12.5(8.54)  12.5 (11.68) 50.0 (34.52) 1.56 (1.18)
19 CH; GC,Hs C(CH;); a 6.25 (3.98)°  6.25 (5.62) 6.25 (4.82) 6.25 (5.32)° 6.25 (4.38)
21 CH; C,Hs NH, N 6.25 (5.65)  25.0 (22.28)  6.25(5.28) 6.25 (4.62)° 6.25 (5.20)
24a CH; *° 4 CH; 3.12(1.92)° 3.12(2.58) 3.12 (1.98) 50.0 (49.32) 1.56 (0.96)
Gen 6.25 (4.46)  0.78 (0.62) 0.78 (0.34) 25.0 (24.64) 0.18 (0.11)
Amp 0.90 (0.74)  0.02 (0.01) 0.09 (0.08) 50.0 (48.74) 0.02 (0.01)

Gen, Gentamycin; Amp, Ampicillin.
# Activity not reported.

® Entries in bold font indicate more activity of the compound than Gentamycin.

Table 2. Structures and in vitro antifungal activity of compounds 2-24 (MIC, pg/mL) and (ICsy, pg/mL)

Compound R R! R%/Ar R®  C albicans C. parapsilosis C. neoformans A. fumigatus S. schenckii T. mentagraphytes
MIC (IC5p) MIC (ICsp) MIC (ICs) MIC (IC5p) MIC (ICs9) MIC (ICs)
2c H GCH;s * 4 >50 (>50) >50 (>50) 12.5(10.94)  >50 (>50)  25.0 (18.74) >50 (>50)
2d CH; CHs * @ >50 (>50) >50 (>50) 12.5(11.46)  >50 (>50)  25.0 (22.68) >50 (>50)
4 CH; C,Hs (CHy),-C¢Hj3-3, * >50 (>50) >50 (>50) >50 (>50) >50 (>50)  >50 (>50) 25.0 (14.00)
4-(OMe),
5 H C,Hs Cg¢Hs 4 >50 (>50) >50 (>50) >50 (>50) >50 (>50)  50.0 (46.72) 25.0 (23.00)
7 H CyHs CH,Cg¢Hs @ >50 (>50) >50 (>50) >50 (>50) >50 (>50)  >50 (>50) 6.25 (4.50)
12 H CHs CH,CH(CH;), * >50 (>50) >50 (>50) >50 (>50) >50 (>50)  50.0 (22.82) 12.5(9.80)
13 H C,Hs CH(CH;), b 50.0 (44.28) 25.0 (23.24) 12.5(11.28)  50.0 (44.94) 50.0 (38.58) 12.5(9.80)
15 CH; C,Hs CH,CH,OH N 25.0 (23.28) 25.0 (22.54) 12.5 (6.92) 25.0 (23.92) 25.0 (21.94) >50 (>50)
18 CH; CHs H b 25.0 (24.20) 25.0 (21.24) 12.5(12.00)  25.0 (16.58) 25.0 (17.92) >50 (>50)
19 CH; C,Hs C(CH;); 4 50.0 (38.27) 25.0 (22.20) 12.5(10.29)  25.0 (21.82) 12.5(10.92) 3.12 (2.80)
21 CH; C,Hs NH, @ 50.0 (24.24) 25.0 (17.34)  25.0 (13.32)  25.0 (22.36) 25.0 (22.00) 6.25 (4.50)
24a CH; * é CH; 6.25(5.30) 12.5(10.38) 3.12 (1.54) 6.25(3.98) 3.12 (2.84) 1.56 (0.90)
Flu 0.5(0.13) 1.0 (0.21) 1.0 (0.46) 2.0 (1.06) 2.0 (1.45) 1.0 (0.63)
Am 0.12(0.09)  0.12 (0.11) 0.06 (0.04) 0.50(0.38) 0.12 (0.08)  0.12 (0.09)

Flu, Fluconazole; Am, Amphotericin-B.
# Activity not reported.

significant activity against S. faecalis, K. pneumoniae, and
P. aueruginosa. Compounds 15, 18, 19, and 21 had
similar activity when compared with Gentamycin against
S. aureus. Compounds 19 and 21 exhibited better activity
than Gentamycin against P. aueruginosa. Both
compounds 18 and 24a showed marked activity against
E. coli when compared with Gentamycin. On comparison
of antibacterial activity of the compounds referred to in
Table 1, it was observed that none of the compounds
showed better activity than Ampicillin.

The study of structure—activity relationship in 2-24
revealed that cyclic analog 24a showed pronounced
antibacterial activity against most of the bacteria
referred to in Table 1 than the acyclic chloro and amino
esters 2-21. Substitution of R? by C(CH3); and NH, in
acyclic esters 19 and 21 leads to marked increase in
antibacterial activity.

The antifungal activity of compounds 2-24 against
various strains of pathogenic fungi, for example,
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Candida albicans, Candida parapsilosis (ATCC 22019),
Cryptococcus neoformans, Aspergillus fumigatus, Sporo-
thrix schenckii, and Trichophyton mentagraphytes was
carried out according to the broth microdilution tech-
nique described by NCCLS.??>?*> The minimum inhibi-
tory concentration (MIC) and ICsq of each compound
were determined against test isolates using this
technique.

The antifungal activity was compared with those of
standard drugs Fluconazole and Amphotericin-B. MIC
and 1Csq of standard drugs referred to in Table 2 and
the compounds were determined in 96-well tissue culture
plates using RPMI 1640 media buffered with MOPS
(3-[N-morpholino]-propane  sulfonic acid) (Sigma
Chemical Co.).

(8) R=H, R'=Et, Ar=2-OMe-C/H,

Comparison of the activity of compounds 2-24 re-
ferred to in Table 2 with that of antifungal drug
Fluconazole showed that the cyclic compound 24a
had marked activity against fungi C. neoformans,
S. schenckii, and T. mentagraphytes. Amongst the acy-
clic compounds 2-21, only compound 19 showed sig-
nificant antifungal activity against T. mentagraphytes.
Other compounds whose MIC was >75 mg/mL are
not reported in Table 2 as these were considered to
be inactive compounds.

To the best of our knowledge naphtho[2,3-b][1,4]-thia-
zine-5,10-diones 24 have not been synthesized earlier.
The precursors, 3-chloro-1,4-dioxo-1,4-dihydronaphtha-
len-2-yl-thioalkanoic acid esters 2 required for the syn-
thesis of 24, have been synthesized according to
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Scheme 1. The reaction of 2,3-dichloro-1,4-naphthoqui-
none 1 with thioalkanoic acid methyl and ethyl esters
afforded 3-chloro-1,4-dioxo-1,4-dihydronaphthalen-2-
yl-thio methyl and ethyl alkanoic acid esters 2.2* This
reaction involves nucleophilic displacement of Cl atom
in 2,3-dichloro-1,4-naphthoquinone 1 with sulfur nucle-
ophile. Further nucleophilic displacement reaction of 2
with primary aliphatic and aromatic amines having long
chain or bulky substituents resulted in the formation of
compounds 3-21%° as exhibited in Scheme 1.

However, the nucleophilic displacement reaction of 2 with
methyl and ethyl amine afforded naphtho[2,3-b][1,4]-thia-
zine-5,10-diones 24(a—d)?’ as the only isolated products as
exhibited in Scheme 2. However, the reaction of 2 with
other bulky aliphatic primary and aromatic amines did
not result in formation of 24 due to steric hindrance.
The bulky chain R? thus could not be introduced in 24.
New routes to synthesis of 24 having bulky substituents
are underway and will be published in full paper. The
mechanism of formation of 24 from 2 is shown in Figure
2 and involves nucleophilic displacement of Cl by NHR?
followed by intramolecular nucleophilic addition-elimi-
nation and cyclization leading to intermediates 22 and
23. All the new compounds 2-24 were characterized by
IR, "HNMR, and "*C NMR spectroscopic data. Elemen-
tal analytlcal data for each of these compounds were
found to be in agreement with calculated value.

In conclusion, we have synthesized a series of 3-substi-
tuted-1,4-dioxo-1,4-dihydronaphthalen-2-yl-thioalkano-
ate derivatives 3-21 and naphtho[2,3-b][1,4]-thiazine-
5,10-diones 24. Amongst the promising compounds,
compound 24a showed better antibacterial activity than
Gentamycin in vitro against S. aureus. Compounds 15,
18, 19, and 21 have also shown significant antibacterial
activity in vitro against S. aureus as well as against
other bacteria. Compound 24a exhibited marked
antifungal activity compared to the other members of
the library against C. mneoformans, S. schenckii, and
T. mentagraphytes.

Thus compound 24a is the lead compound for both anti-
bacterial and antifungal activities. Further work on
compound 24a is in progress.

0
H
i s :
()~ ‘ ) Y
| (or'
0 RS
Acknowledgments

We thank Director, SAIF and Division of Fermenta-
tion Technology of Central Drug Research Institute,
Lucknow, India, for spectral, microanalyses, and bio-
logical data reported in the manuscript. One of us,
H.K.M., thanks U.G.C., New Delhi, India, for award
of J.R.F.

References and notes

1. Gomez-Monterrey, 1.; Santelli, G.; Campiglia, P.;
Califano, D.; Falasconi, F.; Pisano, C.; Vesci, L.;
Lama, T.; Grieco, P.; Novellino, E. J Med Chem.
2005, 48, 1152.

2. Seradj, H.; Cai, W.; Erasga, N. O.; Chenault, D. V,;
Knuckles, K. A.; Ragains, J. R.; Behforouz, M. Org. Lett.
2004, 6, 473.

3. Gomez-Monterrey, 1.; Campiglia, P.; Grieco, P.; Diurno,
M. V.; Bolognese, A.; Colla, P. L.; Novellino, E. Bioorg.
Med. Chem. 2003, 11, 3769.

4. Brun, M. P.; Braud, E.; Angotti, D.; Mondesert, O.;
Quaranta, M.; Montes, M.; Miteva, M.; Gresh, N.;
Ducommun, B.; Garbay, C. Bioorg. Med. Chem. 2005,
13, 4871.

5. Shchekotikhin, A. E.; Buyanov, V. N.; Preobrazhenskaya,
M. N. Bioorg. Med. Chem. 2004, 12, 3923.

6. Kim, Y. S.; Park, S. Y.; Lee, H. J.; Suh, M. E;
Schollmeyer, D.; Lee, C. O. Bioorg. Med. Chem. 2003,
11, 1709.

7. Lee, H. J.; Suh, M. E.; Lee, C. O. Bioorg. Med. Chem.
2003, /1, 1511.

8. Dossantos, E. V. M.; Carneiro, J. W. D. M.; Ferreira, V.
F. Bioorg. Med. Chem. 2004, 12, 87.

9. Kesteleyn, B.; Kimpe, N. D.; Puyvelde, L. V. J. Org.
Chem. 1999, 64, 1173.

10. Ryu, C. K.; Han, J. Y.; Jung, O. J.; Lee, S. K.; Lee, J. Y.;
Jeong, S. H. Bioorg. Med. Chem. Lett. 2005, 15, 679.

11. Tandon, V. K.; Chhor, R. B.; Singh, R. V.; Rai, S;
Yadav, D. B. Bioorg. Med. Chem. Lett. 2004, 14, 1079.

12. Huang, S. T.; Kuo, H. S.; Hsiao, C. L.; Lin, Y. L. Bioorg.
Med. Chem. 2002, 10, 1947.

13. Tandon, V. K.; Singh, R. V.; Yadav, D. B. Bioorg. Med.
Chem. Lett. 2004, 14, 2901.

14. Ryu, C. K.; Shim, J. Y.; Chae, M. J.; Choi, I. H.; Han, J.
Y.;Jung, O.J.; Lee, J. Y.; Jeong, S. H. Eur. J. Med. Chem.
2005, 40, 438.





15.

17.

18.
19.

20.

21.

22.

23.

24.

V. K. Tandon et al. | Bioorg. Med. Chem. Lett. 16 (2006) 58835887

Ryu, C. K.; Choi, I. H.; Lee, J. Y.; Jung, S. H.
Heterocycles 2005, 65, 1205.

. Tandon, V. K.; Yadav, D. B.; Singh, R. V.; Vaish, M.;

Chaturvedi, A. K.; Shukla, P. K. Bioorg. Med. Chem. Lett.
2005, 15, 3463.

Ryu, C. K.; Choi, K. U.; Shim, J. Y.; You, H. J.; Choi, L.
H.; Chae, M. J. Bioorg. Med. Chem. 2003, 11, 4003.
Tadeusz, S. J. Chem. Rev. 2003, 103, 197.
Gomez-Monterrey, 1. M.; Campiglia, P.; Mazzoni, O.;
Novellino, E.; Diurno, M. V. Tetrahedron Lett. 2001, 42,
5755.

Tandon, V. K.; Yadav, D. B.; Chaturvedi, A. K.; Shukla,
P. K. Bioorg. Med. Chem. Lett. 2005, 15, 3288.

Tandon, V. K.; Yadav, D. B.; Sing, R. V.; Chaturvedi, A.
K.; Shukla, P. K. Bioorg. Med. Chem. Lett. 2005, 15, 5324.
National Committee for Clinical Laboratory Standard,
1997. Reference method for broth dilution antifungal
susceptibility testing of yeast, approved standard. Docu-
ment M27-A. National Committee for Clinical Laborato-
ry Standards, Wayne, PA, USA.

National Committee for Clinical Laboratory Standard,
1998. Reference method for broth dilution antifungal
susceptibility testing of conidium forming filamentous fungi:
proposed standard. Document M38-P. National Committee
for Clinical Laboratory Standard, Wayne, PA, USA.
General procedure for the synthesis of 3-chloro-1,4-dioxo-
1,4-dihydronaphthalen-2-yl-thioalkanoic acid esters 2(a—d).
A mixture of 2,3-dichloro-1,4-naphthoquinone 1
(10 mmol) and thioalkanoic acid methyl and ethyl esters
2 (12 mmol) in abs. EtOH (50 mL) was refluxed with
vigorous stirring for 8-10h at 80-90 °C. The resulting
solution was allowed to crystallize at room temperature to
give solid which was further crystallized with ethanol to
give 2 in 95-97% yield. Compound 2¢; orange crystals,
97% yield; mp 96 °C; IR (KBr): 1590 and 1669 (>C=0 of
quinone), 1737 (>C=0 of COOEt) cm~!; 'H NMR

25.

5887

(CDCly): 6 1.19 (t, 3H, CHj;), 3.64 (s, 2H, SCH,), 4.13
(q, 2H, OCHy), 7.62 (m, 2H, C¢-H and C;-H), 8.16 (m,
2H, Cs-H and Cg-H); Anal. Calcd for Ci4H;;ClO4S
(310.75) C, 54.11; H, 3.57; S, 10.32. Found: C, 54.28; H,
3.64; S, 10.48.

General procedure for the synthesis of 3-alkyl and
arylamino-1,4-dioxo-1,4-dihydronaphthal-ene-2-yl-thioalka-
noic acid esters 3-21 and naphtho[2,3-b][1,4 ]-thiazine-
5,10-diones 24(a—d). Primary amines (aliphatic/aromatic)
(12 mmol) were added to a stirred solution of 3-chloro-
1,4-dioxo-1,4-dihydronaphthalen-2-yl-thioalkanoic  acid
esters 2 (10 mmol) in abs. EtOH (100 mL). The reaction
mixture was refluxed with stirring for 5-26 h at 20-90 °C.
The resulting solution was concentrated in vacuo and the
residue was subjected to column chromatography on
silica gel using EtOAc/hexane (1:20) and the product was
crystallized with suitable solvent to give 3-21 in 55-67%
yield. Compound 13; orange crystals after crystallization
with EtOH/hexane; 62% yield; mp 46-48 °C; IR (KBr):
1593 and 1675 (>C=O0 of quinone), 3310 (NH) cm~'; 'H
NMR (CDCl3): ¢ 1.16 (t, 3H, CHj), 1.32 (d, 6H, 2x
CH;), 3.56 (s, 2H, SCH,), 4.08 (q, 2H, OCH,), 4.75 (m,
1H, CH), 6.58 (br s, 1H, NH), 7.66 (m, 2H, Cs-H and
C;-H), 8.08 (m, 2H, Cs-H and Cg-H). Anal. Calcd for
C17HoNO,4S (333.40): C, 61.24; H, 5.74; N, 4.20; S, 9.62.
Found: C, 61.40; H, 5.66; N, 4.38; S, 9.78. 3-Hydroxy-
2,4-dimethyl-4H-naphtho[2,3-b] [ 1,4 ]-thiazine-5,10-dione
24a; orange crystals after crystallization with EtOH; 58%
yield; mp 186 °C; "H NMR (CDCl): 6 1.57 (s, 3H, CH3),
1.59 (s, 1H, OH), 3.47 (s, 3H, NCH3), 7.74 (m, 2H, Cs-H
and C;-H), 8.09(m, 2H, Cs-H and Cg-H); '*CNMR
(CDCly): ¢ 14.50, 35.00, 36.99, 99.98, 126.49, 127.16,
131.20, 131.96, 132.52, 134.03, 134.19, 141.54, 166.07,
180.63; Anal. Calcd for C4H;NO5S (273.31): C, 61.52;
H, 4.06; N, 5.12; S, 11.73. Found: C, 61.68; H, 4.14; N,
5.30; S, 11.84.





		Naphtho[2,3-b][1,4]-thiazine-5,10-diones and 3-substituted-1,4- dioxo-1,4-dihydronaphthalen-2-yl-thioalkanoate derivatives:  Synthesis and biological evaluation as potential  antibacterial and antifungal ag

		Acknowledgments

		References and notes






LSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Bioorganic &
Medicinal
Chemistry
Letters

Bioorganic & Medicinal Chemistry Letters 16 (2006) 5832-5835

Interaction of /N;-unsubstituted and /NV;-benzenesulfonyltryptamines
at h5-HT¢ receptors

Renata Kolanos,” Matgorzata Dukat,” Bryan L. Roth®° and Richard A. Glennon®*

2Department of Medicinal Chemistry, School of Pharmacy, Virginia Commonwealth University, Richmond, VA 23298-0540, USA
bDepartment of Biochemistry, School of Medicine, Case Western Reserve University, Cleveland, OH 44106, USA
®Department of Psychiatry and Neurosciences, School of Medicine, Case Western Reserve University, Cleveland, OH 44106, USA

Received 13 July 2006; revised 11 August 2006; accepted 14 August 2006
Available online 30 August 2006

Abstract—Despite possessing a common tryptaminergic scaffold, examination of 28 (i.e., 14 pairs of) compounds suggests that N;-
unsubstituted and N;-benzenesulfonyltryptamines likely bind at h5-HTg receptors in a dissimilar manner (+* = 0.201). Additionally,
an examination of two rotationally constrained N;-benzenesulfonyltryptamine analogs indicates that a non-coplanar relationship
between the two aryl groups might be preferred for interaction with the receptors.

© 2006 Elsevier Ltd. All rights reserved.

5-HT¢ receptors represent one of seven major popula-
tions of receptors for the neurotransmitter serotonin
(5-hydroxytryptamine; 5-HT).!> They are G-protein
coupled and positively linked to an adenylate cyclase
second messenger system.'® The receptors are of po-
tential clinical interest due to their possible involve-
ment in obesity and certain neuropsychiatric
disorders such as depression, pyschosis, and cogni-
tion.!> More recently, 5-HTg¢ receptors have been
implicated as playing a role in neuronal plasticity.®
Although this receptor population was first identified
about 10 years ago, only within the past few years
have 5-HTg-selective agonists and antagonists been
identified (reviewed>’).

Simple tryptamine derivatives, such as serotonin itself,
bind at 5-HT¢ receptors with modest affinity, and ordi-
narily do so with little to no selectivity.” However,
we? and later others!® found that introduction of an
Ni-arylsulfonyl substituent to the tryptamine nucleus
can result in substantially (10- to >100-fold) enhanced
affinity. For example, the affinity of 5-OMe DMT
(1a; K; =16 nM) is enhanced upon introduction of an
Ni-benzenesulfonyl group (MS-245, 1b; K;=2nM),
as is that of carbazole 2a (K;=168nM) to 2b
(K; = 1.5 nM).>!-12 Furthermore, these benzenesulfonyl-

Keywords: Serotonin receptors 5-HTg; Indolalkylamines; Conforma-

tional constraint.

* Corresponding author. Tel.: +1 804 828 8487; fax: +1 804 828
7404; e-mail: glennon@vcu.edu

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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substituted tryptamine analogs (e.g., 1b and 2b) behaved
as 5-HTg receptor antagonists.”!! On the basis of radio-
ligand binding and modeling studies of the receptor, we
have suggested that simple N;-unsubstituted trypta-
mines and N;-substituted tryptamines might bind differ-
ently at 5-HT receptors.”!3 In the present investigation,
we empirically address this issue.

HaC, HaC,
N—CHs N—-CHj
MeO. MeO.
N\ A\
N N
b4 z
la:Z=H 2a:Z=H
1b: Z = SO.Ph 2b: Z = SO,Ph

It is commonly thought, when two series of agents are
binding in a similar manner, that parallel structural
changes between the two series will typically result in
parallel affinity shifts. In the present investigation we
compared the h5-HTg receptor affinities of 28 (i.e., 14
pairs of) Nj-unsubstituted tryptamines and their N;-
benzenesulfonyl-substituted counterparts to determine
if such is the case. If the affinities of the two series
parallel one another, this might be taken as evidence
that the two series are binding somewhat similarly at
the receptor.

Another goal of this study was to examine a conform-
ationally (i.e., rotamerically) constrained analog of the
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Ni-benzenesulfonyltryptamines to determine rotational
preference for binding. Previous molecular modeling
studies with 1b showed that there are three families
of energetically similar low-energy rotameric popula-
tions when rotation (torsion angle t) about the C;,—
N;-S-C¢ bond is considered. Two of these families
position the benzenesulfonyl moiety nearly perpendic-
ular to the plane of the indole nucleus (r ca. 60°
and 300°), whereas the other family is more ‘in-plane’
(t ca. 180°).° Compound 3 is a structurally con-
strained analog of des-methoxy 1b (i.e., 6b) that
should allow us to determine the importance of this
latter conformation. Compound 4 was prepared for
comparison because it represents the opposite rota-
tional extreme (t approximating 0°) and might not
be expected to bind with high affinity. Compound 3
was of particular interest because it represents a struc-
tural hybrid of 1b and the 5-HTs antagonist PMDT
(5; K;=20nM).8

Some of the compounds required for the comparative
study had been synthesized earlier in our laboratories.
The targets not already on-hand were obtained by reac-
tion of the appropriately substituted N,N-dialkyltrypta-
mine with benzenesulfonyl chloride as previously
described.”!!

HsC, HaC,
N—CH3 N‘CH3
a
D N Br
N N
H N
O// W
18 19
H3C, HsC,
N-CHjg N- CH3
c A\
N N
Br Br O// W
20 21

5833

Compound 3 was obtained by cyclization of 19 which, in
turn, was obtained by the sulfonylation of N,N-dimeth-
yltryptamine (18) using (2-bromo)benzenesulfonyl chlo-
ride (Scheme 1). Compound 4 (Scheme 1) was obtained
in a similar manner from 21, beginning with 7-bromo-
N,N-dimethyltryptamine (20).'* The free bases of com-
pounds 3 and 4 (but not binding data) were recently
reported in the patent literature.!>

Binding data for certain of the compounds utilized in
the comparative analysis had already been published
by our laboratory and are shown, together with the
appropriate literature citations, in Table 1. In the
comparative analysis utilizing 14 pairs of tryptamines,
it was found that there was little correspondence
(r* =0.201; Fig. 1) between the 5-HTg receptor affini-
ties of the examined pairs. The results show that the
Ni-unsubstituted tryptamines and their N;-benze-
nesulfonyltryptamine counterparts behaved differently
when parallel structural changes were made, and sup-
port our earlier hypothesis® that the two series might
be binding (i.e., orienting) differently at the receptor.
It might be parenthetically noted that Russell et al.'®
have previously reported a lower affinity
(K; =320 nM) than that reported by us for 13b; use
of their affinity data did not improve the correlation
(results not shown).

Tetracyclic compounds 3 and 4 represent structurally
constrained conformational (rotational) extremes of
compound 6b (K; = 4.1 nM). As expected, compound 3
(K;=143nM) displayed higher affinity than 4
(K; = 4500 nM) (Table 1). Nevertheless, 3 still showed
nearly 35-fold lower affinity than its conformationally
more flexible 6b. It might be argued that the reduced
affinity of 3 relative to 6b is due to intolerance by the

H3C,
N CHs

—_—

o”si\

N CH3

S,o

Scheme 1. Reagents and conditions: (a) #-BuOK, 18-crown-6, (2-Br)PhSO,Cl, THF; (b) [Pd(Ph3)P],, KOAc, DMF, 100 °C; (c) +-BuOK, 18-crown-6,

PhSO,Cl, THF.
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Table 1. Radioligand binding data for reference compounds, and physicochemical properties and h5-HTg receptor affinities of the target compounds

R HaC, HsC,
N-R N(CHgz), N-CHs N-CH3
! MeO
e
Mgy g NI \ O \
6N N N, O
7 z z o>
1,6-17 2 3
Compound X R! R?> R? Melting point (°C)*  Empirical formula® h5-HT K¢ nM Reference?
a:Z=H b: Z = SO,Ph
6 H Me Me H — — 30 4.1 18
Ta H Et Et H 106-108 Cy4H0N, (COOH), 575 (£25) — —
7b H Et Et H 189-190 Cy0H,4N,0,S HCl — 14 (£3) —
8a 4-OMe Me Me H — — 154 — 17
8b 4-OMe Me Me H 226-228 C19H5,N,0;S HC1 — 11 (1) —
1 5-OMe Me Me H — — 13 (2)° 2.0 9
9 5-OMe Et Et H — — 48 6.2 18
10a 5-OMe Me Bn H 152-153 CoH2N,O (COOH), 106 (£22) — —
10b 5-OMe Me Bn H — — — 43 18
11 5-OMe Me Me Et — — 52 5.5 11
12 5-OMe Me Me nPr — — 185 2.5 11
13 5-OCH,Ph Me Me H — — 18 14 11
14 5-O(CH,)sPhh Me Me H — — 6.3 17 11
15 5-SO;CF; Me Me H — — 220 23 11
16a 6-OMe Me Me H — — 8000 — 17
16b 6-OMe Me Me H 208-210 Cy9H,,N,0;S HCI — 15 (£1) —
17a 7-OMe Me Me H — — 19600 — 17
17b 7-OMe Me Me H 240-242 C19H2,N,0;S HCI — 138 (+£30) 9
2 — — = — — — 168 1.5 11
3 — —_- = = 282-283 C,5HsN,0,8 HCIf 143 (£30) —
4 — —_- = — 275-277 C;5H;sN,0,S HCI® 4500 (£580) —

% Compounds were recrystallized from an MeOH/anhydrous Et,O mixture.

> Compounds not previously reported were homogeneous to thin layer chromatography, analyzed within 0.4% of theory for C, H, and N, and

assigned structures are consistent with '"H NMR spectra.

© K; values (+SEM for new results) were determined at least in triplicate'® as previously described.?> SEM are not shown for previously reported

binding data.

9 Literature reference for binding data previously published from our laboratories.

¢ K; value re-determined; previously published K; = 16 nM."”
"Hemihydrate.
¢ Monohydrate.

9.0

85 | I

80F .

75 .-

7.0

pKiBenzenesulfonyl Analogs

6.5 . ! . ! . ! . ! .
4.0 5.0 6.0 7.0 8.0 9.0

pKi N-Unsubstituted Analogs

Figure 1. Relationship between the 5-HTg receptor affinities (pK;
values) of 14 Nj-unsubstituted tryptamines and their corresponding
Ni-benzenesulfonyl counterparts (> = 0.201). Included are compounds
1, 2, and 6-17.

receptor for an indole 2-position substituent. However,
the high affinity of 2-substituted compounds such as
11b and 12b indicates that 2-position substituents are
tolerated when compared with 1b. Furthermore, a 2-
phenyl substituent has been shown to be tolerated as
with PMDT (5).% Thus, a conclusion that can be reached
is that this rotamer does not reflect that which might be
optimal for binding. However, other explanations are
possible. For example, in 6b the benzenesulfonyl moiety
is relatively free to rotate about the S—C¢ bond;’ this is
not the case with 3. Consequently, the reduced affinity of
3 relative to 6b could be due to an unfavorable position-
ing of the phenyl group. The affinity of 4 is >1000-fold
lower than that of 6b. Here too, low affinity could be as-
cribed to the intolerance by the receptor of substitution
at the indolic 7-position. This remains a possibility be-
cause the 7-methoxy derivative 17b (K; = 138 nM) binds
with considerably lower affinity than 6b (K;=4.1 nM)
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itself. Nevertheless, 4 represents a rotamer that was not
calculated to be of low energy. This is probably a more
reasonable explanation for the observed low affinity
of 4.

Overall then, the results of this investigation (on com-
pounds with K; values spanning a >10,000-fold range)
support the prior suggestion that N;-unsubstituted and
Ni-benzenesulfonyl-substituted tryptamines are proba-
bly binding in a dissimilar fashion upon interaction with
5-HTg receptors. It is, perhaps, a quirk of human nature
(and not an unreasonable one)!® to intuit that agents
sharing a common structural scaffold will likely bind
in a common fashion. This does not appear to be the
case, however, with the compounds examined in the
present investigation. Future SAR and QSAR studies,
particularly with the types of compounds described here,
should take this into account, and consider also that
agonists and antagonists, despite structural similarity,
need not bind in a similar manner. In addition, the high-
er affinity of 3 relative to 4—structurally constrained
rotational extremes of the benzenesulfonyl group of
6b—suggests that 3, more so than 4, represents a favor-
able conformation for binding. But, because the affinity
of 3 is still lower than that of more conformationally
flexible N;-benzenesulfonyltryptamines (such as 6b), it
would seem that the ‘out-of-plane’ rotamers (i.e., those
where 1 is closer to 60° or 300°) might be preferred for
an optimal interaction with the receptor.
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Abstract—New carbon-11 and fluorine-18 labeled stilbene derivatives, cis-3,5-dimethoxy-4'-['!CJmethoxystilbene (4/-[!!

C]8a), cis-

34 5-trimethoxy-3'- ["'Clmethoxystilbene (3'-[''CI8b), frans-3,5-dimethoxy-4'- [“C]methoxystllbene @-["'Cl10a), trans-3,4',5-tri-
methoxy-3/-[!!CJmethox g/stllbene G'-[''Cpaob), cis-3,5- dlmethoxy 4'["®Ffluorostilbene (4'-['*F]12a), and trans-3,5- d1meth0xy-4’

[]8F]ﬂu0rost11bene @-['
cancers.
© 2006 Elsevier Ltd. All rights reserved.

F]13a), were designed and synthes1zed as potential PET probes for aryl hydrocarbon receptor (AhR) in

Fluorine-18 labeled stilbene derivatives have been devel-
oped by Kung and coworkers as non-invasive biomarkers
for biomedical imaging technique positron emission
tomography (PET) to image brain amyloid in Alzheimer’s
disease.!? Stilbene derivatives exhibit a variety of useful
biological properties such as anti-leukemic, anti-bacte-
rial, anti-fungal, anti-platelet aggregation, and coronary
vasodilator activities.>” They also have strong anti-oxi-
dative and anti-inflammatory activities as potential can-
cer chemopreventive agents based on their striking
inhibitory effects on cellular events associated with cancer
initiation, promotion, and progression. Resveratrol,
3,4’ ,5-trihydroxy-trans-stilbene, is a stilbene-based phy-
toalexin with multiple potencies in various pathologies
including anti-oxidant potency, estrogenic potency, and
antagonistic activity against the aryl hydrocarbon recep-
tor (AhR), and resveratrol has been identified as an AhR
mixed agonist/antagonist.? Therefore, stilbene derivatives
of resveratrol are AhR mixed agonist/antagonists and
could serve as new selective aryl hydrocarbon modula-
tors. AhR is an intracellular, ligand-dependent, basic he-
lix-loop—helix/PAS (per-arnt-sim) transcription factor
and modulates the expression of various genes in a wide
range of tissues and species.?> AhR provides an attractive

Keywords: Stilbene derivatives; Carbon-11; Fluorine-18; Positron em-

ission tomography (PET); Aryl hydrocarbon receptor (AhR); Cancer.

* Corresponding author. Tel.: +1 317 278 4671; fax: +1 317 278
9711; e-mail: qzheng@iupui.edu

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.08.088

target for the development of receptor-based PET cancer
imaging agents. Stilbene derivatives labeled with a posi-
tron emitting radionuclide carbon-11 or fluorine-18 may
enable non-invasive monitoring AhR expression in can-
cers and cancer response to AhR agonist/antagonist ther-
apy. Here, we report the design and synthesis of carbon-11
and fluorine-18 stilbene derivatives as PET probes for
AhR in cancers.

The synthesis of cis- and trans-stilbene derivative refer-
ence standards and phenolic hydroxyl precursors for car-
bon-11 radiolabeling was performed using a modified
method of the literature procedures.!”” The synthetic ap-
proach is outlined in Scheme 1. The commercially
available starting material, 1-(bromomethyl)-3,5-dimeth-
oxybenzene (1), was reacted with triphenylphosphine to
provide 3,5-dimethoxybenzyltriphenylphosphonium
bromide (2) in 90% yield. Starting materials 4-hydroxy-
benzaldehyde (3a) and 3-hydroxy-4-methoxybenzalde-
hyde (3b) were reacted with fert-butyldimethylsilyl
chloride to afford corresponding products, 4-(zert-butyl-
dimethylsilyloxy)benzaldehyde (4a) and  3-(tert-
butyldimethylsilyloxy)-4-methoxybenzaldehyde (4b), in
about 92% yield. The Wittig reactions of compounds 2
and 4a,b were carried out to give cis-3,5-dimethoxy-
4'-tert-butyldimethylsilyloxystilbene (5a) and cis-3,4’,5-
trimethoxy-3’-tert-butyldimethylsilyloxystilbene (5b) in
30-50% yield, and trans-3,5-dimethoxy-4’-tert-butyldim-
ethylsilyloxystilbene (6a) and trans-3,4’,5-trimethoxy-
3’-tert-butyldimethylsilyloxystilbene (6b) in 30-60%
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CH,Br CH,PPh;Br
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reflux
_—
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—_—
Rl R3
R’ R*
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R R!
RS R2
CHl, K,CO;5
6a.6b BuyNF, THF acetone

OCH;

OCHj,4
9a, R°=H, R®=OH
9b, R’=0OH, R°=0CH;,

OCH;

OCH;
10a, R'=H, R>=0CH;,
10b, R'=0CH;, R>=0CH;,

Scheme 1. Synthesis of cis- and trans-stilbene derivatives for carbon-11 radiolabeling.

yield, respectively. cis- and trans-Stilbene derivatives were
separable by column chromatography. The deprotection
reaction of silyloxy-protected stilbenes (5a,b and 6a,b)
using tetrabutylammonium fluoride gave cis-3,5-dime-
thoxy-4’-hydroxystilbene (7a) and cis-3,4',5-trimethoxy-
3’-hydroxystilbene (7b), and trans-3,5-dimethoxy-4'-
hydroxystilbene (9a) and trans-3,4',5-trimethoxy-3'-
hydroxystilbene (9b), in about 90% yield, as precursors
for radiolabeling. The methylation reaction of com-
pounds 7a,b and 9a,b using methyl iodide produced
cis-3,4' 5-trimethoxystilbene (8a) and cis-3,3',4’,5-tetra-

CHO
CH2PPh3B1‘
n-BuLi, THF

methoxystilbene (8b), and trans-3,4',5-trimethoxystil-
bene (10a) and trans-3,3',4',5-tetramethoxystilbene
(10b), in about 92% yield, as reference standards.

The synthesis of cis- and trans-stilbene derivative refer-
ence standards and nitro precursors for fluorine-18
radiolabeling was performed using a modified method
of the literature procedures.'”” The synthetic approach
is outlined in Scheme 2. The Wittig reactions of
compounds 2 with 4-fluorobenzaldehyde (11a) and
4-nitrobenzaldehyde (11b) were carried out to give

+ £~ CH;0 OCH,
CH;0 OCH; ‘
2 R

11a, R=F
11b, R=NO,

OCHj3; OCHj3;
12a, R=F 13a, R=F
12b, R=NO, 13b, R=NO,

Scheme 2. Synthesis of cis- and trans-stilbene derivatives for fluorine-18 radiolabeling.
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corresponding cis-3,5-dimethoxy-4'-fluorostilbene (12a)
and trans-3,5-dimethoxy-4’-fluorostilbene (13a) as refer-
ence standards, and cis-3,5-dimethoxy-4'-nitrostilbene
(12b) and trans-3,5-dimethoxy-4’-nitrostilbene (13b) as
radiolabeling precursors, in 30-60% yield. Likewise,
cis- and trans-stilbene derivatives were separated by
column chromatography.

Compounds 8a,b, 10a,b, 12a, and 13a are AhR antago-
nists with high receptor binding activity, K; (AhR, nM)
75+32, 77202, 96+34, and 3.1 £0.8 for com-
pounds 8a, 10a, 12a, and 13a, respectively,® and nano-
rnol%r8 ICsy anti-tumor activity for compounds 8b and
10b.%

Synthesis of target radiotracers carbon-11 stilbenes is
shown in Scheme 3. The phenolic hydroxyl precursors
(7ab and 9a,b) were labeled with [''C]methyl triflate
('CH;OTf)° under basic conditions through
O- [“C]methylatlon and isolated by solid-phase extrac-
tion (SPE) purlﬁcatlon procedure using a C18 Sep-Pak
cartridge'® to give correspondlng carbon 11 stilbene
derivatives, cis-3,5-dimethoxy-4'-[' C]methoxystllbene
(4'- [”C]Sa) and cis-3,4',5-trimethoxy-3'-[''CJmethoxy-
stllbene (3’[''CI8b), and rrams-3,5-dimethoxy-4'-
[! C]methoxystllbene (4'-[''C]10a) and trans 3,4',5-tri-
methoxy-3/-[''C]methoxystilbene ~ (3/-[' C]lOb) in
30-40% radiochemical yields based on [''C]CO,,
15-20 min overall synthesis time from end of bom-
bardment (EOB), >95% radiochemical purity, and
1.0-2.0 Ci/umol specific activity at end of synthesis
(EOS) measured by analytical HPLC method.!!

Synthesis of target radiotracers fluorine-18 stilbenes is
shown in Scheme 4. The nitro precursors (12b and
13b) were labeled by a conventional nucleophlllc substi-
tution with K' F/Kryptoﬁx 2.2.2 in acetonitrile at
120 °C for 15-20 min and purified by HPLC method'?

LICH;0

ICH;0Tf, 3 N NaOH

7a  CHyCN
7b > CH0 I

OCH;,
4-"'C18a
'cH;0
“CH3OTf, 3 N NaOH

9a CH;CN

9b
v rll
4-1''c110a

Scheme 3. Synthesis of carbon-11 labeled stilbene derivatives.

OCH;

5769

K['F]F/Ks.5.5 CH;0
12b CHCN

OCHj,
4'-['®F]12a

ISF

KI'SFIF/K5.5.5

13p CHCN OCH;,

4-['8F)13a OCH;3

Scheme 4. Synthesis of fluorine-18 labeled stilbene derivatives.

to afford correspond1n§ fluorine-18 stilbene derivatives,
cis-3,5-dimethoxy-4'-[ “F]fluorostilbene (4'- [ISF]IZa)
and  trans-3,5- dlmethoxy -4'-["*Flfluorostilbene ~ (4'-
['®F]13a), in 15-20% radiochemical yield at EOB. The
specific activity was 1.0-1.2 Ci/umol at EOS.

The experimental details and characterization data for
compounds 2, 4a,b, 5a,b, 6a,b, 7a,b, 8a,b, 9ab 10a,b,
12a,b, and 13ab and new tracers 4-[''C]8a, 3'-
[”C]Sb 4'- [“C]l()a 3 "'Cl10b, 4'-['®F]12a, and 4-
[ISF]13a are given.!

In summary, an efficient and convenient chemical and
radiochemical synthesis of the precursors, reference
standards, and target tracers has been well developed.
The synthetic methodology of carbon-11 and fluorine-
18 labeled cis- and trans-stilbene derivatives employed

0''CH,

CH;0 l
CH;0 I

OCH;
3-''cI8b
0''CH;
CH;0.
OCH; OCH3
OCH
iciop
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readily available benzyl bromides and benzyl aldehydes,
featuring a stereo-divergent Wittig olefination, O-meth-
ylation with "'CH;OTf, and nucleophilic aromatic sub-
stitution with K'8F/Kryptofix 2.2.2 under phase
transfer catalysis. These reactions are mostly high yield,
and the resulting stilbene derivatives were shown to have
excellent radiochemical yields, and thus, given that they
could serve as potential AhR antagonists, these agents
should be useful as potential PET probes for imaging
AhR in tumors. The chemistry result with reported in vi-
tro binding data provides the foundation for further
in vivo biological evaluation of carbon-11 and fluo-
rine-18 labeled stilbene derivatives as new potential
PET cancer AhR imaging agents.
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filtered, washed with toluene, and recrystallized from
ethanol to give a pure product 2 as a colorless solid
(22.3 g, 90% yield). Mp 273-274 °C. "H NMR (300 MHz,
DMSO-dq): 6 3.50 (s, 6H, 2 x CH3), 5.10 (t, J=12.9 Hz,
2H, CH,), 6.12 (dd, J=2.5, 4.0 Hz, 2H, Ph-H), 6.42 (d,
J=22Hz, 1H, Ph-H), 7.65-7.81 (m, 12H, Ph-H), 7.92 (t,
J =17.0 Hz, 3H, Ph-H); (c) General procedure for synthesis
of compounds 4a,b. To a solution of compound 3a or 3b
(10 mmol) in DMF (120 mL) was added triethylamine
(12.1 g, 12 mmol). Then tert-butyldimethylsilyl chloride
(16.5 g, 11 mmol) in DMF (50 mL) was added slowly, and
the reaction solution was stirred for overnight at room
temperature. The reaction mixture was poured into water
and extracted with ethyl acetate for three times, washed
with brine for two times, and dried over MgSO,. The
solvent was removed under vacuum, and the crude
product was purified by flash chromatography (1:19-1:4
EtOAc/hexanes) to give oily pure compound 4a or 4b in
about 92% yield. Compound 4a. R;=0.78 (1:6 EtOAc/
hexanes). 'H NMR (300 MHz, CDCls): 6 0.25 (s, 6H, Si—
CH3), 0.98 (s, 9H, C-CHs;), 6.93 (d, J = 8.5 Hz, 2H, Ph-
H), 7.77 (d, J=8.5 Hz, 2H, Ph-H), 9.88 (s, 1H, CHO).
Compound 4b. Ry =0.60 (1:4, EtOAc/hexane). '"H NMR
(300 MHz, CDCl3): 6 0.17 (s, 6H, Si-CH3), 1.00 (s, 9H, C-
CHs), 3.89 (s, 3H, OCH3), 6.94 (d, J = 8.5 Hz, 1H, Ph-H),
7.36 (d, J=2.2Hz, 1H, Ph-H), 7.46 (d, J=8.5Hz, 1H,
Ph-H), 9.82 (s, 1H, CHO); (d) General procedure for
synthesis of compounds Sa,b, 6a,b, 12a,b, and 13a,b. To
the compound 2 (2.46 g, 5.0 mmol) in anhydrous THF
(60 mL) at —78 °C was added n-butyllithium (2.1 mL,
2.5M, 5.25 mmol), and the resulting red solution was
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stirred for 3h. A solution of the aldehyde (5.0 mmol,
1.0 equiv) in THF was added dropwise over 30 min. The
reaction temperature was allowed to slowly rise to room
temperature, and the mixture was stirred for another 5 h.
The resulting cream suspension was poured into water and
extracted with dichloromethane for three times. The
organic phase was washed brine, dried over MgSQO,, and
the solvent was removed under vacuum to afford crude
product, which was separated and purified by flash
chromatography (1:200-1:20 EtOAc/hexanes) to give two
pure cis- and trans- products. The cis-stilbene eluted first
in 30-50% yield, followed by the trans-isomer in 30-60%
yield. Compound 5a. R¢=0.52 (1:19 EtOAc/hexanes). 'H
NMR (300 MHz, CDCls): § 0.16 (s, 6H, Si-CH3), 0.94 (s,
9H, C-CHs), 3.65 (s, 6H, OCH3), 6.31 (t, J=2.2 Hz, 1H,
Ph-H), 641 (d, J=6.1Hz, 1H, CH=C), 6.50 (d,
J=6.1Hz, IH, C=CH), 6.4 (d, J=2.2Hz, 2H, Ph-H),
6.99 (dd, J=2.0, 6.6 Hz, 2H, Ph-H), 7.13 (d, J = 8.8 Hz,
2H, Ph-H). Compound 6a. Ry=0.38 (1:19 EtOAc/hex-
anes). '"H NMR (300 MHz, CDCl;): 6 0.21 (s, 6H, Si—
CHs;), 0.99 (s, 9H, C-CH3), 3.82 (s, 6H, OCH3), 6.37 (t,
J=22Hz, 1H, Ph-H), 6.64 (d, J=2.2 Hz, 2H, Ph-H),
6.81 (d, J=8.8 Hz, 2H, Ph-H), 6.86 (d, J=16.2 Hz, 1H,
CH=C), 692 (d, J=16.2Hz, 1H, C=CH), 7.36 (d,
J=28.8, 2H, Ph-H). Compound 5b. R;=0.32 (1:19
EtOAc/hexanes). '"H NMR (300 MHz, CDCls): 6 0.05 (s,
6H, Si—-CHj3), 0.92 (s, 9H, C-CH3;), 3.67 (s, 6H, OCH3),
3.77 (s, 3H, OCH3), 6.30 (t, J = 2.2 Hz, 1H, Ph-H), 6.41 (d,
J=2.2Hz, 2H, Ph-H), 6.45 (d, J=3.0 Hz, 2H, Ph-H),
6.70 (d, J= 8.8 Hz, 1H, CH=C), 6.75 (d, J=2.2 Hz, 1H,
Ph-H), 6.81 (dd, J =2.2, 8.8 Hz, 1H, C=CH). Compound
6b. Yellow solid, mp 53-54 °C, R;=0.24 (1:19 EtOAc/
hexanes). 'H NMR (300 MHz, CDCl;): 4 0.18 (s, 6H, Si—
CH;), 1.02 (s, 9H, C-CH3;), 3.81 (s, 3H, OCH3;), 3.82 (s,
6H, OCH3), 6.37 (t, J=2.2Hz, 1H, Ph-H), 6.64 (d,
J=22Hz, 2H, Ph-H), 6.81-6.87 (m, 2H, Ph-H and
CH=C), 7.00-7.07 (m, 3H, Ph-H and C=CH). Compound
12a. R = 0.48 (1:19 EtOAc/hexanes). "H NMR (300 MHz,
CDCl,): 6 3.65 (s, 6H, OCH3), 6.32 (t, J = 2.2 Hz, 1H, Ph-
H), 6.37 (d, J=2.2 Hz, 2H, Ph-H), 6.48 (d, J=12.5 Hz,
IH, CH=C), 6.53 (d, J=12.5, 1H, C=CH), 691 (t,
J=8.8 Hz, 2H, Ph-H), 7.20-7.25 (m, 2H, Ph-H). Com-
pound 13a. Colorless solid, mp 42-44 °C, Ry = 0.34 (1:19
EtOAc/hexanes). 'H NMR (300 MHz, CDCl;): 6 3.83 (s,
6H, OCH3), 6.40 (t, J=2.2Hz, 1H, Ph-H), 6.65 (d,
J=2.2Hz, 2H, Ph-H), 6.91 (d, J=16.2 Hz, 1H, CH=C),
6.96-7.07 (m, 3H, C=CH and Ph-H), 7.44-7.49 (m, 2H,
Ph-H). Compound 12b. Yellow solid, mp 71-72°C,
R;=0.22 (1:19 EtOAc/hexanes). 'H NMR (300 MHz,
CDCl;): 6 3.84 (s, 6H, OCH3), 6.46 (t, J = 2.2 Hz, 1H, Ph-
H), 6.69 (d, J=2.2 Hz, 2H, Ph-H), 7.08 (d, J = 16.2 Hz,
1H, CH=C), 7.17 (d, J=16.2 Hz,1H, C=CH), 7.61 (d,
J=8.8Hz, 2H, Ph-H), 8.20 (d, J = 8.8 Hz, 2H, Ph-H).
Compound 13b. Yellow solid, mp 134-135°C, R=0.15
(1:19 EtOAc/hexanes). '"H NMR (300 MHz, CDCl5): &
3.67 (s, 6H, OCH3), 6.34 (d, J = 2.2 Hz, 2H, Ph-H), 6.36 (t,
J=22Hz, 1H, Ph-H), 6.58 (d, /= 12.1 Hz, 1H, CH=C),
6.73 (d, J=12.1 Hz, 1H, C=CH), 7.38 (d, J = 8.8 Hz, 2H,
Ph-H), 8.07 (d, J=8.8Hz, 2H, Ph-H); (e) General
procedure for synthesis of compounds 7a,b and 9a,b. To
a solution of compound 5a, 5b, 6a or 6b (1equiv) in
anhydrous THF (20 mL), tetrabutylammonium fluoride
(1 M in THF, 3 equiv) was added. The yellow solution was
stirred for 1 h at room temperature. Then the reaction
mixture was poured into water, extracted with dichloro-
methane. Solvent was removed under vacuum to afford
the crude product, which was purified by flash chroma-
tography to give pure product 7a, 7b, 9a or 9b in about
90% yield. Compound 7a. Ry =0.74 (1:1 EtOAc/hexanes).

"H NMR (300 MHz, CDCls): 6 3.66 (s, 6H, OCH3), 5.10
(s, 1H, OH), 6.32 (t, J=2.2Hz, 1H, Ph-H), 6.43 (d,
J=22Hz, 2H, Ph-H), 6.41 (d, J=12.5 Hz, IH, CH=C),
6.49 (d, J=12.5Hz, 1H, C=CH), 6.66 (dd, J=2.2,
6.6 Hz, 2H, Ph-H), 7.13 (d, J=8.8 Hz, 2H, Ph-H).
Compound 9a. Mp 87-88°C, R;=0.68 (1:1 EtOAc/
hexanes). '"H NMR (300 MHz, CDCl;): & 3.82 (s, 6H,
OCH,), 5.05 (s, 1H, OH), 6.38 (t, J = 2.2 Hz, 1H, Ph-H),
6.65 (d, J = 2.2 Hz, 2H, Ph-H), 6.81 (dd, J = 2.2, 6.62 Hz,
2H, Ph-H), 6.86 (d, J=16.5Hz, 1H, CH=C), 6.99 (d,
J=16.5Hz, 1H, C=CH), 7.38 (d, J = 8.8 Hz, 2H, Ph-H).
Compound 7b. Rr= 0.46 (1:4 EtOAc/hexanes). '"H NMR
(300 MHz, CDCls): 6 3.66 (s, 6H, OCH3), 3.84 (s, 3H,
OCH,), 5.56 (s, IH, OH), 6.31 (t, /= 2.2 Hz, 1H, Ph-H),
6.40-6.50 (m, 4H, CH=CH and Ph-H), 6.68 (d,
J=8.8Hz, 1H, Ph-H), 6.76 (dd, J=2.2, 8.80 Hz, 1H,
Ph-H), 6.87 (d, J = 2.2, 1H, Ph-H). Compound 9b. Mp 89—
90°C, R;=0.42 (1:4 EtOAc/hexanes). 'H NMR
(300 MHz, CDCls): 6 3.82 (s, 6H, OCHj3), 3.90 (s, 3H,
OCH3), 5.62 (s, IH, OH), 6.37 (t, J= 2.2 Hz, 1H, Ph-H),
6.64 (d, J=2.2 Hz, 2H, Ph-H), 6.81-6.91 (m, 2H), 6.96-
7.01 (m, 2H), 7.13 (d, J=2.2, 1H, Ph-H); (f) General
procedure for synthesis of compounds 8a,b and 10a,b. To
a solution of compounds 7a, 7b, 9a or 9b (1 equiv) in
acetone (30 mL), potassium carbonate (1.2 equiv) and
iodomethane (1.5 equiv) were added. The reaction mixture
was heated at reflux for 5h, and then the mixture was
cooled down to room temperature and filtered. The
organic phase was evaporated under vacuum, and the
residue was purified by flash chromatography to obtain
pure products 8a, 8b, 10a or 10b in about 92% yield.
Compound 8a. Ry = 0.74 (1:3 EtOAc/hexanes). 'H NMR
(300 MHz, CDCls): 6 3.65 (s, 6H, OCH;), 3.76 (s, 3H,
OCHs), 6.31 (t, J=2.2 Hz, 1H, Ph-H), 6.43 (d, J = 2.2 Hz,
2H, Ph-H), 6.41 (d, J=11.8 Hz, 1H, CH=C), 6.49 (d,
J=11.8 Hz, 1H, C=CH), 6.74 (d, J = 8.8 Hz, 2H, Ph-H),
7.19 (d, J = 8.8 Hz, 2H, Ph-H). Compound 10a. Mp 57 °C,
R;=0.68 (1:3 EtOAc/hexanes). 'H NMR (300 MHz,
CDCl;): 6 3.83 (s, 9H, OCH3), 6.37 (t, J=2.2Hz, 1H,
Ph-H), 6.65 (d, J = 2.2 Hz, 2H, Ph-H), 6.87 (d, J = 8.8 Hz,
2H, Ph-H), 6.87 (d, J=16.2 Hz, 1H, CH=C), 7.01 (d,
J=16.2 Hz, 1H, C=CH), 7.42 (d, J = 8.8 Hz, 2H, Ph-H).
Compound 8b. Ry =0.56 (1:4 EtOAc/hexanes). '"H NMR
(300 MHz, CDCl): 6 3.65 (s, 3H, OCH3), 3.67 (s, 6H,
OCHs), 3.85 (s, 3H, OCH3), 6.32 (t, J=2.2 Hz, 1H, Ph-
H), 6.45 (d, J=2.2 Hz, 2H, Ph-H), 6.48 (d, J=11.1 Hz,
1H, CH=C), 6.50 (d, J=11.1 Hz, 1H, C=CH), 6.73 (d,
J=8.8Hz, 1H, Ph-H), 6.83 (d, J=8.8 Hz, 2H, Ph-H).
Compound 10b. Ry = 0.50 (1:4 EtOAc/hexanes). 'H NMR
(300 MHz, CDCls): 6 3.82 (s, 6H, OCHj3), 3.89 (s, 3H,
OCH,), 3.94 (s, 3H, OCH3), 6.37 (t, J=2.2 Hz, 1H, Ph-
H), 6.65 (d, J=2.2 Hz, 2H, Ph-H), 6.84 (d, J=8.1 Hz,
1H, Ph-H), 6.92 (d, J=17.6 Hz, 1H, CH=C), 7.00-7.06
(m, 3H, C=CH and Ph-H); (g) Typical experimental
procedure for the radiosynthesis of C-11 tracer 4’-[''C]8a,
3'-[1'C8b, 4'-[''CJ10a, or 3’-['!CJ10b. The precursor (7a,
7b, 9a or 9b) (0.3-0.5mg) was dissolved in CH;CN
(300 pL). To this solution was added 3 N NaOH (2-3 pL).
The mixture was transferred to a small volume, three-
necked reaction tube. ''CH;OTf was passed into the air-
cooled reaction tube at —15 to —20°C, which was
generated by a Venturi cooling device powered with
100 psi compressed air, until radioactivity reached a
maximum (~3 min), then the reaction tube was heated
at 70-80 °C for 3 min. The contents of the reaction tube
were diluted with NaHCO; (1 mL, 0.1 M). This solution
was passed onto a C;g cartridge by gas pressure. The
cartridge was washed with H,O (2x3mL), and the
aqueous washing was discarded. The product was eluted
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from the column with EtOH (2x3 mL) and then passed
onto a rotatory evaporator. The solvent was removed by
evaporation under high vacuum. The labeled product 4'-
[''CI8a, 3/-[''C]8b, 4'-[''C]10a, or 3'-[''C]10b was formu-
lated with saline, whose volume was dependent upon the
use of the labeled product in tissue biodistribution studies
(~6mL, 3x2mL) or in micro-PET imaging studies (1-
3 mL), sterile-filtered through a sterile vented Millex-GS
0.22 um cellulose acetate membrane, and collected into a
sterile vial. Total radioactivity was assayed and total
volume was noted. The overall synthesis time was 15—
20 min. The decay corrected radiochemical yield, from
''CO,, was 30-40%, and the radiochemical purity was
>95% by analytical HPLC. Retention times in the
analytical HPLC system were: fg 7a=3.50 min, fg
8a = 5.55min, rx 4'-[''C]8a = 5.55 min; 7g 7b = 3.66 min,
trk 8b=447min, rg 3'-''C]8b=447min; tx 9a=
3.17 min, fr 10a=5.39 min, fz 4'-[''C]10a = 5.39 min;
and g 9b=328min, g 10b=422min, g 3'-
[''CJ10b = 4.22 min. The chemical purities of the target
tracers 4'-[''CI8a, 3'-[''C]8b, 4’-[''C]10a and 3'-[''C]10b
were >93%; (h) Typical experimental procedure for the
radiosynthesis of F-18 tracer 4'-['*F]12a or 4'-['®F]13a.
No-carrier-added (NCA) aqueous H'®F (0.5 mL) prepared
by '"®*O(p,n)'®F nuclear reaction in a RDS-112 cyclotron
on an enriched H,'%0 water (95+%) target was added to a
Pyrex vessel which contains K,COj3 (4 mg, in 0.2 mL H,0)
and Kryptofix 2.2.2 (10 mg, in 0.5 mL CH3CN). Azeotro-
pic distillation at 115°C with HPLC grade CH;CN
(3x1 mL) under a nitrogen steam efficiently removed
water to form anhydrous K'®F-Kryptofix 2.2.2 complex.
The nitro-precursor 12b or 13b (2-3 mg, dissolved in
0.5mL CH;CN) was introduced to the K'8F-Kryptofix
2.2.2 complex. The radiolabeling reaction was monitored
by analytical radio-HPLC method. Retention times in the
analytical HPLC system were: 7z 12b = 5.18 min, 7z 12a =
6.09 min, rg 4'-['*F]12a = 6.09 min; 7 13b = 5.31 min, g

13a=579min, g 4-["®*F]13a=5.79 min; and g
K'8F = 1.88 min. The reaction mixture was sealed and
heated at 120 °C for 15-20 min and was subsequently
allowed to cool down, at which time the crude product
was passed through a semi-prep SiO, Sep-Pak cartridge
to remove Kryptofix 2.2.2 and unreacted K'®F. The
Sep-Pak column was eluted with 15% MeOH/CH,Cl,
(5.0 mL), and the fractions were passed onto a rotatory
evaporator. The solvent was removed by evaporation
under high vacuum (0.1-1.0 mmHg) to give a crude
product 4'-['®F]12a or 4/-['8F]13a. The mixture contain-
ing precursor and product was purified with semi-
preparative HPLC method. The contents of the mixture
residue were diluted with HPLC mobile phase 3:1:1
CH;CN/MeOH 20 mM, pH 6.7, KHPO,, and injected
onto the semi-preparative HPLC column with 2 mL
injection loop. The product fraction was collected, the
solvent was removed by rotatorY evaporation under
vacuum, and the final product 4’-['®F]12a or 4'-['®F]13a
was formulated in saline, sterile-filtered through a sterile
vented Millex-GS 0.22 um cellulose acetate membrane,
and collected into a sterile vial. Total radioactivity was
assayed and total volume was noted. The overall
synthesis, purification, and formulation time was
60-70 min from EOB. Retention times in the semi-
preparative HPLC system were: tg 12b = 7.28 min, tx
12a = 9.89 min, g 4'-['*F]12a =9.89 min; and rg 13b =
7.76 min, 1x 13a=9.35min, rr 4'-'*F]13a =9.35 min.
The radiochemical yield of 4-['*F]12a or 4'-['®F]13a was
15-20%. Chemical purity, radiochemical purity, and
specific radioactivity were determined by analytical
HPLC method. The chemical purities of precursors
12b and 13b, and standard samples 12a and 13a were
>96%, the radiochemical purity of target radiotracer
4'-["*F]12a or 4'['®F]13a was >99%, and the chemical
purity of radiotracer 4/-['*F]12a or 4/-['®F]13a
was >94%.





		Synthesis of radiolabeled stilbene derivatives as new potential PET probes for aryl hydrocarbon receptor in cancers

		Acknowledgments

		References and notes






Available online at www.sciencedirect.com . .
Bioorganic &

Medicinal

ScienceDirect Chemistry

Letters

ﬁi\
LSEVIER Bioorganic & Medicinal Chemistry Letters 16 (2006) 5752-5756

N',2-Diphenylquinoline-4-carbohydrazide based
NK; receptor antagonists Il

Jason M. Elliott,"* Robert W. Carling,” Gary G. Chicchi,® James Crawforth,*
Peter H. Hutson,® A. Brian Jones,* Sarah Kelly,* Rose Marwood,®
Georgina Meneses-Lorente,* Elena Mezzogori,* Fraser Murray,”
Michael Rigby,” Inmaculada Royo,! Michael G. N. Russell,* Duncan Shaw,?
Bindi Sohal,® Kwei Lan Tsao® and Brian Williams®*

#Department of Medicinal Chemistry, Merck Sharp & Dohme Research Laboratories, The Neuroscience Research Centre,
Terlings Park, Eastwick Road, Harlow, Essex CM20 2QR, UK
°Department of In Vivo Neuroscience, Merck Sharp & Dohme Research Laboratories, The Neuroscience Research Centre,
Terlings Park, Eastwick Road, Harlow, Essex CM20 2QR, UK
“Department of Immunology, Merck Research Laboratories, Rahway, NJ 07065, USA
dCIBE-Merck Research Laboratories, Merck, Sharp and Dohme de Espaiia, ¢/ Josefa Valcdreel, 38 Madrid 28027, Spain

Received 26 July 2006; revised 17 August 2006; accepted 19 August 2006
Available online 6 September 2006

Abstract—Introduction of selected amine containing side chains into the 3-position of N’,2-diphenylquinoline-4-carbohydrazide
based NK3 antagonists abolishes unwanted hPXR activation. Introduction of a fluorine at the 8-position is necessary to minimize
unwanted hly, affinity and a piperazine N-tert-butyl group is necessary for metabolic stability. The lead compound (8m) occupies
receptors within the CNS following oral dosing (Occgy 7 mg/kg po; plasma Occog 0.4 uM) and has good selectivity and excellent PK
properties.

© 2006 Elsevier Ltd. All rights reserved.

on N',2-diphenylquinoline-4-carbohydrazide  based

NK3R antagonists related to Talnetant as potential O N o
treatments for schizophrenia. The lead compound 1 A OH N
had good affinity (hWNKsR ICsy 8.8 % 5.1 nM)? and CC %
was brain penetrant, occupying NK; receptors within N O N
the CNS following oral dosing to gerbils (Occyg Talnetant 1
30 mg/kg po; plasma Occoy 0.95 pM).! A key liability

for the series was CYP3A4 induction in human hepato-

cytes at high concentrations (1, 77% at 20 uM),! which

could be correlated to activation of the hPXR nuclear ) .
receptor in vitro (HepG2 cells transiently transfected In order to further develop this promising lead toward a

with hPXR; 1, 49% of 10 uM rifampicin positive potential once a day oral drug candidate for the treat-
control).? ment of schizophrenia, we chose to target improvements

to the in vivo occupancy and PK profile, and reduction
in hPXR activation and hence CYP induction, while
also ensuring that the selectivity profile was maintained.

NH

In our previous paper,! we reported our initial studies
LEt .COMe
N N
H

OMe

Keywords: NKj; Schizophrenia; N’-2-Diphenylquinoline-4-carbo-

hydrazide. . T
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Ph.\-COMe Ph.,-CO:Me Ph.,-CO:Me
Os_NH Os_NH Os_NH
N/ Ph 66% N/ Ph N/ Ph
2 3
h< /Cone
CO,Me . COLH o QR CO,tBu gg
OH v, Vi OCN*R - CN R
©\)\/[ ©\)j e xi CR R= Pyran -4-yl  5c
N” “Ph 41% N” > Ph R =1tBu 5d
4
<,,-COMe <,,-CO-Me h\N/COQMe
0Os_NH Os_NH Os_NH
Q xii, Xiii, X —Br \—NR,
NZ PR 57-84% N Ph 44-80% N Ph
X 6 X 7 X 8
X=H,F
h< /Cone
. o) CO,H
OH = 2
NH 77% Ncogeu 19% N Ph 35% oh
9 CO tBu 11a
R H 11b
Xi (,

R = Pyran-4-yl 11c

Scheme 1. Reagents and conditions: (i) BrCH,CO,Me, Nal, K,COs;, THF; (ii) LiBH4, THF; (iii) CBry, PhsP, CH,Cl,; (iv) Me,NH; (v) 1-(1,1-
dimethylethyl)-4-piperidinol or 1,1-dimethylethyl 4-hydroxypiperidinecarboxylate, DTBAD, Ph;P, THF; (vi) KOH, MeOH; (vii) (COCl),, DMF,
CH,Cl,; (viii) PANHNH,, K,COj3;, CH,Cl,, H,O; (ix) MeOCOCI, PhMe; (x) TFA, CH,Cl,; (xi) tetrahydro-4 H-pyran-4-one, NaBH(OAc);, AcOH,
CH,Cl,; (xii) (BOC),0, NaH, THF; (xiii) NBS, CCly, hv; (xiv) R,NH, Et;N, THF, reflux; (xv) (BOC),0, CH,Cl,; (xvi) DMSO, (COCl),, Et3N,
CH,Cl,; (xvii) acetophenone, LIHMDS, THF; (xviii) MeSO,Cl, Et;N, CH,Cl,; (xix) H,, Pd-C, EtOAc; (xx) isatin, KOH, EtOH, H,O.

bromoacetate followed by reduction and replacement of
the terminal hydroxyl group gave 3 as shown (Scheme
1). However, alkylation of 2 to give more hindered cyclic
O-linked substituents at C-3 was low yielding; it proved
more efficient to O-alkylate the ester 4 with a suitable
piperidin-4-ol under Mitsonobu conditions. The N-pro-
tecting group was removed and the compound was fur-
ther elaborated under reductive amination conditions
(Scheme 1).

In order to introduce aminomethyl groups at C-3, the
versatile 3-bromomethyl precursors 7 (X = H, F) were
targeted. These were most efficiently prepared via radi-
cal bromination of 6 after initial protection of the hydra-
zide 2-nitrogen. Deprotection and facile displacement
with amines gave 3-aminomethyl derivatives (hindered
N-tert-alkyl piperazines were prepared as shown in
Scheme 2).

Compounds with a C-linked piperidine at C-3 were pre-
pared via reaction of ketone 9 (prepared from piperi-
dine-4-methanol) with isatin under basic Pfitzinger
conditions* to give 10 (Scheme 1). This was further elab-
orated as shown.

We have already reported! that substitution at most of
the aromatic positions on the quinoline core was poorly
tolerated, but a range of small substituents at the quin-

N\ i WA
tBuO,C—N_ NH AC

73-81%
X =CH,, O

Scheme 2. Reagents and condition: (i) cyclohexanone or tetrahydro-
4H-pyran-4-one, 1,2,3-triazole, PhCH3, reflux; (ii) MeMgCl, THF; (iii)
HCI, MeOH.

oline C-3 position improved hNK;R affinity. Further
exploration of the SAR showed that much larger alkoxy
and amine-containing substituents were tolerated at this
position (Table 1). This led, in some cases, to improved
affinity relative to 1 (e.g., 8j). Simple lipophilic groups at
C-3 did not have an effect on hPXR activation, but we
saw that certain amine containing side chains did reduce
or abolish this unwanted activity. The disruption of
hPXR activation was found to be quite selective, requir-
ing a basic nitrogen held some distance from the quino-
line core by a rigid, cyclic structure (e.g., 8b and 11b). If
the side chain was flexible (3); if the basicity was reduced
by benzylation (8h), removed by acylation (8i) or sulf-
onylation (8j); or if the basic center was too close to
the quinoline (8a), hPXR activation persisted.

We next explored the effect of N-alkylation of 8b and
11b. We were pleased to find that the disruption of
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Table 1.
©\N/002Me
Oy NH
! X R
0
Compound X R hNK3; ICsy* (nM) hlk, K;® (uM) hPXR response® (%)
3 | 11+1 0.089 40
5c o < n 1242 8.9 18
sd 0 = & 1747 30
8a CH, - ) 160 £ 6 4.9 92
8b CH, [N nH 34+7 0.84 7
/
8¢ CH, | N-me 17£6 0.32
8d CH, |- N 58+ 1.4 0.8 <5
_/
8e CH, [~ N 20+04 1.8 6
/
8f CH, [~ N 0 33£03 6.5 10
/
8g CH, ROES: 19+0.3 0.51 9
./ /
/\ Ph
8h CH, [N N~ 1.6£0.2 0.53 57
/
8i CH, [N N-Ac 74£23 >9 53
8 CH, [N N-so.Pn 0.72 +0.06 2.5 120
11b CH, I S1£17 0.52 <5
11c CH, |@w@o 57427 8.0 <5

2 Displacement of '*I-labelled neurokinin B from the cloned hNKj5 receptor expressed in CHO cells. Data are means + SD (1 = 3 or more).
® Displacement of labeled MK-499 from cloned channel expressed in HEK cells.’
© Increase in hPXR activation in HepG2 cells transiently transfected with hPXR (% of 10 uM rifampicin positive control).®

hPXR activation was not affected by this change and hERG ion channel (hlg,).> Blockade of this channel is

hNK;R affinity was improved (e.g., 8c-g, 11c¢).

linked to QT prolongation and severe cardiorhythmic
side effects. We found that this affinity could be mini-

Unfortunately, this type of side chain did tend to intro- mized by the use of a pyran-4-yl substituent (8f and
duce ion channel activity, especially affinity for the 11c). However, this group was found to be metabolically
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Table 2.

Compound X R hNK3 ICs0* (nM) hlk, K;® (uM) hPXR response® (%)

8k CH, I 37+16 8.2 <5
_/

81 CH, Y 58+038 >9 <5
_/

8m CH, |-~ N 40£0.7 >9 <5
7/

8n CH, |-~ N 1504 2.0
/

80 CH, EERS: 35409 >9 <5
-/

8p CH, EEES: 35416 >9 7
7/

2 Displacement of '*I-labeled neurokinin B from the cloned hNKj receptor expressed in CHO cells. Data are means + SD (n = 3 or more).”
® Displacement of labeled MK-499 from cloned channel expressed in HEK cells.”
© Increase in hPXR activation in HepG2 cells transiently transfected with hPXR (% of 10 pM rifampicin positive control).>

labile. For example, 8f had short half-life (rat, 1.4 h,
dog, 2.4 h), with significant levels (greater than parent)
of the dealkylated metabolite 8b detected in plasma.

Metabolic N-dealkylation was a general problem for all
analogs of 8f and 11c with primary and secondary N-al-
kyl groups. A potentially interesting approach to block-
ing this pathway would be to replace the pyran with a
more hindered group, such as tert-butyl. Unfortunately,
the SAR already established suggested that unaccept-
able hly, affinity would be problematic with simple alkyl
groups (e.g., 8d, hlg, K; 0.88 uM).

We have previously reported' that fluorination at the 8-
position of the quinoline was tolerated by the hNKj;
receptor. This remained the case for molecules with
amine side chains at C-3 and we were able to verify that
it did not reintroduce hPXR activation (Table 2). How-
ever, we found that this substitution had the added ben-
efit of significantly attenuating hlg, affinity (e.g., hlk,
Kis: 8d, 0.88 uM; 81, >9 uM). Crucially, this change
expanded the scope of acceptable piperazine N-substitu-
ents, allowing us to introduce a range of groups onto the
piperazine nitrogen without incurring an excessive hly,
liability (e.g., hlg, Kis: 8n, 2 uM; 8p, >9 uM).

We were disappointed to find that the hindered 4-meth-
ylpyran in 8p did not improve PK properties (rat, #,,
1.4 h). However, we noted that 8k was not detected as
a metabolite in plasma, suggesting that we had been suc-
cessful in blocking N-dealkylation, but that a new mode

of metabolism had been inadvertently introduced. This
was supported by replacement of the N-substituent with
a simple zert-butyl group (8m, hNK;R ICs 4.0 nM; hly;,
K; > 9 uM) which led to good metabolic stability in vitro
(incubation with rat and human liver microsomes: <5%
turnover after 15 min) and excellent PK properties (e.g.,
dog: F, 100%, t;» 6.5h) with no dealkylation to 8k
detectable in plasma.

Cellular functional NK;R antagonist activity of 8m was
measured in inositol phosphate generation studies using
CHO/hNK;R cells in response to eledoisin or senktide
stimulation.! Eledoisin caused a concentration-depen-
dent increase in inositol phosphate generation in these
cells with an ECsg of 6.6 £ 0.1 nM (n =2). In a Schild
analysis of its antagonist behavior, 8m caused a concen-
tration-dependent rightward shift in the ECs of eledoi-
sin with a concomitant diminution of the maximal
agonist response, indicative of a non-competitive or
insurmountable antagonism. When titrated versus an
approximate ECsy concentration (3 nM) of senktide,
8m inhibited inositol phosphate generation with an
ICsp of 3.0 £ 0.0 nM (n = 2).

Compound 8m was very potent in the gerbil ex vivo cen-
tral receptor occupancy assay' with an Occog of 7 mg/kg
po and a plasma Occyg of 0.4 puM when occupancy was
measured 45 min post dosing. Further profiling of 8m
showed that it had modest affinity for hNK,R (ICs
50 nM) and good selectivity over hNK R (ICso > 1 pM)
as well as a panel of other receptors and ion channels.
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8m also showed very low levels of CYP450 inhibition
(human  liver microsomes, 2C9, 2D6, 3A4,
ICs0s > 30 uM) and had excellent physical properties
(logD 1.7, pK, 9.4, solubility > 5 mg/ml at pH 7.4).

In summary, we have shown that introduction of cyclic
amine containing side chains onto N’,2-diphenylquino-
line-4-carbohydrazide based NK;R antagonists resolved
the issue of unwanted activation of the hPXR receptor.
A combination of fluorination at the quinoline 8-position
and judicious choice of amine substituent led to a com-
pound, 8m, with excellent in vitro and in vivo properties.
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Odorless benzenethiols in synthesis of thioglycosides
and its application for glycosylation reactions
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Abstract—p-Octyloxybenzenethiol (2) was synthesized as a new odorless benzenethiol. Moreover, preparation of thioglycosides
using 2 and their application for glycosylation reactions were attempted. As a result, it was found that the thioglycosides were
as excellent glycosyl donors as 4-dodecylphenyl 1-thio-glycosides, which were previously reported by our group, and more useful
than the previous donors in terms of fine chemistry in glycosylation reaction activated with silver triflate and N-iodosuccinimide
(NIS). In addition, this method was applicable to the sialylation with NIS and triflic acid. All procedures from the preparation
of thioglycosides to the glycosylation reaction could be attained completely under conditions where no malodor was generated.

© 2006 Elsevier Ltd. All rights reserved.

Phenyl 1-thio-glycosides have been used as excellent gly-
cosyl donors in glycosylation reaction not only by con-
ventional methods but also on solid or polymer
supports;! however, malodorous smells are unavoidable
on synthesizing the thioglycosides and during the glyco-
sylation reactions due to liberated benzenethiol. We
have developed odorless organosulfur reagents, for
example, dodecylmercaptane and dodecyl methyl sul-
fide, and exhibited their utility in organic reactions, such
as Corey—Kim oxidation and demethylation of methyl
ethers.? Our strategy for designing odorless organosul-
fur reagents was simple, for example, the higher molec-
ular weight organosulfur reagents are less malodorous.
Moreover, we recently published the preparation of 4-
dodecylphenyl 2,3.,4,6-O-tetraacetyl-1-thio-p-glucoside
and its application to glycosylation reaction, where p-
dodecylbenzenethiol (1) prepared by reduction of the
corresponding benzenesulfonyl chloride with lithium
aluminum hydride was used as an excellent substitute
of benzenethiol.?> In spite of the fact that the reaction
proceeded in good yield, the reaction condition activat-
ed with BF5'Et,O and N-iodosuccinimide (NIS) seemed
to be too drastic to apply to the synthesis of more com-
plex biologically active oligosaccharides. In addition,

Keywords: p-Octyloxybenzenethiol; Odorless thiols; Thioglycosides;

Glycosylation.

* Corresponding author. Tel.: +075 595 4639; fax: +075 595 4775;
e-mail: node@mb.kyoto-phu.ac.jp

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.08.095

commercially available p-dodecylbenezenesulfonyl chlo-
ride includes undecylbenzenesulfonyl and trid-
ecylbenzenesulfonyl chlorides as contaminants because
the sulfonyl chloride could be prepared from the corre-
sponding sulfonic acid, which is mainly purchased as
industrial material for cleansers or detergents. Since
the contaminants in the sulfonyl chloride were difficult
to be removed by distillation, synthetic intermediates
in each step contained inseparable analogs having more
or less methylenes in the linear dodecyl chains.

Therefore, we herein would like to report the design and
synthesis of a new odorless benzenethiol (2) and further
application of the odorless benzenethiol to the synthesis
of more complex oligosaccharides than that prepared in
the previous report, while Kobayashi reported utility of
thiosalycylate in the synthesis of galacto- and fuco-
oligosaccharides.* In the present study, we chose
B-D-N-acetylglucosaminyl(1-2)-B-p-mannopyranosyl(1-6)-
a-D-glucopyranoside (3a) as a target molecule because it
was reported that a neoglyco-conjugate bearing 3a as a
glycosyl moiety was a good substrate of N-acetylglucos-
aminyltransferase V (GnTase V), of which the activity
is related to the metastatic potency of tumor cells, and
O-methylated and deoxygenated derivatives (3b,3¢) are
potent inhibitors against GnTase V (Fig. 1).°

First, in order to synthesize 2, phenol (4) was alkylated
with octyl bromide in the presence of potassium carbon-
ate to afford octyl phenyl ether (5), which was next
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o O onl 3a:R'=SE,R?=H, R®=OH
HO% 3b:R'=H, R?=Me, R®= OH
HO OH 3c:R'=R?=R%=H

Figure 1. Target trisaccharide (3a) and its related compounds.

treated with concentrated sulfuric acid at room temper-
ature. The obtained p-octyloxybenzenesulfonic acid (6)
was derived to the corresponding sulfonyl chloride (7)
with thionyl chloride, and successive reduction of 7 with
lithium aluminum hydride gave 2, which was completely
odorless, in 59% overall yield (Scheme 1).”

Thus, 2,3,4,6-tetra-O-acetyl-o-D-mannopyranosyl ace-
tate (8) and 2-acetamido-3,4,6-tri-O-acetyl-D-glucopyr-
anosyl acetate (9) were treated with 2 in the presence
of boron trifluoride etherate to prepare the glycosyl do-
nors. While the former (8) was transformed to 1-phen-
ylthiomannoside (11) in excellent yield (96%), the
latter reaction employing 9 as a substrate did not
proceed well but afforded 12 albeit in quite low yield.
And then, 2-phthalimido-3,4,6-tri-O-acetyl-p-glucopyr-
anosyl acetate (10) was subjected to the same reaction
shown above and the desired 1-thio-glycoside (13)®
was obtained in good yield (89%). The corresponding
p-dodecylphenyl 1-thio-glycosides (14,15) were also
synthesized in order to compare the reactivities in
glycosylation reactions (Scheme 2).°

Next, transformation of the thiomannosides (11, 14) to
aryl 3-O-benzyl-4,6-benzyliden-1-thio-mannosides (16,
17) was attempted. The acetyl groups of 11 and 14 were
cleaved by saponification with 0.5 % potassium hydrox-
ide in methanol, and the hydroxyl groups of the gener-
ated aryl I-thio-pD-mannosides (18, 19) were treated
with dichlorotoluene to afford benzylidene protected
mannosides (20, 21). In order to cleave the protecting
group of the hydroxyl group at the C-2 position reduc-
tively, 20 and 21 were treated with lithium aluminum hy-
dride in the presence of aluminum chloride.

Although it was reported that the hydroxyl group at the
C-2 position was selectively regenerated from mannose
derivatives having an (R)-configured benzylidene group
while the hydroxyl group at the C-3 position was ob-
tained from the derivative with (S)-configuration under
the same condition,'® mixtures of (R)- and (S)-isomers
of 20 and 21 were, respectively, subjected to the reaction

OR
SO, O
802X 73% SH

(3 steps)
4R=H 6:X=H 2: CgH470
5:R =CgH47 7:X=Cl 1: CqoHos
(81%)

Scheme 1. Synthesis of p-octyloxybenzenethiol (2). Reagents: (a)
C3H17Bl', K2C03; (b) H2504; (C) SOCIQ, (d) L1A1H4

OAc OAc
AcO (e} 1or2 AcO O
il =
c BF5Et,0
8 11: R = OCgH7 (96%)

14: R = CypHyg5 (96%)

a0
AcO

12:X = NHAC, R = Cy,H,s (17%)
13: X = NPhth, R = CgH170 (89%)
15: X = NPhth, R = C1,Hps (84%)

A CO% 1 or2
ASOS « OAc  BFy BrEGO

9: X = NHAc
10: X = NPhth

Scheme 2. Synthesis of thioglycosides using odorless benzenethiols
(1 and 2).

due to difficulty of separation. The reaction of 21 affor-
ded the desired product (17) in higher yield (67%) than
the conversion from 20 to 16'! (44%). It was in good
contrast with the report by Liptak!® that the products,
in which only the hydroxyl group on the C-3 position
was deprotected, were not observed but aryl 3,4-di-O-
benzyl-1-thio-pD-mannosides (22, 23) were obtained as
minor products in both cases (Scheme 3).

On the other hand, 2-trimethylsilylethyl 2,3,4-tri-O-ben-
zyl-B-p-glucopyranoside (24) was synthesized as a glyco-
syl acceptor by a synthetic route, where I-bromo-
2,3,4,6-tetra-O-acetyl-D-glucopyranose (25) was treated
with 2-trimethylsilylethanol in the presence of silver
oxide in dichloromethane, followed by a series of four
reactions comprising saponification of the acetyl group
with methanolic sodium hydroxide, protection of pri-
mary alcohol at the C-6 position with trityl chloride in
pyridine, O-benzylation of the remaining hydroxyl
groups, and acid treatment for deprotection of the trityl
group at C-6 (Scheme 4).

Mannosylation of allyl 2,3,4-tri-O-benzyl-a-D-glucoside
with 17 in the presence of BF5Et,O and NIS, which
was attempted as a pretest, did not afford the desired
product but gave 1,1-linked dimannoside (26); there-
fore, the hydroxyl groups of 16 and 17 were acetylat-
ed with acetic anhydride and pyridine to yield 27 and
28, respectively. Thus, mannosylation of 24 with 27
and/or 28 by the activation with silver triflate and
NIS,!? a milder activator than a combination of re-
agents employed previously,® was tried and gave disac-
charides 29" in good yield (83% from 27, and 90%
from 28). After cleavage of the acetyl group of 29
with sodium methoxide, the obtained o-D-manno-
syl(1-6)-B-p-glucopyranoside derivative (30) was N-
acetylglucosaminylated with 13 and/or 15 in the pres-
ence of silver triflate and NIS to give trisaccharide 31
in excellent yield (93% from 13, and 92% from 15).!4
The phthaloyl group of 31 was removed by hydrazine
hydrate to yield 32, of which the amino group was
acetylated to derive to acetamide (33),'° followed by
deprotection with saponification with sodium methox-
ide and successive hydrogenation with palladium-—car-
bon in acidic medium composed of methanol and
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21: R = CyoHps (90%)
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BnO
L
22: R = OCgH,, (24%)
23: R = CyoHps (27%)

Scheme 3. Synthesis of aryl 1-thio-p-mannoside derivatives. Reagents: (a) KOH, MeOH; (b) PhCHCl,, pyr.; (¢) LiAlH,, AICI;.

OAc OAc

S OH
b- o}
a O, ose P°,. OSE
AcO > A%O 69% BnO
cO AcOj 85% AcO OAc ° BnO OBn
25 24

Scheme 4. Synthesis of acceptor substrate (24). Reagents: (a) Ag,O,
Me;SiCH,CH,OH; (b) KOH, MeOH; (¢) TrCl; (d) BnBr, NaH; () HCI.

formic acid. A series of the reactions gave the desired
trisaccharide (3a) (Scheme 5).

For further application of the odorless benzenethiols to
glycosylation reaction, we attempted synthesis of sialyl
oligosaccharides. Methyl 5-acetamido-2.,4,7,8,9-penta-

P

b
—
—@-R
27: R = OCgH47 (quant)
28: R = CyoHos (quant)

R OAc
O/eé OAc
~0 O OAc
S = SRR
BnO o %&/ 95%
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B"B(%o OAC

OAc
g2
BIO

S

16,17 —»

d c f
—>

{
2{

Scheme 5. Synthesis of trisaccharide (3a). Reagents and conditions: (a) Ac

32:R=NH,
33: R = NHACc (73%, 2 steps)

4

31: R = NPhth (93% from 13, 92% from 15)

O-acetylneuraminate (34) was first treated with p-octyl-
oxybenzenethiol (2) and p-dodecylbenzenethiol (1) to
give 4-octyloxyphenyl 2-thio-sialoside (35) and 4-dode-
cylphenyl 2-thio-sialoside (36), respectively, in satisfac-
tory yield. Sialylation of methyl-2,3,4-tri-O-acetyl-o-D-
galactoside with 35 or 36 in the presence of triflic acid
and NIS in acetonitrile'® afforded sialoside (37) in good
yield (64% and 74%) (Scheme 6).

In conclusion, we have succeeded in establishing a new
practical method of glycosylation where odorless ben-
zenethiols (1,2) were used as reagents for the synthesis
of thioglycosides and no malodor was produced during
preparation of the thioglycosides and synthesis of saccha-

OR
RPN
Br(l)O o o
OSE
Breono%‘gc

29: R = Ac (83% from 27, 90% from 28)
30: R=H (93%)

HO
Ph/voo’y&’o 0
a BnO: % n
g O&,Ph
OH
26

0, pyr.; (b) compound 27 or 28, NIS (2.5 equiv), AgOTf, —50 °C; (c)

NaOMe; (d) compound 13 or 15, NIS (2.5 equiv), AgOTf, —50 °C; (¢) NH,NH,; (f) Pd-C/H,, HCO,H.

AcO OAc
CO,Me
AcO  OAc AcOl 0
COMe AcO OAc COMe AcHN O
2 2 OAc
AcOn! a  AcOm b AcO
AcHN Q70Ac — NNZOT7 s R —> O,
dac 76% Che 60% AcODLTYS
OMe
34 35:R = 0CgH17 (74%; 0:B=1:6) 37549, (08 = 2 :1) from 35
36: R = CqoHos (84%; ou:f = 1:4) 74% (0B = 3.2 :1) from 36]

Scheme 6. Synthesis of Sialoside (37). Reagents and conditions: (a) 1 or 2, BF3-Et,0; (b) methyl 2,3,4-tri-O-acetyl-1-O-a- D-galactoside, TfOH (cat.),

NIS (2 equiv), CH3CN, —40 °C.
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rides. It is noteworthy that there were almost no differenc-
es in terms of chemical yield and anomeric selectivities be-
tween the reactions using thioglycosides prepared with 2
and those prepared with 1. Thus, newly synthesized odor-
less thiol 2 was convenient to use for the purpose of fine
chemistry while the previously prepared thiol was useful
for industrial and large-scale synthesis. Our method
would be widely acceptable as a general method in many
syntheses of biologically active oligosaccharides subject-
ed in both solid and homogeneous phases.
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Abstract—A 192-member library of N,N’-disubstituted urea inhibitors was synthesized by a solid-phase method. The ureas were
tested for their inhibitory activities against recombinant human soluble epoxide hydrolase. Simple carbocyclic or paralmeta-substi-
tuted phenyl groups showed inhibition potencies that were equal to or greater than adamantane-based sEH inhibitors, while the
presence of bulky or ionizable groups close to the urea group dramatically decreased their activities.

© 2006 Elsevier Ltd. All rights reserved.

Soluble epoxide hydrolase (sEH, EC 3.3.2.3) is involved
in the metabolism of endogenously derived fatty acid
epoxides, such as arachidonic acid, linoleic acid, and
other lipid epoxides.! Epoxyeicosatrienoic acids (EETs),
the cytochrome P450 epoxygenase products of arachi-
donic acid, act at vascular, renal, and cardiac levels of
blood pressure regulation. Recent studies have showed
that EETs are involved in antihypertensive effects as
an endothelium-derived hyperpolarizing factor (EDHF)
that mediates vasodilation by activating Ca>*-activated
K" channels in smooth muscle cells.!> TRPV4, a Ca’"
entry channel belonging to the vanilloid subfamily of
the transient receptor potential (TRP) channels, acts as
an extracellular receptor for EETs.? The sEH enzyme
catalytically hydrolyzes EETs into dihydroxyeicosatrie-
noic acids (DHETs) which show reduced biological
activity.! We have demonstrated that sEH inhibition sig-
nificantly reduces the blood pressure of the spontaneous
hypertensive rats (SHRs) and angiotensin II-induced
hypertensive rats.*> EETs also possess anti-inflammato-
ry properties in endothelial cells by inhibiting the expres-
sion of tumor necrosis factor-o (TNF-o)-induced
vascular cell adhesion molecule-1 (VCAM-1) which is
a pro-atherogenic mediator or by activating PPARYy
which suppresses the NF-kB-mediated expression of
molecules, that is, VCAM-1, intercellular adhesion mol-
ecule-1 (ICAM-1), and endothelin-1.° In addition, diols
derived from epoxy-linoleate (leukotoxin) via sEH

Keywords: Soluble epoxide hydrolase; Urea; Hypertension; Anti-
inflammation.
* Corresponding author. E-mail: bdhammock@ucdavis.edu

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.08.078

hydrolysis perturb membrane permeability and calcium
homeostasis, which results in inflammation.” These re-
sults suggest that SEH inhibition may represent a novel
approach for the treatment of hypertension and inflam-
matory diseases.

Earlier inhibitors developed for sEH were substrate-like
compounds, such as chalcone oxides.® More recently, we
have explored urea, amide, and carbamate-based
transition state analog inhibitors of sEH.? Several recent
studies have emphasized adamantane-based urea com-
pounds due to their ease of synthesis, high potency,
and ease of analysis. The recent development of fluores-
cent substrates'®!'! for sEH which both discriminate
among low nanomolar and picomolar inhibitors and
facilitate high-throughput analysis makes the develop-
ment of inhibitors through a combinatorial approach
attractive. In this report we illustrate this combinatorial
approach in the further exploration of the role of R (see
compound D, Scheme 1) as it influences the potency of
sEH inhibitors.

A focused library of 192-ureas was designed in order to
optimize R! group as well as to avoid the tedious purifica-
tion step caused by the main contaminant during urea
formation, a symmetrical urea (R'NHC(=O)NHR',
by-product from the step b in Scheme 1), which also has
significant inhibitory activity against the human sEH
enzyme.

The solid-phase procedure was set up using a previously
reported urea formation method starting from the com-
mercially available acid-labile formylindole resin A.!2
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‘CHO

A

R'-NCO: 48 isocyanates (see Supplementary data)
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Scheme 1. Reagents and conditions: (a) i—R2-NH,, TEOF, THF, rt, 8 h; ii—1 M NaBH;CN in THF, AcOH, THF, rt, 4 h; (b) R!-NCO, Et;N,

CH,Cl, rt, 1 d; (c) 1% TFA in CH,Cl,, rt, 4 h.

The reactions were performed on an IRORI AccuTag™
Combinatorial Chemistry System'? according to the
general reaction pathway outlined in Scheme 1. Four
amines 1-4 and commercially available 48 isocyanates
were used to construct the 192-member urea library.

The four amines 1-4 were selected based on the follow-
ing criteria. First, selection was based on inhibitory
activities of the corresponding adamantane-based ureas
(see 1Csq values in Table 1). Second, three amines are
relatively large (amine 1, 2, and 3), thus driving their ori-
entation in the catalytic tunnel, while one amine is rela-
tively small (amine 4).'* Finally, amines containing a
benzene ring were chosen in order to evaluate the purity
of the products by UV detection on HPLC.

Based on the prev10us SAR analysis of the chalcone
oxide derivatives® and other urea inhibitors,!> R! groups
in the isocyanates were selected as follows: (1) an ada-
mantane as a control, (2) simple carbocyclic rings, (3)
para-, meta-, and ortho-mono-substituted phenyl rings,
(4) sterically hindered groups, such as terz-butyl or
ortho-di-substituted phenyl rings, (5) 1- and 2-naphthyl
group, and (6) phenylalkyl groups having various
lengths of alkyl spacers.'® The purity was assessed by
HPLC and all mass spectra were consistent with the
anticipated product structure. Out of the total 192-

Table 1. Inhibitory activities of the adamantane-based ureas 1{1},
2{1}, 3{1}, and 4{1} derived from the amines 1 to 4

I
A5
H H

Compound® R2%NH, ICso® (nM) % inhibition®
1{1} 1 0.5 86+9

2{1} 2 0.5 75+ 12

3{1} 3 30 19+7

4{1} 4 100 10+3

#The notation for the compound number: amine number {isocyanate
number}, for example, 2{1} indicates a compound made by the
combination of amine 2 with isocyanate 1.

® As determined via a kinetic fluorescent assay.'®

“Determined via an end-point fluorescent assay, results are
means + SD of three separate experiments.'!

member library, 181 compounds having over 90% purity
were tested for their inhibitory activity at a 100 nM con-
centration using recombinant human sEH by an end-
point assay.!!!”

Overall, compounds derived from amines 1 and 2
showed good inhibitory activity compared to those
made from amines 3 and 4 (see Table 1 in Supplementa-
ry data). These results strongly suggest that the tested
compounds orient in the same direction as the adaman-
tane-based inhibitors do when they bind at the active
site, which can be predicted from the recent X-ray crys-
tal structure of human sEH with urea-based inhibitors.'*

In order to determme the influence on the inhibitory
activity by R! group itself, compounds having similar
activity compared to the corresponding adamantane-
based ureas (1{1}, 2{1}, 3{1}, and 4{1}) are highlighted
in black squares in Figure 1.

From the illustration in Figure 1, it is apparent that car-
bocyclic groups ({2-6}) and para-substituted phenyl
groups ({8-17}) showed the best results, regardless of
R? group. There was no strong correlation between
the inhibition and the o values. It is likely that the bind-
ing site in which the R' group resides is a narrow, hydro-
phobic tunnel. This is further supported by the fact that
overall para-substituted phenyl groups are better than
meta-substituted phenyl groups ({18-26}), the 2-naph-
thyl group ({45}) is better than the 1-naphthyl group
({44}), and the phenyl groups having longer alkyl spac-
ers ({47-48}) gave the better activities. Meanwhile, ste-
rically hindered derivatives, such as inhibitors from the
isocyanates ({27-44 and 46}), showed poor inhibition.
Based on these results, poor actlvmes most likely came
from steric effects of groups on R!. In other words,
the adamantyl group, which is generally considered as
a bulky group, might be the marginal biggest group as
the R'.

In addition, as seen in Figure 2, ureas derived from
amines 1 and 2 generally show similar inhibition; one
can expect such results because of the similar ICsq values
obtained for their corresponding adamantane-based
ureas (Table 1). However, for ureas having sterically
hindered groups on R! (R1 {27-44}), ureas derived
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Figure 1. Relative inhibition of the 192-member urea library at
100 nM concentration compared to the corresponding adamantane-
based ureas 1{1}, 2{1}, 3{1}, and 4{1}, respectively. Black square:
equal to or greater than 80% of inhibition obtained when R! is an
adamantyl group; grey square: less than 80% of the inhibition obtained
when R! is an adamantyl group; white square: compounds were not
tested due to the poor purity (less than 90%).

from amine 1 showed overall much better inhibition. It
is likely that a repulsion caused by sterically hindered
groups on R! influences the positioning of the R? group

in the active site tunnel. Such altered positioning seems
to result in the further destabilization effect for ureas de-
rived from amine 2 than for those from amine 1.

To validate our high-throughput screening results, a
subset of compounds having high percent inhibition,
that is, 1{4}, 1{12}, 1{13}, 1{14}, 1{15}, 1{16} and hav-
ing low percent inhibition, that is, 1{34}, 1{38}, 1{39},
1{40}, were resynthesized. Their ICs, values were then
determined using a continuous fluorescent assay.'® In
general, data from both methods showed good correla-
tion as shown in Table 2. These results confirm that ste-
rically less hindered para- or meta-substituted phenyl

Table 2. ICsq results for a selected subset of urea compounds from

Schemes 1 and 2
SO
1 .
at i
H H

Compound ICsy* Inhibition® R! Mp (°C)
(nM) (%0)
1{1} 05+01 86%9 Adamantyl 242-245
1{4} 0.5£0.1 87%8 c-Hep 158-167
1{12} 1.0£0.1 767 4-1-Ph— 198-201
1{13} 07+0.1 81%8 4-CI-Ph 177-182
1{14} 0601 806 4-Br-Ph 192-194
1{15} 09+0.1 84%7 4-OCFs-Ph 157-158
1{16} 1.2£02 82%5 4-CF;-Ph 171-174
1{34} 100 £ 5 2%3 2-OCF;-Ph 158-160
1{38} 1200 £ 100 43 2,6-Di-Me-Ph  196-199
1{39} 940 £ 60 1x1 2,6-Di-Cl-Ph 181-187
1{40} 50500 £ 500 5%3 2,6-Di-i-Pr-Ph  218-222
7 29+02 62£13 4-CO,Me-Ph  162-163
8 2205 nd 4-CO,H-Ph 269-285
9 20+£02 726 3-CO,Me-Ph  116-123
10 590+ 60 nd 3-CO,H-Ph 240-254

nd denotes not determined.

# Determined via a kinetic fluorescent assay, results are means * SD of
three separate experiments.

®Determined via an end-point fluorescent assay, results are
means * SD of three separate experiments.

o)
] rL AL R? R>-NH,: . 1
100 ; N 2
Iy I
801 [ I [ [
= | F |
S [ |
Z 601 I
2
e
404
) ‘I l‘
0 ; Aihh i HH;
0 5 10 15 20 25 30 35 40 45
Rl

Figure 2. Percent inhibition of ureas derived from amines 1 and 2 at 100 nM concentration. Note, ureas 2{2}, 2{4}, 2{5}, 2{6}, 2{11}, and 2{43}

were not tested for inhibition because of their low purity.
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Ko
o, -
H N F

10, R = 3-CO,H

Scheme 2. Reagents and conditions: (a) Ar-NCO, DMF, rt, 12 h; (b) LiOH, acetonitrile, water, 90 °C, 6 h.

groups, simple non-rigid carbocyclic groups, 2-naph-
thyl, and phenyl alkyl groups having at least an ethyl
spacer are good alternatives to the adamantyl group.
These results are also consistent with our previous
SAR of chalcone oxide derivatives and other urea-based
inhibitors.® !>

The coincidence between the current SAR with that of
the chalcone oxide derivatives encouraged us to explore
the carboxylated analogs to investigate the effect in the
presence of the ionizable group on the R'. The required
acid compounds 8 and 10 were synthesized using amine
1 as outlined in Scheme 2.

In a similar manner as observed for chalcone oxide
derivatives,® the introduction of the free carboxylic acid
at the para-position of the phenyl ring dramatically
decreased its activity about 440-fold compared to
compound 1{1}. Having a free carboxylic acid at the
meta-position decreased inhibition potency even more
dramatically. Corresponding ester compounds 7 and 9
are, however, only 2- to 6-fold less active compared to
compound 1{1}. The reason for the poor inhibitory
activities of inhibitors having the free carboxylic acid
on R! is at present unclear. Possible explanations in-
clude: (1) water solvation of the carboxylate might either
prevent access of the inhibitor into the active site or
cause the repulsion with the residues at the active site,
(2) ionic interactions between the carboxylate anion
and protonated imidazole on His** preventing the opti-
mal binding of the inhibitor at the active site. Recent
X-ray crystal structure data of human sEH complexed
with different dialkylurea inhibitors bearing pendant
carboxylate of varying length supported the latter
explanation.'*

Due to the fact that some of these compounds are as
potent as adamantane-based inhibitors in vitro on the
recombinant human sEH enzyme, we propose that
sterically less hindered lipophilic groups, such as the
para-trifluoromethoxy phenyl group, are good replace-
ments for adamantyl group. Such compounds are UV
dense, have increased water solubility, and should lead
to altered routes of metabolism and distribution.

In summary, we have demonstrated that several groups,
such as simple non-rigid carbocylic rings or para/meta-
substituted phenyl rings, can replace the adamantane
ring found currently in the most potent urea-based
sEH inhibitors. Compounds with sterically hindered
groups as R!, however, had significantly decreased

potency. In addition, having ionizable free carboxylic
acid on R' dramatically decreased the inhibitory activi-
ty. These observations strongly suggest that the side of
the active site tunnel where R of the N, N’-disubstituted
urea binds favors sterically unhindered lipophilic
groups.”
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Abstract—A novel class of tetrahydroindolone-derived semicarbazones has been discovered as potent Kv1.5 blockers. In in vitro
studies, several compounds exhibited very good potency for blockade of Kv1.5. Compound 8i showed good selectivity for blockade
of Kv1.5 vs hERG and L-type calcium channels. In an anesthetized pig model, compounds 8i and 10c increased atrial ERP about
28%, 18%, respectively, in the right atrium without affecting ventricular ERP.

© 2006 Elsevier Ltd. All rights reserved.

Atrial fibrillation (AF) is the most common cardiac
arrhythmia, affecting more than 2 million Americans.!
AF can lead to thromboembolism, reduced left ventric-
ular function or stroke, and is independently associated
with increased mortality. Effective pharmacological
treatment of atrial fibrillation remains an unmet medical
need and current drug therapies for this type of arrhyth-
mia are unsatisfactory.”? Most current drug therapies tar-
get the hERG potassium ion channel which is present in
both the atria and ventricles. Inhibition of hERG leads
to QT prolongation and increases the incidence of the
serious ventricular arrhythmia, torsade de pointe.

One strategy for safe, effective atrial antiarrhythmic
drugs involves blockade of repolarizing ion channels
that are found predominantly or only in the atria. The
Kvl1.5 potassium channel is an atrial-selective ion chan-
nel which underlies the ultra-rapid delayed rectifier K*
current, IKur. This current is a major repolarizing cur-
rent in human atria and is not found in human ventri-
cles.? Thus, Kv1.5 is an attractive molecular target for
treatment of atrial fibrillation or atrial flutter* and sig-
nificant efforts have been made to identify novel block-
ers of Kvl.5. So far, several classes of compounds

Keywords: Semicarbazone; Kvl1.5 Inhibitor; Atrial antiarrhythmic;

In-vivo efficacy.
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2010; e-mail: wu.s.3@pg.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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such as pyridazinones,’> phosphine oxides,®” indane sul-
fonamides,® '° and thiazolidinones'! have been reported
as potent Kvl.5 inhibitors by several pharmaceutical
companies. Recently, Aventis published data on a new
disubstituted bisaryl compound, (AVE0118),'>"!> and
on anthranillic amides'®'® as novel blockers of the
Kvl.5 channel. AVEO118 blocks both IKur and Ito
channels in vitro and shows atrial selectivity with no
effect on the QT interval at the ventricular level in the
chronically instrumented goat model. We describe here-
in the discovery of novel tetrahydroindolone-derived
semicarbazones as potent blockers of the Kv1.5 channel.

Previous work from our laboratories primarily focused
on the design and development of potassium channel
blockers as Class 111 antiarrhythmic agents. Thus, our
antiarrhythmic compound collection served as a starting
point in the search for Kvl.5 blockers. We identified a
phenylfuran-derived semicarbazone, PG-118668, as a
potent inhibitor of the potassium channel. It demon-
strated good efficacy in terminating atrial fibrillation in
dog Y-shaped incision and vagatonic models!® but was
a potent hERG blocker. Further studies indicated that
most analogs from this class blocked hERG with ICs
values ranging from sub-pM to 10 uM. This finding
prompted us to search for ketone-derived semicarbaz-
ones with less hERG activity. Whole cell patch clamp
electrophysiology was used to determine channel
block in LTK ™ cells expressing Kv1.5%° and in HEK
cells expressing hERG.?! A FLIPR assay was used to
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determine channel block in HL-1 cells expressing endog-
enous L-type calcium channels.””> When screening the
ketone-derived semicarbazones, we discovered that the
tetrahydro indolone derivative 8i was a potent Kvl1.5
inhibitor (ICsg ~ 125 nM). This compound also was
selective for Kvl.5 vs the following channels: hERG
(21 uM) and L-type Ca** (>30 uM).

The tetrahydroindolones were prepared using the routes
shown in Scheme 1. The appropriate substituted dike-
tones 1 were treated with hydroxylamine in the presence
of KOH to generate their respective oximes 2. The oxi-
mes 2 were then reacted with 1,3-cyclohexanedione to
provide the corresponding tetrahydroindolones 3. These
tetrahydroindolones 3 were treated with Mel in the pres-
ence of NaH to afford N-methyl tetrahydroindolones 4.
Condensation of the tetrahydroindolones 3 and 4 with
hydrazine or methyl hydrazine gave hydrazones or
methyl hydrazones 5, 6, and 7 which were converted
to the final desired semicarbazones 8, 9, 10, and 11
by reaction with variety of arylisocyanates or
arylisothiocyanates.

Shown in Figure 1, other semicarbazones like 12, which
was derived from tetrahydroindazolone, were prepared.
Others such as 13, 14, and 15 were prepared from tetra-
hydrobenzofuranone, tetrahydro-benzothiophenone,
and tetrahydroquinazolinone, using similar methods.

The scope of the tetrahydroindolone lead was further
explored by: change of the R' and R? substituents on
the tetrahydroindolone ring; replacement of the tetrahy-
droindolone ring with other heteroaromatic rings; and
modifications of the isocyanate derived R® substituents.

As shown in Table 1, blockade of Kv1.5 was sensitive to
the substitutions at the 2 and 3 positions of the tetrahy-
droindolone ring. For example, unsubstituted com-
pounds (8a,b), analogs possessing more hindered alkyl
groups such as 2-methyl-3-isopropyl (8c,d), or the 2,3-
fused cyclohexane moiety (8e) showed little or no block
of Kv1.5 at 1 uM concentration. In contrast, the 2,3-di-
methyl, 2-methyl-3-ethyl, and 2,3-diethyl substituted
derivatives (8g-r) exhibited significant block of Kvl1.5.
These results indicated that small structural changes in
this area have significant impact on activity. Changes
to the tetrahydroindolone core also significantly influ-
enced activity. Replacement of the tetrahydroindolone
core with other heteroaromatic cores (Fig. 1), such as
I-methyl tetrahydroindazolone, tetrahydrobenzofura-
none, tetrahydrobenzothiophenone, and 2-methyl tetra-
hydroquinazolinone provided, inactive compounds 12,
13, 14, and 15.

H H H H
NINTNO N,NTNO
e) _ O
N\//\J@ a8
N (0]
|
Me 12 13
NN NN
0y 50
Y _ O N/I o
| N
S Me)\N
14 15

Figure 1. Semicarbazones derived from alternative scaffolds.
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Scheme 1. Reagents and conditions: (a) NH,OH/KOH, overnight; (b) 1,3-cyclohexanedione, Zn/HOAc, reflux, 3 h; (c) Mel, NaH/dioxane, 70 °C,
1.5 h; (d) NH,NH; (excess)/dioxane, 60 °C, 7 h; (e) NH,NHMe (excess)/dioxane, 60 °C; (f) arylisocyanates or arylisothiocyanates/MeOH, rt, 3 h.
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Table 1. Kv1.5 Block by tetrahydroindolone-derived semicarbazones

RO [ e
»Z
N
H
Compound R! R? R? % Block of Kv1.5 ICsq (uM)
Kvl.5 at 1 uyM
8a H H H Inactive
8b H H 4-Cl 28 5.6
8c Me i-Pr H Inactive
8d Me i-Pr 4-Cl Inactive
8e 7CH2(CH2)2CH27 H 20
8f Me Me H 37
8g Me Me 4-Cl 67 0.37
8h Me Me 4-CF; 63
8i Me Et H 85 0.13
8j Me Et 4-Cl 65 0.44
8k Me Et 4-Me 50
81 Me Et 4-SMe 80 0.28
8m Me Et 2-(N-Pyrrolidinyl) 60 0.75
8n Et Et H 56
8o Et Et 4-Cl 60
8p Et Et 4-OMe 85
8q Et Et 2-SMe 67
8r Et Et 4-SMe 56

Table 2. Kvl1.5 Blockade by tetrahydroindolone-derived thiosemicar-
bazones

NN
Et N Y | \_ 3
(s - 0
wd 1)
N
H
Compound R3 % Block of Kvl.5
Kvl.5 at 1 pM 1Cso (LM)
9a 3-Cl 78
9b 4-Cl 71
9¢ 3-Me 64
9d 3-CF; 91 0.20
9e 4-CF; 52

The blocking effects of the thiosemicarbazones (9a—e)
against Kvl.5 were also examined. The data, summa-
rized in Table 2, show these compounds displayed activ-
ity similar to the semicarbazones. A comparison of 9b
and 8j suggests that replacing the oxygen with sulfur
had little impact on activity.

Replacement of the NH group of the semicarbazone side
chain with an N-Me group, as shown in Table 3, provid-
ed analogs (10a—e) that showed similar or increased
activity compared to the corresponding NH com-
pounds. Most notably, the N-Me derivative 10c was
more potent than its direct NH comparator 8j
(IC50=0.13 uM vs. 0.44 uM) in blocking Kv1.5.

In the 2,3-diethyl substituted tetrahydroindolone ana-
logs, the introduction of methyl groups on both N-1

Table 3. Kvl.5 Blockade by N-methyl tetrahydroindolone-derived
semicarbazones

Compound R? % Block of Kvl.5at 1 pM  Kv1.5 ICs,

(uM)
10a H 65
10b 3-Cl 89
10c 4-Cl 93 0.13
10d 4-SMe 78
10e 4-Ac 86

of the tetrahydroindolone ring and the NH of the semic-
arbazone side chain provided compounds 11a-d (Table
4). These analogs have similar or greater inhibitory
activity for Kvl.5 compared to their non-methylated
counterpart 8n—p.

The compounds in Tables 3 and 4 also show that both
electron-donating and electron-withdrawing R substit-
uents lead to active compounds with somewhat higher
activity for compounds with electron-withdrawing sub-
stituents (10b, c, e; 11b, d).

In the semicarbazone class, compounds 8i and 10c were
profiled further in vivo. The tests were carried out in an
anesthetized mini-pig model, similar to the model that
Aventis recently reported.'” The model was validated
using the marketed class III agent dofetilide which





5862 S. Wu et al. | Bioorg. Med. Chem. Lett. 16 (2006) 5859-5863

Table 4. Kv1.5 Blockade by N,-methyl, N-methyl tetrahydroindolone-
derived semicarbazones

' H
N N
E N \
t | g C_ B3
24T

N

|

Me
Compound R? % Block of Kvl.5

Kvl.5 at 1 yM ICso (uM)

11a H 84
11b 4-Cl 90
11c 4-OMe 75
11d 4-Ac 90 0.37

increased both atrial effective refractory period (ERP)
and ventricular effective refractory period (ERP). Preli-
minary results showed that both compounds provided
a dose-dependent increase in atrial ERP with no increase
in ventricular ERP after a 15 min iv infusion. Figure 2
shows that right atrial ERP increased by 28% for 8i at
a dose of 10 mg/kg and 18% for 10c at a dose of
30 mg/kg. At this same dose, there is no increasing on
ventricular ERP.

In conclusion, we have discovered a novel class of tetra-
hydroindolone-derived semicarbazones that are potent
blockers of the Kvl1.5 channel. Some of these com-
pounds show very good selectivity for Kv1.5 over L-type
calcium and hERG channels. The in vivo pig results

200

190 4 590,45 —0- AERP
—~ 180 |
o —o—1 k
8 170 mg/kg
£ 160 1045 —— 10 mg/kg
g 150
= 140 1
S
5 130 n=8, SEM
0 120

110 |

100 T T T T

100 150 200 250 300
Heart Rate (bpm)
250
30442 —- VERP

. 230 N
g 191 —— 1 mglkg
0 210 A
E —¥— 10 mg/kg
s 190
=}
® 170
3
= n=8, SEM

130 T T T T

100 150 200 250 300

Heart Rate (bpm)

Figure 2. Anesthetized pig AERP and VERP changes for 8i at 1 and
10 mg/kg doses.
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Figure 3. Anesthetized pig AERP and VERP changes for 10c at 10 and
30 mg/kg doses.

with compounds 8i and 10c show selective atrial ERP
prolongations with no affect on ventricular ERP. The
atrial-selective ERP increases in pigs are consistent with
the atrial-selective presence of IKur in man. Thus, Kv1.5
blockers may offer an approach for the development of
atrial-selective antiarrhythmic drugs for the treatment of
AF (Fig. 3).
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Kvl.5 currents are recorded by the whole cell mode of
patch clamp electrophysiology. Kvl.5 is stably over
expressed in either HEK or LTK-cells. Microelectrodes
are pulled from borosilicate glass (TW150) and heat
polished (tip resistance, 1.5-3 MQ). The external solution
is standard Tyrode’s solution. The internal (microelec-
trode) solution contained: 110 mM KCI, 5mM K,APT,
5mM K4BAPTA, 1 mM MgCl,, and 10 mM Hepes,
adjusted to pH 7.2 with KOH. Command potentials are
applied for 1s to +60 mV from a holding potential of
—70 mV using Axon software (pClamp 8.1) and hardware
(Axopatch 1D, 200B). Compounds are prepared as 10—
20 mM DMSO stocks and diluted to appropriate test
concentrations. After stable currents are achieved, com-
pounds are perfused onto the cells and the cells are pulsed
every 5 s until no further changes in current are evident at
a given compound concentration. Inhibition was mea-
sured at the end of the 1 s pulses and expressed relative to
controls. Concentration—-response curves are generated for
appropriate compounds utilizing at least four concentra-
tions and an n = 3. Curve fitting and ICs, estimating were
done using Graphpad software (Ver. 4).

HERG currents are recorded by the whole cell mode of
patch clamp electrophysiology as described by Hamill

22.

23.
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et al.?> HERG is stably overexpressed in HEK cells.
Microelectrodes are pulled from borosilicate glass
(TW150) and heat polished (tip resistance, 1.5-3 MQ).
The external solution is standard Tyrode’s solution. The
internal (microelectrode) solution contained: 110 mM
KCl, 5mM K,APT, 5 mM K4BAPT, 1 mM MgCl,, and
10 mM Hepes, adjusted to pH 7.2 with KOH. Command
potentials are applied for 2's to +20 mV from a holding
potential of —80 mV using Axon software (pClamp 8.1)
and hardware (Axopatch 1D, 200B). Tail currents are
generated by returning to —40 mV for 2 s. Compounds are
prepared as 10-20 mM DMSO stocks and diluted to
appropriate test concentrations. After stable currents are
achieved, compounds are perfused onto the cells and the
cells are pulsed every 20s until no further changes in
current are evident at a given compound concentration.
Inhibition of HERG is measured at the peak of the tail
currents and expressed relative to controls. Initial HERG
activity is estimated by single point determinations run at
10 pM. Concentration—response curves are generated for
appropriate compounds utilizing at least four concentra-
tions and an n = 3. Curve fitting and ICs, estimating were
done using Graphpad software (Ver. 4).

HL-1 cells expressing endogenous L-type calcium channels
are removed from culture flasks using trypsin, plated on
fibronectin/gelatin-coated, clear-bottomed, black-walled
96-well microplates in Claycomb media (JRH Biosciences
#51800) containing 10% fetal bovine serum, 4 mM
L-glutamine, and 10 uM norepinephrine, and grown to
confluency overnight. The next day, growth medium is
aspirated from confluent cell monolayers and replaced
with 100 pL per well Tyrode’s solution (in mM: 130 NaCl,
4 KCl, 1.8 CaCl,, 1.0 MgCl,, 20 Hepes, and 10 glucose,
pH 7.35) and 50 uL per well FLIPR Calcium Assay Kkit,
component A (#R-8033, Molecular Devices Corporation)
and incubated for 60 min. in a 5% CO, 37 °C incubator.
50 pLL per well test compounds is added to the plates and
further incubated for 15 min. in a 5% CO, 37 °C incuba-
tor. All final solutions contain the anion exchange
inhibitor, probenecid (2.5 mM). The 96-well plates are
then placed in the center position of the FLIPR 1(Fluo-
rometric Imaging Plate Reader, Molecular Devices Cor-
poration). Cell monolayers in each well are simultaneously
illuminated at 488 nm with an Argon ion laser, and
fluorescence emission is monitored using a 510-570 nm
bandpass filter and a cooled CCD camera. To depolarize
the plasma membrane and activate L-type calcium chan-
nels, S0pL per well of 20 mM KCI (final concentration) is
dispensed simultaneously to all 96 wells using the FLIPR’s
automatic 96-well pipettor. Fluorescence measurements
are captured for 5 min. following KCl addition. Calcium
influx, expressed as % control, is calculated for each
concentration of test compound and concentration—re-
sponse curves and IC50 values are generated using
GraphPad Prism 4.0.

Hamill et al. Pflugers Archiv. 1981, 391, 85.
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Abstract—With an insight that ligands possessing a N,S, tetradentate array of donor atoms serve as ideal bifunctional chelating
agents (BFCA) in the radiolabeling of target-specific agents, 5-hydroxy-3,7-diazanonan-1,9-dithiol (DAHPES) with a derivatizable
substituent in the form of a hydroxyl group in the backbone was synthesized. The preparation of a steroid conjugate via coupling of
this BFCA with testosterone-3-(O-carboxymethyl) oxime and the subsequent radiolabeling of the conjugate under optimized con-
ditions with **™Tc, the ideal diagnostic radionuclide in nuclear medicine procedures, are reported. The immunoreactivity of the radi-
olabeled conjugate was demonstrated in a study using anti-testosterone antibodies, wherein the radiolabeled conjugate exhibited
significant binding with antiserum to testosterone. Cell-uptake studies in DU145 prostate carcinoma cell line bearing androgen
receptors (ARs) and comparison with AR non-bearing breast carcinoma cell line revealed the specific binding of the steroidal moiety

with the testosterone receptor.
© 2006 Elsevier Ltd. All rights reserved.

Several methods of radiolabeling steroidal substrates
with radioisotopes of choice for targeting specific recep-
tors over-expressed in target tissues in diseased states
have been reported.' Testosterone is a steroidal hor-
mone which binds to androgenic receptors which are
over-expressed in cancerous regions of the prostate.!
Agents to image the prostate or tumors therein, based
on the androgen content, serve as a useful tool in staging
of the disease and monitoring the course of therapy.*
Various derivatives of androgens have been labeled with
several y-emitting radionuclides, such as, ’’Br, %*Br, '*°I,
75Se>® as well as with the positron emitter 'SF,*° in
search of an ideal androgen receptor-based prostatic
imaging agent. However, rapid metabolic cleavage,
low receptor binding affinity, and inadequate specific
activity are the major impediments toward use of these
radiolabeled conjugates. The aforementioned inadequa-
cies of currently available diagnostic methods for in vivo
imaging of prostatic carcinoma have prompted us to
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envisage a strategy whereby testosterone could be radio-
labeled with *™Tc¢ in designing a potential agent for
non-invasive imaging of androgen receptors. The desir-
able features of *™Tc as an isotope of choice in diagnos-
tic nuclear medicine emerge from its manifold
advantages attributable to its suitable nuclear decay
characteristics (half-life 6 h, decay by isomeric transition
with the emission of 140 keV gamma photon suitable for
imaging procedures), easy availability from a
Mo-""™Tc generator, and amenable chemistry. The
present work reports an attempt to prepare a  ™Tc-
labeled testosterone conjugate for targeting androgenic
receptors.

In our search for novel bifunctional chelating agents, a
tetradentate ligand possessing an array of donor atoms
identical with those in ethylene dicysteine (ECD) or
diaminodithiols (DADT) was envisaged.''4 5-Hy-
droxy-3,7-diazanonan-1,9-dithiol (DAHPES) with a
N,S, donor atom set and a derivatizable substituent in
the form of a hydroxyl group in the backbone was syn-
thesized by applying a single-step synthetic strategy
(Fig. 1).15°18 Successful radiolabeling of DAHPES with
9MTe at room temperature with high yield and a desir-
able biodistribution pattern of the labeled ligand with
no major uptake in any organ and fast clearance via
the renal route!® provided impetus for its use as a BFCA
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Figure 1. Synthesis of DAHPES-testosterone conjugate.

for the present study. It is well reported that testosterone
when functionalized at the C; position retains its immu-
noreactivity, and hence a strategy toward preparation of
a radiolabeled agent for androgen receptor targeting
was envisaged using a C; functionalized testosterone.'”
In the present paper, we report the synthesis, purifica-
tion, and **™T¢ labeling of a testosterone—-BFCA conju-
gate, and the preliminary biological evaluation of the
developed radiolabeled conjugate in suitable in vitro
systems.

The BFCA-testosterone conjugate was prepared via a
two-step reaction (Fig. 1) involving the testosterone-3-
(O-carboxymethyl)-oxime derivative as the precursor,

Testosterone-3-(O-carboxymethyl) oxime

Isobutylchloroformate
Tributylamine
Dioxane

RT,4h

OH

which in turn was synthesized from testosterone.?’ The
coupling of the testosterone derivative with the BFCA
involved the activation of testosterone-3-(O-carboxym-
ethyl)-oxime using isobutyl chloroformate and tributyl
amine. The mixed anhydride thus obtained was allowed
to react with the DAHPES in dry dioxane.?! The prod-
uct was characterized by "H NMR and mass spectra.?
The peak integrations and multiplicities in the 'H
NMR spectrum observed were as expected and provided
evidence in favor of the formation of the desired conju-
gate. The desired derivatization is indicated by the
appearance of an 8-H multiplet between 3.20 and 3.36
corresponding to the CH protons of the DAHPES moi-
ety. A shift in the J values of the CH(O) proton from
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3.50-3.52 to 3.72-3.78 at the site of derivatization pro-
vided confirmatory evidence toward formation of the
steroid-BFCA conjugate. The appearance of two-pro-
ton singlet at 4.43 and 4.46 correspondlng to the
—NOCHzCOO proton in the 'H NMR spectrum of
the conjugate is indicative of the formation of geometri-
cal isomers (60:40). The observation of the molecular
ion peak at m/z 553 in the mass spectrum conclusively
showed the formation of the DAHPES-testosterone
conjugate.

For the labeling of DAHPES-testosterone conjugate,
02mL of freshly eluted *™TcO,~ (500 uCi) from a
PMo-""Tc generator was added to 1 mg (1.8 mM) of
the conjugate in 0.4 mL phosphate buffer (0.05 M, pH
12) and 0.2mL of normal saline. 0.2mL of
SnCl, - 2H,0 (0.2 mg) solution in dilute HCI was added
to the reaction mixture. The mixture was purged with
nitrogen for 2 min and then incubated for 30 min to
1 h at room temperature.

The extent of *™Tc labeling achieved was determined by
paper chromatography (PC), thin-layer chromatogra-
phy (TLC), and paper electrophoresis techniques follow-
ing standard procedures reported elsewhere.?*>* In PC,
using saline as the solvent, it was observed that a consid-
erable portion of the activity remained at the point of
spotting (R = 0), which could be attributed to the pres-
ence of either the radiolabeled conjugate or reduced
technetium. The presence of minor amount of activity
at the solvent front indicated the presence of either per-
technetate or *™Tc-labeled DAHPES (as radiochemical
impurity), both of which appeared at Ry = 0.8-1 under
identical conditions. However, on TLC/saline, the major
activity moved toward the solvent front, thereby differ-
entiating the radiolabeled conjugate from the reduced
technetium. Therefore, a combination of these two chro-
matographic methods enabled the preliminary determi-
nation of the extent of complexation which was
further verified by paper electrophoresis studies. This
was carried out using 0.025 M phosphate buffer of pH
7.5 at a potential gradient of 10 V/cm for a period of
75 min. It was observed that, while *™TcO,~ moved
10 cm toward the anode, 99mTc labeled conjugate
remained at the point of spotting under identical
conditions.

In optimization studies of the complexation parameters
for achieving maximum yield, it was observed that 1 mg
of the radiolabeled steroidal-BFCA conjugate at pH 12
yielded ~60% complexation when incubated at room
temperature for 30 min to 1 h. Further increase in the
ligand concentration did not show any appreciable effect
on the complexation yield. Stannous chloride was used
as the reducing agent and 0.2 mg of this compound
was required to obtain maximum complexation. PC
and TLC studies revealed that a maximum of 60% com-
plexation was achieved when the complex was prepared
under optimized conditions.

Radiochemical purification of the **™Tc-labeled DAH-
PES—testosterone conjugate was achieved by HPLC.
This technique also provided an additional support in

favor of the extent of complexation determined by using
the combination of PC and TLC systems described
above. A dual pump HPLC unit with a C;g reversed-
phase column (25 cm x 0.46 cm) was used for the purifi-
cation of the radiolabeled conjugate. The elution was
monitored both by UV absorbance at 240 nm as well
as by radioactivity signals. The flow rate was maintained
at 1 mL/min. Acetonitrile (A) and water (B) mixtures
containing 0.1% trifluoro acetic acid were used as the
mobile phase and the following gradient elution tech-
nique was adopted for the separation (0-3 min 10% A
to 90% A, 3-10 min 90% A to 10% A, and 10-20 min
10% A to 90% A). Typical HPLC patterns representing
the radioactive chromatogram and UV proﬁle are
depicted in Figures 2a and b, respectively. It is evident
from the figure that while > Tc_DAHPES—testosterone
complex exhibited a retention time of ~210s, ™ TcO,~
eluted out from the column at ~280s. 99mTc DAH-
PES-testosterone complex thus purified was subse-
quently used for all biological evaluations.

Stability studies carried out using quality control tech-
niques mentioned above showed that the radiolabeled
conjugate retained its radiochemical purity when stored
at room temperature up to 4 h after its preparation.

a 350 -
“"Tc-DAHPES-testosterone
300
250 | ‘]9m:rc04»
200 | |
n |
& I
O 150 | I
| 1 n
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Figure 2. (a) HPLC pattern (radioactive chromatogram) of *™Tc-
labeled DAHPES-testosterone conjugate. (b) HPLC pattern (UV
profile) of *™Tc-labeled DAHPES-testosterone conjugate.





T. Das et al. | Bioorg. Med. Chem. Lett. 16 (2006) 5788-5792 5791

Biological activity of the resultant *™Tc-DAHPES-tes-
tosterone complex was studied by carrying out prelimin-
ary in vitro cell-uptake studies with DU145, a human
prostate carcinoma cell line known to express testoster-
one receptors, as well as by binding studies with anti-tes-
tosterone antibodies.

Antibody binding studies>> were carried out to prelimi-
narily ascertain the retention of immunological activity
which could provide a clue toward structural integrity
of the steroid after introduction of the BFCA. It was ob-
served that the radiolabeled conjugate exhibited a bind-
ing of ~50% with 1:5 diluted antiserum, while binding
was ~43% with a 1:10 diluted antiserum. The decrease
in binding with increased dilution of the testosterone-
specific antiserum indicated that the radiolabeled conju-
gate retained its binding capacity to the antiserum. The
binding was comparable to the observation made in ear-
lier studies carried out in our laboratory wherein 100 pg
of a radioiodinated (1000 pnCi/pg) testosterone derivative
showed a binding of 35-45% with a 1:150,000 diluted
antiserum.”® It was also observed in the present studies
with **™Tc-labeled DAHPES-testosterone conjugate
that, as the amount of conjugate was increased from 3
to 6 ug, the tracer showed a decrease in binding from
~50% to ~40%. Blank studies where the antiserum
was incubated with either only TcO,~ or with **™Tc—
DAHPES gave a binding of 2-5%. These results indicat-
ed that the binding of testosterone toward the specific
antiserum was retained after radiolabeling.

Prostate cancer is one of the most common forms of
malignant growth in human males. Prostatic carcinoma
cells have been reported to bear androgen receptors not
only intracellularly, but also on the membrane surface.
The latter are hypothesized to be responsible for ra-
pid-acting non-genomic effects.?’” The DU145 prostatic
carcinoma cell line is androgen-independent, but pos-
sesses androgen receptors®® and therefore could serve
as a target for radiolabeled steroidal substrates possess-
ing affinity for androgenic receptors. Blank experiments
were also performed by incubating the DU145 cells with
#mTcO,” and a negative control was set up by incubat-
ing the radiolabeled BFCA—testosterone conjugate with
an androgen receptor negative cell line, namely, MDA-
MB-468, a human breast carcinoma cell line, keeping
other experimental conditions identical.?’ About ~24—
31% cell uptake was observed when 0.5-1 pg of the
9mTc-labeled DAHPES-testosterone conjugate was
incubated with 4 x 10* cells. When the amount of tracer
was increased 10-fold (10 pg), the cell uptake decreased
from an average of 31% to 22%, whereas with a 100-fold
(100 pg) increase in the amount of tracer, the uptake
decreased from 31% to <5%. Blank experiments carried
out using TcO,~ in place of the radiolabeled conjugate
and negative controls with MDA-MB-468 breast carci-
noma cell line in place of DU145 showed <5% cell
uptake. These results appear to indicate that the
radiolabeled conjugate has specific affinity toward
testosterone receptors on the prostate cancer cell line.

The present study describes the preparation of a novel
BFCA-testosterone conjugate and its successful radiola-

beling with *™Tc. Retention of immunological activity
and thereby a gross indication of structural integrity of
testosterone in the radiolabeled conjugate was demon-
strated in serum antibody binding studies. While in vitro
cell binding studies showed significant uptake in the
human prostatic carcinoma cell line, negligible uptake
observed in the androgen receptor negative breast
carcinoma cell line is indicative of the androgen receptor
specificity of the developed a§ent. These studies showed
that the radiolabeled agent ~"™Tc-DAHPES-testoster-
one possesses considerable promise toward use as a
potential targeting agent for androgen receptors.
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Protocol for antibody binding studies. Antiserum was raised
in rabbit against testosterone-3-(O-carboxymethyl)-ox-
ime-bovine serum albumin (BSA) conjugate in our labo-
ratory. When the specific binding of the antiserum with
testosterone was taken as 100%, <10% cross-reactivity
with dihydrotestosterone and <1% cross-reactivity with all
other structurally related compounds were observed.
0.1 mL of the purified diluted radiolabeled conjugate
(~3 ng) was incubated with diluted antiserum in 0.1 M
Tris buffer of pH 8.5 containing 0.1% gelatin. 0.1 mL of
3% vy-globulin was added to facilitate precipitation. At the
end of the 1h incubation at room temperature, 1 mL of
22% polyethylene glycol in normal saline was added to
precipitate the *™Tc-labeled DAHPES-testosterone con-
jugate bound to antibody. The precipitate, which carried
the radioactivity bound to antibody, was separated by
centrifugation and the radioactivity in the precipitate was
measured. Blank studies were also performed simulta-
neously with *™TcO,~ as well as with the *"Tc-DAH-
PES complex in place of the radiolabeled conjugate.
Grace, S.; Meera, V.; Balakrishnan, S. A.; Sarma, H. D. J.
Radioanal. Nucl. Chem. 1997, 223, 83.

Hatzoglou, A.; Kampa, M.; Kogia, C.; Charalampopou-
los, 1.; Theodoropoulos, P. A.; Anezinis, P.; Dambaki, C.;
Papakonstanti, E. A.; Stathopoulos, E. N.; Stournaras, C.;
Gravanis, A.; Castanas, E. J. Clin. Endocrinol. Metab.
2005, 90, 893.

Brolin, J.; Skoog, L.; Ekman, P. Prostate 1992, 20,
281.

Protocol for cell binding studies. Cell lines were cultured
at 37°C in humidified atmosphere with 5% CO.,.
RPMI-1640 medium was used for DUI145 and Dul-
becco’s modified Eagle’s medium (DMEM) was used
for MDA-MB-468, both supplemented with 10% fetal
bovine serum. Once sufficient cellular mass was
obtained, the cells were harvested by trypsinization,
washed repeatedly with assay buffer (phosphate-buffered
saline, pH 7.5), and finally dispensed into reaction
tubes at a concentration of 4x 10* cells/tube in assay
buffer. The radiolabeled conjugate was diluted in assay
buffer and added in varying concentrations to the cells.
Total reaction volume was maintained at 0.3 mL/tube.
After an incubation for 2h at 37°C, the cells were
washed twice with cold assay buffer and counted in a
Nal(Tl) scintillation counter.
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Abstract—The synthesis of a new class of 9-(S)-dihydroerythromycin derivatives and their anti-inflammatory activity on in vivo
PMA assay are described. Modifying the desosamine sugar on the C-3’ amino group, it was possible to differentiate between
anti-biotic and anti-flammatory action. The compounds are completely devoid of anti-microbial effects but their anti-inflammatory
properties are enhanced. These results strongly suggest the potential of macrolides as a new class of anti-inflammatory agents.

© 2006 Elsevier Ltd. All rights reserved.

Macrolide anti-biotics have been used effectively and
safely for the treatment of respiratory tract infections
for more than 40 years. The first macrolide, erythromy-
cin A (Scheme 1), was introduced in the 1950s and has
enjoyed widespread clinical use especially in patients
with allergic reactions to penicillin.!

There are growing evidences that macrolide anti-biotics
may have beneficial effects in chronic inflammatory air-
way diseases such as asthma, diffuse panbronchiolitis
(DPB) and chronic sinusitis that are independent of
their anti-bacterial effects.>* However, the anti-inflam-
matory activities seem to be limited to the 14-membered
ring macrolides like erythromycin and clarithromycin,
and 15-membered ring macrolides like azithromycin,
but are not shared by 16-membered ring macrolide like
josamycin.’

Great caution must be used for administering anti-mi-
crobial drugs as anti-inflammatory agents for chronic
treatment in order to avoid selecting microbial resis-
tance. A better approach would involve chemical modi-
fication of the basic structure in order to enhance effects

Keywords: Macrolide; Erythromycin; Erythronoid; Anti-inflammato-

ry, amide; Amine; Desosamine; Cladinose; PMA induced ear edema;

CD1 mice.

* Corresponding author. Tel.: +41 919354520; fax: +41 919354512;
e-mail: andrea.mereu@zambongroup.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.08.076

on the inflammatory cascade and avoid anti-microbial
activity.

In this report, we describe the preliminary results
regarding a study aimed at the design and synthesis of
a new class of erythromycin derivatives provides with
potent in vivo anti-inflammatory properties. Several
compounds were prepared and tested in an iterative
approach in order to enhance the anti-inflammatory
activity but at the same time eradicating the anti-bacte-
rial effect.

During this study, we have found that erythromycin
anti-bacterial activity can be reduced by structural
modifications at different functional groups:

(1) C-3’ dimethylamino modification,
(2) Cladinose removal,®
(3) C-9 carbonyl modification.

The dimethyl amino group is directly involved in the
anti-bacterial mechanism and its modification drastical-
ly reduces this effect.’

One of the major problems of erythromycin is its insta-
bility in the acidic environment of the stomach. The acid
degradation products generated by intramolecular hem-
iketal formation between the hydroxyls at C-6 and C-12
with the C-9 carbonyl are responsible for its poor bioav-
ailibility and gastrointestinal (GI) side effects.?®
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1 - Erythromycin A 2

Scheme 1. Reagents and conditions: (a) NaBHy (1 equiv), 5% H,O/THEF, 0 °C, 1 h, 72%, 95:5 isomer ratio; (b) DEAD (1 equiv), CH,Cl,, 16 h, 98%.

Among all the possible C-9 carbonyl modifications in
erythromycins, we selected the reduction to secondary
alcohol.” C-9 carbonyl reduction increased metabolic
stability and played an important role in reducing the
anti-bacterial effect, which was completely eliminated
by the concomitant modification of the dimethylamino

group.’

A study on the diastereoselective reduction of C-9 car-
boxyl group was performed. The diastereoselection
was induced by the presence of 18 stereogenic centers
in erythromycin and its 3D-conformation. The highest
isomer ratio was obtained using polar, aprotic solvents
such as THF, rather than protic solvents such as MeOH
or H,O. On the other hand, the global yield was quan-
titative in protic solvents but much lower in THF. The
best condition consisted of using a 5% H,O/THF solu-
tion at 0 °C to give the 9-(S)-dihydroerythromycin 2 in
good yield and isomer ratio (Scheme 1).

Functionalization of the desosamine sugar by introduc-
tion of a C-3’ substituent was envisaged as a suitable
modification. The amino group was demethylated fol-
lowing two protocols. The first one, an Iodine-promoted
demethylation in MeOH, could be performed either
refluxing'® or irradiating with a 400 W lamp!' bringing
to 50-60% of isolated yield. The second one, a DEAD
mediated reaction,'? gave quantitative yield of the desm-

ethyl-alcohol 3 and it was chosen for its synthesis
(Scheme 1).

Reductive amination of desmethyldihydroerythromycin
3 with benzaldehyde gave product 8 (Scheme 2). Similar-
ly intermediate 5 was obtained reacting 2 with an alloc-
protected thiazole-diamino-aldehyde 4. Alloc removal
under standard conditions'® gave product 6, which
was further treated in acid media to remove cladinose
sugar, yielding the cladinose-free analogue 7 (Scheme
2). Acid promoted cladinose removal gave a class of ery-
thronoids that were found to be inactive in many anti-
bacterial tests even without further structural
modifications.®

Macrolide 10 and its cladinose-free analogue 11 have
been prepared from 3 by a three-step procedure (Scheme
2). Michael addition of 3 to refluxing acrylonitrile, fol-
lowed by catalytic hydrogenation gave amine 9. This lat-
ter was in turn subjected to reductive amination with
thiazolecarboxaldehyde to give product 10 in satisfacto-
ry yield (Scheme 3).

We finally devised another class of compounds featuring
a substituent connected to the desosamine sugar
through an amide bond in C-3’ position. This modifica-
tion completely suppressed the unwanted anti-bacterial
effect.

Scheme 2. Reagents and conditions: (a) benzaldehyde (1.1 equiv), MesJNBH(OAC); (2 equiv), AcOH (1.5 equiv), dichloroethane, 67%; (b) 4 (1 equiv),
Mey,NBH(OAC); (2 equiv), AcOH (1.5 equiv), dichloroethane, 55%; (c) pyrrolidine (2.5 equiv), tetrakis(triphenylphospin)palladium (0.05 equiv),
CHCls, 2 h, 56%; (d) HC1 2 N in MeOH, 50-80%; (e) acrylonitrile, reflux, 6 h; 60%; (f) H,, 5 atm, 5% Pd/C, MeOH, 95%; (g) thiazolecarboxaldehyde
(1 equiv), MegNBH(OAC); (2 equiv), AcOH (1.5 equiv), dichloroethane, 87%.
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Scheme 3. Reagents and conditions: (a) long-chain acid (1.5 equiv), DCC-resin (2 equiv), dichloroethane, 40 °C, 16 h, 50-60%; (b) pyrrolidine (2
equiv), tetrakis(triphenylphospine)palladium (0.05 equiv), CH,Cl,, 60-80%; (c) acetyl chloride (1 equiv), NEt;3 (1.2 equiv), CH,Cl,, 1 h, 90%; (d) HCI
1 N in MeOH, 90%; (e) 2-Cl-acetyl (1.1 equiv), DCC-resin (2 equiv), CH,Cl,, 40 h, 66%; (f) dimethylaminoethylenamine or benzylamine (1.1 equiv)

THF, 40 °C, 1 h, 75-80%.

Amide 16 was prepared from 3 by simple acetylation.'*
DCC-resin supported coupling of 3 with the corre-
sponding aromatic long-chain acids gave the alloc-pro-
tected amines that, after Pd° catalyzed deprotections,!
yielded compounds 14 and 15. Starting from the chloro
acetamide intermediate 18, compounds 19 and 20 were
synthesized by nucleophilic substitution with the corre-
sponding amines. Cladinose-free macrolides 17 and 21
were prepared reacting compounds 16 and 19 in metha-
nolic HCI solution.

The prepared macrolides were preliminary screened
through a first level of tests regarding cytotoxicity!'>
and in vitro ROS inhibition.'® The compounds whose
synthesis are described above passed this first selection
and their anti-inflammatory activity was evaluated in
vivo by topical administration of 0.5 mg/ear on PMA-
induced ear edema in mice using erythromycin as
standard (Table 1)."7

All the compounds were soluble, nontoxic and, except
for compounds 8 and 10, no effect was observed on sev-
eral bacterial strains.'®

Most of these compounds are as effective as erythromy-
cin (i.e., aminomethylthiazoles 6, 7, and 11 or benzyl-
amine 8). The best anti-inflammatory activity on
amino subclass was obtained by aminomethylthiazole 10.

Table 1. Inhibition of ear edema in CDI mice after topically
application (500 pgfear) of erythromycin derivatives'’

Macrolide derivatives Subclass Cladinose Inhibition® SE

code no. (%) (*)°
Erythromycin Amine + 42

6 Amine + 43 11

7 Amine - 45 5

8 Amine + 58 5
10 Amine + 74 2
11 Amine — 53 9
14 Amide + 87 6
15 Amide + 77 5
16 Amide + 79 5
17 Amide — 66 5
19 Amide + 18 13
20 Amide + 71 6
21 Amide — 31 5

#Values are means of five experiments.
®Standard error.

The anti-bacterial action was greatly reduced or elimi-
nated as the size of the C-3’ substituent increased.

The best results were achieved with the amide subclass,
which never showed toxicity or anti-microbial effect.
Their anti-inflammatory properties were improved rang-
ing from 66% inhibition of cladinose-free acetamide 17
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to 86% of the benzylamine 14. Only dimethyl amines 19
and 21 showed a low activity.

In general cladinose removal did not increase the anti-in-
flammatory effect, but these compounds showed a better
physical-chemical profile and no anti-microbial action.

In summary, we have developed a new class of 9-(S)-
dihydroerythromycin derivatives in order to obtain a
new class of derivatives endowed with anti-inflammato-
ry activity but devoid of anti-bacterial effects.

These results led us to further evaluate this class of com-
pounds. In consideration of bioavailability, permeation,
and in vivo toxicity studies, acetamido macrolide 17 was
selected as drug candidate for preclinical and clinical
development studies.
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Abstract—The synthesis, structure, and biological evaluation of a series of novel rifamycin derivatives, Rifastures (RFA) with potent
anti-tuberculosis activity are presented. Some of these derivatives showed higher in vitro activity than rifabutin and rifampicin
against not only Mycobacterium tuberculosis strains but also against MAC and Mycobacterium kansasii.

© 2006 Elsevier Ltd. All rights reserved.

The rifamycins are a family of naphthalenic ansamycin
antibiotics of remarkable interest because of their struc-
ture, biogenesis, mechanism of action, and therapeutic
efficacy.! They were isolated for the first time in 1959
from Amycolatopsis mediterranei as a mixture of at least
five active substances, designated rifamycin A-E. Only
rifamycin B was isolated as a pure crystalline substance,
and it has the unusual property that in oxygenated aque-
ous solutions, it tends to change spontaneously into rif-
amycin S (Fig. 1), a compound with higher antibacterial
activity.

Ansamycins are macrolide antibiotics characterized as
having a 17-membered aliphatic bridge connecting two
nonadjacent positions on a chromophoric naphthahy-
droquinone nucleus via an amide linkage,? and are gen-
erally active against Gram-positive bacteria and
mycobacteria, especially Mycobacterium tuberculosis.
Some rifamycins have interesting levels of activity
against viral RNA-dependent DNA polymerase® but
they are mostly known as potent inhibitors of all bacte-
rial DNA-dependent RNA polymerases (DDRP).* It is
believed that the mechanism of action of rifamycins

Keywords:  Rifamycins; Rifabutin; Rifastures; Mycobacterium

tuberculosis.

* Corresponding author. Tel./fax: +34985103450. e-mail: barluenga@
uniovi.es

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.08.090

involves primarily formation of a stable complex with
bacterial RNA polymerase, binding with the B subunit
of the enzyme, and effectively inhibiting RNA synthe-
sis.> Most rifamycins are not effective on the mammalian
RNA polymerase; therefore, they possess the necessary
requisite of low toxicity.

Studies of structure—antibacterial activity relationships
have shown the minimal requirements for activity to
be the presence of oxygenated functions at the C-1,
C-8, C-21, and C-23 positions, that are thought to be
directly involved in the attachment to the enzyme.®
Therefore, modifications at C-3 and/or C-4 positions,
which are on the opposite side of the aromatic ring, have
been mostly exploited for the preparation of new active
derivatives. It is believed that these structural changes
do not affect the antibiotic mode of action, but they
are able to enhance activity by improving membrane
permeability and pharmacokinetic properties.” Among
all new products, Rifampicin (Fig. 1) (U.S. generic name
is rifampin)® has been introduced into therapy for the
last 30 years as a first-line agent against tuberculosis.’

Spiropiperidyl-substituted rifamycin derivatives'® are a
class of semisynthetic rifamycin antibiotics!! in which
the C-3 and C-4 positions have been incorporated into
an imidazolyl ring bearing a spiropiperidyl group. The
nitrogen of the piperidyl ring can be substituted with
linear and branched aliphatic chains.!> Among them,



mailto:barluenga@ uniovi.es

mailto:barluenga@ uniovi.es



5718 J. Barluenga et al. | Bioorg. Med. Chem. Lett. 16 (2006) 5717-5722

CHg,

13

Rifamycin S

Rifampicin (RMP)

Figure 1. Chemical structure of some rifamycins.

rifabutin'?® (Fig. 1) is an alternative agent'? for the treat-
ment of several mycobacterial infections, including both
prophylaxis or therapy against disseminated MAC
(Mycobacterium avium-intracellulare complex) infections
in AIDS patients, and multidrug-resistant tuberculosis
(MDR-TB) strains.!> Unfortunately, rifabutin presents
a high level of toxicity in vivo.

Recently, organizations such as the World Health Orga-
nization (WHO)'¢ and the International Union against
Tuberculosis and Lung Disease!” have promulgated
efforts to develop new drugs that will shorten the treat-
ment duration and improve the therapeutic response of
MDR-TB. In this paper, we report the synthesis, struc-
ture, and bioactivity of seven new rifabutin analogs,
called Rifastures (RFA-3),'® which show a high level
of activity against M. tuberculosis.

For the preparation of the new spiropiperidylrifamycin
derivatives we used a modification of the method previ-
ously published for rifabutin and its analogs''® involv-
ing the condensation reaction between the common
intermediate 3-amino-4-iminorifamycin S'® and several
N-substituted-4-piperidones (Scheme 1). As far as we
are aware, there have not been any examples using
4-piperidones substituted in other positions on the

33 32 31
CHz CH3 CH,

piperidyl moiety. For this reason the first objective of
this study was to synthesize a variety of di- and tri-
substituted 4-piperidones (2a—f) to evaluate the impor-
tance of the substituents in the biological activity of
the new derivatives.

For several years, we have been engaged in the study of
the stereoselective synthesis of 4-piperidones by the imi-
no-Diels—Alder reaction of 2-amino-1,3-butadienes with
imines.?’ We decided to utilize this methodology toward
the preparation of new rifabutin analogs for further bio-
logical evaluation. For our studies we chose a variety of
meso-2,6-disubstituted-4-piperidones (2a—f)>! (Scheme
2). The selection of this particular system was motivated
by various reasons: symmetrical 4-piperidones would
afford two diastereoisomers as reaction products, due
to the formation of a new stereocenter at the spiranic
carbon atom C-1’, and also would facilitate the structur-
al characterization of these new analogs. Moreover, the
new analogs prepared in this way will constitute the first
examples in which meso-2,6-disubstituted-4-piperidones
are used for the condensation reaction with 3-amino-4-
iminorifamycin S (1).

The condensation reaction of 1 was carried out with the
meso-2,6-disubstituted 4-piperidones (2a—f), as shown in
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Scheme 1. Retrosynthetic pathway for the synthesis of rifabutin analogs.
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Scheme 2. Synthetic pathway for rifabutin analogs RFA-3.

Scheme 1. The optimal reaction conditions were
achieved using 1 molar equivalent of the intermediate
1 and two equivalents of ammonium acetate in refluxing
THF. The progress of the reaction was monitorized by
TLC or HPLC until all of the starting material was con-
sumed (1.5-5 h). The reaction mixture was diluted with
ether and the organic layer was washed with a buffered
solution of (NH4)H,PO,4 (pH 7.6), dried and evaporated
to afford a red solid. The reaction is general regarding
the structure of the aryl substituent at the piperidyl ring,
from electron rich (p-MeO-CgHy, 2b) to electron poor
(p-F—C¢Hy, 2¢), and the N-substituent of the 4-piperi-
dones (H, 2a—c or alkyl-substituted, 2d-f). The HPLC
analysis of the crude product showed the presence of
two diastereoisomeric spiropiperidylrifamycins (RFA-
3a—f) as the only products in good yield (60-71%) and
similar diastereoisomeric ratios (around 3:1) (Table 1).

These two diastereoisomers, M (major) and m (minor),
were separated by preparative TLC.

The structural characterization of the new rifabutin ana-
logs RFA-3a—f was achieved using 2D NMR spectro-
scopic experiments through the analysis of their
gHSQC and gHMBC spectra, while the configuration
of the new spirocyclic C-1" carbon center was assigned
by studying their gNOESY and ROESY spectra for
each diastereoisomer.?> On the major isomer (Fig. 2,
RFA-3aM) the proposed disposition of the substituents
was supported by gNOESY cross peaks between the
amine proton NH-3 and the protons H-2'ax and H-
5’ax in the piperidine moiety leading to the conclusion
that the conformation in solution of this rifabutin ana-
log is a chair with the large substituents facing up in a
equatorial orientation giving rise to a (r) configuration
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Table 1. New spiropiperidylrifamycins (RFA) synthesized from meso-4-piperidones

Compound R! R? Time (h) Yield* (%) ds (M:m)°®
RFA-3a Ph H 5 71 68:32
RFA-3b 4-MeO-C¢H,4 H 3 69 74:26
RFA-3c 4-F-C¢Hy H 3.5 70 75:25
RFA-3d Ph Allyl 1.5 68 73:27
RFA-3e Ph Homoallyl 1.5 60 73:27
RFA-3f Ph Bu 4 62 75:25

?Yield of isolated product as a mixture of diastereoisomers.
® Determined by 'H NMR of the crude reaction product.

v NH
N il
O
NH
RFA-3aM

ﬁ\ﬂ\NH
QR
O

RFA-3am

Figure 2. Absolute configuration at the spiranic carbon C-1’ for the new analog RFA-3a.

at the spiranic carbon for all the major isomers (M). In
the minor diastereoisomers (Fig. 2, RFA-3am) the gNO-
ESY cross peaks between the amine proton NH-3 and
the protons H-3'ax, H-4’ax, H-5'eq, and H-2'eq, corrob-
orate a chair-like conformation in solution for these
compounds with the aromatic substituents facing down
in an equatorial disposition giving rise to a (s) configu-
ration for the C-1’ carbon center in the minor diastereo-
mers (m).

To study the structure—antibacterial activity relation-
ships we chose seven of these new rifamycin derivatives:
the major isomers of compounds RFA-3a—f having dif-
ferent groups attached to the nitrogen atom; hydrogen
(RFA-3a—cM) or alkyl (RFA-3d-fM), and also different
aryl substituents at the 2,6 positions of the piperidine
ring. Furthermore, we decided to include in this study
one of the minor isomers RFA-3am to evaluate the effect
of the configuration at the spiranic carbon on the bio-
logical activity.??

MIC values were used to determine the in vitro antimy-
cobacterial activity of these seven new rifabutin analogs
synthesized against M. tuberculosis (Table 2). Agar dilu-
tion susceptibility testing was done according to the pro-
portion method.>* Together with the target compound,
we evaluated susceptibility to the following drugs at

the concentrations currently recommended as break-
points: isoniazid (INH); rifampicin (RMP); streptomy-
cin (SM); ethambutol (EMB) and rifabutin (RFB). In
this initial study we included five reference strains of
M. tuberculosis (MTB): M. tuberculosis ATCC 35838
(resistant to RMP and RFB), M. tuberculosis ATCC
35820 (resistant to SM), M. tuberculosis ATCC 35837
(resistant to EMB), M. tuberculosis ATCC 35822 (resis-
tant to INH), and M. tuberculosis H37 Rv ATCC 27294
(susceptible to all first line drugs) (entries 1-5). Also, 10
reference strains obtained from the Spanish WHO
Supranational Reference Laboratory (Dra. Nuria
Martin Casabona, Servicio de Microbiologia, Hospital
Universitario Vall d’Hebron, Barcelona, Spain) have
been tested; six strains were susceptible to RMP and
RFB (entry 6) and four strains were resistant to RMP
and RFB (entry 7).

All the target compounds tested showed antimycobacte-
rial activity (MIC <0.02 pg/mL) similar to RMP and
RFB in M. tuberculosis reference strains resistant to
drugs other than RMP and RFB (10 strains, entries 2—
6). With respect to reference strains resistant to RMP
and RFB (5 strains, entries 1 and 7) preliminary results
were encouraging, surprisingly, two of our seven analogs
(RFA-3aM and RFA-3cM) showed antimycobacterial
activity (80% of resistant strains were susceptible to
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Table 2. In vitro activities* of RMP, RFB, and the new rifamycins against 15 reference strains of M. tuberculosis®

Entry  Mycobacerium

MIC (pg/mL)

tuberculosis strains RMP RFB RFA 3aM RFA 3am RFA 3bM RFA 3cM RFA 3dM RFA 3¢cM RFA3fM

1 ATCC 35838 >5 >5 05 1
(RMPR, RFB®)
2 ATCC 35820 (SM®)  0.02  0.02 0.02 0.02
3 ATCC 35837 (EMB®) 0.02  0.02 0.02 0.02
4 ATCC 35822 (INH®)  0.02 0.2 0.02 0.02
5 H37 Rv 0.02  0.02 0.02 0.02
6 WHO(6 strains) 0.02  0.02 0.02 0.02
(RMPS, RFBS)
7 WHO (4 strains) >5 >5 03 (1) >1
(RMPR, RFBRY
0.5 (2)
0.7 (1)

1 0.5 >1 >1 1
0.02 0.02 0.02 0.02 0.02
0.02 0.02 0.02 0.02 0.02
0.02 0.02 0.02 0.02 0.02
0.02 0.02 0.02 0.02 0.02
0.02 0.02 0.02 0.02 0.02
>1 0.3 (1) >1 >1 >1
0.5(2)

1)

#Each MIC assay was run three times, and for entries 2-6, all of the compounds had MIC values less than 0.02 ug/mL (the limit of detection).
® Concentrations used for the following drugs (ug/mL): [INH] = 0.2; [SM] = 4; [EMB] = 5.
¢ The number in brackets for entry 7 indicates the number of strains sensitive at the specified MIC value.

Table 3. In vitro activities* of RMP, RFB, and the new rifamycins against 9 strains of MOTT®

Entry Strains

n° (% susceptibility)

RMP RFB RFA 3aM RFA 3am RFA 3bM RFA 3cM RFA 3dM RFA 3eM RFA 3fM
1 MAC (5 strains) 000)  120)  5(100) 5(100) 3(60) 5(100) 2(40) 4(80) 2(40)
2 M. kansasii (4 strains)  4(100)  4(100)  4(100) 4(100) 4(100) 4(100) 4(100) 4(100) 4(100)

#Each MIC assay was run three times.
°In all cases the breakpoints tested were 1 pug/mL.

concentrations <0.5 pg/mL and 100% to concentrations
<l pg/mL) exceeding the effectiveness of rifampicin
and rifabutin which were resistant to concentrations
>5 png/mL.

Furthermore, we evaluated the biological activity of
these seven analogs together with RMP and RFB
against clinical isolates of mycobacteria other than
tuberculosis (MOTT) (Table 3, entries 1-2). We have
tested four strains of M. kansasii and five strains of
M. avium-intracellulare complex (MAC), species that
are frequently found in patients with HIV infections in
which the treatment uses RFB instead RMP because
of contraindications with retroviral agents. Again, in
this study, we enhanced the in vitro activity of three of
the analogs, RFA-3aM, RFA-3am, and RFA-3cM,
which were active at low concentration (MIC <1 pg/
mL) against the five strains of M. avium-intracellulare
complex. It needs to be noted that the five strains of
MAC are highly resistant to the clinically used drugs
RMP and RFB (MIC >1 pg/mL) (entry 1). In the case
of M. kansasii, all the seven analogs tested showed sim-
ilar mycobacterial activity to RMP and RFB against the
four clinical isolates (MIC <1 pg/mL) (entry 2).

Accordingly with these results, two of the target com-
pounds synthesized, RFA-3aM and RFA-3cM, are the
most active compounds showing a very high biological
activity against all the TB strains tested, including those
strains resistant to the clinically used drugs. Taking into
consideration the structure of these two potent analogs
to explain their higher biological activity we can say that
the in vitro antibacterial activity of the novel spiropiper-

idylrifamycin derivatives synthesized is greater for the
N-unsubstituted piperidyl derivative and is only margin-
ally affected by the aryl substituent R' (electron rich or
electron poor). The configuration of the spiranic carbon
seems not to be relevant for the biological activity.

In summary, tuberculosis (TB) remains one of the pri-
mary causes of human death worldwide. Therefore,
there is an urgent need for new chemotherapy agents.
Rifamycins have transformed the treatment of tubercu-
losis over the past 25 years. The development of new
rifamycins with increased potencies has renewed interest
in this class of compounds and in other potential uses.?
In this paper, six new spiropiperidyl rifamycin deriva-
tives, which incorporate a new stereogenic center in
the molecule, have been synthesized as a mixture of
two diastereoisomers. The preliminary in vitro results
of the biological evaluation demonstrated very high
antimycobacterial activity of these compounds not only
against M. tuberculosis strains but also against MAC
and M. kansasii, for which the clinical drugs were
ineffective. Rifastures RFA-3aM, RFA-3am, and
RFA-3cM, which lack N-substitution, displayed the
most potent activities. Furthermore, the structure—
activity relationships required for the biological activity
of the new analogs allow for tolerance in the 2,6-diaryl-
substitution, as well as the configuration at the spiranic
carbon center.

These initial results are very encouraging. As has been
noted above, these new spiropiperidylrifamycin deriva-
tives provide additional opportunities for the develop-
ment of mnew antibiotics to overcome resistant
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Mpycobacteria, and the fact that they are very active
against MAC strains opens new applications for these
compounds. Further studies of the most potent Rifas-
tures from these investigations, RFA-3aM and RFA-
3cM, are currently in progress to assess their potential
cytotoxicity toward human cell lines and mode of
action.
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Abstract—Integrase is one of three enzymes expressed by HIV and represents a validated target for therapy. A previous study of the
diketoacid-based chemotype suggested that there are two aryl-binding domains on integrase. In this study, modifications to the
indole-based diketoacid chemotype are explored. It is demonstrated that the indole group can be replaced with secondary but
not tertiary (e.g., N-methyl) aniline-based amides without sacrificing in vitro inhibitory activity. The difference in activity between
the secondary and tertiary amides is most likely due to the opposite conformational preferences of the amide bonds, s-trans for the
secondary-amide and s-cis for the tertiary-amide. However, it was found that the conformational preference of the tertiary amide
can be reversed by incorporating the amide nitrogen atom into an indoline heterocycle, resulting in very potent integrase inhibitors.

© 2006 Elsevier Ltd. All rights reserved.

HIV-integrase is one of only three enzymes expressed by
HIV and is responsible for inserting the viral DNA
(vDNA) into the host genome. Without this occurring
the virus cannot replicate.! There are a number of steps
involved in this process. In the cytosol, intergrase trims
the 3’-ends of both strands of the vDNA immediately
downstream of a conserved CA dinucleotide, leaving a
2-base overhang at each 5’-end. The enzyme and pro-
cessed vVDNA are transported in to the nucleus where
the two 3’-ends of the DNA are inserted into the host
DNA, an event designated strand transfer. The subse-
quent steps are not well defined but include, pruning
the 5’-overhangs on the vDNA and repairing the gaps
created by the insertion reaction, processes thought to
be completed by host cell enzymes. HIV genome integra-

Keywords: AIDS; Human immunodeficiency virus; Integrase; Antivi-
ral; Diketoacid; Pyrrolindione.
* Corresponding authors. E-mail: michael.a.walker@bms.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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tion yields a provirus that can go on to produce new
virus or lie dormant in a latent state.

The discovery of clinically relevant inhibitors of HIV in-
tegrase for antiviral therapy has proven to be a challeng-
ing task despite the large amount of effort that has gone
into it. After 15 years of research, only a small number
of compounds have been reported to have been studied
in clinical trials: S-1360 (Shionogi, GlaxoSmithKline)?
and L-870810 and MK-0518 (Merck)** and GS-9137
(Japan Tobacco and Gilead).? Despite the elusiveness
of the target, we and others have discovered that certain
diketoacid-containing compounds, such as 1, 2, and 3,
are selective inhibitors of the strand transfer reaction
mediated by HIV-integrase and are antiviral in cell cul-
ture.® In previous reports of these compounds it was
found that the structural requirements around the dike-
toacid portion of the molecule were very strict, leading
to the suggestion that this motif binds to the two active
site Mg®" ions.” The positioning of the aryl group with
respect to the diketoacid was found to be sensitive to
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Figure 1. Diketoacid-based inhibitors of HIV-integrase. Overlay of 1 and 2 (left). Overlay of 2 and 3 (right).

modification, indicating a discrete interaction with the
enzyme.® As shown in Figure 1, superposition of 1 and
2 yields a very good overlay of the naphthyl group with
the 4-fluoro-phenyl moiety, suggesting that these com-
pounds can bind to the same aryl-binding domain.® In
contrast, 2 and 3 are nearly equipotent, despite the fact
that they differ in the positioning of their aryl groups,
leading to the proposal of two distinct aryl-binding do-
mains. The topology of the triketoacid chemotype 1 ap-
pears to better mimic the template represented by 2
rather than that embodied by 3. Consequently we be-
came interested in designing a template which would
better mimic the indole-based template. This would
potentially provide an inhibitor with a different resis-
tance profile or allow the design of a compound which
could simultaneously interact with both sites.

Despite their structural differences, all three compounds
can be described by the generic chemotype shown in
Figure 2. Viewed in this way, the main difference be-
tween the compounds is the identity of the linker moiety
designated X which controls the position of the aryl ele-
ment with respect to the diketoacid group. As the first
step in deconstructing 3, the pyrrole heterocycle was
excised producing compound 4. Surprisingly, this struc-
tural modification resulted in a dramatic reduction in
inhibitory potency. In contrast, the anilide derivative,
5, was found to be a moderately potent inhibitor of
integrase-mediated strand transfer. This result is of
interest since both 4 and 5 have the same topology as
3 with respect to the relationship between the aryl ring
and diketoacid moiety but only 5 retains activity. This
suggests that an additional factor in addition to the aryl
group and Mg”>*-binding moiety is involved in recogni-
tion of the diketoacid template by integrase. Of particu-

lar interest was a report of a single crystal X-ray
structure of the indole-based integrase inhibitor,
S5CITEP, bound to the catalytic core of the enzyme
and engaged in a H-bonding interaction between the
indole-NH and the enzyme.'?

In an effort to determine if the -NH group of 3 contrib-
uted to binding through the formation of a hydrogen
bond to the enzyme, the SAR survey summarized in
Figure 3 was conducted. In vitro evaluation of com-
pounds 6 and 7 appeared to confirm that a H-bond do-
nor such as the —-NH presented by the anilide
contributed to enzyme recognition, since removing it
either by methylation (6) or incorporation into a ring
system (7) resulted in a significant loss in activity. De-
spite these observations, the cyclic amide 8 displays very
good in vitro inhibitory activity, a particularly interest-
ing result since it contradicts the suggestion that a H-
bond donor is an essential component of the
pharmacophore.

This led to a reconsideration of the role of the amide
group and attention was focused on conformational as-
pects of this structural element. Summarized in Figure 3,
it is hypothesized that the non-methylated anilide-keto-
acid prefers the lower energy, s-trans amide conforma-
tion (A in Fig. 3) when bound to the enzyme which is
consistent with the preferred conformation of 3. Molec-
ular mechanics calculations!! were performed which
showed that for compound 6 conformation A is slightly
higher in energy than the corresponding s-cis conforma-
tion, depicted as B, presumably because the N-methyl
group suffers from an unfavorable 1,5-steric interaction
with the enol C-H. Thus, for the N-methyl anilide deriv-
ative conformation B is favored, which directs the
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Figure 3. Initial SAR study around anilide chemotype.

phenyl group away from the aryl-binding domain of the
enzyme. With respect to the indoline 8, cyclization pulls
the N-methylene moiety toward the phenyl ring and di-
rects the methylene protons out of the plane of the enol
C-H, reducing the unfavorable 1,3-steric interaction. At
the same time, a severely unfavorable interaction is
introduced into conformation B’, since the additional
ring locks the phenyl group into a planar alignment with
the enol moiety. Thus, conformation A’ is favored, pro-
viding an explanation for the observed inhibitory
activity.

The synthesis of the amide-ketoacid template is straight-
forward and can be accomplished by either of two
routes, as illustrated in Scheme 1. In the first sequence,
aniline or indoline is acetylated under standard condi-
tions to afford intermediate B which can be readily con-
densed with dimethyloxoalate using LiIHMDS as the
base. The resulting ester C is hydrolyzed with aqueous
base to afford the corresponding acid. An alternate syn-
thetic pathway is demonstrated in which the diketo acid
moiety is introduced directly in a protected form to af-
ford D.!? The acetonide group of D is readily removed
under aqueous alkaline conditions.

O OH O OH O OH
M"” — MOH e
So o N
o
3 o

ICs0 > 200 uM

Cl

ICso = 0.7 uM

A0
NH—» 7 ‘NM\
o

| |
L,,, L,,,

Lo-o

(o}
d ‘c
017 e

| |
Loo- (A

D

Scheme 1. Reagents: (a) CH3COCI, i-Pr,NEt, CH,Cl,; (b) dimethy-
loxalate, LIHMDS, THF (c) NaOH (d) C, i-Pr,NEt, CH,Cl,.

The synthetic versatility associated with a simple amide
moiety allowed a rapid examination of the SAR around
this chemotype as illustrated in Table 1. The regiochem-
istry of substitution of the anilide ring appears to be a
critical determinant of activity since the 4-substituted
compounds 10 and 11 are an order of magnitude less ac-
tive than the 3-chloro analogue 5. Perhaps surprisingly,
the dichlorinated derivative 12 is more active than 5,
both in vitro and in cell culture. However, this boost
in activity shows some dependence on halogen identity
since the difluoro analogue 13 is less active than 5
although introduction of the second fluorine atom (11)
increases potency 5-fold. The conformational con-
straints imposed by cyclization to the indoline deriva-
tives are associated with enhanced potency compared
to the corresponding aniline. Of particular interest is
compound 15, which is equipotent to the highly active
diketoacids 2 and 3.

In conclusion, we have shown that the aniline- and
indoline-derived amide-ketoacids can mimic the diketo-
acid-based inhibitors of HIV-integrase. The amide-
ketoacid template is amenable to rapid exploration of
the aryl-portion of the template and SAR studies have
provided a more detailed understanding of the recogni-
tion requirements at this site of the pharmacophore.
The results suggest that H-bond donation to the en-
zyme by the amide NH does not contribute to binding.
In addition, the binding conformation of the aryl
group can be rationalized to be in the trans-configura-
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tion and co-planar with the Mg®* binding amide-keto-
acid side chain.
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Abstract—A set of novel borrelidin analogues have been prepared by precursor-directed biosynthesis. Structure—activity relationship
analysis suggests that steric structural arrangement within the C17 side chain is important for differentiating cytotoxic and anti-
angiogenic activities. A Cl7-cyclobutyl analogue 3 was found to have markedly increased selectivity for in vitro angiogenesis
inhibition over cytotoxicity and is therefore potentially useful as an anticancer agent.

© 2006 Elsevier Ltd. All rights reserved.

Angiogenesis is crucial to tumour growth and metasta-
sis. The development of solid tumors beyond 1-2 mm? - "3
in diameter has been established to require angiogene-

sis.!'2 It is a multifaceted process and involves the coor- R, = 1COLH
dination of proliferation, migration, adhesion and
tubule formation of the endothelial cells. The therapeu- 1 R'=CN
tic utilities of angiogenesis inhibitors in cancer treatment 2, R'=CH,
have been demonstrated by the clinical efficacies of bev-
acizumab and thalidomide. Anti-angiogenic activity is
also an important component of some widely used che- Ro = " H %
motherapeutics such as paclitaxel, and the most recently GO, HsC COH  HC COzH
marketed target-based therapeutics such as sunitinib H H
and sorafenib. Therefore, angiogenesis inhibition is a ; & ;

. , 3,R'=CN 4,R'=CN 5,R'=CN
validated approach to the development of anticancer
therapeutics.
Borrelidin (1, Fig. 1) is a polyketide natural product and &‘ﬁ OzH K\‘SHO 2H K\‘S OcH
was identified as an inhibitor of angiogenesis using an HsC H 8 HsCS
in vitro rat thoracic aorta tubule formation (RATF) 6, R'=CN 7,R'=CN 8, R'=CN

model.? In this model 1 inhibits tubule formation and

Keywords: Borrelidin; Polyketide; Angiogenesis inhibitor; Biosynthetic

engineering.
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Figure 1. Structures of borrelidin 1 and analogues 2-8 generated by
biosynthetic engineering.

disrupts newly formed capillary tubules, both in a
dose-dependent manner. The latter activity has been
shown to involve induction of apoptosis in the newly
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formed tubules. It inhibits angiogenesis in vivo, and is
effective in the inhibition of spontaneous lung metasta-
ses of B16-BL6 melanoma cells at the same dosage that
inhibits angiogenesis.* Borrelidin is also highly cytotoxic
with a narrow therapeutic window and exhibits a wide
spectrum of other biological activities.>’

We have reported the cloning and sequencing of the
gene cluster (bor) from Streptomyces parvulus Ti4055
that governs the biosynthesis of 1, allowing us to pro-
pose a biosynthetic pathway, and have applied this
knowledge to the rational biosynthetic engineering of
the bor gene cluster in order to produce novel analogues
of 1.5 We report here structure-activity relationship
data within a series of novel borrelidin analogues with
structural modifications at the C17 side chain and the
discovery of a cyclobutyl analogue (3, Fig. 1) with signif-
icantly improved selectivity for in vitro angiogenesis
inhibition over cytotoxicity. This may lead to an im-
proved therapeutic index and potential as an anticancer
agent.

The biosynthesis of 1 occurs in three distinct stages.®
The first stage involves biosynthesis of (1R,2R)-cyclo-
pentane-1,2-dicarboxylic acid which acts as the starter
unit for polyketide chain assembly (the second stage).
Polyketide assembly occurs on a modular polyketide
synthase (PKS) and results in the release of pre-borre-
lidin (2). The final, post-PKS stage of biosynthesis in-
volves oxidation of the methyl group at C12 of 2 and
its conversion to a nitrile moiety. Disruption of the
gene encoding the cytochrome P450 monooxygenase
Borl involved in oxidation at CI2 results in a mutant
which accumulates 2 specifically.!® To prepare ana-
logues of 1 in which the cyclopentanecarboxylic acid
moiety at C17 was replaced by cyclobutanecarboxylic
acid (3) or by substituted propionic acid moieties (4—
8), we utilized precursor-directed biosynthesis methods
based on a non-producing mutant of the producing
microorganism in which the supply of the PKS starter
unit was disrupted, and to which analogues of this
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were fed.!"! Compounds 2-8 were thus produced as
described previously.

The anti-proliferative activity of 1 and 3-8 was mea-
sured in vitro against 12 cancer cell lines using a modi-
fied propidium iodide assay'? (Table 1). These 12 cell
lines include generally sensitive cell lines as well as those
with well-sdocumented characteristics including resis-
tance to some anti-cancer compounds.'>!# The data
produced allowed a simple SAR analysis of this set of
compounds. At the concentration studied (10 pM) 1, 3
and 4 were equipotent as judged by mean growth inhibi-
tion of treated cells versus untreated (%T/C).

Among the acyclic analogues 4 was significantly more
potent than 5-7, indicating the importance of lipophilic
substituents at the C18/C19 positions. Comparison be-
tween the enantiomers 6 and 7 demonstrates that the
stereochemical arrangement at C19 corresponding to
that of 1 is favoured, that is, the 19 R-isomer 6 is more
potent than the 19S-isomer 7. The lack of activity for
8 indicates a limitation of the steric bulkiness which
can be accommodated at CI19. Interestingly the con-
straints put upon the dihedral angles of the trans-cyclo-
butyl moiety of 3 do not preclude its binding to target
and subsequent activity.

Based on these data 3 and 4 were selected for further
studies. In order to further evaluate their anti-prolifera-
tive activity the two compounds were examined in vitro
in the NCI 60 cancer cell line assay which is run across a
concentration range (5 log units) that allows calculation
of ICs; values.!® These data show that 1 and 4 have sim-
ilar potency with mean ICsq values of 0.02 and 0.07 uM,
respectively. Compound 3 was approximately 15-fold
less potent than 1 with the mean ICsq of 0.30 pM against
the 60 cell line panel. These data indicate that although
the steric bulk of 3 and 4 are similar, the conformational
freedom of the acyclic moiety of 4 in comparison to 3
allows for a trans disposition of the side chain
alkyl and carboxylic acid moieties more similar to that

Table 1. In vitro growth inhibition of 12 cancer cell lines by compounds 1 and 3-8

Cell lines %T/C* for borrelidin analogues assayed at 10 uM
1 3 4 5 6 7 8 Adr®

SF268 3 4 3 13 14 57 54 9
251L 8 9 12 26 32 81 67 15
H460 4 7 3 38 49 84 79 3
MCF7 13 9 9 12 16 76 48 12
MDA231 12 8 7 20 26 90 81 11
MDA467 6 6 7 15 25 62 59 7
394NL 2 3 4 9 9 67 64 6
OVCAR3 11 16 6 32 29 91 102 10
DU145 5 16 7 55 68 74 75 5
LNCAP 7 9 7 24 34 92 59 10
A498 8 9 9 21 30 78 68 11
1138L 2 3 3 5 6 56 42 6
Mean® 7 8 6 23 28 76 67 9

% Mean percentage of viable cells in the treated group relative to the control group. Full details can be found in Ref. 11.

®Mean %T/C across the 12 cancer cell lines for each compound.
¢ Adriamycin control (run at 3 pM).
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adopted by 1. Compound 2 did not exhibit any anti-pro-
liferative activity against cancer cell line nor any activity
in the angiogenesis inhibition assays described below.
Thus the nitrile group at C12 appears to be essential
for biological activity. This may implicate covalent
attachment via Michael addition at C13 of a nucleophil-
ic residue of the (as yet unknown) molecular target.
Experiments to determine the reversibility of inhibition
and address this issue are planned.

We next examined the effectiveness of 1, 3 and 4 in anti-
angiogenesis assays in vitro using human umbilical
endothelial cells (HUVEC). First, the growth inhibitory
activity against HUVEC was measured across the con-
centration range 107> to 107'* M using semi-log dilu-
tions. As shown in Table 2 the ICs, values for 1 and 4
were about 0.5 and 1 nM, respectively. The ICs, value
of 0.5 uM for 3 indicates a significantly reduced cytotox-
icity (3 log units) against HUVEC compared to borreli-
din 1 and the acyclic analogue 4, consistent with the
results of the NCI cancer cell screen described above.

From this experiment IC;y and IC, values were calculated
for 3 and 4. Borrelidin 1 showed a steep curve between ac-
tive and inactive concentrations with a sudden drop of
activity. At 1 x 107'° M the anti-proliferative effect of 1
was lost. We therefore chose 1 x 107'° and 1 x 107'' M
as the two non-toxic concentrations of 1, together with
the IC;y and IC, of 3 and 4, for the pseudo-capillary for-
mation assay using HUVEC monolayers on Matrigel.'®!”
This type of assay is commonly used to screen for inhibi-
tors of angiogenesis'® and is closely related to the RATF
model.> Digitized pictures (computer-assisted video
microscopy) were taken every 4 min over a 12-h period
allowing a temporal analysis of cellular effects.'®!” We
were thus able to obtain data regarding tubule morpholo-
gy, measuring both the length and number of tubules
formed (see Fig. 2 and Table 3).

As seen in Figure 2, the effect of 3 upon the morphology
of tubules was dramatic in comparison to the vehicle
control with almost no branching or tubule formation
occurring. Quantitatively, 3 caused more than 80%
reduction in the number of branches formed at both
the 1Cyq and IC;. The dramatic effect of 3 at 25 pM
shows that in this assay at least, 3 is an extremely potent
inhibitor of angiogenesis in vitro. When compared to the
vehicle control, 1 did not inhibit branch formation at
either of the doses tested and 4 had no effect at the
1C,o but showed significant reduction in the number of
branches formed at the IC; (Table 3). None of the com-
pounds affected the length to which any tubules grew

Table 2. In vitro growth inhibition of HUVEC by 1, 3 and 8

Compound ICso (M) ICy (M) IC, (M)
1 49%x1071° 1x107102 1x1071e
3 45%x1077 7.5%x 1071 25%x107 1!
4 9.5% 10710 7.5%x 10713 25x%x 1071

#Selected non-toxic concentrations, not realistic IC;y and IC;. Borre-
lidin showed a steep curve between active and inactive concentrations
with a sudden drop of activity, that is, the anti-proliferative effect was
lost at 1 x 1071° M.

A

Figure 2. Representative pictures of HUVEC showing morphological
differences between the control (A) and treatment with 3 (B). The
number of branches and complete pseudo-capillaries were markedly
reduced in the presence of a non-toxic concentration of 3 (25 pM).
Similar inhibition was also observed in the presence of 75 pM of 3.

Table 3. In vitro inhibition of HUVEC tubule formation by 1, 3 and 8

Compound Number of Mean branch
branches at® length at® (um)
ICyo IC, ICyo IC,
1 230 233 64 65
3 40 38 62 65
4 246 116 63 62
Vehicle 223 63

#Mean total number of completed pseudo-capillary branches per plate.
®Mean length of completed branches per node (partially completed
branches were not counted).

once formed. This is unusual for the analysis of tubule
formation in Matrigel monolayer assays,'®!7 but taken
together these data indicate that borrelidin analogues
act upon an upstream event within the process of
angiogenesis.

The mechanism by which borrelidin exerts its angiogen-
esis inhibitory effect is unclear. Borrelidin is a potent
inhibitor of the bacterial and mammalian threonyl-
tRNA synthetases, a mechanism by which it exerts
growth inhibitory effects.!®?° This is supported by
experiments with Chinese hamster ovary (CHO) cells
where resistance to 1 correlates with up to a 20-fold in-
crease in threonyl-tRNA synthetase activity.?!>> The
concentrations at which 1 effects protein and DNA syn-
thesis in HUVEC however are similar to that for growth
inhibition as measured in a specific HUVEC batch (12
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and 20 nM, respectively),? a value which is significantly
higher than that for tubule formation. Thus it appears
that the growth inhibitory effect of 1 is related to the
inhibition of threonyl-tRNA synthetase and may be dif-
ferent to that for angiogenesis inhibition. This idea that
the two activities are mediated via different mechanisms
is consistent with our data for 3, which has an ICs,
against HUVEC and cancer cells in the low uM range
in contrast to 1 and 4 which have nM values, but retains
potent, improved, anti-angiogenesis activity.

It has been reported that the inhibitory activity of 1
upon tubule formation in the RATF model is antago-
nized by threonine in a dose-dependent manner.?* Thre-
onine was however unable to antagonize the ability of 1
to collapse newly formed tubules in the same model.
Similar data were obtained for HUVEC cell-based as-
says. The ability to collapse newly formed tubules was
shown to involve caspases 3 and 8, consistent with the
induction of apoptosis.

These data are puzzling in light of our observations for 3
reported herein. The next stage in our investigations will
require an understanding of the effects that threonine
has upon the activity of 3 against HUVEC proliferation
and tubule formation, and, to determine whether or not
3 is an inhibitor of threonyl-tRNA synthetase.

Anti-angiogenic effects at subcytotoxic concentrations
have been previously described for a subset of microtu-
bule-targeting drugs, including the taxanes and vinca
alkaloids.>* These two activities, inhibition of cell motility
and cell proliferation, seem to act through independent
mechanisms,? although the molecular mechanism at the
basis of this distinction is not yet clear. Borrelidin and
its analogues would seem to have a similar, but distinct,
pair of activities, which we have now shown are separable.

In conclusion, we have shown that biosynthetic engi-
neering can be successfully applied to lead optimization.
The products of targeted structural modifications at C17
of 1 by precursor-directed biosynthesis provided a pro-
ductive route for the preparation of 3, a compound
which exhibits decreased toxicity and increased anti-an-
giogenic activity against HUVEC, demonstrating that
the therapeutic index of these compounds can be
significantly improved. The reduced toxicity of 3 was
confirmed in an in vivo study in nude mice. The maxi-
mum tolerated dose (MTD) of 3 was >130 mg/kg, iv,
whereas the MTD of 1 was found to be in the range
of 5-15 mg/kg, iv (data not given).
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Abstract—The promoting effect of heterocyclic ring and heteroatom on the antioxidant properties of vitamin E has been investigat-
ed systemically by using density functional theory. The calculated results show that the heteroatom plays a more important role in
promoting the antioxidant properties than the heterocyclic ring, indicating that replacing O atom by S or Se is impossible to syn-
thesize the novel better antioxidants. Furthermore, the bond dissociation enthalpy (BDE) and ionization potential (IP) of the cor-
responding molecules are decreased dramatically when the O atom is replaced by NH. In addition, the calculated results also reveal
that reducing the atom number of heterocyclic ring is an ideal way to synthesize novel antioxidants with better antioxidant activity

than vitamin E.
© 2006 Elsevier Ltd. All rights reserved.

Vitamin E is a well-known lipid-soluble antioxidant in
biological system.! It acts as the chain-breaking antiox-
idant and protects cell membranes from oxidative degra-
dation. The term vitamin E represents a series of
structurally similar compounds, which consist of a fused
heterocyclic ring and a side chain. The latter has no ef-
fect on its antioxidant activity, but serves to hold the
chemically reactive ‘head’ in biomembranes.> As com-
pared with phenol, the antioxidant activities of vitamin
E mainly come from its heterocyclic ring and the hetero-
atom except the substituted methyl group. In order to
develop novel antioxidants better than vitamin E, sever-
al efforts have been made to synthesize vitamin E ana-
logues,> !0 generally, there are two ways used, one is
replacing heteroatom with other atom, such as selenium
(Se), the other is reducing the atom number of heterocy-
clic ring. In this paper, the effects of the heterocyclic ring
and the heteroatom on the antioxidant properties of
vitamin E are investigated by density functional method,
which has been testified to be a useful and economical
method to investigate antioxidant mechanism of mole-
cules,''"13 and we also expect to search a possible way

Keywords: Vitamin E; DFT method; Antioxidant.
* Corresponding author. Tel.: +86 29 88302632; e-mail: chenwj@nwu.
edu.cn

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.08.063

to develop vitamin E analogues with a better antioxi-
dant activity.

The antioxidant mechanisms of phenol include hydro-
gen atom transfer (Eq. 1) and electron transfer (Eq. 2).
The former is controlled by the bond dissociation
enthalpy (BDE) of antioxidant and the latter is con-
trolled by the ionization potential (IP) of antioxidant.
The lower the BDE or IP is, the higher the hydrogen
atom or electron-transfer ability will be. The BDE and
IP of molecules have been calculated by a combined
method labeled as ROB3LYP/6-311 + G (2d, 2p)//
B3LYP/6-31G(d).!3 All investigations have been per-
formed by using the Gaussian 03 program.'4

ArOH — ArO" + H
BDE = E(ArO") + E(H') — E(ArOH) (1)

ArOH — ArOH™" + ¢~
IP — E(ArOH™) — E(ArOH) 2)

The calculated BDE of phenol by the above method is
87.57 kcal/mol, which is close to the ‘best” experimental
value of 87.30 kcal/mol in gas phase,'> and also in the
rang of recommended value of 86.7 + 0.7 kcal/mol by



mailto:chenwj@nwu. edu.cn

mailto:chenwj@nwu. edu.cn



W. Chen et al. | Bioorg. Med. Chem. Lett. 16 (2006) 5874-5877 5875

Peter Mulder.'® The BDE of 1b (Fig. 1) is 80.75 kcal/
mol, in agreement with other result 81.43 kcal/mol.!”
And the BDE of 1c¢ (79.85 kcal/mol) is also close to
the previous theoretical value of 80.24 kcal/mol'” and
the experimental result of 81.62 kcal/mol.'8

The effects of the heterocyclic ring and the heteroatom
(O atom) on vitamin E antioxidant activities have been
investigated by comparing the BDE of 1b (Fig. 1) with
that of 1a and phenol according to their differences in
structure. For example, the X atom is CH, in the 1a,
but O in the 1b, the differences of their antioxidant activ-
ities contributing to the effect of O atom. As shown in
Figure 2, the BDE of 1b is lower than that of phenol
by 6.80 kcal/mol, it should be pointed out that the het-
erocyclic ring contributes to 2.41 kcal/mol, while the het-
eroatom (O atom) contributes to 4.39 kcal/mol, which
suggests that the heteroatom (O atom) plays a more
important role than the heterocyclic ring in improving
the antioxidant activity of vitamin E. The O atom in
vitamin E has been regarded to delocalize the unpaired
electron by its p-type orbitals and improve the stability
of the phenoxyl radical.'® As for IP, the heterocyclic ring
has a large reducing effect than the heteroatom (O
atom). When the heteroatom (O atom) in vitamin E is
replaced by other atoms, such as S and Se, the BDE is
decreased slightly (Table 1). The vitamin E analogues
based on 1c¢ and 1d (1-thio-a-tocopherol and 1-seleno-
o-tocopherol) have been synthesized experimentally,

I
[e]
g
T
[e]

1a X=CH, X
b X=0
1c X=S 2a X=CH,
1d X=Se 2b X=0
1e X=NH
HO HO
X
X
3a X=CH, 4a X=CH,
3b X=0 4b X=0

Figure 1. The structure calculated in the manuscript.

Figure 2. The differences of BDE and IP between the phenol, la
and 1b.

Table 1. The BDE and IP of calculated molecules

Compound X BDE (kcal/mol) IP (kcal/mol)
la CH, 85.16 177.55
1b (¢ 80.75 167.39
1c S 80.90 163.92
1d Se 81.06 162.78
1le NH 76.23 153.03
2a CH, 84.70 178.25
2b O 79.85 168.59
3a CH, 84.61 181.60
3b O 80.18 176.19
4a CH, 84.26 185.30
4b o 76.61 181.47

and their antioxidant activities are slightly weaker than
that of a-tocopherol,'®?° which is in accordance with
our theoretical results. Thus it is impossible to synthe-
size a novel better antioxidant with heteroatom O being
replaced by S or Se. However, when the heteroatom O is
replaced by NH (1e), both the BDE and IP are sharply
reduced because the nitrogen is less electronegative than
oxygen and tends to stabilize the radical formed by con-
jugative delocalization of its lone pair of electrons. In
fact, this situation has been found by Wright.?! Some
functional groups should be adopted to improve the
IPs of these kind of molecules because a lower IP will
cause reaction with oxygen easily.> Recently, some ortho
hydroxy-amino coumarin derivatives have been synthe-
sized and demonstrated to be the strong antioxidant as
compared to the ortho dihydroxy derivatives and a-to-
copherol?? our theoretical results also indicate that some

Figure 3. The spin density of 1b, 2b, 3b, and 4b and the ring number
used in the manuscript.
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aminophenols maintain a lower BDE and a higher IP
than a-tocopherol.??

The heterocyclic ring also affects the antioxidant activi-
ties of vitamin E. The BDE and IP of 1b, 2b, 3b, and 4b
have been calculated to investigate the effect of heterocy-
clic ring with different atom number. From 1b to 4b, the
BDE decreases from 80.75 to 76.61 kcal/mol, and the IP
goes up from 167.39 to 181.47 kcal/mol, indicating that
the hydrogen atom donating ability increases while the
electron donating ability decreases. From 1a to 4a, the
variation of BDE and IP follows the same pattern. In-
gold and co-workers designed the vitamin E analogue
based on 2b, and also reported that the compound has
an inhibition rate 1.8 times higher than that of a-tocoph-
erol on free radical,>*?> which is consistent with our the-
oretical results. According to our calculated results, it is
a suitable way to synthesize novel antioxidant better
than vitamin E by reducing the atom number of hetero-
cyclic ring. Because the p-type orbital of O atom in vita-
min E can delocalize the unpaired electron, and then
improve the stability of the phenoxyl radical, the spin
density of 1b, 2b, 3b, and 4b radical has been checked.
As shown in Figure 3, the spin density of the 1b, 2b,
and 3b radical mainly distributes on the C2, C4, and
C6 of benzene ring and O7, but for the 4b radical, the
spin density of C4 in benzene ring is decreased obvious-
ly, while the spin density of C6 goes up. In addition, the
spin density of O7 (0.17) in 4b radical is distinctly lower
than that of the 1b, 2b, and 3b radical, but the spin den-
sity of O8 decreases from 0.10 of the 4b radical to 0.07 of
the 1b radical. Thus, the oxygen atom in 4b radical plays
an important role in delocalizing the unpaired electrons
and promoting the stability of the phenoxyl radical than
in 1b radical, this is the reason why the BDE of 4b is
lower than that of the 1b.

Finally, the frontier orbital of calculated molecules has
been analyzed further to explain the change of IPs.
Table 2 shows the highest occupied molecular orbital
(HOMO) and the lowest occupied molecular orbital
(LUMO), HOMO-1, and LUMO-1 of 1b, 2b, 3b, and
4b. All the HOMO, HOMO-1 LUMO, and LUMO-1
decrease from 1b to 4b. The lower the HOMO, the
weaker the molecular donating electron ability.?® So
the decreased HOMO leads to the increasing IP.

In summary, the enhancing effects of heterocyclic ring
and heteroatom on the antioxidant properties of vitamin
E have been investigated by using density functional the-
ory. The calculated results show that it is impossible to
synthesize the novel antioxidants by replacing O atom
with S or Se. However, when the O atom is replaced

Table 2. The HOMO, HOMO-1, LUMO, and LUMO-1 of 1b, 2b, 3b,
and 4b

Compound HOMO-1 HOMO LUMO LUMO-1
(V) (eV) (eV) (eV)

1b —0.25154 —0.20491 —0.02057 —0.0029

2b —0.2573 —0.20501  —0.02401  —0.00373

3b —0.26649 —0.21341 —0.02953 —0.00705

4b —0.27828  —0.21684  —0.03423  —0.01876

by NH, the BDE and IP of molecule are decreased dra-
matically. In addition, the results also reveal that reduc-
ing the atom number of heterocyclic ring is a better way
to synthesize novel antioxidants which are better than
that of vitamin E, it is expected that the derivatives of
2b and 4b will be the better candidates.
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Abstract—Two novel fluorinated surfactants have been obtained by grafting by radical reaction either a fluorocarbon or an ethyl
end-capped fluorocarbon chain onto the double bond of B-p-allyl maltose. The two compounds thus obtained form polydisperse
aggregates in water. They can keep membrane proteins water-soluble, but the protein/surfactant complexes are polydisperse, which
affects neither the native state nor the stability of the proteins.

© 2006 Elsevier Ltd. All rights reserved.

Obtaining aqueous solutions of membrane proteins
(MPs) so as to study their function and structure is of
major scientific and biomedical importance. MPs repre-
sent 20-40% of open-reading frames in fully sequenced
genomes.! They fulfil a wide variety of functions ranging
from signal reception and transduction to solute translo-
cation and are the target of more than half of pharma-
ceutical drugs. However, studying them is difficult, as
reflected in the fact that <1% of current PDB entries de-
scribe membrane protein structures. Several bottlenecks
explain this situation, among which the inactivating ef-
fect of the detergents that are used to extract MPs from
their native membrane environment for the purpose of
in vitro biochemical, functional and structural charac-
terisation.? Detergents substitute for lipids around the
hydrophobic domain of membrane proteins, forming
water-soluble complexes. However, the dissociating ef-
fect of detergents, which allows them to solubilise bio-
logical membranes, can be difficult to control, resulting

Keywords: Fluorinated surfactants; Maltoside; Membrane proteins;

Solubilization; Aggregates.
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in the destabilisation and irreversible inactivation of
solubilised MPs.2 Two likely mechanisms leading to
inactivation are the intrusion of the detergent into the
transmembrane region of the protein and the dissocia-
tion of stabilising lipids, cofactors or subunits.>>

To alleviate this problem, less ‘aggressive’ surfactants
are being developed.*> Non-ionic fluorinated surfac-
tants®” are lipophobic and, as such, do not solubilise
biological membranes.”® They are, however, able to
keep water-soluble MPs that have been extracted using
classical hydrogenated surfactants.” In order to improve
their affinity for the hydrophobic, hydrocarbon-like
transmembrane surface of MPs, we have introduced
the so-called ‘hemifluorinated’ surfactants, which bear
an ethyl hydrogenated tip at the extremity of the fluori-
nated chain (Fig. 1).°712

The first hemifluorinated surfactant to be synthesised,’
HF-TAC (Fig. 1), proved able to keep soluble a set of
test MPs in their native and functional state, while sta-
bilising them as compared to classical detergents used
at comparable concentrations.!! The large and highly
soluble polar head of HF-TAC was chosen in order to
counterbalance its highly insoluble hemifluorinated tail.
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Figure 1. First-generation hemifluorinated non-ionic surfactants.’™'

While convenient to test the concept of hemifluorinated
surfactants, HF-TAC suffers from a serious drawback
from the point of view of biochemical and structural
applications: because the synthesis of its polar head in-
volves radical polymerisation, it is inevitably polydis-
perse, which can lead to batch-to-batch variations. To
try to circumvent this problem, we have undertaken to
prepare hemifluorocarbon surfactants bearing monodis-
perse polar heads (Fig. 1). The zwitterionic aminoxyde
moiety of HF-AO,'° however, was found to decrease
MP stability. Since several very useful detergents in
MP biochemistry, such as -p-octylglucoside or B-p-do-
decylmaltoside,? bear a glycosidic head, we focused on
the synthesis of glycoside-derived fluorinated surfac-
tants. In a first step, we synthesised surfactants with a
lactobionamide head group (HF-Lac, Fig. 1).!> HF-
Lac was found to be efficient in keeping several test
MPs water-soluble, active and monodisperse.!? The lac-
tobionamide polar head, however, proved destabilising
as compared to the maltoside polar head of DDM, as
evidenced by the inactivating character of the hydroge-
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nated homologue of HF-Lac.!> The work presented
herein reports on the synthesis, physical-chemical and
biochemical characterisation of fluorinated (F-Malt)
and hemifluorinated (HF-Malt) homologues of the
widely used detergent B-p-dodecylmaltoside (DDM).

The most efficient method to introduce an alkyl chain in
the f anomeric position of maltose consists in (i) increas-
ing the reactivity of the anomeric carbon 1 of a peracet-
ylated maltose by grafting it with trichloroacetimidate,
and (ii) substituting this group with an alcohol.'* This
reaction leads exclusively to the B-alkoxymaltoside iso-
mer, generally in good yield. However, fluorocarbon
alcohols exhibit a lower nucleophilic power than their
hydrocarbon analogues, due to the electron-withdraw-
ing effects of fluorine atoms. The coupling assays we per-
formed with 3,3,4,4,5,5,6,6,7,7,8,8-dodecafluorooctanol
and trichloroacetimidate maltoside proved negative.'*
To graft a fluorinated chain on the carbon anomer of
different glycosides, Bonnet-Delpon et al.!> used the
Mitsunobu reaction. Another approach developed by
Mietchen et al. consists in grafting a perfluoroalkyl io-
dide onto an allyl glycoside in the presence of a radical
initiator.'® We chose this chemical pathway. First, the
allyl glycoside 1 (Scheme 1) was obtained by condensa-
tion of allyl alcohol on peracetylated maltoside in the
presence of a Lewis acid.'” Amongst the different Lewis
acids assayed as catalyst, BF;—etherate gave the highest
coupling yield (89%). This reaction is accompanied by a
partial deacetylation of the maltose derivative 1, due to
a transesterification reaction with the allyl alcohol used
in excess. To minimise the effect of this side reaction, one
can either use only 1.5 equiv of the allyl alcohol or, pref-
erably, perform a peracetylation of crude products of
the reaction in the presence of acetic anhydride/pyridine,
followed by purification by silica gel chromatography.
As regards the hemifluorocarbon diiodide 2, it was syn-
thesised by radical addition of diiodoperfluorohexane
on ethylene following the method already reported by
Manseri et al.'® Condensation of compound 2 on allyl
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Scheme 1. Synthesis of HF-Malt. Reagents and conditions: (a) allyl alcohol, BF3/Et,0, DCM, argon, 89% yield; (b) ethylene, Cul, 165 °C, 80%
yield;'® (¢) Zn dust, DCM, argon, 61-88% yield; (d) BusSnH, AIBN, acetonitrile, argon, 67% yield; (¢) MeONa, MeOH, 99% yield.
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maltoside derivative 1 was carried out in the presence of
Zn powder in methylene choride to provide compound 3
in good yield (66%).!° Todide groups were then reduced
using tributyltin hydride (BusSnH) in the presence of
o0’ azo-bis-isobutyronitrile (AIBN), yielding hemiflu-
orocarbon peracetylated maltoside. The observed par-
tial deacetylation of the maltose moiety was again
corrected by acetylation of crude products. After purifi-
cation by silica gel chromatography, peracetylated hemi-
fluoro-maltoside was isolated with 67% yield, and,
finally, quantitatively deacetylated at room temperature
in methanol in the presence of catalytic amount of sodi-
um methylate following the Zemplen method. After final
purification on a Sephadex LH20 column, HF-Malt 4
was isolated as a white powder and characterised by
NMR.?® The same procedure was applied to perflu-
orohexyl iodide to provide F-Malt (compound 5) in
52% overall yield.

F- and HF-Malt are soluble in water. Physical-chemical
parameters derived from tensiometric measurements
were compared to those of their hydrogenated homo-
logue DDM (Table 1).

As previously observed both for telomeric surfactants
derived from Tris (HF-TAC and F-TAC)° and for lacto-
bionamide derivatives (HF-Lac and F-Lac),'? adding an
ethyl group at the end of the fluorocarbon chain has lit-
tle effect on the critical micellar concentration (CMC)
(Table 1). Furthermore, whereas the limit surface ten-
sion of F-Malt is lower than that of DDM, as expected
for fluorinated compounds,?' that of HF-Malt has an
intermediate value. The area per molecule of surfactant
is higher for HF-Malt than for either DDM or F-Malt, a
phenomenon already noted for HF-Lac.!? These unusu-
al features can be explained by a poorer packing be-
tween fluorinated and hydrogenated groups, by steric
hindrance in the core of HF-Lac micelles and/or by
the acidic character of the methylene group vicinal to

Table 1. Physical-chemical properties of DDM, F-Malt and HF-Malt

Compound CMC (mM)  yeme MNmM™")  Area per
molecule (nm?)

DDM 0.17¢ 35.4% 0.42*

F-Malt 0.20 £ 0.01 17.5£0.5 0.38 £0.02

HF-Malt 0.22 £0.01 27£0.5 0.51 £0.03

#Values from Ref. 22.

Table 2. Size of the aggregates formed by DDM, F-Malt and HF-Malt

the fluorocarbon chain.!? Both the fluorinated chain
and the presence of the ethyl tip at its extremity also af-
fect the aggregation behaviour of F- and HF-Malt
(Table 2): whereas DDM forms small, spherical micelles
(~6 nm in diameter),??> F-Malt, at 25 °C and at relatively
low concentration (0.4 mM), forms larger aggregates
(Table 2)—probably cylindrical assemblies, as do other
fluorinated surfactants.”> HF-Malt forms even larger
and more polydisperse aggregates (Table 2). This behav-
iour is enhanced at higher concentration (5 mM) as well
as at lower temperature (4 °C), conditions under which
a population of micrometric particles is observed
(Table 2).

The ability of F- and HF-Malt to keep MPs water-solu-
ble was investigated using three model proteins repre-
sentative of different types of structures: (i)
bacteriorhodopsin (BR), an archaebacterial protein
folded into a bundle of seven transmembrane a-helices
with small extramembrane loops.?* A molecule of retinal
is covalently but loosely bound to the protein, whose
visible absorption spectrum is a sensitive and convenient
reporter of whether it is in its native state or not; (ii)
tOmpA, an eight-strand B-barrel that forms the trans-
membrane region of outer membrane protein A from
the Gram-negative eubacterium Escherichia coli;>> and
(iii) cytochrome bg f, a photosynthetic complex extracted
from the chloroplast of Chlamydomonas reinhardtii.
Cytochrome bgf is a superdimer, each monomer being
comprised of eight transmembrane subunits and numer-
ous cofactors, including stabilising lipids.?®-?7 Its stabil-
ity can be monitored enzymatically.?® All three
proteins were purified using classical detergents.?”2°

Figure 2 shows the migration of BR in 10-30% sucrose
gradients (as described in Ref. 11). This procedure en-
ables surfactant exchange, while the position of the pro-
tein/surfactant band yields an estimate of the
sedimentation coefficient of the particles (which is relat-
ed to their mass, size, shape and density) and its width
an indication of their mono- or polydispersity. In
DDM, BR migrates as a sharp band, in the upper part
of the gradient. When transferred to either F- or HF-
Malt, it migrates deeper. A similar behaviour was previ-
ously observed with other fluorinated surfactants,'!!?
and can be explained by the high density conferred to
the surfactants by the fluorine atoms. The bands are also
much broader in F- or HF-Malt than in detergent,
which reveals a high polydispersity of the MP/surfactant

Compound 25°C, 0.4 mM* 4°C, 0.4 mM* 4°C, 5 mM*
Diameter HHW® (nm) % (volume) Diameter (nm) HHW® (nm) % (volume) Diameter (nm) HHW® (nm) %
(nm) (volume)
DDM 63+03 1.6+0.1 100 72%+0.3 1.6 £0.1 100 8.2%0.5 3.1£0.5 100
F-Malt 112 1.5%£0.3 99 20%2 7%1 97 25%5 20+ 10 99
HF-Malt 16£2 4%3 99 195 12+3 94 32+20 217 88
650 + 330 200 + 100 6 1000 % 300 480 = 200 12

# Micelle sizes measured by dynamic light scattering using a Zetasizer Nano-S model 1600 (Malvern Co). The sample was prepared 24 h before the
measurement and filtered through a 0.45-pm filter just before measurements.
®HHW, the width of the peak at half-height, an indication of the degree of polydispersity of the aggregates.
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Figure 2. Migration of bacteriorhodopsin in 10-30% sucrose gradients
in the presence of either DDM, F- or HF-Malt (0.5 or 5 mM) or HF-
Lac (5 mM). Gradients were centrifuged 4 h at 200,000xg.

complexes. Polydispersity can stem from either compo-
nent of the complex: the protein, which can form small,
heterogeneous aggregates, or the surfactant, different
amount of which can bind to the protein. BR migrates
at the same position in F- or HF-Malt gradients as in
an HF-Lac gradient (Fig. 2), suggesting that the protein
has not aggregated and is present under the same oligo-
meric state in all conditions. On the other hand, dynam-
ic light scattering measurements show that F- and
HF-Malt form large and heterogeneous aggregates
(Table 2). Thus, the high dispersity of BR/surfactant
complexes seems more likely to stem from heteroge-
neous surfactant binding, presumably as a consequence
of the tendency of the latter to form aggregates of
variable size. The BR band in F-Malt gradients was ob-
served to be slightly but reproducibly thinner than that
in HF-Malt gradients, consistent with the fact that
F-Malt forms by itself slightly less heterogeneous aggre-
gates than does HF-Malt (Table 2).

The same overall behaviour was observed with the bgf
complex and with tOmpA: MP/surfactant complexes
migrated deeper into F- and HF-Malt gradients than
into DDM ones, and the bands were much broader
(not shown). The behaviour of MP/HF-Malt complexes
is noticeably different from that of complexes formed
with either F- or HF-Lac.'?> F- and HF-Lac also form
by themselves aggregates of variable size.'> However,
their complexes with MPs are monodisperse (Ref. 12
and Fig. 2). This likely results from F- and HF-Lac
aggregates being smaller,'? that is, featuring a stronger
spontaneous interface curvature.

At low HF-Malt concentration (0.5 mM), tOmpA mi-
grates near the bottom of the tube, indicating the onset
of aggregation. When transferred into increasing surfac-
tant concentrations (2-10 mM), the protein/surfactant
band shifts towards lighter species, consistent with pro-
tein/surfactant interactions progressively overcoming
protein/protein interactions. However, the position of
the band remained beneath that observed in HF-Lac,
suggesting that, even at 10 mM HF-Malt, tOmpA forms
small aggregates (not shown).

The integrity of BR and of the bsf complex in DDM,
F- or HF-Malt was investigated by spectroscopic and/
or enzymatic measurements. Notwithstanding the poly-
dispersity of the complexes, BR and the bsf complex
were found to be in their native state, and the bgf com-
plex enzymatically as active as in DDM. Their stability
over time was either comparable to (at low surfactant

concentrations) or higher than (at higher surfactant con-
centrations) that in DDM (not shown), as previously
observed both with HF-TAC!! and HF-Lac.!?

We have described the synthesis of novel fluorinated or
hemifluorinated surfactants derived from maltose. In
keeping with earlier observations,”!%!? addition of an
ethyl tip to the fluorinated chain seems to destabilise
the micelles, possibly because of unfavourable interac-
tions between fluorinated and hydrogenated groups.
Unlike surfactants of the TAC series,’® however,
F- and HF-Malt form large and polydisperse aggre-
gates, as already observed for the lactobionamide
series.!? At variance with the latter case, however, the
heterogeneity of (H)F-Malt aggregates seems to entail
that of their complexes with MPs (Fig. 2). Future work
will thus focus on optimising the chemical structure of
fluorinated and hemifluorinated surfactants with the
aim of obtaining compounds that form small, globular
aggregates. Upon comparing the chemical structures
and physical-chemical properties of compounds of the
(H)F-TAC, (H)F-Lac and (H)F-Malt series, one is led
to hypothesise that the introduction of a bulkier polar
head should induce a decrease of the curvature radius
of the aggregates and thus favour the formation of mi-
celle-like aggregates and monodisperse MP/surfactant
complexes, while preserving the useful biochemical
properties exhibited thus far by hemifluorinated
surfactants.
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Abstract—Using SAR from two related series of pyrimidinetrione-based inhibitors, compounds with potent MMP-13 inhibition and
>100-fold selectivity against other MMPs have been identified. Despite high molecular weights, clog Ps, and polar surface areas, the
compounds are generally well absorbed and have excellent pharmacokinetic (PK) properties when dosed as sodium salts. In a rat
fibrosis model, a compound from the series displayed no fibrosis at exposures many fold greater than its MMP-13 ICsy,.
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We and others have reported the design of pyrimidine-
trione-based inhibitors of matrix metalloproteases
(MMP) and related proteases.!”” These proteases, hav-
ing been implicated in an array of diseases and/or path-
ological states, have been the subject of intense research
over the past two decades since inhibition of one or a
small set of them may be sufficient to significantly alter
the course of a specific disease or pathology. Our focus
has primarily been on discovering disease modifying
therapeutic agents for the treatment of osteoarthritis
(OA).8 In this regard, MMP-13 appears to be a prime
target in that it is present in human OA cartilage tis-
sue,”!? turns over type II collagen,!! is co-localized with
cleaved type II collagen in OA cartilage tissue,'? and
degrades cartilage.'?

Perhaps the most significant impediment to the develop-
ment of an MMP inhibitor for the treatment of any dis-
ease is musculoskeletal syndrome (MSS), a side effect
clinically observed with non-selective MMP inhibitors.

Keywords: Pyrimidinetrione; Matrix metalloprotease; MMP-13;
Collagenase-3.

*Corresponding  author. Tel.: +1 860 441
lawrence.a.reiter@pfizer.com

3681; e-mail:

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.08.066

MSS is characterized by a stiffening of various joints
and may derive from a lack of normal turnover of extra-
cellular matrix due to inappropriate inhibition of one or
more non-targeted MMPs.!*!17 The postulate that
MMP-1 inhibition alone is responsible for the side ef-
fects was dispelled by clinical trials with CP-544439, a
hydroxamic acid-based MMP-13 inhibitor that spared
MMP-1 but which was otherwise non-selective.!® This
compound still produced MSS despite its lack of activity
versus MMP-1. MMP-14 inhibition has also been pro-
posed to cause MSS,! but this idea has not yet been clin-
ically evaluated. In our most recent work we adopted a
more conservative—but operationally more challeng-
ing—approach, seeking to identify a compound that
potently inhibits MMP-13 while sparing other MMPs
available to us (MMPs -1, -2, -3, -8, -9, -12, and -14).
Of course, selectivity over this set did not guarantee uni-
versal selectivity for MMP-13. However, since the set
contains representatives of both shallow- and deep-
pocket S| proteases, we were confident that a compound
selective against this set would have broad selectivity for
MMP-13 over other MMPs.

Two observations made during the course of our inves-
tigation of the pyrimidinetrione series led us to believe
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that the strategy posed above could be a success. First,
as we recently reported,! a P| group containing a termi-
nal heterocyclic group, and particularly an oxadiazole or
oxazole, can lead to compounds with gopod MMP-13 poten-
cy and excellent selectivity (>100-fold) over MMPs -1 and
-14. Second, in pursuing inhibitors containing P termi-
nal amides, we observed that reasonable levels of selec-
tivity (>50-fold) over MMPs -2, -8, and -12 could be
obtained with certain substitution patterns (see
Table 1).!?° For example, the N-phenyl amide 1 is a
potent MMP-13 inhibitor with 200-fold selectivity ver-
sus MMP-8 and the N-(3-fluorobenzyl) amide 4 displays
120-fold selectivity for MMP-13 versus MMP-12. The
N-(3-pyridyl) amide 7 was among the most interesting
of this set in that it displays >100-fold selectivity for
MMP-13 versus both MMPs -8 and -12 and >50-fold
selectivity over MMP-2.

Although we were unable to identify an amide possess-
ing the potency and selectivity attributes that we desired
(IC50 < 1 nM with >100-fold potency over MMPs in
our panel), the activity of compounds in the series sug-
gested that compounds meeting our criteria might be
found by combining structural features from the earlier
reported heterocyclic and the amide series. The impor-
tant features of the heterocyclic series were believed to
be the position of the heteroatoms while in the amide
series the overall length of the P} group and the presence
and position of heteroatoms therein were deemed to be
critical to the selectivity observed. The importance of the
overall length of the P} group was reinforced by the
X-ray crystal structure of 10 in MMP-13 (Fig. 1). This
revealed significant space below the terminal fluoro-
phenoxy group that could be occupied by a large, planar
amide such as that in 7. Furthermore, the selectivity ob-
served in the amide series was likely due to the terminal
residue contacting the loop at the base of the S| pocket,
a region that is varied among the various MMPs with re-
spect to the number and identity of the residues being
present. This gave support to the premise that interac-
tions with this region, both favorable and unfavorable,
play an important role in determining selectivity.

Table 1. MMP ICsgs of P terminal amides

Accordingly, we sought to prepare heterocyclic variants
of the N-aryl and/or N-benzyl amides and to this end,
prepared seven different heterocyclic oxa-azole systems
containing phenyl substituents on the heterocycles (see
Table 2).19-2!

Three of these systems, 15-17, were not broadly pursued
owing to their lower potency against MMP-13. Another,
14, was not pursued owing to its relative lack of selectiv-
ity versus MMPs -2 and -12. The other series, represent-
ed by 11-13, display good potency and promising
selectivity. Two of these, the 4-aryloxazol-2-yl and 3-ar-
yl-1,2,4-oxadiazol-5-yl systems (e.g., 12 and 13, respec-
tively), were investigated thoroughly with particular
attention to the effects of substituents on the pendant
aryl ring (see Table 3).!%-??

In general the oxazoles are more potent than the oxadia-
zoles; however, one oxadiazole, the 4-pyridyl analog 23,
displayed potency and selectivity of the order that we
sought. However, in vitro metabolism studies revealed
this analog to have unacceptable turnover in micro-
somes and hepatocytes. In contrast, nearly all of the
oxazoles displayed the potency sought (<1.0 nM); some,
however, did not meet the selectivity criteria of being
>100-fold more potent against MMP-13 versus the off-
target MMPs. For example, the three pyridyl analogs
36-38 and the 3-cyano derivatives 32-33 did not meet
the criterion with respect to MMP-2. Much of the
SAR in the oxazole series was probed with both meth-
oxyethyl and ethoxyethyl sides chains on the pyrimidin-
etrione. Although the potencies of the resulting pairs of
analogs are generally very similar, the methoxyethyl
analogs are somewhat more selective. This observation,
plus the advantage that the methoxyethyl analogs have
lower MW and clog Ps, lead us to select two methoxy-
ethyl analogs (28 and 34) for further studies.

In our hamster model of MMP-13 inhibition,>* a model
that assesses the distribution of the compound into the
knee joint and its ability to inhibit MMP-13 within the
synovial fluid milieu, the 4-cyano derivative 34 was

O  OFt
o
Compound R MMP-13 Fold selectivity
ICso (nM) MMP-2 MMP-8 MMP-12

1 -Ph 0.84 58 200 50
2 -CH,Ph 8.0 21 ND 27
3 —~CH,-(2-F-Ph) 1.1 55 27 80
4 —CH,-(3-F-Ph) 0.85 74 25 120
5 —CH,-(4-F-Ph) 34 17 ND 11
6 ~2-Pyridyl 3.9 27 15 27
7 —3-Pyridyl 0.40 63 120 190
8 ~CH,—(2-pyridyl) 6.1 17 ND 30
9 ~CH,—(3-pyridyl) 2.6 26 ND 27
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MMP-13: PIYTYTG-KSH-FMLP
MMP-8 : PNYAFRE-TSN-YSLP
MMP-2 : PIYTYTK-N---FRLS
MMP-12: PTYKYVD-I-NTFRLS
MMP-14: PFYQWMD-TEN-FVLP
MMP-9 : PMYRFTE---G-PPLH
MMP-3 : PLYHSLTDLTR-FRLS
MMP-1 : PSYTFSG---D-VQLA

Figure 1. (A) Compound 10 (yellow) bound in MMP-13 (variable region in red) (PDB: 1YOU). (B) Loop sequence alignment of MMPs (variable
region in red).

Table 2. MMP ICsos of oxa-azole-based inhibitors

Compound Heterocyclic system MMP-13 Fold selectivity
ICso (nM) MMP-2 MMP-8 MMP-12
’,.N
11 2/\0 1.7 165 212 309
N/)\Ph
12 =N 2.4 58 115 259
O~
Ph
o
13 >=N 3.4 54 208 138
O\N/ Ph
r""‘
14 = 1.6 11 571 38
O\N/ Ph
o5
15 >~O 7.5 144 43 103
N\)\Ph
’,.N
16 >‘0 12 66 98 126
N‘N/)\Ph
P,.r"
17 >\N 15 27 ND 37
N
0~ ~Ph

found to give an EDsq of ~1 mg/kg while the 4-fluoro
derivative 28 was about 10-fold less active. Compound
34 also displayed excellent  pharmacokinetics
(Clp 0.63 mL/min/kg, Vdss 0.34 L/kg, t1» 6.9 h) in rats.
Despite the compound having a MW > 500, a relatively

high clog P of 3.9, and a polar surface area of 153, high
absorption (80%) was observed when 34 was dosed as a
spray dried dispersion. Compound 34 was also effective
in preventing cartilage degradation (as measured by
hydroxyproline release) from bovine nasal cartilage with
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Table 3. MMP ICsps of 3-Ar-1,2,4-oxadiazoles (X = N) and 4-aryloxazoles (X = CH)

O
w-Lo- e
o=(
HN
[¢] OR
=N

O‘x/)\Ar
Compound R X Ar MMP-13 Fold selectivity
I1Csp (nM) MMP-8 MMP-2 MMP-12

18 Et N 2-F-Ph 33 167 102 176
19 Et N 3-F-Ph 7.8 95 88 56
20 Et N 4-F-Ph 6.1 210 80 114
21 Et N 2-Pyridyl 1.0 271 61 71
22 Et N 3-Pyridyl 2.0 320 134 504
23 Et N 4-Pyridyl 0.54 555 291 232
24 Me CH 2-F-Ph 1.4 149 288 605
25 Et CH 2-F-Ph 0.93 270 562 868
26 Me CH 3-F-Ph 0.46 152 239 1313
27 Et CH 3-F-Ph 0.36 133 292 906
28 Me CH 4-F-Ph 0.57 338 356 960
29 Et CH 4-F-Ph 0.68 243 455 573
30 Me CH 2-CN-Ph 0.73 516 173 342
31 Et CH 2-CN-Ph 0.88 569 142 178
32 Me CH 3-CN-Ph 0.63 140 29 181
33 Et CH 3-CN-Ph 0.53 155 31 134
34 Me CH 4-CN-Ph 0.36 394 397 619
35 Et CH 4-CN-Ph 0.45 233 429 373
36 Et CH 2-Pyridyl 1.0 57 74 158
37 Et CH 3-Pyridyl 0.34 265 38 124
38 Et CH 4-Pyridyl 0.40 250 70 530

an ICs, of 40 nM.?* This potency level is somewhat bet-
ter than that observed for the MMP-1-sparing, broad
spectrum, hydroxamic acid-based MMP-13 inhibitor,
CP-544439, which gave an ICsy of 70 nM in the same
assay.?

With its excellent selectivity profile (as shown in Table 3
plus MMP-1: 2400-fold, MMP-3: 17,000-fold, MMP-9:
540-fold, and MMP-14: 540-fold) and pharmacokinetics
much superior to the hydroxamic acid-based inhibitors
that we previously examined,'® 34 was well-suited to test
the hypothesis that selective inhibition of MMP-13
would eliminate the MSS side effect seen with other
MMP inhibitors. To this end, 34 was examined in the
rat fibroplasia model, a surrogate for producing MSS
in humans.?® At doses of 30, 100, and 300 mg/kg bid
for 14 days the compound was well tolerated and at
the 100 mg/kg dose, a Cpax of 198 pg/mL (~370 uM)
and AUC of 3840 (ug h/mL) were obtained.?” This Cpax
exceeds by >50-fold the rat MMP-13 ICsq of 7.2 uM
(determined in rat plasma).?® Even at the Cp;, of
129 pg/mL (~240 pM) the rat MMP-13 1Cs is exceeded
>30-fold. Despite exposures well above the rat MMP-13
1Cs0, no fibroplasia was observed.

In summary, we have described the discovery of a series
of selective MMP-13 inhibitors. Selectivity was obtained
by optimizing the P} heterocycle and its terminal substi-
tuent, both of which lie deep in the S| pocket. Generally,
the ionizability of the pyrimidinetrione moiety confers
good solubility to molecules in the series and good
absorption can be obtained despite moderate to high

MWs, clog Ps, and polar surface areas. Molecules such
as 34 should allow a conclusive assessment of whether
an MMP-13 inhibitor can escape the spectre of MSS
and provide protection to type II collagen in articular
cartilage and relief to OA patients.
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Abstract—A library of hydroxycinnamic acid amides (HCAAs) and analogues were synthesized using solid-phase synthesis tech-
nique. These compounds were screened for antibacterial against methicillin-resistant Staphylococcus aureus (MRSA) (11 strains)
and vancomycin-resistant S. aureus (VRSA) (4 strains). Dihydrocaffeoyl analogues showed activity against VRSA which were better
than the reference drugs, vancomycin and oxacillin. These compounds also exhibited antibacterial activity against MRSA, which

were more potent than oxacillin.
© 2006 Elsevier Ltd. All rights reserved.

The rapid incidence of multiple drug-resistant Gram-po-
sitive bacteria requires an urgent discovery of novel
active agents against these pathogens.! Methicillin-resis-
tant Staphylococcus aureus (MRSA) is still one of the
most serious issues in public health in developed coun-
tries. It does not only have a high incidence but it has
also become resistant to almost all the currently avail-
able antibiotics.” The rapid development of pathogens
resistant to vancomycin, the last resort antibiotic against
MRSA, has been reported.® This development creates a
new demand for alternative antibiotics, the structure of
which differs from conventional antibiotics, against van-
comycin-resistant S. aureus (VRSA) as well as MRSA.

Hydroxycinnamic acid amides (HCAAs) are di- and
polyamines conjugated to various phenolic acids, cou-
maric, ferulic, and caffeic acids (Fig. 1). These classes
of compounds are widely distributed in higher plants.
The roles of HCAAs in plants are not clear. Many stud-
ies have suggested that these compounds might play an
important role in the chemical defense of plants against
fungal and bacterial pathogens.*>

Keywords: Hydroxycinnamic acid amides; Solid-phase synthesis;

Antibacterial activity; MRSA; VRSA.
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Our program is aimed to search for bioactive natural
products as well as to investigate a natural molecular
template for drug discovery to treat human diseases.
HCAAs are molecules of our interest and we have
hypothesized that this class of compounds might also
have activity against human pathogens. The synthesis
of hydroxycinnamic acid amide analogues with different
polyamines has been reported. However, the synthesis of
HCAAs in solution is a laborious task since it involves
extensive use of protective group strategy> and requires
tedious purification steps due to the polarity of the com-
pounds. Solid-phase organic synthesis has emerged as a
powerful technology with several advantages including
simplification of reaction procedures, easy separation
of supported species and products, and application to
automation system.® We report here the solid-phase syn-
thesis of HCAAs with different diamines and coumaroyl
analogues and related aromatic carboxylic acids. The
synthesized compounds have been evaluated against
MRSA and VRSA strains.

Our approach to generate a HCAAs library via solid-
phase parallel synthesis is shown in Scheme 1.7 Wang
resin was prepared by shaking Merrifield resin with
4-hydroxybenzyl alcohol in the presence of K,CO;5 and
KI at room temperature for overnight. Reaction of
Wang resin with p-nitrophenyl chloroformate provided
the activated carbamate 2 which was reacted with
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Figure 1. Chemical structure of HCAAs.
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Scheme 1. Reagents and conditions: (i) 4-nitrophenyl chloroformate (4 equiv), pyridine (10 equiv), CH,Cl,, rt, 6 h; (ii) diaminoalkane (20 equiv),
CH,Cl,, rt, 12 h; (iii) aromatic carboxylic acid (RCOOH in Fig. 2) (4 equiv), DIC (4 equiv), DMF/CH,Cl, (1:4), rt, 2 h; (iv) 50% TFA, CH,Cl,, rt,
2h.

commercially available diamines to afford the resin 3. 50% TFA/CH,CIl, for 2 h. The resulting resin was fil-
Reaction of the resin-bound diamines 3 with various tered and washed thoroughly with CH,Cl,. The filters
aromatic carboxylic acids using N,N’-diisopropylcarbo- were combined to afford the products by evaporation.

diimide (DIC) as the coupling agent yielded the resin 4. The products 5a-1, 6a-1, 7a-1, and 8a-1 (Fig. 2) were ob-
Cleavage was accomplished by shaking the resin 4 with tained in moderate to good yields (40-80%) based on the
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Figure 2. Structure of HCAAs and analogues.
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Figure 3. Structures of dihydrocaffeoyl analogues 5g—8g.

original resin loading (1.11 mmol/g), and in high purity
(>90%).

The antibacterial activity of all synthesized compounds
was determined by disk diffusion method® against sever-
al clinically isolated MRSA and VRSA strains. The
standard antibacterial agents, vancomycin and oxacillin,
were also screened under identical conditions for com-
parison. It has been observed that cinnamoyl analogues
with different substituted groups (OH, OMe, CI, and
NO,) were resistant to MRSA and VRSA at the concen-
tration of 50 pg/mL (data not shown). Dihydrocaffeoyl
analogues (5g-8g)° (Fig. 3) exhibited activity against test
organisms (Table 1). These compounds were more po-
tent against MRSA than oxacillin. Only compound 6g
was more active than vancomycin against MRSA
20631 strain. It is interesting to note that these com-
pounds were active against VRSA strains at the MIC
range of 25-100 ug/mL. It should be noted that the dihy-
drocinnamoly analogues (Sh-8h), deoxy analogues of
5g-8g, were resistant to both MRSA and VRSA strains
(data not shown). These HCAAs were evaluated for
antifungal activity but negative results were obtained.

Table 1. Antibacterial activity of compounds 5g-8g against MRSA
and VRSA strains

Bacterial strain MIC (pg/mL)

Vancomycin Oxacillin 5g  6g 7g 8g

MRSA 2 R® 50 25 50 100
MRSA 20628 2 R? 50 50 R® 50
MRSA 20630 15 R? 50 50 50 50
MRSA 20631 48 R? 50 25 50 50
MRSA 20632 3 R® 50 25 50 50
MRSA 20633 1 R? 50 25 R° 50
MRSA 20635 8 R? 25 125 25 25
MRSA 20636 1.5 R? 25 25 R 50
MRSA 20652 0.25 R® R® RP R R
MRSA 20653 2 R? 25 25 R°® 25
MRSA 20654 15 R® 50 25 R¢ 25
VRSA 20622  R*? R? 100 100 50 100
VRSA 20623  R*® R® 50 25 25 50
VRSA 20624  R*? R? 50 25 50 50
VRSA 21083  R*® R® 25 25 25 25

#Resistant at 256 pg/mL.
® Resistant at 50 pg/mL.
¢ Resistant at 25 pg/mL.
4 Resistant at 100 pg/mL.

(o)
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4 2 H
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OH
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In summary, we have synthesized a library of hydroxy-
cinnamic acid amides and analogues using solid-phase
synthesis. Dihydrocaffeoyl analogues (5g-8g) were ac-
tive against MRSA and VRSA, supporting our hypoth-
esis that this class of compounds also has activity
against human pathogen. It should be noted that these
compounds exhibited no cytotoxicity (ICsq> 100 pg/
mL) against human gingival cells.
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Abstract—This letter describes the discovery of a novel series of potent Kv1.5 ion channel antagonists based on a diisopropyl amide
scaffold. Structure—activity relationships of functionalized analogs are discussed. Key compound 1-(3-(diisopropylcarbamoyl)-2-
phenyl-3-(pyridin-3-yl)propyl)-3-(2-fluorobenzyl)urea (10) exhibits significant atrial-selective effects in an in vivo model.

© 2006 Elsevier Ltd. All rights reserved.

Atrial fibrillation (AF) is the most common sustained
cardiac arrhythmia in clinical practice, and is implicated
in approximately 15% (>80,000 per year) of all strokes
in the United States.! Intervention with non-selective
ion channel blockers can be effective in treating and pre-
venting arrhythmias, but at present, available drug ther-
apies carry a significant risk of potentially Ilethal
ventricular proarrhythmia.? In an effort to minimize
the risk of proarrhythmia, more selective treatments
are being pursued which do not act on the ventricle.

A promising therapeutic approach is to selectively block
the ultra-rapid delayed rectifier potassium ion current
(Ikyr), thereby delaying atrial repolarization and con-
verting AF to normal sinus rhythm. The Iy, current
has been observed in human atrial, but not ventricular
myocytes. This difference presents the possibility of
selectively targeting atria.’
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Herein, we describe our efforts to identify a selective
antagonist of Kv1.5, the molecular ion channel correlate
of Ixur, that delays atrial repolarization in vivo. Other
members of the Kvl.x subfamily of potassium channels
are expressed in the central nervous system (CNS),
where their function is believed to be unrelated to cardi-
ac currents. In an effort to reduce brain exposure and
minimize the possibility of antagonizing CNS Kvl.x
channels, we sought inhibitors which were substrates
for human P-glycoprotein (P-gp), the most well-charac-
terized transporter that pumps xenobiotics out of the
CNS across the blood/brain barrier.*

High-throughput screening of the Merck sample col-
lection identified methyl 4-(diisopropylcarbamoyl)-3,4-
diphenylbutanoate (1) as a potent inhibitor of
Kvl.5 (ICso=252nM).,° although in vivo clearance
was high in dog (43 ml/min/kg). This compound is
structurally distinct from two recently disclosed cardi-
ac ion channel antagonists currently under investiga-
tion (Fig. 1).”

The general synthesis of compounds in the diisopro-
pyl amide series is represented in Scheme 1. After
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Figure 1. Cardiac ion channel antagonists.

straightforward preparation of 3 via an amide coupling
of an arylacetic acid with diisopropyl amine, deprotona-
tion and treatment with B-aryl vinyl esters generated 1,4-
addition products 4. Competing 1,2-addition products
were not observed.®

It is noteworthy that the 1,4-addition exhibits tempera-
ture-dependent diastereoselectivity in the absence of
additional cation solvating agents.” At —78 °C, a single
racemic diastereomer of 4 is generated while at higher
temperatures (0 °C) the alternative isomer is formed
selectively. It has been reported that E-enolates give rise
to syn conjugate addition products, while the Z-enolates
give anti conjugate addition products.!®!'! Assignment
of relative stereochemistry was carried out spectroscop-
ically for 4a and 5 (Fig. 2) on the basis of vicinal benzyl-
ic proton coupling constants and ROESY correlations.

The selective 1,4-addition provided a convenient route
to the diastereomeric racemates 4a and 5, and high selec-
tivity was also observed across a range of arylacetamide
and cinnamate substrates. Generally, isomers formed at
low temperature showed increased Kv1.5 potency com-
pared with their analogs formed at 0 °C. For example,
4a (Kv1.5 ICsq 265 nM) exhibits 10-fold higher potency
than 5 (Kv1.5 ICsq 3698.0 nM). Although the magnitude
of this difference in potency varied across the series, gen-
erally the low-temperature diastereomers were more
potent.

Utilizing this methodology, attention was focused on
exploring the SAR of the two aryl rings in 4 (Table 1;
data for the more potent diastereomer are presented).
Replacement of either of the phenyl rings with a 3-pyr-

e
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Figure 2. Relative stereochemistry of 1,4-addition reaction products;
arrows indicate diagnostic NOE correlations. R! = diisopropyl amine,
R?=CO,CH;. The reaction temperature for the 1,4-addition was
—78 °C for 4a and 0 °C for structure 5.

idine was tolerated (see 4a and 4b), and incorporation of
other pyridine isomers resulted in a ca. 20-fold decrease
in potency (4c—4f). Compounds containing two pyridine
rings, including those in which one 3-pyridine ring is re-
tained, lost potency versus the 3-pyridyl, phenyl analogs
(compare 4a and 4g/4h). Substituent effects were also
briefly investigated: 3-bromophenyl analogs 4i and 4k
exhibited 2-fold greater potency than the parent phenyls
4a and 4b. The corresponding nitriles, 4j and 41, were
more potent and less potent, respectively, than 4a and
4b. The 4-cyanophenyl analog 4m was slightly more ac-
tive than the parent phenyl, and the 2-cyano substituent
(4n) was not well tolerated. Additionally, 2-biaryls such
as 4o exhibit improved potency versus Kvl1.5.

A=

R2
MeO,C
4

Having established that polar groups could be incorpo-
rated into the two aryl rings of 4, a search for replace-
ments of the diisopropyl amide was undertaken.
Despite significant attempts, no potent replacement
was identified, and the diisopropylamide moiety was
found to be an essential component for potent Kvl.5
activity.

4

Scheme 1. Reagents and conditions: (a) EDC, HOBt, Et;N, diisopropylamine, rt, 18 h; (b) methyl cinnamate, LDA, THF, 0 ° or —78 °C, 2 h.





K. K Nanda et al. | Bioorg. Med. Chem. Lett. 16 (2006) 5897-5901 5899

Table 1. Kv1.5 antagonist SAR of biaryl diisopropylamides 4

Compound R! R? Kv1.5 ICs0* (nM)
% Y
4 B ©/ 265
N
5 %
n ©/ B 266
N
% %,
4c [ 13760
N~
£ %,
4d ©/ S 5323
N~
£ N2
4¢b ©/ s 6348
=
N %
4f ‘ = 6868
=
% %
4g B B 708
N N
N *
4h s B 3836
= N/
LLLL Br L%
4i B \©/ 137
N
" NC N
4 [ \©/ 184
N
Br 1& ‘EZL
4K \©/ B 147
N
NC % %
a \©/ B 326
N
% %
4m B /©/ 215
N NC
% %
n B @\/ 1773
N CN
Y
%,
40 B 13
N Yz

?
2=

#Values represent ICsy for more potent diastereomer, determined in
quadruplicate.
® Compound 4e was evaluated as a 2.5:1 mixture of diastereomers.

Subsequently maintaining the upper portion of the scaf-
fold, we addressed the metabolically labile ester func-
tionality within the 2-pyridin-3-yl series. Amide
analogs were prepared via saponification (NaOH) of
the methyl ester 4a and the coupling of carboxylic acid
intermediate 6 with various amines (Scheme 2).

While simple amides exhibited moderate Kv1.5 antago-
nist activity (7f, Table 2), larger groups, benzylic amines

IS

\
a N b N

4a —> O -~ O
RL
HO™ ~O N™ 0
RZ
6 7

Scheme 2. Reagents and conditions: (a) EtOH, NaOH (1 N aqueous),
rt 24 h, quantitative; (b) NHRle, PS-DCC, HOBt or HOAt, Hunig’s
base, DCM, rt, 18 h.

Table 2. Inhibition activity of 5-amides 7

Compound HNR'R? Kv1.5 ICso" (nM)
7a ©)\NH2 249
7b @Nm 410

2

F

Tc ij/\NH2 432
7d ©\MNHZ 589

3
7e ><S\/\NH2 1594
7t MeNH, 2669

7g @O\/NHZ 3379

%

#Values represent 1Csq for more potent diastereomer, determined in
quadruplicate.

in particular, conferred potency equivalent to the methyl
ester. The branched o-methyl benzylamine 7a was the
most potent of the series and, with the exception of 7e
and 7f, all compounds with 1Csq < 5000 nM contained
one or more saturated carbon—carbon bonds linking a
substituted benzene ring. While potent, the representa-
tive amides from the series did not meet the minimal
P-gp susceptibility criteria (BA/AB ratio <3).

In hopes of conferring P-gp susceptibility, reversed
amides were prepared via Curtius rearrangement of 6
(DPPA) in the presence of triethylamine in terz-buta-
nol.'? The tert-butoxycarbonyl protected Curtius rear-
rangement product was isolated in 81% yield,
deprotected (TFA) to give 8, and coupled with carbox-
ylic acids to give the reversed amides 9 (Scheme 3).

The S-reversed amides exhibited significant improve-
ments in Kv1.5 potency (Table 3). Homologous reversal
of the amide 7c¢ resulted in 9a, the most potent com-
pound identified in this series to date (ICsy =36 nM).
A comparison of 9c¢ and analog 7b emphasizes the
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Scheme 3. Reagents and conditions: (a) i—DPPA, Et3;N, tert-butyl
alcohol, reflux, 24 h, 81%; ii—TFA, DCM, quantitative; (b) carboxylic
acid, PS-DCC, HOBt or HOAt, DIPEA, DCM, rt, 18h.; (c)
isocyanate, Etz;N, DCM, rt, 30 min.

Table 3. Inhibition activity of 5-reversed amides 9a—f

Compound R Kv1.5 IC5y* (nM)
F (0]
9a 36
2 fe
9b %1 94
(0]
(0]
9¢ 100
2
O
9d 250
s ¥
(0]
4
9e N 98
Cl 0
of s 1310
NH,

F

#Values represent 1Cso for more potent diastereomer, determined in
quadruplicate.

importance of the amide orientation, and reversed
amides generally gain 2- to 10-fold in activity. Despite
its high potency, compound 9a was not a P-gp substrate
(BA/AB ratio <3) and was not further pursued.

It has been noted that P-gp susceptibility depends on a
number of factors, including increased polar functional-
ity and/or the availability of hydrogen-bond donating
groups on substrates. Because reversed amides were so
well tolerated with regard to Kv1.5 activity, it was rea-
soned that incorporation of an additional H-bond
donor would not affect potency and could generate a
P-gp substrate. Preparation of these analogs was
straightforward from amine 8 via reaction with the
appropriate isocyanate (Scheme 3). As we had hoped,
adding polar functionality did confer P-gp susceptibility
in this series (for 9g, BA/AB ratio = 6.6). Furthermore,
the resulting ureas generally exhibited potent Kvl.5
antagonism, with benzylic amine-derived ureas among
the most potent (Table 4). 2-Fluorobenzyl urea 9g dem-
onstrated the best potency with a Kv1.5 IC5y = 150 nM.
The diastereomerically pure racemic analog 9g was
resolved via chiral chromatography (ChiralPak AD,
n-hexanes/ethanol, 85:15) to yield a single active enan-
tiomer, 10, which exhibited potency equivalent to 9g

Table 4. Inhibition activity for 5-ureas 9g—q

Compound R Kv1.5 IC5y* (nM)
o
9 N 150
: D
F
H
9h \©VN =, 240
o}
H
9i /@N EN 252
o)
_o
9 \©\/H .Y 256
o)
o)
9k N 283
©/LH 5551
H
9] ©\MN Y 298
2
o}
H
9m F@\/N %y 341
o}
F
9n \©VH % 353
o)
Br-
9% \©\/H Y 362
o)
H
9% ©\rNY‘% 490
o)
cl
H
9q @[/N % 757

@)

#Values represent ICsy for more potent diastereomer, determined in
quadruplicate.

and was used for all further characterization. The dog
1.v. pharmacokinetic properties of this analog
(C1=9.81 mL/min/kg) were sufficient to allow evalua-
tion in vivo in a canine electrophysiology model.

Canine cardiac electrophysiological studies were con-
ducted as previously described.!> Compound 10 was in-
fused continuously over 1 h to anesthetized dogs, and
atrial refractory period (ARP), ventricular refractory
period (VRP), QT interval, heart rate, and mean arterial
pressure were monitored. Analog 10 elicited a significant
dose-responsive increase in atrial refractory period
(Fig. 3). Animals tested at all doses showed no changes
in ventricular refractory period (Fig. 4) or QT interval,
indicating a selective atrial effect. Plasma compound lev-
els associated with a 10% increase in atrial refractory
period were ~20 nM.
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Effect of Vehicle vs 10,
0.15, 0.30 and 0.45 ug/kg/min, on ARP in Anesthetized Dog
(25% beta-CD vehicle, 20 ml over 60 min)

20

|

10 ¢
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(9]
—o—+od

-10 T T T T T
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Infusion Time (min)
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0.15 ug/Kg/min [10] =4 - 9 nM
0.30 ug/Kg/min [10] = 12 - 18 nM
0.45 ug/kg/min [10] = 16 - 21 nM

ocope

Figure 3. In vivo study of 10 and atrial refractory period.

Effect of Vehicle vs 10,
0.30 and 0.45 ug/kg/min, on VRP in Anesthetized Dog
(25% beta-CD vehicle, 20 ml over 60 min)
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Figure 4. In vivo study of 10 and ventricular refractory period.

In summary, we have discovered a novel series of potent
Kvl.5 antagonists based on the diisopropyl amide scaf-
fold 4. These compounds exhibit in vitro Ix./Kvl.5
antagonist activity and, notably, key compound 1-(3-

(diisopropylcarbamoyl)-2-phenyl-3-(pyridin-3-yl)propyl)-
3-(2-fluorobenzyl)urea (10) showed significant atrial-se-
lective effects in the dog electrophysiological model.
Compound 10 is also a P-gp substrate with low potential
for CNS exposure.
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Abstract—Novel inhibitors of Trypanosoma brucei and mammalian UDP-Glc 4'-epimerase were identified by screening a small
library of natural products and commercially available drug-like molecules. The inhibitors possess low micromolar potency against
the T. brucei and human enzymes in vitro, display a degree of selectivity between the two enzymes, and are cytotoxic to cultured

T. brucei and mammalian cells.
© 2006 Elsevier Ltd. All rights reserved.

Trypanosoma brucei, a protozoan parasite transmitted
by the bite of the Tsetse fly, is the causative agent of
African sleeping sickness in humans and the related dis-
ease Nagana in cattle. T. brucei cells are able to survive
in the blood of the host by virtue of a dense surface coat
of variant surface glycoprotein that protects the parasite
from the complement pathway and undergoes antigenic
variation to evade specific immune responses, making
the production of a vaccine unfeasible.! Sleeping sick-
ness is invariably fatal if not treated and is responsible
for upwards of 30,000 deaths per year in Sub-Saharan
Africa.? Current treatments are expensive, toxic, and
difficult to administer, leaving an urgent need for new
therapeutic agents.

Bloodstream form 7. brucei contains many galactose-
containing glycoproteins,3~ yet unlike mammalian cells,
the parasite hexose transporters are unable to uptake
galactose directly.®” Instead, T. brucei must obtain its
galactose via the action of the enzyme UDP-glucose
4'-epimerase (GalE) that interconverts UDP-glucose
(UDP-GIc) and UDP-galactose (UDP-Gal).® The gener-
ation of a T. brucei GalE (TbGalE) conditional null
genetic mutant has demonstrated that this enzyme is

Keywords: Epimerase; UDP-Glc 4’-epimerase; UDP-glucose; UDP-

galactose; Trypanosoma brucei; Trypanosome.
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essential for survival of the parasite in both the dis-
ease-relevant bloodstream form and the Tsetse-fly dwell-
ing procyclic form.®° The high-resolution crystal
structures of human GalE (hGalE) and TbGalE show
that the enzymes share a common topology, and despite
the low level of sequence identity (33%), many protein—
ligand interactions are conserved.!®!! Selective inhibi-
tion of the parasite enzyme may be possible due to a
non-conservative substitution in the UDP-binding pock-
et from Gly237 in hGalE to Cys266 in TbGalE.!! How-
ever, such selectivity may not be essential, as deficiency
in the human enzyme is either asymptomatic or leads
to a rare form of galactosaemia,'? a chronic condition
that can be partially controlled by diet and that may
be tolerable over a short period. Therefore, we believe
that TbGalE is a suitable target for the development
of drugs to treat African sleeping sickness.

We are not aware of any precedent for developing inhib-
itors of UDP-Glc 4’-epimerase as drug leads; indeed,
there are few reported inhibitors of GalE. The substrate
analogue UDP-4-deoxy-4-fluorogalactose is reported to
bind Escherichia coli GalE (Kg = 1.1 mM),!3 and a com-
petitive inhibitor of hGalE (1-143) has been identified
from a combinatorial chemistry library of 1338 uri-
dine-based Schiff bases (ICsy = 10 uM),!* but neither
are sufficiently potent or drug-like to be pursued as lead
compounds. In order to identify novel and potent inhib-
itors that are not substrate analogues, we decided to
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screen a small library of natural product consisting of 44
compounds isolated from marine invertebrates, and a
small commercial library of 880 structurally diverse
drug-like molecules (Prestwick) against TbGalE.

The activity of GalE can be conveniently measured by
using an excess of UDP-glucose dehydrogenase
(UGD) in a coupled enzyme assay (Fig. 1), enabling
the reaction to be followed by monitoring the produc-
tion of NADH at 340 nm.!'> Although E. coli UGD
has previously been cloned and over-expressed in E.
coli,'® and the enzyme is commercially available, we
decided to clone and express the E. coli UGD to provide
a cheap and readily available source of the enzyme for
our screening efforts. The E. coli K12 UGD sequence
(GenBank Accession No. U00096) was PCR amplified
from genomic DNA and cloned into the expression vec-
tor pET15b (Novagen), appending an N-terminal hexa-
histidine tag. Over-expression in E. coli and single step
purification using an immobilized nickel column pro-
duced >100mg of purified UGD per litre of cell
culture.

Prior to compound screening, the kinetics of the
TbGalE-UGD coupled assay were examined to ensure
that the activity of UGD was in excess; the specific activ-
ity of 6.5 U/mg and K,,, for UDP-Gal of 95 = 10 uM ob-
tained were in good agreement with literature values for
TbGalE of 5.9 U/mg and 77 puM, respectively.® The nat-
ural products were screened in triplicate using the cou-
pled assay with an inhibitor concentration of 50 pM,!”
revealing three compounds that showed >75% inhibi-
tion. The commercial compounds were screened once
with an inhibitor concentration of 50 uM,!” identifying
thirteen compounds that showed >75 % inhibition (Z’
0.85).

To confirm that these initial hits were inhibiting TbGalE
rather than the coupling enzyme UGD, their inhibition
was measured directly using high pH anion exchange
chromatography (HPAEC) to follow the conversion of
UDP-Gal to UDP-Glc by TbGalE.'® Whilst the major-
ity of compounds displayed significant inhibition of
TbGalE at 50 uM, five of the initial hits (all commercial
compounds) showed no significant inhibition. The most
potent seven inhibitors (Fig. 2) that gave greater than
75% inhibition of TbGalE at 50 uM were selected for
further study.

The potencies of the selected inhibitors against 7. bru-
cei- and human-GalE were determined using the
HPAEC assay,'® confirming the low micromolar ICs,
values expected (Table 1). All the inhibitors showed

2 NAD+ 2NADH

O-UDP O-UDP

OHOH

_GalE
- HO

O ubP

Figure 1. The GalE-UGD coupled enzyme assay. Provided UGD is in
excess, the kinetics of GalE can be measured by following the
production of NADH at 340 nm.

O

Cl

OH
Br
HO'
o/\
Cl

Cl

Figure 2. Structure of the GalE inhibitors selected for further study.

significantly different potencies against the two en-
zymes, which may indicate that the compounds have
distinct interactions with each enzyme. However, only
three of the compounds (1-3) were found to be more
potent against the 7. brucei enzyme than the human
enzyme.

To further investigate the binding of the new inhibitors
we docked the three compounds that showed selectivity
for TbGalE (1-3) into the substrate binding site of the
TbGalE crystal structure.!®?* Compound 2 was too
large to be accommodated without structural rearrange-
ments of the binding site. Compounds 3 and 1 show a
good shape complementarity to the pocket and occupy
roughly the same space as the UDP part of the natural
substrate. In addition, in the predicted binding mode,
compound 1 forms a hydrogen bond to Phe255 and a
salt bridge to Arg268 (Fig. 3). Both interactions are also
found in the crystal structure complex with the sub-
strate. These docking results suggest that at least com-
pounds 1 and 3 can act as competitive inhibitors of
TbGalE.

In order to determine if any of the compounds were
covalently modifying TbGalE, compounds were co-in-
cubated with the enzyme prior to mass spectrometric
analysis.”! Whereas compounds 3, 6 and 7 did not form
any covalent adducts, compounds 1, 2, 4 and 5 were
found to form multiple adducts with TbGalE at high
compound concentrations (50 uM), indicating that
non-selective covalent modifications were occurring,
probably due to the intrinsic reactivity of the molecules.
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Table 1. Potency of the selected GalE inhibitors in vitro

Compound In vitro ICs* (uM) Cytotoxicity ECso* (uM)
TbGalE hGalE T. brucei CHO-K1
1 3.1+0.1 14+7.7 33%0.27 56 + 38
2 56*1.5 12+72 >100 >100
3 17 £8.1 75+22 28+1.6 85142
4 15+5.1 3.6+0.5 26+24 09+0.6
5 14£5.6 NDP 52+26 6.0+24
6 13+32° 0.5+£0.6 0.3+0.25 0.6 £0.35
7 0.62%0.2 0.014 £ 0.003 4.1+2.7 6.1+1.8

#Values are means of three experiments, standard deviation is given.
® Insufficient material for determination.
¢ Pre-incubation with TbGalE for 1 h, otherwise ICso > 100 uM.

Figure 3. Molecular model of compound 1 bound to TbGalE. Atoms are coloured as follows: carbon grey (protein)/yellow (compound 1) nitrogen—

blue, oxygen—red and chlorine—green.

Compound 1 contains an enone moiety that is suscepti-
ble to Michael addition, compound 2 can tautomerise to
an enol sulfate and N,N-dimethylguanidine and com-
pounds 4 and 5 are able to undergo disulfide bond
exchange.

The cytotoxicity of the inhibitors against cultured
bloodstream-form 7. brucei and mammalian CHO-K1
cells was also determined (Table 1).2> All the inhibitors
were found to display significant cytotoxicity against
both cell types except for the natural product 2, which
may reflect poor cell permeability or inherent reactivity
of this compound. Unfortunately, only 1 displayed the
desired selective cytotoxicity against 7. brucei cells,
and the most potent in vitro inhibitor 7 gave only micro-
molar cytotoxicity. However, for the structurally unre-
lated compounds 1, 3 and 4 the trends in ICsy values
against trypanosomal and mammalian GalE correlate
well with the trends in the ECs, cytotoxicity values
against the respective cultured cells, suggesting that the
two properties are linked.

The cytotoxicity of the inhibitors against CHO-K1 cells
is somewhat unexpected since it is not clear if GalE is

essential to the survival of these cells, and is instead
likely to result from separate off-target effects. Indeed,
many of these compounds are known to possess other
biological activity; ethacrynic acid (1) is a clinically used
loop diuretic, diethylstilbestrol (3) is a carcinogenic oest-
rogen mimic, psammaplin A (4) and the related bisapra-
sin (5) inhibit topoisomerase and histone deactylase
activity, haloprogin (6) is a clinically used topical fungi-
cide and ebselen (7) has entered stage III clinical trials
for ischaemic stroke treatment. The formation of multi-
ple covalent adducts observed for compounds 1, 4 and 5
may account in part for their cytotoxicity, but does not
adequately explain the observed differences in potency
between cell types.

In conclusion, we have identified novel inhibitors of
UDP-glucose 4’-epimerase by screening a small library
of natural products and commercially available com-
pounds. The inhibitors possess low micromolar potency
against the T. brucei and human enzymes in vitro, dis-
play a degree of selectivity between the two enzymes
and are cytotoxic to cultured 7. brucei and CHO-K1
cells. However, none of the compounds are promising
drug leads, and the number of intrinsically chemically
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reactive compounds obtained as hits was somewhat
disappointing.

Nevertheless, T. brucei GalE is a validated drug target
for African sleeping sickness, and these results demon-
strate that the T. brucei enzyme can be selectively inhib-
ited by small molecules that are not substrate analogues
in vitro, although the mechanism of cytotoxicity of these
inhibitors is unconfirmed. Of the compounds screened,
ethacrynic acid displays the best therapeutic index, but
is clinically used as a loop diuretic and was found to
form multiple covalent adducts with TbGalE in vitro,
limiting its potential as a lead compound. However,
these results show that novel inhibitors of TbGalE
may be readily identified by screening small compound
libraries, demonstrating that high-throughput screening
of larger compound libraries of drug-like and lead-like
molecules against TbGalE using the methodology de-
scribed here is a feasible approach to the discovery of
drug leads for the treatment of African sleeping sickness.
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Abstract—Chalcones are known to exhibit antimitotic properties caused by inhibition of tubulin polymerisation. We describe here
the effects of different a-substitutions, in particular a-fluorination, on the structure and biological activity of a series of chalcones.

© 2006 Elsevier Ltd. All rights reserved.

Chalcones, 1,3-diarylprop-1-enones, are a class of com-
pounds consisting of two aryl rings linked by an a,-un-
saturated ketone moiety. The ease of synthesis of
chalcones, from substituted benzaldehydes and acetoph-
enones, makes them an attractive drug scaffold. Some
chalcones are natural products found in various plant
species around the world and in the last decade or so
they have been shown to display a wide range of medic-
inal properties including antiinflammatory,' anti-malar-
ial,2 antibacterial® and anticancer® 7 effects.

The anticancer activity of certain chalcones is believed
to be a result of binding to tubulin and preventing it
from polymerising into microtubules. Tubulin exists as
a heterodimer of two homologous o- and B-subunits.
This dimer can couple together to make profilaments
consisting of alternating o and f units, 12 or more pro-
filaments can then further link together to form pipe-like
structures called microtubules. These structures play an
important role in a number of biochemical processes vi-
tal to cell survival and growth, one of these is the forma-
tion of the mitotic spindle, without which mitosis would
not be able to take place.

Tubulin and microtubules are the targets of a number of
clinically useful anticancer drugs such as the natural

Keywords: Anticancer; Chalcone; Tubulin; Fluorine; Fluorination.
* Corresponding author. Fax: +1 813 979 6700; e-mail: Lawrennj@
moffitt.usf.edu

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.08.065

products paclitaxel and vincristine. Another important
tubulin-binding ligand is colchicine. Many small mole-
cules are known to bind at the colchicine site of tubulin.
These include combretastatin A4,% its amide derivative
AVES8062,° ZD6126.'° The compounds cause selective
damage to tumour vasculature, an effect that is related
to their tubulin-binding properties.'’!'? In this way
tumours are starved of oxygen and nutrients and their
constituent cells die. Compounds such as these that
target tumour vasculature clearly have significant clini-
cal promise for the treatment of cancer. The tubulin
molecule has three known binding sites, which are
identified by the natural products known to bind to
them: Taxol® and its derivatives bind to one site and
prevent the depolymerisation of microtubules, vinca
alkaloids such as vincristine bind to another site and col-
chicine binds to the third. Chalcones, which are structur-
ally similar to colchicine, are believed to bind to the
latter.

Work within our own group has led to the discovery of a
number of potent chalcones, particularly 1 and 2 with
cytotoxicities of 4.3 and 0.21 nM, respectively.* We
believe that the a-methyl analogue is more active since
it adopts an s-trans conformation (as shown by X-ray
crystallography studies) as opposed to 1 which is s-cis,
as shown in Figure 1. This structural change is thought
to be a result of steric repulsion which would exist
between the methyl group and the A ring in the s-cis
conformation.
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Figure 1. Representative inhibitors of tubulin polymerisation and chalcones 1 and 2, represented as s-cis and s-zrans conformers, respectively.

We were intrigued as to whether groups other than a
methyl moiety would impart high biological activity to
the chalcones. We herein report the synthesis and activ-
ity of a series of chalcones with cyano, ester or fluoro
groups in the a-position along with some preliminary
biological data. In particular the effects of fluorine at
this position were of interest,'? as fluorine is well known
to improve activity and metabolic properties'*!> in the
many fluorinated drugs which are already in develop-
ment.'® The fluorinated chalcones would also be useful
as probes to 1nvest1gate thelr ability to induce tumour
vasculature damage via '®F positron emission tomogra-
phy (PET) and their interaction with tubulin by '°F
NMR spectroscopy.

Initially a series of chalcones of the type 4 with a nitrile
group at the o position was synthesized by Knoevenagel
condensation of a range of benzaldehydes with the -
ketonitrile 3. A similar strategy was also used in the
preparation of a-ethyl ester chalcones of the type 6
and o-fluorochalcones 8 (Scheme 1). In both cases we
have opted to retain the 3,4,5-trimethoxy substitution
of the A-ring, since this is usually optimal and is a fea-
ture of many tubulin-binding agents.

The cell growth inhibitory properties of the substituted
chalcones (summarized in Table 1) were determined in

the K562 human chronic myelogenous leukaemia cell
line using the MTT assay from a previously reported
procedure.!” The ICs, value is reported as the concen-
tration which results in a 50% inhibition in cell growth
after 5-day incubation. In the case of the most active
compounds, the tubulin inhibition ICs, values are also
shown in Table 1.

In the case of chalcones 6¢ and 8c crystals were grown
of suitable quality for their structures to be resolved by
X-ray analysis.'®!” Chalcone 6¢ showed an unusual
structure in which the o, double bond was configured
E and the A and B rings were twisted out of plane
(Fig. 2). However, chalcones bearing an a-carboalkoxy
group are known to adopt this type of structure.?* This
lack of significant biological activity agrees with our
previous findings that those chalcones adopting an
s-trans conformation in the solid state usually possess
high cytotoxicity.*

The structure of 8¢ showed the molecule in the s-trans
conformation, typical of a-methyl chalcones. Again this
is surprising because this conformation is normally a re-
sult of steric interaction between the o group and the A
ring and therefore associated with large o groups. Fluo-
rine, with a van der Waals radius of 1.47 A, must there-
fore be sufficiently large (cf. hydrogen 1.20 A)16 to make

| EOH O ogt NaH CN ' ACHO
—_—
Cat H,SO, ™o MeCN plperldlne ~o
(cat.)
O 81% O 3,83%
[e) 0 (0] Ar
o) =
0 M o] -
~
Et0” “OEt 7 OEt ArCHO -
~o ~o —_— 0 07 OEt
Na piperidine o
Y (cat.) ~
5, 67% 6
O
O F
- acHo  -© F
. ‘
AcOH 18 crown-6 O piperidine M0 | Ar
0 43% O 7,94% (cat.) O 8

Scheme 1. Synthesis of the a-chalcone classes 4, 6 and 8.
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Table 1. Cell growth inhibition® against the K562 cell line

Compound  B-ring substitution Cytotoxicity Tubulin

ICso (M) ICso

1 3-Hydroxy-4-methoxy 0.0043 10 pm
2 3-Hydroxy-4-methoxy 0.00021 1.8 um
4a 3,4-Methylenedioxy >10 n.d.

4b 4-Methoxy >10 n.d.

4c 3-OTBDMS-4-methoxy  >10 n.d.

4d 3-Hydroxy-4-methoxy 4.2 n.d.

4e 3,4-Dimethoxy >10 n.d.

4f 2,3,4-Trimethoxy >10 n.d.

4g 4-Trifluoromethyl >10 n.d.

4h 2-Fluoro-4-methoxy >10 n.d.

4i 3-Fluoro-4-methoxy >10 n.d.

4j 3-Bromo-4-methoxy >10 n.d.
6a 4-Methoxy >10 n.d.

6b 3-OTBDMS-4-methoxy® 4.29 n.d.
6¢ 3-Hydroxy-4-methoxy 0.87 n.d.

6d 3,4-Dimethoxy >10 n.d.
6e 2,3,4-Trimethoxy >10 n.d.

8a 3,4-Methylenedioxy 0.8 n.d.
8b 4-Methoxy 0.39 4.6 uYM
8c 3-Hydroxy-4-methoxy 0.0137 0.6 uM
8d 3,4-Dimethoxy 1.21 n.d.

8e 2,3,4-Trimethoxy 10 n.d.
8f 2-Fluoro-4-methoxy 1.19 n.d.

8g 3-Fluoro-4-methoxy 0.77 n.d.
8h 3-Bromo-4-methoxy 6.0 n.d.

% As measured by the MTT assay after 5-day incubation of the drug
with the cells cultured at 37 °C.
® TBDMS, tert-butyldimethylsilyl; n.d., not determined.

Figure 2. X-ray crystal structures of chalcones 6¢ and 8c.

the a-fluoro chalcone adopt an s-trans conformation. It
is also interesting that the CO and CF dipoles are
aligned in the s-trans conformation. This would be
expected to disfavour the s-trans conformation but
clearly this is not a feature that by itself determines

the conformation in this case. However, this structure
is consistent with the potent cytotoxicities and tubulin
inhibition properties shown by this type of compounds.
As far as we are aware this is only the second report of
the X-ray crystal structure of an a-fluorochalcone. The
crystal structure of the o,B-difluorochalcone bearing a
p-tolyl A-ring and phenyl B-ring also adopts an s-trans
conformation.?

In the case of the a-nitrile chalcones it was not possible to
obtain suitable crystals for X-ray analysis. However, in
an effort to determine their structure NOE experiments
were carried out; compound 4b showed a 29% enhance-
ment at HP when irradiated at the H2/H6 position on
the A ring, which suggests it is more stable in the s-trans
conformation which is consistent with other reports.?*

Both the a-nitrile and a-ethyl ester chalcones show very
poor biological activity compared not only to the fluori-
nated compounds but also to 1 and 2.

The inactivity of the a-ethyl ester chalcones can be ex-
plained by their distorted structure, as discussed above,
but that of the a-nitrile is less clear. The nitrile group is
more electron withdrawing than either methyl or hydro-
gen and also much more polar, and is able to act as a
hydrogen bond acceptor. The electron-withdrawing nat-
ure of the ester and nitrile groups makes the enone sys-
tem particularly electrophilic and certainly more so than
1 and 2. It is possible that 4 and 6 are just too electro-
philic and react non-specifically, perhaps via hydrolysis,
and are therefore unable to target tubulin.

The fluorinated chalcones, however, showed very high
cytotoxicity and tubulin inhibition and were nearly as
potent as 1 and 2.

In all cases the chalcones with the 3-hydroxy-4-methoxy
B ring show the highest cytotoxicities, as expected.
Where there is a fluorine atom in place of the hydroxyl
group, however (as in the case of 4i and 8g), the activity
was significantly lower. Replacement of a hydrogen or
hydroxyl group by a fluorine atom is a strategy widely
used in drug development to alter biological function.
The substitution of the hydroxyl group with a fluorine
atom would also block any potential metabolic clear-
ance via glucuronidation. Fluorine substitution often
significantly alters the chemical properties, cellular and
systemic distribution and biological activity of drugs.'*
However, as measured by the MTT assay, the hydroxyl
replacement is not beneficial in these cases. The most
inactive compounds in all cases are those with bulky
B rings such as 3-OTBDMS-4-methoxy, 2,3,4-trimeth-
oxy and 3-bromo-4-methoxy. Clearly steric hindrance
prevents these molecules from binding effectively to
tubulin.

In summary, chalcones with a fluorine atom in the o po-
sition have been shown by X-ray analysis to adopt the
s-trans conformation and show potent cytotoxic and
tubulin inhibitory properties. The a-ethyl ester chal-
cones have an unusual, twisted structure and are poor
tubulin inhibitors. The 3-hydroxy-4-methoxy B ring is
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key to high biological activity and no other substitution
pattern (including 3-fluoro-4-methoxy) is able to match
its effect.
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19. General procedure for the synthesis of chalcones. The

appropriate ketone 3, 5 or 7 (0.5 mmol) and the appro-
priate aryl aldehyde (0.5 mmol) were warmed in ethanol
(50 ml) until they dissolved. The solution was then cooled
to room temperature and piperidine (3-5 drops) was
added. After 48 h at room temperature, the product
chalcone was isolated by filtration. If after 48 h the
chalcone product had not precipitated, the ethanol was
removed under vacuum and the residue partitioned
between DCM and water. The DCM fraction was dried
and evaporated and the chalcone isolated by column
chromatography (7:3 hexane/ethyl acetate, v/v).

Ethyl 3-0x0-3-(3',4',5'-trimethoxyphenyl) propionate (5).>°
Diethyl carbonate (50 ml) and dibutyl ether (50 ml) were
heated to reflux and sodium (2 g, 87 mmol) was added
cautiously with stirring over 30 min. The resulting purple
solution was stirred for 30 min and then 3.4,5-trimeth-
oxyacetophenone (4 g, 19 mmol) was added over 30 min.
The reaction mixture was refluxed for a further 4 h, cooled
to room temperature and poured into crushed ice and
acetic acid (200 ml) and extracted with ether. The extracts
were dried and evaporated and recrystallisation from
methanol yielded 5 as white needles (3.5 g, 67%). Mp 90—
91 °C (lit. mp?' 93-94 °C); '"H NMR 6 (400 MHz; CDCls),
1.28 (3H, t, J = 7.1 Hz, CH3), 3.93 (6H, s, OMe), 3.94 (3H,
s, OMe), 3.98 (2H, s, COCH,CO), 4.23 (2H, q, J = 7.1 Hz,
CH,), 7.27 (2H, s, H2' and H6').
(Z)-2-Ethoxycarbonyl-3-(3"-hydroxy-4"-methoxy-phen-
yl)-1- (3',4' 5 -trimethoxyphenyl) propen-1-one (6¢). Pale
yellow, cubic crystals (70%); mp 123-125 °C (found: C,
63.46; H, 5.84. C5,H,40g4 requires C, 63.46; H, 5.77%);
vmax (CHCl3) 3412s,br, 2938s, 1664s, 1581s, 1510s, 1459m,
1324m, 1251s, 1128s, 754s em™'; '"H NMR § (400 MHz;
CDCl;), 1.14 (3H, t, J = 7.1 Hz, CH3), 3.76 (6H, s, OMe),
3.77 (3H, s, OMe), 3.84 (3H, s, OMe), 4.16 (2H, q,
J=17.1Hz, CH,), 5.67 (1H, s, OH), 6.65 (1H, d,
J=8.1Hz, H5"), 6.84 (1H, dd, J=2.2, 8.1 Hz, H6"),
overlapping 6.85 (1H, d, J = 2.2 Hz, H2"), 7.14 (2H, s, H2’
and H6'), 7.78 (1H, s, H3). '*C NMR 6 (100 MHz;
CDCl,), 14.2 (s, CHzy), 55.9 (s, OMe), 56.2 (s, OMe), 60.9
(s, OMe), 61.5 (s, CH,), 106.4 (s, C2’ and C6), 110.5 (s,
C2"), 116.0 (s, C5"), 123.7 (s, C6"), 126.3 (s, C2),128.9 (s,
Cl1"), 131.4 (s, C1’), 142.5 (s, C3), 143.1 (s, C3"), 145.5 (s,
C4"), 148.5 (s, C4"), 153.2 (s, C3’ and C5’), 165.3 (s,
COOEt), 194.7 (s, Cl) (found [M+H]", 417.1547,
C»,H,505 requires [M+H]", 417.1544).
2’-Bromo-j’,4,5-trimelhoxyacetophenone.22 Bromine (2.5 ml,
48.8 mmol) was added dropwise to a stirred solution of 3,4,5-
trimethoxyacetophenone (10 g, 47.6 mmol) in acetic acid
(50 ml) at room temperature. The mixture was then left for a
further 2 h. Water (200 ml) was added and the product was
extracted into DCM, washed with satd NaCl, dried over
MgSO, and evaporated to leave a black oil. Purification by
silica chromatography using a 3:7 mixture of EtOAc/hexane
(Rr=0.23) yielded white crystals (5.71 g, 43%). Mp 67—
68 °C (lit.>> mp 68-70 °C); 'H NMR 6 (400 MHz; CDCl5),
3.86 (6H, s, OMe), 3.87 (3H, s, OMe), 4.35 (2H, s, H2'), 7.19
(2H, s, H2 and H6) (found [M+H]", 289, C;,H;30,”°Br
requires [M+H]", 289).
2'-Fluoro-3,4,5-trimethoxyacetophenone (7). Potassium
fluoride (4.0 g, 71 mmol) was dried by heating in a two-
neck, round-bottomed flask with a Bunsen flame under high
vacuum and then cooled to room temperature under N.
The freshly prepared 2’-bromo-3,4,5-trimethoxyacetophe-
none (1.1 g, 4.0 mmol) and 18-crown-6 (0.2 g, 0.76 mmol) in
dry MeCN (20 ml) were then added and the mixture
refluxed for 24 h. The solvent was then removed under
vacuum and the residue partitioned between DCM and
water. The DCM fraction was dried and evaporated to leave
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a brown oil. Purification by silica chromatography using a
4:6 mixture of EtOAc/hexane (R; = 0.22) yielded 7 as yellow
crystals (0.75 g, 94%). Mp 120-122 °C (found: C, 58.46; H,
5.83. C1H304F requires C, 57.89; H, 5.74%); vinax (CHCl3)
2944m, 2359m, 1702s, 1587s, 1463s, 1416s, 1326m, 1128s,
990m, 820w cm~'; "H NMR 6 (400 MHz; CDCl), 3.84 (6H,
s, OMe), 3.85 (3H, s, OMe), 5.49 (2H, d,J = 47.0 Hz, H2),
7.07 (2H, s, H2 and H6); "°’F NMR 6 (283 MHz; CDCl5),
—173.4 (1F, t, J = 47 Hz); >*C NMR 6 (100 MHz; CDCl5),
56.4 (s, OMe), 61.0 (s, OMe), 83.6 (d, J =226 Hz, C2'),
105.3 (s, C2 and C3), 128.8 (s, C1), 143.4 (s, C4), 153.3 (s, C3
and C5), 1923 (dJ=15Hz, Cl’) (found [M+H]",
229.0874, C;H 404F requires [M+H]", 229.0876).

(Z)-2-Fluoro-3-(3"-hydroxy-4"-methoxyphenyl)-1-(3',4',
5'-trimethoxyphenyl) prop-2-en-1-one (8¢). Yellow crystals
(75%); mp 132-135°C (found: C, 62.39; H, 5.16.
CoH9O6F requires C, 62.98; H, 5.25%); vmax (CHCI3)
3423w,br, 2940m, 1579s, 1506s, 1415m, 1334m, 1253m,
1127s, 1001w, 755w cm™'; "TH NMR 6 (400 MHz; CDCls),
3.86 (6H, s, OMe), 3.88 (3H, s, OMe), 3.89 (3H, s, OMe),
5.60(1H,s, ArOH), 6.77 (1H,d, J = 37 Hz, H3),6.83 (1H., d,
J=28.4Hz H5"),7.11 (2H, s, H2' and H6"), 7.15 (1H, dd, J

20: Goldsmith, D. J. J. Org. Chem. 1961, 26, 2078.
2.
23.
24,
2s.

26.

2.0,8.4 Hz, H6"), 7.33 (1H, d, J = 2.0 Hz, H2"); ’F NMR &
(283 MHz; CDCl5), —121.6 (1F, d, J = 37 Hz); '>*C NMR &
(100 MHz; CDCI5), 56.0 (s, OMe), 56.3 (s, OMe), 61.0 (s,
OMe), 106.9 (d, J = 5 Hz, C3), 110.6 (s, C2’ and C6'), 116.3
(d, J=10Hz, C2"), 120.1 (d, J=5Hz, C5"), 124.1 (d,
J=8Hz, C6"), 1249 (d, J=4Hz, C1”), 131.3 (s, Cl’),
142.3 (s, C4’), 145.7 (s, C3"), 148.2 (d, J = 3 Hz, C4"), 152.9
(s, C3' and C5'), 153.8 (d, J =269 Hz, C2), 186.5 (d,
J=28Hz, Cl) (found [M+H]", 363.1243, CjoH,0O6F
requires [M+H]", 363.1244).
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Abstract—To enable studies to elucidate the detailed biological function of dysiherbaine and neodysiherbaine A, potent and
subunit-selective agonists for ionotropic glutamate receptors, the derivative with a hydroxymethyl substituent at the C10 position
has been developed. Preliminary biological evaluation of the analogue showed that a C10 hydroxymethyl substituent produced sig-

nificant alterations in binding affinities for the ionotropic glutamate receptor subtypes.

© 2006 Elsevier Ltd. All rights reserved.

Glutamate receptors (GluRs) play a central role in the
mammalian central nervous system (CNS), not only in
excitatory neurotransmission but also in complex brain
functions such as learning and memory. GluRs are
broadly divided into ionotropic and metabotropic recep-
tors. Ionotropic GluRs (iGluRs) are further subdivided
into three subtypes on the basis of their pharmacological
preference toward selective agonists: o-amino-3-hy-
droxy-5-methylisoxazole-4-propionic acid (AMPA),
kainate, and N-methyl-p-aspartic acid (NMDA) recep-
tors.! Molecular cloning studies demonstrated that
iGluRs are encoded by at least six NMDA (NRI,
NR2A-2D, and NR3A), four AMPA (GluR1-4), and
five kainate (GluR5-7 and KA1-2) receptor genes.?

Dysiherbaine (1, Fig. 1),? isolated from the Micronesian
sponge, Dysidea herbacea, is a remarkable excitatory
amino acid with potent convulsant activity. Dysiherba-
ine activates AMPA and kainate receptors, with a high-
er affinity for kainate receptors, but shows no detectable
affinity for NMDA receptors.* Furthermore, it has been
revealed that dysiherbaine had extremely high affinity
for recombinant GluR5 or GluR6 kainate receptors

Keywords: AMPA receptors; Excitatory amino acid; Glutamate recep-

tors; Kainate receptors; Dysiherbaine; Neodysiherbaine A; Total

synthesis.

* Corresponding author. Tel.: +81 22 717 8828; fax: +81 22 717
8897; e-mail: masasaki@bios.tohoku.ac.jp
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R = OH: neodysiherbaine A (2)

Figure 1. Structures of dysiherbaine (1), neodysiherbaine A (2), and
10-hydroxymethyl-neodysiherbaine A (3).

but very low affinity for KA2 receptors, which produced
unusual biophysical behavior from heteromeric kainate
receptors.” However, exact mode of interaction is still
elusive. Neodysiherbaine A (2, Fig. 1), a closely related
natural congener isolated as a minor constituent from
the same sponge, differs from dysiherbaine in the C8
functional group and is also a selective agonist for
AMPA and kainate receptors.® Recently, it has been
shown that neodysiherbaine A is similar to dysiherbaine
in its pharmacological activity on kainate receptors,
albeit with slightly different binding affinities for individ-
ual receptor subunits.”

Due to their unprecedented molecular structures and
unique biological profiles, dysiherbaine and neodysiher-
baine A have attracted much attention among organic
and biological communities.®®!! Especially, the exceed-
ingly high affinity of dysiherbaines for GluRS5 receptors
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suggests that their designed analogues could be a useful
probe in studying previously inaccessible synaptic sites,
at which GIuRS5 receptors play a functional role.
Accordingly, we have described the total synthesis of
dysiherbaine, neodysiherbaine A, and their structural
analogues, and structure-activity relationship (SAR)
studies.®8®19 These SAR studies showed that both the
type and stereochemistry of the C8 and C9 functional
groups affected the subtype selectivity of dysiherbaines
for members of the kainate receptor family. Some ana-
logues showed about 600-fold difference in affinities
for GluR 5 over GluR6 in the binding assay.!? Although
these analogues could serve as interesting tools in neuro-
biology, appropriate labeling, preferably, non-radioiso-
tope (RI) labeling would expand their use. However,
selective small-molecule GluR agonists have resisted to
be labeled externally, for example, by fluorescent
groups, due to their small molecular size where no extra
positions are available for labeling. In the case of dysi-
herbaine, however, earlier modeling experiments’ sug-
gested that the terminal methylene unit at CI10 of
dysiherbaines appears to contribute little to the binding
for GluRs, and introduction of some functional group
at C10 seems to be achieved without serious loss of its
binding property to GluRs. Hence, we designed the
C10 hydroxymethyl-substituted derivative 3 (Fig. 1) of
neodysiherbaine A as a precursor of ‘tagged’
dysiherbaine.

In this letter, we describe a synthesis of the derivative
with a hydroxymethyl substituent at the C10 position
of neodysiherbaine A for the development of potential
molecular probes and show that this molecule still re-
tained high affinity for AMPA/kainate receptors while
some unexpected group selectivity took place.

According to the previous total synthesis of neodysiher-
baine A (2) and its analogues,'°®< the synthesis of 3
started with C-glycosylation of allylsilane 5'? with tri-
O-acetyl-p-glucal (4). Reaction of 4 with 5 in the pres-
ence of Yb(OTT); (10 mol %) in CH,Cl, at room temper-
ature gave the desired C-glycoside 6 in 83% yield as the
sole product (Scheme 1).'* Subsequent asymmetric
dihydroxylation of 6 with (DHQD),AQN'# as a chiral
ligand proceeded smoothly to afford the desired diol 7
in good yield and diastereoselectivity (80%, 8:1 dr).
Although the stereochemistry at the C4 position could
not be determined at this stage, the major product was
tentatively assigned based on the previous results.!%
Selective protection of the primary hydroxy group of 7
gave the TBS ether 8 in 87% yield. Our first attempt
to construct the bicyclic ether skeleton focused on
stereoselective epoxidation of the double bond followed
by acid-catalyzed 5-exo ring-closure.'®® However,
attempted epoxidation of 8 was not successful, resulting
in recovery of the starting material. We next carried out
the formation of a tetrahydrofuran ring by palladi-
um(0)-catalyzed m-allyl ring closure.!> After some exper-
iments, it was found that the best result was obtained by
treatment of 8 with catalytic Pd,(dba); in the presence of
neocuproine as a ligand. Thus, the desired bicyclic ether
9 was obtained in excellent yield. Subsequent dihydroxy-
lation of 9 with OsO4/NMO produced cis-diol 10 exclu-
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Scheme 1. Reagents and conditions: (a) compound 5, Yb(OTf)s,
CH,Cl,, rt, 83%; (b) cat OsO,4, (DHQD),AQN, K,CO3, K5[Fe(CN)g],
MeSO,NH,, -BuOH/H,0, 0°C, 83% (8:1 dr); (c) TBSCI, Et3N,
DMAP, CH,Cl,, rt, 92%; (d) Pd,(dba);, neocuproine, toluene, 60 °C,
98%; (e) cat OsO4, NMO, acetone/H,O, rt, 92%; (f) DMP, CSA,
CH,Cl,, rt, 92%; (g) H,, Pd/C, hexane, rt, 85%; (h) SO5-pyridine, Et;N,
DMSO, CH,Cl,, rt; (i) NaClO,, NaH,PO,, 2-methyl-2-butene,
t-BuOH/H,O0, rt; (j) TMSCHN,, benzene/MeOH, rt, 75% (three steps).

sively, which was protected as the acetonide and then
subjected to hydrogenolysis to give primary alcohol
11. At this stage, the minor diastereomer at the C4 qua-
ternary center was readily removed by silica gel chroma-
tography. Oxidation of 11 by a two-step procedure led
to the corresponding acid, which was then esterified with
trimethylsilyldiazomethane to afford methyl ester 12.
The stereostructure of 12 was confirmed by NOE exper-
iments as shown in Scheme 1.

For the construction of the amino acid side chain, 12
was converted to enamide ester 15. After removal of
the TBS ether of 12, the resultant primary alcohol 13
was oxidized under Swern conditions and the derived
aldehyde was subjected to Horner—Wadsworth—Em-
mons (HWE) reaction using phosphonate 14'¢ in the
presence of tetramethylguanidine (TMG) (Scheme 2).
The requisite enamide ester 15 was obtained in 77%
yield over two steps. Subsequent asymmetric hydrogena-
tion using Burk’s (S,S)-EtDuPHOS Rh(I) catalyst!”
under high pressure conditions proceeded in a highly
stereoselective manner to afford the desired amino acid
derivative 16 in 74% yield as the sole product. Finally,
the Cbz group was replaced with the Boc group (H,,
Pd/C, (Boc),0, MeOH, 85%) to afford intermediate 17.

Selective removal of the acetonide of 17 with DDQ'®
provided diol 18 in modest yield (49%), which was then
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Scheme 2. Reagents and conditions: (a) TBAF, THF, rt, 100%; (b)
(COCl),, DMSO, Et;N, CH,Cl,, —78 — 0°C; (c) compound 14,
TMG, CH,Cl,, 0°C, 77% (two steps); (d) H, (0.8 MPa), [Rh(I)(-
COD)(S,S5)-Et-DuPHOS]"OTf ™ (5 mol %), THF, rt, 74%; (e¢) H,, Pd/
C, (Boc),0O, MeOH, rt, 85%.

converted to the cyclic sulfonate 19 by a two-step proce-
dure in 69% overall yield (Scheme 3).'° Treatment of 19
with cesium acetate effected regioselective substitution at
the C9 position to generate alcohol 20 after acid hydro-
lysis of the derived sulfonate ester in 85% yield over two
steps. Inversion of the hydroxy group of 20 was next
carried out by nucleophilic substitution. Thus, alcohol
20 was converted to the triflate and subsequently treated
with cesium acetate to afford diacetate 21 in 51% overall
yield. Finally, acid hydrolysis of 21 (6 M HCI, 80 °C)
completed the synthesis of the targeted 10-hydroxy-
methyl-neodysiherbaine A (3) in 90% yield.?° The pres-
ent synthesis is sufficiently efficient and allows us to
prepare derivative 3 in several hundred milligrams.

The in vivo toxicity of derivative 3 against mice was test-
ed by intracerebroventricular injection (Table 1). Com-
pound 3 induced dose-dependent behavioral changes
in mice with the EDs, value of 110 pmol/mouse, which
is 7-fold less active than that for 2 (16 pmol/mouse).
Interestingly, the behavioral profile of 3 was substantial-

OAc 20 OAc
a 17: R,R = CMe,
‘R=R= f.9
b,cl: 18 R=R=H
19: R,R = SO,

Scheme 3. Reagents and conditions: (a) DDQ, MeCN/H,0, 40 °C,
49%; (b) SOCl,, Et;N, CH,Cl,, —20°C; (c) RuCl;, NalO4, CCly/
MeCN/H,0, rt, 69% (two steps); (d) CsOAc, DMF, rt; (e) cat H,SOy,
THF, rt, 85% (two steps); (f) Tf,0, pyridine, DMAP, CH,Cl,, —20 °C;
(g) CsOAc, DMF, rt, 51% (two steps); (h) 6 M HCI, 80 °C, 90%.

Table 1. Epileptogenic activity of natural dysiherbaines (1 and 2) and
derivative 3

Compound EDs, pmol/mouse (icv)
1? 13
2° 16
3 110
#Ref. 4.
PRef. 6.

ly different from those of the natural products 1 and 2.
Stereotyped behaviors, such as persistent scratching or
clonic convulsions, frequently observed after adminis-
tration of 1 and 2, were absent in the case of 3. Instead,
transient jumping and running behaviors were apparent.

Next, the binding affinity of 3 was evaluated with native
ionotropic glutamate receptors by radioligand binding
assays using rat synaptic membrane preparation.* The
results are summarized in Table 2. It is noteworthy that
3 displaced [PTHJAMPA more potently than [*H]kainic
acid from the receptors. Derivative 3 displaced the
[*'HJAMPA with K; value of 153 + 35 nM, which is com-
parable to that of the natural neodysiherbaine A (2),
whereas 3 displaced [*H]kainic acid with 15-fold less
potency than 2. As expected, 3 did not exhibit detectable
affinity for NMDA receptors.

Not expectedly, the affinity of 3 for kainate receptors
was attenuated significantly, whereas that for AMPA
receptors retained. This drastic shift in subtype selectiv-
ity was not predictable from our earlier model.” Howev-
er, the present result suggested that introduction of an
additional polar group created another site for hydrogen
bonding with some amino acid residue in AMPA recep-
tors. Thus, the C10 position of dysiherbaines is another
interesting site for further modification as analogous re-
sult has been recently reported by Chamberlin and co-
workers.!!

In conclusion, we have developed the derivative 3 with a
hydroxymethyl substituent at the C-10 position of
neodysiherbaine A. Preliminary biological evaluation re-
vealed that the hydroxymethyl derivative 3 shows in vivo
epileptogenic activity in mice with about seven times less
potency than the natural product 2 with significant shift
in receptor selectivity. This result may suggest that the
C10 position of dysiherbaines is another interesting site
for modification. Nevertheless, this molecule could still

Table 2. Receptor binding affinities of natural dysiherbaines (1 and 2)
and derivative 3*

Compound Ki (nM)
FHIAMPA [*H]kainic acid
1° 153+ 11 26+ 4
2¢ 151 £ 32 52+4
3 153 + 35 790 % 100

# Affinities for receptors (K;, nM) were determined by the displacement
of PHJAMPA and [*H]kainic acid.

PRef. 4.

°ICsq value from Ref. 6 was converted to the K; value.
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be considered as an interesting precursor for the probe
as only a few examples of non-RI probes for GluRs
are known. Detailed neurophysiological studies on 3
and preparation of its biotinylated or fluorescently la-
beled probes are in progress and will be reported in
due course.
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For a review of cyclic sulfates, see: Byun, H.-S.; He, L.;
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Data for compound 3: [o]3y +1.4 (¢ 0.07, H,0); '"H NMR
(600 MHz, D,O) 6§ 4.28 (br s, 1H), 4.14 (br s, 1H), 3.94 (m,
1H), 3.80 (dd, J=3.6, 3.6 Hz, 1H), 3.68 (dd, J=12.0,
9.6 Hz, 1H), 3.57 (br m, 1H), 3.49 (d, J=12.0 Hz, 1H),
348 (dd, J=12.6, 1.8 Hz, 1H), 2.58 (dd, J=15.0, 1.8 Hz,
1H), 2.50 (d, J = 14.4 Hz, 1H), 2.12 (dd, J = 14.4, 3.6 Hz,
1H), 1.87 (dd, J=15.0, 12.6Hz, 1H); '*C NMR
(125MHz, D,O/CD;OD =15:1) § 179.4, 173.2, 87.1,
82.6, 82.5, 73.3, 69.0, 66.1, 59.4, 53.2, 46.4, 39.8; HRMS
(FAB) calcd for C,H ;gNOy [(M—H) ] 320.0982, found
320.0982.
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Abstract—Torsional scans of sulfonamide S—C bonds in small model systems of a series of arylsulfonamide factor Xa inhibitors were
performed in order to investigate if conformational effects can help to rationalise the observed SAR. Computational results were in
good agreement with the experimental data indicating that the sulfonamide conformation plays an important role in determining the

activity in this particular series of factor Xa inhibitors.
© 2006 Elsevier Ltd. All rights reserved.

Factor Xa is a trypsin-like serine proteinase that is locat-
ed at the junction between the extrinsic and intrinsic
coagulation pathways. It is the sole enzyme within the
blood coagulation cascade responsible for activation of
thrombin, leading to blood clot formation. Because of
this important role in blood coagulation, factor Xa
has emerged as an attractive target for development of
new antithrombotic agents.!

Our own efforts have recently led to the discovery of a
series of novel pyrrolidinone derivatives as potent factor
Xa (FXa) inhibitors.? As part of this work we have syn-
thesised inhibitors containing chloro-substituted [5,6]-
fused aromatics attached to a sulfonamide linker group,
for example 1a and 1b.

O O\S
,,,,, W\ S
SQ o o |
1b
O Ki(FXa) =15 nM cl K(FXa) = 47 nM Cl

The X-ray crystal structures of factor Xa complexed
with 1a and 1b, respectively, confirmed that the chlo-
ro-substituted fused aromatic rings bind in the S1 pock-

Keywords: Faxtor Xa; Torsional scan; Sulfonamide.
* Corresponding author. Tel.: +44 (0) 1438 763959; fax: +44 (0) 1438
763352; e-mail: stefan.x.senger@gsk.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.08.092

et of factor Xa with the chlorine in direct proximity to
Ala190, Val213, 11e227 and Tyr228.3 This positioning
had been found previously for several other factor Xa-—
ligand complexes.* In accordance with the fact that 1a
and 1b are closely structurally related, it is observed that
they bind to the enzyme in a very similar fashion. The
critical difference is the positioning of the heteroatom,
that is, the sulfur, of the [5,6]-fused aromatic system.
This is illustrated in Figure 1.

In the case of 1a, one of the sulfur—oxygen bonds of the
sulfonamide group is almost in plane with the carbon—
carbon bond of the five-membered aromatic ring. On
the other hand, in 1b the sulfur—carbon bond of the
five-membered aromatic ring is roughly in plane with
the S-O bond. The question arose as to whether one
of these conformations is energetically preferred and,
furthermore, how the relative conformational energies
relate to the perceived difference in activity between la
and 1b. Even though it seemed unlikely that the appar-
ent difference in activity can solely be rationalised by dif-
ferences in the relative conformational energies of the
inhibitors (i.e., the change in conformational energy
when the inhibitor forms a complex with factor Xa) it
was felt that a conformational study should be under-
taken to investigate the importance of this factor. This
seemed particularly useful since the Cambridge Crystal-
lographic Database (CSD) contains only a very small
number of entries with a five-membered aromatic ring
directly attached to a sulfonamide sulfur atom.

The relaxed scan (in 10° increments) of the dihedral
angles O-S—-C-S (whereby the oxygen atom is the one
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Figure 1. Comparison of the dihedral angle O-S-C-S (whereby the oxygen atom is the one syn to the C-N bond) in 1a (left, 196°) and 1b (right, 8°)

bound to factor Xa.

syn to the C-N bond) in the simple model system
N-methyl-2-thiophenesulfonamide (M1) (cf. Fig. 2)
was performed with the Gaussian98 suite of programs®
at the B3LYP/6-31G" level of theory. Stationary points
located in this manner have subsequently been fully
optimised and frequency calculations have been
performed at the same level of theory. The results for
M1 are shown in Figure 2. There is a good agreement
between the experimentally observed dihedral angle
O-S—C-S of 196° in the bound conformation of 1a (cf.
Fig. 1) and the related dihedral angle of 185° in
conformer C, of M1. The same is true for the experi-
mentally observed dihedral angle O-S—C-S of 8° in the
bound conformation of 1b (cf. Fig. 1) and the related
dihedral angle of 14° in conformer C; of M1.

4.0
3.5
3.0

2.5 VadaN
2.0 C, JulaN " 4 \\
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S AV Nl
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Figure 2. Relaxed scan of the dihedral angle O-S-C-S (in 10°
increments, the oxygen atom is the one syn to the methyl group) in

N-methyl-2-thiophenesulfonamide (M1).

The calculated energy difference for conformers C; and
C, is 0.6 kcal/mol which corresponds to an expected dif-
ference in K of a factor of 2.8. This is in close agreement
with the experimentally observed Kj ratio of 2.9. These
encouraging results are in good agreement with the
hypothesis that relative conformational energies might
be an important factor in rationalising the SAR of series
of inhibitors containing five-membered heteroaromatic
rings attached to a sulfonamide linker. To further test
this hypothesis, the conformational preferences of three
additional pairs of inhibitors (cf. Fig. 3) have also been
studied (using the same computational procedure).
Based on the earlier example, it is assumed that the chlo-
rine atom for all the compounds shown in Figure 3 is
likely to be located in the small subpocket (formed by
Alal90, Val213, Ile227 and Tyr 228) at the bottom of
the S1 pocket.

Consequently, as has been already discussed for 1a and
1b, the critical difference will be the positioning of the
heteroatom(s) of the [5,6]-fused aromatic system relative
to the sulfur—oxygen bonds of the sulfonamide linker.

This is illustrated in Figure 4. In two of the three addi-
tional pairs the five-membered aromatic ring contains a
polar heteroatom (M2 and M4). In case of the third
additional example a hydrogen-bond donor feature is
present (M3). Since positioning these atoms differently
in the S1 pocket of factor Xa will have a much more sig-
nificant effect than the positioning of the sulfur atom,
the results of the conformational scans had to be inter-
preted carefully. The results of the relaxed scans for
the model systems M2-M4 are shown in Figure 5.

o
H
o 2a 4161 H3a 170 4a 285
S N 0]
N
A =IO, K1, KL
N Cl cl Cl
2b 112 3b 90 4b 782

Figure 3. Factor Xa activities (K; in nM, shown in bold italics) of six members of the pyrrolidone series.
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Figure 4. Simplified model systems M1-M4 for 1a, 1b and the six
factor Xa inhibitors shown in Figure 3. M1-M4 were used to perform
torsional scans around the S—C bonds. For the dihedral angle O-S-C-
X the oxygen atom which is syn to the C-N bond was chosen.
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Figure 5. Relaxed scans of the dihedral angles O-S-C-X (in 10°
increments, the oxygen atom is the one syn to the methyl group) in M2
(blue), M3 (red) and M4 (green).

As outlined above, it seems reasonable to assume that
all the factor Xa inhibitors 1-4 have very similar binding
modes. Therefore, we anticipate the dihedral angles O—
S-C-X in 2b (X =S), 3b (X =NH) and 4b (X=0) to
be in the proximity of 0° (i.e., one of the O-S bonds
being roughly co-planar with the C—X bond as observed
in the X-ray crystal structure of 1b complexed with fac-
tor Xa,? cf. Fig. 1). By analogy, we expect the dihedral
angle O-S-C-X in 2a (X=S), 3a (X=NH) and 4a
(X=0) to be in the proximity of 180° (cf. la in
Fig. 1). Table 1 lists the conformers of the model sys-
tems which have dihedral angles O-S-C-X of 0 + 20°
and 180 * 20°, respectively, together with their calculat-
ed relative energies and the activities of the related fac-
tor Xa inhibitors.

In the model system M2 there is no conformer with a
dihedral angle O-S-C-S of approximately 180° (cf.
Fig. 5). However, M2 is in a minimum energy conforma-
tion (conf. C)) if the dihedral angle O-S—C-S is 4°, cor-
responding to the anticipated bound conformation for
2b (cf. Table 1). Consequently, the prediction would
be that (as far as conformational preferences are con-
cerned) 2b is more active than 2a. This is in good agree-
ment with the experimental observations.

For the model system M3 conformers with dihedral an-
gles O-S—-C-N of approx. 0° (conf. C4) and 180° (conf.
C;), respectively, can be found (cf. Fig. 5). The calculat-
ed relative energies of conformers C; and C, give rise to
the assumption that (as far as conformational aspects
are concerned) 3a and 3b should be equipotent (cf. Table
1). As can be seen in Table 1, 3b is reported to be
approximately 2 times more potent than 3a. This is in
reasonable agreement with the prediction. The small dis-
crepancy between predicted and observed relative activ-
ity might be partially due to the potential of the indole
N-H in 3b to form a hydrogen bond with the backbone
carbonyl group of Gly218.° That the indole N-H in 3b
does indeed form a hydrogen bond with Gly218 was
subsequently confirmed by X-ray crystallography.?

For model system M4 a conformer can be found close to
the dihedral angle O-S—C-O of approx. 180° (conf. C,).
No conformer is located in the proximity of the dihedral
angle O-S-C-O of approximately 0° (cf. Table 1). This
leads to the conclusion that (as far as conformational as-
pects are concerned) 4a should be more active than 4b.
This prediction ties in nicely with the experimental
results.

Based on the assumption that the SAR discussed here is
dominated by conformational effects and with the help
of the results obtained from the relaxed scans of the
dihedral angles O-S—C—X (see Figs. 2 and 5) in the mod-
el systems M1-M4 it was predicted which of the inhibi-
tors in the four isomeric pairs 1-4 is expected to be more
active against factor Xa. As can be seen in Table 1, our
predictions have been correct in 3 out of the 4 cases in so
far as the inhibitor that is more active against factor Xa

Table 1. Calculated relative energies E. (zero-point energy corrected, in kcal/mol), dihedral angles ® (O-S—-C-X, where the oxygen atom is the one
syn to the methyl group), and activities (K; in nM) of the corresponding factor Xa inhibitors fXal for conformers with dihedral angles O-S-C-X in
the range of 0 £ 20° and 180 + 20°, respectively, of the fully optimised model systems M1-M4

Model* X? Y? Conf.® ®° E.f fXal K

M1 S CH C 14° 0.6 1b 47
M1 S CH C, 185° 0.0 1a 15
M2 S N C —4° 0.6 2b 112
M2 S N — — — 2a 4161
M3 NH CH Cy —13° 0.0 3b 90
M3 NH CH Cs 198° 0.0 3a 170
M4 e} CH — — — 4b 782
M4 0 CH G, 180° 0.0 4a 285

#cf. Figure 4.

®See relaxed scan plots. M1: Figure 2, M2-M4: Figure 5. If no conformer exists with a dihedral angle in the range of 0+ 20° or 180 + 20°,

>

respectively, this is marked with ‘“—.
¢ Values refer to fully optimised structures.

dStandard deviations: 1b, 3; 1a, 5; 2b, 7; 2a, 1711; 3b, 21; 3a, 11; 4b, 208; 4a, 14. Standard deviations are derived from at least n > 2.
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Figure 6. Preferred conformations C;—Cy4 of the model systems M1-M4 (cf. Fig. 4) used in this study.

has been associated with a low energy conformer in the
respective model system. In the case of 3a/3b it was pre-
dicted that both inhibitors should be equipotent whereas
the experimental results show that 3b is 2-fold more po-
tent. However, in this particular case there are indica-
tions that this might be caused by an attractive
interaction between the indole NH of 3b and the back-
bone carbonyl of Gly218 in the S1 pocket. In terms of
the study presented here, we see this as a very encourag-
ing outcome. Nonetheless, it must be stressed that the
relative conformational energies are only a small contri-
bution to the overall binding energy and that a trend be-
tween relative conformational energies and binding
activities can only be observed due to the fact that we
have restricted ourselves to compare isomeric molecules
where other contributions to the binding energy are at a
comparable level. The indole example 3a/3b nicely illus-
trates that even in the case of isomeric molecules it is vi-
tal to consider carefully, on a case-by-case basis, other
energy contributions (e.g. from H-bond donor interac-
tions) that might have to be taken into account. Not-
withstanding the above, we see value in performing
this type of careful analysis since it may lead to qualita-
tive insights which can be used to guide ligand design.

The results of the relaxed torsional scans performed for
the model systems M1-M4 indicate that there is a strong
preference for one of the sulfonamide O-S bonds to be
co-planar with the aromatic rings attached to the sulfur
atom. Conformation C, (see Fig. 6) is preferred if a
hydrogen atom is attached to Y and no hydrogen atom
is connected to X (as in M1 and M4). If X as well as Y
form a bond to a hydrogen atom (as in M3) a conforma-
tion seems to be preferred in which both groups are
close to planarity with the S-O bonds but none of them
actually being co-planar (C5 and Cy4 in Fig. 6). If on the
other hand, X is a sulfur atom and Y is not connected to
an hydrogen atom (as in M2) C; seems to be the pre-
ferred conformation.

If in the conformation of a free inhibitor such a co-pla-
nar arrangement between the aromatic ring and an S-O
bond is favoured but this arrangement is not possible
when bound to the target an energy penalty for this loss
is to be expected. The same should be the case when
such an arrangement is absent in the free state but is

observed when bound to the target. The relaxed scans
presented here should prove useful in the structure-
based design of sulfonamide-containing ligands.

In this study, we performed relaxed torsional scans of
the S—C bond for the four small model systems M1-
M4 at the B3LYP/6-31G" level of theory. The results
have been used to investigate if conformational effects
can help to rationalise the observed SAR of a series of
factor Xa inhibitors. Encouragingly, the computational
results were in good agreement with the experimental
data. We take this as an indication that the sulfonamide
conformation plays an important role in determining the
activity in this particular series of factor Xa inhibitors.
To the best of our knowledge, the importance of the sul-
fonamide conformation in the context of inhibitor de-
sign has previously only been highlighted by J.J.
Baldwin et al.” for the hCAII inhibition by thienothio-
pyran-2-sulfonamides.

Future structure-based design (SBD) efforts and struc-
tural studies of sulfonamide-containing inhibitor com-
plexes will have to show how important a careful
consideration of sulfonamide-related conformational
effects is in the context of SBD.
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Abstract—The structure-activity relationships of 5,6-positions of aminopyridine carboxamide-based c-Jun N-terminal Kinase
(JNK) inhibitors were explored to expand interaction with the kinase specificity and ribose-binding pockets. The syntheses of
analogues and the impact of structural modification on in vitro potency and cellular activity are described.

© 2006 Elsevier Ltd. All rights reserved.

Dysregulation of the insulin receptor (IR) and reduced
tyrosine phosphorylation of the insulin receptor sub-
strate (IRS) proteins contribute significantly to periphe-
ral insulin resistance and B-cell failure.! Increased serine
phosphorylation of IRS-1 is a common finding during
insulin resistance and type 2 diabetes.? c-Jun N-terminal
kinase-1 (JNK-1), a member of the MAP kinase family,
associates with IRS-1 and phosphorylates Ser307.3 This
phosphorylation blocks the interaction between IRS-1
and IR, inhibits insulin action.* Phosphorylated ser307
also targets IRS-1 for degradation by the proteasome
and affects the subcellular distribution of IRS-1. Target-
ed disruption of the JNK-1 gene in mice protects the
animals from diet-induced obesity, and results in de-
creased adiposity and enhanced secretion of adiponec-
tin.> The JNK-1 KO mice maintain lower fasting
plasma glucose and insulin levels compared to wild-type
littermates and demonstrate greater insulin sensitivity in
both oral glucose and intraperitoneal insulin tolerance
tests.> Small molecule JNK inhibitors can potentially of-
fer therapeutic utility for the treatment of diabetes and
insulin resistance.® A number of JNK inhibitors have
recently appeared in the patent and primary literatures.’

Keywords: JNK inhibitors; Gatekeeper residue; Specificity pocket;

Ribose pocket.
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Recently we disclosed a novel series of aminopyridine
carboxamides as potent, selective, ATP-competitive
pan-JNK inhibitors, as represented by compounds 1
and 2 (Fig. 1).%° The binding modes of this series of
JNK inhibitors have been determined by X-ray crystal-
lography. As shown in Figure 2, the 4-aminopyridine
amide of 2 displayed hydrogen bonds (as highlighted
by the dashed lines in magenta color) to the backbones
of amino acid Glul09 and Metlll as the ‘classical’
hinge interactions.

Closer examination of the structural complex also re-
vealed that the 5-cyano group of the pyridine pointed
to the gatekeeper residue Met108 (Fig. 2). It is well
known that this single residue in the ATP-binding pock-
et can act as a gatekeeper and control kinase selectivity
to a wide range of structurally unrelated compounds.'°
Thus, modification of the 5-cyano group would provide
the possibility of expanding into the hydrophobic

~\,
0 NH
2 //N \//
S T
N N o
_0 1

ICs0 = 0.019 uM vs. JNK1
ICs0 = 0.12 uM vs. JNK2

ICso = 0.045 uM vs. JNK1
ICso = 0.16 UM vs. JNK2

Figure 1. Selected 4-aminopyridine carboxamide JNK inhibitors from
our laboratories.
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—

Metl08 £
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Figure 2. X-ray crystal structure of 2 (in brown color) in the JNK1
active site overlaid with ATP (in gray color).

specificity pocket beyond the gatekeeper residue. The
amino acid sequences in the specificity pocket are some-
what different among the three JNK isoforms, for exam-
ple, 1le106 and Met77 in JNK1 are mutated to Leu and
Leu in JNK2, respectively. 4-(4-Pyrimidinyl)-5-pheny-
limidazole derivative 3a was reported as a potent pan-
JNK inhibitor with interaction to the specificity pocket
(Fig. 3)."' The recently disclosed 6-anilinoimdazole-
based JNK3 inhibitor 3b'?> and aniniliobipyrine-based
JNK3 inhibitor 3c¢!> were shown to occupy the
specificity pocket of JNK3 via the hydrophobic aniline
groups, while achieving some degree of selectivity for
JNK3 over JNK1 (Fig. 3).

Additionally, further extension of the 6-ethoxy group of
2 could increase the interaction with the ribose triphos-
phate-binding sites of the ATP pocket. The extensive
structural modification of the 5,6-positions of the pyri-
dine core of 2 to locate and optimize these potential
interactions is described in this communication. These
interactions, if realized, were expected to further im-
prove the potency and general kinase selectivity of the
resulting inhibitors.

Modification of the 5-cyano group of 2 was achieved
starting from commercially available dichloropyridine
4 (Scheme 1). One of the chlorine was displaced with
an ethoxy group, while the other one was subsequently
subject to a palladium-mediated carbonylation to give
methyl ester 5. Selective iodination of the 5-position of
the pyridine, saponification of the ester, followed by
condensation between the resulting acid and amine cre-
ated 5-iodopyridine 6. This key intermediate 6 could
then undergo Sonogashira-type coupling with terminal

/?”; N=NH
§ \/\N\\N O

acetylenes to provide 5-alkynyl analogues 7a—f,'* while
Suzuki coupling of 6 using vinyl boronic acids generated
5-alkenyl derivatives 8a—-d. Interestingly, Sonogashira
coupling of 6 with trimethylsilylacetylene yielded
TMS-enyne 9, which was desilylated to give enyne 8e.
A second carbonylation of 6 yielded the ester 10.
Subsequent hydrolysis and coupling afforded the amides
11a-b.

The 6-chloropyridine intermediate was prepared accord-
ing to the procedure shown in Scheme 2. The readily
available 2-hydroxy-6-chloropyridine 12'° was activated
as a triflate. Selective palladium-catalyzed carboxylation
under 60 psi of carbon monoxide at room temperature
yielded a methyl ester, which was saponified to give acid
13. Condensation of 13 with p-methylsulfonylbenzyl-
amine provided the versatile intermediate 14. Suzuki-
type coupling of 6-chloropyridine 14 with aryl/alkenyl
boronic acids yielded most of the 6-carbon analogues
15a—p.

The aromatic nucleophilic substitution for forming the
6-ether analogues did not work with alkoxides even
under forced conditions in a microwave reactor. We
found that a copper-catalyzed ether formation proto-
col'® worked relatively well to provide several analogues
(16a—e) for SAR evaluation (Scheme 2). 6-Amino-
substituted pyridine modifications (17a-r) could be
readily generated with various amines under micro-
wave-assisted SNAr conditions using DMA as a solvent.
The 6-chloropyridine could also be further carboxylated
at elevated temperature to provide 6-carboxylate, which
was converted to amide 18.

A 6-bromopyridine was needed for the desired Heck-type
coupling. The previously disclosed 6-ethoxyester 19° was
converted to 6-bromopyridine 20 in low yield as shown in
Scheme 3. Hydrolysis and coupling with amine provided
6-bromopyridine amide 21. Heck coupling of 21 with
acrylate was successful to give a tert-butyl ester, which
was deprotected to yield acid 15q. Hydrogenation of the
olefin led to the propoinic acid 15r.

The inhibitory activity of JNK inhibitors discussed in
this communication was evaluated in JNK1 and JNK2
kinase assays measuring inhibition of phosphorylation
of a synthetic peptide substrate at K, ATP concentra-
tion for each enzyme as described previously.® Most
of the active analogues were also assayed for their
capagity to inhibit c-Jun phosphorylation in HepG2
cells.

A )
H 19
NS

N\
e NH Cl
N~ N™ °N
3a (Merck) (o] 3b (Astra-Zeneca) 3c (Astra-Zeneca) (]
IC50 ~ 0.002 uM N~ ICsp = 0.071 uM vs. JNK1 IC50 = 0.384 uM vs. JNK1
vs. JNK1 & 3 Cl H 1G5 =0.0014 uMvs. JNK3  ICq = 0.007 uM vs. JNK3

Figure 3. Selected JNK inhibitors from the literature.
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Scheme 1. Reagents and conditions: (a) EtONa, EtOH, 150 °C, 2 h; (b) CO, PdClL(dppf), MeOH, 100 °C, 4 h, 63% over two steps; (c) chloramine-T,
Nal, AcOH, rt, 30 min; (d) LiOH, MeOH/THF, rt; (¢) p-methylsulfonylbenzyl amine, TBTU, Et;N, DMF, rt, 81% over three steps; (f) alkynes,
PdCl,(PPhj;),, Cul, Et;N, DMF, 120 °C, 20 min, ~30%; (g) alkenyl boronic acids, Pd(PPh;),, Na,CO3;, DMF/THF/H,O0, 120 °C, 20 min, ~50%; (h)
TBAF, THF, rt, 80%; (i) CO, PdCl,(dppf), MeOH, 60 °C, 16 h, 80%; (j) LiOH, MeOH/THF, rt; (k) H,NR, TBTU, Et;N, DMF, rt, ~65% over two

steps.

NH N o] NH2
2 //N a,b,c AN ~ d \/§/ X //N
O~ L,
P N~ I N
HO™ N~ Ci N™ Cl
12 13 140
NH
\S/S) 2 //N
v
° © \©\/H |
N
R
f 15a-p O h,ij
g NH
\S//o 2 //N
v
2SO
N~ o NH
\//O NH2 N O 16a-e N 2 N
P 7 P ~xr7
GNP ACSPeE
—
N H N “R
17ar O 18 O 0

Scheme 2. Reagents and conditions: (a) Tf,O, pyridine, CH,Cl,, rt, 6 h, 69%; (b) 60 psi CO, Et;N, MeOH, PdCl,(dppf), rt, 16 h; (¢c) LiOH, MeOH/
THF, rt, 82% over two steps; (d) p-methanesulfonylbenzylamine, TBTU, Et;N, DMF, rt, 88%; (e) RB(OH),, PdCl,(PPh;),, Na,CO3;, DME/EtOH/

H,O0 (7:2:3), 160 °C, 10 min, 70-80%; (f) ROH, Cul,

1,10-phenanthroline, Cs,COs, 110 °C, 24 h, 60-70%; (g) RNH,, DMA, 160 °C, 20 min, 35-80%;

(h) 60 psi CO, Et;N, MeOH, PdCl,(dppf), 100 °C, 16 h; (i) 3N aq NaOH, MeOH, rt, 45% over two steps; (j) i-PrNH,, TBTU, Et;N, DMF, rt, 85%.

Using the readily available 5-iodopyridine 6, we tried to
replace the 5-cyano group of 2 with alkynes, hoping that
further extension of the alkyne would reach into the ki-
nase specificity pocket. The results, as shown in Table 1,
were generally disappointing. Only the terminal alkyne
7a possessed a meaningful potency, any other substitu-
ents (non-polar or polar, aliphatic or aromatic) off the
alkyne led to essentially inactive compounds (7b-f).
We also examined some 5-alkene-substituted pyridines
as shown in Table 1. 5-Vinyl pyridine 8a is about 3-fold
less active than the 5-ethynyl analogue 7a. Further dec-
oration of the olefin with either aromatic (8b) or aliphat-
ic group (8¢) seemed to have little impact on the potency
of resulting compounds. Interestingly, we found that
acrylonitrile (8d) and but-1-en-3-ynyl (8e) substituted
pyridines possessing progressively improved JNK inhib-

itory potency with encouraging cellular potency for 8d
as well. Replacing the 5-cyano group with a primary
amide (11a) yielded a somewhat active analogue, howev-
er, with much reduced cellular activity, while a propyl
amide replacement led to a virtually inactive analogue
11b.

For the modification of the 6-position of the pyridine,
we started with 3-substituted phenyl groups as a way
to extend into the sugar pocket. As shown in Table 2,
a hydrophobic 3-chloro phenyl (15a) led to a 100-fold
decrease of potency from 2, while 3-hydroxyphenyl
(15b) and 3-methoxyphenyl (15¢) derivatives exhibited
sub-micromolar potency. A 3-methanesulfonylphenyl
analogue 15d is only 2-fold less active than 3. However,
its cellular potency was much worse.
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Scheme 3. Reagents and conditions: (a) POBr;, pyridinium hydrobromide, H3POy4, 125°C, 25 min, 27%; (b) LiOH, MeOH/THF, rt; (c)
p-methanesulfonylbenzylamine, TBTU, Et;N, DMF, rt, 90% over two steps; (d) ferz-butyl acrylate, Pd(OAc),, P(o-tolyl);, Et;N, 100 °C, over night,
22%; (e) TFA/CH,Cl,, rt, 57%; (f) 10% Pd/C, H,, MeOH, rt, 100%.

Table 1. SAR of 5-pyridine carboxamide modifications

H, o) NH, O
/ ~._R \74/
/
PO 7 PO 0 P L
N O/\ N o/\
7a-f 8a-e O 11a-b O
Compound R JNKI1 ICs0* (uM) JNK2 ICso* (uM) Pc-Jun ICsy (uM)
7a H 0.35 (£0.17) 0.30 (+0.03) 1.89
7b QNN >10 NT NT
e fzj;\s 3.43 (£0.73) >10 NT
7d 2 0H 1.09 (+0.15) NT 5.7
7e G~ OH 2.24 (£1.04) 4.61 (£0.51) 7.36
7t 2"0oH 1.55 (£0.35) 432 (£0.22) 5.24
8a H 1.18 (0.08) 1.46 (+0.58) 4.63
8b @ 2.43 (£0.53) 4.13 (£0.43) 6.92
brig

8¢ L(;J< 2.93 (£0.53) 4.16 (£2.56) >10
8d Xy 0.41 (+0.12) 1.79 (+0.39) 0.807
8e N 0.079 (£0.001) 0.30 1.4
11a H 0.318 (+0.088) 0.969 7.54
11b ria e 5.25 NT NT

#Values are geometric means of at least two experiments, standard error is given in parentheses. NT, not tested.

Heteroaryls were also evaluated for accessing the ribose
pocket off the 6-position. 3-Thiophene yielded fairly po-
tent analogue 15e, and 3-furanyl analogue 15f is only 4-
fold less potent than 2. 2-Hydroxymethyl-substituted
(15h) and 2-benzylaminomethyl-substituted thiophene
(15i) are progressively less potent than the unsubstituted

15e. It is interesting to note that 3-carboxy-2-thiophene
derived 15g is fairly potent in vitro, however, its cellular
potency suffered due to the charge present in the molecule.
The six-membered heterocycles such as pyridines (15j-k)
and pyrimidine (151) were roughly equipotent as 2-furanyl
analogue 15f with much reduced cellular potency.
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Table 2. SAR of 6-pyridine modification with carbon-linked side chains

o &
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15a-r,18
Compound R INKI ICs? (M) INK2 ICs® (M) Pc-Jun ICsy (uM)
< cl
15a O/ 118 (+ 0.35) 0.84 12
@ OH
15b O/ 0.20 (£0.08) 0.24 (+0.15) 9.4
O.
15¢ SAO/ > 0.43 (£0.20) 0.60 (£0.38) 1.8
o 0
Y/
15d ?O/S\ 0.043 (£0.004) 0.097 (£0.039) 10.5
Y
15¢ Z/ ) 0.081 (£0.005) 0.39 (+0.12) 0.61
S
Y
15¢ Z/ ) 0.27 (£0.07) 0.53 (+0.11) 43
O
AN S
15g Q\«OH 0.25 (+0.05) 0.16 (£0.10) >10
(e}
N
15h / S\ 0.57 (£0.20) 0.68 (£0.27) 10.8
HO W
15i q 4 S\ 1.99 (+0.49) NT 8.01
NH
15§ 5 [N 0.32 (£0.06) 0.34 (+0.01) 73
%
15k Sj| N 0.53 (£0.12) 0.66 (+0.06) NT
~-N
AN
151 | 0.62 (£0.06) 0.86 (£0.02) >10.0
N
15m NN 0.048 (£0.010) 0.23 (+0.07) 0.89
15n @ 2 0.15 (£0.04) 0.26 (+0.05) 5.5
150 33//\© 1.45 (+0.35) 1.29 (+0.19) 0.35
15p A on 0.17 (£0.08) 0.24 (+0.08) 5.3
° OH
15q AN 0.30 (£0.03) 0.43 (+0.03) >2.5
(0]
X OH
15r ~ N 1.64 (+0.86) 6.92 (£ 2.70) NT
o
H
= N
18 i \r 0.43 (£0.19) 0.12 (+0.02) 2.9
(0]

#Values are geometric means of at least two experiments, standard error is given in parentheses. NT, not tested.
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Table 3. SAR of 6-pyridine modification with amine/ether linked side chains
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Compound R INKI ICs* (uM) INK2 ICsp* (uM) Pe-Jun ICso (uM)
16a ‘e.J\ 0.015 (+0.003) 0.038 (0.06) 0.25
16b ﬁ?fw 0.023 (+0.006) 0.047 (£0.013) 0.56
16¢ 5?5\( 0.088 (£0.044) 0.37 (£0.05) 0.70
16d EL\O 0.39 (+0.03) 0.61 (£0.04) 0.49
O\
16e ©/ 0.42 (+0.06) 0.45 (£0.08) NT
brig
17a iJ\ 0.067 (+0.024) 0.084 (0.006) 0.49
17b (?‘,A 0.032 (+0.009) 0.069 (0.009) 1.2
17¢ L&D 0.085 (+0.029) 0.16 (£0.01) 0.62
17d ‘LQ 0.096 (+0.006) 0.29 (0.12) 0.48
17¢ ff\@ 0.82 47 NT
17f \)@ 0.26 1.0 2.7
brag
H
17¢g fc\/N\“/NHz 0.093 (+0.036) NT >10
(0]
17h i 0.066 (£0.001) 0.087 (+0.026) 10
. 0. . x0. >
&L\)LNHz
H
17i ﬁ'z:\/N\n/ 0.059 (+0.001) 0.081 (£0.015) >10
o
17§ O~"0H 0.054 (+0.002) 0.18 (£0.03) 8.3
17k 9~_OH 0.093 (+0.021) 0.15 (£0.02) >10
171 RN 0.12 (+0.04) 0.21 (£0.06) 5.9
17n G~ NH; 1.6 (+0.5) NT NT
170 L?:\/,L\ 7.3 9.2 NT
17p HO. YV 0.022 (+0.005) 0.030 (£0.015) 2.6
\/ “y
17 N
q HO G 0.18 (+0.05) 0.32 (£0.14) >10
N
17r HO_ A, 1.5 (0.3) 1.4 NT
OH
17m 0.076 (+0.002) 0.10 (£0.02) >10

Lo

#Values are geometric means of at least two experiments, standard error is given in parentheses. NT, not tested.
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Olefinic substitutions off the 6-position pyridine offered
some interesting analogues. trans-Propene derivative
15m is only 2-fold less potent than lead compound 1
in both enzymatic and cellular assays. In comparison,
the cis-isomer 15n is 3- to 8-fold less potent in vitro
and in cells, respectively. Styrene substitution 150
showed a 20-fold decrease in potency. Interestingly,
150 was shown to be more potent in HepG?2 cells than
in the enzymatic assay. The possibility of cellular toxic-
ity could not be ruled out although the cells appeared
healthy during the cellular assay. Polar groups append-
ed to the trans-double bond, such as hydroxyethyl 15p
or carboxylic acid 15q, provided fairly potent analogues.
Saturation of the propenic acid (15r) reduced the inhib-
itory potency by about 5-fold. Among the several 6-car-
boxamide derivatives, only the isopropyl amide 18
possessed sub-micromolar ICs, versus JINK1&2.

More productive SAR came from the 6-amino or 6-
ether analogues (Table 3). Isopropoxy compound 16a
is equipotent to the lead compound 2 in vitro, and 2-fold
more active in c-Jun phosphorylation assay than 2.
Some other smaller alkoxides seemed to work well too,
such as cyclopropylmethoxy 16b and isopropylmethoxy
16¢. In comparison, larger alkoxide 16d and phenoxide
16e led to slightly weaker analogues.

Due to the relative ease of synthesis of 6-amino ana-
logues, more functional groups were explored with this
set of modification. Similar to the ether analogues, small
hydrophobic amines were favored to give inhibitors
(17a-d) with double-digit nanomolar ICs, values. The
benzylamine and phenethyl amine derivatives (17e-f)
showed reduced potency against JNK1&2. Neutral po-
lar extensions (17g-1) off the ethylamine were generally
well tolerated, such as urea, amides, alcohol, and ether.
Basic groups, such as primary amine (17n) or tertiary
amine (170) off the ethylamine, led to analogues with
substantially reduced inhibitory potency. Alpha-substit-
uents off the 6-amino group were introduced to provide
a means for accessing the sugar pocket in the presence of
hydrophilic terminal groups. (S)-alaninol derivative 17p
is among the most potent analogues within the series,
while the (R)-enantiomer (17q) is 6-fold less potent. Fur-
ther extension with (.S)-leucinol (17r) led to 50-fold drop
of potency, presumably due to unfavorable steric inter-
action. A symmetrical diol branch led to a fairly potent
analogue 17m. For 6-aminopyridine analogues, there
seemed to be a larger discrepancy between in vitro
ICsps and their cellular activity except the more lipophil-
ic 17a, 17¢c—d. Increased hydrophilicity could potentially
hinder the effective diffusion of the inhibitors into
HepG2 cells.

There are two possible reasons behind the challenges
associated with targeting the gatekeeper residue of
JNK kinases. As mentioned earlier, the gatekeeper resi-
due in the ATP-binding pocket has been shown to con-
trol kinase selectivity to a wide range of structurally
unrelated compounds. This residue is conserved as a
threonine or larger amino acids in the human kinome,
and structural analysis has shown that the size of this
gatekeeper residue restricts access to a pre-existing

cavity within the ATP-binding pocket.!” Kinases with
a threonine at this position are readily targeted by a
diverse classes of small molecule inhibitors that can
access this natural pocket, including the kinase inhibi-
tors currently in clinical use (Gleevec, Iressa, Tarceva).
Having a larger methionine as the gatekeeper residue
in JNK made it intrinsically more difficult to reach the
‘specificity pocket’.

The second reason may have something to do with the 4-
aminopyridine carboxamide template we were using to
access the ‘specificity pocket’. The particular vector pro-
vided by extension off the 5-position of pyridine 1 may
not be as favorable as X-ray structure and molecular
modeling had suggested. The 6-anilinoimdazole-based
JNK3 inhibitor 3b (Fig. 3) binds to JNK3 in an in-
duced-fit manner, with the gatekeeper residue Metl146
(JNK3 numbering) moved out of way to accommodate
the aniline portion of the molecule in the ‘specificity
pocket’. Such precedent suggests that with appropriate
molecular template, it is possible to target the ‘specifici-
ty’ pocket with methionine as the gatekeeper residue.

In summary, we have investigated structural modifica-
tions to reach both the kinase specificity and ribose pock-
ets of JNKI1 using our proprietary 4-aminopyridine
carboxamide template. Although several modifications
were identified as equivalent in terms of in vitro and cel-
lular potency to lead compound 2, we have yet to find
the extensions that optimize interaction with either the
kinase specificity pocket or the ribose pocket. The in-
sights gained from this work will facilitate future optimi-
zation efforts in other domains of the lead compounds.
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Abstract—A novel oxazine ring formation method was established wusing the reaction of 2-acetyl-(E)-3-sty-
rylcarbonylaminobenzo[b]furans (4) with Vilsmeier-Haack—Arnold reagent to afford (E and Z)-((E)-2-styrylbenzo[b]furo[3,2-
d][1,3]oxazin-4-ylideno)acetaldehydes (5). (Z)-4-(8-Bromo-(E)-2-styrylbenzo[b]furo[3,2-d|[1,3]oxazin-4-ylideno)but-( E)-2-enoic acid
ethyl ester (6b), derived from (Z)-5a, showed significantly potent anti-osteoclastic bone resorption activity comparable to 17-estra-

diol (E,).
© 2006 Elsevier Ltd. All rights reserved.

Various oxazine compounds have been found to show
versatile bioactivities.! This prompted us to establish a
novel oxazine ring formation method to find promising
bioactive oxazine compounds. We chose the Vilsmeier—
Haack-Arnold  reagent  ((CH;3),N"=CHCI-Cl™ «>
(CH3),N-C"HCI-CI") (VM reagent) which is extensively
used for the formylation of activated aromatic, heteroa-
romatic, and carbonyl compounds.? We focused on the
oxazine ring formation using aromatic ortho-keto amide
compounds (2-acetyl-3-alkylcarbonylaminobenzo[b]fur-
ans) under the Vilsmeier reaction conditions. 2-Acetyl-
3-cyanomethylcarbonylaminobenzo[b]furans (la, 1b)
and  2-acetyl-3-ethoxycarbocarbonylaminobenzo[b]fu-
ran (1c) were treated with VM reagent at 24 °C. Unfor-
tunately, 4-chloro-3-formylbenzo[b]furo[3,2-b]pyridines

Keywords: (Z)-4-(8-Bromo-(E)-2-styrylbenzo[b]furo[3,2-d][1,3]oxazin-

4-ylideno)but-(E)-2-enoic acid ethyl ester; Oxazine ring closure; Vils-

meier reaction; Anti-osteoclastic bone resorption activity.

* Corresponding author. Tel.: +798 45 9953; fax: +798 41 2792; e-mail:
yohishi@mukogawa-u.ac.jp

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.08.064

(2) were isolated in low yield, and no oxazine derivatives
were obtained. These findings led us to hypothesize that
the 3-amide moiety stabilized by a conjugate system
(3-styrylcarbonylamino group) would be more advanta-
geous for oxazine ring formation than the cyanomethyl-
carbonylamino and ethoxycarbocarbonylamino groups.
We thus prepared four 2-acetyl-(E)-3-styrylcarbonyl-
aminobenzo[b]furans (4a—4d) from 2-acetyl-3-amin-
obenzo[h]furans (3a, 3b)> by reactions with
trans-cinnamoyl chlorides. To a VM reagent prepared
from POCI; with dry N,N-dimethylformamide (DMF)
was added 4a at 6 °C. The reaction mixture was stirred
at 25 °C for 30 h and an orange precipitate was formed
but was difficult to purify because of its chemical insta-
bility. A suspension of this precipitate in water was
treated with 10% NaOH aqueous solution or triethyl-
amine with vigorous stirring to give an orange powder.
This orange powder was recrystallized from ethyl ace-
tate—chloroform (5:1) to yield orange needles (5a, mp
213-216 °C, 46% (by treatment with triethylamine)).
'H NMR (HMBC, HMQC), MS, and elemental
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analysis data suggested 5a to be a novel (E or Z)-(8-bro-
mo-(E)-2-styrylbenzo[b]furo[3,2-d][1,3]oxazin-4-ylideno)ac-
etaldehyde with a characteristic exo-formylmethylene
group on the oxazine ring (Scheme 1).

These findings were not sufficient to confirm the pres-
ence of an oxazine ring in Sa and also did not define
the isomeric form (£ or Z) of the exo-formylmethylene
group. Two butadiene derivatives (6a,6b) were prepared
from 5a, because of the difficulty of single crystal prep-
aration of 5a for X-ray analysis. The formyl group of
5a was allowed to react with N,N-diethylphosphono-
acetamide and ethyl diethylphosphonoacetate under
the Horner-Wadsworth-Emmons (HWE) reaction
conditions to give the corresponding butadiene deriva-
tives (6a, 6b) (Scheme 1). The structure of compound
(6a) was confirmed to be (Z)-4-(8-bromo-(E)-2-sty-
rylbenzo[b]furo[3,2-d][1,3]oxazin-4-ylideno)-N,N-dieth-
ylbut-(E)-2-enamide on the basis of its X-ray analysis
as shown in Figure 1.* This result and the physical data
of 5a demonstrated it to be (Z)-(8-bromo-(E)-2-sty-
rylbenzo[b]furo[3,2-d][1,3]oxazin-4-ylideno)acetaldehyde
((2)-5a).

NHCOR® N=
R { POCl;-DMF R4 \ /o
COCH; ——  »
o 24°C o Ci
R? Ry
1 2

2a: R'=Br, R?=H (12 %)
2b : R'=H, R>=0OCH; (14 %)

1a: R'=Br, R%=H, R®=CH,CN
1b: R'=H, R%=0CHs, R®=CH,CN
1¢: R'=Br, R?=H, R®=CO0C,Hs

Compounds (4b—4d) were also treated with VM reagent
to afford (Z)-5b, (£)-5¢ and (Z)-5d, respectively. These
oxazine ring closure reactions to 5 from 4 afforded mix-
tures consisting of the predominant Z-isomer and the E-
isomer (Z-isomer:E-isomer = 98:2-95:5 by 'H NMR).
Each predominant (Z£)-isomer was isolated from the
respective mixture (Scheme 1) (Table 1). We were thus
able to establish a novel oxazine preparation method
based on the reaction of 4 with VM reagent. This oxa-
zine cyclization reaction was markedly dependent on
the chemical property of the 3-carbonylamino function-
al group. 3-Styrylcarbonylamino group was favorable
for the oxazine ring formation.

(Z)-5a showed isomerization to its E-isomer ((E)-5a) in
dimethylformamide or CHClI; solution. The more stable
(Z)-5a reached an equilibrium with the less stable (E)-5a
at the ratio of (Z)-5a:(E)-5a = 5:2 in these solutions after
15-48 h.> The isomerization of (Z)-5a to (E)-5a is con-
sidered to be caused by the formyl group.® Evidence
for this came from the absence of isomerization of
(Z)-2-(8-bromo-(E)-2-styrylbenzo[b]furo[3,2-d][1,3]oxa-
zin-4-ylideno)ethanol (7) to its E-isomer. 5-Bromo-2-

R3 R® R3
(E)-form (E)-form
. Qg -
R A POCI5 - DMF =~
\<;f\$~cocv-|3 - od — , N=
! [¢] THF \NH 25°C R A\ 6]
R 1
R { o CHCHO
COCHj R2
o
RZ
3 4 5 =~
N=

4a: R'=Br, R?=H, R®=H (84 %)
3a: R'=Br, R%=H 4b : R'=Br, R?=H, R>=0CHj (48 %)
3b: R'=H, R2=0CH; 4c: R'=H, R%=0CHs, R®=H (68 %)

4d : R'=H, R?=0CHj, R®=0CHj3 (15 %)

NH, A

Br: =
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(e} —_— NH
Q L 5
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cl o Q
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—_—

(2)-5a: R'=Br, R?=H, R%=H

(2)-5b : R'=Br, R?=H, R®=0CH,
(2)-5¢ : R'=H, R*=0CH,, R®=H
(2)-5d : R'=H, R?*=OCHj3, R®=OCHj,

N=

unchanged recovery Brmg——_\‘
\
o \ g

6

6a: R=CON(C,Hs),
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Scheme 1. Reagents: (a) NaBH,/THF; (b) (C,H50),P(O)CH,CON(C,Hj5), and (C,H50),P(O)CH,COOC,Hs, NaH/THF.





Figure 1. Structure of (Z)-4-(8-bromo-(E)-2-styrylbenzo[b]furo[3,2-d|[1,3]oxazin-4-ylideno)-N,N-diethylbut-(E)-2-enamide (6a) and its X-ray

analysis.
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Table 1. Physical data and yields of compounds (Z)-5 and 6
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Compd Yield Mp '"H NMR MS mlz (int.) Formula
(%) (°C) HR-MS m/z M™*
Calcd (Found)
or Anal. Caled (Found)
(Z)-5a 46 213-216  §(400 MHz; CDCl3; MeySi) 5.72 (1H, d, J=7.7, CHCHO), 393 (M™", 100.00)  CyH;,BrNO;
6.79 (1H, d, J =16.2, CH=CHC4Hs), 7.43-7.45 (3H, m, 3'-, C; 60.93 (60.74)
4'-,5'-H), 7.45 (1H, d, J = 8.5, 6-H), 7.59-7.62 2H, m, 2'-, 6~ H; 3.07 (2.88)
H), 7.63 (1H, dd, J=8.8 and 1.8, 7-H) 7.77 (1H, d, J = 16.1, N; 3.55 (3.54)
CH=CHC4Hs), 8.05 (1H, d, J=2.1,9-H), 10.3 (1H, d, J = 8.1,
CHCHO)
(Z)-5b 35 215-218 (400 MHz; CDCls; Me,ySi) 3.87 (3H, s, OCH3), 5.71 (1H, d, 423 (M*, 99.72) CyH14BrNO4
J=8.1, CHCHO), 6.65 (1H, d, J = 16.1, CH=CHCzH4(4'- 425 (100.00) C; 59.45 (58.92)
OCH,;)), 6.94-6.97 (2H, m, 2’-, 6’-H or 3’-, 5’-H), 7.45 (1H, d, H; 3.33 (3.11)
J =838, 6-H), 7.54-7.57 2H, m, 2'-, 6'-H or 3’-, 5'-H), 7.62 N; 3.30 (3.10)
(I1H, d, J=8.8 and 2.2, 7-H), 7.72 (1H, d, J = 16.1,
CH=CHC¢H4(4'-OCH,)), 8.04 (1H, d, J = 1.8, 9-H), 10.3 (1H,
d, J=17.7, CHCHO)
(2)-5¢ 39 239-241  §y(400 MHz; CDCls; Me,ySi) 4.05 (3H, s, OCH3), 5.81 (1H, d, 345 (M™, 100.00)  C»H;sNOy - 2/3H,0
J=17.7, CHCHO), 6.82 (1H, d, J=16.1, CH=CHC¢H5), 7.04 C; 70.58 (70.40)
(1H, dd, J=8.1 and 0.8, 7-H or 9-H), 7.34 (1H, dd, J = 8.1 and H; 4.61 (4.01)
8.1, 8-H), 7.41-7.44 (3H, m, 3'-, 4’-, 5'-H), 7.49 (1H, dd, N; 3.92 (3.96)
J=79and0.9, 7-H or 9-H), 7.59-7.62 2H, m, 2'-, 6'-H), 7.77
(1H, d, J=16.2, CH=CHC¢Hs), 10.3 (1H, d, J=8.1,
CHCHO)
(Z)-5d 17 242-246  §y(400 MHz; CDCl3; Me,Si) 3.87 (3H, s, OCH3), 4.05 3H, s, 375 (M™, 100.00)  C,,H;7NOs
OCHs;), 5.79 (1H, d, J = 8.0, CHCHO), 6.68 (1H, d, J=16.1, C; 70.39 (70.24)
CH=CHC¢H4(4'-OCH;)), 6.94-6.97 (2H, m, 2’-, 6'-H or 3'-, H; 4.56 (4.41)
5'-H), 7.04 (1H, dd, J=7.9 and 1.0, 7-H or 9-H), 7.33 (1H, t, N; 3.73 (3.77)
J=38.1,8-H), 7.48 (1H, dd, /= 7.9 and 1.0, 7-H or 9-H), 7.53—
7.57 2H, m, 3’-, 5-H or 2'-, 6’-H), 7.72 (1H, d, J = 16.1,
CH=CHC¢H44'-OCH;)), 10.3 (1H, d, J= 7.7, CHCHO)
6a 49 191-192  61(400 MHz; CDCls; Me,Si) 1.21-1.25 (6H, m, 490 (M*, 76.46),  CysH23BrN,Os - 1/2 H,O
N(CH,CH3), % 2), 3.44-3.52 (4H, m, N(CH,CHj;), x 2), 5.88 391 (100.00) C; 62.41 (62.17)
(1H, dd, J =12.1 and 0.7, =CHCH=CHCO), 6.37 (1H, dd, H; 4.83 (4.57)
J=14.6 and 0.7, =CHCH=CHCO), 6.71 (1H, d, J = 16.1, N; 5.60 (5.59)
CH=CHC¢Hs), 7.34 (1H, d, J = 8.8, 6-H), 7.37-7.43 (3H, m,
3’-, 4’-, 5'-H), 7.48 (1H, dd, J = 8.8 and 2.2, 7-H), 7.60-7.63
(2H, m, 2'-, 6’-H), 7.74 (1H, d, J = 16.1, CH=CHC¢Hs), 7.93
(1H, d, J=2.2,9-H), 7.95 (1H, dd, J = 14.6 and 12.1,
CHCH=CHCO)
6b 71 199-200  61(400 MHz; CDCl3; Me,Si) 1.35 3H, t, J= 7.1, OCH,CH3), 463 (M™, 100.00)  C,4H;sBrNO,

4.26 (2H, q, J = 7.2, OCH,CHs3), 5.84 (1H, dd, J = 11.8 and
0.8, =CHCH=CHCO), 5.96 (1H, dd, J = 15.4 and 0.7,
=CHCH=CHCO), 6.73 (1H, d, J = 16.1, CH=CHC4Hs), 7.36
(1H, d, J = 8.8, 6-H), 7.39-7.45 3H, m, 3-, 4'-, 5'-H), 7.51
(1H, dd, J = 8.8 and 2.2, 7-H), 7.59-7.62 (2H, m, 2'-, 6'-H),
7.72 (1H, d, J = 16.2, CH=CHC¢Hs), 7.89 (1H, dd, J = 15.4
and 12.1, =CHCH=CHCO), 7.94 (1H, d, J = 1.9, 9-H)

C; 62.08 (62.03)
H; 3.91 (3.71)
N; 3.02 (2.90)
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(4-chlorobenzoyl)-(E)-3-styrylcarbonylaminobenzo[b]fu-
ran (9)3 prepared from 83 was treated with VM reagent
under the same reaction conditions as the reaction of 4a
with VM reagent. However, only starting material 9 was
recovered unchanged (Scheme 1). This showed that
reaction of the acetyl group with VM reagent is the
driving force for the oxazine cyclization reaction. The
formation mechanism of (£)-5 and (E)-5 from 4 is likely
to occur as follows. Both the enol 2-acetyl group and 3-
carbonylamino group of 4 reacted with VM reagent to
form 10? which is converted into two geometrical iso-
mers (11A, 11B). Because the heat of formation of
12A is lower than that of 12B,” 11A is converted faster
to 12A than 11B. Both 12A and 12B produced labile
immonium salts (13) consisting mostly of (£)-13 with a
little (E)-13. The immonium salts (13) are deposited as
an orange precipitate in the reaction mixture, as
described above. Treatment of 13 with base afforded a
mixture of (Z)-5 (predominant isomer) and (E)-5
(Scheme 2). The predominant formation of (Z)-5 over
(E)-5 can be explained by the lower heat of formation
of 12A compared to 12B.

The oxazine ring moiety of compounds 5 and 6 was
similar to the ring type design devised from the (Z£)-2-cy-
ano-3-hydroxybut-2-enonylamino group of 2-(4-chloro-
benzoyl)-(Z)-3-(2-cyano-3-hydroxybut-2-enonyl)amino-

benzo[h]furan® which had potent anti-osteoclastic bone
resorption activity in vitro and exhibited an anti-osteo-
porosis effect in vivo in our recent work.® Therefore, rep-
resentative compounds ((£)-5a, 6a, 6b) were tested with
an in vitro assay of anti-osteoclastic bone resorption
activity. In coculture of fresh bone marrow preosteo-
clasts expressing the receptor activator of NF-xB
(RANK) with calvarial osteoblasts that express the li-
gand for RANK (RANKL), bone resorbing osteoclasts
developed and formed resorption pits on a dentin slice.
PGE, stimulated pit formation, and estrogens (e.g., E;)

140 4
120
= 100

its

The number of p
(% of control

6a 6b

cont. ., (-
5a

Figure 2. Anti-osteoclastic bone resorption activities of the oxazine
derivatives ((£)-5a, 6a, 6b) cont.: control E,: 17f-estradiol.
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inhibited PGE,-stimulated pit formation by suppressing
the RANKL effect.” Among the compounds tested, the
butadiene ester derivative (6b) showed significantly po-
tent inhibition activity comparable to E,, but the exo-
formylmethylene compound ((Z)-5a) was inactive
(Fig. 2).'° This suggested that the butadiene moiety hav-
ing particular polar functional groups might play an
important role in inhibiting osteoclasts.

We found the novel compound (6b) which possesses sig-
nificantly potent anti-osteoclastic bone resorption activi-
ty. It shows promise as a lead compound to develop new
osteoporosis treatment agents, because of its significant
potency and favorable balance of lipophilic and hydro-
philic properties at the molecular level. In this work, we
developed a novel oxazine ring preparation method by
reaction of 2-acetyl-(E)-3-styrylcarbonylaminobenzo
[b]furans (4) with VM reagent. This is a new application
of the VM reaction. The (Z)-5 prepared had the character-
istic exo-formylmethylene group on the oxazine moiety.'!
This group enabled further synthesis of versatile oxazine
compounds. The butadiene ester derivative (6b) prepared
from (Z)-5a showed significantly potent anti-osteoclastic
bone resorption activity comparable to E,. The potent
anti-osteoclastic bone resorption activity of oxazine
derivative (6b) encouraged us to synthesize additional
(Z)-benzo[b]furo[3,2-d][1,3]oxazin-4-ylidene derivatives
having various butadiene groups and to evaluate their
anti-osteoclastic bone resorption activity. Work contin-
ues on study of the mechanism of the inhibitory action
of 6b.
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Abstract—p38 inhibitors based on 3,4-dihydropyrido[4,3-d]pyrimidazin-2-one template were synthesized and their SAR explored.
Benchmark compounds 30, 35, and 36 were found to be potent against the enzyme. Crystal structure of p38 in complex with 30
indicated a key m-stacking interaction with the pendant tyrosine residue-35 in the glycine-rich loop.

© 2006 Elsevier Ltd. All rights reserved.

It has been shown that inhibition of p38 MAP kinase is
key to blocking the pro-inflammatory signal transduc-
tion cascade initiated upon exposure of leukocytes to a
number of extracellular stress stimuli.'* Although a
number of structurally different inhibitors have been
reported® to inhibit p38 with varying degrees of selectiv-
ity, none has reached commercial status.® This commu-
nication describes the utilization of 2-aryl pyridazinone
as a suitable template for design of novel, selective p38
inhibitors.

VX-745 (1)” and its congeners® (Fig. 1) are potent and
highly selective inhibitors of p38 MAP kinase. They
have been shown to occupy the ATP binding site of
p38 MAP kinase in a unique fashion.” The carbonyl
group of these inhibitors induces a re-orientation of
the amide bond between Met-109 and Gly-110 in the
hinge region in order to form a dual hydrogen bond
interaction. In almost all closely related kinases the res-
idue adjacent to Met-109 bears a larger side chain which
prevents facile amide bond re-orientation. A second
hydrogen bond, thus, cannot be formed leading to poor
binding affinity of these compounds for other kinases.
The origin of the reported more than 1000-fold selectiv-
ity exhibited by these inhibitors is attributed to this sui
generis ‘peptide flip’ in combination with a small

Keywords: p38 Inhibitors; MAP Kinase.
*Corresponding  author. Tel.: +1 732 594  0939; e-mail:
ravi_natarajan@merck.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.08.074

Thr-106 ‘gate-keeper’ residue lining the characteristic
hydrophobic pocket attainable only by o and B isoforms
of p38 MAP kinase.

CI- ; Cl
posded
HN N/ s
F

1 : X =N (VX-745) 3 :R=H
2 : X=NH /—\
pyrimido-pyridazine core 4 :R=N N—\—N/

pyrido-pyrimidine core

7 ZR:H;X:N

Figure 1. Novel p38 inhibitors: VX-745 and homologs.
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Inhibitor design began with an analysis of X-ray crystal-
lographic data and site-directed mutagenesis studies.'’
Thus, two essential structural elements are required of
a putative p38 inhibitor. First, a carbonyl group should
be utilized as the anchor point. The kinase restructuring
induced upon binding with the carbonyl group is critical
for selectivity. Second, an aryl substituent suitably teth-
ered to the main scaffold that enables its entry into the
characteristic hydrophobic pocket-1, the entrance to
which is lined by gate-keeper residue Thr-106. In addi-
tion to the above, occupation of a second partial hydro-
phobic pocket is expected to enhance potency and
provide a handle for the manipulation of physical
properties.

Selection criteria for an appropriate scaffold were driven
by the net dipole moment contributed by the designed
template. The hinge region peptide backbone in p38
MAP kinase is organized in a staggered arrangement
of the amide bonds as expected in the natural state. A
re-orientation of the amide bond between Met-109 and
Gly-110 is required in order to accommodate the car-
bonyl anchor of any designed inhibitor (Fig. 2). It is pro-
posed that the re-organization of amide dipoles within
the peptide backbone becomes facile with templates
characterized by a high dipole moment. Credence for
this proposal can be gleaned from a simple comparison
of p38 inhibitory activities of structurally isomeric com-
pounds 2 and 3 (Fig. 1). Both are expected to make sim-
ilar contacts in the p38 active site thereby implying
equipotency. However, 2 inhibits p38 (ICsy of 0.8 nM)
with 30-fold greater binding affinity than 3 (ICsy of
30 nM). The net dipole moments for the scaffolds pyrim-
ido-pyridazinone and pyrido-pyrimidone in 2 and 3,
respectively, are calculated to be 9.2 and 3.0 Debye
units, respectively.'! It can be speculated that the sub-
stantially higher dipole in 2 enables a much more facile
re-orientation of amide dipoles in the hinge region and
contributes to the stability of the re-organized peptide
backbone resulting in higher binding affinity. The
considerations outlined above, in part, led to design of

%

H-N
\—AsP108
o=
“ N-H
MET109—
QAo
H-N
¥ GLY 110
0=
<
X
H-N
« -AsP108 F
07X HN
N-H )\
MET109——= O N
o
0% —H

GLY 110 K

Figure 2. Representation of inhibitor induced re-orientation of hinge
region of p38-MAP kinase.

2-pyridazinone based inhibitors.!! It is expected that 2-
pyridinones and 4-pyridinones can also be used
similarly.!!

The choice of a 2-chlorophenyl or 2,6-dichlorophenyl
group as the substituent that is expected to occupy
hydrophobic pocket 2 was based on prior SAR history.®
The synthesis of pyridazine-based scaffold is shown in
Scheme 1. Thus, condensation of maleic anhydride with
2-chlorophenyl hydrazine gave hydroxy pyridazinone
derivative 10 which was treated with phosphorus oxy-
chloride at reflux to furnish the chloro derivative 11.
Displacement of the chloride was expected to provide
an avenue to explore the requirement of a suitable tether
carrying the hydrophobic substituent. Other analogs
were synthesized in a similar fashion. Several approach-
es to gain access of the hydrophobic pocket-1 were ex-
plored. Biaryls such as 14a and 14b did not inhibit the
kinases (no activity at 20 uM). One-atom tethers such
as aryl amines, aryl sulfides and aryl ethers gave prom-
ising results (Table 1). Aryl amines 15, 17, and 18 regis-
ter ICsos in the half-micromolar range. Small alkyl
groups, chlorine, and fluorines were tolerated, while
larger substituents such as methoxy and phenyl groups

14a: X=F
14b : X = Cl

0<_N. O<_N.
) )
Ny NNH
F cl
v 15
20:X=S:Y=H
24:X=0;Y=F

Scheme 1. General synthesis of pyridazinone scaffolds. Reagents and
conditions: (a) EtOH, reflux 12 h, 70%; (b) POCl3, 120 °C, 10 h, 82%;
(¢) 1.2 equiv of boronic acid, 2.5 equiv of Cs,COs, 0.1 equiv of
Pd(0)(PPh3)4, DMF/H,0 (4:1, v/v), 100 °C, 2 h, 80%; (d) 2.5 equiv of
2-F-Ph-SH or 2,4-di-F-PhOH, 2.5 equiv of Cs,CO3;, DMF, 150 °C,
0.5 h, 65-79%; (e) 1.5 equiv of 2-ClI-Ph—-NH,, 0.1 equiv of Pd,(dba)s,
0.2 equiv of BINAP, 1.1 equiv of NaO-#-Bu, dioxane, 90 °C, 10 h, 65%.





S. R. Natarajan et al. | Bioorg. Med. Chem. Lett. 16 (2006) 58095813 5811

Table 1. Accessing the hydrophobic pocket-1: explorations into
optimal tether lengths and substituent requirements

X
ye
O, N“N
Ny
"
Zy
Compound X; X, Y Z, Z, p38-a p38-B
(nM) (nM)
15 Cl H NH Cl H 790 990
16 Cl H NH Ph H NA NA
17 Cl H NH Et H 560 NA
18 Cl H NH Me H 760 450
19 Cl H NH OMe H 2400 920
20 Cl H S F H 140 450
21 Me ClI S F F 310 850
22 Me ClI S H Cl 2000 NA
23 Cl H O Cl F NA NA
24 Cl H O F F NA NA
25 Cl H NH-CH, Me H 3500 NA
26 Me ClI O-CH, CF; H NA NA

NA, no inh. at 20 uM. All numbers reported are mean of two inde-
pendent titrations.

were clearly detrimental. Aryl sulfide 20 inhibited both
isoforms of p38 (o and PB) with an ICsy 140 and
450 nM, respectively. Aryl sulfides with a chlorine sub-
stitution in the para position (22) is sixfold less potent
than corresponding fluorine analog. It was surprising
that none of the aryl ethers (23 and 24) displayed any
p38 inhibitory activity even though comparable aryl
amines were potent. It is thought that the inherent lack
of rotational bias and physical inability to access the
hydrophobic pocket might contribute to its lack of
activity. Two-atom tethers (25 and 26) were sub-opti-
mal. Based on modeling aryl amine 15 and aryl sulfide
20 within the active site of p38, it was observed that
the glycine-rich loop does not interact with the inhibitor.
It was also conceived that elaboration under this loop
will pre-orient the aryl substituent for facile entry into
the hydrophobic pocket-1. Making contact with Asp-
168 situated 6-9 A from the one-atom tether affords
another opportunity to enhance potency by means of
a salt bridge (Scheme 2).

Aryl amine 15 provided a convenient starting point for
exploring these ideas. The phthalimide derivative 30
with a 3-carbon linker was found to be surprisingly po-
tent against both p38-o and p38-B. Corresponding 2C
linker was not optimal. Unravelling the phthalimide
yielded 28 with a concomitant drop-off in potency.
The phthalimide moeity is thought to be involved in a
n—n stacking interaction with tyrosine residue-35 on
the G-rich loop. Figure 3 represents an X-ray crystal
structure section of the complex between unactivated
p38 and 30.'2 The G-rich loop is highlighted in green
color. The face-to-face interaction made by the pendant
Tyr-35 in the G-rich loop with the phthalimide moiety

O N< a ° N‘N o)
IN A I PN
S NH N N
ol cl 4
15 30
b

Cl ;
A N/\/\NH

©/C' O)\R

Scheme 2. Elaboration of aryl amine 15. Reagents and conditions: (a)
1.5 equiv of NaH, 1.2 equiv of 3-Cl-propyl phthalimide, 0 °C, 3 h,
65%; (b) 5 equiv of NH,NH,, 75°C, 2 h, 70%; (c) 1.2 equiv of R—
COOH, 1.2 equiv of HOBt, 2.0 equiv of EDC, 2.0 equiv of TEA, rt,
10 h.

e

O,

|
A N/\/\NHZ
Cl

28

Figure 3. X-ray Crystal structure of p38-a in complex with 30.

of 30 is obvious. The lack of potency for the correspond-
ing 2C linker can be explained due to its inability to ac-
cess a favorable stacking interaction that the 3C analog
30 is able to achieve. It can also be speculated that mere
occupation of the space under the G-rich loop is suffi-
cient to pre-orient the 2-chlorophenyl substituent for
facile access into the hydrophobic pocket thus leading
to higher potencies.
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Table 2. Potency augmentation on designed pyridazinone templated
p38 inhibitors: SAR explorations to optimize interactions under the
G-rich loop

O _N N
N ! N,R
©/CI
Z4
Compound R p38-a (nM)  p38-f (nM)
27° \~OH 168 135
28 N NH, 197 211
X" NH
29 490 600
MeO OMe
OMe
(0]
30 \\/\% 5 15
(0]
(0]
31° \\/\% 9 20
(0]
(o]
32 \MH&NHZ 20 41
Oy
33 \\/\H&N\ 35 29
34 \’\/\H 11 31

Q
0
o
35 \«/\NKO 8 29
N
o

36 XN 20 2
CFs

%71 = H for all compounds except for 27 and 31 where Z; = F.

Due to the comparable potency of 28 with a 2C hydroxy
analog 27, it was assumed that the amine is not posi-
tioned to make a salt bridge with the proximal aspartic
acid residue-168. In order to explore the facility of estab-
lishing this salt bridge amide analogs 32-35 were synthe-
sized. Most of these compounds inhibited both isoforms
of p38 with potency in the low nanomolar range. It is
believed that the high potency displayed by these com-
pounds primarily arises from their ability to occupy
the space under the G-rich loop rather than through a
salt bridge as the original intent for which they were de-
signed for. The equipotency of designed analog 36,
which cannot form a salt bridge with proximal Asp-
168, lends credence to the suggestion made above. It
was also encouraging to note that analogs in Table 2
did not show any significant activity (no inh. at
10 uM) when screened against an extensive panel of
known kinases particularly p38-y, p38-5, JNKs, and
ERKSs.

Thus, analysis of the binding modes of various p38
inhibitors has enabled the design of novel, potent, and
selective p38 inhibitors based on a 2-aryl pyridazinone
scaffold. Investigations to optimize pharmacokinetic
profiles and functional activities are currently ongoing
and are expected to yield compounds of clinical
importance.
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Abstract—We have previously reported artificial gene-regulation systems responding to cyclic AMP-dependent protein kinase
(PKA) using a cationic polymer. However, this polymer alone cannot deliver any gene into living cells. In the present work, we
modified the signal-responsive polymer to the RGD peptide for the introduction of a polymer/DNA complex into living cells
and succeeded in regulating the gene expression responding to intracellular PKA activation.

© 2006 Elsevier Ltd. All rights reserved.

Gene therapy is one of the most promising medical
approaches.!> However, with regard to gene delivery,
it has not been easy to distinguish target abnormal cells
from normal cells. Thus the practical use of gene thera-
py has been strictly limited due to the undesired serious
side effects caused by the transgene expression in the
undesired normal cells. To overcome this issue, many
targeting strategies have been investigated using molec-
ular markers on the target disease cell surface. However,
these strategies have not satisfactorily controlled the
transgene expression between the target and non-target
cells. Another strategy should be coupled to these target
strategies for the establishment of an ideal gene therapy.
Recently, we proposed another concept that may im-
prove the inter-cellular contrast of the transgene expres-
sion. In this concept, we aimed at the use of intracellular
information rather than cellular surface information.

Living cells possess a complicated enzymatic cascade to
respond to extracellular information, and certain en-
zymes are often hyperactivated in diseased cells.* ¢ In
such enzymes, protein kinases, which catalyze the pro-
tein phosphorylations, are one of the most important as-
pects of the cellular signal-transduction system.” Thus,
we reported the protein kinase-responsive gene regula-

Keywords: Gene therapy; Protein kinase; RGD peptide.
* Corresponding author. E-mail: ykatatem@mbox.nc.kyushu-u.ac.jp

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.08.096

tion system using a polymer that possessed the target ki-
nase-specific cationic substrate peptides as pendant
groups. This polycationic polymer formed an electro-
static complex with DNA and suppressed the gene tran-
scription. However, if the target protein kinase is
activated, the pendant substrate is phosphorylated. This
event introduces the disintegration of the polymer—
DNA complex so that the DNA is released due to the
neutralization of the polymer cationic net charges. Thus,
the gene expression occurs only in the target protein ki-
nase-activated cell. We termed this concept D-RECS,
which refers to DDS responding to cellular signals.

In this study, we tried combining our D-RECS system
with an ordinary targeting system. As the target protein
kinase, we used cyclic AMP-dependent protein kinase
(PKA),® because extraordinary activation of the kinase
is related to various diseases such as colon cancer* and
breast cancer.>° In a previous study, we reported the de-
sign of a PKA substrate pendant polymer (PAK) and its
PK A-specific gene expression in living cells.”!> How-
ever, this PAK alone cannot deliver any genes into living
cells, so that it is difficult to evaluate the function of this
polymer in living cells. Thus, an integrin receptor-bind-
ing tripeptide, RGD, unit was introduced into the PKA-
responsive D-RECS system. Integrin receptors are het-
erodimer, transmembrane receptors that have several
functions (e.g., cell survival, migration, and differentia-
tion), and their high-level expression is well recognized
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in various cancer cells. There are over 25 known integrin
receptors, and most of these recognize the tripeptide
turn sequence arginine-glycine-aspartic acid (RGD)'3.
An RGD peptides modified polymer (e.g., polyethylene-
imine'#) has efficiently delivered genes into cells, in
which integrin receptor was highly expressed, through
receptor-mediated endocytosis.

A synthesized new polymer (NPAK-RGD) that possess-
es the RGD peptide (GRGDS) was composed of poly
N-isopropyl acrylamide (NIPAM) as a main chain and
a substrate peptide of PKA and RGD peptide as side
chains. NIPAM has good hydrophobicity and can en-
hance uptake efficacy of complex. This polymer actually
showed integrin receptor-dependent uptake in its DNA
complex, and it also showed PKA signal-responsive
gene expression.

For the NPAK-RGD, two kinds of polymers, NPAK-
RGD2.4 and 1.6, which contained different amounts
of RGD unit (2.4 and 1.6 mol%), were prepared. Both
polymers were synthesized in a manner similar to that
described previously.” Thus, 11.9 mg of N-isopropyl
acrylamide, 1.78 mg of methacryloyl-ALRRASLGW-
NH, (substrate of PKA), and 0.45mg (NPAK-R
GD1.6) or 0.92 mg (NPAK-RGD?2.4) of methacryloyl-
Lnk-Lnk-GRGDS-NH, (Lnk = -NH—(CH,CH,0),-
CH,CO-) were dissolved in degassed water and allowed
to stand at room temperature for 90 min after the addi-
tion of 1.05 mg of ammonium persulfate and 1.40 ul of
N,N,N',N'-tetramethylethylenediamine as the redox ini-
tiator couple. The product was then purified by over-
night dialysis against water using a semipermeable
membrane bag (with a molecular-weight cutoff of
25,000), followed by lyophilization to obtain a white
powder. The resulting NPAK-RGD contained the sub-
strate of PKA and RGD peptide at a concentration of
0.8 mol%, 2.4 mol% (NPAK-RGD2.4), and 1.0 mol%,
1.6 mol% (NPAK-RGDI1.6). Lnk was used as the linker
to prevent affinity between RGD peptide and integrin
receptor from lessening. NPAK which has no RGD pep-
tide was also synthesized in a similar manner. The aver-
age molecular weight and M,/M, of NPAK were
evaluated using GPC (150,000 and 1.93, respectively)

(Fig. 1).

We first investigated whether NPAK-RGD formed
complexes with DNA using 1% agarose gel electropho-
resis. When the NPAK-RGD (charge ratio 0.5, 1.0,

H
Z N-( RRASLGW-NH, Lnk-Lnk-GRGDSNH,
| /\"/ +m +n
o o} o]

—_— | m\ O n

o
Lnk-Lnk-GRGDS -NH
0= NH ALRRASLGW-NH, 2

NPAK-RGD1.6 (1=1.0, n=1.6) NPAK-RGD2.4 (1=0.8, n=2.4)
Ink= -NH-(CHpCH,0)-CHoCO-)

Figure 1. Synthetic scheme and chemical structures of the NPAK-
RGDs. Lnk means -NH-(CH,CH,0),-CH,CO-.

Figure 2. Formation of the NPAK-RGD/DNA complex and its
disintegration with PKA signaling. (a) Lane 1, 1 kb DNA ladder. Lane
2, DNA alone. Lanes 3-5 and lanes 6-8 show the electrophoresis of the
NPAK-RGD1.6 complex in the absence and presence of activated
PKA. (b) Those of NPAK-RGD?2.4. The charge ratio was 0.5 in lanes
3 and 6, 1.0 in lanes 4 and 7, and 3.0 in lanes 5 and 8.

3.0) was added to the pDNA (pEGFP-C1 0.25 ng) solu-
tion in PBS (—) including 0.3 mM ATP and 10 mM
MgCl,, the migration of the DNA was totally sup-
pressed. This result means that the NPAK-RGD actual-
ly formed a complex through the electrostatic
interaction. On the other hand, when the activated
PKA (25U) was added to each NPAK-RGD/DNA
solution, the band of original DNA was completely
recovered (Fig. 2). This result indicated that the PKA
signal can disintegrate the complex and release the
DNA similar to the previous polymer (PAK).”

Next, we investigated whether the stability change in the
NPAK-RGD/luciferase-encoded DNA complex is
directly related to the regulation of gene expression
using a cell-free expression system (T7 S30 Extract
System for Circular DNA; Promega). The luciferase
expression was suppressed up to 30-40% in NPAK-
RGD/DNA complexes (0.25 png DNA, charge ratio 1.0
and 3.0). On the other hand, the expression level was sig-
nificantly recovered to 60-80% compared with that of
free DNA 1h after the addition of activated PKA
(25 U) (Fig. 3). The tendency of gene regulation was
nearly the same between NPAK-RGD2.4 and
NPAK-RGDI1.6. These results indicate that NPAK-
RGD can regulate gene expression responding to PKA
activation.

All the results described above were similar to those ob-
tained in our previous research using PAK.® However,
PAK itself cannot deliver any genes into living cells.
Thus, we then evaluated the effect of the RGD unit in
NPAK-RGD on the DNA delivery into living cells,
and we also investigated its PKA-responsive regulation
ability of transgene expression.

On the other hand, since several studies reported the
toxicity of polycationic polymer on cells,'>'® the
NPAK-RGDs, polycationic polymers, may have toxici-
ty on cells. On account of these reasons, we have exam-
ined whether the polymers have toxicity on cells. Our
results have confirmed that NPAK-RGDs do not signif-
icantly affect cell viability (viability >90%) in the concen-
tration range employed in this study, using the WST
assay (Fig. 4).





5742 J. Oishi et al. | Bioorg. Med. Chem. Lett. 16 (2006) 5740-5743

-]

140

120 L 100

007 896

100 86.0
70.0

Luciferase Expression (%)

C/A DNA 05 1 3 05 1 3
alone l PKA(+) |

U.
8

120 k100 96.8

100 | 80.1 81.6

Luciferase Expression (%)

C/A DNA 05 1 3 0.5 1 3
alone | PKA(+) |

Figure 3. Suppression of luciferase expression with the NPAK-RGDs
and their cancellation with PKA signaling in a cell-free system.
Luciferase expression in the presence of (a) NPAK-RGDI1.6 and (b)
NPAK-RGD2.4 with or without activated PKA. Data represent the
average *SEM (n = 3).
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Figure 4. Cytotoxic activities on NPAK-RGDs or complexes of
NPAK-RGDs with plasmid DNA at C/N ratios of 1.0 and 3.0. Cell
viabilities were evaluated by WST assay. Data represent the average
+SEM (n = 3).

NPAK-RGD/DNA complexes that involved 1.25pg
of the luciferase-encoded DNA (charge ratio 1.0
and 3.0) were added to each well, in which HelLa

cells were preincubated. To stimulate the cells to acti-
vate PKA continuously, the cell sample was treated
with Folskolin (Fsk, 10 uM) and isobutylmethylxan-
thine (IBMX, 100 uM). Fsk activates adenylate cy-
clase which produces cAMP, and IBMX inhibits
phosphodiesterase which degrades cAMP. When the
NPAK-RGD2.4/DNA complexes (charge ratio 1.0
and 3.0) were transfected into HeLa cells, in which
PKA was activated, the gene expression was approx-
imately three times higher than the case of an
unstimulated sample (Fig. 5). Moreover, we con-
firmed the intracellular activation of PKA using
pCRE-Luc and pRL-CMV (CREB assay system) by
measuring the luminescence intensity ratios from Fire-
fly and Renilla luciferase (data not shown). This
reporter gene assay using the gene with the CRE pro-
moter has been widely used to assess the intracellular
PKA activity. These results indicated that NPAK-
RGD/DNA complex was uptaken to cells and regu-
lated gene expression responding to PKA activity.
On the other hand, when the NPAK-RGDI1.6/DNA
complexes were transfected, gene expression was not
recovered significantly. The RGD modification ratio
appeared to influence the uptake efficiency of the
polymer/DNA complexes.

In conclusion, we exploited the novel signal-responsive
polymer modified RGD peptide (NPAK-RGD) and
characterized it. The polymers, which possessed the
RGD peptide in different concentrations (NPAK-RGD
1.6 and 2.4), can form a complex with DNA through
the electrostatic interaction and suppress gene expres-
sion. However in the presence of activated PKA, the
complex was disintegrated and gene expression was
recovered. Moreover, we indicated that NPAK-
RGD2.4 could deliver a gene into a living cell and reg-
ulate the gene expression, responding to intracellular
PKA activation. Since this modification strategy can
possibly be applied to other peptides (e.g., cationic
NLS peptide and anionic endosome-disruptive pep-
tide'’) or other small molecules for cellular targeting
(e.g., sugar), it may be useful for realizing a more ideal
delivery system.

35000
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25000

20000
15000

RLU/mg protein

10000
5000

no stimuli

@ NPAK-RGD 2.4 C/A1
B NPAK-RGD 1.6 C/A1
B NPAK C/A1

fsk+IBMX

NPAK-RGD 2.4 C/A 3
ONPAK-RGD 1.6 C/A3
O NPAK C/A3

Figure 5. Delivery of the luciferase-encoding DNA/NPAK-RGD
complexes to PKA stimulated or non-stimulated cells. Data represent
the average £SEM (n = 3).
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Abstract—A new class of Aurora-A inhibitors have been identified based on the 2-amino-pyrrolo[2,3-d]pyrimidine scaffold. Here, we
describe the synthesis and SAR of this novel series. We report compounds which exhibit nanomolar activity in the Aurora-A
biochemical assay and are able to inhibit tumor cell proliferation. This study culminates in compound 30, an inhibitor with potent
activity against Aurora A (ICso = 0.008 uM), anti-proliferative activity against several tumor cell lines and induces polyploidy in

H460 cells.
© 2006 Elsevier Ltd. All rights reserved.

Aurora kinases have recently gained prominence as a
new oncology drug target because of the critical role
they play in the regulation of the cell cycle, especially
in the later stages from the G2/M checkpoint through
the mitotic checkpoint and late mitosis. Three Aurora
kinase paralogs are expressed in mammals and at least
two of the Aurora kinases (Aurora-A and -B) are com-
monly overexpressed in human tumors including breast,
lung, colon, ovarian, and pancreatic cancers. Overex-
pression of Aurora-A leads to centrosome amplification
and aneuploidy, and has also been shown to compro-
mise spindle checkpoint function, allowing anaphase
to occur despite continued activation of the spindle
checkpoint.!? Furthermore, Aurora-A has been shown
to function as an oncogene.>* Overexpression of Auro-
ra-B has also been reported to produce multi-nuclearity
and induce aggressive metastasis, suggesting that the
overexpression of Aurora-B has multiple functions in
cancer development.>® Inhibition of Aurora kinase
activity has been shown to induce endoreduplication
and eventual cell death in cancer cells.

Keywords: Aurora-A; 2-Amino-pyrrolo[2,3-dpyrimidine; Anti-prolif-

erative; Polyploidy.

* Corresponding author. Tel.: +1 011 1 610 584 1791; e-mail:
kevinjmoriarty@comcast.net

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.08.080

These findings suggest that overexpression of the Auro-
ra kinases may play a critical role leading to chromo-
somal instability and inhibiting their kinase activity
may have a therapeutic benefit in the treatment of can-
cer. Indeed, VX-680 (1), a potent inhibitor of Aurora-
A, -B, and -C kinases, has been shown to suppress
tumor growth in vivo and has now progressed into
Phase 1 clinical trials.”

In an effort to discover novel Aurora kinase inhibi-
tors, our compound collection was screened against
Aurora-A kinase. The pyrrolopyrimidine 2 was identi-
fied as a starting point for further optimization. This
compound showed an excellent level of Aurora-A
enzyme inhibition and a selectivity profile warranting
further exploration. Here, we wish to report the syn-
thesis and in vitro SAR of this new class of Aurora-
A inhibitors.
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NS Cak1 ICso = 1.60uM
HNJ\ N Cdk7 ICeq = 1.50uM
Cdkd ICeq = 0.031uM
O Aurora-A  ICag = 0.047uM
IRK ICsp = 1.00uM
N c-Src 1C50 = 0.71uM
() VEGF ICsp = 0.10uM
N PDGFr ICs = 0.29uM
2 TrkB ICgp = 0.16uM

The synthesis of the pyrrolopyrimidines is described in
Schemes 1-4. Using a modified procedure of a route
outlined by Cheung and co-workers® 5-bromo-2,4-

I -,
)\N cl aorb Cl)\N NH
R
4R=H
5 R = cyclohexyl
N X yOFt )\ \
I by
o NN P d
6R=H N 8 R=H

7 R = cyclohexyl 9 R = cyclohexyl
Scheme 1. Reagents and conditions: (a) NH;, THF, rt, 12 h; (b) 2
equiv cyclohexylamine, THF, 50 °C, 12 h; (c) Pd(PPhs),, toluene,
tributyl-(2-ethoxy-vinyl)-stannane, 110 °C, 24 h; (d) AcOH, 120 °C,
2 h.

NI m
Cl/uN/ aorb /k

N
8 H r (Het)
Scheme 2. Reactions and conditions: (a) Cu(OAc),, ArB(OH),,
pyridine, 4 A mol sieves, 3d, CH,Cl,, rt; (b) Cul, Cs,CO;, N,N'-
dimethylcyclohexane-1,2-diamine, Ar-X (X =1, Br) or Het-X (X =1,
Br), DMF, 140 °C, 24 h.

N N
pIp Jp
cl” >N" N aorb HNONT N
Ar (Het) Ar' Ar (Het)
10 1

Scheme 3. Reactions and conditions: (a) CH;0CH,CH,OH, cat HCI,
180 °C, 24 h; (b) (+-BusP),Pd, K3PO4, DMF, 140 °C, 1 h, microwave,
Ar'NH,.

N N g\
‘/ ‘/
NS SOB N HN*m

N a y H borc Ar(Het)
RT_| R |

N NH,
6 12 1

Scheme 4. Reagents and conditions: (a) RArNH,, AcOH, 120 °C, 2 h;
(b) Cu(OAc),, ArB(OH),, pyridine, 4 A mol sieves, 3d, CH,Cl,, 1t; (c)
Cul, Cs,CO;, N,N’-dimethylcyclohexane- 1,2-diamine, Ar-X (X =1,
Br) or Het-X (X =1, Br), DMF, 140 °C, 24 h.

dichloropyrimidine (3) was treated with ammonia or 2
equiv of cyclohexylamine in THF at room temperature
for 10 min. This was stirred for 12 h at room tempera-
ture or 50 °C, in the case of the cyclohexylamine reac-
tion, to produce 4 and 5 in >95% yields. This was
followed by a palladium catalyzed cross-coupling reac-
tion with tributyl-(2-ethoxy-vinyl)-stannane and 4 or 5,
furnishing the 6 and 7 in 65% and 60% yields, respective-
ly. Heating to 120 °C in AcOH for 2 h converted 6 and 7
to the pyrrolopyrimidines 8 and 9 in yields >85%. The
use of AcOH was critical for the high conversion. The
use of HCI-CH3;OH for the cyclization led to lower
yields (~45%) and the isolation of several by-products.

Lam-Chan® or Buchwald'® coupling conditions were
applied to attach the aryl groups to the N-7 atom of
8. Yields for the coupling reaction ranged from 45% to
75% (Scheme 2). The Lam—Chan protocol was applica-
ble for the introduction of meta- and para-substituted
aryl rings at the N-7 position, however it could not be
extended to ortho substituted aryl rings or heterocyclic
systems. In those cases the transformation was carried
out using the Buchwald procedure. The pyridine/
Cu(OAc), combination was found to be the optimal
conditions for the Lam—Chan reaction while the use
of Cs,COs/N,N-dimethylcyclohexane-1,2-diamine at
140 °C in DMF was found to be the optimal conditions
for the Buchwald conditions.

The 2-anilino-groups could be attached to 10 via two
methodologies (Scheme 3). When the aniline was suffi-
ciently nucleophilic and tolerated acidic conditions at
elevated temperatures the group could be introduced
thermally, otherwise, attachment was accomplished via
a palladium catalyzed cross-coupling reaction. The use
of the (z-BusP),Pd/K3;PO4 combination was critical for
the coupling reaction. Use of other palladium reagents
or bases yielded only trace amounts of the desired prod-
uct or no reaction.!! Microwave irradiation enhanced
the reaction rate shortening the reaction time from 24
to 48 h for the standard thermal reaction to 1 h. Yields
of 11 for the thermal and palladium reactions ranged
from 25-45% to 50-80%, respectively.

The second route involved heating 6 to 120 °C for 2 h in
the presence of anilines of sufficient nucleophilicity and
stability in AcOH. This resulted in addition of the ani-
line and cyclization to 12 in one pot and in yields of
45-65%. Attachment of aryl groups or heterocycles to
the N-7 atom could be done using the above-mentioned
conditions (Scheme 4).

The compounds were tested for their ability to inhibit
the phosphorylation of serine 10 of histone-H3 by mur-
ine Aurora-A enzyme. The compounds were also count-
er screened against CDK4 to establish selectivity. Table
1 outlines the SAR observed around the 2-amino por-
tion of the pyrrolo[2,3-d]pyrimidine scaffold. Replace-
ment of the 4-(4-methylpiperazin-1-yl)phenyl group led
to an improvement in the overall selectivity versus
CDK4, most notably compound 15, which showed a
>500-fold improvement. Modeling studies indicated
that the 3-(phenyl)acetic acid of 15 was favorably
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Table 1. SAR for the 2-amino modifications

D
Z
HN)\N N
O
Compound R! 1Cs5" (uM)
Pi-Aurora CDK4
ELISA  ELISA
2 4-(4-Methylpiperazin-1-yl)phenyl 0.047 0.031
13 4-Morpholinophenyl 0.049 0.600
14 4-(2-Methoxyethyl)piperazin-1-yl 0.006 0.110
15 3-(Phenyl)acetic acid 0.0006 0.35
16 4-Phenylthiomorpholine dioxide 0.012 1.00

#Values are means of three experiments.

positioned to form a salt bridge with the Argl37 of
Aurora-A while the 4-(4-methylpiperazin-1-yl) group
of 2 appeared to be making no observable H-bonding/
charge—charge interactions with the Aurora kinase
(Fig. 1). In CDK4 there is a glutamic acid situated in
the same relative position and introduction of the 3-
(phenyl)acetic acid moiety would potentially lead to an
unfavorable charge—charge interaction resulting in a de-
crease in potency against CDK4.

Table 2 summarizes the SAR of the N-7 position of the
pyrrolopyrimidine ring. Replacement of the cyclohexyl
ring of 2 with a 3-pyridyl (19), 3-methylsulfonylphenyl
(20) or dihydroindene (21) resulted in a significant
improvement in the selectivity versus CDK4, even in
the presence of the 4-(4-methylpiperazine)phenyl group.

Figure 1. Model of compounds 2 and 15 docked in Aurora-A. Blue,
compound 2; magenta, compound 15.

Table 2. SAR around the N-7 position

S
N )N
\ R
— N
HsC—N N—< >—NH
_/

Compound R 1C50" (uM)
Pi-Aurora CDK4
ELISA ELISA

2 Cyclohexyl 0.047 0.031

17 (Bicyclo[2.2.1]heptan-2-yl)  0.039 0.029

18 3-Methoxyphenyl 0.018 0.340

19 Pyridin-3-yl 0.013 1.4

20 3-(Methylsulfonyl)phenyl 0.009 2.0

21 2-(2,3-Dihydro-1H-indene)  0.018 2.1

#Values are means of three experiments.

To optimize further and determine the optimal N-7
group we carried out a more extensive exploration of
this site. To get a clearer insight into the contributions
the aryl/heterocyclic groups have on enzymatic potency
the para-4-methylpiperazine ring was moved into the
meta position of the 2-anilino ring. Although both mod-
eling and a low resolution X-ray structure of 18 also
showed the para-4-methylpiperazine ring not making
any apparent interactions with the protein, it was be-
lieved that re-orienting the 4-methylpiperazine ring to
the meta position (26) would only further minimize
any possibilities of inhibitor—kinase interactions (Fig. 2).

Introduction of a wide variety of a substituted aryl and
heterocyclic rings at the N-7 position was tolerated and
the results from the SAR studies are summarized in
Table 3. The nature and size of the substituents on the
aryl ring did have an effect on the potency. Introduction
of large groups (compare 26 to 27 and 28 to 29) caused a
loss in enzymatic potency while —-SO,CH; (23), -CN
(25), -OCHj3; (26), and -CONH,, (28) functionality were
all tolerated.

Figure 2. Model of compounds 18 and 26 docked in Aurora-A. Blue,
compound 18; magenta, compound 26.
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Table 3. SAR of N-7 position

_
HNT NT N
R

Compound R Pi-Aurora ELISA

ICs0" (LM)
22 Pyridin-3-yl 0.012
23 3-(Methylsulfonyl)phenyl 0.010
24 Phenyl 0.003
25 3-Benzonitrile 0.013
26 3-Methoxyphenyl 0.006
27 3-Isopropylphenyl 0.029
28 3-Benzamide 0.011
29 N-Cyclopentyl-3-benzamide ~ 0.820
30 Pyridin-2-yl 0.005
#Values are means of three experiments.
Table 4. Proliferation assays
Compound 1C50* (uM)
A2870 A375 H460
23 NT 0.44 0.86
24 0.25 0.56 0.67
26 1.20 3.67 1.58
30 0.30 0.58 0.52

NT, not tested.
@ Data presented here are means of three independent experiments.

Four compounds (23, 24, 26, and 30) were selected and
their anti-proliferative effects evaluated in three cell
lines. The results are summarized in Table 4. Com-
pounds 24 and 30 showed the best overall activity in
all three cell lines.

Because of its excellent enzymatic activity and better cel-
lular potency we focused our optimization efforts on 30.
Holding the 2-pyridyl ring at N-7 constant, we concen-
trated our studies around the 2-amino position. From
the resulting SAR studies two analogs (31 and 32) were

Table 5. Modification of R!

identified that exhibited sub-nanomolar potency in our
enzyme assay. As part of our protocol we tested 31
and 32 in human MV411 cells to assess cell penetration.
Overall we found the Caco-2 assay a poor predictor of
the cellular permeability characteristics of our inhibi-
tors. So to determine if any observed loss of cellular
activity against Aurora-A was potentially due to poor
cellular penetration we cross screened our inhibitors in
human MV411 cells. MV411s are an Flt3-driven cell line
and all of the most potent pyrrolopyrimidine analogs
exhibit excellent FIlt3 enzyme activity with
ICs0s < 10 nM, this allowed us to rapidly identify the
best compounds to further evaluate in other cell lines.
Compound 32 showed the best activity in both assays
and was selected for further profiling (Tables 5-8).

Compound 32 inhibited the phosphorylation of histone-
H3 Ser '° in several tumor cell lines as measured by the
Cellomics Arrayscan platform. Compound 32 also
exhibited anti-proliferative activity in a variety of hu-
man tumor cell lines while showing preferential activity
for cycling cells over non-cycling cells. This compound
was inactive in the hERG assay (>10 uM) and only
had activity against the A3 adenosine receptor (60% at
10 uM) in the 50 assay CEREP profile. Compound 32
was selective against a panel of kinases (Table 7) and
had good ADME properties in human and rat (Table
8). Further, Compound 32 induced accumulation of
cells with >4N DNA content and the polyploidy was
accompanied by an increasing sub-Gl fraction indica-
tive of apoptotic cell death (Fig. 3).

In summary, we have developed a series of 2-amino-pyr-
rolo[2,3-d]pyrimidine derivatives as novel Aurora-A
kinase inhibitors.'> An optimized analog 32 possessed
potent in vitro activity, good kinase selectivity, and
appropriate metabolic and pharmacokinetic properties.
The analog was able to induce polyploidy and apopto-
sis, two hallmarks of Aurora kinase inhibitors.

Experimental details: To measure the inhibition of auro-
ra kinase, Histone H3 (14-494, Upstate, Charlottesville,
VA) was exposed to compounds and 3 nM of purified
murine Aurora-A kinase in the presence of 100 mM
Hepes, pH 7.5, Il mM DTT, 0.01% Tween 20, 10 uM
ATP, and 2 mM MgCl,. The reaction was terminated
after 35 min and activity was determined by measuring

oy

R N

7
Compound R! Pi-Aurora MV411 cell proliferation
ELISA ICsq (uM) 1Cso (UM)

30 3-(4-Methylpiperazine)phenyl 0.005 <0.013
31 3-(Phenyl)acetic acid 0.0006 0.67
32 4-Phenylthiomorpholine dioxide 0.0008 <0.013
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Table 6. Assay results for compound 32

ENGZ

— PN
/ H

32

Assays ICso (uM) Cell proliferation ICso (UM)
Aurora-A 0.0008 Confluent HMECs  1.90
Flt3 <0.001 A375 0.065
Cell-based 0.082 (H460) MES-SA 0.063
pHistoneH3
assay

0.299 (A375)  A549 0.290

0.094 (A549) NCI-H460 0.084

HCT116 0.260

Table 7. Enzyme selectivity
IRK CDKI1 Src¢ PDGF c-Met Plkl FAK
389 >1000 163 >1000 >1000

Compound
32 250 90
Selectivity ratio: ICso/ICso (Aurora-A).

Table 8. ADME for compound 32

Compound  Caco-2* Caco-2* HLM® RLM® CI° 1,,% Rat

(A—B) (B—A) %F

32 16 15 72 100 17 43 30
#app(x10-6).

94 Remaining at 10 min.
¢ (ml/min/kg) rat.
d(po, min) rat.

the phosphorylation of Ser10 of Histone H3 (9706, Cell
Signaling Technologies, Danvers, MA) colorimetrically.
To measure the inhibition of CDK4, retinoblastoma
(Rb) protein (12-439, Upstate, Charlottesville, VA)
was exposed to compounds and purified CDK4 in the
presence of 100 mM Hepes, pH 7.5, 75 mM NaCl,
2mM DTT, 30 uM ATP, and 10 mM MgCl,. The reac-
tion was terminated after 35 min and activity was deter-
mined by measuring the phosphorylation of Rb on

Control
o
— o
o ©
Q o
o
E <
Z 8
N
o III|IIII|IIII|IIII|
0 50 100 150 200 250
Channels
2N 4N
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Ser795 (#9301, Cell Signaling Technologies, Danvers,
MA) colorimetrically. Two compounds were used to
establish the assay VX680’ and ZM447439'3 which
showed ICsgs of 0.0006 and 0.039 uM, respectively.

Compounds were tested for their ability to affect the
proliferation of A2780 ovarian carcinoma, A375 mela-
noma, MV411 human leukemia cell and NCI-H460 lung
carcinoma cells grown in serum containing media. Cell
proliferation was determined by the differential lumines-
cence of cells before and after 72 h of exposure to com-
pound when measured by CellTiterGlo (Promega
Corporation, Madison, WI). Data were processed and
analyzed using GraphPad Prism (version 4).

To measure the inhibition of Flt3, 20 ug/mL poly(Glu:-
Tyr) (4:1, Sigma P0275) was exposed to compounds and
purified human FIt3 [571-933] in the presence of
100 mM Hepes, pH 7.5, 113 uM ATP, 5mM MgCl,,
1 mM DTT, and 0.01% Tween 20. The reaction was ter-
minated after 25 min, and the extent of poly(Glu:Tyr)
phosphorylation was quantitated by a fluorescent polar-
ization competition immunoassay (Ex: 485 nm, Em:
530 nm) in the presence of an anti-phosphotyrosine anti-
body and a phosphotyrosine tracer (Green Tyrosine
Kinase Assay Kit, PanVera P2837).

Molecular modeling studies were carried out using
Accelrys Insight IT and Discovery Studio software. Visu-
alizations were done using Accelrys DS Viewer Pro 6.0
(http://www.accelrys.com) and PyMol v0.99 (http://
www.pymol.org). Initial molecular models were built
using the deposited Aurora-A structures 1MQ4 and
IMUO. A low resolution crystal structure (3.1 A) of
murine Aurora-A with compound 18 was later obtained
that was sufficiently resolved to allow placement of the
inhibitor in the active site. This structure confirmed
our earlier models and was used in subsequent modeling
studies.
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Abstract—Through a comparison of X-ray co-crystallographic data for 1 and 2 in the Chek]1 active site, it was hypothesized that the
affinity of the indolylquinolinone series (2) for Chek1 kinase would be improved via C6 substitution into the hydrophobic region I
(HI) pocket. An efficient route to 6-bromo-3-indolyl-quinolinone (9) was developed, and this series was rapidly optimized for poten-
cy by modification at C6. A general trend was observed among these low nanomolar Chek1 inhibitors that compounds with multiple
basic amines, or elevated polar surface area (PSA) exhibited poor cell potency. Minimization of these parameters (basic amines,
PSA) resulted in Chekl inhibitors with improved cell potency, and preliminary pharmacokinetic data are presented for several
of these compounds.

© 2006 Elsevier Ltd. All rights reserved.

Despite their inherent toxicity, DNA damaging agents
continue to remain central in clinical cancer chemother-

premature progression into mitosis resulting in mitotic
catastrophe and apoptosis. To summarize, abrogation

apy. Therefore, strategies directed at improving their
therapeutic index are warranted. Following DNA dam-
age, normal cells arrest and attempt repair at the cell
cycle checkpoint G1, via the tumor suppressor protein
p53, and at G2 and S via the checkpoint kinase
Chek1.!3 Tumor cells, however often are deficient in
the G1 checkpoint due to loss of p53 function (estimated
50-70% of all cancers) and thus, must rely on the check-
point kinase Chekl to induce arrest at the S and G2
phases for survival. These p53-deficient cancers should
be more vulnerable to Chekl inhibition which results
in abrogation of DNA-damage-induced arrest and

Keywords: Chekl; Kinase; Quinolinone; PSA; Anticancer; Chekl in-

hibitor; p53; Chekpoint escape; Pharmacokinetics; Indolylquinolinone.
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of the S and G2 checkpoints should sensitize cancer cells
to DNA damaging agents in p53-deficient backgrounds
without enhancing toxicity toward non-malignant cells.
As such, Chekl inhibitors* have the potential to widen
the therapeutic window for clinically utilized DNA dam-
aging agents in p53-deficient tumors.

Through comparison of the inhibitor-bound crystal
structures (Figs. 1 and 2°) of ATP-competitive HTS leads

4
X
N

g H
1, Chek1 1Cs=12nM 2, Chek1 ICsg = 144 nM

Figure 1. Chekl inhibitor leads 1 and 2.
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Figure 2. X-ray crystallographic structures of 1 (salmon) and 2 (gray)
bound to Chekl (light blue) and their hydrogen bonds are shown in
dashed green and blue lines, respectively. Three conserved water
molecules found in H1 are shown as red spheres with their hydrogen
bonding network (dashed red lines).

1° and 2 with Chek], it was hypothesized that placement
of substituents at C6 of the indolylquinolinone (2) would
best mimic the potency-enhancing C6-CN in 1. This
substitution was envisioned to fill a hydrophobic pocket
(HI),” which is adjacent to the Chekl ATP-binding site
that has been utilized by others.®° In this paper, we report
the synthesis, preliminary structure—activity relationship
and pharmacokinetic properties of 6-substituted indolyl-
quinolinones. Another report has appeared that shows an
alternative path for optimization of this series for Chek1
via C4 substitution.!”

Indolylquinolinone analogs were prepared using the
general reaction sequence shown in Scheme 1.!'' 4-Bro-
mo-2-iodoaniline reacted regioselectively with methyl
acrylate in a microwave promoted Heck-coupling to

afford (E)-methyl 2-amino-5-bromocinnamate 4 in 95%
yield. Quinolinone formation was effected by intramo-
lecular cyclization of 4 in ethylene glycol at 200 °C to
yield 6-bromo-quinolinone 5.'> Treatment of 5 with
POCI; gave chloroquinoline 6. Regioselective deproto-
nation'® was accomplished by LDA and the resulting
anion reacted with 1-chloro-2-iodoethane to provide
the 3-iodo-quinoline 7. Hydrolysis of 7 gave 6-bromo-
3-iodo-quinolinone 8. Suzuki coupling of 8 with
Boc-protected-indolyl boronic acid afforded indolyl-
quinolinone 9.'* Removal of the TBS group, followed
by oxidation with Dess-Martin Periodinane yielded
aldehyde 10. Reductive amination with various amines
in the presence of NaBH(OACc); afforded 11. Deprotec-
tion of the Boc group, followed by Suzuki coupling with
various boronic acids gave indolylquinolinones 13.

Unsubstituted indolylquinolinone 2 has moderate
Chek1 inhibitory activity!® (ICso = 144 nM). Through
positional scanning on the quinolinone with a CN
group, compound 17 (Table 1) confirmed that C6 was
the optimal locus for potency enhancement (>30-fold
potency increase over 2). Furthermore, conversion of
the nitrile 17 to the amide 18 resulted in an additional
6-fold enhancement of potency. Despite the intrinsic
potency of 17 and 18, these Chek1 inhibitors exhibited
only weak activity in our cellular checkpoint escape
assay'® (CEA) which measures a compound’s ability to
release H1299 tumor cells from Camptothecin-induced
cell cycle arrest. It was suspected that the presence of
two basic amines at the C5’ position of the indole com-
promised cell permeability.!” Evaluation of the piperi-
dine derivative 19 revealed not only that cell potency
could be dramatically improved!® by removal of one
of these basic amines, but that the primary amine in
17 was not contributing to intrinsic potency. With the
discovery of the cell potency-enhancing C5’ piperidine,
a more detailed exploration of the quinolinone C6
SAR was conducted.

A set of 6-substituted-5’-piperidinyl-indolyquinolinones
was prepared (Table 2). With a bromide handle, Suzuki

Z>CO,Me
Br- | Pd(OAc), BrWCOZMe ethylene glycol Brm POCl; gy LDA, -78 °C
: NH,  NMP, BusN NH, 200 °C N"0 100°c N’ Cl ICH,CHLCI
95% 88% 9
3 (uw, 20 min) 4 7% 80%
(Hom—(ﬁ@ \ R’
Brml AcOH, Hx0 Brml Br EtsN-(HF)3 DMP
) e Boc
N>CI 100°C N0 Pd(PPhs)A’ Licl CH4CN CH.Cl,
90% : NayCOs, 90 °C for R'=CH,OTBS  95%
7 8 dioxane 60% 2
R? R?
=0 N~R3 N‘RS
Br HNRZR® g TFA Br. Pd(PPhs),
c oc s
N0 NaBH(OAc); N0 CH,Cl, N0 R*B(OH), N
H o H H LiCI, Na,CO H
10 80% 11 95% e
12 dioxane, 90 °C 13
60%

Scheme 1. Synthesis of 6-substituted indolylquinolinones.
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Table 1. Inhibition data for indolylquinolinone analogs

Compound Structure

Chek1? ICso (nM) Cell ECs) (nM)

- S

/
° Conn
TN
H
N0
H

16 i

17

H NC>_\NH2
18 Q Y,
HoN O N
N0

19 NC._~

1000

140

580

190

4.0 3700

0.70 3900

4.6 170

#Tested at 0.1 mM ATP.

coupling and copper-mediated Ullmann coupling reac-
tions'® were used to survey potential groups. Amides
and 5-membered ring heterocycles such as 21-28 provid-
ed Chekl inhibitors with excellent potency against the
enzyme, although some compounds (21, 27) again
appeared to have compromised cell potency. Of particu-
lar interest was the pyrazole-containing inhibitor 22
which best balanced intrinsic and cell-based potency.
A few phenols were also incorporated®® (30 and 31),
yet these resulted in compounds with diminished
potency. The general observation was made that potent
inhibitors with high PSA (>100 A%)? yielded poor
cell potency, as in 21 and 27, possibly due to impaired
cell permeability. PSA has been previously correlated
to cell permeability?! and other drug transport proper-
ties.?? Experimental log P values for this series do not
correlate well with the loss in cell potency and were
within a ‘drug-like’ range (i.e., log P for 22 = 2.81).

An analysis of the binding mode of 22 allowed us to
hypothesize as to the unexpected potency of polar
substituents oriented toward the hydrophobic region I.
Given that X-ray crystallographic structures cannot re-
solve hydrogen atoms, we postulate that the pyrazole
in 22 hydrogen bonds to water in hydrophobic region
I and helps to stabilize these moieties in the binding
pocket. As can be seen in Figure 3, the pyrazole group
of 22 can hydrogen bond to either of the front two water
molecules, one of the acidic oxygens of Asp148, and the
basic nitrogen of Lys38 (not shown) in addition to the
backbone interactions made by this class of inhibitors
(see Figure 2). Furthermore, an analysis of the limited
SAR presented in Table 2 suggests the importance of
correctly coordinating these water molecules with

H-bond acceptors (e.g., 21, 22, 25, 26, and 28). Remov-
ing the outer H-bond acceptor, as in 23, 24 or 29, leads
to a decrease in potency.

Following the selection of pyrazole as a suitable C6 sub-
stituent, efforts returned to the C5’ indole position in or-
der to further optimize potency and to begin exploring
pharmacokinetics. Earlier efforts in this series?® indicated
that this group was a primary site of oxidative metabo-
lism and that improved PK profiles could be obtained
through reducing its oxidative potential. Cell potency/
permeability was easily influenced by the character of
this substitution, and again the trend was noted that
high molecular PSA resulted in poor cell potency (i.e.,
34, 35). The strategy that emerged was to combine
potency enhancing groups at C6 and C5’ that minimized
PSA.

Finally, the pharmacokinetic profile of these com-
pounds was studied in dog (Table 3). Plasma clearance
for compounds 22, 32-35 was moderate with half-lives
ranging from 1.5 to 4.4h. Clearance was improved
with 36 by capping the pyrazole with a methyl group
albeit with reduced potency. Considering cellular
potency as well as PK profile, compounds 22 and 32
emerged out as lead compounds in this indolylquinoli-
none series.

In summary, a series of potent Chekl inhibitors were
discovered based on comparison of the X-ray structure
of ATP-competitive HTS leads 1 and 2 bound to
Chekl. An efficient synthetic route has been developed
to facilitate the SAR studies. A general trend was
observed that compounds with multiple basic amines,
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Table 2. Inhibition data for C6-substituted indolylquinolinone analogs

H
Compound R! Chek1 ICs* (nM) Cell ECs, (nM) PSA (A?)
20 Brs 2.9 460 54
21 9y Nﬁ; 0.34 520 102
12
2 M , 0.65 97 89
HN-N
23 Oy 5.6 250 83
24" g . 43 320 75
Me
N
25 L, 1.1 130 74
26 Ry 0.64 190 69
Me.
27" NN 6.4 1300 103
NN)\re{
N-=N
28" LN 0.74 230 89
29'° [:I'L } 14 880 88
30 o ,@Ls 29 6300 79
HO.
31 20 >10,000 89
Meoﬁé

#Tested at 0.1 mM ATP.

v

Figure 3. X-ray crystallographic structure of 22 (yellow) bound to Chekl (tan). Hydrogen bonds between the inhibitor and Chekl are shown in
dashed lines (maroon). Three conserved water molecules found in H1 are shown as red spheres with their hydrogen bonding network (dashed red
lines). Image on left is a detail of the pyrazole hydrogen-bonding environment.
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Table 3. Pharmacokinetic profiles of indolylquinolinones
R2
HN
H
NS0
H
Compound® R? Chekl ICsy" (nM) Cell ECsy (nM) PSA (A?) dog PK
CL (mL/min/kg) tip (h)

2 N ) 0.65 97 89 30 44
32 N )F 1.0 120 89 22 2.5
33 N o 0.83 170 102 34 2.0

o
34 §—N:\N)LMe 2.5 870 111 27 1.5

o
35 i N OMe 2.1 1142 123 23 2.0

o

b
36 N N Me 3.0 420 98 6.5 4.1
j—

#Tested at 0.1 mM ATP.
° Pyrazole is N-methylated in 36.

¢ Compounds dosed at 0.25 mpk iv (DMSO) in cassette format.

or high PSA,

exhibited diminished cell potency. 11.
Minimization of these parameters, resulted in Chekl
inhibitors with improved cell potency. Among these
potent Chekl inhibitors, compounds 22 and 32 were
found to be leading compounds with moderate clear-
ance in dogs following intravenous dosing.

2000, 2, 232.

Chem. 1989, 26, 1589.

All compounds were characterized by '"H NMR and high
resolution mass spectrometry. Experimental procedures
will be published in a submitted patent by these authors.
12. Kondo, Y.; Inamoto, K.; Sakamoto, T. J. Comb. Chem.

13. Marsais, F.; Godard, A.; Queguiner, G. J. Heterocyclic
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Abstract—Mitosis inhibitors are powerful anticancer drugs. Based on a novel anti-microtubule agent of 5-(4’-methoxy)anilino-4-hy-
droxy-8-nitroquinazoline, a series of 5-(3',4',5'-substituted)anilino-4-hydroxy-8- nitroquinazolines were designed and synthesized to
investigate the effect of the substitution on the inhibitory activity against mitotic progression of tumor cells. The large alkoxyl sub-
stitution on the 4’-position of 5-anilino ring is beneficial for the potency. The 5-(3’,4,5'-trimethoxy)anilino-8-nitroquinazoline (1h)
displays an overwhelming activity in arresting the cells at the G2/M phase, providing a promising new template for further devel-

opment of potent microtubule-targeted anti-mitotic drugs.
© 2006 Elsevier Ltd. All rights reserved.

Quinazolines are a class of fused pyrimidine derivatives
which display diverse range of biological activities.
Among them, 4-anilinoquinazolines are the most prom-
ising small molecule EGFR tyrosine kinase inhibitors.
For example, the best inhibitors of EGFR tyrosine ki-
nase PD153035 (6,7-dimethoxy-4-(3'-bromophenyl)ami-
no-quinazoline) and IRESSA™ (gefitinib, ZD1839),>
developed from this compound family, are presently
the only approved and granted drugs by the FDA for
the treatment of advanced non-small-cell lung cancer
(NSCLC). However, the activity of the quinazoline fam-
ily could be greatly modulated by the substitution
change on the quinazoline core structure.® Recently,
we developed a new class of 5-substituted-4-hydroxy-8-
nitroquinazolines which displayed potent antiprolifera-
tive effect against EGFR or ErbB-2 overexpressing
tumor cell lines but not targeting the EGFR
tyrosine kinase.* Further study on the molecular mech-
anism disclosed that the 5-(4-methoxy)anilino-4-hy-
droxy-8-nitroquinazoline (LJK-11) functions as an

Keywords: Quinazoline; Mitosis inhibitor; Tubulin polymerization;

Anti-microtubule agent; Alkoxyl substitution; Aniline; Antiprolifera-

tive effect; Cell cycle; Tumor cells.

* Corresponding author. Tel.. +86 21 50806876; fax: +86 21
50807088; e-mail: yqlong@mail.shcnc.ac.cn
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anti-microtubule agent by inhibiting the microtubule
polymerization.>

Microtubules are critical elements in a variety of funda-
mental cell functions, including formation and mainte-
nance of cell shape, transportation of vesicles and
protein complexes, and regulation of motility and cell
division.® The essential role of microtubules in mitosis
and cell division makes them and their regulatory pro-
teins important targets for anticancer drugs. Anti-micro-
tubule agents, such as nocodazole, vinorelbine,
colchicines, and paclitaxel (Fig. 1), have been successfully
used in treating a variety of cancers.”-

Despite the success of taxanes and vinca alkaloids to
inhibit the progression of certain cancers in clinical
use, resistance to anti-microtubule agents is encountered
in many tumor types, particularly during multiple cycles
of therapy.” !! Therefore, there has been great interest in
identifying and developing novel anti-microtubule
drugs. Our preliminary study has revealed that LJK-11
is a specific cell mitosis blocker, which inhibits microtu-
bule polymerization, arrests cells at early stage of mito-
sis, and induces apoptosis of tumor cells.’

Since LJK-11 represents a novel anti-microtubule agent,
we are intrigued to conduct SAR study to explore the
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Colchicine Nocodazole

Figure 1. The representative structures of anti-microtubule agents.

pharmacophore and then improve the activity. A fo-
cused library containing 5,8-disubstituted quinazoline
structure was designed. In the present work, we have fo-
cused on investigating the effect of the 3’,4’-substitution
of the 5-anilino portion on the anti-mitosis activity
(Fig. 2). Thus, a series of 5-(3’,4’-substituted) anilino-
4-hydroxy-8-nitroquinazoline analogs were designed
and synthesized. The activity to inhibit the growth and
block the mitosis of the tumor cell lines was evaluated.
The alkoxyl substitution on the 3’,4’-position of the 5-
anilino moiety was found to potentiate the anti-mitotic
potency of this novel class of microtubule polymeriza-
tion inhibitors.

A series of 5-anilino-4-hydroxy-8-nitroquinazolines with
various substitution on 3’,4’-position of 5-anilino moie-
ty was designed and synthesized. The choice of the sub-
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stituent structure was referred to the previous SAR
study of the S5-substituted-4-hydroxy-8-nitroquinazo-
lines as EGFR inhibitors.* The alkoxyl, alkyl, and ami-
noacyl groups containing o,B-unsaturated carboxyl ester
were incorporated into the 4-position of the 5-anilino
ring, in combination with additional substitution on 3-
and 5-position with chloro and methoxy groups, respec-
tively, in some cases. The general synthesis is similar to
the procedure reported previously,* starting from the
commercially available 3-chloro-2-methyl aniline and
employing Neimentowski synthesis as the key step
to construct the quinazoline core. As depicted in
Scheme 1, the current effort was focused on the synthesis
of the various 3’,4’-substituted anilines (3a—h) which
react with the common intermediate 2 to furnish the
desired 5-(3',4’-substituted)anilino-4-hydroxy-8-nitro-
quinazolines 1a-h.!2
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Figure 2. The designed series of 5-(3',4’-substituted)anilino-4-hydroxy-8-nitroquinazolines.
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According to the synthetic approaches, there are three oxyl-aniline (3h) is a special case. The synthesis is
types of 3,4-substituted anilines: one is 3-chloro-4-alk- described in Schemes 2-5, respectively.

oxy-aniline (3a—c), the second is the 4-alkyl or aminoac-

yl-aniline (3d—e), and the third is the alkoxyl linked Generally speaking, the 3-chloro-4-alkoxy-aniline (3a—c)

functional group as 4-substituent (3f-g). 3,4,5-trimeth- was prepared from o-chlorophenol via a selective nitra-
@’ @r"' @ @
NH,
d 4a R=-CH, 5a R = -CH, 3a R=-CH,

b R=" NN g s YN b R=%

OH OH OH 0
Cl e crf cl g cl
— — ——

NO, NH, NHBoc 3¢ NH,

Scheme 2. Reagents and conditions: (a) CH3I, CH,Cl,, Na,COs, rt, yield 95% for 4a or cyclohexene, BF5-Et,0, toluene, rt, yield 49% for 4b; (b)
BisO(OH)o(NO3)4/ SOCl,, rt, yield 36% for 5a, 58% for 5b; (c) Fe, NH4Cl, MeOH/H,O, refluxed, yield 98% for 3a, 97% for 3b; (d) NaNO,, NaAc,
AcOH/H,0, rt, 70%; (e) Zn/NH4Cl, MeOH/H,O0, refluxed, 98%; (f) (Boc),O, NaHCO;, THF, rt, 100%; (g) i—BnBr, NaHCO;, THF, rt, 55%;
ii—CF3COOH, CH,Cl,, rt, 100%.
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Scheme 3. Reagents and conditions: (a) (Boc),O, NaHCO;, THF, rt, 100%; (b) ZnBr, DIPEA, 0.05 equiv Pd(PPh3),Cl,, methyl acrylate, THF, rt,
yield 88% for 6, 51% for 7; (c) CF;COOH, CH,Cl,, rt, 100%; (d) TEA, CICH,COCI, CH,Cl,, rt, 97%; (e) propan-1-amine, THF, rt, 98%; (f) DIPEA,
4-iodo-benzenesulfonyl chloride THF, rt, 94%; (g) Fe/NH4Cl, MeOH/H,0, refluxed, 80%.
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Scheme 4. Reagents and conditions: (a) Na,CO;, OHCH,CH,OH, dioxane, refluxed, 69%; (b) 4-iodobenzoic acid, cat. TsOH, toluene, refluxed,
21%; (c) ZnBr, DIPEA, 0.05 equiv Pd(PPh;),Cl,, methyl acrylate, THF, rt, 66%; (d) Zn/NH,4Cl, MeOH/H,O, refluxed, 30%; (e) Na,COs, KI,
BrCH,CH,CH,OH, acetone, refluxed, 41%; (f) NBS, PPh;, CH,Cl,, refluxed, 60%; (g) morpholine, cat. DMAP, THF, rt, 62%.
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COOH cocl NH, 3h

Scheme 5. Reagents and conditions: (a) SOCl,, CH,Cl,, refluxed,
100%; (b) i—NaNj;, H,O/THF, 0 °C; ii—toluene, refluxed; iii—5 N
NaOH, then 6 N HCI, overall yield for three steps 70%.

tion and O-alkylation, followed by the reduction of the
nitro into amino group, as depicted in Scheme 2. The
selective 4-nitration of aniline was achieved with
bismuth subnitrate and thionyl chloride,!* and the
reduction proceeded smoothly with zinc or iron powder
in ammonium chloride solution. But for the synthesis of
4-benzyloxyl substituted-3-chloro-aniline (3c), the
reduction of nitro group should take place prior to the
benzylation of the phenol group.

For the 4-alkyl or 4-aminoacyl-aniline (3d-e), both con-
tain an o, f-unsaturated carboxyl ester on the 4-substitu-
ent, which was introduced by a Heck coupling reaction,
as depicted in Scheme 3.

As shown in Scheme 4, 4-alkoxyl substituted aniline (3f—
g) was prepared from 1-chloro-4-nitrobenzene via an
SnAr reaction followed by an acylation then a Heck
coupling (3f), or from 1-hydroxy-4-nitrobenzene via an
O-alkylation followed by an Sy2 reaction (3g). In this
series, a linker was used to join the anilino group and
another functional group, such as morpholine or 3-
phenyl-acrylic acid methyl ester.

The special 3,4,5-trimethoxyaniline (3h) was converted
from 3,4,5-trimethoxybenzoic acid via a Curtius rear-
rangement, as indicated in Scheme 5.

Anti-proliferative effect of 5-(3',4',5'-substituted ) anilino-
4-hydroxy-8-nitro-quinazolines on the tumor cells. We
examined the growth inhibitory activity of the new series
of quinazolines using human tumor cell lines of different

tissue origin, including lung adenocarcinoma cell line
A549 and gastrointestinal cancer cell line HGC-27.'4
The effect of the compounds 1a—h on the cell prolifera-
tion was evaluated using MTT assay.'> As shown in
Figure 3, compounds 1c and 1f-h, bearing an alkoxyl
substituent on the 5-anilino portion, exhibited potent
inhibition on the growth of HGC-27 cells at the concen-
tration of 50 uM, while compounds 1a, 1b, 1d and 1e
displayed poor potency. Furthermore, this series was
less effective in inhibiting the proliferation of A549 cells,
though compound 1c¢ was still the best inhibitor (Fig. 3).

Previous studies have found that the lipophilic electron-
donating groups such as methoxy or benzyloxy at the 4'-
position were beneficial for the 5-(4’'-substituted)-anili-
no-4-hydroxy-8-nitroquinazoline in inhibiting the
growth of breast cancer cells MDA-MB-468, and 3'-
chloro substituent on the aniline ring improved the
inhibitory activity against the SK-BR-3 cell line.* But
in our case, the simultaneous substitution of 3’-chloro-
4’'-methoxy (compound 1a) resulted in a big loss of the
potency compared to LJK-11 (ICs5o =20 uM for A549
and HGC-27 cells). And the cyclohexyloxy group (com-
pound 1b) is disfavored in 4’-position either. However,
the large alkoxy group at 4’-position (compounds 1c, f
and g) enhanced the antiproliferative effect against both
HGC-27 and A549 cells. On the contrary, the large alkyl
or amide substituent (compounds 1d and e) is detrimen-
tal to the activity. As expected, the 3,4,5-trimethoxyl
substitution confers an effective inhibitor (compound
1h) for the two tumor cell lines.

Several lines of evidence have indicated that this 5-(4'-
substituted)anilino-8-nitroquinazoline family inhibits
proliferation and induces apoptosis by blocking mitosis
of tumor cells. It functions by inhibiting microtubule
polymerization, similar to that of colchicines.” So we
would like to examine the effect of these analogs on
the mitosis of tumor cells.!®

Arresting effect of 5-(3',4',5'-substituted ) anilino-8-nitro-
quinazolines on the mitosis of tumor cells. We analyzed

5-(3',4',5'-Substituted)anilino-8-nitroquinazolines
(50 uM), MTT (HGC-27 or A549 cell line)

120%
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80%

60% H

40% H

Cell survival rate (%)

20%

0% =

DMSO 1a 1b 1c 1d

024h HGC-27
24h A549
M 48h HGC-27
B 48h A549

le 1f 1g 1h

Figure 3. Effect of compounds 1a-h on the proliferation of HGC-27 or A549 cells after the incubation of 24 and 48 h, respectively. The cell viability
was measured by MTT assay and is expressed as a percentage of the compound-treated viable cells divided by the viable cells of the untreated control.

The data are means of triplicates £SD.
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Figure 4. Flow cytometry analysis of 5-(3’,4’,5'-substituted)anilino-8-nitroquinazoline-treated tumor cells. HGC cells were incubated with 50 uM
concentration of 1c¢ or 1h for 24 h. The cells were then fixed and stained with PI, and analyzed by flow cytometry.

the effect of compounds 1a-h on cell cycle.!” It is clear
that the treatment with potent inhibitors bearing 4'-alk-
oxyl substituent, that is, 1c, 1f, 1g, and 1h induced G2/M
arrest of HGC-27 cells after 24 h of drug exposure (Figs.
4, 5). Especially for 3,4,5-trimethoxylaniline containing
analog 1h, 81% of the cell population was blocked in
G2/M phase when they were exposed to 50 uM of 1h
for 24 h (Fig. 5). The potency to block the mitosis of
the cells is correlated with the activity to inhibit the
growth of the tumor cells. Therefore, this series exhibit-
ed an inferior effect on the mitosis of A549 cells (Fig. 6).
However, the 5-(3',4,5'-trimethoxy)anilino-8-nitroqui-
nazoline (1h) displays an overwhelming potency in
arresting the tumor cells at G2/M phase, for both
HGC-27 and A549 cells. Considering the structures of
well known anti-microtubule agents such as colchicine
and combretastatin A4, the 3,4,5-trimethoxyphenyl moi-
ety in common plays an important role in the binding to
the tubuline. The observation could be rationalized by
molecular modeling.

Based on the recently reported X-ray crystal structure of
ao,B-tubulin complexed with N-deacetyl-N-(2-mercapto-
acetyl) colchicine (DAMA-colchicine) (PDB code
1SA0),'® the automated molecular docking can produce

5-(3’,4’,5'-Substituted)anilino-8-nitroquinazolines, FCM (HGC)
100%

80%

60% i
OaG1

B G2/M

40%

% total cell number

20%

0%
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Figure 5. Percentage of HGC cells in G2/M phase after 24-h treatment
with fixed concentration of various 5-anilino-8-nitroquinazolines,
examined by the flow cytometry analysis. The data are means of
triplicates +SD.

5-(3’,4°,5'-Substituted)anilino-8-nitroquinazolines, FCM (A549)
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Figure 6. Percentage of A549 cells in G2/M phase after 24-h treatment
with 50 pM concentration of various 5-anilino-8-nitroquinazolines,
evaluated by the flow cytometry analysis. The data are means of
triplicates £SD.

several optional conformations of our inhibitors.!?2°

Among them, the lowest binding energy one was select-
ed as the possible binding conformation, as shown in
Figure 7.

In the final model, the hydrogen bonds between 1h and
tubulin are as follows: (1) the trimethoxyphenyl (TMP)
is hydrogen bonded to the thiol group of Cys f241; (2)
the 4-OH of quinazolinone is hydrogen bonded to the
carbonyl oxygen atom of Asn 258; (3) of particular sig-
nificance to 1h, the 8-nitro group is involved in the inter-
action with the colchicine site via its oxygen atom
forming hydrogen bond with the terminal NH of Lys
B254. For the diaryl system of 1h, the phenyl plane
and quinazolinone plane have a tilt of 57°, and conform
to the shape of the colchicine site. The TMP moieties of
DAMA-colchicine and 1h occupy similar cartesian
space and are buried in a hydrophobic pocket contain-
ing Leu255, Val238, Cys241, Val3l8, Ala354, and
Ala317 of the B-tubulin structure. That is, why the
3.4,5-trimethoxy substitution endows a significant anti-
microtubule activity.

In conclusion, we have synthesized and assessed a series
of 5-(3',4',5'-substituted)anilino-8-nitroquinazolines as a
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Figure 7. Binding model of 1h with the a,B-tubulin polypeptide whose
backbones are rendered as brown (p chain) and gray (o chain) ribbons.
Residue side chains at the colchicine site (Thr o179, Val a181, Cys
B241, Lys 254 Leu B255, Asn 258, Thr 314, Ala 316, Val B318,
and Ala B354), 1h is shown in stick with the carbon atoms of tubulin
colored green and the carbon atoms of the 1h cyan, nitrogen atoms are
colored blue, oxygen atoms red, and sulfur atoms yellow. White
dashed lines indicate potential intermolecular hydrogen bonds.

new class of anti-microtubule agents. The effect of the
37,4’ 5'-substitution on the 5-anilino ring was investigat-
ed. The large alkoxyl substitution on the 4’-position of
5-anilino portion is beneficial for the inhibitory activity
against the growth and mitosis of the tumor cells. How-
ever, the alkyl or amide substituent at this position is
disfavored. With respect to the antiproliferative effect
and anti-mitosis activity, this series is more potent
against HGC-27 tumor cells than A549 tumor cells. Sig-
nificantly, the 5-(3’,4’,5'-trimethoxyl)anilino-8-nitroqui-
nazoline (1h) displays an overwhelming potency in
arresting the tumor cells at the G2/M phase of the cell
cycle, providing new templates for further development
of potent mitosis inhibitors with therapeutic potential in
treating cancer.
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Abstract—A structure-based approach was performed to design a novel thiazolone scaffold as HCV NS5B inhibitors. A focused
library was designed and docked by GOLD. One of the top-scored molecules was synthesized and shown to have similar potency
to the initial hit. The X-ray complex structure was determined and validated our design rationale.

© 2006 Elsevier Ltd. All rights reserved.

Identified in 1989, hepatitis C virus (HCV) has been
recognized as the leading pathogen for the non-A,
non-B virus hepatitis.! Chronic HCV infection is
emerging as a worldwide health crisis. It is estimated
that there are over 170 million individuals chronically
infected with HCV globally and nearly 4 million are
in the United States.> The current FDA-approved
standard therapy provides a sustained viral response
only for a fraction of patients.®> Therefore, there is a
growing unmet medical need to discover novel thera-
pies for chronic hepatitis C.

HCV NS5B polymerase is one of the six non-structural
proteins encoded in the approximately 9600 nucleotide
HCYV genome. It plays a pivotal role in the HCV viral
replication and infection in a chimpanzee model,* and
thus represents a key target for antiviral therapy against
HCV.> Numerous classes of non-nucleoside inhibitors
with different scaffolds have appeared lately in the liter-
atures against HCV NS5B. Several scaffolds have been
reported to bind several of the allosteric binding sites
of NS5B, which are located on the thumb sub-domains
distant from the polymerase active site.® Inhibitors
bound to such allosteric sites of enzymes are generally
considered to have more favorable on-target activities
and less undesirable off-target side-effects.

Keywords: HCV; HCV NS5B polymerase; HCV NS5B inhibitors;

Thiazolone; HCV NS5B allosteric inhibitors. .
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One of our endeavors in HCV programs was aimed to
discover novel molecules bound to the allosteric site of
HCV NS5B. Our structure-based design strategies for
new scaffolds were three folds: (1) analyze and retain
key pharmacophores and potency of the initial hit; (2)
establish reasonable size of explore-able chemistry
space, (3) identify future opportunities for further diver-
sification and optimization. Screening Valeant in-house
compound collection identified A as a potential hit with
an IC50 value of 2.0 uM against HCV-NS5B (Scheme 1)
and subsequently X-ray complex structure from soaking
experiment established its binding in the allosteric site
(Fig. 1). Key interactions include three hydrogen-bonds
and two hydrophobic contacts. Specifically, C=0 and N
of thiazolone-ring and sulfonamide moiety form hydro-
gen-bonds with backbone —NHs of Tyr 477, Ser476, and
side-chain —-NH," of Arg 501, respectively, while furan
and phenyl make hydrophobic contacts with the pro-
tein. Efforts to explore more of the binding pocket by

A: HTS Hit

Scheme 1. Structure-based designs of HCV NS5B allosteric-site
inhibitor.
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Figure 1. Overlay of binding modes of A and B in the allosteric site of
HCV NS5B. A (in yellow), X-ray soaking complex structure; B
(colored by atom-type), GOLD docking pose.

diversifying aryl-sulfonamide were unsuccessful. Based
on the X-ray complex structure of A with NS5B, we
envisioned that a partial pharmacophore equivalent, in
particular, a suitable (S)-amino acid, replacement of
aryl-sulfonamide moiety in A would satisfy our underly-
ing design approaches (Scheme 1).

The predicted binding mode of B by GOLD docking
program closely mimicked that of A in X-ray structure.’
Moreover, not only does carboxylic acid of B engage in
the same hydrogen-bond with Arg 501 as sulfonamide
group does in A, but it also picks up additional hydro-
gen-bond with Lys 533. In particularly, carboxylic acid
moiety of B could serve as an ideal starting point to
be further functionalized to explore the right-side chan-
nel of the binding pocket (Fig. 1).

With the new scaffold B in place, we set out to focus on
finding a favorable amino acid replacement. Analysis of
GOLD docking results for both S and R chirals showed
that the binding site prefers a (S)-amino acid. It seemed
to us from previous SAR knowledge of A series that a
small substituted-furan group for R1 would be optimal,
and thus we kept it with minimal variations in the first
round of design (Scheme 2). A substructure search of
ACD database® afforded 2862 amino acids and the num-
ber was brought down to 1175 by applying a topological
diversity analysis implemented in MOE software pack-
age.® The subsequently enumerated virtual library was
subjected to GOLD virtual screening using the standard
parameters. The bound structure of A from X-ray was
employed as shape template similarity constraint with
a constraint weight of 10. For each molecule in the vir-
tual library, 10 docking poses were saved, and the com-
bined 11,750 poses were filtered based on the identity to
the preferred binding-modes using an in-house devel-
oped MOE SVL script.'® As expected, only 60 molecules
survived this filter and they were then ranked by Gold-
score. One of the 10 top-scored molecules was proposed
for synthesis to prove this design principle.

The designed molecule 6 was prepared according to
Scheme 3. Rhodinine, 1, was reacted with aldehyde
2 in a condensation reaction to furnish 3.!!

[SBDD Scaffold Design)

\ Amino Acid (ACD): 2862

Focused Library
(Topological Diversity)

l 1175

Virtual Screening
(GOLD Docking)
11,750 poses

y
[Automated Docking Pose Mining]

(MOE SVL Script)

¢60

(Ranking by Gold-score)

¢ 1 Top-scored

(Chemistry Synthesis]

Scheme 2. The design flow-chart.

Subsequently, 3 was coupled with Mel to give an
intermediate 4, which was allowed to react with (S)-
2-amino-2-(4-fluorophenyl)acetic acid, 5, to afford
(S,2)-2-(5-((55-ethylfuran-2-yl)methylene)-4-oxo-4,5-di-
hydrothiazol-2-ylamino)-2-(4-fluorophenyl)acetic  acid
as the desired product 6 in 90% overall yield.

Compound 6 was then evaluated for inhibition of HCV
NS5B polymerase, and we were pleased to see 6 had an
1IC50 value of 3.0 uM, which was essentially the same as
that of the initial hit A.'?

To further validate our design rationales, 6 was success-
fully soaked into crystalline CA21 NS5B protein and the
X-ray crystal structure of HCV NS5B complexed with 6
was established at 2.0 A resolution (Fig. 2).!3 Gratify-
ingly, we found inhibitor 6 bound in a binding mode just
as predicted in the ‘thumb’ sub-domain, which is on the
protein’s surface about 30 A away from the enzyme’s
catalytic center (Fig. 2).°

A superimposition of early GOLD docking pose with
the bound structure of 6 later determined by X-ray soak-
ing experiment afforded a rmsd value of only 0.15. Such
a remarkably low rmsd revealed an excellent predictabil-
ity of GOLD docking program for this scaffold in the
allosteric-site of HCV NS5B polymerase (Fig. 3).”

Taken together (Figs. 1-3), the complex structure of
bound 6 revealed several critical hydrogen-bonding
interactions and hydrophobic contacts. Namely, the 4-
F-phenyl is buried into a small deep hydrophobic pocket
determined by the side chains of Leu 419, Met 423, Tyr
477, and Trp 528. The furan and thiazolone rings are
nearly co-planar with a dihedral angle of ~7.6°. Ethyl-
furan moiety of the inhibitors is bound to the surface
of another hydrophobic pocket defined by Leu 419,
Met 423, Ile 482, Val 485, Leu 489, and Leu 497.
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Figure 2. X-ray electron density map of inhibitor 6 complexed with
NS5B in the allosteric site with a 2.0 A resolution.

GOLD Docking pose

/

\

X-ray Structure

Figure 3. Superimposition of GOLD docking pose and X-ray
structure.

It is also noticeable from electron density map that ethyl
group on furan moiety tilts into a small hydrophobic
pocket surrounded by side chains of Met 423, Val 485,

and Leu 489. The C=0 moiety in the thiazolone ring
of 6 accepts a hydrogen-bond from the backbone -NH
of Tyr 477, while its lone-pair N makes another hydro-
gen-bond to the backbone —NH of Ser 476. Moreover,
one of the carboxylic oxygen atoms of 6 forms an ionic
hydrogen-bond to the side-chain guanidium moiety of
Arg 501, and meanwhile captures another weaker
hydrogen-bond with side-chain —-NH,;* of Lys 533.
Interestingly, the other oxygen atom of carboxylic moi-
ety of 6 in the bound X-ray complex structure with an
anticipated position provides structural foundation to
probe the right-side channel of this pocket in HCV
NS5B polymerase (Figs. 1 and 2).

In conclusion, a novel thiazolone scaffold has been de-
signed based on the complex structure of initial hit. To
validate the design rationale, one of the top-scored mol-
ecules, 6, from virtual screening was synthesized and had
an IC50 value similar to the initial hit. Consequently, 6
was soaked into crystalline of HCV NS5B and the
solved X-ray complex structure revealed nearly identical
binding mode as the one predicted originally by GOLD
docking. Further designs by functionalizing carboxylic
group and more detail analysis of SAR for this scaffold
will be reported in due course.
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transcribed in vitro using the Megascript kit (Ambion,
Austin, TX). After phenol-chloroform extraction and
isopropanol precipitation, the RNA was resuspended in
RNase-free water and stored at —80 °C prior to use. This
HCV CONI strain-based RNA template was used for the
standard NS5B RdRp-catalyzed elongation assay. NS5B
RdRp enzyme (100 nM) was incubated with the RNA
template (75 ng) in a reaction buffer that contained 50 mM
Tris, pH 7.0, 10 mM MgCl,, 50 mM NaCl, 5mM DTT
(add fresh), and 0.1 mg/ml BSA prior to the initiation of
the reaction by adding the mixture containing [o->*P]-CTP
(1 pCi) and 80 uM of ATP, GTP, and UTP. The reaction
mixture was incubated for 1 h at 23 °C in a total volume of
25 uL. The assay was terminated by adding 75 uL of 1%
trichloroacetic acid (TCA) and 0.5% pyrophosphate. The
quenched solution was incubated for 10 min at room
temperature to allow the RNA to precipitate, and then
subsequently transferred to a 96-well white GF/B filter
plate (Perkin-Elmer, Wellesley, MA) using a Perkin-Elmer
Filtermate Universal Harvester. The filter plate was
washed ten times with water and once with ethanol before
completely drying. 40 pL of Microscint™ (Perkin-Elmer,
Wellesley, MA) was added to each well and the incorpo-
rated radioactivity was counted using a Perkin-Elmer
TopCount. Compounds were titrated in this assay and
ICso values were determined. The reported ICsq values are
the average of at least two sets of data.

BK strain of CA21 HCV NS5B protein was used. The
soaking experiment was carried out by taking 20 uM
DMSO stock compound solution, diluted in 1:100
soaking buffer, and undergoing overnight soaking. Coor-
dinates for structures have been deposited at Protein
Data Bank (www.rcsb.org) under PDB codes: 2HWH
and 2HWIL.
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Abstract—Inhibitors of integrin avf3 have been implicated in the treatment of a variety of diseases, including tumor metastasis,
neovascularization, osteoporosis, and rheumatoid arthritis. It is therefore desirable to develop new types of small molecule inhib-
itors of integrin avB3. Here we describe the discovery of novel classes of small molecule inhibitors, via structure-based virtual screen-
ing, that target the ligand binding site of integrin avf3. Application of the docking procedure for screening of a commercially
available compound database resulted in a 1774-fold reduction in the size of the screening set (88695 to 50 compounds) and gave
a hit-rate of 14% upon biological evaluation (ICs, value ranging from 30 to 200 uM). The best hit, compound 37, 3,4-dichloro-phe-
nylbiguanide, showed inhibitory activity, in a time- and dose-dependent manner, in both cell motility and angiogenesis assays. Based
on the best hit, compound 37, a more effective derivative compound 62 has been identified. Furthermore, molecular graphics anal-
yses of a series of substituted phenylbiguanides were carried out to predict the binding mode between the active compounds and
integrin avP3. Our results indicate that the substituted phenylbiguanides might be involved in the inhibition of bivalent cation-med-

iated ligand binding of integrin ovf3.
© 2006 Elsevier Ltd. All rights reserved.

Integrins are non-covalent heterodimeric receptors that
mediate divalent cation-dependent cell-cell and cell-ma-
trix adhesion through tightly regulated interactions with
ligands.!? Integrin avB3, also known as the vitronectin
receptor, is expressed on the surface of a variety of cell
types, including osteoclasts, vascular smooth muscle
cells, endothelial cells, and tumor cells. Integrin avp3
is associated with angiogenesis,>* tumor metastasis,””’
inflammation,®° vascular smooth muscle cell migra-
tion,'? and bone resorption,'!-!? representing a promis-
ing molecular target to develop inhibitors which could
be used in the treatment of diseases including cancer,*!3
macular degeneration and diabetic retinopathy,'# osteo-
porosis,!> and restenosis following percutaneous trans-
luminal coronary angioplasty (PTCA).!%-16

Integrin avB3 is known to recognize the Arg-Gly-Asp
(RGD) tripeptide sequence,'” and a number of groups

Abbreviations: PTCA, percutaneous transluminal coronary angioplasty;

RGD, Arg-Gly-Asp; bFGF, basic fibroblast growth factor;

HUVECs, human umbilical vein endothelial cells; ECM, extracellular

matrix; MIDAS, metal ion-dependent adhesion site; ADMIDAS, adjacent

to MIDAS.

*Corresponding author. Tel./fax: +86 22 27230740; e-mail:
czyang@public.tpt.tj.cn

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.08.061

have reported the discovery of potent non-peptide
ovpB3 antagonists based on mimetics of the RGD
sequence.'® 2 The crystal structure of integrin avp3 in
complex with an RGD ligand was reported by Xiong
et al.?! This information provided us the structural basis
to the identification of novel small molecule integrin
avPB3 inhibitors based on the receptor-ligand complex,
not only the ligand sequence alone.

Here, we describe the identification of novel small mole-
cule inhibitors of integrin avB3 through the application
of virtual screening protocol based on the crystal struc-
ture of the extracellular segment of integrin av3 in com-
plex with a RGD ligand (PDB entry, 1L5G, was retrieved
from the Protein Data Bank). A preliminary DOCK
screening against ligand binding site of integrin ovp3
was performed on a database containing 88,695 commer-
cially available organic compounds (www.specs.net),
which were converted into 3D MOL2 format via in-house
procedures described previously.?? The same binding site
as pentapeptide cyclo(RGDF = N{Me}V) was chosen
for dock screening. Water, metal ions, and complexed li-
gand were deleted; hydrogens and charges were added
by SYBYL6.6. All docking calculations were carried out
with DOCK4.0.1 using flexible ligands based on the an-
chored search method. The standard docking protocol



http://www.specs.net

mailto:czyang@public.tpt.tj.cn



Y. Zhou et al. | Bioorg. Med. Chem. Lett. 16 (2006) 5878-5882 5879

was as follows: (1) target preparation, (2) sphere set gen-
eration, (3) force-field grid calculation, and (4) docking
and scoring. Top 20,000 compounds with steric comple-
mentarity to the ligand binding site were selected for
rigorous secondary DOCK screening. Docking results
were clustered and ranked in terms of energy score. Top
1000 compounds with the best energy score were selected
for further structural diversity and drug-like analysis, and
50 compounds were finally selected for biological testing.

Integrin avP3-mediated cell adhesion assay was per-
formed to assess the adhesion ability of human melano-
ma cells M21 to vitronectin-coated plates in the presence
of these compounds.>> Table 1 presents the chemical
structures and the ICs, values for inhibitory activity of
active compounds in this cell adhesion assay. Seven of
the 50 compounds demonstrated notable inhibitory
activity against adhesion of M21 cells on vitronectin
(IC5p < 200uM), representing a hit-rate of 14%. The best
hit, compound 37, 3,4-dichloro-phenylbiguanide, was
selected for further studies including scrape motility
assay?* and in vitro angiogenesis assay.>’

Table 1. Chemical structures and inhibitory effect of active compounds

As shown in Figure 1, compound 37 significantly inhib-
ited cell migration on vitronectin-coated plates. After
treatment of M21 cells with 7.5, 15.0, and 30.0 puM of
compound 37 for 8h, the migration distances were
27.8+6.5,83%7.2,and 1.1 + 4.3 um, compared to that
of 30.6 £ 8.1 um in the absence of compound 37, repre-
senting a ~9.1, 73.1, and 96.4% of inhibition, respective-
ly (Fig. 1A). After 16 h, the migration distances were
72.2 £10.6, 389 £94, and 16.7 £ 7.2 um in the pres-
ence of 7.5, 15.0, and 30.0 uM compound 37, compared
to that of 119.4 + 11.6 pm in the absence of compound
37, representing a ~39.5, 67.4, and 86.0% of inhibition,
respectively (Fig. 1B). These results clearly indicate that
compound 37 inhibited the migration of M21 cells in a
time- and dose-dependent manner.

Angiogenesis depends on both cytokine stimulation and
vascular cell adhesion events. Integrin avp3 has been
identified to be involved in angiogenesis initiated by ba-
sic fibroblast growth factor (bFGF).2¢ In this study,
in vitro angiogenesis was stimulated by incubation of
human umbilical vein endothelial cells (HUVECs) on

Compound Structure avB3-mediated cell adhesion ICsy* (UM)
Qo
¢(RGDfV)® HN H% 0.6 £ 0.07
NH NI—?
HOOC ™~
1 o @i @Tﬁup 1804+9.5
N+
CH3
27 Op 143.1£8.2
Ni?: Q
N S-NH
30 jo! OHN@(“) N 535413
I YN CH
CHg
CH, Chs
[0}
2 N X o 2 132.0 + 3.4
N OH
fo) Br
Cl HN HN
37 C|:©\N)LNJLNH2 385+17
H H
! QR . cH
SN G
39 C|éTO\/EH@0 N 137.0 £ 11.1
Och,
NN H (0] H N-N
40 UN%S/\\TN\@NVQ O”/\S"(/NJ 162.1 £26.9
CHy © HO HiC

Non-tissue culture plastic 96-well plates were coated with 2 pg/ml vitronectin overnight. Then, M21 cells were seeded onto coated plates in the
absence or presence of different concentrations of compounds and allowed to adhere at 37 °C for 1 h. Adherent cells were fixed, stained, and the
plates were read with a microplate reader at 570 nm. Percentage of cell adhesion inhibition was calculated using wells without compounds as 100% of

adhesion.
#The results represent the means = SD of triplicate determinations.
®¢(RGDfV) as a positive control.
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Figure 1. Cell migration in the presence or absence of compound 37 in scrape motility assay. The migration distance within 8 h (A) or 16 h (B) was
measured under phase-contrast microscopy. The results represent means + SD of nine determinations from three individual experiments. *P < 0.05,

**P < 0.01, compared to untreated cells.
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Figure 2. Effects of compound 37 on bFGF-induced capillary-like structure formation of HUVECs on ECM gel. HUVECs in ECM gel were treated
with PBS (A), 100 ng/ml bFGF (B) or 100 ng/ml bFGF in combination with 30 uM compound 37 (C) for 6 h. The resulting capillary-like structures

(arrowheads) were viewed by phase-contrast microscopy.

extracellular matrix (ECM) gel in the presence of bFGF.
When HUVECs were plated on ECM gel without the
addition of bFGF, most of them appeared in a cobble-
stone shape (Fig. 2A). In the presence of bFGF
(100 ng/ml), HUVECs formed an anastomosing capil-
lary-like network within 6 h (Fig. 2B). Compound 37,
at a concentration of 30 uM, significantly inhibited the
capillary-like structure formation of HUVECs (Fig. 2C).

To elucidate the structural features required for the
activity of compound 37 against integrin avp3, we inves-
tigated the effects of a series of substituted phenylbigua-
nides based on the chemical structure of compound 37.
Table 2 presents the chemical structures and ICs, values
of several substituted phenylbiguanides. Compound 62,
3,5-dichloro-phenylbiguanide, showed the best inhibito-
ry activity, while the derivative 68 had similar activity
with compound 37. Taken together, the results indicate
that dichlorosubstituted derivatives (compounds 37, 62,
67, 64, and 60) had better activity than monosubstituted
series (compounds 61, 59, and 65), and unsubstituted
phenylbiguanide 66 was the least active compound
(ICSO > 200 HM)

Molecular graphics analysis was carried out to deduce a
probable binding model for substituted phenylbigua-
nides with integrin avp3. Integrins mediate divalent cat-
ion-dependent interactions with their extracellular
ligands, and the presence of bivalent cations in the metal
ion-dependent adhesion site (MIDAS) and ADMIDAS
(adjacent to MIDAS) of integrin avB3 has been shown
to be very important for the binding of ligands
(Fig. 3A).2! We visually checked the 25 top scoring pos-
es for compound 62, the most effective compound of
substituted phenylbiguanides, and two major binding
modes were identified. The binding pose that the posi-
tive charged biguanide group mimics the arginine side
chain in RGD ligand (energy score, —44.66 kcal/mol)
is not as favorable as that the biguanide group inserts
deeply into MIDAS (energy score, —48.04 kcal/mol)
(Fig. 3B). As shown in Figure 3C, in the most energetic
favorable binding pose of compound 62, the biguanide
group is forming three H-bonds with the key residues
Ser121, Ser123, and Glu220 in MIDAS, and two more
H-bonds with Ala218 and Asn2l15 around MIDAS
and ADMIDAS. This binding pose suggests that com-
pound 62 might block the bivalent cation interaction
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Table 2. Structures and activities of substituted phenylbiguanides

“ N NN

57 2

194 l 2 NH NH

X3
Compound X avp3-mediated cell

adhesion 1Csy* (UM)

62 3,5-Cl, 33.5%3.1
68 3,5-(CF3), 39.5+25
67 2,4-Cl, 669 %53
64 2,3-Cl, 87.3+3.6
63 3-Cl, 4-F 97.3%£3.6
60 2,5-Cl, 100.2 £ 8.4
53 4-SCF; 101.4+7.8
58 2-Cl, 5-CF; 127.2+£7.5
61 4-Cl 148.6 £ 13.0
54 4-SCHF, 178.1 £10.8
59 3-Cl 190.6 = 16.0
51 2-CH3, 5-Cl >200
55 3-SCH; >200
56 3-COOCH,CH3; >200
52 2-OCH,CH; >200
65 2-Cl >200
57 2-SCH; >200
66 H >200

#The results represent the means = SD of triplicate determinations.

with integrin avf3, in such a way that it inhibited the
cation-mediated binding of integrin avp3 with its li-
gands, and the eventual stabilization of the agonist-
bound conformation. Similarly, the alternate docking

poses for other phenylbiguanide compounds were also
explored, and the best scoring poses were always docked
into MIDAS instead of arginine binding site (data not
shown).

However, considering the limitations of docking method,
the predicted binding mode between the substituted
phenylbiguanides and integrin avB3 needs to be validat-
ed by further studies, for example, to solve the crystal
structure of compound 62 with integrin receptor. Better
understanding of the molecular basis of such interac-
tions would lead to better lead optimization process.

In conclusion, here we describe the discovery of novel
small molecule inhibitors against integrin ov33 via struc-
ture-based virtual screening. Based on the best hit, com-
pound 37, we identified a more effective derivative,
compound 62, with a strong inhibitory activity in inte-
grin  ovp3-mediated cell adhesion assay (ICso,
33.5+ 3.1 uM). Furthermore, the strong interactions
calculated between biguanide group and MIDAS pocket
might be the structural basis for the inhibitory activity
of the substituted phenylbiguanides. The results of the
molecular graphics analysis indicate that the substituted
phenylbiguanides might bind the receptor in a signifi-
cantly different binding mode from other known inhibi-
tors of integrin ovp3, thus providing an alternate
approach for the discovery of novel potent inhibitors.
Taken together, our results suggest that the structure-
based virtual screening strategy employed in this study
may represent an effective approach for identifying

Figure 3. Binding mode analysis of compound 62. (A) Ligand binding site of integrin avf3. Ligand (pentapeptide cyclo(RGDF = N{Me}V)) is
colored by atom type; metal ions at ADMIDAS and MIDAS are colored in yellow. In this and subsequent figures, av and B3 are colored in orange
and purple, respectively. (B) Comparative view of the best docking pose of compound 62 (colored by atom type) where biguanide group binds with
MIDAS pocket and an alternative docking pose (in green) where biguanide group is docked into arginine binding site, the energy scores of these two
binding poses are —48.04 and —44.66 kcal/mol, respectively. (C) The calculated atomic interactions between the docked compound 62 and integrin
avp3. Compound 62 is colored by atom type, and hydrogen bonds are shown in yellow lines.
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novel, structurally diverse, non-peptide small molecule
inhibitors targeting integrin ov3.
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Abstract—The in vitro antitumor activity of novel combretastatin-like 1,5- and 1,2-diaryl-1 H-imidazoles was evaluated against the
NCI 60 human tumor cell lines panel. Compounds 2d and 2g proved to be more cytotoxic than CA-4 in tests involving their eval-
uation over a 107*-1078 range. Docking experiments showed a good correlation between the MG_MID Log Gls, values of all these
compounds and their calculated interaction energies with the colchicine binding site of af-tubulin.

© 2006 Elsevier Ltd. All rights reserved.

Combretastatin A-4 (CA-4) (1), a potent antimitotic
agent isolated from the stem wood of the South African
tree Combretum caffrum,' exhibits strong antitubulin
activity by binding to tubulin at the colchicine binding
site.> It shows potent cytotoxicity against a variety of
human cancer cell lines, including those that are multi-
drug resistant® and, most importantly, has demonstrated
powerful antiangiogenesis properties.*

HO N
MeO
OMe

OMe
1 (CA-4)

Using the X-ray structure of the tubulin—colchicinoid
complex,®> docking studies have recently allowed the
identification of reasonable binding modes of a set of
different colchicine site inhibitors that included 1, podo-
phyllotoxin, methylchalcone, curacin A, indanocine,
and nocodazole.®

Because of its potent cytotoxicity and structural sim-
plicity, 1 has been envisaged as a very attractive lead

Keywords: Cytotoxicity; Combretastatin A-4; Colchicine; Imidazoles;

Tubulin; Molecular modeling; Antitumor activity.
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although its low aqueous solubility and Z-configura-
tion pose significant liabilities. In fact, the Z-config-
ured C-C double bond of 1 is prone to isomerize to
the E-form during storage and administration thus
producing dramatic reduction in both antitubulin
activity and cytotoxicity.”® Therefore, considerable ef-
forts have gone into modifying 1 and discovering its
bioavailable Z-restricted analogues based on the bio-
isosteric replacement of olefinic double bond of the
natural product with vicinal diaryl-substituted five-
membered heteroaromatic rings including oxazole,
isoxazole, thiazole, pyrazole, tetrazole, and imidazole.’
As far as the imidazole derivatives are concerned, it
should be noted that in 2002 Wang and co-workers'”
found that among a small series of 5-aryl-1-(3,4,5-tri-
methoxyphenyl)-1 H-imidazoles, compounds 2a and 2b
had comparable antiproliferative properties against the
NCI-H460 non-small cell lung cancer line (63 and
61 nM, respectively) and the HCT-15 colon cancer cell
line (69 and 89 nM, respectively) and very similar anti-
tubulin activity (7.7 and 7.6 uM, respectively).

N Ar2 N
Ly T
Ar? N 1 Ar! N
Ar H

2 3

2a:R'=0OMe;R2=NH,  3a:Ar! = 3-NH, 4-MeOCgH;
2b: R' = OMe; R? = OH Ar? = 3,4,5-(Me0)3CgH,
2¢:R'=NH,; R2=H 3b : Ar' = 3-OH,4-MeOC¢H;
Ar = 3,4,5-(MeO)3CgH,

3¢ : Ar' = Ar? = 1-Me,5-indolyl
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On the other hand, compound 2¢ was inactive against
NCI-H460 and HCT-15, and was not assayed for its
antitubulin activity. It was also demonstrated that 4,5-
diaryl-1 H-imidazoles 3a—c had cytotoxic and antitubulin
activities significantly higher than those of compounds 2
and that incorporation of an N-methyl group into the
imidazole ring of compounds 3 can lead to substances
4 with improved pharmacokinetic profiles, characterized
by excellent bioavailability.'?

Recently, in continuation of our investigations into the
synthesis and evaluation of the cytotoxic activity of vic-
inal diaryl-substituted five-membered heterocycles,
which can be considered as Z-restricted analogues of
1,'" we developed selective and efficient procedures for
the synthesis of 1,5- and 1,2-diaryl-1H-imidazoles of
general formula 2! and 5,34 respectively.

Ar2 N
D LA
1N

Ar Me Ar'

4 5

In this paper we report the evaluation of the cytotoxicity
of a variety of these heterocycles. Moreover, we describe
the results of molecular modeling studies performed to
investigate the interactions of these CA-4 analogues at
the colchicine binding site of af-tubulin and to verify
the possible relationship between their calculated inter-
action energies and their cytotoxicity values. In fact,
some papers reporting a good correlation between cyto-
toxicity and experimental antitubulin activity data have
been published.'®!'> However, it has also been found
that significant variations of the cytotoxicity values
due to structural modifications do not affect sometimes
the antitubulin activity'® and that some potent antitub-
ulin compounds can be marginally cytotoxic.'” It should
also be noted that the calculated interaction energies of
compounds 2 and 5 with ap-tubulin could be very useful
to identify imidazole derivatives able to cause selective
damage to tumor vasculature.'®

1,5-Diaryl-1 H-imidazoles 2d-g were regioselectively syn-
thesized by coupling of 1-aryl-1H-imidazoles 6a,b with
the required aryl iodides 7 in DMF at 140 °C in the pres-
ence of CsF as the base and a catalyst precursor consist-
ing of a mixture of Pd(OAc), and AsPh; (Scheme 1).!2

On the other hand, 1,2-diaryl-1H-imidazoles Sa—e were
regioselectively prepared by C-2 arylation of 6a—c with
the required aryl iodides 7 in DMF at 140 °C in the
presence of 5mol% Pd(OAc), and 2 equiv of Cul
(Scheme 2).!4

Compounds 2d-g and Sa—e were then tested for their
cytotoxic activity against the US NCI 60 tumor cell lines
screening panel. The results obtained using these com-
pounds and 1 against two selected human cancer cell
lines,' HCT-15 (MDR+) and NCI-H460 (MDR-),
and the entire NCI cell panel, which are reported as

[N‘> a I N
2 .
N +  Are-l — 5o N
At (40 -72%) Ar? A
6a-b 7a—c 2d-g
2| Ar! Ar2
d| 3,4,5-(Me0)3CgH> 2-naphthyl
e 3,4,5-(MeO)3CSH2 4-MeOCGH4
f 4—MeOCeH4 4-MeOCeH4

g 3,4,5-(MeO)3CgHa

Scheme 1. Reagents and condition: (a) Compounds 7 (2 equiv),
Pd(OAc), (5 mol%), AsPh; (10 mol%), CsF (2 equiv), DMF, 140 °C,

21-90 h.

3'F,4'MeOCSH3

[N> AR a [N\%ArQ
N = _ o, N
4 (60 — 80%) i
6a—c 7a,b,d 5a-e
5| Ar! Ar?
a| 3,4,5-(MeO)3CgH» 2-naphthyl
b| 3,4,5-(Me0)3C¢H, 4-MeOCgH,
[+ 4'MGOCeH4 4-MeOCGH4

d 4-MeOCGH4
e 2-naphthyl

3,4,5-(MeO)3CeH,
3,4,5-(MeO)3CsHs

Scheme 2. Reagents and condition: (a) Compounds 7 (2 equiv),
Pd(OAc), (5 mol%), Cul (2 equiv), DMF, 140 °C, 48-60 h.

the mean Log molar drug concentration (MG_MID
Log) for all tested human cancer cell lines, are shown
in Table 1.

Some aspects of the cytotoxicity data reported in this ta-
ble merit comment. First, compound 2g proved to be the
most potent imidazole derivative among the examined
compounds which, save 2f and 5¢, contained a 3,4,5-tri-
methoxyphenyl (TMP) group. Second, compounds 2d
and 2g proved to be more cytotoxic than 1, which con-
firms that, as previously reported, the 3-fluoro-4-meth-
oxyphenyl and the 2-naphthyl moieties are good
surrogates of the CA-4 B ring.!” Third, the 1,5-diaryl-

Table 1. Cytotoxicity of imidazoles 2d-g and 5a-e, and of CA-4 1
against the NCI 60 human cancer cell lines screening panel

Compound Cytotoxicity" Glsg MG_MID Log*
(uM)
HCT-15 NCI-H460 Glso TGI
2g (NSC736359) <0.01 <0.01 —7.40 —4.51
2d (NSC736992) 0.017 0.018 —7.14 —4.40
2e (NSC733436) 0.170 0.363 —6.59 —4.71
2f (NSC734603) 19.498 15.488 —4.80 —4.32
Se (NSC736994) 0.022 0.021 —6.86 —4.80
5a (NSC736993) 0.051 0.037 —6.82 —4.68
5d (NSC735354) 1.148 2.344 —5.45 —4.32
5b (NSC735355) 1.148 1.585 —5.34 —4.16
5c¢ (NSC734602) 22.909 17.783 —4.76 —4.19
1 (NSC613729)° <0.01 <0.01 —7.00 —5.03

 Evaluated over a 107 to 107 M range. These values are means of
two series of cytotoxicity tests (reported in the Supporting
Information).

® http://dtp.nci.nih.gov/dtpstandard/dwindex/index jsp.
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1 H-imidazoles 2d and 2e showed cytotoxic activities
higher than those of the corresponding 1,2-diaryl-1H-
imidazoles 5a and 5b, respectively. Fourth, compounds
2d and 5a possessing a 2-naphthyl substituent were
found to be more cytotoxic than compounds 2e and
5b, respectively, in which the 4-methoxyphenyl moiety
replaces the 2-naphthyl group. It is also worth mention-
ing that some of the examined imidazoles proved to be
especially active against some tumor cell lines (see Sup-
porting Information). For example, 2d displayed Log
TGI —7.53 for the colon cancer cell line HCC-2998
and the value of Log TGI of 2g for the leukemia cell line
HL-60(TB) was less than —7.54. Thus, 2d and 2g were
approximately 1000 times more efficacious in these can-
cer lines compared to the mean total growth inhibition
(TGI) value in the other 59 cell lines. Finally, it should
be mentioned that an in vivo test performed on MD-
MBA-435 breast cancer cells xenotransplanted in immu-
nodeficient mice showed that 2e is able to inhibit signif-
icantly the tumor growth at a 150 mg/kg/day dose (52%
inhibition after 25 days).?°

Docking studies on compounds 2d-g and 5a—e were then
carried out to investigate the structural basis of the bio-
logical results obtained with these cis-locked CA-4 ana-
logues. Thus, taking into account that the mechanism of
cytotoxicity of CA-4 (1) and other combretastatins has
been shown to involve the inhibition of tubulin polymer-
ization by binding at the colchicine binding site of tubu-
lin,® we directed our attention to the in silico
determination of the total interaction energies (Ej,,) of
compounds 2d-g and Sa—e with the colchicine binding
site on afp-tubulin.

At first, the minimum energy conformations of the imid-
azole ligands were selected as reported in the Supporting
Information. Then, in order to find the best arrange-
ment of each molecule inside the colchicine binding site,
the atomic coordinates of af-tubulin complexed with
CA-4 were used as the starting point of the docking
studies.® Molecular docking was carried out using
DOCKS5 software package?' and the adopted docking
methodology was validated by checking the energy
scores obtained by docking into tubulin a representative
set of ligands, namely colchicine (8), CA-4 (1), stegana-
cin (9), and compounds 10 and 11, which are included
among those recently used to construct a comprehen-
sive, structure-based pharmacophore.®

MeO OMe
MeO’@Z oM
MeO S oM MeO e
e —Me

m N 0
N © 4

The docking methodology was then used for docking
the minimum energy conformations of the investigated
imidazole ligands into of-tubulin. Interestingly, the
top score conformers of the whole set of molecules

Figure 1. Arrangement of 1 (green), 2d-g and 5a—e inside the
colchicine binding site.

had a three-dimensional arrangement of their groups
similar to that assumed by 1 in its binding conformation
(Fig. 1). It should also be noted that the B ring of com-
pounds 2d, 2e, 2g, and 5a, 5b, 5d, and 5e (where, as for 1,
the TMP group is represented by the A ring) was found
to occupy a similar space in the colchicine binding site
and was buried in all cases in the af-tubulin structure
near the Cys-f239 residue.

On the other hand, since docking putative inhibitors in a
rigid protein binding site derived from a complex with
another ligand may be misleading in the identification
of the correct binding mode and in the assessment of
reliable binding affinities, further calculations were per-
formed to refine the chosen adducts and find the best
structural adaptation of both the protein active site res-
idues and the ligand groups in forming the complex.

Thus, the tubulin—-imidazole ligand complexes were sub-
jected to energy minimization to relieve any unfavorable
clash in the model structures and the minimized systems
were used as input to short molecular dynamics simula-
tion runs (100 ps), performed in the NVE ensemble (see
Supporting Information).??> To evaluate the readjust-
ment of the active site residues in the calculated tubu-
lin-imidazole structures, the root mean square
difference (rsmsd) between the atoms of the tubulin-1
complex and the corresponding atoms of each tubulin—
imidazole model was evaluated. In the case of backbone
atoms’ superimposition the rmsd was lower than 0.5 A,
whereas for the side chains the maximum rmsd found
was ca. 0.8 A (for compound 5a) suggesting that the li-
gand-induced conformational changes were small and,
as expected, more pronounced for the side chains as
compared to the main chains.

The molecular electrostatic potential (MEP) of imidaz-
oles 2 and 5 was then examined in comparison with that
of 1 (Fig. 2). Interestingly, remarkable correlations sug-
gesting the existence of related binding mechanisms for
the tubulin polymerization inhibition were found. In
fact, besides having similar three-dimensional electron
density shapes in their most stable binding conforma-
tions, the imidazole derivatives exhibited similar regions
of positive (blue) and negative (red) electrostatic poten-
tial. It can also be noticed that in the case of 2g the fluo-
rine lone pairs produced a noticeable negative potential
above and below the plane of the B ring, thus enlarging
the negative potential lobe generated by the methoxy
oxygen lone pairs. This lobe was instead smaller in 2e





5760 F. Bellina et al. | Bioorg. Med. Chem. Lett. 16 (2006) 5757-5762

Figure 2. MEP of compounds 1, 2d-g, and 5a-e produced by RESP partial charges (red and blue surfaces = —10 kcal/mol and +10 kcal/mol,

respectively).

where the fluorine atom is replaced by a hydrogen atom.
A similar, negative region was observed for the lone
pairs of the OH group onto the B ring of CA-4, which,
due to the presence of the hydroxyl proton hydrogen
bonded to the nearby methoxy oxygen, gave rise to a
somewhat compressed negative lobe. The N-3 lone pair
of the imidazole ring also generated a large negative
lobe, which in the case of 5d and 5e was enlarged by
the cooperative effect of the A ring m density and its
meta methoxy oxygen lone pairs. On the other hand,
in the case of 5b and 5a the enlargement was due to
the cooperation of the m density of the B ring. Analo-
gous negative regions were observed for 2g, 2d, 2e,
and 2f where the presence of the H-4 imidazole hydro-
gen atom prevents the enlargement of the lobe and gives
rise to a very small positive region.

A negative potential was always found to be associated
with the methoxy oxygen atoms of the A ring and a
strong shrinking of the negative lobe was apparent for
2f where only one methoxy group is present. On the con-
trary, methoxy protons produced positive lobes whose
size depends on spatial arrangement and cooperative
effects.

In order to quantify these qualitative predictions, the
intermolecular interaction energy, which is the sum of
the van der Waals and electrostatic interactions between
ligand and protein, was then calculated. As shown in
Table 2, the van der Waals packing between the receptor
and the ligand proved to be favorable in all the models

Table 2. Total interaction energy (Ej,), in kcal/mol, its van der Waals
(vdW) and electrostatic (elec.) components and the intramolecular
energy difference between the more stable conformers inside and
outside the binding site (AEpiq) of each studied molecule

Compound vdW Elec. Ei AEping
CA-4 —50.529 —12.599 —63.128

2g —53.395 —11.181 —64.576 0.77
5a —54.722 —6.112 —60.834 1.21
2d —52.613 —7.729 —60.342 0.88
Se —46.860 —12.494 —59.353 2.89
2e —46.243 —10.956 —57.199 1.30
5d —41.195 —12.331 —53.526 2.99
5b —53.363 —2.232 —55.595 1.22
2f —42.111 —4.410 —46.521 1.44
5¢ —43.501 —2.405 —45.906 1.13

implying that van der Waals contacts promote binding.
Compounds 2e, 2f, 5¢, 5d, and Se had a lower number of
hydrophobic contacts in comparison to the other inves-
tigated imidazoles and thus the van der Waals interac-
tion energy was less favorable.

It was also found that the electrostatic term plays a key
role in predicting the binding and that, due to additional
favorable electrostatic interactions with the active site
residues, greater stabilization energy was achieved for
2g which had the lowest total energy interaction (E)
and the lowest energy difference (AEy;,q) between the

most stable conformers inside and outside the binding
site (Table 2).
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Figure 3. Compound 2g inside the colchicine binding site. Hydrogen
bonds are evidenced as dashed black lines. Secondary structure
elements are represented as solid red cylinders (a-helices), solid cyan
arrows (B-sheets), and solid gray ribbon (loops). Amino acids within
4.5A from 2g are displayed as sticks.

It is also worth noting that the binding mode of the
investigated imidazoles strongly resembled that of CA-
4 1 and that their docking revealed a consistent set of
recurring interactions. As shown in Figure. 3, in which
compound 2g is represented inside the colchicine bind-
ing site of tubulin, the 4-methoxy oxygen of the TMP
group of compounds 2d, 2e, 2g and 5a, 5b, 5d, Se engag-
es a hydrogen bond to the Cys-$239 SH group and ap-
pears to be oriented so that it can interact favorably with
the hydrophobic Val-B236, Leu-$240, Leu-f246, Ala-
248, Leu-B253, and Ala-B352 side chains, which are
positioned over and below its plane (see also Tables 4
and 5 in the Supporting Information). At the bottom
of the cleft which hosts the A ring the Met-f257 side
chain, owing to its sulfur lone pair, creates a negative
electrostatic potential region which favorably interacts
with the methyl part of the meta methoxy substituents,
as confirmed by the value of the interaction energy with
the colchicine binding site. On the other hand, the B aro-
matic moieties of compounds 2d, 2e, and 5a, 5b, 5d, and
5e were found to be located in a large pocket where their
n density favorably interacts with the Asn-B256 methy-
lene and Ala-B314 methyl groups (Fig. 4, and Tables 4
and 5).

In the case of 2g (Figs. 3 and 4), the methoxy oxygen of
the B ring proved to be oriented toward the methyl
group of Val-al79, and the fluorine atom was found
to form a hydrogen bond with the backbone NH group
of Val-a179.

All the imidazole ligands were found in the same loca-
tion and only a very small difference in their binding
mode, due to the orientation of the imidazole moiety,
was observed for 5a and 5b. In fact, as shown in
Figure. 4 and confirmed by the energy values reported
in Table 3 of the Supporting Information, 5a and 5b
had electrostatic potential matches of their imidazole
ring with the nearby surface site residues less favorable
than the other imidazoles. The electrostatic complemen-
tarity was not well satisfied and, to ameliorate the inter-
action with the site and minimize repulsion forces, these
molecules were obliged to readjust the position of their
imidazole rings, changing their orientation in compari-
son with that of the other derivatives.

Finally, it must be mentioned that even though the com-
plementarity between the investigated imidazoles and
the colchicine binding site of tubulin has proved remark-
able, the existence of a set of relatively small empty
pockets between the ligands and the target residues of
the protein might allow an improvement of the interac-
tions between imidazole derivatives and these regions of
the binding site. The topography and volume of these
cavities in the colchicine binding site, which could be
occupied by substituent groups of the imidazole moiety
possessing an appropriate size and polarity, can be ob-
served, for example, in the cross section of the tubu-
lin—2g binding site surfaces (Fig. 5).

In conclusion, in this study the in vitro antitumor activ-
ity of novel vicinal diaryl-substituted 1 H-imidazole ana-
logues of CA-4 has been evaluated and two 1,5-diaryl
derivatives have been found to be more cytotoxic than
CA-4. Moreover, a combined computational strategy
consisting of molecular mechanics, rigid docking, and
molecular dynamics simulations has been used to inves-
tigate the interactions of 1,5- and 1,2-diaryl-1 H-imidaz-
oles 2 and 5 with the colchicine binding site of of-
tubulin that is the recognized main biological target
for combretastatins.® The developed procedure allowed
the identification of the bioactive structures of the li-
gands among their minimum energy conformations,
their arrangement inside the binding site, and the theo-
retical calculation of their total interaction energy. It
should be noted that some of the herewith investigated
imidazoles have been shown to be characterized by high
total interaction energies with the colchicine binding site
and that for one of these heterocycles, 2g, this interac-

Figure 4. Compounds 1, 2d-g, and 5a—e inside their binding site.
Molecular surfaces colored according to the electrostatic potential
(blue = positive potential region, red = negative potential region).

Figure 5. Cross-section of the tubulin-2g (a and b) binding site
surfaces. Several minor cavities are visible near both the a and b
moieties.
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tion energy has been found to be higher than that of
CA-4. The good linear correlation (R*> = 0.95) between

calculated interaction energies of imidazoles 2 and 5
with the colchicine binding site of af-tubulin and their
MG_MID Log GlIs, values, and the identification of
ancillary binding site pockets, represent encouraging re-
sults, which suggest that the chosen theoretical method-
ology could be appropriate for the identification of
compounds with increased affinity and specificity for
the colchicine binding site. Finally, it is also worth not-
ing that, as CA-4 and some other antitubulin agents
have recently been shown to exhibit antivascular dis-
rupting activity (VDA) against tumor neovasculature
at dose levels lower than those of their maximum toler-
ated dose,'® the calculated total interaction energies
could be used to select potential lead derivatives able
to cause selective VDA.
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Abstract—Emerging new properties and applications of enzymes in organic solvents and ionic liquids are unabating. By applying a
combined Quantum Mechanics/Continuum Mechanics computation on a prototypical catalytic triad serine-histidine-aspartate
(SER-HIS-ASP) interacting with ethanol or acetonitrile molecules, the major difference between protic and aprotic solvents in effect-
ing transition-state stabilization has been analyzed. Moderately polar aprotic solvent acetonitrile is predicted to be unable to sta-
bilize the transition state in replacing the role of the oxyanion-hole environment, whereas protic ethanol solvent molecules of
similar polarity to acetonitrile are adequate in re-gaining the enzymatic activities.

© 2006 Elsevier Ltd. All rights reserved.

Surging interests in the use of enzymes in non-aqueous
solvents as opposed to the presumed native aqueous
medium have recently been driven by the emerging
new properties and applications that enzymes exhibit
in organic solvents.!~® Here we attempt to complement
the voluminous experimental data in this area by
applying a combined Quantum Mechanics/Continuum
Mechanics (QM/CM) computation on a simplified
model of a representative biocatalytic subsystem—cat-
alytic triad serine-histidine-aspartate (SER-HIS-ASP)
interacting with ethanol or acetonitrile (ACN) mole-
cules. SER-HIS-ASP catalytic triad, commonly found
in serine proteases, is responsible for the cleavage of
peptide bonds through acylation in aqueous solution
which is a two-step reaction presumably. The hydroxyl
oxygen of the SER side chain (Olggr) initiates a
nucleophilic attack on the peptidic carbonyl carbon
of substrate in forming a tetrahedral oxyanion inter-
mediate while the proton on the same hydroxyl oxy-
gen is migrating to the imidazole nitrogen of the
neighboring HIS side chain (Fig. 1). This is followed
by the hydrolysis of the peptide bond of the substrate.
Some studies have strongly suggested that the side

Keywords: Catalytic triad; Non-aqueous solvent; QM/CM.
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chain of the spatially neighboring protein residues
(the ‘oxyanion-hole’ environment’) is instrumental in
stabilizing the transition state and the subsequent
intermediate.®? Chang et al. reported that medium ef-
fect is also important in that regard.!® This study in
particular investigates the plausibility of explicit sol-
vent molecules other than water molecules proximal
to the transition states in acting as the oxyanion-hole
environment.

Experimentally, serine proteases are generally fairly ac-
tive in many neat organic or aquo-organic solvent media
with respect to synthetic reactions (e.g., esterification,
trans-esterification) but with plummeted hydrolytic
activities.! ® However, one must be cautious in compar-
ing enzymatic reactions in different organic solvents as
the thermodynamic activities of the substrates or even
the enzyme itself are either not well or difficult to be de-
fined due to varying solubilities.!3 If possible, keui/Km
should be used for consistent comparisons in various
solvents. In addition, the issue of enzyme flexibility in
relation to the enantioselectivities of specific and non-
specific substrates must be considered also.'> A recent
report revealed that in aquo-organic solvents of 95%
organic (ethanol, 1,4-dioxane, or acetonitrile) content,
serine protease exhibited comparable (a-chymotrypsin)
or even higher (trypsin) residual hydrolytic activities to-
ward specific substrates compared with those measured
in water.'* The results were meaningfully correlated
with the secondary structure contents of the enzymes.
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Figure 1. Optimized structures of species involved in the acylation at the HF/3-21G(d) level at the initial (top), transition (middle), and intermediate
(bottom) states in the three different solvent environments (left to right: aqueous, ethanolic, ACN). The relevant distances are labeled and indicated in
A. The illustrations are in ball-and-stick (green, carbon; white, hydrogen; blue, nitrogen; red, oxygen).

Unfortunately, the residual hydrolytic activities were
only reported in terms of apparent K, rather than the
specific constant (ke /K.

Computational studies on the acylation catalyzed by
catalytic triad so far have been exclusively carried out
in either gas phase or aqueous medium.'!-!> By investi-
gating the potential energy surface (PES) of the initial
acylation step (leading to the acyl-enzyme complex) cat-
alyzed by the SER-HIS-ASP catalytic triad, which is the
common rate-determining step in either peptide-bond
hydrolysis, esterification, or even transesterification, a
clearer picture can be provided for the underlying mech-
anism of the so-called non-aqueous enzymology in neat
organic or aquo-organic solvents. To be specific, the
computation here is only directly relevant to the discus-
sion of kg, which should be complementary to the
experimental studies providing Ky, information'* in dis-
secting the trend of k.,/K;,. Ab initio calculations have
previously been performed by others on the QM catalyt-
ic triad subsystem, with the rest of the enzyme system
represented by capping terminal methyl groups.'? In this
study, the structures of the model reactant, transition
state, as well as the tetrahedral intermediate were explic-
itly compared in model ethanol or acetonitrile environ-
ment, and to the control in water.

Two water molecules and a formamide molecule (a min-
imal peptidic bond unit) were used to simulate the oxy-
anion hole and the substrate, respectively, as in
Nemukhin;!? while these water molecules were replaced
by two ethanol or two ACN molecules in the two non-
aqueous counterparts being modeled here. The initial
geometry of the catalytic triad in the aqueous system
is based on the crystal structure reported at 0.98 A
atomic resolution.!> Thus the QM subsystem includes
totally six species (Fig. 1) which was then optimized at
the HF/3-21G(d) level without constraints using Gauss-
ian98.!¢ Various initial orientations of the two explicit
solvent molecules have been tested and results discussed
hereafter are based on the most optimized configura-
tions. The distance between Olgggr and the carbonyl car-
bon of the formamide substrate was then selected as the
reaction coordinate and iterative constrained optimiza-
tions were carried out at different points along this fixed
coordinate in order to obtain the pseudo-minimum-en-
ergy path. Full optimization and frequency analysis at
the same computational level were extended to the ini-
tial, transition, and final points along the chosen reac-
tion coordinate of the systems subsequently.
Transition structures are further confirmed by intrinsic
reaction coordinate calculations. Based on these
optimized structures, the energies of the systems were
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recalculated at the B3LYP/6-31+G(d,p) level in continu-
um solvent by using Jaguar!” based on the linearized
Poisson—Boltzmann formulation by setting the dielectric
constant 80.37 for water, 25.30 for ethanol, and 36.64
for ACN.!® The electrostatic potential used for the fit-
ting of atomic charges was computed on a grid with grid
points centered on each atomic nucleus based on self-
consistent reaction field model (tolerance set at
5% 107 hartree).

The optimized structures are displayed in Figure 1, and
their energies calculated at the B3LYP/6-31+G(d,p) le-
vel are summarized (Table 1). The acylation energy pro-
files along the fixed reaction coordinates are compared
by superposition (Fig. 2). The energy barrier for the
acylation of the water system is found to be
26.8 kcal mol ™!, which is slightly higher than the corre-
sponding value in the ethanol case (25.7 kcal mol™").
These comparable results suggest that the reaction rates
of acylation are similar in these two media.'* Initially,
the distance between the HIS imidazole nitrogen and
Olsgr (N1-0O1) is 2.804 A while the distance between
the other HIS imidazole nitrogen and the ASP carboxyl
oxygen (N2-02) is 2.575 A in 1 of the water system
(Fig. 1). The starting reaction coordinate ry,o in 1 is
3.072 A which is close to the corresponding value in
the ethanol system. In the transition structure TSy,0,
the distance rp,o is shortened to 1.725 A while the
NI1-O1 and N2-O2 distances concomitantly decreased
to 2.466 and 2.548 A (due to the stronger hydrogen bon-
dings between the amino acid residues inside the catalyt-
ic triad). Similar phenomenon can be observed in the
transition structure of the ethanol case. In passing the
transition state, the energy of the system declines and
a stable tetrahedral oxyanion intermediate is resulted.
The reaction coordinates of the intermediates are further
shortened to 1.529 A (1’). The N2-O2 distances in both
solvent media stay unchanged essentially while the N1-
O1 ones bounce back close to the initial values along
with the complete proton transfers.

In contrast, there is no clear transition extremum found
in the PES of the ACN system (Fig. 2). Although the

30.0
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Figure 2. Minimum-energy path for the acylation of the three systems
calculated at the B3LYP/6-31G+(d,p) level. The positions of the
transition states are indicated on the x-axis (blue, ACN; red, EtOH;
black, water). The structures of the initial, transition, and intermediate
states of the water (black) and ethanol (red) systems are superimposed
for illustration (the solvent molecules are ignored for clarity).

presumed transition state (at racn = 1.816 A) and tetra-
hedral intermediate (at racn = 1.538 A) are able to be
located in the optimization level, the energy of the sys-
tem increases monotonically in the continuum calcula-
tion as the reaction coordinate shortened. However,
the N1-O1 and N2-O2 distances are close to the water
counterpart showing that the structure of the catalytic
triad is similar in both media. In TSscn, the distance
racn calculated is 1.816 A which deviates significantly
from the corresponding value 1.725 A in the water sys-
tem. Although the racn (1.538 A), N1-O1 (2.667 A),
and N2-0O2 (2.532 A) distances in the tetrahedral inter-
mediate (3’) are close to the corresponding values (1.529,
2.676, and 2.541 A, respectively) in the water system, the
solution energy obtained in the continuum calculation is
not on a minimum point.

The results obtained here illustrate the critical role of the
immediate vicinity of the transition states. Moderate to
strong hydrogen bondings'® between the two explicit
water/ethanol molecules and the carbonyl oxygen of
the formamide is formed throughout the entire process.

Table 1. Total (E) and relative (AE) energies of the catalytic systems in this study both in the gas and solution continuum phases calculated at the

B3LYP/6-31+G(d,p) level

System®
environment

The triad + 2 solvent molecules + gas phase

E,, (hartrees)

AE,, (kcal mol ™)

The triad + 2 solvent molecules + dielectric
continuum solvent

AEq, (kcal mol™")

Ego1n (hartrees)

Solvent: 2 water molecules

1 —972.04293 0.0
TSu,0 —971.99857 27.8
1 —972.00378 24.6
Solvent: 2 ethanol molecules

2 —1129.28551 0.0
TSkon —1129.24434 25.8
2/ —1129.24847 23.2
Solvent: 2 acetonitrile molecules

3 —1084.69471 0.0
TSacN —1084.65457 25.2
3/ —1084.64966 28.3

—972.13994 0.0
—972.09724 26.8
—972.10348 229
—1129.37175 0.0
—1129.33078 25.7
—1129.33318 242
—1084.78946 0.0
—1084.74619 27.2
—1084.73727 32.7

#See Figure 1 for the system configurations.
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Their distances decrease from 2.079 and 1.745 A (in 1)
to 1.851 and 1.604 A (in TSy,0), and finally to 1.664
and 1.572 A in 1’, respectively (Fig. 1). Comparable
trend but with slightly stronger hydrogen-bonding
strength is found in the ethanol case. Only weak interac-
tions, however, are predicted between the ACN mole-
cules and the formamide substrate in 3 (Fig. 1). This
result suggests that the interaction formed between
ACN and formamide is not strong enough, as expected,
for stabilizing the transition state and the oxyanion
intermediate.

Interestingly, from Burt’s study,!? no reaction was war-
ranted either in the gas phase or in a dielectric solvent
continuum alone without the two explicit solvent water
molecules being included. This strongly implies the
importance of the interplay between protic solvent and
peptidic amide hydrogen in forming the charge-stabiliz-
ing environment through specific hydrogen bondings for
the rate-determining acylation step. In principle, they
are not mutually exclusive in a realistic complex and
dynamic enzymatic system but indeed especially indis-
pensable in charge-screening due to the low dielectric
environment surrounding the protein surface. This point
is general in view of the almost omnipresence of charges
induced at the transition states in most enzymatic reac-
tions. A slight local structural distortion of the enzyme
caused by external factors such as changed solvent nat-
ure in non-aqueous biocatalysis will destroy or diminish
the natively evolved optimal charge-stabilizing protein
environment. This has to be compensated through
other, but often much less effective, molecular mecha-
nisms if it cannot be provided by aprotic solvent mole-
cules such as ACN. The current results might as well
imply the re-gained or even enhanced enzyme activity
observed in some ionic liquids or ionic liquids of the imi-
dazolium-type suspended in organic solvent via the elec-
trostatic stabilization by the positively charged cations
(the anions used in these ionic liquids are often so bulky
that they cannot be easily fitted into either the active site
or the binding pocket).? 23

We have been able to demonstrate the major difference
between model protic (e.g., water, ethanol) and aprotic
(e.g., acetonitrile) solvents, of similar polarity, in effect-
ing transition-state stabilization which is of great signif-
icance, especially to those non-aqueous biocatalytic
experiments performed under very low water activities.
The results reported here serve as a reference for further
studies in dissecting the enzymatic role of the protein
environment close to the active site.
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Abstract—MCSS and LeapFrog, two de novo drug design programs, were used for the novel indole-based PPARY ligands’ study.
The designed compounds were synthesized and tested for the PPARY protein binding activities in vitro. Out of the compounds that
were synthesized, two molecules (compounds 14d and 7d) possessed potent PPARYy protein binding activity close to rosiglitazone
in vitro.

© 2006 Elsevier Ltd. All rights reserved.

The peroxisome proliferator-activated receptor (PPAR)
belongs to the family of nuclear receptors, which play an

\ O = o
important role in regulating the expression of a large N Sy | J
number of genes involved in lipid metabolism and ener- CN( 10 S \\<NH S\\<NH
. : °
S o)

gy balance.! Synthetic PPARy agonists for the treatment

of type II diabetes have been proved successful fpr .glu— Rosiglitazone (1) Pioglitazone (2)
cose control, for example, the marketed drugs rosiglitaz-
one (1) and pioglitazone (2). They belong to the class of Figure 1. Structures of marketed PPARY agonists.

thiazolidinedione (TZD) antidiabetic agents (Fig. 1) and
control the blood glucose level in type II diabetes by an
insulin sensitizing mechanism.?>

Recently more compounds in clinical and preclinical
research have been reviewed.* In addition to the TZDs,
other structurally diverse synthetic PPARY agonists
have been identified such as a-alkoxy-B-phenyl propa-
noic acids (ragaglitazar, 3°) and tyrosine derivatives
(farglitazar, 4°) (Fig. 2). A typical PPARY agonist con-
sists of an acidic head attached to an aromatic scaffold,
a linker, and a hydrophobic tail.

Lately several indole-based compounds have been
reported to be potent PPARY agonists like 5 and 6
(Fig. 2).78 It is shown that indole ring perhaps improves
the binding activity for these compounds.

Keywords: De novo drug design; PPARY ligand; Type II diabetes;

Indole compounds.

* Corresponding author. Tel.: +86 021 54237560; fax: +86 021 Figure 2. Structures of some PPARY agonists in clinical and preclinical
64389178; e-mail: rwen@shmu.edu.cn research.
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In this letter, we report the structure-based de novo
design® by MCSS and LeapFrog programs, synthesis,
and biological evaluation of new indole-based PPARYy
ligands.

The X-ray crystal structure of the human apo-PPARY
ligand-binding domain (LBD) was first reported in
1998.1° Up to now, there are six different co-crystal
structures of PPARYy with the synthetic agonists. The
protein model used in our work was constructed accord-
ing to the crystal structure of PPARy-LBD-ragaglitazar
complex from the Brookhaven Protein Data Bank
(PDB), entry INYX.!!

The multiple copy simultaneous search (MCSS) pro-
gram'?> was employed to calculate the energetically
favorable position and the orientation of indole nucleus
in the active site of the receptor. The functional group
chosen for the MCSS calculation was trpr (tryptophan
side chain: 3-methyl indole). Replicas of the given func-
tional group were randomly distributed inside the bind-
ing site and then simultaneously and independently
energy-minimized.

Table 1. LeapFrog scores and AutoDock calculated binding free
energy for the complexes of the lead compounds

Compounds LeapFrog score Binding free energy (Kcal/mol)
Ta —15.13 —7.94
7b —21.02 —10.06
Tc —24.67 —10.58
7d —27.09 —11.07
Ragaglitazar na —10.43

/©/CHO
/©\ /LCOOH

©/\o
CAS

m002H5

Thus, the suitable position of 3-methyl indole obtained
by MCSS calculations was used along with the JOIN
move in LeapFrog program to generate the novel
ligands. The new ligands were checked for alternative
orientations using FLY move and were completely
minimized using TWIST move to evaluate the binding
energy for the minimum energy conformation of the
ligand. The process was repeated to generate the
different ligands.

The MCSS and LeapFrog design result indicated that 3-
(6-benzyloxy-1H-indol-3-yl)-2-acylaminopropionic acid
7a—d were nicely accommodated by PPARY ligand-bind-
ing pocket. Then the advanced docking program
AutoDock 3.0'3 was used to determine the lowest energy
position in the active site for the above lead molecules.
The calculated binding free energy and LeapFrog score
of each molecule are given in Table 1.

Table 2. Biological activity of compounds 14a—e and 7a-e compared
to the marketed compound rosiglitazone

Compounds RU (10 °mol/L) Kp (mol/L)
14a 9.36 na
Ta 9.20 na
14b 16.23 na
7b 14.16 na
14c¢ 13.46 na
Tc 20.00 na
14d 35.29 8.69x107°
7d 73.42 6.86x 107°
14e 11.58 na
Te 16.69 na
Rosiglitazone na 4.98x107°

@7
©/\ "COOC,Hs

@”CU -

11
COOC,H5
\NfCHS COOC,H5
IOl g e
O N CHs O N
H
12 13a-e
COOH
COOH COOH
| NHR h o ‘Nl NHR
Aoy Cy o n
¥z
14a-e 7a-e

9 9 1l 9
R: a= —C-CH; b= _CQ c= —C CH, d=_ @—m 8 = —C-C,Hg

Scheme 1. Reagents and conditions: (a) N3CH,COOC,Hs, C,HsONa, C,HsOH, 85%; (b) xylene, reflux, 80%; (c) 2 N NaOH, EtOH, reflux, 91%;
(d) Cu, quinoline, reflux, 82%; (e) (CH3),NH, HCHO, CH;COOH, 91%; (f) RNHCH(COOC,Hs),, NaOH, toluene, reflux, 31-62%; (g) 10% NaOH,

reflux, 73-86%; (h) H,0, reflux, 72-83%.
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Figure 3. Superimposition of compound 7d (white) on the PPARy-bound conformation of ragaglitazar (blue). Residues involved in hydrogen

bonding action to 7d are also indicated.

The designed ligands were synthesized as shown in
Scheme 1. 4-Benzyloxybenzaldehyde was condensed
with ethyl azidoacetate in the presence of sodium ethox-
ide to obtain azidocinnamate 8, which was heated in xy-
lene to provide ester 9. The subsequent hydrolysis and
Cu/quinoline mediated decarboxylation afforded the
6-benzyloxyindole 11. By the Mannich reaction,
compound 11 was transformed to 3-(dimethylaminom-
ethyl)-6-benzyloxyindole 12, which acted with 2-acyl-
amino malonic acid diethyl ester in the presence of
sodium hydroxide and toluene to afford 13a—e. The
compounds 13a—e were saponifed under basic condition
to afford diacid 14a—e, and decarboxylated to obtain
target compounds 7a—e.

The newly synthesized 3-(6-benzyloxy-1H-indol-3-yl)-2-
acylaminopropionic acid 7a—e and their synthetic pre-
cursors 14a—e were tested through the receptor/ligand
binding assay in vitro.'* The result shows that (1) the
Response Unit (RU) values of the compounds 14a——c,
14e, 7a—c, and 7e were bellow 20 at 10> mol/L concen-
tration, which indicated that their binding activities to
PPARYy were weak; (2) the compounds 14d and
7d exerted significant binding activities. As shown in
\Table 2, the Kp values of 14d and 7d were close to that
of the marketed drug rosiglitazone.

As our Docking study prediction, the compound 7d was
nicely accommodated by PPARy-ligand binding pocket.
The calculated binding free energy was —11.07 Kcal/
mol, better than other designed compounds 7a—c. As
seen in Figure 3, the amino acid group of 7d as the
hydrophilic group head is involved in hydrogen bonds
formation with Cys285 and Ser289. The indole heterocy-
cle as the flat aromatic group also forms hydrogen
bonds interaction with Cys285. Arg288 forms H-bond
action with the O atom of the benzyloxy. The benzene

ring of benzyloxy is situated in the hydrophobic pocket
formed by Leu333, Glu343 and Ser342. Other residues
with hydrophobic action include Phe282, Phe363,
His449, Met364, Tyr327, 11326 and Leu330.

In summary, MCSS and LeapFrog programs were
used successfully to design novel indole-based PPARY
ligands. Among our designed and synthesized
compounds, in fact two new indole molecules (com-
pounds 7d and 14d) possessed potent PPARYy binding
activity close to rosiglitazone in in vitro biological as-
say. Currently, further detailed study and in vivo
pharmacological evaluation of these compounds are
under way.
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according to the requirement of the Amber force field. The
number of generation, energy evaluation, and docking runs
was set to 370,000, 1,500,000, and 10, respectively. The
kinds of atomic charges were taken as Kollman-all-atom for
PPARY and Gasteiger—Huckel for ligands.

Yu, C. Y.; Chen, L. L.; Luo, H. B.; Chen, J.; Cheng, F.;
Gui, C. S.; Zhang, R. H.; Shen, J. H.; Chen, K. X_; Jiang,
H. L.; Shen, X. Eur. J. Biochem. 2004, 271, 386.
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New rifabutin analogs: Synthesis and biological activity against Mycobacterium tuberculosis pp 5717-5722
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The synthesis and biological evaluation of novel rifamycin derivatives are described.
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Aminopyridine carboxamides as c-Jun N-terminal kinase inhibitors: pp 5723-5730
Targeting the gatekeeper residue and beyond
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The structure—activity relationships of 5,6-positions of aminopyridine carboxamide-based c-Jun N-terminal Kinase (JNK) inhibitors
were explored to expand interaction with the kinase specificity and ribose-binding pockets.
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for a series of factor Xa inhibitors

Stefan Senger,” Maire A. Convery, Chuen Chan and Nigel S. Watson
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Development and evaluation of RGD peptide modified signal-responsive gene carrier are reported.

Identification of novel inhibitors of UDP-Glc 4'-epimerase, a validated drug target pp 5744-5747
for african sleeping sickness

Michael D. Urbaniak, Jioji N. Tabudravu, Aichi Msaki, Kathy Mansfield Matera,
Ruth Brenk, Marcel Jaspars and Michael A. J. Ferguson®

Novel inhibitors of Trypanosoma brucei and human UDP-Glc 4’-epimerase with
micromolar potency were identified by screening marine natural products and
drug-like molecules.
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Angus MacLeod, Rose Marwood, Georgina Meneses-Lorente, Elena Mezzogori, Fraser Murray,

Michael Rigby, Inmaculada Royo, Michael G. N. Russell, Bindi Sohal, Kwei Lan Tsao and Brian Williams

2g hNK;R IC5, 8.8 nM






Contents | Bioorg. Med. Chem. Lett. 16 (2006) 5705-5716 5707

N ,2-Diphenylquinoline-4-carbohydrazide based NKj; receptor antagonists 11 pp 5752-5756

Jason M. Elliott,” Robert W. Carling, Gary G. Chicchi, James Crawforth, Peter H. Hutson,
A. Brian Jones, Sarah Kelly, Rose Marwood, Georgina Meneses-Lorente, Elena Mezzogori,
Fraser Murray, Michael Rigby, Inmaculada Royo, Michael G. N. Russell, Duncan Shaw,
Bindi Sohal, Kwei Lan Tsao and Brian Williams

@\N/COQMe

Os_NH
NN‘%
L~
~
N
F

8m hNK3R ICs0 4.0 nM

Novel imidazole-based combretastatin A-4 analogues: Evaluation of their in vitro antitumor activity pp 5757-5762
and molecular modeling study of their binding to the colchicine site of tubulin

Fabio Bellina,” Silvia Cauteruccio, Susanna Monti* and Renzo Rossi

The results of docking experiments aimed at calculating the interaction energies of a
variety of 1,5- and 1,2-diaryl-1 H-imidazoles with the colchicine binding site of tubulin
are reported along with their in vitro antitumor activity data.

Synthesis and SAR of novel hydantoin derivatives as selective androgen receptor modulators pp 5763-5766

Xuqing Zhang,” George F. Allan, Tifanie Sbriscia, Olivia Linton, Scott G. Lundeen and
Zhihua Sui
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A novel series of hydantoin derivatives were identified by in vivo studies as tissue selective androgen receptor

modulators. SAR around this series revealed that the function of the ligand could be altered by minor structural ®+
modification.
Synthesis of radiolabeled stilbene derivatives as new potential PET probes for aryl hydrocarbon pp 5767-5772

receptor in cancers
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Solid-phase combinatorial approach for the optimization of soluble epoxide hydrolase inhibitors pp 5773-5777
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The synthesis and SAR of 2-amino-pyrrolo[2,3-d]pyrimidines: A new class pp 5778-5783
of Aurora-A Kinase inhibitors

Kevin J. Moriarty,” Holly K. Koblish, Thomas Garrabrant, Jahanvi Maisuria, Ehab Khalil, Farah Ali,
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The synthesis of a potent Aurora-A inhibitor 32 (ICsy = 0.8 nm) is reported.

Design, total synthesis, and biological evaluation of neodysiherbaine A derivative as potential probes pp 5784-5787

Makoto Sasaki,” Koichi Tsubone, Muneo Shoji, Masato Oikawa,
Keiko Shimamoto and Ryuichi Sakai

The total synthesis and biological evaluation of neodysiherbaine A analogue are described.

A novel *™Tc-labeled testosterone derivative as a potential agent for targeting androgen receptors pp 5788-5792

Tapas Das, Sharmila Banerjee,” Grace Samuel, Ketaki Bapat,
Suresh Subramanian, Maroor R. A. Pillai and Meera Venkatesh
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A novel testosterone—BFCA conjugate is prepared and radiolabeled with *™Tc, an ideal diagnostic radioisotope, in an attempt to

prepare an agent for targeting androgen receptors. The bio-efficacy studies of the radiolabeled agent toward suitable cell line
expressing androgen receptors showed retention of biological activity.
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Design, synthesis and in vivo activity of 9-(S)-dihydroerythromycin pp 5801-5804

derivatives as potent anti-inflammatory agents

A. Mereu,” E. Moriggi, M. Napoletano, C. Regazzoni, S. Manfredini,
T. P. Mercurio and F. Pellacini

The synthesis of a new class of 9-(S)-dihydroerythromycin derivatives and their anti-inflammatory activity are reported.

Design, synthesis, and characterization of new embelin derivatives as potent inhibitors of pp 5805-5808
X-linked inhibitor of apoptosis protein
Jianyong Chen, Zaneta Nikolovska-Coleska, Guoping Wang, Su Qiu and Shaomeng Wang*

1, Embelin (initial lead) 69

Kj=0.40 + 0.13 uM to XIAP BIR3 Ki=0.18 + 0.09 uM to XIAP BIR3
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An SAR analysis of borrelidin analogues is presented.
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Michael A. Walker,” Timothy Johnson, Zhuping Ma, Yunhui Zhang, Jacques Banville,”
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Himadri Samanta, Zeyu Lin, Carol Deminie, Brian Terry, Mark Krystal and Nicholas Meanwell

The synthesis of aniline and indoline amide ketoacids as inhibitors of HIV integrase.
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Potent, selective pyrimidinetrione-based inhibitors of MMP-13

pp 5822-5826

Lawrence A. Reiter,” Kevin D. Freeman-Cook, Christopher S. Jones, Gary J. Martinelli, Amy S. Antipas,
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Fluorinated and hemifluorinated surfactants derived from maltose: Synthesis and application pp 5827-5831
to handling membrane proteins in aqueous solution
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Interaction of V;-unsubstituted and /V;-benzenesulfonyltryptamines at hS-HT¢ receptors pp 5832-5835
Renata Kolanos, Matgorzata Dukat, Bryan L. Roth and Richard A. Glennon*
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Comparative analysis indicates that N-unsubstituted- and N;-benzenesulfonyltryptamines bind differently at 5-HT¢ receptors.

Additionally, evaluation of conformationally constrained analogs suggests that a non-coplanar benzenesulfonyl moiety may be
optimal for binding.

Synthesis and free radical scavenging activity of a novel metabolite pp 58365839
from the fungus Colletotrichum gloeosporioides

Marienca Femenia-Rios, Carlos M. Garcia-Pajon, Rosario Hernandez-Galan,
Antonio J. Macias-Sanchez and Isidro G. Collado™
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Stereoselective synthesis of a novel metabolite from a strain of the phytopathogenic fungus Colletotrichum gloeosporioides was
carried out. The tetraol (—)-1 showed free radical scavenging activity comparable to that of protocatechuic acid.

6-Hydroxy- and 6-methoxy-f-carbolines as acetyl- and butyrylcholinesterase inhibitors pp 5840-5843
Yvonne Schott, Michael Decker,” Hans Rommelspacher and Jochen Lehmann*
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A series of B-carbolines and B-carbolinium salts were synthesized and their inhibitory activities towards AChE and BChE measured.
Micromolar inhibitors with some selectivity toward AChE were identified.
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Effects of a-substitutions on structure and biological activity of anticancer chalcones pp 5844-5848
Nicholas J. Lawrence,” Richard P. Patterson, Li-Ling Ooi, Darren Cook and Sylvie Ducki
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A novel oxazine ring closure reaction affording (Z2)-((E)-2-styrylbenzo|b]furo[3,2-d]- pp 5849-5854

[1,3]oxazin-4-ylideno)acetaldehydes and their anti-osteoclastic bone resorption activity
Yuko Ando, Kumiko Ando, Mami Yamaguchi, Jun-ichi Kunitomo, Masao Koida,

Ryo Fukuyama, Hiromichi Nakamuta, Masayuki Yamashita, Shunsaku Ohta and
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A novel ring closure reaction using the Vilsmeier reagent afforded (Z)-((E)-2-styrylbenzo[b]furo[3,2-d][1,3]oxazin-4-ylideno)ace-
taldehydes which gave butadiene compounds having potent anti-osteoclastic bone resorption activity.

Discovery and synthesis of tetrahydroindolone-derived carbamates as Kv1.5 blockers pp 5855-5858

Andrew Fluxe,” Shengde Wu, James B. Sheffer, John M. Janusz, Michael Murawsky,
Gina M. Fadayel, Bin Fang, Michelle Hare and Laurent Djandjighian

A novel class of tetrahydroindolone-derived carbamates has been discovered whose members are potent Kv1.5 blockers. The in vitro
data show that compounds 6 and 29 are quite potent. They are also very selective over hERG (>450-fold) and L-type calcium
channels (>450-fold).

Discovery and synthesis of tetrahydroindolone derived semicarbazones as selective Kv1.5 blockers pp 5859-5863

Shengde Wu,” Andrew Fluxe, John M. Janusz, James B. Sheffer, Greg Browning, Benjamin Blass,
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A novel class of tetrahydroindolone-derived semicarbazones has been discovered as potent Kv1.5 blockers. In in vitro studies,
several compounds exhibited very good potency for blockade of Kv1.5. Compound 8i showed good selectivity for blockade of Kv1.5
vs hERG and L-type calcium channels. In an anesthetized pig model, compounds 8i and 10c increased atrial ERP by 17-26% in the
right atrium without affecting ventricular ERP.
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4'-Alkoxyl substitution enhancing the anti-mitotic effect of 5-(3',4',5 -substituted)
anilino-4-hydroxy-8-nitroquinazolines as a novel class of anti-microtubule agents

Yi Jin, Zu-Yu Zhou, Wei Tian, Qiang Yu and Ya-Qiu Long"

The design and synthesis of 5-(3',4',5-substituted)anilino-4-hydroxy-8-nitroquinazo-
lines as a new class of mitosis inhibitors was reported. The alkoxyl substitution on 3',4'-
positions of 5-anilino portion was found favorable for the potency. So, the best activity
was exhibited by the 5-(3',4’,5-trimethoxy)anilino-8-nitroquinazoline (1h) in arresting
81% of the tumor cells at the G2/M phase at the concentration of 50 pM.
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Solid-phase synthesis and antibacterial activity of hydroxycinnamic acid amides and analogues
against methicillin-resistant Staphylococcus aureus and vancomycin-resistant S. aureus
Boon-ek Yingyongnarongkul,” Nuttapon Apiratikul, Nuntana Aroonrerk and

Apichart Suksamrarn
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12.5-100 pg/mL against MRSA and VRSA

pp 5870-5873

A library of hydroxycinnamic acid amides and analogues were synthesized and evaluated as antimicrobial activity against MRSA
and VRSA. The biological assay showed that dihydrocaffeoyl analogues were active against MRSA and VRSA.

Exploring a possible way to synthesize novel better antioxidants based on vitamin E: A DFT study pp 5874-5877

Weijun Chen, Jirong Song,” Ping Guo, Wei Cao and Jiang Bian
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Discovery of small molecule inhibitors of integrin avf3 through structure-based virtual screening pp 5878-5882

Yuan Zhou, Hui Peng, Qing Ji, Jing Qi, Zhenping Zhu and Chunzheng Yang*

Structure type of the best hit that targets integrin avB3 via structure-based virtual screening.
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potential antibacterial and antifungal agents
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Manish Kumar and Praveen K. Shukla
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The synthesis, antibacterial and antifungal activities of 2-24 are described.
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Structure-based design of a novel thiazolone scaffold as HCV NS5B polymerase allosteric inhibitors
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Synthesis and structure—activity relationships of 3-phenyl-2-propenamides as inhibitors of glycogen
phosphorylase a

Yue H. Li, Frank T. Coppo, Karen A. Evans,” Todd L. Graybill, Mehul Patel,

Jennifer Gale, Hu Li, Francis Tavares and Stephen A. Thomson
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Potent antagonists of the Kv1.5 potassium channel: Synthesis and evaluation
of analogous NV, /NV-diisopropyl-2-(pyridine-3-yl)acetamides
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Kausik K. Nanda, M. Brad Nolt,” Matthew J. Cato, Stefanie A. Kane, Laszlo Kiss, Robert H. Spencer,
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Discovery of potent inhibitors of pseudomonal quorum sensing via pharmacophore pp 5902-5906
modeling and in silico screening

Mutasem O. Taha,” Amal G. Al-Bakri and Waleed A. Zalloum

In silico-based discovery of new potent pseudomonal quorum sensing inhibitors is reported.

Development of 6-substituted indolylquinolinones as potent Chek1 kinase inhibitors pp 5907-5912
Shaei Huang,” Robert M. Garbaccio, Mark E. Fraley, Justin Steen, Constantine Kreatsoulas,

George Hartman, Steve Stirdivant, Bob Drakas, Keith Rickert, Eileen Walsh, Kelly Hamilton,

Carolyn A. Buser, James Hardwick, Xianzhi Mao, Marc Abrams, Steve Beck, Weikang Tao,

Rob Lobell, Laura Sepp-Lorenzino, Youwei Yan, Mari Ikuta, Joan Zugay Murphy,
Vinod Sardana, Sanjeev Munshi, Lawrence Kuo, Michael Reilly and Elizabeth Mahan

6-Substituted 3-(indol-2-yl)quinolinones are reported as potent Chek1 inhibitors.

Chek1 ICso = 0.65 nM
Cell ECso = 97 M

Structure-based de novo design, synthesis, and biological evaluation pp 5913-5916
of the indole-based PPARY ligands (I)

Xiaochun Dong, Zhenshan Zhang, Ren Wen,” Jianhua Shen, Xu Shen and Hualiang Jiang
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A series of 3-(6-benzyloxy-1H-indol-3-yl)-2-acylaminopropionic acid derivatives were designed, synthesized, and tested for the
PPARY protein binding activities. Compounds 7d possessed potent binding activity (Kp = 6.86 x 107 mol/L) close to marketed drug
rosiglitazone (Kp = 4.98 x 107 mol/L) in vitro.

Three-dimensional quantitative structure—activity relationship (3 D-QSAR) and docking studies pp 5917-5925
on (benzothiazole-2-yl) acetonitrile derivatives as c-Jun N-terminal kinase-3 (JNK3) inhibitors

Abdul Rajjak Shaikh, Mohamed Ismael, Carlos A. Del Carpio,” Hideyuki Tsuboi,
Michihisa Koyama, Akira Endou, Momoji Kubo, Ewa Broclawik and Akira Miyamoto™
We have developed a 3D-QSAR model and performed a series of structural studies on a

series of benzothiazole-2yl acetonitrile derivatives with high inhibition activity towards

c-Jun N-terminal kinase-3. The results were compared with experimental structure-

based studies using JNK3 crystal structure to gain insight into the structural
requirements for inhibitory activity of this class.
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Discovery of potent inhibitors of pseudomonal quorum sensing via
pharmacophore modeling and in silico screening
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Abstract—HipHop-Refine was employed to derive a binding hypothesis for pseudomonal quorum sensing (QS) antagonists. The
model was employed as 3D search query to screen the National Cancer Institute (NCI) database. One of the hits illustrated nano-
molar QS inhibitory activity. The fact that this compound contained tetravalent lead (Pb) prompted us to evaluate the activities of
phenyl mercuric nitrate and thimerosal, both fit the binding pharmacophore. The two mercurials illustrated nanomolar to low

micromolar ICsq inhibitory values against pseudomonal QS. The three compounds represent a new class of QS inhibitors.

© 2006 Elsevier Ltd. All rights reserved.

Quorum sensing (QS) is a cell-density-dependent inter-
cellular signaling mechanism that enables bacteria to
coordinate the expression of certain genes.'%4°

Gram negative bacteria rely on small auto-inducer
(AI) molecules (e.g., acyl homoserine lactones, AHL)
for their cell signaling.”® The QS signaling of P. aeru-
ginosa regulates a group of virulence factors that
facilitate the establishment of infection, for example,
pyoverdin and pyocynin.® There are two QS systems
in P. aeruginosa: the Las and Rhl systems.> The Las
system consists of LasR transcriptional regulator
and Lasl synthase protein. Lasl is essential for the
production of Al signal molecule, which is required
by LasR to become active transcription factor.”-8:10:11
The Rhl system seems to be regulated by the Las
system.!>13

The great recent interest in developing new QS inhib-
itors as potential agents for reducing bacterial viru-
lence,!® combined with the lack of crystallographic
structure for LasR, prompted us to develop a phar-
macophoric model for LasR-based QS inhibitors.
The model was subsequently utilized as 3D search
query to screen the NCI database for possible QS
inhibitors.

Keywords: HipHop-Refine; Pseudomonal quorum sensing antagonists;

Tetravalent lead; Phenyl mercuric nitrate; Thimerosal.
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0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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We employed the HipHop-Refine module of CATA-
LYST software to build a plausible binding hypothesis.
CATALYST models ligand-receptor interaction using
information derived only from the ligand structure.'416
Molecules are described as collection of chemical func-
tionalities arranged in 3D space. The conformational
flexibility of training ligands is modeled by creating mul-
tiple conformers, judiciously prepared to emphasize rep-
resentative coverage over a specified energy range.
HipHop-Refine identifies a set of chemical features com-
mon to the most potent training molecules. This 3D
array of chemical features provides a relative alignment
for each input molecule consistent with their binding to
a proposed common receptor site. The chemical features
considered can be hydrogen bond donors and acceptors
(HBDs and HBAs), aliphatic and aromatic hydro-
phobes, positive and negative charges, positive and neg-
ative ionizable groups and aromatic planes. However,
HipHop-Refine utilizes the conformational space of
inactive molecules to construct excluded volumes that
represent the steric constraints of the proposed recep-
tor.!”-!18 Many CATALYST-derived models have been
generated and wused as queries for database
searching.!®23

In this project, we employed four brominated furanones
as training set for pharmacophore modeling (Fig. 1).
This set of analogues represents a highly active anti-
QS family that inhibit QS in several bacterial strains,
probably via similar mechanism, that is, inhibition of
QS transcription factors.?43%4% Despite that many
brominated furanones were reported to have anti-QS



mailto:mutasem@ju.edu.jo



M. O. Taha et al. | Bioorg. Med. Chem. Lett. 16 (2006) 5902-5906 5903

Br.
Br o Br. / Br

) I o

% o}
1 2

Br. J Br J Br
e e
O (0]

3(C30) 4 (C56)

Figure 1. The structures of the training compounds.

activities, only few were found to be active specifically
against pseudomonal QS, prompting us to limit our
training set to 1-4.243%4041 Fyrthermore, SAR studies
of other classes of pseudomonal QS inhibitors suggest
that brominated furanones function via distinct binding
site(s).** For example, sulfur containing AHL analogues
with long hydrophobic tails (C10 and C12) were found
to have potent anti-LasR-based QS.?**° On the other
hand, only furanones with short (or no) hydrophobic
side chains are active pseudomonal QS inhibitors, sug-
gesting they bind to a tighter binding pocket.*>*! There-
fore, we excluded other classes of inhibitors (other than
halogenated furanones) from modeling.

The conformational space of each inhibitor was sampled
utilizing the poling algorithm of CATALYST, which
promotes conformational variation via employing
molecular mechanical force field algorithm that penaliz-
es similar conformers.*'=33 For each of the training com-
pounds, a conformational database was generated using
the ‘best’” option and default CATALYST conformation
generation parameters (a maximum of 250 conformers
and an energy range of 20 kcal/mol).3!-33

Obviously, inhibitors 3 and 4 are rigid structures (one
conformer for each), while the butyl tails of 1 and 2 ren-
der them more flexible (their numbers of conformers are
15 and 18, respectively).

After several preliminary trials, it was decided to config-
ure HipHop-Refine as follows. Furanone 3, which was
reported to exert potent inhibitory actions against
LasR-based pseudomonal QS (ICsy = 2.0 uM, in vitro
data),?*?>28 was assigned a Principal value of 2 to en-
sure that all of the chemical features in the compound
will be considered in building the pharmacophore
space.'”!8 On the other hand, compound 4, which was
reported to be 17 times less active than 3 (in vivo data),?®
was assigned a Principal value of 1 to ensure that its fea-
tures will be considered when generating hypotheses and
that it will be mapped at least once by each generated
hypothesis.'”-'® However, 4 was allowed to miss one fea-
ture in any generated model by assigning it a MaxOmit-
Feat parameter of one.!”!® Compounds 1 and 2 were
qualitatively reported to be of minimal inhibitory activ-
ities against pseudomonal LasR (despite their potent ac-
tions against QS of other bacterial strains),?>**4! and
therefore they were considered inactive by assigning

them Principal values of zero.!”-'® However, based on
the assumption that 1 and 2 are inactive due to their bu-
tyl tails, which seem to clash with certain steric bound-
aries within the binding site, they were assigned
MaxOmitFeat values of zero. This value instructs Hip-
Hop-Refine to force the two inactive compounds to
map all the pharmacophoric features of the binding
model in order to identify spaces occupied by the two
inactive compounds and free from the active inhibitors
(i.e., 3 and 4). These regions are subsequently filled with
excluded volumes.

Finally, the software was configured to allow a minimal
inter-feature distance of 10 pm to generate hypothesis
that reflected the small size of the inhibitors.

These settings yielded one pharmacophore hypothesis
comprised of two HBAs, two hydrophobic features,
and seven excluded volumes (Fig. 3). Figure 4 shows
overlay alignment of the training compounds onto the
generated pharmacophore model.

We employed this model as 3D-search query against the
NCI structure database (238,819 compounds) using the
‘fast flexible search’ approach implemented within CAT-
ALYST. However, before conducting the 3D search we
reduced the database to 219,240 structures by removing
compounds of molecular weights >500D and <100D to
conform to the molecular size of active brominated fura-
nones. The pharmacophore captured 86,001 hits. Hits
are defined as those compounds that possess chemical
functionalities that spatially overlap with corresponding
features within the pharmacophoric model. The hits
were subsequently fitted against the pharmacophore
(see the fit equation in the footnote of Table 1) and
the highest ranking 40 compounds were requested from
the NCI. However, only 19 hits were actually available
from the NCI and evaluated as QS inhibitors.?*3> Their
anti-QS activities were assessed through their effects
on pseudomonal production of pyocyanin and
pyoverdin.?#36:37 Table 1 shows the NCI codes, fit
values, and biological activities of some of the tested
hits, while Figure 2 shows their corresponding chemical
structures.
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Figure 2. The structures of some evaluated in silico hits.
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Figure 3. (A) Pharmacophore features, (B) with added excluded volumes (gray spheres). Mapping against (C) 3, (D) 8, (E) 9 and (F) 10.

Most of the tested hits were inactive. However, one of
the hits illustrated impressive QS inhibition, that is, 8
(ICs¢ values < 800 nM, Table 1 and Figs. 2 and 3D).
This contradiction is quite intriguing, since the tested
hits illustrated similar fit values against the pharmaco-
phore. This conduct prompted us to suspect that the
inhibitory action of 8 is related to the lead atom and
mediated by an additional mechanism that complements
pharmacophore recognition within the binding pocket
of LasR. Two possible mechanisms were considered,

namely, (i) nonspecific (promiscuous) inhibition*® and
(i1) active-site directed irreversible inhibition.

Tetravalent lead is known to form stable complexes
with thiol (R-SH) groups,® and thus, it can act as
a non-specific bacterial toxicant against variety of tar-
gets. However, the fact that 8 was devoid of any anti-
bacterial actions within its anti-QS concentration
range casts doubt on this mechanism. The promiscu-
ous inhibition theory was further weakened by the





M. O. Taha et al. | Bioorg. Med. Chem. Lett. 16 (2006) 5902-5906 5905

Figure 4. Overlay alignment of the training compounds: 1 (yellow),
2 (red), 3 (green) and 4 (blue) onto the generated pharmacophore
model.

fact that tetraecthyl-lead (Pb(CH,CHs)4), which does
not fit the pharmacophore, exhibited trivial anti-QS
actions.

The fact that mercury and lead have similar chemical
reactivities and biological profiles*® prompted us to eval-
uate the anti-QS actions of two known mercurial bio-
cides: thimerosal and phenyl mercuric nitrate (9 and
10, respectively, Fig. 2). Luckily, both compounds fitted
tightly onto the pharmacophoric model (Table 1, Figs.
3E and 3F). Unsurprisingly, the two mercurials exhibited
significant QS inhibitory actions (Table 1). Furthermore,
they were devoid of any antibacterial activities within
their QS inhibitory ranges. Interestingly, the fit values
of 8-10 against the pharmacophoric model correlate well
with their anti-QS activities (Table 1).

The fact that 8-10 combine the ability to fit onto the
binding pharmacophore and to form stable covalent

Table 1. The results of some evaluated in silico hits

complexes with thiol groups strongly supports the
active site-directed irreversible inhibition proposition,
that is, initial selective and reversible binding within
the binding pocket (i.e., pharmacophore recognition)
followed by covalent bonding that connects certain
nucleophilic center within the binding pocket (proba-
bly a thiol group) with the metallic core of the
inhibitors.

Further evidence on the validity of this mechanism
comes from investigating the effects of wvariable
concentrations of QS auto-inducers (N-acyl homoserine
lactones) on the production of pyocyanin and pyover-
din in the presence and absence of 8. The presence of
8 inhibited the production of pyocyanin and pyoverdin
regardless of the level of the added auto-inducers. On
the other hand, absence of 8 allowed dramatic increase
in the production of pyoverdin and pyocyanin in
response to the added auto-inducers.

Finally, it remains to be mentioned that none of the
compounds 8-10 altered the color intensity of pyoverdin
or pyocyanin upon mixing and incubation overnight.
Therefore, one can assume that the dramatic reduction
in the color intensity of pyocynin and pyoverdin in the
presence of 8-10 is most probably due to the inhibition
of LasR and not simple chemical degradation or
interaction.

Our results suggest that furanones 3 and 4 inhibit pseud-
omonal QS via an analogous mechanism, that is, active-
site-directed irreversible inhibition, probably mediated
by their Michael acceptor functionalities and bromo
good leaving groups.

We believe the reason for the poor QS inhibitory actions
of reversible binders (e.g., other screening hits and lac-
tone analogues®*) is related to the nanomolar affinities
of the natural QS auto-inducers (AHL) to LasR,*°
which seem to expel and replace reversible binders with-
in the binding pocket.

Hits* NCI code or chemical name Best Fit values® 1Cso Assay (UM)
Pyocyanin Pyoverdin

5 43465 3.27 N/A® N/A

6 132963 3.74 N/A N/A

7 133009 3.21 N/A N/A

8 203113 3.90 0.282¢ (0.158°) 0.355¢ (0.794°)

9 Thimerosal _ 3.70 0.7089 (3.162°) 0.6034 (3.166°)
10 Phenyl mercuric nitrate’ 2.50 3.019¢ (3.236°) 3.162¢ (3.981°)

#The compounds and their numbers are as in Figure 2.

® Fit values against the pharmacophore, calculated as in the following: Fit = Smapped hypothesis features x W [1—X (disp/tol)*], where Emapped
hypothesis features is the number of pharmacophore features that successfully superimpose corresponding chemical moieties within the fitted
compound, W is the weight of the corresponding hypothesis feature spheres. This value is fixed to 1.0 in HipHop-generated models. disp is the
distance between the center of a particular pharmacophoric sphere and the center of the corresponding superimposed chemical moiety of the fitted
compound; tol is the radius of the pharmacophoric feature sphere (known as Tolerance, equals 1.6 A by default). S(disp/tol)? is the summation of
(disp/tol)? values for all pharmacophoric features that successfully superimpose corresponding chemical functionalities in the fitted compound.'®

°Not active.

91Cs, against a pseudomonal clinical isolate from Jordan University Hospital, each value is the average of three trials.
°1Csq against a lab strain (ATCC: 9027), each value is the average of three trials.

"Mapping against the pharmacophore misses one feature.
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