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Abstract—The X-ray crystallographic structure for the adduct of an activator with human carbonic anhydrase isozyme I (hCA 1) is
reported. L-Histidine binds deep within the enzyme active site, participating in a network of hydrogen bonds involving its carbox-
ylate moiety and the zinc-bound water molecule, as well as the imidazole of His200, being in van der Waals contacts with Thr199,
His200, His64, and His67. This binding is very different from that to the other major cytosolic isozyme hCA II.

© 2006 Elsevier Ltd. All rights reserved.

Unlike carbonic anhydrase (CA, EC 4.2.1.1) inhibitors,
widely clinically used for the treatment or prevention of
a multitude of diseases,'™® activators of these enzymes
were much less investigated.*> By means of electronic
spectroscopy on Co(II)-substituted enzyme, X-ray crys-
tallography and kinetic measurements, it has been
recently proved that CA activators (CAAs) bind within
the enzyme active cavity (in the case of the physiologi-
cally most important isoform, human CA II, hCA II)
at a site distinct of the inhibitor or substrate binding-
sites,* participating thereafter in the rate-determining
step of the catalytic cycle, that is, the proton transfer
processes between the active site and the environ-
ment.*® In this way, the activator behaves as a general
base assisting deprotonation of the zinc-bound water
molecule, with an enhanced generation of the basic form
of the enzyme, containing hydroxide coordinated to
Zn(I41)8, which is the catalytically effective species of
CA.*

A multitude of physiologically relevant compounds such
as biogenic amines (histamine, serotonin, and catechol-
amines), amino acids, oligopeptides or small proteins
among others, act as efficient CAAs for many of the

Keywords: Enzyme mechanism; Carbonic anhydrase; Activator; Amino

acid; L-Histidine; X-ray crystallography.

*The X-ray coordinates of the hCA I-L-His adduct are available in
PDF with the ID 2FW4.
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16 presently known human CA isoforms.*> Activation
of some members of the a-CA family (of the four genet-
ically unrelated CA gene families presently known, the
a-CAs—5-CAs)* was shown to constitute a possible ther-
apy for the enhancement of synaptic efficacy, which may
represent a conceptually new approach for the treatment
of Alzheimer’s disease, aging, and other conditions in
which it is necessary the achievement of spatial learning
and memory therapy.’ In addition, the levels of several
CA isozymes, including hCA 1, are diminished in
patients affected by Alzheimer’s disease or in the older
population.'?

Few X-ray crystallographic structures of adducts of the
main human isoform, hCA II, with activators are
known at this moment: one with histamine,!! one with
L-histidine,'?® and those with L- and p-phenylalanine,'?°
but no X-ray crystal structures of other CA isozymes
with activators are available at this moment. All of them
showed the activator molecules to be bound at the
entrance of the hCA II active site cavity (in a region dif-
ferent from the inhibitor binding site), where they are
anchored by hydrogen bonds to amino acid side chains
(His64, Asn67, GIn92, and Thr200) and water mole-
cules, and also leading to a complete reorganization of
the hydrogen bond network within the active site cavity.
Positioned in such a favorable way, the activator facili-
tates the rate-limiting step of CA catalysis, that is, the
proton transfer reaction between the zinc-bound water
molecule and the environment, which in many CA
isozymes (in the absence of activators) is assisted by
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the amino acid residue His64 situated in the middle of
the active site cavity, and also possessing a pH-depen-
dent conformational mobility, changing gradually its
orientation related to the metal site through a 64°
ring-flipping.'*'® This proton transfer reaction (in

Table 1. Crystallographic parameters and refinement statistics for the
hCA I-L-His adduct

Parameter

Value

X-ray source

Enhance ultra

Wavelength (A) 1.54

Cell parameters a=62.14 A
h=70.18 A
¢=120.57 A
a=f=7=90°

Space group P2,2,2,

Molecules/asymmetric unit 2

Total no. of reflections®
No. of unique reflections

107,360 (13991)
35,706 (4703)

Completeness (%0) 97.4 (90.0)
(Ila(D)) 7.0 (2.5)
Resolution range (A) 10.0-2.0
R-merge (%) 16.4 (38.8)
Multiplicity 3.0 (3.0)
Refinement

No. of reflections [>2a(Fo)] 33,884
Water molecules 368
R-factor (%) 19.5
R-free (%)° 21.4
Rmsd of bonds from ideality (A) 0.011
Rmsd of angles from ideality (°) 1.36

#Values in parentheses relate to the highest resolution shell (2.10-1.99).
® Calculated using 5% of data.

which either the imidazolic moiety of His64, or a pro-
tonatable moiety of the activator molecule participates)
leads to the formation of the catalytically active nucleo-
philic species of the enzyme, with hydroxide coordinated
to the zinc ion.*> No X-ray crystallographic studies of
hCA 1 with activators have been reported up to now.
Here, we report the first X-ray crystal data of the most
abundant human CA isoform, hCA I, with L-histidine
(L-His) as an activator. The physiological function of
this isozyme is largely unknown at this moment,'”
although hCA 1 is present in very high amounts in red
blood cells (there is 10 uM of hCA I in this tissue) and
the gastrointestinal tract.!!”

The binding affinity of L-His for hCA I is high, this acti-
vator possessing an affinity constant of 30 nM for this
isozyme, being on the other hand a weaker hCA 1II acti-
vator, with an affinity constant of around 10 uM'?? (as
determined by a stopped flow technique, for the physio-
logical reaction catalyzed by CAs, CO, hydration to
bicarbonate).!® Kinetic measurements lead to the obser-
vation that the activation is due to an enhancement of
keat, which for hCA 1 in the absence of activators (for
the physiological reaction, at 25 °C and pH 7.5) is of
2.0x10°s™!, whereas in the presence of 10 uM L-His,
this parameter is of kg, = 13.4x 10°s™!. In all these
experiments, the Michaelis—-Menten constant K,, was
the same, in the absence or in the presence of activators,
the measured values being: K, =25 mM (in agreement
with literature data).":> It may be observed that 10 pM
L-His (concentrations much higher than this one, in
the range of 60-120 mM, are present in many tissues,
including the brain)!® leads to an enhancement of

Figure 1. Electron density omit map contoured at 1o of L-His (in yellow) binding site to hCA 1. The Zn(II) coordination by His94, 96, and 119, as
well as residues involved in the catalytic/activation mechanism (such as Thr199, His64, His67, Asn69, and Vall62) are also evidenced.
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670% of the hCA I catalytic activity. Such a phenome-
non surely translates in important physiological conse-
quences, probably correlated with pH homeostasis or
ion transport processes in which hCA I is known to be
involved.!

Although the sequence similarity between isozymes hCA
I and II is quite high,!? at least two critical amino acid
residues from the active site cavity are different, that is,
those at position 200 (His in hCA I and Thr in hCA II),
and 67 (His in hCA I again and Asn in hCA II).!!
Indeed, the two bulky histidines (His200 and His67) lead
to a highly restricted active site cavity for hCA I as com-
pared to hCA II, which may explain both the lower cat-
alytic activity of isoform I, as well as the fact that it is
usually 100 times less prone than hCA II to be inhibited
by sulfonamides.”-!" As His200 is close to the Zn(II) ion,
it is also probable that this residue may influence the
binding of inhibitors, substrates or activators to the
enzyme cavity. In fact it is well established that the
corresponding residue in hCA II (i.e., Thr200) hydrogen
bonds with inhibitors of the sulfamate/sulfamide type, as
demonstrated by means of X-ray crystallography
earlier.!’® On the other hand, His67 is situated in the
middle of the active site cavity, near His64 (conserved
in both isoforms hCA I and II), a residue playing a crit-
ical role in catalysis, as mentioned above.'! Another
amino acid residue conserved in the two isozymes is
Thr199, whose OH moiety hydrogen bonds the zinc-
bound solvent molecule in all CAs investigated up to
now by means of X-ray crystallography.'=>!! Thus, we
expect a quite diverse pattern of interaction between
the hCA T active site cavity and the activators, as com-
pared to the corresponding adducts with isozyme
hCA 1I.

In order to understand the binding of L-His to hCA 1,
the X-ray crystal structure of the adduct has been solved
at 2 A resolution.’*?* Two independent molecules,
related by a translation operator, were present in the
asymmetric unit of the hCA I adduct with L-His (data
not shown). The overall structure of the adduct is very
close to that of the native enzyme, with no inhibitors/
activators bound to it (Table 1).2° On the other hand,
it is important to stress that L-His binds very similarly
to both molecules A and B of enzyme in the asymmetric
unit of the adduct. Thus, for the following discussion,
only molecule A will be taken into consideration, as
the binding mode of the activator as well as relevant
distances between various groups of the activator and
the enzyme are very similar between molecules A and
B (data not shown). Inspection of the electron density
maps showed only one molecule of L-His bound within
the active site of hCA 1, both for molecules A and B of
the asymmetric unit (Fig. 1).

The activator binding site of hCA 1 is rather different of
that of hCA II (Figs. 2 and 3), case in which the same
activator, L-His, was shown to bind at the entrance of
the cavity, being anchored by several strong hydrogen
bonds to His64, Asn67, and GIn92 (Fig. 3A).1?2 In the
case of the hCA I-L-His adduct, it may be observed that
the activator is bound much deeper within the enzyme
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Figure 2. Schematic representation for the binding of L-His (numbered
as His300) to the hCA II (A) and hCA I (B) active sites. The Zn(II)
ligands and hydrogen bonds connecting the Zn(II) ion and the
activator molecules through a network of water molecules are shown,
as well as the hydrogen bonds (dotted lines) between the activator
molecules and amino acid residues involved in their binding (figures
represent distances in A).

active site, bridging by means of two hydrogen bonds
(of 3.15 and 2.85A, respectively) the zinc-bound
hydroxide ion and the Ne¢ imidazole atom of His200
(an amino acid residue characteristic for this isozyme,
as in hCA II there is a Thr in position 200, Figs. 2
and 3).!?* Furthermore, the orientation of the activator
molecule is quite different in the two adducts, as it is
the carboxylate moiety of L-His participating in the
main interactions with the hCA 1 active site (in fact
the COO™ points toward the zinc ion, Fig. 2B), whereas
the imidazole moiety of L-His points toward the Zn(II)
ion in the hCA II adduct, and also participates in a net-
work of four hydrogen bonds with three amino acid res-
idues and a water molecule bound within the cavity
(Fig. 2A). In addition, L-His is in van der Waals con-
tacts with Thr199, His64, His67, and His200 in the
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Figure 3. Superposition of the hCA 11 (magenta)/L-His (CPK) adduct
(PDB ID 2ABE)"? with the hCA I (green)/L-His (yellow) adduct (PDB
ID 2FW4). (A) Details of the activator binding site with the Zn(II) ion,
its three histidine ligands (His94, 96, and 119), and Thr199 evidenced
(the zinc-bound solvent molecule is not shown). (B) Overall protein
superposition, clearly showing the deep binding of the activator to
hCA T and the external binding to hCA II.

hCA 1 adduct (Fig. 2B). In addition, the zinc-bound
hydroxide is directly hydrogen-bonded to the activator
molecule in the hCA I adduct, but is bridged by three
different water molecules in the hCA II adduct, respec-
tively (Figs. 2A and B). The important differences in
binding of rL-His to hCA I and II are also clearly
observed in Fig. 3, where the two adducts are super-
posed. It may be observed that the globular shape and
active site architecture of the two CA isozymes are quite
similar, but the activator binds at the entrance of the ac-
tive site cavity for hCA 11, and quite deep within this site
for hCA 1. This may also explain the rather different
affinity of this activator for the two isozymes, which is
in the nanomolar range for hCA 1, and in the micromolar
range for hCA II.

In conclusion, we report here the first X-ray crystal
structure of the highly abundant cytosolic isoform
hCA I with an activator, L-His. The physiological func-
tion of this isozyme is not at all understood at this
moment, as it is less understood its catalytic mechanism,
as compared to that of the physiologically relevant and

most studied isoform hCA II. rL-His has nanomolar
affinity for hCA I (being a very potent activator) and
only micromolar affinity for hCA II, and these differences
are well explained by comparing the two X-ray crystal
structures of these isozymes with L-His, which show
the activator to be bound very differently by the two
closely related enzymes. This study clearly illustrates
that very minor differences in the active site architecture
of similar isozymes lead to a completely different pattern
of interactions with small molecules acting as activators/
inhibitors. It may also lead to the design of better hCA 1
activators, useful, for example, in patients affected by a
genetic syndrome of hCA II deficiency (who possess
normal levels of hCA I)'® or in increasing synaptic effi-
ciency, since it is well established!®!'! that levels of var-
ious CA isozymes, including CA I, are diminished in
patients affected by Alzheimer’s disease or in the aging
population.
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Abstract—Enzyme-inhibitor recognition is considered one of the most fundamental aspects in the area of drug discovery. However,
the molecular mechanism of this recognition process (induced fit or prebinding and adaptive selection among multiple conformers)
in several cases remains unexplored. In order to shed light toward this step of the recognition process in the case of human angio-
tensin I converting enzyme (hACE) and its inhibitor captopril, we have established a novel combinatorial approach exploiting solu-
tion NMR, flexible docking calculations, mutagenesis, and enzymatic studies. We provide evidence that an equimolar ratio of the cis
and trans states of captopril exists in solution and that the enzyme selects only the trans state of the inhibitor that presents archi-
tectural and stereoelectronic complementarity with its substrate binding groove.

© 2006 Elsevier Ltd. All rights reserved.

ACE (EC 3.4.15.1) plays a central role in the
metabolism of vasoactive peptides and its gene is a can-
didate for several cardiovascular diseases.! It has two
metalloproteinase domains (called N- (ACE_N) and
C- (ACE_Q)), each containing a canonical Zn**-binding
sequence motif: HExxH (His-Glu-x-x-His),? and inter-
domain co-operation upon inhibitor binding has been
reported.>* Inhibitors of ACE are effective and widely
used drugs for the therapy of hypertension, heart dis-
ease, diabetic neuropathy, and atherosclerosis.>’ Ratio-
nalization of the substrate domain differentiation® and
atomic level pharmacophore refinement of nine inhibi-
tors for both the N- and C-domains of ACE has been
recently reported by us.’

Captopril, 1-[2(S)-3-mercapto-2-methyl-1-oxopropyl]-L-
proline, is the first angiotensin-converting enzyme inhib-
itor for treatment of hypertension and heart failure. The
incorporation of the active-analog approach, which

Keywords: Angiotensin-converting enzyme; Captopril; Isomerization;

Mutagenesis; NMR.
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allows the stepwise identification of the substrate phar-
macophoric pattern associated with the recognition by
a specific receptor,'® was the basis for discovery efforts
that produced the large family of the ACE inhibitors.!!
Like other proline-containing peptides, captopril nor-
mally exists as an equilibrium mixture of cis and trans
isomers, with respect to the proline amide bond
(Fig. 1A). The crystal structures of the ACE enzyme
solved recently in complex with captopril,!>'* as well
as the X-ray structure of the inhibitor in its unbound
state,!> comprise only the trans isomer of the inhibitor.
However, a key question still exists concerning the
molecular basis for the selection of the inhibitor isomer-
ization states during the recognition processes.

The 'H NMR spectra of captopril as a function of pH
and solvent (H,O, D,O, and DMSO-ds) have been
recorded at 600 MHz and the cis/trans equilibrium
constant of captopril has been measured by the relative
integrals of the o- and &-proton resonances of the two
isomerization states of the proline moiety (Fig. 1A).
These signals are well resolved and allowed us to deter-
mine accurately the equilibrium constants for the cis-to-
trans interconversion at different temperatures and to
calculate the thermodynamic parameters enthalpy
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Figure 1. (A) Trans and cis isomers of captopril. (B) Representative
Van’t Hoff plot in D,0.

(AH®), entropy (AS°), and Gibbs free energy (AG®) of
the equilibrium (Table 1) on the basis of the Van’t Hoff
equation (Fig. 1B).

Remarkably, a similar ratio for the cis-to-trans isomeri-
zation states is observed at neutral pH. The AG® is sta-
tistically the same in H,O, D,0, and DMSO-dj at acidic
pH and almost the same in H,O and D,O at neutral pH.
Since AG®° in DMSO-dg solution is almost the same
as in H,O or D50, it seems reasonable to assume that
the existence of exchangeable protons on the
solvent does not affect the cis/trans equilibrium. The
trans isomer in D,O solution is enthalpically and
entropically favored (AH° = —3.63 £0.28 kJ mol ! and
AS°=1.75+0.23JK "), relative to the cis isomer
at acidic pH, whereas it is enthalpically favored but
entropically disfavored (AH°=—1.87kJmol™' and
AS° = —3.76 £ 0.31 T K '), relative to the cis isomer at
neutral pH. The decreasing enthalpic benefit of the trans
isomer at pH 6.8, compared to that at pH 2.15, should
be attributed to the repulsive interaction of the dipole
of the peptide bond with the negative charge of the car-
boxylate group. The increasing entropy contribution,
which results in nearly equal populations of the cis
(46%) and trans (54%) isomers at physiological pH,
should, similarly, be attributed to the repulsive interac-
tion between the dipole of the peptide bond with the
negative charge of the carboxylate group, which results
in a reduction in the conformational space of the inter-
acting groups and the associated solvent molecules of
water.These data together with the X-ray structure of
the ACE-captopril complex (where only the trans

isomer is present) suggest, in a crude approximation,
that in the first step of recognition ~50% of the inhibitor
is readily available for its direct selection by the enzyme.

In order to rationalize this aspect in detail, we per-
formed flexible docking calculations®!® of both isomers
(trans and cis) of captopril to the C-domain of hACE.
The first finding is that for both isomers, the carbonyl
oxygen of the peptide bond is locked by two strong
hydrogen bonds with residues H1089 and H929 of the
enzyme (Fig. 2). This is in accordance with our previous
mutagenesis studies, where mutation of H1089 abolishes
binding of captopril to the enzyme.!” The accommoda-
tion of the trans captopril carboxy-terminal proline moi-
ety by the enzyme S2’ subsite is mediated through ionic
interactions and hydrogen bonds with K1087, Q857,
and Y1096 (Fig. 2A).

In the case of the cis form of the inhibitor its pyrrolidine
ring is loosely stabilized by the S2’ subsite via weak
hydrophobic interactions with the Y1096 and the
Y1099 rings, for which it has limited access due to the
bulky hydroxyl group of Y1096 (Fig. 2C); however,
the ‘locking’ interactions provided mainly by K1087
and Y1096 are present in the trans isomer and are absent
in the cis form. This less favorable accommodation of
the cis isomer of captopril by the enzyme active site is
in accordance to the estimated free energies of binding
(~ —5kcal/mol for cis and ~ —7 kcal/mol for trans)
and thus, it is in agreement with the conformational
state of the inhibitor as can be seen by the X-ray struc-
ture of the complex.'3!*
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Figure 2. The binding of captopril frans conformation to the hACE
(A) and Y1096F mutant (B). The binding of captopril cis conforma-
tion to the hACE (C) and Y1096F mutant (D).

Table 1. Apparent enthalpy (AH°), entropy (AS°), and free energy (AG®) changes for the conversion of the cis to the trans isomer of captopril at

298 K
Solvent pH AH® (kJ mol™") AS° (Jmol' K™ TAS°® (kJ mol™") AG® (kJmol ™) R
D,0 6.80 —~1.87£0.09 —3.76 £ 0.31 —1.12£0.09 —0.75 % 0.09 0.97
90% H,0 10% D,0 6.80 —2.04£0.11 —5.63 £0.37 —1.68 £0.11 —0.36 £ 0.11 0.97
D,0 2.15 —3.63£0.28 1.76 +0.93 0.52+0.28 —4.15+0.28 0.93
90% H,0 10% D,0 2.15 —3.87+0.47 0.47 +0.64 0.14£0.19 —4.01 £0.47 0.98
DMSO-dj 2.15 —4.25%0.13 0.13 % 0.40 0.04 +0.12 —429+0.13 0.99
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A grid flexible docking-calculation search has been per-
formed, by mutating iteratively the enzyme carboxylate
docking partners of captopril (since the rest of the mol-
ecule shares the same architectural topology), allowing
to identify a case in which both isomers could have
equal probability to be accommodated by the enzyme.
Specifically, the Y1096F mutant resulted in comparable
free energies of binding for both states of the inhibitor
(~ —6.2 kcal/mol for cis and ~ —6.7 kcal/mol for trans).
This can be rationalized by the fact that the carboxylate
group of the inhibitor could be selectively ‘locked’ in the
trans conformation through ionic interactions with the
side chain of K1087 (Fig. 2B), whilst the polar to hydro-
phobic alteration accomplished in the Y1096F mutant,
as also the elimination of the bulky hydroxyl group of
Y1096, open access to a strong hydrophobic packing
of the pyrrolidine ring of the inhibitor, in the cis form,
with the side chains of F1096 and Y1099 (Fig. 2D).
Interestingly, a similar intra-molecular aromatic (Tyr)—
proline interaction has been recently suggested to stabi-
lize the cis conformation of the Tyr—Pro amide bond,'®
whereas in the current case the aromatic residue is pro-
vided by the enzyme (Y1099).

In order to validate these findings, we mutated the
hACE C-domain residues Y1096 and K1087 to Phe
and Ala, respectively,'® and detailed kinetic studies have
been performed on these mutants. Indeed, Figure 3
shows that the Y1096F and K1087A mutations pro-
duced a decrease in captopril binding affinity (1/Kj),
indicating experimentally their importance for captopril
docking. However, we noticed an interesting phenome-
non: both mutants behave completely differently in their
inhibitor profile and, most importantly, data with capto-
pril inhibition for Y1096F best fit using a two-site mod-
el, whereas data for wild-type hACE C-domain and the
K1087A mutant fit on one-site model (Table 2).

Given these considerations, we could suggest that the
observed equimolar ratio of the two states (cis, trans)
of the inhibitor in solution is related to the two states
observed in our kinetic studies for the Y1096F mutant
that could accommodate both of them with the same
probability in accordance with the docking calculations.
Thus, since both states of the inhibitor could be accom-

1004
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Figure 3. Inhibition of wild-type AACE C-domain, Y1096F and
K1087A mutants of hACE C-domain by the ACE inhibitor captopril.

Table 2. Determination of kinetic constants for the hACE and its
Y1096F and K1087A mutants

Enzyme logECsq value-1 logECs, value-2
hACE C-domain —4.6735 —

Y1096F —2.8469 —4.2347
K1087A —4.7319 —

modated by the modified enzyme, either the cis or the
trans form of the inhibitor should be engineered and re-
strained achieving a more potent drug with complemen-
tary architecture to the native enzyme binding groove.

In conclusion, the combination of pharmacophore-
hypotheses and protein-structure based virtual screening
is successful in developing lead compounds. However, as
the present study revealed, many uncertainties remain
about the details of the ligand-receptor interactions,
possibly restraining the fine-tuning of the lead com-
pound to a more potent drug. Specifically, our NMR
studies on the ACE inhibitor captopril in solution were
able to map the presence of equal population of the cis
and frans conformational states at physiological pH. A
flexible docking grid-search allowed the identification
of a point mutation (Y1096F) of the hACE-C enzyme
that could preferentially incorporate both states of the
inhibitor with the same probability. This in silico finding
has been independently validated through mutagenesis
and enzymatic studies. The results of this combinatorial
approach through NMR, flexible docking, mutagenesis,
and enzymatic studies pinpoint the importance of the
multiple conformational states of the inhibitor that
should be taken into account in the frame of the drug
design process so as to maximize the inhibitory affinity
for the enzyme and minimize the side-effects of the inter-
action. The next step in this line of research will be the
utilization of our approach toward the investigation of
the current system in a drug-refinement effort.”
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Abstract—The rapid rise in antibiotic-resistant Gram-positive bacterial infections prompted us to explore the development of novel
strategies for synthesis of large chemical libraries amenable to high-throughput screening for antimicrobial activities. Here we report
the solid-phase synthesis of a 738,192 member pyrrolidine bis-cyclic guanidine chemical library with 26 different amino acids at three
positions of diversity and 42 carboxylic acids at the fourth position. This synthetic combinatorial library was developed for posi-
tional scanning and screened for bacteriostatic and bactericidal activities against the important human pathogen methicillin-resis-
tant Staphylococcus aureus (MRSA). The eight compound mixtures exhibiting bactericidal activity (10 pg/mL) against MRSA were
used to direct the synthesis of 36 individual compounds that were then screened for activity against MRSA, vancomycin-resistant
Enterococcus faecalis (VRE), and two Gram-negative bacterial species. At least 20 individual compounds were bactericidal for
MRSA at <2.5 pg/mL, with a subset of these compounds showing bactericidal activities (<10 pg/mL) against the other species test-
ed. This approach demonstrates the capability to synthesize and screen a complex library to yield promising antimicrobials that
address a critical need for novel infectious disease therapeutics.

© 2006 Elsevier Ltd. All rights reserved.

The rising incidence of infections caused by antibiotic-
resistant bacteria has become a major concern for clini-
cians and the public health system. In the past several
years, these types of infections have increased in severi-
ty, and their treatment has become far more complex
and costly.! Once restricted to nosocomial infections
within the healthcare setting, antibiotic-resistant bacte-
rial strains are now emerging in high prevalence among
community-acquired infections.> Worrisome trends are
particularly evident in the preeminent Gram-positive
bacterial pathogen Staphylococcus aureus, which is
increasingly unresponsive to first-line antibiotic thera-
pies including B-lactams (e.g., methicillin and cephalex-
in). S. aureus is associated with a spectrum of disease
ranging from skin boils to life-threatening toxic shock

Abbreviations: MRSA, methicillin-resistant Staphylococcus aureus;
VRE, vancomycin-resistant Enterococcus; PS-SCL, positional scanning
synthetic combinatorial library; MIC, minimal inhibitory concentra-
tion; MBC, minimal bactericidal concentration; ATCC, American Type
Culture Collection; THA, Todd-Hewitt agar; THB, Todd-Hewitt
broth.

* Corresponding author. Tel.: +1 858 455 3803; fax: +1 858 455

3804; e-mail: adeln@tpims.org

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

doi:10.1016/j.bmcl.2006.07.037

syndrome, and is the single leading cause of bacteremia,
hospital-acquired infections, skin and soft tissue infec-
tions, and bone and joint infections. Prevalence of meth-
icillin resistance among strains of S. aureus (MRSA)
now ranges from 33% to 55% in U.S. hospitals.? Anoth-
er troublesome trend is the emergence of vancomycin-
resistant isolates of Enterococcus species (VRE), nosoco-
mial pathogenic species with frequent multi-drug
resistance to other agents such as ampicillin and amino-
glycosides. Over 28% of Enterococcus spp. responsible
for intensive care unit infections in the U.S. are now
vancomycin-resistant.* Clearly, the expeditious discov-
ery and development of novel classes of antibiotics is
critically important in order to effectively combat these
and other complex antibiotic-resistant pathogens.

A half-century of synthesizing analogs based on a hand-
ful of classical antibacterial scaffolds has resulted in the
development and marketing of more than 100 antibiot-
ics, however, few new synthetic templates have emerged
to address the burgeoning problems of resistance. The
recent introduction of readily accessible synthetic com-
binatorial libraries (SCLs) of compounds has generated
a fundamental shift in the process of drug discovery.
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This revolutionary concept enables hundreds to thou-
sands-fold more compounds to be synthesized and
screened compared to traditional approaches,’ and of-
fers tremendous enhancement toward the identification
of new therapeutic candidates. The preparation of struc-
turally complex and diverse compounds results in a
broader population of chemical space and facilitates
effective probing of biological space.’ Early work from
our laboratory has shown the utility of mixture-based
chemical libraries of small molecules for the de novo
identification of highly active antimicrobial compounds,
novel antitumor agents, and potent analgesics.®® These
libraries represent chemical collections of low molecular
weight heterocyclic and acyclic compounds. The diversi-
ty of these chemical structures, as well as the large num-
ber of compounds making up each class of structures,
greatly increases the probability of identifying com-
pounds having useful chemical characteristics.

In the current work, we describe the solid-phase con-
struction of a pyrrolidine bis-cyclic guanidine mixture-
based library designed to analyze chemical diversity at
four defined positions. All 738,192 members of this li-
brary were rapidly screened in a 96-well plate format.
This approach facilitated the identification of 36 novel
individual compounds which exhibited marked bacteri-
cidal activity against known human pathogens and
which may represent a novel class of antimicrobial
therapeutics.

Library synthesis. An efficient method for the solid-
phase synthesis of pyrrolidine bis-cyclic guanidine
library from resin-bound proline-containing acylated
tetrapeptides was achieved (Scheme 1). Starting from
resin-bound amino acids (diversity R;), Boc-proline
was coupled using standard SPPS coupling reagents,'%!!
followed by Boc deprotection and subsequent coupling
of two Boc-amino acids (diversities R, and Rj). The
N-terminal Boc was cleaved and the generated primary
amine was N-acylated with different commercially avail-
able carboxylic acids (diversity Ry4). The generated resin-
bound N-acylated tetrapeptide was exhaustively reduced
using borane-THF.!>!3 Our approach involved the use
of proline as a spacer, which, following the exhaustive
reduction of the amide groups, yielded a resin-bound

1) BH3-THF, 65 °C, 72h

pentaamine containing two pairs of secondary amines
separated by a pyrrolidine ring. The resulting pairs of
secondary amines were treated with cyanogen bromide
to generate the corresponding resin-bound pyrrolidine
bis-cyclic guanidines. Twenty-six different amino acids
were selected for Ry, R, and R;, and 42 carboxylic acids
for R4 to prepare a library of pyrrolidine bis-cyclic gua-
nidine containing 738, 192 individual compounds in
positional scanning format.'* The intermediate resin-
bound polyamine was also used as an intermediate for
the generation of different pyrrolidine bis-heterocyclic
compounds.

Positional scanning synthetic combinatorial libraries
(PS-SCLs) are composed of one sublibrary for each var-
iable position. In the case of single position defined PS-
SCLs, each compound present in a given mixture has a
common individual building block at a given position,
while the remaining positions are composed of mixtures
of all of the building blocks used to prepare the library;
a common single building block thus defines each rele-
vant mixture. The sublibraries for each position repre-
sent the same collection of individual compounds, and
they differ only by the location of the defined position.
The screening data permit the identification of key func-
tionalities at each diversity position. It is important to
note, however, that the activity found for a mixture is
due to the presence of specific active compound(s) with-
in the mixture, and not the individual functionalities as
separate independent entities. The combination of all
positional functional groups identified as key elements
leads to the identification of individual active com-
pound(s). As outlined in Figure 1, a PS-SCL, having
four sites of diversity, consists of four separate subli-
braries, each having a single defined position (R) and
three mixtures position (X). In our case, the use of PS-
SCL enables the most active groups at each position
of the pyrrolidine bis-cyclic guanidine library to be
determined directly from the initial screening data. The
library was screened for bactericidal activity against
MRSA. Screening the four sets of mixtures, totaling
120 mixtures (26 + 26 + 26 +42) in the same assay,
yielded information about the most important groups
of each position in the pyrrolidine bis-cyclic guanidine
and, following the parallel individual synthesis of all
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Figure 1. Synthesis of the entire pyrrolidine bis-cyclic guanidine library and details of the four sublibraries (the synthesis of the 738,192 member

pyrrolidine bis-cyclic guanidine chemical library was done in four weeks).

possible combinations, led to the identification of the
most active compounds (Fig. 1).

Guanidine compounds are known for their antimicrobi-
al activity.!> We screened the 120 mixtures of the pyrrol-
idine bis-cyclic guanidine library in a 96-well plate
format for bactericidal activity against MRSA, scanning
positions R!, R% R’ and R* The cutoff for significant
bactericidal activity was arbitrarily set at <10 pg/mL
to limit the number of hits to only the most active mix-
tures and also such that the compound activity was
within one log of the activity of the positive control
(vancomycin, with MBC of 0.613-1.25 ug/mL against
the test strain of MRSA?. We found that compound
mixtures with a defined R" showed redundancy in activ-
ity, suggesting that the R' position contributes less to
specific activity. Therefore, when individual compounds
were synthesized, R! was fixed at either a phenylalanine
or alanine side chain. From compound mixtures with
fixed R? or R? groups, three groups each were identified
as contributing significantly to activity (dark bars in
Fig. 2), while two groups were identified from mixtures
containing a fixed R* group (dark bars in Fig. 2).

Consequently, this initial screen against MRSA identi-
fied eight compound mixtures with an MBC < 10 pg/

mL, suggesting that the identity of R%, R3, and R* con-
tributes significantly to the anti-MRSA activity of the
molecule. Based on the screening results, 36 individual
compounds (2x3x3x2) were synthesized and
screened for bacteriostatic and bactericidal activity
(Figs. 3 and 4).

Although our primary interest was in the identification
of compound leads targeting MRSA, we also assessed
antimicrobial activity of the individual compounds
against VRE, Escherichia coli, and Pseudomonas aeru-
ginosa. Twenty of the 36 compounds were highly active
(MBC < 2.5 ng/mL) against MRSA; the MBC of eight
of these compounds was <2.5 pg/mL for VRE as well
(Table 1). Three of these compounds appeared to be
slightly more active against VRE than MRSA (Table
1). Moderate activity (MBC < 10 pg/mL) of 10 com-
pounds was also noted against E. coli; while 10 of these
were active against MRSA, three were not active at
<10 pg/mL against VRE. Figure 5 illustrates the exclu-
sivity or overlapping MBCs of all 36 individual com-
pounds against MRSA, VRE, and E. coli. Both the
MIC and MBC of all 36 of these individual compounds
were ges1Opg/mL against P. aeruginosa; several of these
compounds were inactive against P. aeruginosa up to
100 pg/mL.
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Figure 2. Results of screening the 738,312 member compound library for bactericidal activity against MRSA. Minimal bactericidal concentration
(MBC) is expressed in pg/mL for each of the 120 compound mixtures. Mixtures that exhibited MBC < 10 pg/mL (dark bars) were used for

determination of highly active individual compounds.
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Figure 3. Identification of active mixtures at defined positions R'-R*.

An examination of each R group in the individual com-
pound screen reveals preferences for some groups over
others for bactericidal activity against MRSA. With
R defined, 12 of the 18 containing the L-phenylalanine
derivative were highly active against MRSA. With R,
defined there appeared to be no preferential activity
attributable to any of the three groups examined in this

§.~“\/\ (derived from D-Norleucine)

s

é/\o (derived from L-Cyclohexylalanine)
o

R \O (derived from D-Cyclohexylalanine)

screen. When Rj3 was defined, eight of 12 compounds
containing either the L- or D-cyclohexylalanine deriva-
tive showed more potent bactericidal activity against
MRSA. When the R4 group was defined, 12 of the 18
compounds containing the bis(trifluoromethyl)-phenyl
acetic acid derivative exhibited bactericidal activity
against MRSA.
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Figure 4. Structures of the most individual compounds identified in the initial library screen with highest bactericidal activity against MRSA.

A PS-SCL approach utilizing four defined sites of diver-
sity was employed in four separate sublibraries with a
single defined position (R) and three mixtures position
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Table 1. LMIC and MBC of individual compounds 3,-3;¢ against MRSA, VRE, and E. coli. Values were calculated as described for the in vitro

biological assay
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(X). Our results indicate that of the four positions exam-
ined, varying the R position had a minimal effect on
bactericidal activity against MRSA, whereas our scan-
ning revealed multiple groups with high activity on the
remaining three positions examined (MBC < 10 pg/
mL). Using this information, synthesis of 36 individual
compounds from this library was completed. Screening
these compounds on two Gram-positive pathogens
(MRSA and VRE) and two Gram-negative pathogens
(E. coli and P. aeruginosa) revealed an array of com-
pounds with specificity for MRSA, exhibiting MBC of
<2.5 to <10 pg/mL, while other subsets of compounds
were active against VRE or E. coli. Interestingly, neither

the mixtures nor individual compounds exhibited any
bacteriostatic or bactericidal activity against P. aerugin-
osa, a Gram-negative opportunistic pathogen. It is pos-
sible the mucoid alginate polysaccharide produced by
this species'® provides an effective defense against our
compounds.

In summary, we have identified multiple compounds
from a large complex library using a demonstrated syn-
thetic and screening approach. The individual com-
pounds identified from this library exhibit potent
bactericidal activity primarily against MRSA, with sub-
sets of these compounds also showing bactericidal activ-
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2,7,8,10, 11,

12,13, 14,19

20,21, 23, 24
28, 33,34

3,5,6,22,
25, 26, 27,
29,31, 36

1,4, 16,
17, 30, 32

Figure 5. Venn diagram illustrating MBC selectivity (for
MBC < 10 pg/mL) against MRSA, VRE, and E. coli of individual
compounds 3,-354 identified in the TPI-1346 library.

ity against other known human pathogens. Of note, nar-
row-spectrum antibiotics targeting MRSA could possess
an attractive therapeutic profile by minimizing alteration
of normal bowel flora and the attendant side effects. This
described approach using PS-SCL provides a rapid and
powerful method to identify antibiotic candidates to
potentially fill a critical niche in drug discovery and in
the identification of novel therapeutics. Future studies
of the bactericidal compounds identified from this library
will focus on determining mechanism of action against
MRSA and other susceptible pathogens.

In vitro biological assay. Todd—Hewitt broth (THB) and
solid medium (THA) were freshly prepared per standard
protocol. Microorganisms used in the screening include
MRSA (ATCC # 33591), VRE (ATCC # 51299), E. coli
(ATCC # 25922), and P. aeruginosa (ATCC # 27853).
Compound/mixture dilutions were prepared in THB in
sterile flat-bottomed 96-well polystyrene plates (Costar
# 7593). Screening controls for every assay included
vancomycin (Abbott Laboratories, Chicago, IL) at the
same concentration as the compounds/mixtures, vehicle
alone, and no bacteria. Screening was done by inoculat-
ing 200 pL THB containing the diluted compound mix-
tures with an overnight culture of the desired bacterial
strain using a Boekel replicator. The inoculated plates
were incubated at 37 °C overnight. The minimal inhibi-
tory concentration (MIC, in pg/mL), the lowest concen-
tration of the antimicrobial agent that prevents visible
growth after overnight incubation, was determined tur-
bidimetrically at Asos. The bacteria were then trans-
ferred via a Boekel replicator to Todd-Hewitt agar
plates in the absence of antibiotic. The agar plates were
incubated at 37 °C overnight, and the presence or ab-
sence of bacterial growth was assessed the following

day. The minimal bactericidal concentration (MBC, in
pg/mL), the lowest concentration of antimicrobial agent
that completely kills bacteria (i.e., prevents bacterial
growth after removal of the antimicrobial agent), was
determined by visual examination of the agar plates.
Each set of screening assays was repeated three times.

Acknowledgments

This research was supported by NIDA Grant No. 5
ROI1 DA09410 and funded in part by NIH Grant 1
US54 HG003916-01. The authors also thank the Multiple
Sclerosis National Research Institute, Diabetes National
Group, Alzheimer’s and Aging Research Center, Pain
Management Research Institute of America and Osteo-
porosis, and Breast Cancer Research Center for their
support.

References and notes

1. Miller, L. G.; Perdreau-Remington, F.; Rieg, G.; Mehdi,
S.; Perlroth, J.; Bayer, A. S.; Tang, A. W.; Phung, T. O.;
Spellberg, B. N. Engl. J. Med. 2005, 352, 1445.

2. Koleff, M. H.; Micek, S. T. Curr. Opin. Infect. Dis. 2006,
19, 161.

3. Appelbaum, P. C. Clin. Microbiol. Infect. 2006, 12(Suppl.
2), 3.

4. National Nosocomial Infections Surveillance (NNIS)
System Report: data summary from January 1992 through
June 2004, issued October 2004. Am. J. Infect. Control
2004, 32, 470.

5. Nefzi, A.; Ostresh, J. M.; Yu, J.; Houghten, R. A. J. Org.
Chem. 2004, 69, 3603.

6. Appel, J. R.; Johnson, J.; Narayanan, V. L.; Houghten, R.
A. Mol. Divers. 1998-1999, 4, 91.

7. Dooley, C. T.; Houghten, R. A. Life Sci. 1993, 52, 1509.

8. Blondelle, S. E.; Houghten, R. A. Trends Biotechnol. 1996,
14, 60.

9. Houghten, R. A.; Pinilla, C.; Appel, J. R.; Blondelle, S. E.;
Dooley, C. T.; Eichler, J.; Nefzi, A.; Ostresh, J. M. J. Med.
Chem. 1999, 42, 3743.

10. Merrifield, R. B. J. Am. Chem. Soc. 1963, 85, 2149.

11. Merrifield, R. B. Science 1986, 232, 341.

12. Ostresh, J. M.; Schoner, C. C.; Hamashin, V. T.; Nefzi, A.;
Meyer, J.-P.; Houghten, R. A. J. Org. Chem. 1998, 63,
8622.

13. Nefzi, A.; Ostresh, J. M.; Houghten, R. A. Tetrahedron
1999, 55, 335.

14. Pinilla, C.; Appel, J. R.; Blanc, P.; Houghten, R. A.
Biotechniques 1992, 13, 901.

15. Martin, D. W.; Schurr, M. J.; Mudd, M. H.; Govan, J. R.;
Holloway, B. W.; Deretic, V. Proc. Natl. Acad. Sci. U.S. A.
1993, 90, 8377.

16. (a) Chandrasekaran, S.; Nagarajan, S. Farmaco 2005, 60,
279; (b) Amir, M.; Aggrawal, R.; Javed, S. A. Oriental J.
Chem. 2004, 20, 477; (c) Balasankar, T.; Nagarajan, S.
Heterocycl. Commun. 2004, 10, 451; (d) Yang, S.-W.;
Chan, T.-M.; Pomponi, S. A.; Chen, G.; Wright, A. E.;
Patel, M.; Gullo, V.; Pramanik, B.; Chu, M. J. Antibiot.
2003, 56, 970; (e) Li, C.; Lewis, M. R.; Gilbert, A. B.;
Noel, M. D.; Scoville, D. H.; Allman, G. W.; Savage, P. B.
Antimicrob. Agents Chemother. 1999, 43, 1347.





		Pyrrolidine bis-cyclic guanidines with antimicrobial activity against drug-resistant Gram-positive pathogens identified from a mixture-based combinatorial library

		Acknowledgments

		References and notes






ELSEVIER

Available online at www.sciencedirect.com

-* ScienceDirect

Bioorganic &
Medicinal
Chemistry
Letters

Bioorganic & Medicinal Chemistry Letters 16 (2006) 5022-5027

Synthesis and in vitro biological evaluation of aryl boronic acids as
potential inhibitors of factor Xla

Tsvetelina 1. Lazarova,®* Lei Jin,® Michael Rynkiewicz,b Joan C. Gorga,® Frank Bibbins,*
Harold V. Meyers,* Robert Babine® and James Strickler®

4 Medicinal Chemistry, Daiichi Asubio Medical Research Laboratories, LLC, One Kendall Square,
Building 700, Cambridge, MA 02139, USA
®Structural Chemistry, Daiichi Asubio Medical Research Laboratories, LLC, One Kendall Square,
Building 700, Cambridge, MA 02139, USA
“Biochemistry, Daiichi Asubio Medical Research Laboratories, LLC, One Kendall Square, Building 700,
Cambridge, MA 02139, USA

Received 6 June 2006; accepted 14 July 2006
Available online 28 July 2006

Abstract—A series of functionalized aryl boronic acids were synthesized and evaluated as potential inhibitors of factor XIa. Crystal
structures of the protein—inhibitor complexes led to the design and synthesis of second generation compounds showing single digit
micromolar inhibition against FXIa and selectivity against thrombin, trypsin, and FXa.

© 2006 Elsevier Ltd. All rights reserved.

Thromboembolitic diseases are a major cause of death
and disability in the western world.! Current antithrom-
botic therapies rely on the use of anticoagulant agents,
such as heparin, low molecular weight heparins
(LMWH), and warfarin, as well as antiplatelet agents
such as aspirin. Some of the limitations of these thera-
pies are a lack of oral bioavailability (heparin, LMWH)
and the need to constantly monitor blood parameters
(warfarin).> Most of the current research efforts have fo-
cused on the development of inhibitors of thrombin and
factor Xa (FXa), and much progress has been reported
in these research areas, including compounds in
advanced clinical development.3~

In our laboratories, we have focused on a relatively
unexplored target in the blood coagulation cascade,
namely factor XIa (FXIa).® Factor XI is a serine prote-
ase expressed as a zymogen that is converted to its active
form, FXla, by factor XIla and by thrombin. Upon
activation, FXIa promotes coagulation by activating
factor IX. There is evidence that a high level of FXIa
increases the risk for venous thrombosis,’ although cur-
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rently there are few reports concerning FXIa as a poten-
tial target for the development of small molecule
antithrombotic drugs.® Since FXIa plays a role in the
amplification pathway in coagulation and not in initia-
tion of clotting, an inhibitor specific for FXIa rather
than for the other coagulation pathway proteases, such
as FXa and thrombin, may be effective at reducing the
risk of thrombosis without a significant risk of bleeding. In-
deed, in a recent publication, FXIa null mice (fXI—/—)
were found to be resistant to clot induction by FeCls
in an arterial thrombosis model, but had normal bleed-
ing times.” In this letter, we report the synthesis and
in vitro biological activity of aryl boronic acid deriva-
tives as potential inhibitors of FXIa.

Aryl boronic acids have found applications in diverse
chemical areas, such as organometallic chemistry,
organic synthesis, host—guest chemistry, and medicinal
chemistry. Simple phenyl boronic acids,!® as well as
some functionalized arylboronic acids'' have been
shown to have weak serine protease inhibitory activity.
More potent protease inhibition has been observed for
boronic acids incorporated within a peptidomimetic
framework.!? These boronic acid peptidomimetics can
function as covalent reversible or irreversible inhibitors
of the protease by forming a tetrahedral boronate ester
with the serine hydroxyl of the catalytic triad. A number
of peptidyl boronate inhibitors have been reported,!? the
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most promising of which is Velcade®, a selective boro-
nate proteosome inhibitor approved as an antineoplastic
agent.'4

In our laboratory, we began the investigation of aryl
boronic acids as potential inhibitors of FXIa with the
screening of commercially available substituted phenyl
boronic acids. We selected compounds with hydrogen
bond donor substituents on the phenyl ring that could
make an electrostatic interaction with aspartate 189 of
the S1 specificity pocket. All compounds were tested in
an in vitro enzyme inhibition assay!’ against FXIa,
and boronic acid 1 emerged as the only compound with
an ICso value in the range of that of the control com-
pound benzamidine 2 (ICsy 1=77.3uM, ICs
2 =120 uM, respectively).

OH
HO.

NH,.HCI HN™ "NH,.HCI

We selected compound 1 for further studies. In order to
maximize the interaction of 1 with aspartate 189, the
methylene amine group was converted to a guanidinium
group. At the same time, the length of the linker be-
tween the guanidinium group and the phenyl ring was
varied in order to find the optimum spatial arrangement
for interaction with both serine 195 and aspartate 189.
For that purpose, we prepared boronic acids 3, 4, and
5. For ease of manipulation, we chose to isolate the
compounds as boron pinacol esters. This functional
group modification was not expected to interfere with
the ability of the boron to form the covalent complex
with the active site serine 195, since X-ray crystallo-
graphic studies had previously shown that the ester moi-
ety is hydrolyzed prior to binding (due to the rapid
equilibration between the boronic ester and the free
boronic acid in solution).'®

HO ,OH

[N

HN NH,

3 4 5

The syntheses of the pinacol esters of acids 3, 4, and 5
are shown in Schemes 1-3, respectively. In Scheme 1,
boronic acid 1 was treated with 1 equiv of the bis
BOC-protected guanidinylation reagent 6 and 1 equiv
of diisopropylethyl amine in dimethylformamide
(DMF) for 18 h at ambient temperature, followed by
deprotection with trifluoroacetic acid (TFA) for 5h at
ambient temperature to give the desired compound 3

AL

O ,OH HO. OH O. B,O
AN
o
\fNBoc
NH,.Cl NH NHBoc
6
NH2 TFA HN™ "NH,
1 3 7

Scheme 1. Reagents and conditions: (a) 1 equiv 6, 1 equiv i-Pr,EtN,
DMEF, rt, 18 h, 90%; (b) TFA, rt, 5 h, 87%; (c) 1 equiv pinacol, 1 equiv
i-Pr,EtN, dioxane, 60 °C, 18 h, 91%.

o} (0]
Br O-g’ O
a, b (é‘ c,d
NHBoc NH,.HCI HN\ﬂ/NH2 TFA
NH
8 9 10

Scheme 2. Reagents and conditions: (a) 1 equiv dipinacolato diboron,
3 equiv KOAc, 0.1 equiv Pd(dppf)Cl,, DMSO, 80 °C, 18 h, 67%; (b)
4 N HCI, rt, 30 min, 96%; (c) 1 equiv 6, 1 equiv i-Pr,EtN, DMF, rt,
18 h, 88%; (d) TFA, rt, 5 h, 94%.

TFA. H2N
1 12

Scheme 3. Reagents and conditions: (a) 1 equiv 6, 1 equiv i-Pr,EtN,
DMF, rt, 18 h, 86%; (b) TFA, rt, 5h, 90%.

as a TFA salt in 78% overall yield. Treatment of 3 with
1 equiv of pinacol and 1 equiv of diisopropylethyl amine
in dioxane for 18 h at 60 °C afforded the pinacol ester 7
in 91% yield.

The preparation of the pinacol ester of boronic acid 4 is
outlined in Scheme 2. Miyaura boronylation'” of the
commercially available phenyl bromide 8 with 1 equiv
of dipinacolato diboron, 3 equiv of potassium acetate,
and 10mol% palladium diphenylphosphoferrocene
dichloride (Pd(dppf)Cl,) in dimethylsulfoxide (DMSO)
for 18 h at 80 °C afforded the boron pinacol ester in
67% yield after a flash chromatography purification. A
subsequent treatment of the pinacol ester with 4 N
hydrochloric (HCI) acid for 30 min at ambient tempera-
ture gave the amine salt 9 in 96% yield. The introduction
and deprotection of the guanidinium group was accom-
plished in a two-step procedure, similar to that for com-
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pound 3 (Scheme 1) and the pinacol ester 10 was isolated
as the TFA salt in 83% overall yield for the last two-
steps.

Scheme 3 shows the preparation of the pinacol ester of
boronic acid 5. Commercially available 4-amino phenyl
boronic pinacol ester 11 was converted to the target
pinacol ester 12 in 77% overall yield by the same two-
step procedure used in the preparation of compound 3
(Scheme 1).

Pinacol esters 7, 10, and 12, as well as boronic acid 3
were tested in in vitro enzyme inhibition assays against
FXla, FXa, thrombin, and trypsin.'> The results are
shown in Table 1. Compounds 10 and 12 showed the
greatest potency against FXIa with ICsy values of 7.3
and 5.9 uM, respectively, while compounds 3 and 7 were
less potent (ICso 3 =22 uM and ICsq 7 = 24.7 uM), but
showed a promising selectivity trend, especially against
FXa and trypsin (approximately 10-fold). Both com-
pounds 10 and 12 had good selectivity against FXa,
but no selectivity against thrombin and trypsin. As
expected, there was no difference in the ICs, values for
boronic acid 3 and its pinacol ester 7, since the pinacol
moiety was hydrolyzed prior to binding.!® We decided
to obtain the crystal structures of compounds 3, 10,
and 12 with the FXIa catalytic domain rhaFXI370 g7~
S434A, T475A, C482S, K437A (FXIac)'® in order to
rationalize the observed selectivity and look for oppor-
tunities to introduce additional points of contact with
the enzyme.

In the crystal structure®® (Fig. 1A—C), all three com-
pounds showed a glycerol boronate ester, instead of
the original pinacol ester for compounds 10 and 12
and the free boronic acid for compound 3. Since glyc-
erol was only present in the cryo-protecting solutions,
the transesterification reaction could have occurred
when the crystal was prepared for X-ray analysis.
The formation of the glycerol boronate ester had no ef-
fect on the biological properties of compounds 3, 10,
and 12, since there was no change in their 1Cs, values
in the presence of glycerol. All three compounds bound
in the active site with the guanidine group interacting
with aspartate 189 in the S1 pocket of the FXlac.
The boron atom was tetracoordinate and covalently at-
tached to serine 195. There were structural differences
between the ligands in order to accommodate their dif-
ferent lengths. The two ends (guanidine and glycerol
boronate) of compounds 3 and 10 were superimposed
on each other. To accommodate the extra methylene
group in compound 10, the phenyl ring tilted away
from the position it occupied in compound 3. The gua-

Table 1. In vitro biological data

Compound  ICsp (uM)  1Cso (M) ICso (M) ICs0 (UM)
FXlIa FXa Thrombin  Trypsin
3 22 >200 146 >200
7 24.7 >200 129 >200
10 7.3 175.4 30.8 20.3
12 5.9 129 5.5 23

nidine group in compound 12 was in a different posi-
tion than the guanidine groups in compounds 3 and
10 and formed only one hydrogen bond with aspartate
189 instead of two, yet the location of the nitrogen in-
volved in the hydrogen bonding was very close to the
location of the nitrogen atoms in compounds 3 and
10. The phenyl ring of compound 12 adopted a third
orientation in the S1 pocket. This structural informa-
tion suggested that the meta position of the phenyl ring
(relative to the boronic ester) or the benzylic carbon in
compounds 3 and 10 provided good opportunities to
access a small pocket (located just above the disulfide
bond between cysteine 191 and cysteine 219) near the
S1 subsite that is specific for FXIa.

We chose to modify the benzylic position in compound
10. Since such a modification would create a chiral cen-
ter, we decided to prepare the racemic compound and let
the biologically active enantiomer co-crystallize selec-
tively with the protein.

The synthesis of boronic ester 13, a representative mem-
ber of the new series of compounds, is shown in Scheme
4. Commercially available amine 14 was treated with
1 equiv of tert-butylcarbonyl (Boc) anhydride, 3 equiv
of triethyl amine in dichloromethane (DCM) for 18 h
at ambient temperature to provide the protected Boc
derivative in 96% yield. The ketone was then reduced
to the alcohol with excess sodium borohydride in meth-
anol for one hour at ambient temperature in 83% yield.
Reaction of the alcohol intermediate with 1equiv of
nicotinoyl chloride and 3equiv of diisopropylethyl
amine in DCM for 18 h at ambient temperature gave
the nicotinoyl ester 15 in 76% yield. The boronic pinacol
ester was introduced by treating 15 with 1 equiv of dip-
inacolato diboron, 3 equiv of potassium acetate, and
0.1 equiv of Pd(dppf)Cl, in DMSO at 80 °C for 18 h
and isolated in 73% yield after a flash chromatography
purification. The Boc group was removed by treatment
with 4 N HCI for 30 min (97% yield). The resulting free
amine was converted to a guanidinium group by reac-
tion with 1 equiv of pyrazole reagent 6 and 1 equiv of
diisopropylethyl amine in DMF for 18 h at ambient
temperature. Final deprotection with excess TFA for
5h at ambient temperature gave the target compound
13 as a racemate in 78% overall yield for the last two-
steps.

The in vitro biological data for compound 13 and its
precursor 10 are shown in Table 2. The I1Cs, value for
the racemic 13 against FXIa was 1.4 pM. Compound
13 also showed an improved selectivity against trypsin
(approximately 200-fold) as compared to the precursor
compound 10 (3-fold). There was no significant change
in the selectivity against FXa (approximately 30-fold
for compound 13 vs 25-fold for compound 10). There
was also a modest improvement in the selectivity against
thrombin (8-fold for compound 13 as compared to 4-
fold for compound 10). In order to find a possible expla-
nation for the observed results, as well as find out, which
of the two enantiomers is responsible for the biological
activity, we solved the crystal structure of compound
13 with FXIac.
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Figure 1. Panels A-D are electron density maps calculated using Fourier coefficients Fops—Feq1c using phases from the final refined models omitting
the atoms for the ligand and contoured at 2.5 sigma for FXIa complexes with compounds 3, 10, 12, and 13, respectively. Panel E is a wall-eyed
stereodiagram of the superposition of the bound conformations of compounds 3 (magenta), 10 (cyan), and 12 (green) in the active site of FXIa. The

solvent accessible protein surface is from the FXIa-compound 3 complex.

The crystal structure (Fig. 1D) showed that the S enan-
tiomer of compound 13 was bound in the active site.
Assuming only this enantiomer is active against FXIa,
this effectively results in a submicromolar ICsq for com-
pound 13. As previously seen, the compound crystal-
lized as the glycerol boronate ester and formed a
covalent bond between its boron atom and the oxygen
of serine 195, as well as a salt bridge between its guani-
dine group and the side-chain carboxylate of aspartate
189. There are, however, differences between the FXIa-

bound structures of compound 13 and its precursor,
compound 10 (Fig. 1B). The ester carbonyl in com-
pound 13 is within hydrogen bonding distance (3.0 A)
of and oriented toward the backbone nitrogen of lysine
192. The pyridyl group makes van der Waals contacts
with the side-chain of leucine 146, and this binding
mode results in a_shift of the position of residues 143—
147 of up to 1.7 A in the FXIa-compound 13 structure
compared to the FXla-compound 10 structure
(Fig. 1B). While the hydrogen bond made by the ester
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Scheme 4. Reagents and conditions: (a) 1.0 equiv (Boc),0, 2.5 equiv Et;N, DCM, rt, 18 h, 96%; (b) 5 equiv NaBH,, methanol, rt, 1 h, 83%; (c)
1.0 equiv nicotinoyl chloride, 3 equiv i-Pr,EtN, DCM, rt, 18 h, 76%; (d) 1 equiv dipinacolato diboron, 3 equiv KOAc, 0.1 equiv Pd(dppf)Cl,, DMSO,
80 °C, 18 h, 73%; (e) 4 N HCI, rt, 30 min, 97%; (f) 1 equiv 6, 1 equiv i-Pr,EtN, DMF, rt, 18 h, 85%; (g) TFA, rt, 5 h, 92%.

Table 2. In vitro biological data

Compound  ICso (pM)  ICso (uM)  ICso (uM)  ICsp (uM)
FXlIa FXa Thrombin  Trypsin

10 7.3 175.4 30.8 20.3

13 1.4 43.6 12.3 >200

carbonyl is probably not contributing much to specific-
ity since the other proteases tested can make this inter-
action as well, the steric clash between leucine 146 and
the pyridyl group of 13 is not likely to be accommodated
well by all serine proteases. This observation can explain
the gain in selectivity observed with compound 13 com-
pared to compound 10. The pyridyl ring is also posi-
tioned so that additional substituents on the meta- or
ortho-positions (relative to the boronic acid) could make
additional interactions in both the S2 subsite and a flex-
ible pocket near the mouth of the S1 pocket that is
formed by lysine 192, cysteine 191, cysteine 219, and res-
idues 143-148. Compounds that optimize interactions in
these subsites, in addition to the covalent interaction
with serl95 and the electrostatic interaction with asp
189, may very well advance both the potency and selec-
tivity of this compound series.

In conclusion, we have synthesized single digit micromo-
lar aryl boronic acid inhibitors of FXIa with selectivity
against trypsin, thrombin, and FXa. X-ray studies of
the inhibitors with the catalytic domain of FXIa identi-
fied several subsites where additional interactions with
the enzyme may lead to the design of more potent and
selective compounds. Synthesis and biological evalua-
tion of second generation aryl boronic acid inhibitors
has been initiated.
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Stereospecificity in hydroxyl radical scavenging activities
of four ginsenosides produced by heat processing
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Abstract—The activity-guided fractionation of sun ginseng (SG, heat processed Panax ginseng C. A. Meyer at 120 °C) was carried
out to identify its main active hydroxyl radical ((OH) scavenging components. As a result, the n-BuOH fraction mainly consisting of
ginsenosides showed the strongest activity. Of several ginsenosides of SG, the "OH scavenging activities of relatively high contents of
20(S)-Rgs, 20(R)-Rgs, Rk, and Rgs were compared. Rgs and 20(S)-Rgz showed strong "OH scavenging 1Csy values of 0.15 and
0.44 mM, respectively, and these activities were prominently higher than each of their respective isomers. Therefore, stereospecificity
exists in the "OH scavenging activities of ginsenosides produced by heat processing. Especially, the double bond at carbon-20(22) or
the OH group at carbon-20 geometrically close to OH at carbon-12 is thought to increase the "OH scavenging activity of

ginsenosides.
© 2006 Elsevier Ltd. All rights reserved.

Traditionally, the root of ginseng (Panax ginseng C. A.
Meyer, Araliaceae) has been processed to make white
ginseng (WG, roots air-dried after peeling) and red gin-
seng (RG, roots steamed at 98-100 °C without peeling)
to enhance its preservation and efficacy. RG is more
common as an herbal medicine than WG in Asian coun-
tries, because steaming induces changes in the chemical
constituents and enhances the biological activities of
ginseng.' Recently, a method to increase the content
of RG specific ginsenosides such as Rgz, Rk, and Rgs
by steaming WG at a higher temperature than RG
was developed. This novel heat processed ginseng is
termed sun ginseng (SG), and we have been investigating
its enhanced free radical scavenging activity compared to
conventional ginsengs and its active constituents.*¢

The hydroxyl radical (‘OH) is an extremely reactive
and short-lived species that can attack biological mole-
cules such as DNA, proteins, and lipids. The reactivity
of "OH has been related to several human diseases such
as neurodegenerative disease and diabetes. Therefore,
its scavenging activity has received much attention.””
Especially, in our previous research, SG showed an im-
proved "OH scavenging activity compared to WG and
RG,> and so we needed to clarify the main active

Keywords: Stereospecificity; Hydroxyl radical; Ginsenoside.
* Corresponding author. Tel.: +81 76 434 7670; fax: +81 76 434
5068; e-mail: yokozawa@inm.u-toyama.ac.jp

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

doi:10.1016/j.bmcl.2006.07.071

‘OH scavenging components of SG. Therefore, in the
present study, the activity-guided fractionation of SG
was carried out. To test the "OH scavenging activity,
an electron spin resonance (ESR) spectrometer was
used because it is widely employed for detecting "OH,
and even samples with a low solubility such as ginseno-
sides are suitable for ESR measurement.'® In addition,
(—)-epigallocatechin 3-O-gallate (EGCg) was used as
an "OH scavenging positive control.!!

Ginseng extract is known to scavenge free radicals such
as 1,1-diphenyl-2-picrylhydrazyl, carbon-centered radi-
cal, superoxide, nitric oxide, peroxynitrite, and "OH. In
addition, these scavenging activities are improved by
heat processing.>%%!2 Especially, an extremely reactive
‘OH radical was effectively scavenged by SG compared
to WG or RG in our previous research,’ and therefore
we needed to clarify the main active components of
SG. Thus, the activity-guided fractionation of SG ex-
tract was carried out. First, SG was separated into its
90% water-soluble fraction (mainly containing polysac-
charides) and residual 10% MeOH eluate (containing
ginsenosides, phenolic acids, etc.) by HP 20 resin.'? In
the "OH scavenging activity tests of SG and its two frac-
tions, SG inhibited *OH generation to 70%, and the low-
er content of MeOH eluate (inhibited to 55%) showed a
stronger activity than the water eluate (inhibited to 86%)
at the concentration of 1 mg/mL (Fig. 1). Therefore, the
MeOH eluate was thought to contain the active compo-
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Figure 1. The *OH scavenging activities of SG** and its fractions® at
1 mg/mL.

nents and was further separated into three fractions of
ether, n-BuOH, and residual fractions by the reported
method.'* Of these, the n-BuOH fraction containing
mainly ginsenosides showed the strongest activity and
the next were in the order of ether and residual water
fractions (Fig. 1). The n-BuOH fraction was thought
to contain the main active components because it occu-
pied about 70% of the MeOH eluate and showed the
strongest inhibition of "OH generation to nearly 35%.
Therefore, the n-BuOH fraction was analyzed by HPLC
(Fig. 2) and relatively high contents of four ginseno-
sides, 20(S)-Rgs 32.8%, 20(R)-Rgz 7.3%, Rk; 15.7%,
and Rgs 18.6%, were detected, isolated, and these ginse-
nosides are known as the major ginsenoside constituents
of SG.*!316 Especially, 20(R)-Rg; and 20(S)-Rg; are
epimers of each other depending on the position of the
hydroxyl (OH) group on carbon-20 (Fig. 3), and this
epimerization is known to be produced by the selective
attack of the OH group after elimination of the glycosyl
residue at carbon-20 during the steaming process.!”!3
Similarly, in the case of Rk; and Rgs, these ginsenosides
are positional isomers of each other depending on
the position of the double bonds on carbon-20(21) or
-20(22), as shown in Figure 3, and this double bond is
known to be produced by the elimination of H,O at car-
bon-20 of Rgz by high pressure and temperature.*
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For the four isolated ginsenosides, ‘OH scavenging
activity tests were carried out and they showed charac-
teristic activity and structure relationships (Fig. 4).
Rgs showed the strongest activity and the next were in
the order of 20(S)-Rg;, Rk, and 20(R)-Rgs at a concen-
tration of 2 mM. Rgs and 20(S)-Rg; showed a stronger
activity than that of the positive control, EGCg, at the
same concentration (2 mM). In a comparison of the epi-
mers of Rgs, 20(S)-Rgs strongly inhibited *OH genera-
tion to 20%, but 20(R)-Rg; showed a lower value of
72%. Similarly, Rgs (inhibited to 16%) showed a stron-
ger activity than Rk, (inhibited to 68%). Therefore, ste-
reospecificity exists in the "OH scavenging activity of
ginsenosides. Especially, the double bond at carbon-
20(22) or the OH group at carbon-20 geometrically close
to OH at carbon-12 is thought to increase the "OH scav-
enging activity of ginsenoside (Figs. 3 and 4). In addi-
tion, stereospecificity in the medicinal efficacy of these
ginsenosides was reported by several researchers. The
OH group of 20(S)-Rg; is better aligned with the OH
acceptor group in the ion channels than that of 20(R)-
Rg;, and is important for Na™ channel regulation.'®-?°
Moreover, 20(S)-Rgs is reported to provide neuropro-
tection against cerebral ischemia-induced injury in the
rat brain through reducing lipid peroxides and scaveng-
ing free radicals.?! Similarly, Rgs, not Rk, is known as
one of the anticarcinogenic compounds of RG.%?

On the other hand, the strong "OH scavenging activities
of Rgs and 20(S)-Rgs were further compared at the con-
centrations of 0.2 and 1.0 mM for the calculation of
their ICsq values. These two ginsenosides strongly inhib-
ited DMPO-OH signal generations (Fig. 5), graphically
represented in Figure 6. The 1Csq values of Rgs and
20(S)-Rg; were 0.15 and 0.44 mM, respectively. In addi-
tion, the ICs, value of EGCg, the "OH scavenging posi-
tive control, was 3.76 mM (data not shown). Therefore,
the "OH scavenging activity of SG is thought to be close-
ly related to these two ginsenosides produced by heat
processing. Although we clarified two strong "OH scav-
enging ginsenosides, it was difficult to assess whether
these ginsenosides were simply good metal chelators

.
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Figure 2. HPLC chromatogram of the n-BuOH fraction®®: (1) 20(S)-Rgs; (2) 20(R)-Rgs; (3) Rky; (4) Rgs.
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Gle-Gle-0

20(S)-ginsenoside Rg,

Glc-Gle-0

gy,

Ginsenoside Rk,

Figure 3. Structures of ginsenosides®’: -Gle, p-glucopyranosyl.
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Figure 4. The "OH scavenging activities of four ginsenosides at 2 mM.

on Fenton reaction or direct "OH scavengers. However,
many antioxidants are also metal chelators, and the di-
rect scavenging of *OH by dietary antioxidants in a bio-
logical system is known to be unrealistic because the
cellular concentration of dietary antioxidants is negligi-
ble compared with other biological molecules. Thus, the
"OH scavenging capacity is mainly due to their metal
chelating capability, and metal chelators may act as
antioxidants.”®> On the other hand, four ginsenosides
used in this study showed no or weak free radical, nitric
oxide, scavenging activities in our previous study,® and
there are few reports describing the direct free radical
scavenging activities of ginsenosides, even with the long
history of ginseng research. Therefore, we suggest that
the "OH scavenging activities of ginsenosides measured
by ESR are mainly due to their metal chelating capabil-
ity. As there are still unsolved issues about the "OH scav-
enging activities of minor ginsenosides of SG and the
need to investigate active components in other fractions,
we want to clarify these subjects in a future study.

Glc-Gle-0

OH

iy,
"t

T
Yty

20(R)-ginsenoside Rg,

u, iy

Ginsenoside Rg,

Control Control

+ 20(S)-Rg; (0.2 mM) + Rg; (0.2 mM)

w\..w

+ 20(S)-Rg; (1.0 mM) + Rg; (1.0 mM)

A R et s

+20(S)-Rg, (2.0 mM) + Rg, (2.0 mM)

R e e

Figure 5. ESR spectra of DMPO-OH adducts formed by the Fenton
reaction®® with 20(S)-ginsenoside Rgs and ginsenoside Rgs.
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Figure 6. Comparison of the ‘OH scavenging activities of 20(S)-Rgs
(A) and Rgs (O).
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In summary, we first reported the "OH scavenging activ-
ities of ginsenoside-Rgs and 20(S)-Rgs by the use of
ESR. In addition, these two ginsenosides showed a
stronger activity than each of their respective isomers.
Therefore, there is stereospecificity in the "OH scaveng-
ing activities of ginsenosides produced by heat process-
ing. Especially, the double bond at carbon-20(22) or
the OH group at carbon-20 geometrically close to OH
at carbon-12 is thought to increase the *OH scavenging
activity of ginsenosides. These structural characteristics
of ginsenosides to scavenge "OH could be useful to
develop novel antioxidant.
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SG was made by steaming WG at 120 °C and dried at
50 °C for 3 days as previously described in J. Nat. Prod.
2000, 63, 1702. WG was purchased from a local ginseng
market in Seoul (Korea).

Several fractions of SG used in this study were prepared
by the following procedures. SG MeOH extract (30 g) was
suspended in water and then the water-soluble polysac-
charide fraction was separated by Diaion HP 20 (Mitsu-
bishi Chemical, Tokyo, Japan) column chromatography
using water as an eluting solution followed by elution with
MeOH. Each solution was evaporated in vacuo to give the
water eluate (27 g) and the MeOH eluate (3 g). The MeOH
eluate was re-suspended in water and further partitioned
into ether and aqueous layers, and the aqueous layer was
then extracted with n-BuOH saturated with water for the
preparation of the total ginsenosides fraction. Each
fraction was dried under reduced pressure and the ether
(800 mg), n-BuOH (2.1 g), and residual fractions (100 mg)
were obtained.

Ginsenosides in the n-BuOH fraction were analyzed by
HPLC. A Hitachi (Tokyo, Japan) L-7100 liquid chro-
matograph fitted with a C-18, reverse-phase column
(5 um, 25cm x4 mm I.D.; YMC-Pack Pro) utilizing the
solvent gradient system was used. The mobile phase
consisted of water (solvent A) and acetonitrile (solvent B),
and the flow rate was 1 mL/min. The detector was a
SEDEX 55 ELSD (Sedere, France). The gradient elution
was used as follows: 0 min, 15% B; 10 min, 34.5% B;
25 min, 47.5% B; 40 min, 80% B; and 50 min, 100% B.
Ginsenosides were identified by co-injection with standard
ginsenosides.

For the isolation of 20(S)-Rgs, 20(R)-Rgs, Rk;, and Rgs,
the n-BuOH fraction of SG was applied to a silica gel
column eluting with CHCl3-MeOH (30:1 — 20:1 —
10:1 — 1:1) to afford subfractions, and it was further
purified with preparative HPLC with a detection wave-
length of 203 nm. The structures of ginsenosides were
confirmed by comparing the chemical shifts in '*C NMR
and '"H NMR with standard samples.

The ESR spectra were recorded on a JES-TE100 ESR
spectrometer (JEOL, Tokyo, Japan). The experimental
parameters were as follows: temperature, ambient; micro-
wave power, 1.02 mW; modulation frequency, 100 kHz;
modulation width, 0.16 mT; sweep width, 5.0 mT; sweep
time, 0.5 min; center field, 339.550 mT; time constant,
0.03 s; and receiver gain, 1. 5,5-Dimethyl-1-pyrroline N-
oxide (DMPO) was used as a spin-trapping reagent for
‘OH. Mn?* was used as an external standard to calculate
the relative amounts from the ESR signal intensity.
Twenty microliters of DMPO (1/10 diluted with H,O, v/
v) were mixed with 38 uL of 0.2 mM FeSO,7H,O and
37 uL of 1 mM diethylenetriaminepentaacetic acid. The
mixture was stirred with 30 pL of sample solution and
75 uL of 1 mM H,0,. The solutions were transferred to a
capillary tube and placed in the cavity of the ESR
spectrometer for measurement. After 5 min, the ESR
signal was taken to measure the level of inhibition of "OH
by the samples. Measurements were repeated three times
for each sample. The inhibition of "OH was determined by
the ratio of the peak height of the DMPO-OH spin adduct
to the signal of Mn>* and compared to the ratio of the
control.
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Abstract—Morpholin-2-one-5-carboxamide derivatives were prepared by using the one-pot Ugi multicomponent reaction and
evaluated for blocking effects on T- and N-type Ca®* channels. Among them, compound 5i produced the highest potency
(ICs59p = 0.45 £ 0.02 uM), while compounds 5d, 5f, 5k, 5n, S0, and 6m produced relatively high potency as well as selectivity on
T-type Ca’" channels. These novel scaffolds showed potent and selective T-type Ca>* channel blocking activities.

© 2006 Published by Elsevier Ltd.

Voltage-dependent Ca”?* channels (VDCC) are the
primary route for translating electrical signals into
biochemical events underlying key processes such as
enzyme activity, neurotransmitter release, neuronal
excitability, neurite outgrowth, and gene transcription.!
Ca®* channels have been subdivided into two major
classes based on electrophysiological and pharmacolog-
ical properties: high voltage-activated (HVA), which are
further divided into L-, N-, P-, Q-, and R-subtypes, and
low voltage-activated (LVA) or transient (T-type) Ca**
channels.>* HVA Ca®' channels are activated by a
relatively strong membrane depolarization and are
important for contraction, secretion, neurotransmitter
release, and gene expression. LVA or T-type Ca>" chan-
nels are activated by a small membrane depolarization
and play a crucial role in excitability of both central
and peripheral neurons.>”’ Furthermore, many reports
have suggested that T-type Ca®* channels are implicated
in pathogenesis of epilepsy and neuropathic pain.®!3
Targets of anti-epileptic drugs include neuronal
voltage-dependent Na* channels,'* y-aminobutyric acid
(GABA) receptors,’> VDCC, especially T-type
Ca®" channels,'® and N-methyl-p-aspartate (NMDA)

Keywords: T-type Ca>* channel; Mibefradil; Morpholinone.
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receptors. Recent evidence has also led to the applica-
tion of ligands competing with glutamate binding
on a-amino-3-hydroxy-5-methyl-4-isoxazole propionate
(AMPA) and kainic acid (KA) receptors to minimize
symptoms of epilepsy.!’

Mibefradil was first introduced as a new class of selective
T-type Ca?" channel blockers.'s However, it is currently
regarded as a non-selective and broad-spectrum ion
channel blocker having activities on HVA Ca®*, Na*,
K™, and CI~ channels and finally withdrawn due to its
pharmacokinetic interactions with other drugs metabo-
lized by cytochromes P450, 3A4 and 2D6.!° Ethosuxi-
mide, an anti-epileptic drug, and Kurtoxin, a peptide
isolated from a venomous scorpion, were also reported
to inhibit T-type Ca®* channels. Recently, certain deriv-
atives of 3,4-dihydroquinazoline®® and piperazinyl alkyl-
isoxazole?! have been shown to be potent and selective
blockers of T-type Ca** channels. However, no selective
T-type Ca®* channel blocker has been reported with
results from pharmacokinetic and in vivo studies. There-
fore, the investigation of new T-type Ca** channel block-
ers is still needed to understand defined physiological
roles of the channels and to develop clinically applicable
drug targets for epilepsy and neuropathic pain.

Herein, we described the synthesis of morpholin-2-one
derivatives and assayed them against T-type Ca’"
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channels using two-microelectrode voltage-clamp tech-
niques in Xenopus oocytes and whole-cell patch-clamp
techniques in HEK293 cells according to the previous
studies.’>?3 With the aim of creating various chemical
scaffolds, we selected the multicomponent reaction, in
which three or more reactants combine in the one-pot
procedure to give a single final product. The multicom-
ponent reaction with varying each component provides
a powerful tool toward the one-pot synthesis of diverse
and complex compounds as well as small and drug-like
heterocycles. The multicomponent reactions containing
isocyanides provide by far the most versatile reactions
in terms of scaffolds and number of accessible com-
pounds.>* Especially, the Ugi four-component conden-
sation reaction, which combines a carboxylic acid, an
amine, a carbonyl compound, and an isocyanide to af-
ford an o-amino amide 1, has come into widespread
use for generating large collections of molecules in com-
binatorial synthesis (Scheme 1).

In the course of our study to expand the structural
diversity accessible through isocyanide chemistry, we
reported the useful synthesis of o-aminobutyrolac-
tones,>>® o-aminovalerolactones,?>® 2,5-diketopipera-
zines,?>® and morpholin-2-ones,?® using functionalized
compounds as components of multicomponent conden-
sation reactions. To test T-type Ca®* channel activities,
some compounds of those scaffolds were preliminarily
screened against Cay3.2 T-type Ca®* channels expressed
in Xenopus oocytes.

Among them, morphohn -2-one derivatives are found to
have T-type Ca>* channel blocking activities and totally
different scaffolds from the reported ones in the previous
studies (Fig. 1).2%2! We, therefore, developed a mor-
pholin-2-one chemical library using various o-amino
acids and isocyanides to optlmlze structure—activity rela-
tionship for the T-type Ca®* channel.

The morpholin-2-one library was prepared by using the
well-known one-pot Ugi five-center-three-component
reaction as illustrated in Scheme 2.26?7 The reaction of
the commercially available glycolaldehyde dimer 2 with
various a-amino acids 3 and isocyanides 4 provided 3-
substituted morpholin-2-one-5-carboxamide derivatives
5 and 6 in moderately good yield as shown in Table 1.

The diastereoselectivities were 5.9-1.6:1 by 'H NMR
spectroscopy, where each diasterecomer was separated
by column chromatography on silica gel. The relative
stereochemistry of the products was analogous to that
of 6a which was confirmed by X-ray crystallography.2¢

As preliminary assays, the activities of the synthetic
morpholin-2-one analogues (100 uM) with the reference
compound mibefradil were determined against Cay3.2
channels expressed in Xenopus oocytes using a two-

0 RR3R4
R'CO,H + R2NH, + galgs + RSNEC —— R! NyﬁrNRS
1

Scheme 1. The Ugi four-component condensation reaction.

ox_p @J\:L
N NWNH

KYSOSO44

x NWH/'\d
LOOR

(o)

mibefradil ethosuximide

Figure 1. Chemical structures of known T-type Ca>* channel blockers.

HO O Pyt AN 40°C -1t

2 3 4 5(cis), 6(trans)

Scheme 2. One-pot synthesis of morpholin-2-one-5-carboxamide
derivatives.

electrode voltage clamp method?? and are summarized
in Table 1.

Morpholin-2-one derivatives prepared from frerz-but 3/1
isocyanide and tosylmethyl isocyanide gave poor Ca
channel blocking activities (Entry 1 and 2). Irrespective
of a-amino acid components, benzyl and cyclohexyl
amides inhibited T-type Ca”>" channels by more than
50%. Usually, 3,5-cis adducts produced higher activity
than their trans analogues. Morpholin-2-one derivatives
prepared from o-methylbenzyl isocyanide gave also
good activities, but in the case of 6l and 6m, trans com-
pounds showed better activities.

The compounds showing more than ~45% inhibition
were re-evaluated for the blocking effects on Cay3.1
channels expressed in HEK293 cells at the concentration
of 10 uM by whole-cell patch-clamp methods.?* The mo-
lar concentrations (ICsg) of test compounds required to
produce 50% inhibition on Cay3.1 channels were deter-
mined from fitting raw data into dose-response curves.

The summarized results are shown in Table 2. The
inhibitory activities of the selected compounds ranged
from 63.4% to 86.2% at the concentration of 10 uM.
With regard to ICs, values, all compounds showed rela-
tively potent activities (ICso values from 0.45 £ 0.02
to 2.75%0.35) when compared with mibefradil
(IC50=1.34 £ 0.49 uM). Among them, compound 5i,
prepared from 4-chloro-L-phenylalanine and benzyl
isocyanide, showed the highest potency (ICsy=
0.45 *0.02 uM). The effects of alkyl substitute R' were
not crucial for the inhibitory activities. In addition, these
compounds were also examined using Cay2.2 N-type
Ca®" channels expressed in HEK293 cells according to
the previous study.?’® The blockmg activities of these
compounds against N-type Ca”* channels are also sum-
marized in Table 2. Under our assay condltlon mibefra-
dil showed lower selectivity for T-type Ca®* channels
(T/N ratio = 1.6) as known before.?® All compounds
were more selective for T-type channels compared with
N-type channels (T/N ratios from 2.5 to 37.3). However,
compound 5i, the most potent compound in this study,
showed the lowest selectivity (T/N ratio = 2.5). Taking
into consideration that the spontaneous current run-
down in electrophysiological experiments is typically
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Table 1. In vitro Ca®" channel blocking effects of morpholin-2-one derivatives

RgNi[HIW R?NS,, [HIFﬂ
H oo H oo
5 (cis) 6 (trans)
Entry Compound R! R? Yield®* (%) dr® (5:6) Xenopus oocyte
(T-type: Cay3.2)
% inhibition
5 6
1 5a/6a PhCH,- (CH3);C- 90 1:2.4 43.0 42.0
2 5b/6b PhCH,- TosCH,— 37 1:3.7 13.0 25.0
3 5¢/6¢ (CH;),CH- PhCH,- 56 1:2.9 82.0 —
4 5d/6d CH;CH,CH(CH3)- PhCH,— 67 1:5.3 70.0 —
5 Se/6e CH;SCH,CH,— PhCH,- 44 1:1.6 74.0 —
6 5f/6f PhCH,— PhCH,— 70 1:1.5 87.0 5.0
7 5g/6g PhCH,- Cyclohexyl 53 1:54 76.0 30.3
8 5h/6h p-FCsH4CH— PhCH,- 94 1:3.9 70.9 12.3
9 5i/6i p-CICcH,CH,— PhCH,- 74 1:2.5 73.5 19.1
10 5j/6j p-NO,CcH,CH,— PhCH,— 35 1:2.9 74.8 6.5
11 5k/6k p-MeOCgH,CH,— PhCH,- 71 1:3.2 54.6 16.2
12 51/61 p-FCsH4CH— PhCH(CH;)-° 32 1:3.5 35.6 83.6
13 5m/6m p-CICcH,CH,— PhCH(CHj;)- 34 1:4.2 484 73.3
14 5n/6n p-NO,CsH4CH - PhCH(CHj;)- 30 1:5.9 60.8 252
15 50/60 p-HOC¢H,CH,— PhCH(CH;)- 47 1:4.6 45.8 27.6
16 Mibefradil — — — — 86.0
#TIsolated yield.
® Diastereomeric ratios were determined by '"H NMR spectroscopy.
¢ PhCH(CH3):(S)-(—)-a-methylbenzyl.
Table 2. The inhibitory activities and selectivity data for selected compounds
Compound HEK?293 cell (T-type: Cay3.1) HEK?293 cell Selectivity (T/N type)
0 i a (N-type: Cay2.2)
% Inhibition (10 pM) 1Cs¢" (uM) % inhibition® (10 M)
5¢ 78.8£0.8 0.99 £ 0.44 253+09 3.1
5d 634173 1.22+£0.08 1.7+09 37.3
Se 751212 1.86 £0.19 154+ 14 49
5f 78.9 + 2.8 1.01 + 0.06 48+ 1.1 16.4
5g 73.6 £33 2.18 £0.62 94+12 7.8
5h 77.6 £3.2 2.75£0.35 71122 10.9
5i 83.6 £ 0.7 0.45 £ 0.02 337+ 1.7 2.5
5§ 86.2+33 1.13+£0.21 7.6+ 1.6 11.3
5k 74.0 £ 1.5 2.04 £ 043 25122 29.6
ol 80.8£1.2 1.48 £0.26 11.3£0.5 7.2
5m 64.0£2.5 1.61 £0.37 10.9+09 5.9
6m 79.0 £1.5 1.33£0.36 4.0+ 0.4 19.8
5n 80.2+2.5 2.13£0.17 4.0%0.8 20.1
50 77.0 £1.0 1.39 + 0.42 47+1.2 16.4
Mibefradil 89.8 £33 1.34 £0.49 574+13 1.6

#1Csq value was determined from the dose-response curve.

®0% inhibition value (+SE) was obtained by repeated procedures (1 > 4).

<5%, inhibitions of >5% may reflect a true drug effect.
In this regard, compounds 5d, 5f, 5k, 5n, 50, and 6m
produced relatively potent activities on T-type channels
(ICsq values from 1.01 = 0.06 to 2.13 = 0.17), while they
produced <5% inhibition on N-type channels. Their T/N
ratios showing in vitro efficacy profile ranged from 16.4
to 37.3, suggesting relatively selective effects on T-type
channels.

Based on the hypothetical 3D pharmacophore model
developed for T-type Ca®* channel,? the morpholin-2-
one derivatives were also applied to explain their high
inhibitory activities. Compound 5i, where R' and R?
are p-chlorobenzyl and benzyl group, respectively, was
selected representatively and mapped to the five-feature
3D pharmacophore model. As shown in Figure 2, com-
pound 5i was well satisfied with essential five-feature
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Figure 2. The mapping of compound 5i to five-feature pharmacophore
model. Arrow shows the direction of positive ionizable N of
morpholine moiety.

pharmacophores. In case of trans compounds 61 and 6m
which showed good inhibition, the best fit compound’s
mapping was reversed as shown in Figure 3. Even
though cis isomers 51 and Sm showed similar mapping
(Fig. 4), the positive ionizable nitrogen of the morpho-
line moiety is in opposite side when compared to that
of 5i, 61, and 6m. The direction of the morpholine N is
also indicated in the Figures 2-4, which may play impor-
tant role in binding when we consider the three-dimen-
sional shape of the binding site. This may be the
reason for the poor inhibitory values of the cis ana-
logues (51 and 5m). Whereas other trans compounds 6n
and 6o (which are similar to 61 and 6m) showed poor
inhibition due to the fact that they contained nitro
group and hydroxyl group, respectively, in place of
hydrophobic region where 61 and 6m contained highly
hydrophobic halide atom.

In conclusion, we have explored morpholin-2-one-5-car-
boxamide derivatives as a novel class of T-type Ca’>*
channel blockers and found that these novel scaffolds
showed potent and selective T-type Ca** channel block-
ing activities. Further studies on understanding of struc-
ture-activity relationship and developing T-type Ca**

Figure 3. The mapping of compound 6l to five-feature pharmacophore
model. Arrow shows the direction of positive ionizable N of
morpholine moiety.

Figure 4. The mapping of compound 5l to five-feature pharmacophore
model. Arrow shows the direction of positive ionizable N of
morpholine moiety.

channel drugs are under progress based on the results
of morpholin-2-one derivatives.
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Abstract—Sixteen novel 4-triazole-modified zanamivir (1) analogues were synthesized using the click reactions, and their inhibitory
activities against avian influenza virus (AIV, H5N1) were determined. Compound 3b exerts promising inhibitory activity with ECs,
of 6.4 uM, which is very close to that of zanamivir (ECso = 2.8 pM). Molecular modeling provided the information about the bind-
ing model between inhibitors and neuraminidase, which are in good agreement with inhibitory activities.

© 2006 Elsevier Ltd. All rights reserved.

Recently, the H5N1 subtype of avian influenza virus
(AIV) has been spreading in Southern China, Africa,
and European Union mainly imputing to migratory
birds.! More than 200 human cases of AIV infection
mainly as a result of poultry-to-human transmission
have been reported with a >50% case fatality rate for
H5NI1 infections.”> A mutant virus capable of efficient
human-to-human transmission could trigger another
influenza pandemic.>?> Whereas H5N1 vaccines have
been significantly hampered by the high mutability of
the virus.* Accordingly, discovering effective drugs,
which are not susceptible to mutation, is an urgent need.

There are currently only a few drugs available for ATV
treatment. The licensed existing drugs are the zanamivir®
(1) and oseltamivir phosphate® (2) (Fig. 1) as specific
neuraminidase (NA) inhibitors. However, these drugs
are not effectively used owing to the rapid emergence
of resistant virus during treatment. Many groups have
designed and synthesized some zanamivir analogues

Keywords: Zanamivir analogues; Avian influenza virus; Click chemis-

try; Molecular modeling.
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Figure 1. The structures of zanamivir (1) and oseltamivir phosphate (2).

aimed at developing more potent, long-lasting therapeu-
tic drugs for anti-AIV infection.” For example, Wood-
hall et al.® have synthesized a series of zanamivir
mimetics based on sialic acid aldolase.

Click chemistry, coined by Barry K. Sharpless,’ is expe-
riencing a growing popularity.'® The process of click
chemistry is modular, wide in scope, high yielding, and
requires only simple reaction and purification condi-
tions. Such kind of chemistry is possible to generate a
plethora of new compounds reliably and thereby has
been applied in lead discovery and optimization. The
Huisgen 1,3-dipolar cycloaddition of azides and alky-

nes'! is regarded as the ‘cream of the crop’ of concerted
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reactions, therefore it has been a general and standard
reaction of click chemistry.”!°

Compound 9, a key intermediate for synthesizing
zanamivir (Scheme 1), contains an azide group. Accord-
ingly, this compound is a good starting material to syn-
thesize zanamivir analogues by using click reactions.
Thus, we designed and synthesized a series of zanamivir
analogues (3a—p) with different substituted triazoles and
tested their preliminary anti-AIV activities. This reac-
tion produces a unique substituted position for R*. To
increase the structural diversity of the analogues, we
selected R® with different size. Scheme 1 depicts the se-
quence of reactions that led to the preparation of com-
pounds 3a—p using N-acetylneuraminic acid (NANA,
4) as the starting material. Meanwhile, taking com-
pounds 3b and 3i as examples, the interaction models
between inhibitors and neuraminidase were studied.

As shown in Scheme 1, compound 4 was esterified with
methanol in the presence of an acidic ion exchange res-
in.'? Oxazoline 7 was prepared using a modification of
the procedure described by Chandler et al.'* Compound
6 was obtained using acetic anhydride in pyridine with
4-(dimethylamino)pyridine (DMAP) catalysis, then
was treated with trimethylsilyl trifluoromethanesulfo-
nate (TMSOTY) in ethyl acetate at 52 °C to give 7 in high
yield. Compound 7 was hydrolyzed without purification.
Reacted with diphenylphosphoryl azide (DPPA) and
1,8-diazabicyclo[5,4,0Jundecen-7-ene (DBU), the alco-
hol 8 was converted to the inverted azide 9, the key
intermediate, applying Scheigetz methods.'* Compound
10 was obtained by a click reaction between azide 9 and

R

OH OH OH

4

o -R °
OH

H
2
. R °‘ COzl\ge rel o come
— —_— ‘
N AcHN

OH

I AcHN :
N}ll / N
OH N -
3a-n
30

3p

+H _OH +H _OH

H
R%y O
j/\.j»coon a R:’[oj»cone b Ucone
—_— —_—
AcHN AcHN AcHN

R‘:IEOJ/COOMe
\
AcHN” ™

Table 1. Chemical Structures of Compounds 3a—p and their anti-AIV
activities

Compound R? R* Protective rate®
at 50 uM

3a CeHs H 18.7

3b CH(OH)C,Hs H > 614

3c Cyclopropyl H 8.9

3d CH,CH,OH H 14.5

3e (CH,);0H H 6.3

3f Pyridin-2-yl H NA®

3g C¢H,—4-F H NA®

3h CeHy4—4-C,H;s H 344

3i C¢H,4-0C3H, H 40.2

3§ CeH4—4-C3H; H 22.1

3k C¢Hs4-CgHs H 19.1

31 CH,OC¢Hj5 H 34.8

3n CH,NH, H NAP

30 CH(OH)C,Hs  (CH,),CH(CH3), 8.9

3p COOCH3; CH; 9.9

# Antiviral efficacy of test compounds was assessed in vitro by Neutral
Red (NR) uptake assay and expressed as percent protective rate
against virus infection.'> Data are means of three independent
experiments. The protective rate for zanamivir at 50 uM is 86.1%.

®No activity at 50 pM.
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AcO“/ké =R?
OAc
RzH M H
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Scheme 1. Reagents and conditions: (a) H" Resin, CH;0H, 25 °C (91%); (b) Ac,O, pyridine, DMAP (85%); (c) TMSOTT, EtOAc, N, (84%); (d)
AcOH, EtOAc, H,O (42%); (e) DPPA, DBU, benzene (85%); (f) R*C = CH, sodium ascorbate, CuSO,4, C,HsOH/H,O = 1:1, 25 °C (60-80%); () (1)
NaOH, CH;0H, 25 °C, (2) H* Resin (95%); (h) (1) NaOCH3, CH;0H, 25 °C, (2) H" Resin (90%); (i) 3-methyl-1-butanol, H* Resin, THF (50%).
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alkyne in 60-80% yield, and then hydrolyzed with
NaOH/methanol and NaOCH3/methanol to give 3a-n
and 3p, respectively. 30 was synthesized by the corre-
sponding acid reacting with 3-methyl-1-butanol in the
presence of an acidic ion exchange resin.

Protective rates'> of compounds 3a—p against infected
cell IMDCK cell) at 50 uM are summarized in Table
1. ECsy values (the concentration of a compound in
the media which reduced virus-infected cell numbers
by 50% of the untreated control value) of compound
3b and zanamivir (1) were determined as 6.4 and
2.8 uM, respectively. Although general structure-activi-
ty relationship of those compounds is not evident, the
bioassay results still provide some information for fur-
ther structural modification. Replacement of carboxyl
acid group with esters cannot be tolerated (compounds
3b and 30), leading to a remarkable loss of activity.

A

Tyr406

/TS

Comparing compound 3a with compounds 3g-k, the
substitutions on the phenyl ring substantially play an
important role in the potency activity of compounds.
Generally, alkyl (3h and 3j) and alkoxy (3i) substituents
are favorable to the activities of these compounds, how-
ever, introductions of large aromatic (3k) or halogen
(3g) substituents are improper. Among non-aromatic
substituents of R?, propyl alcohol of 3b is favorable to
increase activity.

To better understand the activity discrepancy of com-
pounds 3a-h with zanamivir, we compare the 3D bind-
ing models of zanamivir!® to NA (Fig. 2A) obtained
from the crystal structure with that of inhibitors 3b
and 3i to NA derived from docking simulation. Molec-
ular docking was performed by using the AutoDock3.05
program.'” The crystal structure of a wild-type NA in
complex with zanamivir was retrieved from Protein

\

7

S Are3
\‘Algj']

)

4 =R /
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y i ; Glu276
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Figure 2. Detailed interactions of zanamivir (A), 3b (B), and 3i (C) to the binding sites of NA. Hydrogen-bonds are represented by blue dotted lines;
Docking models of 3b (D) and 3i (E) overlaid with the binding conformation of zanamivir (1) into the active sites of NA. The NA surface was colored
by electrostatic potential. These images were generated using the PyMol program (http://www.pymol.org/). Compounds 3b, 3i, and zanamivir (1) are
indicated by green, green, and yellow thick sticks, respectively.
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Figure 2. (continued)

Data Bank (PDB entry INNC).'® During the docking
simulation, the protonation states of the residues of
NA at pH 7.0 were used, and the docking parameters
in our previous study'® were adopted. For each inhibi-
tor, conformation with the lowest predicted binding free
energy to NA was selected for further analysis. Figures
2B-E show the binding models of compounds 3b and
3i with NA.

The binding site of NA has been characterized as highly
polar by virtue of the 10 charged (Arg 118, 152, 224,
292, 371, Glu 119, 227, 276, 277, and Asp 151) and only
four hydrophobic (Trp 178, Ile 222, Ala 246, and Tyr
406) constitutional amino acids.!” Figure 2A indicates
that the carboxylic acid of zanamivir (1) forms strong
hydrogen-bonds with two arginine residues (Argll8
and Arg371) in the SI region (Fig. 2D). Around the
guanidinyl moiety of zanamivir, there is a spacially
restricted region (S2, Fig. 2D) with negatively charged
electrostatic environment caused by three acidic resi-
dues, Glul19, Aspl51, and G1u227 (Fig. 2A). Actually,
two different orientations of R® group are observed
when the guanidinyl is replaced by a bulky and less po-
lar triazole ring, which more or less decreased the inter-
action between inhibitors and NA, and hence resulted in
a drop of inhibitory activity. In Figures 2B and D, the
binding conformation of compound 3b, which has a
smaller propyl alcohol group at R* moiety, moves up
and only forms a hydrogen-bond with residue Argl52
in the S2 region (guanldlnyl m01ety of zanamivir forms
five hydrogen-bonds in S2 region, Fig. 2A). The R? of
3i is too large to be accommodated in the subsite S2,
and hence the six-membered ring flips over and takes a
reversed orientation of zanamivir (Figs. 2C and E).
Accordingly, being devoid of hydrogen-bond interaction
with S2 (Fig. 2C), this series of compounds are generally
less potent than 3b and zanamivir. This alternative bind-
ing model (Fig. 2E) can also be seen in the X-ray crystal
structures of the complexes of NA with some inhibitors

discovered by Stoll et al.?°

In summary, 16 novel 4-triazole-modified zanamivir
analogues were designed and synthesized by using the
click reactions. Some compounds exert moderate inhibi-
tion against AIV (H5N1), compound 3b is almost as ac-
tive as zanamivir (1). Molecular modeling result
provides the information about the binding model be-
tween inhibitors and neuraminidase, and is helpful for
future inhibitors’ design.
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Abstract—We developed novel amino-modifying reagents, of which an amino group was connected with an aromatic residue by
aliphatic linker. It was proved that the insertion of the aromatic residue could increase the reactivity of the amino group on oligo-

nucleotides in comparison with conventional amino-modification.

© 2006 Elsevier Ltd. All rights reserved.

Terminal modification of oligonucleotides is necessary
for immobilization of oligonucleotide probes on solid
surface. There are many kinds of terminal modifications
such as sulfhydryl group,! hydrazide,? anthraquinone?
and acrylamide* for attachment on the solid surface;
among them, the aliphatic amine is most cost effective
and produces less side products under standard depro-
tecting condition after oligonucleotide synthesis.> Thus,
oligonucleotides modified with aliphatic amine have
been frequently used for a gene analysis system requir-
ing diverse oligonucleotide probes.® Besides aliphatic
amino groups, there are nucleosidic-type amino modifi-
ers to date.” However, these nucleosidic amino modifiers
are able to form base pairs with opposite nucleotide in
binding with target strand. Therefore, these nucleosidic
amino modifiers are not suitable for universal termi-
nal-modification for preparation of diverse oligonucleo-
tide probes. On the other hand, polycyclic aromatic
residues inserted into oligonucleotides have been well
studied.® Although, these aromatic groups are known
to increase the hybridization affinity for a complementary
double strand, the effects of the aromatic residues on
the reactivity of primary amino group have not been

Keywords: Amino-modified oligonucleotide; Hydrophobic interaction;

Aromatic group.
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examined. We expected that the aromatic groups would
improve the reactivity of primary amine and assist the
purification steps of amino-modified oligonucleotides
by their hydrophobic properties.

We designed and synthesized a series of amidite units,
which have a primary amino group and an aromatic res-
idue, by connecting with a short (S) or a long (L) linker
of various lengths (see Supplementary data). Naphtha-
lene (N) and anthracene (A) were selected as the aromat-
ic groups (Fig. 1). The synthesized amidite units are
referred to as SN, SNO, ssN, LNO, and LAO. The large
letter ‘O’ indicates the carbamate structure in the linker
between the amino and the aromatic residue. Although
ssN consists of a hexamethylene linker and carbamate
group, similarly to the structure of SNO, the naphtha-
lene residue of ssN is very proximal to the primary
amino group.

Amino-modified oligodeoxynucleotides of 25 bases
(ODNSs, X-25) were chemically synthesized by introduc-
ing each amino modifier at the 5’-ends (Fig. 2b). As con-
trol molecules, conventional amino-modified ODN
(Con-25) and PL-25 were prepared. In PL-25, the amin-
ohexyl group is tethered to the ODN by a propanediol
phosphoric acid (Fig. 2a). PL-25 was synthesized to esti-
mate the effect of linker length on the reactivity of amino
group. Photocleavable (PC) amino-modifying reagent,
which is commercially available, has an o-nitro-benzyl
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Figure 1. Structures of amino-modifying amidite units. The large
letters, N, A, S, and L, indicate naphthalene, anthracene, and short
and long linkers, respectively.

group as an aromatic residue. Since the reactivity of the
amino group has not been studied, PC-25 was also syn-
thesized to evaluate the hydrophobic effect of the phenyl

group.

In chemical synthesis of amino-modified ODNs, some
amount of incomplete ODNSs, which fail to combine
with the amino modifier at the final step of the synthesis,
are generated. It is generally difficult to remove these
impurities from the conventional amino-modified ODN5s
by a reverse-phase column chromatography because
there is little difference between the hydrophobic proper-
ties of these ODNSs. Analysis of reverse-phase HPLC of
the synthesized amino-modified ODNs revealed that all
ODNs with the aromatic residue could be easily separat-
ed from the impurities due to the hydrophobicity of the
aromatic moiety (see Supplementary data). The struc-
tures of ODNs were confirmed by MALDI-TOF/MS
spectrometry analyses.’

A Con .C.’
/\/\/\/O-F,,_O_:
e o ODN
0
PL 2 i
H N’\/\/\/O_E’_O\/\/O_F."O_:
2 o o

CH
PC HzN\/\/\ﬁ\ 8
N of-oL=
NO,
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X-25

(X =Con, PL, SN, SNO, ssN, LNO, LAO, PC)
5' X-TCTTCCAAGCAATTCCAATGAAAGC 3'

c 100

80

60

products (%)

40 -

20 —
Con PL SN SNO ssN LNO LAO PC

Figure 2. (a) 5'-Terminal structures of Con-, PL-, and PC-modified
ODNs. Con is referred to as conventional amino modification. (b)
Sequence of the amino-modified ODN X-25, which has a primary
amino group at the 5'-terminus (X = Con, PL, SN, SNO, ssN, LNO,
LAO, and PC). (c) Percentage of products in coupling reactions of
X-25 with FITC. The ratios were calculated from HPLC analyses of
30-min reaction. Black and white bars represent the reactions in 10%
and 40% dimethylformamide solutions, respectively.

We carried out coupling reactions of the amino-
modified ODNs with fluorescein isothiocyanate (FITC)
in aqueous solution containing 10% dimethylformam-
ide. All amino-modified ODNs with the aromatic
groups reacted with FITC more efficiently than
Con-25 (black bars, Fig. 2¢). Especially, ssN-25 showed
the highest reactivity among all ODNs. LAO-25 also
showed higher reactivity than LNO-25. The reactivity
of PC-25 was slightly higher than that of Con-25, but
less than that of other modifications. PL-25 without
an aromatic residue showed the lowest reactivity among
all probes. These results suggest that the presence of
hydrophobic residue increased the reactivity of the
amino-group in coupling reactions. It is thought that
the hydrophobic residue of the amino-modified ODNs
facilitates the association with FITC by a hydrophobic
interaction between the aromatic group and FITC.
The amino-reactivity is also related to the distance
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between the amino group and the aromatic residue, as
suggested from the effective coupling reaction of ssN-
25. The labeling reactions were also checked in the solu-
tion containing 40% dimethylformamide (white bars,
Fig. 2¢). In this solution, all amino-modified ODNs
reacted quite efficiently, and the effect of the aromatic
residue seemed to be diminished. This result indicates
that the ‘more hydrophobic’ condition suppressed the
hydrophobic interaction, which becomes more impor-
tant factor for the efficient coupling reactions in the
hydrophilic condition. In practical labeling experiments,
reactions are generally carried out in the solution con-
taining dimethylformamide or dimethylsulfoxide to dis-
solve reporter groups, and as low concentration of
organic solvent as possible makes the purification of
labeled oligonucleotides successful in gel filtration or
reverse-phase column. Therefore, the ssN is effective
modification for labeling reactions.

Fluorescence spectra of FITC in conjugation with the
ODNs are shown in Figure 3. Significant fluorescent
quenching was observed only in LAO-25, which was
presumably caused by some kind of interaction of fluores-
cein with an anthracene residue on the identical ODN. In
ssN-25, the fluorescent quenching was not observed.

We also tested coupling reactions with other reporter
groups, such as Cy5-succinimidyl ester or FAM-succin-
imidyl ester, and also with biotin-succinimidyl ester. In
all cases, amino-modified ODNs with the aromatic resi-
due reacted more efficiently than the conventional ami-
no group, and ssN-modified ODN showed the most
effective coupling reactions with these reporter groups
similarly to the reaction with FITC (data not shown).!°

The primary amino group is able to react with an
aldehyde group to form a transient Schiff base, which
is stabilized under reducing conditions.'! We next eval-
uated the crosslinking rates of these amino-modified
ODNSs in covalent bond formation between complemen-
tary double-stranded ODNSs. 5’-Fluorescein-labeled
ODNs of 15 or 16 bases (F-AS15rG or F-ASI16rG,
Fig. 4a) were prepared as the 5’-side fragment (acceptor
strand) of the ligated hairpin structure. Both strands had

500
—— Con-25
S 400 |
S -—- ssN-25
2
@ 300-/7 N . LAO-25
Q
E
5 200
7]
€ 100}
O T T T T T T T T T

500 550 600
wavelength (nm)

Figure 3. Fluorescence emission spectra of ODNs coupled with FITC.
Solid line, Con-25; broken line, ssN-25; dotted line, LAO-25.
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Figure 4. Crosslinking reactions between complementary double-
stranded oligonucleotides. (a) Sequences of donor (X-25) and acceptor
(F-AS16rG, F-AS15rG) ODNs. 5'-End of the acceptors was labeled
with fluorescein (F), and each acceptor had a guanosine (rG) at the 3'-
end to produce dialdehyde groups by periodate oxidation. (b) Analysis
of the crosslinking reactions of X-25/F-AS16rG by denaturing
polyacrylamide gel electrophoresis. The donor X-25 was added after
periodate oxidation for 60 min, and each lane indicates the analyses of
10- and 30-min reactions from the additions of donor strand. CL and
F-AS16rG (ox) indicate the crosslinked products and F-AS16rG
oxidized by periodate ions, respectively. (c) Observed rate constants
(kobs) of the crosslinking reactions. White and black bars represent the
observed rate constants for F-AS15rG and F-AS16rG, respectively.

a riboguanosine at the 3’-end to generate 2’,3’-dialde-
hyde group by periodate oxidation.

As the results of crosslinking reactions, all amino-
modified ODNs (donor strands) provided crosslinked
products, and the oxidized acceptor strands were simul-
taneously decreased as shown in Figure 4b. Observed
rate constants for the crosslinking reactions were calcu-
lated from the percentages of the products (Fig. 4c).
Interestingly, ssN-25 exhibited the fastest crosslinking
rate. The crosslinking rate was about threefold higher
than that of Con-25. This result is consistent with that
observed in the coupling reaction with FITC under
‘hydrophilic’ condition. In contrast, other ODNs con-
taining an aromatic residue showed almost the same
reaction rate as Con-25. The reason for the significant
reactivity of ssN is not clear, but the characteristic struc-
ture of ssN might contribute to the effective coupling
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Table 1. Melting temperatures (°C) of crosslinked products

Con-25 ssN-25
AS15rG 66.6 (35.6)* 64.0 (35.8)
AS16rG 64.1 (34.5) 64.0 (37.5)

@ Melting temperatures of double-stranded DNAs before crosslinking
reactions are listed in parentheses.

reaction by facilitating the hydrophobic interaction of
naphthalene residue with nucleobase at the 3’-end of
the oxidized acceptor strand.

Crosslinking products using ssN-25 and Con-25 were
purified by HPLC, and the molecular weights and ther-
mal stabilities were examined (see Supplementary data).
All crosslinked products showed T, values of about
30 °C higher than those of the double-stranded ODNs
without the covalent linkage (Table 1). The results of
the thermal stabilities and the mass spectroscopic analy-
ses proved the formation of the crosslinked products.

We showed that the reactivity of the amino group on the
oligonucleotides was increased by the introduction of an
aromatic residue. Especially, it was found that the amino
group close to the aromatic residue could react very effi-
ciently with FITC and aldehyde groups in comparison
with the conventional amino modification. Although
anthracene is thought to be more effective than naphtha-
lene residue in respect of hydrophobicity, anthracene
yields its own fluorescence, and this character is not
appropriate for fluorescence assay using other dyes.
Therefore, ssN, which has a naphthalene residue, can be
a profitable amino-modification for oligonucleotides
and is applicable for various biological studies. For in-
stance, it will be useful for efficient immobilization of
probes onto oligonucleotide array because the ssN-
modified oligonucleotides are thought to react efficiently
with the reactive groups on the array surface. This effect
will improve the sensitivity of the oligonucleotide array.
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Abstract—An efficient synthesis of the folate receptor (FR) targeting conjugate EC145 is described. EC145 is a water soluble deriv-
ative of the vitamin folic acid and the potent cytotoxic agent, desacetylvinblastine monohydrazide. Both molecules are connected in
regioselective manner via a hydrophilic peptide spacer and a reductively labile disulfide linker.

© 2006 Elsevier Ltd. All rights reserved.

The design and synthesis of novel chemotherapeutics
continues with the aim of improving upon the treatment
of cancers that are refractory to currently available
methods. Under ideal circumstances, these new com-
pounds would also diminish the inherent collateral
toxicity to normal tissues. Receptor-specific targeting,
as one approach, can potentially herald a new era in
selective drug delivery to pathologic cells.

The vitamin folic acid (FA) binds with high affinity
(Kp<102M)' to a glycosylphosphatidylinositol
anchored cell-surface glycoprotein called the folate
receptor (FR). After binding, FA is transported into
the cell via FR-mediated endocytosis.®> Consequently,
FA can be exploited as a molecular “Trojan horse’ for
the targeted delivery of covalently attached, biologically
active molecules.* The physiological events involved in
the latter process (i.e., cell uptake) are identical to those
for the free FA.**> Thus, after binding, the plasma
membrane surrounding the FA or FA-Drug/FR com-
plex invaginates to form an internal vesicle, called an
early endosome, which entraps the FA or FA-Drug moi-
ety. Next, proton pumps located in the endosome mem-
brane lower the pH of the vesicle lumen to ~5, thus
causing a conformational change in the FR which

Keywords: Desacetylvinblastine; Targeted therapeutics; Folate; Disul-

fide; Anti-cancer.
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subsequently enables the FA (FA-Drug) moiety to be
released.® The destinies of the FA (or FA-Drug) and
the FR are thereafter determined during a sorting pro-
cess occurring inside the late endosome; currently, it is
known that the FR protein recycles back to the plasma
membrane where it can participate in another round of
internalization/drug delivery, whereas the released li-
gand (i.e., FA or FA-Drug) remains inside the cell. Since
the FR is expressed at relatively high levels in human
epithelial cancers, but has limited expression in normal
tissues, there has been much interest in exploiting this
natural cellular uptake mechanism for the targeted
delivery of chemotherapeutic compounds.?*

In this paper, we report our approach for the design and
regioselective synthesis of a FA-vinca alkaloid conjugate
1 (EC145, Scheme 1). As indicated in the retrosynthetic
scheme, 1 can be assembled by tethering a FA-Spacer
unit 2 to the highly potent cytotoxic molecule, desacetyl-
vinblastine monohydrazide 3,® via a linker containing a
reducible disulfide bond. The latter is important for drug
delivery applications since real-time imaging using a
fluorescence resonance energy transfer technique has
recently demonstrated that reduction-mediated release
of the drug cargo from a disulfide linked FA-conjugate
efficiently occurs within the endosomes of cancer cells.”

The peptide-based derivative 2 was envisioned as a novel
molecular spacer unit with the added advantage of
introducing a discrete number of polar acidic (Asp)
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and/or basic (Arg) amino acids to tailor the water-
solubility of the final drug conjugate. Pteroic acid® was
to serve as N-terminus, whereas the thiol group of cys-
teine was to serve as the attachment site for the cleavable
linker. These concepts allowed for the assembly of the
spacer unit using standard fluorenylmethyloxycarbon-
yl-based solid phase peptide synthesis (Fmoc SPPS) on
a Wang-resin polymeric support. The structure of 2
was confirmed by 'H NMRY and LCMS [ESI
(M+H)": 1046] analysis.

Activated carbonate 6 (Scheme 2) served as an
important heterobifunctional crosslinker for conjugate
synthesis. Carbonate 6 was readily prepared from
2-mercaptoethanol in two steps. Thus 2-mercap-
toethanol was treated with methoxycarbonylsulfenyl
chloride in DCM, followed by 2-mercaptopyridine to
yield  2-(2-hydroxy-ethyldisulfanyl)-pyridine ~ 4.!0:!!
Compound 4 and one equivalent of triethylamine were
then added to a solution of diphosgene in dichlorometh-
ane to yield chloroformate derivative 5. The chlorofor-

 Selected '"H NMR data for 2 (D,O, 300 MHz): & 8.68 (s, 1H, FA
H-7), 7.57 (d, 2H, J = 8.4 Hz, FA H-12 & 16), 6.67 (d, 2H, J = 9 Hz,
FA H-13 & 15), 4.40-4.75 (series of m, 5H), 4.35 (m, 2H), 4.16 (m,
1H), 3.02 (m, 2H), 2.55-2.95 (series of m, 8H), 2.42 (m, 2H), 2.00—
2.30 (m, 2H), 1.55-1.90 (m, 2H), 1.48 (m, 2H).

mate was not isolated, but was subsequently treated
with N-hydroxybenzotriazole (HOBT) and an addition-
al equivalent of triethylamine to give 2-[benzotriazole-1-
yl- (oxycarbonyloxy? -ethyldisulfanyl]-pyridine 6 as a
hydrochloride salt.

The synthesis of 6 has been found to be scaleable, as 6
and intermediate 4 are obtained in good yield and are
readily isolated from their respective reaction mixtures
by filtration. Activated carbonate 6 has an excellent
shelf life (>2 years). More importantly, 6 has been found
to react under mild conditions with many N- and
O-nucleophiles, and in our hands has been shown to
be a convenient tool for the incorporation of reductively
labile disulfide linkages into a wide variety of drug
conjugates.'?

Desacetylvinblastine monohydrazide 3 was prepared
from commercially available vinblastine (VLB) sulfate
following a literature procedure.'?

' TH NMR for compound 6 (DMSO-ds, 300 MHz): & 8.38 (m, 1H),
8.16 (dt, 1H, J = 8 Hz, 1 Hz), 8.02 (dt, 1H, J = 8 Hz, 1 Hz), 7.88 (ddd,
1H, J =8 Hz, 7 Hz, 1 Hz), 7.7 (m, 2H), 7.63 (ddd, 1H, J = 8 Hz, 7 Hz,
1 Hz,), 7.4-7.2 (br, 1H), 7.2 (m, 1H), 4.72 (t, 2H, J = 6 Hz), 3.36 (t,
2H, J = 6 Hz).
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As shown in Scheme 3, hydrazide 3 was treated with the
activated carbonate 6 and diisopropylethylamine
(DIPEA) in dichloromethane to yield 2-(vinblasti-
nyl)hydrazinecarboxylic acid 2-pyridyldithioethyl ester
7. After chromatographic purification on silica gel, 7
was isolated in 80% yield. Treatment of a suspension
of FA-Spacer 2 in H,O under argon with 0.1 N
NaHCOj; resulted in a clear yellow solution at pH >
6.5. To this mixture was added at once under extensive
stirring a solution of 7 in THF. According to the HPLC
profile, the reaction was completed in 15 min. HPLC
purification gave pure conjugate 1.'* LCMS [ESI
(M+H)": 1918] and '"H NMR signals® were in agreement
with the expected structure. In brief, the 'H NMR spec-
trum (300 MHz, D,O) contained 11 aromatic signals in
the range from 6.4 to 8.8 ppm (five from the folate moi-
ety and six from the desacetylvinblastine moiety). The

¥ Selected 'H NMR data for EC145 (D,0, 300 MHz): d 8.67 (s, 1H,
FA H-7), 7.50 (br s, 1H, VLB H-11'), 7.30-7.40 (br s, 1H, VLB
H-14), 7.35 (d, 2H, J = 7.8 Hz, FA H-12 & 16), 7.25 (m, 1H, VLB
H-13'), 7.05 (br s, |H, VLB H-12"), 6.51 (d, 2H, J = 8.7 Hz, FA H-13
& 15), 6.4 (s, 2H, VLB H-14 & 17), 5.65 (m, 1H, VLB H-7), 5.5 (m,
1H, VLB H-6), 4.15 (m,IH, VLB H-8'), 3.82 (s, 3H, VLB Cj¢
~CO,CHs), 3.69 (s, 3H, VLB C; ~OCHs), 2.8 (s, 3H, VLB N-CH,),
1.35 (br s, 1H, VLB H-3'), .15 (m, 1H, VLB H-2"), 0.9 (t, 3H,
J=7Hz, VLB H-21"), 0.55 (t, 3H, J = 6.9 Hz, VLB H-21).

signals for the two olefinic protons in desacetylvinblas-
tine appeared at 5.5 ppm (d) and 5.7 ppm (m).

Release of the free drug from the EC145 conjugate was
also studied. Thus, a 20 mM solution of 1 in PBS buffer
(pH 7.4) was treated with 1 mM L-glutathione (GSH) at
37°C. The HPLC profile (UV detection at 280 nm)
showed complete cleavage of the disulfide bond with
concomitant release of the FA-Spacer 2 within 6 h,
(ti»=1h) (see Scheme 4).!> Free desacetylvinblastine
monohydrazide 3 was not observed on HPLC (UV
detection) as the result of its extremely low solubility
in PBS buffer; however, its formation was confirmed
by LCMS.

Following positive in vitro and in vivo results and
toxicological evaluation, EC145 was selected as a
clinical candidate. Phase 1 clinical trials are currently
underway at multiple US sites. The results of the com-
plex biological investigations will be reported soon in
appropriate scientific journals.
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Abstract—Analogues of serofendic acid were prepared and their protective effects against L-glutamate (Glu)-induced neurotoxicity
were examined using primary cultures of rat cortical neurons. Some analogues exhibited similar neuroprotective activity to that of

serofendic acid.
© 2006 Elsevier Ltd. All rights reserved.

We have previously reported the isolation of two novel
neuroprotective substances, serofendic acid A (1) and
B (2), from lipophilic extracts of fetal calf serum, and
confirmation of their structures by total synthesis
(Fig. 1).""? These compounds exhibited potent protective
action against neurotoxicity induced by L-glutamate
(Glu), which has been postulated to play important roles
in the pathophysiology of many neurological diseases.
Although the mechanism of the neuroprotective effect
is unknown, we speculate that the serofendic acids inter-
act with functional molecules involved in NO-mediated
Glu-induced neurotoxicity.! Both the sulfur-containing
atisane-type diterpenoid structure and the neuroprotec-
tive activity are of great interest. This article describes
the synthesis and activity of a series of seorfendic acid
analogues.

The synthesis of the analogues is outlined in Schemes 1
and 2. Compounds 5, 7, 10, 13, and 20, intermediates in
the total synthesis of serofendic acid,? were used to pre-
pare the analogues. Oxidation of an epimeric mixture of
serofendic acid (ca. A:B = 1:2) (3) using Dess—Martin
periodinane® gave the C15 ketone analogue 4. The sul-
fide 5 was oxidized with peracetic acid to afford the sul-
fone analogue 6. Mesylation of the allyl alcohol 7,
followed by, thiomethylation, gave 8. The methyl ester
group of 8 was hydrolyzed with NaSMe, followed by

Keywords: Serofendic acid; Neuroprotective; Glutamate; Atisane.
* Corresponding author. Tel.: +29 847 5843; fax: +29 847 4012;
e-mail: t-terauchi@hhc.eisai.co.jp

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

doi:10.1016/j.bmcl.2006.07.038

oxidation of the sulfide group with Davis’s oxaziridine*
to give the C15-C16 dehydrated analogue 9. Hydrobora-
tion of 10 gave the alcohol 11 as a C16 epimeric mixture
(ca. 1:1), which was converted to the analogue 12 in a
manner similar to that used for the synthesis of 9.

The C19 methyl ester analogue 14 was prepared through
tosylation of 13, followed by thiomethylation and oxida-
tion of the sulfide group. The C19 methyl analogue 17
was also prepared from 13. Di-methoxymethylation of
13 followed by reduction with LiAlH, afforded 15.
The C19 alcohol group of 15 was deoxygenated by reac-
tion with 1,1'-thiocarbonyldiimidazole, followed by
reduction with tri-n-butyltin hydride.> The O-meth-
oxymethyl groups were removed under acidic conditions
to furnish the diol 16, which was converted to 17 in a
manner similar to that used for the synthesis of 14.
The 19-hydroxymethyl analogue 19 was prepared
through reduction of 5 with LiAlH4, followed by oxida-
tion of the sulfide group. The stereoisomer of serofendic
acid 22 was prepared from the diol 20 in a manner sim-
ilar go that described for the synthesis of serofendic
acid.

Figure 1. Structures of serofendic acid A (1) and B (2).
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Scheme 1. Synthesis of analogues. Reagents and conditions: (a) Dess—Martin periodinane, CH,Cl,, 0 °C, 4 h, 51%; (b) H,O,, AcOH, 50 °C, 1 h, 37%;
(¢) i—MsCl, TEA, CH,Cl,, rt, 5h, ii—NaSMe, DMF, 40 °C, 2h, 46%; (d) NaSMe, HMPA, 80 °C, 54 h, 40%; (e) Davis’s oxaziridine
(2-benzenesulfonyl-3-phenyloxazirine), CHCls, 0 °C, 2 h, quant; (f) i—BH;-THF, rt, 13 h ii—H,0, aq, NaOH aq, rt, 1 h, 63%; (g) i—MsCl, TEA,
CH,Cl,, ii—NaSMe, DMF, 60 °C, 5 h, 26%; (h) Davis’s oxaziridine (2-benzenesulfonyl-3-phenyloxazirine), CHCls, 0 °C, 2 h, 84%.

Scheme 2. Synthesis of analogue. Reagents and conditions: (a) i—TsCl, DMAP, pyridine, rt, 13 h, ii—NaSMe, DMF, rt, 2 h, 27%; (b) Davis’s
oxaziridine (2-benzenesulfonyl-3-phenyloxazirine), CHCl3, 0 °C, 1 h, 86%; (c) i—MOMCI, DIPEA, CH,Cl,, rt, 12 h, ii—LiAlH,4, THF, rt, 4 h, 98%;
(d) i—thio-CDI, CICH,-CH,Cl, rt, 19 h, ii—n-BusSnH, AIBN, toluene, iii—7.5 N HCl aq, THF, rt, 3 h, 20%; (¢) i—TsCl, DMAP, pyridine, rt, 23 h,
ii—NaSMe, DMF, rt, 1 h, 60%; (f) Davis’s oxaziridine (2-benzenesulfonyl-3-phenyloxazirine), CHCls, 0 °C, 1 h, 50%; (g) LiAlH4, THF, reflux, 3 h,
quant, (h) Davis’s oxaziridine (2-benzenesulfonyl-3-phenyloxazirine), CHCls, 0 °C, 1 h, 63%; (i) i—NaBrO;, NaHSO3;, CH;CN, H,O, rt, 2 h, 85%,
ii—NaB(OAc);H, AcOH, CH;CN, 0 °C, 80%; (j) i—TsCl, DMAP, pyridine, rt, 17 h, 63%, ii—NaSMe, HMPA, 80 °C, 40 h, 34%; (k) NalO,, MeOH,

H,0, 0°C, 2 h, 67%.

Primary neuronal cultures were obtained from the cere-
bral cortex of fetal rats (17-19 days of gestation) and
neurotoxicity was assessed by means of the Trypan blue
exclusion method.® Exposure of rat cortical cultures to
100 uM Glu for 24 h markedly reduced the cell viability.
We observed the neuroprotective activity of synthetic
analogues (10 uM) when they were applied to the cul-
tures for 1 h before and during the 24-h Glu (100 uM)
exposure. Figure 2 shows the neuroprotective effect of

serofendic acid epimeric mixture (3). Application of
MK-801 (1 uM), a non-competitive N-methyl-D-aspa-
rate (NMDA) receptor antagonist that binds to the
phencyclidine binding site, completely blocked the
Glu-induced neurotoxicity. We have previously reported
that serofendic acid has no effect on NMDA-,
o-amino-3-hydroxy-5-methylisoxazole-4-propionic acid
(AMPA)-, and kainate-evoked currents.! These find-
ings indicate that the serofendic acid blocks Glu
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Figure 2. Hoffman modulation contrast photomicrographs showing the effects of serofendic acid (3). Cultures were treated with 100 pM Glu for 24 h.
Serofendic acid 3 (10 pM) was applied to the culture medium from 1 h before and during the 24-h of Glu treatment.

neurotoxicity without affecting the function of gluta-
mate receptor channels. To normalize the variation in
the viability of cultures, the degree of protection induced
by the test compounds was calculated using the follow-
ing equation: protection (%) = ((C — B)/(A — B)) x 100,’
where A is the viability of control cultures, B is the via-
bility of the cultures treated with Glu, and C is the via-
bility of the cultures treated with Glu and the test
compound. An example of the protection afforded by
serofendic acid (3) is shown in Figure 3.

In the previous study, compounds 1 and 2 (serofendic
acid A and B), as well as the sulfoxide epimeric mixture
3, potently attenuated Glu neurotoxicity to similar
extents.® Therefore, the analogues having the sulfoxide
group were tested as epimeric mixtures. The C15 ketone
analogue 4 exhibited a significant neuroprotective effect
(Table 1). The sulfoxide moiety at C17 position is an
unique feature of serofendic acid, so we compared the
effects of sulfoxide, sulfone, and sulfide moieties. The

8

a2k

Ny
w

viability (%)
5 5 8

S

control - 3 (10 uM)
Glutamate (100 y M)

Figure 3. Protective effect of serofendic acid (3) against Glu-induced
neurotoxicity. Cultures were treated with 100 pM Glu for 24 h.
Serofendic acid 3 (10 uM) was applied to the culture medium from
1 h before and during 24h of Glu treatment. n=15. Data were
expressed as means + SEM. The statistical significance of difference
between groups was determined by one-way analysis of variance
(ANOVA) followed by Dunnett’s two-tailed test. Statistical signifi-
cance was defined as probability value of less than 5%.

sulfide 5 showed potent activity, but the sulfone 6 was
less active. The analogues 9 and 12 lacked activity, indi-
cating that the oxygen functionality at the C15 position
may be important for neuroprotective effect. The C15-
C16 di-epi analogue 22 was as potent as serofendic acid,
suggesting that the absolute stereochemistry at C15 and
C16 may be of minor importance.

The neuroprotective activities of analogues at the C19
position are shown in Table 2. The methyl ester ana-

Table 1. Neuroprotective effects of serofendic acid analogues

Compound A Protection (%)  Statistical
significance
MK-801 (1pM) - 80.7 *

~~a”
Serofendic acid (3) S 453 .
OH

6 0’&0 20.0 ns.
OH
-

9 S 156 ns.
e

12 g 181 ns.
7
s

2 o 337 *
OH

n.s., no statistical significance.
*p < 0.05 vs glutamate-treated group.
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Table 2. Neuroprotective effects of serofendic acid analogues

Compound R Protection (%) Statistical
significance

Serofendic acid (3) CO,H 453 *

14 CO,Me 20.5 *

17 Me 13.1 n.s.

19 CO,OH 7.79 n.s.

n.s., no statistical significance.
*p <0.05 vs glutamate-treated group.

logue 14 exhibited weak activity. Both methyl analogue
17 and hydroxymethyl analogue 19 exhibited loss of
activity. These results may indicate that the carboxylic
acid moiety at this position plays an important role in
neuroprotective activity.

In summary, our synthetic route to serofendic acid
permitted the synthesis of various analogues, some of
which exhibited neuroprotective effects similar to that
of serofendic acid. The C15 oxygen functionality and

the C19 carboxylic acid moiety appear to be important
for the activity. Further study will be needed to establish
the structure—activity relationship of the pharmaco-
phore in detail.
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Abstract—The synthesis and initial SAR studies of novel, highly potent positive allosteric modulators of AMPA receptors based on
3-(4-tert-butylphenyl)-4-cyano-5-methylsulfanyl-thiophene-2-carboxylic acid (6a) are described. SAR studies at the thioether moiety
indicated that substitution at this position was mandatory and better potency was achieved with small groups.

© 2006 Elsevier Ltd. All rights reserved.

L-Glutamate is a major excitatory neurotransmitter in
mammalian central nervous system (CNS). Three iono-
tropic glutamate receptor subtypes have been identified
based on differences in their molecular biology and sen-
sitivity to the selective agonists N-methyl-pD-aspartate
(NMDA), o-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid (AMPA) and kainate (KA).! The AMPA
receptor family includes four different subunits named
GluR1-4. Functional AMPA receptors are most likely
tetrameric ion channels formed by the assembly of one
or more of the GluR subunits, yielding homomeric or
heteromeric receptors.> Additional complexity among
AMPA receptors is conferred by alternative splicing of
RNA for each subunit giving rise to flip and flop vari-
ants.® Glutamate binding to AMPA receptors initiates
conformational changes in the channel gate that lead
to increase conductance of sodium and calcium ions into
cells and subsequent membrane depolarization.*

Evidence indicates that decreases in glutamatergic neu-
rotransmission in the CNS may contribute to cognitive

Keywords: AMPA receptor allosteric modulators; Heteroaryl carbox-

ylic acids.

* Corresponding author. Tel.: +34 91 663 3437; fax: +34 91 663
3411; e-mail: fernandez_maria-carmen@lilly.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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deficits associated with a variety of neurological and
psychiatric disorders.’

Clinical and experimental data suggest that positive
modulation of AMPA receptors may be therapeutically
effective in the treatment of cognitive deficits.® Several
studies have identified compounds that enhance ion
influx through AMPA receptors by positive allosteric
modulation. Some examples are pyrrolidones such as
aniracetam’®* (1, Fig. 1), benzothiadiazides such as
cyclothiazide (2),’%¢ benzamides such as CX-516 (3),
or  4-[2-(phenylsulfonylamino)thio]-difluoro-phenoxy-
acetamide (4),”" and a family of sulfonamides (5a and
5b) previously reported by our group.’®

Electrophysiological experiments have demonstrated
that these biarylsulfonamides are potent modulators of
native AMPA receptors enhancing glutamate evoked
currents through AMPA channels of acutely isolated
pyramidal neurons.® Moreover, in vivo tests on spinal
and hippocampal neurons in rats showed that 5a and
5b cross the blood-brain barrier and modulate the sen-
sitivity of central AMPA receptors enhancing synaptic
excitation.®?

Toward the goal of developing new AMPA potenti-
ators, a high throughput screen of compounds was
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Figure 1. Structures of AMPA receptor allosteric modulators.

conducted using human cloned homomeric AMPA
receptors. The screen identified thiophene 6a’ (Fig. 1)
as a novel AMPA receptor modulator lead. Further
structure—activity-relationship (SAR) studies led to the
discovery of a new family of AMPA potentiators. In
the present communication, we describe part of these
SAR studies, focusing our attention on the identification
of the optimal core ring and the substitution at
thiomethyl moiety in thiophene ring.

The synthetic pathway for preparing compounds 6a, 18—
21 is shown in Scheme 1.

Methylsulfanyl acrylonitriles 11 and 12 were obtained
by deprotonation of the corresponding propionitriles,
previously prepared under standard conditions,
followed by condensation with carbon disulfide and
subsequent quenching with methyl iodide.'® These

0 | 0
0 CN X
e o s
R S” S
R | | VA

9,R=t-Bu 11,R=tBu R
10,R=Ph 12,R=Ph
d 13a,R=t-Bu,X=8S
0 / 14,R=Ph,X=S
a \ _ _
g_X 15,R = t-Bu, X = NMe
\ / OH 16, R =Ph, X =NMe
0 y 17,R=tBu,X=0
N
OH
N R
6a,R=t-Bu, X=S
7,R=t-Bu 18,R=Ph,X=8
8,R=Ph 19a, R = t-Bu, X = NMe

20, R=Ph, X=NMe
21,R=tBu,X=0

Scheme 1. Synthesis of compounds 6a, 18-21. Reagents and
conditions: (a) i—SOCl,, 50°C, 1h; ii—CNCH,CO,H, n-BuLi,
THF, —78 °C to rt, 2h (50-64%); (b) i—CS,, DMSO, 15°C to rt,
2h; ii—Mel, rt, 1 h (42-56%); (c) ethylthioglycolate, Et;N, EtOH,
reflux, 15 min (X = S); CH;NHCH,CO,Et-HCl, Et;N, EtOH, 0.5-2 h
(X = NMe); Bromoethyl acetate, LHMDS, THF, —78°C to rt, 6 h
(X =0) (50-73%); (d) 2M NaOH/EtOH 1:1 or 2.5M LiOH/THF/
MeOH 3:2:1, rt, overnight, then 1 M HCI (30-95%)).

intermediates were further converted to the thiophenyl
(13a and 14),'' N-Me pyrrole (15 and 16), and furan
(17) ethyl carboxylates by cyclocondensation with ethyl-
thioglycolate, sarcosine ethyl ester hydrochloride and
bromoethyl acetate, respectively, under basic conditions.
Carboxylic acids 6a, 18-21 were prepared from esters
13-17 by hydrolysis under alkaline conditions.

Intermediate 13a was further elaborated to give a wide
range of derivatives summarized in Scheme 2. Thioph-
enes 6¢c—f were obtained by coupling of primary thiols
with 13a in toluene, using palladium chemistry. Oxida-
tion of methylthio group with MCPBA followed by
ester hydrolysis afforded the sulfoxide 6g, while excess
of the same oxidant yielded the sulfone 13h. This inter-
mediate was used to prepare the amino ester precursors
of 6i—j by nucleophilic substitution of the corresponding
amines. Moreover, 13h reacted with diethylzinc in dry
dichloromethane to provide the ethylthiophenyl carbox-
ylic ester intermediate that after ester hydrolysis affor-
ded 6k. Compound 6b was obtained by reduction of
13 h with Na—Hg amalgam in presence of base followed
by hydrolysis. Alternatively, this compound could be
prepared by reaction of 13a with excess of sodium boro-
hydride in ethanol and subsequent ester hydrolysis.

Compound 61 was prepared using the synthetic
approach described in Scheme 3. Condensation of (tri-
fluoromethyl)ethylene 22'? with ethyl 2-mercaptoacetate
in ethanol afforded the aminothiophene 23. This inter-
mediate reacted with isoamylnitrite and diiodomethane
to provide the iodo derivative 24. Then, Suzuki coupling
of 24 with tert-butylphenyl boronic acid under standard
conditions and subsequent ester hydrolysis provided
thiophene derivative 6l.

All compounds were dissolved in DMSO and tested for
activity in calcium-imaging assay using stably transfec-
ted HEK-293 cells expressing homomeric GluR2 and
GluR4 receptors in both flip and flop splice variant
forms to provide information on the relative potency
and splice variant selectivity. Changes in intracellular
calcium concentration produced by application of gluta-
mate (100 uM) alone and in response to co-application
with compounds (0.1-3 uM) were measured using a
Fluorometric Imagin Plate Reader (FLIPR) technology.!?
The activity of compounds at various concentrations
was expressed as a percentage of the response evoked
by a saturating concentration (100 uM) of cyclothiazide
(2), and ECs, values were calculated. These data are
shown in Tables 1 and 2.

The lead compound 6a (Fig. 1) showed potentiator activ-
ity with ECsy values of 214 nM and 1558 nM at GluR4
flip and GluR4 flop receptors, and 97 nM and 309 nM
at GluR2 flip and GluR2 flop receptors, respectively. Flip
splice variant preferences were observed in both GluR2
and GIluR4 receptors, although higher potency was
exhibited in GluR2 receptors. Comparing thiophene 6a
with the previously reported sulfonamides 5a and 5b in
GluR4 flip receptors; thiophene 6a was equipotent with
5b and 2-fold more potent than 5a. Moreover,
cyclothiazide 2 was 17-fold less active than 6a.
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DCM, 0°C to rt (53%).
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Scheme 3. Synthesis of compound 6l. Reagents and conditions: (a)
ethyl 2-mercaptoacetate, KOAc, EtOH, 60-70 °C, 30 min (31%); (b)
CH,l,, CH;CN, isoamylnitrite, 35-65 °C, 10 min (81%); (c) i—tert-
butyl phenylboronic acid, Pd(PPh;)4, Na,COs, ethyleneglycol, 80 °C,
overnight; ii—2 M NaOH/EtOH 1:1, rt, overnight, then 1 M HCI
(25%, two steps).

We next explored the effect of the heterocycle as modu-
lator of AMPA receptors. For these studies, the carbox-
ylic acid, cyano and aryl groups were kept intact while
the thiophene moiety was replaced by furan and
N-methypyrrole. As shown in Table 1, N-methylpyrrole
19a was slightly less potent than 6a at both flip and flop
isoforms of GluR4 receptors but 7-fold less potent at
GluR2 flip receptors. However, replacement of sulfur
by oxygen (compound 21) was not well tolerated reduc-
ing the potency 9-fold in GluR4 flip. Based on these
results, we chose the thiophene and pyrrole cores and
replaced the fert-butyl by a phenyl group (compounds
18 and 20 respectively) in order to avoid the potential
metabolism issues related to tert-butyl group. In this
case, phenyl derivative 20 increased the potency, slightly
in case of GluR4 and 4-fold in GluR2 flip receptors
compared to the fert-butyl analogue 19a. However, this
effect was not observed in thiophene derivative 18.

Further details of SAR results in this region will be
reported in further communications.

Once we confirmed that thiophene was one of the most
potent five-membered heterocycles, we turned our atten-
tion to evaluating the effects of thioether replacements
by other substituents. We started varying the alkyl
group in thioether moiety (6a, 6¢—f, Table 2). All modi-
fications in this region maintained flip selectivity in
GluR4 receptor, but potency was more dependent on
the steric hindrance of the substituents. In this way,
activity decreased as larger groups were introduced
(compounds 6d-f). However, substitution at this posi-
tion is mandatory since the unsubstituted thiophene 6b
did not show activity in any receptor at tested
concentrations.

We also investigated whether groups with opposite elec-
tronic or polar features could replace thiomethyl
moiety. Starting from the readily accessible oxidation
products derived from 6a, sulfoxide 6g and sulfone 6h,
we observed that in both cases, these electron-withdraw-
ing substituents decreased the activity at GluR4 flip
receptors and did not show activity in GluR4 flop.
However, trifluoromethyl derivative 61 shown similar
potency to 6a in GluR4 (ECsy =273 nM) and GluR2
(ECs5o =78 nM) flip receptors, but was 3-fold more
potent in GluR4 flop (ECsy =488 nM). The replace-
ment of thiomethyl by ethyl group (entry 6k) was well
tolerated and exhibited similar potency and selectivity
to 6a. However, amino substitution (entries 6i and 6j)
reduced the activity in tested receptors following the
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Table 1. ECs, values of selected novel AMPA receptor allosteric modulators

X \ OH
/S N
IS
Compound X R ECso (nM)
GluR4-lip GluR4-flop GluR2-flip GluR2-flop
28 — — 3800 NT® NT NT
5a® — — 660 NT NT NT
5b* — — 420 1061 559 1905
6a S t-Bu 214 1558 97 309
18 S Ph 795 >3000 NT NT
19a NMe t-Bu 554 1423 684 663
20 NMe Ph 394 1301 174 474
21 o t-Bu 1979 >3000 NT NT
#See Figure 1 for structures of 2, 5a, and 5b.
°NT, not tested.
Table 2. ECs, values of selected novel AMPA receptor allosteric modulators
S OH
RN
/Il
N
Compound R ECso (nM)
GluR4-flip GluR4-flop GluR2-flip GluR2-flop
6a MeS 214 1558 97 309
6b H >3000 >3000 >3000 >3000
6c EtS 440 >3000 NT? NT
6d n-PrS 2892 >3000 NT NT
6e i-PrS 1873 >3000 NT NT
of PhS >3000 >3000 NT NT
6g SOMe 489 >3000 NT NT
6h SO,Me 629 >3000 333 1808
6i NMe, 474 >3000 176 2854
6i CNH 1009 >3000 1137 2433
6k Et 183 1221 47 216
6l CF; 273 488 78 231

#NT, not tested.

same trend as thioether derivatives (6a, 6¢c—f). The
more hindered 5-pyrrolidinyl thiophene 6j became less
potent than the dimethyl amino analogue 6i in both
GluR2 and GluR4 receptors.

We also observed that carboxylic acid played a crucial
role in terms of activity. While 6a was very potent in both
GluR2 and GluR4 receptors (Table 2), the ester precursor
13a  did not show activity in any receptor
(ECso > 3000 nM in GluR4 and GluR2 flip and flop) at
tested concentrations. This result suggested that carbox-
ylic acid could be establishing a hydrogen bond interac-
tion with the receptor. In order to test this hypothesis,
we explored more thoroughly this domain. Those results
will be reported in further communications.

In summary, we have designed, synthesized, and evalu-
ated a novel class of AMPA potentiators. Initial SAR

studies demonstrated that the N-methylpyrrole deriva-
tive 19a showed similar potency to the thiophene lead
6a at GluR4 receptors and was only slightly less active
at GIluR2 receptors. SAR trends at the thioether moiety
were achieved and better potency was found with
small groups independently of the electronic features.
However, substitution at this position was mandatory.
Flip splice variant selectivity was also predominant in
both series.
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Typical protocol for this assay: 96-Well plates containing
confluent monolayers of HEK-293 cell stably expressing
human AMPA receptors were prepared. Cells were
incubated in buffer solution (5.5 mM glucose, 136.9 mM
NaCl, 0.8mM MgSO,7H,0, 54mM KCl, 5mM
CaCl,2H,0, 044 mM KH,PO,;, 42mM NaHCO;,
0.34 mM Na,HPO,47H,0, and 20 mM HEPES) contain-
ing 8§ uM Fluo3-AM dye (obtained from Molecular
Probes Inc., Eugene, OR) for 60 min. Measurements were
made using a FLIPR that indicates changes in fluorescence
upon influx of calcium into cells upon stimulation by
glutamate (100 pM) in the presence of cyclothiazide
(100 uM) or compound. Each compound was run in
duplicate 10 point curves and each concentration and
replicate were in a single well on the same plate on the
same cells.
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Abstract—Peptides deriving from the HIV-1 HXB2 Pol gene sequence were evaluated for inhibitory activity against wild-type (WT)
and mutant HIV-1 integrase (IN). The most potent peptide corresponding to a region on the reverse transcriptase (RT) subunit of
the Pol polyprotein showed ICsy value of 5 and 2 uM for 3’-processing and strand transfer, respectively. These peptides, and their
analogs, may potentially be used in the elucidation of structural and functional epitopes of IN involved in protein—protein and

protein—small molecule interactions.
© 2006 Elsevier Ltd. All rights reserved.

The Pol genomes of retroviruses encode three essential
enzymes—protease (PR), reverse transcriptase (RT),
and integrase (IN). The integration of reverse-tran-
scribed human immunodeficiency virus (HIV) genome
into host cell DNA is an essential step in viral replica-
tion. This process is catalyzed by IN in two steps.!
After viral DNA assembly on IN, two nucleotides
adjacent to a conserved CA dinucleotide are cleaved
from each 3’-end of double-stranded viral cDNA
(3’-processing). In the subsequent strand transfer step,
IN nicks the chromosomal DNA in staggered positions
and joins the 3’-end of the newly processed viral DNA
into the 5’-end of the chromosomal DNA nicks. Host
repair enzymes such as human Rad 18 are thought to
complete the 5'-end joining reaction to produce the
provirus.>? These catalytic steps occur in the cytoplasm
and the nucleus of infected cells, respectively. Integra-
tion and events prior to it are believed to occur as part
of a pre-integration complex (PIC), in which IN, RT,
and other essential viral and cellular proteins interact,
in the cytosol (early PIC) and in the nucleus (late
PIC).*> To date, validated viral and cellular co-factors
of IN such as RT have been shown to both stimulate
integration in vitro and in vivo®’ as well as inhibit

Keywords: HIV-1 integrase; Protein—protein interaction; Reverse

transcriptase; Peptide; Mutant.
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integration.*371% The cellular and viral proteins that
interact with IN each constitute a promising new
therapeutic target in combating the virus.!! Elucidating
the structural and catalytic nature of such interactions
is thus important, especially given that no crystal
structure exists of full-length HIV-1 IN.

There is an interest in the possibility of designing
inhibitors of IN that target cellular protein—IN and viral
protein—IN interactions.!? !4 Target-sequence based dis-
ruption of functional protein—protein interactions by IN
inhibitory peptides or their derivatives should adversely
affect productive viral activity. It has been suggested
that conformational analysis of peptides will allow the
development of peptidomimetic and other inhibitors
against IN and that peptide fragments reproducing crit-
ical functional epitopes would disrupt protein—protein
interactions and inhibit biological activity of the en-
zyme.'3 Data from our group suggest that synthetic pep-
tides deriving from the IN amino acid sequence
implicate residues critical to enzyme structure and func-
tion.!* Peptides may also have potential in clinical set-
tings, given the success of Enfuvirtide, an anti-HIV-1
peptide drug derived from the viral glycoprotein in-
volved in host cell entry. Several peptide inhibitors of
IN targeting catalytic activity as well as oligomerization,
although far from entering actual drug development,
have been reported.'>!>1® These include synthetic pep-
tides'>1-2! from various regions of the IN enzyme as
well as those deriving from natural products.???3
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Recently, small soluble peptides from the viral activator
Tat domain were shown to significantly inhibit viral
replication.!”

We have previously presented preliminary data from
in vitro screening of a library of 20-mer synthetic
peptides deriving from the HIV-1 HXB2 Pol genome,
against IN catalytic activity.”* Herein we report the
evaluation of these peptides for inhibition of both
3’-processing and strand transfer. Of these, the most
potent inhibitory peptides derive from the RT region
of the Pol genome (Fig. 1), while those peptides deriving
from the PR region were inactive. A separate publica-
tion from our group'# details the inhibitory activity of
shorter peptides from the IN region, as well as their
derivatives. It should be noted that a study published
last year produced results significantly different from
ours for the same RT peptides.?

The 20-mer peptides tested against purified wild-type IN
spanned the 1003 amino acid length of the Pol polypro-
tein, with 10-mer overlaps between sequential peptides.
The most active peptide 56 (ICs, values of 5 uM for 3’
processing and 2.5 pM for strand transfer) derives from

ELVNQIIEQLIKKEKVYLAW 526-545

e (68)

the RT connector region of the protein. Two other
peptides, 34 and 53, showing ICs, values in the micro-
molar range also derive from the RT palm and connec-
tor regions. All three are in close proximity to the active
site of the enzyme (Table 1). Peptides 65 and 68 deriving
from the RNase H region also exhibit inhibition of IN
catalytic activity in the low micromolar range, although
less potent than the previous three peptides. We also
evaluated the five potent peptides against the IN
(F185K/C280S) soluble mutant. While this mutant has
been shown to be slightly more resistant as compared
to wild-type to small molecule IN inhibitors, this is the
first reported case of peptides showing similar inhibitory
behavior (Table 1).

The full set of HIV-1 HXB2 Pol 20-mer peptides
(1.0 mg, lyophilized) was obtained from the National
Institutes of Health AIDS Research and Reference Re-
agent Program Catalog (catalog number 4358). The first
amino acid of the first peptide is recorded as amino acid
433 in the full-length genomic sequence of the Pol poly-
protein in GenBank (Accession No. K03455). Serial
dilutions of the peptides were performed in deionized
water or DMSO. Original peptides and stock solutions

LQDSGLEVNIVTDSQYALGI 486-505
L (69)

[ Pol p10 PR

; -
1 100 . ; g .

-
# . -

PDIVIYQYMDDLYVGSDLEI 176-195 /[

) ; \
KQLTEAVQKITTESIVIWGK 366-385

(53)

440 560 1003

ETWETWWTEYQATWIPEWE 396415

(56)

Figure 1. The five most potent peptides derive from different regions of the HIV-1 HXB2 Pol genome. Numbers adjacent to each peptide sequence
indicate amino acid spans of the respective subunits on the Pol polypeptide (Numbering according to the HXB2 Numbering Engine nomenclature,
Los Alamos National Laboratory). Numbers in parentheses indicate the number of the peptide (domains not drawn to scale).

Table 1. ICsy (uM) values of peptides against wild-type and mutant IN

Peptide Peptide sequence Activity wT? N C130S CI130A
34 PDIVIYQYMDDLYVGSDLEI 3’-Processing 6t 1 282 412 20
Strand transfer 10£1 232 2+1 5
53 KQLTEAVQKITTESIVIWGK 3’-Processing 71 517 29+ 1 15
Strand transfer 4+1 31+7 2+1 10
56 ETWETWWTEYWQATWIPEWE 3’-Processing 6+ 1 13+2 126 £3 25
Strand transfer 2+t1 9+2 27+1 5
65 LQDSGLEVNIVTDSQYALGI 3’-Processing 11+1 >167 18+£3 >167
Strand transfer 36 £ 14 4+1 20
64 ELVNQIIEQLIKKEKVYLAW 3’-Processing 152 113£11 136 £ 5 45
Strand transfer 14+4 835 71 15

# Abbreviations: WT, wild-type IN; SM, soluble mutant.
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were stored at —20 °C. Dilutions were stored at —4 °C.
IN inhibition studies were performed with purified re-
combinant wild-type, soluble mutant (F182K, C280S),
or C130S/A mutants IN and a 21-mer oligonucleotide
substrate using established protocol.?® Percent inhibi-
tion (% I) was calculated using the following equation:
100 x[1 — (D — C)/(N — C)] where D, C, and N are the
fractions of 21-mer substrate converted to 19-mer (3’-
processing products) or strand transfer products for
IN plus peptide, DNA plus IN, and DNA alone, respec-
tively. ICsy values were determined by plotting peptide
concentration against percent inhibition on a logarith-
mic scale.

A representative IN catalysis assay of the peptides from
Table 1 is shown in Figure 2. Peptides 34, 53, and 56 all
derived from the RT-RNase H region of the polypro-
tein. Previous reports have shown that RT and IN
physically interact with and inhibit each other’s catalytic
activity.®?” The interaction between these two proteins
is also a requirement for their respective catalytic activ-
ities.>?8 IN has been shown to bind to two discontinu-
ous regions on RT, the fingers-palm region (amino
acids 1-242) and carboxy-terminus of the connection
region of RT. The RT binding region on IN has been
mapped to the carboxy-terminal region from amino acid
residues 210 to 288.° Deletion analysis on RT has
revealed two IN binding domains: the fingers-palm
domain and the carboxy-terminal domain of the connec-
tion subdomain.® It is interesting to note that the two
most active peptides, 53 and 56, both derived from the

A 5/-32p- GTGTGGAAAATCTCTAGCAGT
CACACCTTTTAGAGATCGTCA

(21 mer)

RT connection domain. Peptide 56 contains six trypto-
phan residues that possibly contribute to its potency in
inhibiting IN. Tryptophan-rich peptides have been
known to possess IN inhibitory activity, as evidenced
by indolicidin, a natural antimicrobial peptide, and its
analogs.?? It is thought that this amino acid intercalates
into DNA and exerts inhibitory activity by sterically dis-
rupting IN-DNA binding. It has been shown that a
C130S mutant of IN is not able to interact with RT, pos-
sibly due to changes in the protein recognition interface
at the C-terminal IN domain.?® We evaluated the pep-
tides derived from RT against the catalytic activity of
this cysteine mutant with interesting results that show
a marked selectivity for strand transfer (Table 1). These
observations confirm important structural observations
from our group with regard to the C130S mutant.
Finally, Schiff-base assays in which inhibition of IN
crosslinking with DNA may be observed showed that
these peptides do not disrupt IN-DNA binding (data
not shown).

In conclusion, the subset of active peptides derived from
HIV-1 RT sequence we have described in this paper
could potentially serve as novel probes toward finding
protein ‘hotspots’ involved in protein—protein interac-
tions, and thus contribute toward the understanding of
IN interactions with other cellular and viral proteins.3°
We have already used peptides derived from IN, and
their derivatives, to define potential areas of catalytic
importance within IN.!'# Because such interactions are
known to be essential for successful integration of viral

32

) strand
3'-processing
aT transfer OR
32p

)
5/ -32p-GTGTGGAAAATCTCTAGCA
CACACCTTTTAGAGATCGTCA
(19 mer) 32p
B 34 53 56 65
onain o O C— v [—
ST
21 mer
19 mer

12 3 4 5 6 7 8 9 10 1

12 13 14 15

16 17 18 19

Figure 2. Representative gel showing inhibition of purified IN by peptide #34, 53, 56, and 65. (A) Schematic of IN activity in vitro: a 21-mer
oligonucleotide corresponding to the U5 LTR 5'-end-labeled with 2P is reacted with purified IN. The first step, 3'-processing involves nucleolytic
cleavage of two bases from the 3’-end resulting in a 19-mer oligonucleotide. The 3’-ends are subsequently covalently joined at several sites to another
identical oligonucleotide that serves as the target DNA. This reaction is known as strand transfer, and the products formed migrate slower than the
original substrate. (B) Lane 1, DMA alone; lanes 2 and 15, IN alone; lanes 3-14, IN, DNA, and respective peptides at decreasing concentrations of

18, 6, 2, and 0.6 uM. ST, strand transfer.
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cDNA into host DNA, an understanding of protein—
protein and protein—-DNA interactions will contribute
to the development of effective inhibitors to IN catalytic
activity if successful disruption of the interaction can be
initiated.3'3?> Chemical derivatization or synthetic ana-
logs of these peptides may also function as potent IN
inhibitors by causing conformational changes in the
protein that prevent productive integration. Although
little is known about the inhibition mechanism of these
peptides, additional information from affinity or binding
studies with IN may be utilized to gain more insight into
the three-dimensional structure of the protein.
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Abstract—A non-peptide-based isatin sulfonamide analog, WC-II-89, was synthesized and its inhibition toward recombinant
human caspase-3 and other caspases was determined. This compound showed high potency for inhibiting caspase-3 and -7, and high
selectivity against caspases-1, -6, and -8. ['*F]WC-II-89 was synthesized via a nucleophilic substitution of the corresponding mesy-
late precursor in high yield and radiochemical purity. Biodistribution studies using ['*F]WC-II-89 revealed higher uptake in liver and
spleen of cycloheximide-treated rats, an animal model of apoptosis, relative to control animals. Western blot analysis confirmed the
presence of activated caspase-3 in the liver and spleen of cycloheximide-treated animals. MicroPET imaging studies revealed a high
ugtake of the radiotracer in the liver of a cycloheximide-treated rat relative to the untreated control. These data suggest that
["*FIWC-II-89 is a potential radiotracer for imaging caspase-3 activation in tissues undergoing apoptosis.

© 2006 Elsevier Ltd. All rights reserved.

Apoptosis, or programmed cell death, is critical for the
normal development and function of multicellular
organisms as a common and universal mechanism of cell
death.! It is a conserved process that is mediated by the
activation of a series of cysteine aspartyl-specific prote-
ases termed caspases. The abnormal regulation of cellu-
lar death via apoptosis is believed to play a key role in a
variety of human diseases, such as ischemia-reperfusion
injury (stroke and myocardial infarction), cardiomyopa-
thy, neurodegeneration (Alzheimer’s Disease, Parkin-
son’s Disease, Huntington’s Disease, and ALS), sepsis,
Type 1 diabetes, fulminant liver disease, and allograft
rejection.”? In addition, the beneficial effect of many
drugs, especially antitumor drugs, can be attributed to
their activation of the apoptotic process.*° Therefore,
the development of a non-invasive imaging procedure
that can study the process of apoptosis in a variety of
disease states, and monitor the ability of a drug to either
induce or halt apoptosis, would be of tremendous value
to the research and clinical community.

Positron emission tomography (PET) and single
photon emission computed tomography (SPECT) are

Keywords: Caspase-3; Apoptosis; Positron emission tomography.
* Corresponding author. Tel.: +1 3143628538; fax: +1 3143620039;
e-mail: thmach@mir.wustl.edu

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

doi:10.1016/j.bmcl.2006.07.045

in vivo imaging techniques that measure the change
in tissue and cellular function at the molecular level.
The agents used so far for imaging apoptosis in vivo
are mostly based on Annexin V,'° which is a 36-kDa
protein that binds selectively with high affinity to exter-
nalized phosphatidylserine. Phosphatidylserine is nor-
mally found only on the interior of the cell
membrane but translocates to the exterior of the cell
membrane in the early stages of apoptosis. However,
since the externalization of phosphatidylserine also oc-
curs in necrosis, a further step, the propidium iodide
exclusion test,!! is required to discriminate between
apoptosis and necrosis in vitro. Although this test is
routinely used to distinguish apoptosis from necrosis
using ex vivo techniques such as flow cytometry, it can-
not be applied to in vivo techniques such as PET and
SPECT. In addition, the slow clearance of radiolabeled
Annexin V from blood generally requires imaging stud-
ies be conducted 4-6 h after administration of the radi-
otracer. Although this long time interval between
radiotracer injection and image acquisition is compati-
ble with the radionuclides used in SPECT imaging
studies, it is not suitable for the short half-life radio-
nuclides used in PET.

An alternative strategy for measuring and imaging cells
and tissues undergoing apoptosis is the use of antibodies
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directed toward enzymes that are intrinsic to the bio-
chemical pathways of apoptosis. The enzymes responsi-
ble for the regulation and execution of apoptosis are the
caspases, which exist as inactive zymogens (pro-caspas-
es) in the cytosol and become activated when cells re-
ceive an apoptotic signal. Caspases activated early in
the process of apoptosis are known as initiator caspases;
the function of the initiator caspases is to activate the
executioner caspases, which are responsible for the pro-
teolytic cleavage of proteins that are necessary for cellu-
lar function. The initiator caspases are caspases-6, -8,
and -9, and the executioner caspases are caspase-3 and
-7. Cellular apoptosis can be initiated via two different
pathways, extrinsic and intrinsic.!! Since the intrinsic
and extrinsic pathways involve the activation of cas-
pase-3, immunohistochemical staining for activated cas-
pase-3 provides an unambiguous method for measuring
and imaging apoptosis. Furthermore, small molecule
inhibitors of caspase-3 that can be radiolabeled with
either carbon-11 (#1, =20.4 min) or fluorine-18 (zy,
> = 110 min) have the potential for imaging apoptosis
with PET under a variety of pathological conditions.
This imaging procedure also has the capability to image
chemotherapy-induced apoptosis and capacity to pro-
vide an imaging-based procedure for measuring a posi-
tive response to treatment in cancer patients.

Recently, we reported the synthesis of a number of non-
peptide-based isatin sulfonamide analogs,'> many of
which displayed nanomolar potency for inhibiting cas-
pase-3 and caspase-7, while exhibiting a low potency
for inhibiting the initiator caspases, caspase-1, -6, and
-8. In this letter, we describe the synthesis of a new isatin
sulfonamide analog, WC-II-89, that is suitable for
radiolabeling with fluorine-18, and the biodistribution
of ["* FIWC-II-89 in an animal model of apoptosis. We
also report the first microPET imaging study directly
measuring caspase-3 activation in tissues undergoing
apoptosis using ['*FIWC-II-89.

The synthesis of WC-II-89 and its precursor for '*F-la-
beling, 10, is shown in the Scheme 1. O-Alkylation of
methyl 4-hydroxybenzoate 1 was achieved by conversion
to the corresponding sodium salt (sodium hydride in
THEF at 0 °C) followed by addition of 1-bromo-2-fluoroe-
thane to give compound 2, which was reduced by LiAlH4
in ether to afford the alcohol, 3. The hydroxyl group of 3
was then converted to the corresponding bromo analog 4
via treatment with CBrs and PhsP in CH,Cl,. 1-(2-
Bromoethoxy)-4-(bromomethyl)benzene 6 was obtained
by bromination of 5 with NBS in CCly. The N-Boc group
of 7 was removed with TFA and the secondary amine was
coupled with 5-chlorosulfonylisatin in THF using trieth-
ylamine as an acid scavenger to produce 5-(2-phenoxy-
methyl-pyrrolidine-sulfonyl)-1H-2,3-dione, 8. The isatin
nitrogen was alkylated by treatment of 8 with sodium hy-
dride in DMF at 0 °C followed by addition of 4 or 6 to
give compounds WC-II-89 and 9, respectively. Com-
pound 9 was then heated to reflux with silver methanesul-
fonate in acetonitrile to generate the precursor 10.'3

Inhibition of recombinant human caspase-3 and other
caspases by WC-II-89 was assessed using a fluorescent

product, 7-amino-4-methylcoumarin (7-AMC), as previ-
ously reported.!? The ICs, values from the enzyme as-
says are shown in Table 1. WC-II-89 shows high
potency for inhibiting caspase-3 and -7, with 1Csq values
at least 150-fold higher versus the initiator caspases-1,
-6, and -8. This caspase-inhibitory profile suggests that
WC-II-89 is a potential radiotracer for imaging apopto-
sis with PET when labeled with fluorine-18.

Starting from 10, the ['*F]WC-II-89 was synthesized by
the nucleophilic substitution of the mesylate group with
['"®*F]fluoride ion using the radiochemical procedure out-
lined in the Scheme.'* The incorporation yield was more
than 70% and the synthesis time was less than 100 min.
["* F]WC-I1-89 was confirmed by the co-elution with
non-radioactive standard WC-II-89 on an analytical
HPLC system. The radiochemical purity of ['*F]WC-
I1-89 was 99% and the specific activity was determined
as ~1500 mCi/umol at the end of synthesis.!>

The evaluation of ['"*F]WC-1I-89 as a radiotracer for
imaging caspase-3 activation was determined using a
well-characterized animal model of chemically induced
apoptosis.!®!7 This model, which uses the protein syn-
thesis inhibitor, cycloheximide (CHX), was previously
used in the evaluation of radiolabeled Annexin V ana-
logs.'® Tissue morphology and TUNEL staining studies
have shown that cycloheximide induces apoptosis in rat
liver in both a dose-dependent and time-dependent man-
ner. Within 3 h of treatment with 1.5, 3, or 10 mg of
cycloheximide per kilogram of body weight, apoptosis
was induced in rat liver.'®!7 Therefore, we chose 3 h
treatment of 5 mg/kg to induce the maximum apoptosis
in rat liver, expecting a high level of caspase-3
activation.

The biodistribution results of ['*F]WC-II-89 in normal
and cycloheximide-treated male Sprague-Dawley rats'®
are shown in Table 2 and Figure 1. In general, the initial
uptake was higher for CHX-treated rats than control
rats. However, the difference between control and treat-
ed rats was reduced with time with the exception of the
liver and spleen. At 1 h after injection (Fig. 1), the up-
take in liver and spleen for the treated rats was 94 and
184% higher than the control animals at 1-h post-iv
ingection of the radiotracer. The increase in uptake of
["* F]WC-II-89 in the cycloheximide-treated versus con-
trol animals is consistent with chemically induced apop-
tosis and caspase-3 activation. Since the isatin analogs
are competitive inhibitors of caspase-3,'2 ['*F]WC-II-
89 binds to the activated form of caspase-3 in tissues
undergoing apoptosis, which explains the slower wash-
out of radioactivity from the liver and spleen of the
cycloheximide-treated animals. The results of the biodis-
tribution study also revealed a very low uptake of radio-
activity in bone, indicating that defluorination is not a
concern with this radiotracer. The result of the biodistri-
bution study implies that ['*F]WC-II-89 is a potential
PET radiotracer for imaging caspase-mediated
apoptosis.

Western blot studies were carried out to measure cas-
pase-3 levels in control and cycloheximide-treated rats°
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Scheme 1. Reagents: (a) NaH, THF; (b) BrCH,CH,F; (c) LiAlHy, ethyl ether; (d) CBry, Ph;P, CH,Cly; (e) NBS, CCly; (f) TFA, CH,Cly;
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Table 1. Inhibition of WC-II-89 for caspases-1, -3, -6, -7, and -8

ICso (nM)
Caspase-1  Caspase-3  Caspase-6 Caspase-7  Caspase-8
>50,000 97+13 3700 £390 23.5%£35 > 50,000

in order to correlate caspase-3 activity to the biodistri-
bution results. Western blot analysis of spleen, liver,
and fat for both control and treated rats is shown in Fig-
ure 2. The level of cleaved caspase-3 in the spleen and
liver of the treated rats is much higher than that of the
control animals, which is consistent with cyclohexi-
mide-induced apoptosis. There was no cleaved cas-
pase-3 in the Western blot of the fat tissues from both
control and treated rats. The results of the Western blot

studies correlate very well to the biodistribution data of
liver, spleen, and fat at 1-h post-iv injection of the radi-
otracer as shown in Figure 1. The good correlation
between caspase-3 activity and biodistribution of
["*FIWC-II-89 in the cycloheximide-treated rats
establishes the basis for imaging apoptosis using
["* FIWC-I1-89.

The microPET images of the liver region at 10—-60 min
post-iv injection of ['*F]WC-II-89 are shown in Figure
3.2 The animal receiving a 3 h pre-treatment of cyclo-
heximide displayed a higher uptake of ['*F]WC-II-89
in the liver versus the control animal. Figure 4 shows
the tissue—time activity curves from the microPET imag-
ing study. Although the early imaging frames (0—3 min)
suggest there is approximately a 20% increase in blood
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Table 2. Biodistribution of ['*F]WC-II-89 in normal and cycloheximide-treated (5 mg/kg, 3 h pre-treated) male Sprague-Dawley rats (200-250 g)*

5 min 1h 2h

Blood Control 2.70 £0.21 0.112 £ 0.010 0.063 £0.007

Treated 3.66 = 0.40 0.165 £ 0.012 o 0.074 + 0.004 ns
Lung Control 1.42+0.34 0.178 £ 0.032 0.081 £ 0.012

Treated 2.08 +0.23 0.229 + 0.026 * 0.115+0.016 *
Liver Control 3.13£0.26 0.378 + 0.059 0.156 £ 0.015

Treated 4.02+045 0.733 £ 0.118 o 0.219 +0.026 *
Spleen Control 1.14 £ 0.08 0.150 + 0.048 0.058 £ 0.010

Treated 224+ 041 0.427 £ 0.052 o 0.107 £ 0.026 *
Thymus Control 0.231 £ 0.070 0.093 £ 0.012 0.043 +0.003

Treated 0.382 £ 0.104 0.123 £ 0.020 * 0.063 +0.007 *
Kidney Control 1.245+0.136 0.534 £ 0.073 0.178 £ 0.037

Treated 1.184 +0.082 0.547 +0.048 ns 0.230 + 0.047 ns
Muscle Control 0.143 £ 0.009 0.077 = 0.008 0.033 + 0.004

Treated 0.094 £ 0.000 0.104 £ 0.018 - 0.064 + 0.002 e
Fat Control 0.119 £0.022 0.149 + 0.019 0.071 = 0.008

Treated 0.087 + 0.028 0.143 £ 0.014 ns 0.086 £ 0.014 ns
Bone Control 0.445 £ 0.036 0.132 £ 0.018 0.154 + 0.056

Treated 0.661 £ 0.059 0.116 + 0.009 ns 0.128 +0.027 ns

#Student’s t-test, p > 0.05; not significant (ns); *p < 0.05; **p < 0.01; ***p < 0.001.

0.8 4
94% Increase
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Figure 1. Selected biodistribution of ['*F]WC-II-89 in control and
cycloheximide (5 mg/kg) 3 h pre-treated male Sprague-Dawley rats
(200-250 g). The data represent tracer uptake 1 h post-iv injection of
the radiotracer.

flow to the cycloheximide-treated liver, the higher peak
accumulation of ['*F]WC-II-89 in the treated rat liver
versus the control animal is consistent with drug-in-
duced caspase-3 activation. The normal rat liver also
displayed a faster washout of radioactivity than the
cycloheximide-treated liver, which is consistent with
drug-induced caspase-3 activation versus differences in

Spleen Liver
1 2 3 1 2 3

-

— _

-

Al G g c—

blood flow. Caspase-3 activation in the cycloheximide-
treated versus control animal was also confirmed by
Western blot analysis of the rat livers following comple-
tion of the microPET imaging study (data not shown).
The treated:control ratios from the microPET study
(Fig. 4 inset) are also identical with the 2-fold increase
in uptake of ['*F]WC-II-89 observed in the biodistribu-
tion study (Fig. 1).

To summarize, radiotracers for imaging apoptosis have
been traditionally based on radiolabeled Annexin V,
some of which have gone to clinical trials.'® Although
some of these studies have been encouraging, Annexin
V cannot distinguish apoptosis and necrosis in vivo
since externalized-phosphatidylserine occurs in both
pathways of cellular death. Therefore, there is a need
to develop radiotracers that are specific for imaging cell
death via apoptosis (programmed cell death) using
PET.'3 Since the activation of the executioner caspases,
caspase-3 and -7, occurs late in apoptosis, radiolabeled
inhibitors of caspase-3 and -7 represent a novel strategy
for discerning programmed cell death from necrosis. A
previous study reported the synthesis and carbon-11
radiolabeling of an isatin analog having a modest poten-
cy for inhibiting caspase-3.2> However, no in vivo data
were reported in this meeting abstract, and the selectiv-

Fat Samples: 1 - Treated
1 2 3 2 — Treated
3 — Control
- ’ W “Procapase-3

<Cleaved Caspase-3 (active)

S S S < ctin Contro

Figure 2. Western blot study of control and treated (5 mg/kg, 3 h pre-treated) male Sprague-Dawley rats (200-250 g).
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Figure 3. Whole-body MicroPET images of ['*F]JWC-II-89 distribution in a control rat (left) and cycloheximide-treated rat (right). Images were

summed from 10 to 60 min after iv injection of ~150 pCi ['*F]WC-11-89.
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Figure 4. Tissue time—activity curves (mean percentage of injected dose
per cube centimeter) of rat liver. Cycloheximide-treated rat (O);
control rat (OJ). Inset graph shows the ratio of the liver uptake of the
cycloheximide-treated versus control liver.

ity of this compound for caspase-3 versus other caspases
was not mentioned. Our group previously reported the
synthesis and in vitro potency of a number of isatin-
based analogs having a high potency for inhibiting the
executioner caspases, caspase-3 and -7, relative to casp-
ases-1, -6, and -8.!2 In this letter, we have shown that
WC-II-89 binds to caspase-3 and -7 with high affinity
and specificity versus caspases-1, -6, and -8. Biodistribu-
tion studies of ['*F]WC-II-89 revealed a higher uptake in
the liver and spleen of rats treated with cycloheximide, a
well-established murine model of chemically induced
apoptosis. Western blot analysis confirmed this uptake
was related to caspase-3 activation. Our results have
demonstrated for the first time that aPoptosis can be
measured and imaged by PET using '®F-labeled cas-
pase-3 inhibitors such as ['*F]WC-II-89. We are current-
ly evaluating ['*FJWC-II-89 in additional animal models
of apoptosis.
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Abstract—A series of branched and unbranched anilinohexafluoroisopropanols related to the known sulfonamide T0901317 were
prepared and evaluated as activators/modulators of both LXRa and LXRp. A structure—activity relationship was established and
compounds with high potency on both the receptors were identified. Many compounds showed a tendency toward selectivity for
LXRp versus LXRa. Several analogues were evaluated for effects on plasma lipoprotein levels in mice. A few of these significantly
raised HDL-cholesterol levels in plasma but showed markedly different effects on liver triglyceride content, suggesting that this series
may yield candidates with improved efficacy/safety profiles compared to existing molecules.

© 2006 Elsevier Ltd. All rights reserved.

The Liver-X-receptors, LXRa and LXRp, are nuclear
hormone receptors that function as oxysterol regulated
transcription factors and activate the expression of genes
regulating cholesterol and lipid metabolism.! The LXRs
directly induce the expression of the transmembrane lip-
id/cholesterol transporters ABCA1 and ABCG1 in cho-
lesterol-loaded macrophages, liver, and intestinal cells,
promoting cholesterol efflux and formation of high densi-
ty lipoprotein particles (HDL).?> Numerous clinical and
epidemiological studies have shown that HDL-cholester-
ol levels are inversely related to the risk for coronary
artery disease (CAD).? Drugs that activate LXR have
the potential to increase HDL-C and cellular cholesterol
efflux and are thus expected to be atheroprotective.* Full
LXR agonism however leads to the undesired activation
of triglyceride synthesis in the liver by upregulation of
Srebp-1c.’ The identification of LXR modulators, devoid
of this undesired side effect remains a major challenge for
drug development. Current efforts focus on the identifica-
tion of LXR B-selective agonists, partial or gene-specific
LXR activators, or compounds with more favorable
PK/PD properties.>-

Keywords: Hexafluoroisopropanol; Aniline; Liver-X-receptor activa-

tors/modulators; SAR; Molecular modeling.
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One of the most extensively studied LXR activators is
T0901317 (Fig. 1), a potent but pathway unselective
LXRa/B coagonist developed by Tularik.” T0901317
has been shown to increase HDL-C and to reduce
atherosclerotic plaques in mouse models*® and thus
was considered a starting point for the design of new ana-
logues with potentially improved properties. The X-ray
structure of T0901317 complexed with the LXR B-ligand
binding domain revealed the key contacts of the ligand re-
quired to stabilize the active conformation of the recep-
tor.” Apart from a strong hydrogen bond between the
hydroxyl group of the ligand and His435 (d=2.6 A),
numerous lipophilic receptor-ligand contacts exist that
lead to strong binding. The structure revealed that the tri-
fluoroethyl and the phenylsulfonyl groups reach into two
pockets marked as P1 and P2 in Figure 1. A third pocket
P3 could be discerned at the opposite end of the ligand
which was unoccupied and could offer opportunities for
the introduction of additional functionalities. As
illustrated in Figure 1, we reasoned that replacing the —
SO,— moiety of T0901317 by a methine group ~-CHR?®-
would allow the positioning of a new functional group
R?* into P3 and possibly improved affinity and activity.
However, according to molecular modeling'® the aniline
resulting from a replacement of —-SO,— by a -CHR?~
(R* = H or functional group) has a significantly smaller
dihedral angle t of approximately 27° compared to the
experimentally observed 7 =62° for T0901317, which
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Hls 435

: / Met312 )
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'./, S = \Phe 329~

Aniline
X = CHR?, R = H (1.5 = 27°)
R’ = small subst. (T, = 60-70°)

Arg 319

Figure 1. Left: definition of the dihedral angle t discussed in the text. Middle: binding mode of T0901317 complexed to LXR. The hydrogen bond
between the OH group of the ligand and His 435 is shown as a red, dashed line. Right: model of anilines illustrating the possibility to reach the P3
pocket and interact with different hydrophobic and polar side chains. R* is a suitably chosen substituent reaching into the P3 pocket.

could result in a potentially detrimental reorientation of
the N-substituents. To compensate for this, introduction
of a substituent R’ in the ortho position to the aniline-ni-
trogen or the quaternization of the ~CHR*- to a —
CR?R"- may be necessary to increase the 7 angle and pre-
vent loss of affinity/activity. We report here the synthe:51s
and SAR of (i) ‘unbranched’ anilines for which X is —
CH,—and (ii) ‘branched’ amhnes for which X is —CR*R°-
with at least one of R or R® not being H."'! In both series,
analogues with a chloro substituent ortho to the aniline-
nitrogen were prepared.

The syntheses started from the commercially available
2-(4-amino-phenyl)-1,1,1,3,3,3-hexafluoro-propan-2-ol
1.2 The unbranched analogues (Scheme 1) were ob-
tained by acetylation or trifluoroacetylation (2 and 3)
followed by BH;-THF-complex promoted reduction (4
and 5). Heating in the presence of an arylalkylhaloge-
nide!? optionally followed by o-chlorination of the ani-
line with NCS led to the final compounds (6-22). For
the synthesis of the branched analogues (Scheme 2),
we used the O-silyl protected derivative 23 of 1 which
was converted to the N-ethyl derivative 24 using the
same method as for the conversion of unprotected 2-4.
Treatment of either 23 or 24 with a-phenylbromoacetic
acid methyl ester led to phenylmethylesters 25 and 26,
respectively, of which the latter was deprotected with
TBAF to give 27. Lithium hydroxide mediated hydroly-
sis of 26 was accompanied by desilylation and gave the
deprotected acid 28, which was converted to amides

1 2,3 O
Scheme 1. Reagents and conditions: (a) for R
DIPEA, >90% of 3; (b) BH;THF, 96% of 4 (R
n-propanol, >64%.

= CH3/Ac,0, Py, followed by treatment with aq NaOH, >90% of 2. For R!

= CHj;), 73% of 5 (R! = CF3); (¢) R%-Cl or R%-Br, DMF or ‘BuOH, heating, 11-90%; (d) NCS,

29-32 by EDCI/HOBT-promoted coupling.!* LiHM-
DA-promoted deprotonation in o position to the ester
functionality of 26 followed by quenching with iodome-
thane or -ethane, led, after TBAF-mediated deprotec-
tion, to the quaternary derivatives 33 and 34. Using
the same method, the re-O-silylated derivative of
dimethylamide 30 was converted to the o-methyl ana-
logue 36. Treatment of ester 34 with N-chloro succinimide
gave the o-chloroaniline 35. The bridged derivatives 37
and 38 were obtained by a double deprotonation of 25
with LiIHMDA, treatment with either 1,3-diiodopro-
pane or 1,4-diiodobutane, followed by TBAF-mediated
deprotection. In the presence of lithiumperchlorate,!>
the O-protected N-ethyl aniline 24 reacted with styrene
epoxide mainly to give the racemic hydroxymethyl
derivative 39, though small amounts of the alcohol 40
resulting from nucleophilic attack of the aniline on the
B-carbon of the epoxide were also isolated. The enantio-
merically pure S- or R-derivatives of 39 were obtained
by using the corresponding optically pure styrene epox-
ides. The o-chloroaniline 41 was prepared from 39 by
treatment with N-chlorosuccinimide. TBAF-mediated
deprotection of 39-41 yielded the corresponding diols
42-44. Both 39 and its o-chlorinated analogue 41 were
further converted to a series of O-functionalized deriva-
tives (45-54) by either O-alkylation or Mitsunobu-type
substitution reactions and optional subsequent transfor-
mations (e.g., LiAlHs-mediated reduction of 47 to 48,
LiOH-promoted hydrolysis of 47 to 49 and 52-54 to
55-57, and amide couplings of 49 to 50 and 51).

OH
F.C CF

RS

R\/N
R3=H

45 ro-cl <2

6-22

= CFs, TFAA, CH,Cl,,
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Scheme 2. Reagents and conditions: (a) TESCI, DBU, DMF, >90%; (b) (1) Ac,0, Py, 2—BH;5THF, 96%; (c) a-phenylbromoaceticacidmethylester,
NaOAc, ‘BuOH, >90%; (d) TBAF, >90%; (e) LiOH in THF/H,O 1:1, >90% of 28 from 26, of 49 from 47, of 55-57 from 52-54; (f) amine or amine
hydrogen chloride salt, EDCI, HOBt, NMO, from 28: 73 % of 29, 70% of 30, 27% of 31, 44% of 32, from 49: >90% of 50, 76% of 51; (g) (1)
LiHMDA, (2) Mel, (3) TBAF, 67% of 33 from 26; (h) (1) LIHMDA, (2) Etl, (3) TBAF, 30% of 34 from 26; (i) (1) TESCI, DBU, DMF, >90% of
o-silylated 30, (2) LIHMDA, (3) Mel, (4) TBAF, 30% of 36 from 30; (k) NCS, propanol, 50% of 35 from 34, 69% of 41 from 39; (1) (1) 2 equiv
LiHMDA, (2) 1,3-diiodopropane or 1,4-diiodobutane, (3) TBAF, ca. 90% of 37, 3% of 38; (m) Li,ClOy, rac-, R-, or S-styreneoxide, 50-63% of rac-,
R- or §-39, 5% of rac-40; (n) (1) BuLi, (2) Mel, BnBr or BrCH,CO,Me, (3) TBAF, 56-95% of 45, 46 or 47 from 39; (o) (1) methyl-4-
hydroxybenzoate, methyl-4-hydroxyphenylacetate or methyl-3-(4-hydroxyphenyl)-propionate, DIAD, Ph;P, (2) TBAF, 7-13% of 52-54; (p) LiAlHy,

>90% of 48 from 47.

The compounds were evaluated for binding affinity and
the ability to transcriptionally activate LXRa and
LXRB in in vitro radioligand displacement and cellular
transcriptional transactivation assays.'®

Comparison of potency in binding and transactivation
of the sulfonamide T0901317 and the benzyl analogue
6 showed that a slight decrease in affinity and activity to-
ward LXRa (but not B) resulted from the replacement of
the SO,-moiety by a -CH,—. It is likely that the unfavor-
able reorientation of the phenyl group due to the smaller
t-angle in 6 is compensated by improved interactions
with the more lipophilic methylene group as compared
to those with the rather polar SOj;-moiety of
T0901317. Quite remarkably, there was no marked dif-
ference in potency between the trifluoroethyl and the
ethyl anilines 6 and 8. Introduction of an ethylene spacer
(15) instead of the methylene (8) did not significantly af-
fect the affinity and activity. Replacement of the phenyl
ring of 7 by a less lipophilic heterocycle (10-14) resulted
in loss of affinity and activity, with the 3-pyridyl proving
particularly unfavorable. On the other hand, introduc-
tion of a thiazolyl group (10 and 11) led to two com-
pounds with modest selectivity for LXRP versus
LXRa. The importance of the t-angle and, hence, of
the proper orientation of the aniline substituents toward
the P1 and P2 pockets is evidenced by the marked in-
crease in affinity and activity of the o-chloro anilines 7,
9, 11, and 16, as compared to the corresponding unchlo-
rinated counterparts 6, 8, 10, and 15. Very significantly,

however, the o-chloro substituent did not further im-
prove the potency of the already highly potent pheny-
loxadiazolyl derivatives (17/20 vs 18/21). The
phenyloxadiazolyl substituent is predicted to be too
large to fit into the P2 pocket and presumably reaches
instead into the P3 pocket both in the non-chlorinated
and the o-chlorinated analogues. Favorable interactions
between the phenyloxadiazole moiety and hydrophobic/
aromatic amino acid side chain surrounding the P3
pocket probably account for the very high affinity and
activity observed for 17-22. Moreover, the values for
17/20 and 18/21 also suggest that interactions of the
receptor with the chlorine contribute little if anything
to the binding affinity. Thus, the improvement in affinity
observed for the o-chloro derivatives 7, 9, 11, and 16 in-
deed results primarily from the reorientation of the N-
substituents. Quite interestingly, the trifluoroethyl group
led to a significant loss in affinity and activity of the
phenyloxazolyl series (17/20 vs 19/22). Perhaps the reori-
entation of the N-substituents to properly accommodate
the large phenyloxazolyl group forces the trifluoroethyl
group into repulsive interactions with the receptor, while
the slightly smaller ethyl group is tolerated (Table 1).

The receptor binding and transactivation data for the
branched anilines are presented in Tables 2 and 3. As
compared to the parent aniline 8 the derivative with a
methoxycarbonyl substituent on the methylene moiety
(27) showed reduced affinity and activity. The loss in
affinity/activity was even more pronounced for 28-32
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Table 1. Binding affinity (ICso) and transactivation potency (ECsp) of unbranched anilines

Compound R! R? R? LXRa LXRB
ICsp, uM ECso, uM (% eff) 1Cs0, M ECso, uM (% eff)

T0901317 — — — 0.03 0.25 (100) 0.07 0.3 (100)

6 CF; H 0.07 0.9 (87) 0.06 0.2 (79)

7 CF; @ Cl 0.001 0.1 (89) 0.003 0.02 (55)

8 CH,4 H 0.05 1.1 (100) 0.03 0.4 (71)

9 CH; Cl 0.003 0.2 (88) 0.003 0.08 (91)
10 CH; f“ H 0.6 3.3 (132) 0.05 0.2 (84)
1 CH; sj Cl 0.02 0.5 (122) 0.002 0.16 (112)
12 CH; 2 H 1.5 0.7 (70) 0.46 0.3 (74)
13 CH; 4 @ 3 H 2.7 4.3 (88) 232 2.3 (106)
14 CH; s 2 4 H 1.7 2.1 (108) 1.68 0.5 (93)
15 CH; ©/ H 0.12 1.0 (80) 0.61 0.2 (76)
16 CH; Cl 0.006 0.8 (78) 0.003 0.09 (72)
17 CH; cl Me H 0.005 0.2 (90) 0.005 0.06 (86)
18 CH;4 @_@I Cl 0.002 0.3 (78) 0.004 0.04 (94)
19 CF; N~ H 0.03 1.0 (117) 0.05 0.3 (89)
20 CH; F.C Me H 0.006 0.2 (96) 0.003 0.06 (72)
21 CH; @_(\01[ Cl 0.006 0.1 (130) 0.007 0.03 (100)
22 CF; N~ H 0.013 0.7 (130) 0.02 0.1 (83)

Table 2. Binding affinity (ICsq) and transactivation potency (ECsg) of branched anilines derived from N-alkylation with a-phenylbromoacetic acid

methyl ester

Compound R* R® R® LXR o LXR B

ICso, M ECso, uM (% eff) ICso, pM ECso, uM (% eff)
rac-27 H H OMe 0.7 2.3 (33) 0.9 2.2 (50)
rac-28 H H OH 5.2 9.4 (77) 13.8 5.4 (95)
rac-29 H H NHMe 112 10.9 (24) 22 11 (32)
rac-30 H H NMe, 13.8 9.3 (18) 6.3 2.3 (12)
rac-31 H H O\ X=CH 2.2 2.2 (49) 12 2.2 (26)
rac-32 H H N x-o0 5.4 8.5 (47) 1.4 2.3 (88)
rac-33 Me H OMe 0.05 0.1 (81) 0.008 0.03 (105)
rac-34 Et H OMe 0.05 0.3 (94) 0.04 0.07 (89)
rac-35 Et Cl OMe 0.06 0.5 (99) 0.03 0.07 (64)
rac-36 Me H NMe, 0.2 0.4 (67) 0.06 0.07 (63)
rac-37 — H OMe 0.05 0.2 (92) 0.03 0.04 (58)
rac-38 — H OMe 0.06 0.09 (116) 0.03 0.04 (75)

bearing a polar carboxy or amido group. The lipophilic
piperidino and morpholino moieties of amides 31 and
32, respectively, are probably not properly oriented in
the P3-pocket and therefore only slightly compensate
for the repulsive interactions involving the amido func-
tionality. An improvement of up to 100-fold in affinity
was achieved by methylation or ethylation in the a-posi-
tion to the ester or amide functionality (33-36). Analo-
gous to the above-discussed ‘o-Cl-effect,” this is most
likely due to the increased t-angle resulting from the
quaternization of the a-carbon with additional binding
interactions between the receptor and the introduced al-
kyl group probably playing a minor role. This interpre-
tation is supported by the similar increase in affinity
observed upon o-chlorination of unquaternized anilines
(see above and 43 vs 44), in contrast to the lack of an
effect when the o-chloro substituent was introduced after

the a-carbon was already quaternized (34 vs 35). Quat-
ernization of the a-carbon also proved effective when
the o-substituent and the former N-ethyl substituent
were fused to form a cycle (37 and 38).

Compared to the carboxy or amido groups of 28-30, the
still quite polar hydroxymethyl group of 43 was rather
well tolerated. The isomeric diol 42, obtained as side
product, showed somewhat higher affinity and activity.
Only minor differences were observed between the
respective enantiomers R- and S-43, though the latter,
in agreement to modeling predictions, was slightly more
potent. Consistent with the mostly lipophilic character
of the P3 pocket, O-methylation, O-benzylation or O-
methoxycarbonylmethylation of 43-45, 46, and 47
slightly improved affinity. Modeling suggested that the
benzyl group of 46 probably cannot orient in a way to
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Table 3. Binding affinity (ICsy) and transactivation potency (ECs) of branched anilines obtained by opening of styrene epoxide

Compound R’ R® LXRa LXRpB
IC507 ]JM EC50, HM (O/U eff) ICSO» ]JM ECSOa HM (0/0 eff)

rac-42 — — 0.5 1.0 (63) 0.5 0.2 (97)
rac-43 H H 1.1 1.9 (87) 0.9 0.7 (53)
rac-44 al H 0.2 0.4 (75) 0.09 0.2 (98)
R43 H H 1.3 1.5 (65) 0.5 0.4 (91)
S-43 H H 0.5 0.5 (73) 0.4 0.1 (92)
rac-45 H Me 0.4 0.9 (111) 0.3 0.1 (73)
rac-46 H Bn 0.2 1.9 (55) 0.3 0.6 (85)
rac-47 H CH,CO,Me 0.6 2.2 (54) 0.5 0.9 (65)
rac-48 H CH,CH,0OH 12 >40 (nd) 32 >40 (nd)
rac-49 H CH,CO,H 61 10 (10) 90 >40 (nd)
rac-50 H CH,CONHMe 18 >40 (nd) 31 >40 (nd)
rac-51 H CH,CONMe, 0.9 0.8 (87) 0.5 0.26 (67)
rac-52 cl n=0, R=Me 0.06 0.7 (94) 0.02 0.2 (79)
rac-53 Cl R n=1R=Me 0.2 1.1 (65) 0.03 0.3 (98)
rac-54 Cl Q n=2 R=Me 0.1 1.4 (43) 0.05 0.6 (98)
rac-55 Cl ,”@fo n=0,R=H 0.1 3.7 (61) 0.02 1.1 (89)
rac-56 cl Jn n=1R=H 0.1 5.5 (65) 0.02 2.4 (54)
rac-57 Cl n=2 R=H 0.06 4.5 (72) 0.007 1.2 (55)

optimally interact with the hydrophobic/aromatic side
chains surrounding P3, explaining the only modest gain
in affinity. The smaller but rather polar methoxycarbon-
yl and dimethylaminocarbonyl groups of 47 and 51,
respectively, are tolerated in P3, but further reduction
of the lipophilicity in this position led to practically inac-
tive compounds (48-50).

In contrast to an arylmethyl group (e.g. benzyl group in
46), an aryl group attached to the hydroxymethyl moiety
of 43 or 44 was expected to orient in a way to interact
more favorably with the hydrophobic and aromatic side
chains surrounding P3. In agreement with these expecta-
tions, most of the O-phenylated derivatives 52-57
showed an improved affinity compared to the parent
44. This improvement was particularly pronounced for
the propionic acid 57 and could well be due to interac-
tions of the carboxy group with the Arg 319 side chain
at the entrance to the binding pocket (see Fig. 1). The
rather weak potencies measured for carboxylic acids
55-57 compared to those of the corresponding esters
in the cellular transactivation assay were likely the result
of reduced membrane permeability of these com-
pounds.!” Though 52-57 showed markedly improved
affinities and activities compared to the other branched
analogues, they did not reach the potency of the corre-
sponding unbranched aniline 9, indicating that the addi-
tional binding interactions in P3 were not sufficient to
compensate for the entropically unfavorable fixation of
the tested ‘“CH,—O-R® groups and/or for the potential-
ly reduced binding interactions of the other ligand moi-
eties which could slightly reorient upon accommodation
of a large ““CH,~O-R® group in P3.

The anilines 9, 20, and 33 were selected for evaluation in
animal studies. Since T0901317 has been reported to
have significant crossreactivity with PXR and FXR,
we evaluated these compounds in transcriptional trans-
activation assays for these receptors.'® All three com-

pounds showed significant PXR activity in a range
similar to T0901317. However, none of the compounds
activated FXR, in contrast to T0901317 which showed
low but significant activation in our assay.

To evaluate the pharmacological effects on HDL-C and
triglyceride levels, C57BL/6J mice were dosed once per
day for five days with the compounds 9, 20, and 33,
and plasma and liver were collected 2 h following the fi-
nal dose.!” The choice of daily dose for each compound
was based upon initial studies of compound stability
during incubation in the presence of mouse microsomes.
The results revealed distinct effects on plasma HDL-cho-
lesterol levels and liver triglyceride content (Table 4).
Compound 33, at 100 mg/kg, significantly and dramati-
cally increased liver triglyceride content by 520% com-
pared to control, but surprisingly, produced only a
marginal and insignificant increase in HDL-C. By con-
trast, compound 20, at 10 mg/kg, significantly increased
plasma HDL-C by 35% with a comparatively modest in-
crease in liver triglyceride content (70%). Finally, the
chloroaniline 9, at 100 mg/kg, significantly increased
HDL-C by 23% with almost no effect on liver triglycer-
ide content. Plasma triglyceride levels were not signifi-
cantly affected by any of the compounds. This is
consistent with literature reports that the increase in
plasma TGs after dosing with LXR agonists is transient
and normalizes after repeated dosing.>’ Our experience
suggests that this is due to a secondary increase in turn-
over of TG-rich lipoprotein particles which may be med-
iated by increased lipoprotein lipase expression, a direct
target of LXR (unpublished data). Thus, steady-state
plasma TG levels in mice appear not to reliably reflect
the effects of LXR agonists on increased liver TG
synthesis.

Compound levels were monitored by LC-MS in plasma
and liver extracts (Table 4). All compounds were highly
exposed, reaching plasma levels ranging between 6- and
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Table 4. Effects on plasma HDL-C and triglyceride levels and liver triglyceride content in male C57B16J mice after 5 days treatment

Compound Dose (mg/kg/day) HDL-C Plasma TG Liver TG Plasma exposure (ng/ml) Liver exposure (ng/g)
9 100 +23%" +7% +28% 3400 13000

20 10 +35%" —12% +70% 700 8200

33 100 +12% —11% +520%" 2300 6300

Values are expressed as % change versus vehicle-treated group; *p > 0.05; Anova followed by Student’s #-test.

50-fold higher and liver levels between 30- and 150-fold
higher than the ECs, in transcriptional transactivation
assays. These compounds show significant binding to
plasma proteins suggesting that the free fraction avail-
able for receptor activation may be somewhat lower.
The contrast in the relative effects on HDL-C-raising
versus the undesired induction of liver triglyceride syn-
thesis for these compounds is striking, however it is cur-
rently unclear if this is due to differential activation of
LXRa versus LXR or to gene-specific or tissue-specific
regulatory functions. Further studies will be required to
fully dissect these mechanisms.

In summary, the design of new LXR ligands, suggested
partly by the published T091317/LXR B-cocrystal struc-
ture, has led to the identification of unbranched and
branched anilines with markedly improved affinity and
activity compared to the sulfonamide T0901317. The
modifications that led to improved potency were the
introduction of suitable functional groups into the P2
and/or P3 pockets as well as proper orientation of the
N-substituents. This was accomplished by either intro-
duction of a chloro substituent ortho to the anilino
nitrogen or by quaternizing the carbon atom that re-
placed the corresponding SO, group of T0901317. The
identification of representative compounds that raised
HDL-C with different effects on activation of liver tri-
glyceride synthesis in mice, and of compounds with
selectivity for LXRP versus LXRa, suggests that this
class may hold promise to find LXR modulators with
reduced side effects.
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Abstract—Compounds from a wide variety of structural classes inhibit Pseudomonas aeruginosa deacetylase LpxC. However, a sin-
gle unified understanding of the relationship between the structures and activities of these compounds still eludes the researchers. We
report herein, the development of cluster analysis-based 2D-QSAR models for LpxC inhibition. Principal component analysis
(PCA), hierarchical cluster analysis (HCA), and genetic function approximation (GFA) were employed for the development of
the QSAR model. The conventional 2D-%SAR model derived for the complete set of three-structural classes had unsatisfactory pre-
dictability with a correlation coefficient (+°) of 0.703 and a cross-validated correlation coefficient (¢%) of 0.584. Descriptor-based clus-
ter analysis indicated that the three-structural classes of LpxC inhibitors studied belonged to two clusters. Segarate QSAR models
for these two clusters showed substantially improved predictability with #* values of 0.904 and 0.944 and ¢° values of 0.805 and
0.906, respectively. Thus, we expect that compared to the conventional model, our two QSAR models can be better used to prelim-

inarily screen molecules from a diverse chemical space while searching for novel LpxC inhibitors.

© 2006 Published by Elsevier Ltd.

Pseudomonas aeruginosa a Gram-negative opportunistic
pathogen has been documented as a therapeutic prob-
lem because of nosocomial infection and antimicrobial
resistance.! P. aeruginosa is responsible for 16% of
nosocomial pneumonia cases, 12% of hospital-acquired
urinary tract infections, 8% of surgical wound infec-
tions, and 10% of bloodstream infections.? The cell wall
biosynthesis enzyme UDP-3-O-[R-3-hydroxymyristoyl]-
GIcNAc deacetylase (LpxC) is currently recognized as
an attractive target against Pseudomonas infection. The
reaction catalyzed by LpxC is the first committed step
of lipid A biosynthesis, which serves as a permeability
barrier that protects the bacterium from many antibiot-
ics, such as erythromycin.® Till date, the inhibitors
developed against LpxC enzymes of different Gram-neg-
ative bacteria contain hydroxamate or phosphonate
zinc-binding motifs.*> The highest inhibitory potencies
arise from aryl oxazolines with 3,4-disubstituted phenyl

Keywords: LpxC inhibitors; Cluster analysis; PCA; GFA.
* Corresponding author. Tel.. +91 172 2214682; fax: +91 172
2214692; e-mail: nilanjanroy@niper.ac.in

0960-894X/$ - see front matter © 2006 Published by Elsevier Ltd.
doi:10.1016/j.bmcl.2006.07.041

rings containing fluoro or trifluromethoxy in the para or
meta positions and a two to five atom hydrophobic
group in the complementary position. Electronic prop-
erties of the phenyl ring, the orientation of an oxygen
lone pair, and a certain optimal hydrophobicity are
the chief determinants of good inhibitory potency. The
m-trimethoxy function may be serving some or all of
these functions. Most molecules reported to date are
not selective for P. aeruginosa LpxC.* Thus, predictive
models describing the relationship between structure
and inhibition, applicable to diverse sets of molecules,
could be valuable in the discovery of LpxC inhibitors.

The aim of this work was to develop a predictive QSAR
model which will be applicable to diverse sets of mole-
cules and would aid in search for the novel LpxC inhib-
itors from a diverse chemical space.

The LpxC inhibitors reported by Kline et al., were used
for this study.* Since orientation at 4-position in the ring
is known to be of special importance, the molecules were
removed if they were described as a racemic mixture or if
their stereochemistry at the 4-position was not specified.
On this basis, the data set of 51 of the 64 LpxC reported
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inhibitors was selected for QSAR analysis. The struc-
tures and experimental values of activity for the mole-
cules used in this study are shown in Table 1a and 1b.

The ligands under study were built using SYBYL6.9
molecular modeling package installed on a Silicon
Graphics Fuel Work station running IRIX 6.5 operating
system.® Since the crystal structure of the LpxC is not
known, the basic skeleton and conformation for the
most active molecule 20, from the series was modeled
and minimized using PM3 Hamiltonian using MOPAC
interfaced with syByLe6.9. In order to generate accurate
charge information a single-point energy calculation
was also performed using the AM1 Hamiltonian’ on
the PM3 geometry optimized structure.® The rest of
the molecules were built by changing the required substi-
tution using 20 as the template and were minimized sim-
ilarly. Mulliken charges were assigned to all the
molecules.’

Nearly 480 molecular descriptors including 0D
(D = dimensionality) or constitutional, 1D (e.g., empiri-
cal descriptors and molecular properties) and 2D (such
as: 2D autocorrelations, topological indices, BCUT
descriptors, Galvez topological charges indices, molecu-
lar walk counts) were calculated using DRAGONS5.3.10 A
correlation matrix of the molecular descriptors was pre-
pared and highly correlated descriptors with a correla-
tion value of 0.9 or above were removed from the
study and remaining descriptors were used for the
GFA!""'7 study to develop QSAR model in Cerius?
4.10 software'® (Table 2).

The equation term was set to linear polynomial and the
mutation probability was specified as 50%. The length
of the equations was set to five terms and a constant.
The population size was established as 100. All equations
were sorted by a statistical term, the correlation coefficient
(r*). The best equations were saved for subsequent studies.

Cluster analysis is the generic term applied for a wide
variety of procedures that can be used for the classifica-
tion of a heterogeneous data into relatively homoge-
neous groups. In QSAR modeling, it can be used to
examine homogeneity of the data, detect some unusual
data points, identify patterns, and to indicate potentially
interesting relationships in the data. In the present
study, principal component analysis was performed on
the molecular descriptors which were initially scaled to
variance of 1.0 using the ‘scale to unit variance’ option
in Cerius® 4.10 software. Three principal components
calculated were used to cluster the complete data set
by hierarchical cluster analysis (HCA)-Wards method
in the Cerius® 4.10 software.

Initially, we tried to develop a statistically significant
model to predict pICsy for the complete data set. The
data set of 51 molecules was divided into training set
consisting of 37 molecules and test set consisting of 14
molecules such that maximum diversity of structure
and activity was maintained. The equation built using
the training set molecules was called Model 1. The fits
of model 1 to the training set and test set are shown in

Figure 1 and the predicted pICs, values are shown in
Table 1a,l1b.

The five descriptors identified to be related to the
inhibitory activity are matslv (a 2D-autocorrelation
descriptor) which is Moran autocorrelation lag one
weighted by van der Waals volumes; VEA (an eigen-
value-based indices descriptor) which is an Eigenvec-
tor coefficient sum from adjacency matrix; SPP (a
charge descriptor) which is a sub-molecular polarity
parameter; X4V (connectivity descriptor) which is a
valence connectivity index chi-4; D/Dr05 (a topologi-
cal descriptor) which is a distance/detour ring index
of order 5.

log(1/ICx) = — 7.04877
+43.526 x mats1v”2
+ 3.48946 x VEA1
—1.75733 x SPP"2
—0.1086 x X4V"2
~0.0232 x (D/Dr05 — 88.418)

N =37, LOF =0.314, r*=0.703, rad}Z—O655 Ftest—
14.698, LSE =0. 155 r=0.839, ¢>=0.584, BS”+
SD =0.704 + .006, 7., = 0.107; where, N is the number
of molecules in trammg set, LOF is lack of fit score that
reswts overﬁttlng, % is squared correlation coefficient,
and 2 2q; 18 square of adjusted correlation coeflicient; F-test
is a variance-related statistic that compares two models
differing by one or more variable to see if the more com-
plex model is more reliable than the less complex one,
the model is supposed to be good if the F-test is above a
threshold value LSE is least-square error, r is correlation
coefficient; ¢° is square of the correlat10n coefficient of the
cross validation; BSr? is the r* Value calculated by boot-
strap method. A high bootstrap r* with a low standard
deviation indicates the robustness of the model. 72, is
the predicted correlation coefficient which indicates that
the model can predict well the activity of molecules not
considered in the training set. However, in model 1 neither
the correlation coefficient (+* = 0.703) nor the cross-vali-
dated correlation coefficient (q = 0.584) was satisfactory
(Fig. 2). The generalized rpred value increased to 0.107
after the removal of four outliers (molecules 35, 53, 65,
and 69, which had the highest residual values) from test
set, yet the prediction could not be considered to be
satisfactory.

The assumption was that the molecules have diverse
structures, so the activities of these molecules should
be more accurately reflected by separate QSAR models.
Hence cluster analysis was employed to classify inhibi-
tors resulting in their division into two clusters. QSAR
modeling was performed for each cluster separately
using GFA. As we mentioned earlier, GFA gives a set
of equations. Although, the correlation coefficients for
the top several models were nearly equal, we only dis-
cuss the best model for each cluster in this paper. This
is justifiable because, the models with similar correlation
coefficients (at least three to five models) differ by only
one out of five variables that too belonging to the same
sub-class of descriptors and therefore reflecting similar
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Table 1a. Structures and activities of training set molecules used for QSAR study
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CONHOH OH
oL 10 3/[ 3Nj4/CONHOH
/
g Ar”2"N” & CONHOH Ar/2<s
A=y H 1
2-Aryloxazolines Aroylserines(s) 2-Arylthiazolines(c )
Mol ID Ar pICso
Expt. Predicted
CF50
5% CH,0 6.30 6.11
19b° /©/ 4.69 5.00
CHg
CF40
21° Feo OWQ/ 6.60 6.43
‘ =
. CF30
22 6.45 6.71
A0
CF50
25b 3 O/ 5.22 4.99
b
27 CF30/©/ 4.52 4.86
CL
30° /@ 525 4.74
\/\/\/\o
32% O O 6.55 6.14
340 OQN\<>/O\/©/ 6.25 6.37
. CFs
36 5.88 5.91
F
F
40° HsCOAo]ij 6.07 6.14
F
42 CHg,Oj@/ 5.04 478
Br
F
43% CH30 CHs 5.48 5.64
\
b ~0
44 6.00 5.67
F
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Table 1a (continued)
Mol ID Ar pICso
Expt. Predicted
Br
45b U 5.30 523
F
46° ©/ 4.60 4.80
F
. CF,
48 5.65 5.62
\/\O
49° )@/ 5.10 527
CF;
=
50° | 5.00 5.04
CFy N
52¢ ©/ 5.30 5.06
(CHg)oN
56° OT/©/ 4.74 4.70
o)
57 AN ©/ 4.52 4.56
H
1
582 N 3 452 4.68
Nr\i
590 N” "CFg 4.52 441
60° ©[<N 5.25 5.32
N
H
61° Q 5.00 483
NN
N
62° @:\(NJ—/ 4.92 4.89
N
H
N
64° w 6.52 6.43
F
cL
665 /©/ 5.40 5.51
"0
, ~.0
685" 4.33 451
F

(continued on next page)
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Table 1a (continued)

Mol ID Ar pICso
Expt. Predicted
CF30
705" o ]©/ 5.12 4.69
\/\o
CF30
T1g* CH30 430 438
725" ©[<N 4.88 5.01
N
H
766 /©/ 4.41 4.25
HsC
77" PN /©/ 4.23 4.55
Z o]
F5CO
80c” HaCO 4.74 478
4.22 4.00

o

CHj

Note: () indicates aroylserines series and (c) indicates 2-arylthiazolines series and remaining are 2-aryloxazolines series.

#Structures in cluster 1.
® Structures in cluster 2.

aspects of the structures. Thus the top several models
are minor variants of each other.

Model 2: Ts the equation built for the training set of the
cluster 1, the fits of model 2 to the training set and test
set of cluster 1 are shown in Figure 2 and the predicted
pICs values are shown in Table la and 1b. The model
relates four descriptors to inhibition. The first one is
MAXDP, maximal electrotopological positive variation,
which is connectivity indices descriptor. The second one is
JHETE, Balaban-type index from electronegativity
weighted distance matrix, which is eigenvalue-based indi-
ces descriptor. The third descriptor is GATS5m, Geary
autocorrelation —lag 5/weighted by atomic masses, which
is 2D-autocorrelation descriptor. The fourth one is vezl,
Eigenvector coefficient sum from z-weighted distance ma-
trix, which is eigenvalue-based descriptor. A translation
showing the equivalence between our codes and the com-
monly accepted symbols has been shown in Table 3.

log(1/1Cs) =5.3512
+0.0795 x MAXDP"2
+ 16.6973 x (1.961 — JHETE)
—1.755 x GATS5m"2
—2.8359 x (vezl — 4.509)
N =20, LOF =0.170, * =0.904, 2, = 0.878, F-test =

adj
35.126, LSE=0.042, r=0951, ¢°=0.805 BS?z
SD = 0.904 £ 0.003, 2., = 0.598.

Model 3: Ts the equation built for the training set of the
cluster 2, the fits of model 3 to the training set and test
set of cluster 2 are shown in Figure 3 and the predicted
pICsq values are shown in Table la and 1b. The model
relates four descriptors to inhibition, the first one is
MATSI1P, Moran autocorrelation —lag 1/weighted by
atomic polarizability, which is 2D-autocorrelation
descriptor. The second one is MDDD which is connec-
tivity based indices descriptor. The third descriptor is
MATS8m, Moran autocorrelation —lag 8/weighted by
atomic masses, which is 2D-autocorrelation descriptor.
The fourth one is VEP2, average eigenvector coefficient
sum from polarizability weighted distance matrix, which
is eigenvalue-based descriptor.

log(1/1Cs) =3.9227
+165.06 x MATS1P"2
+0.0048 x MDDD"2
+2.1208 x (—0.023 — MATSSm)
—53.057 x (0.223 — VEP2)
N=17, LOF = 0.163, /> = 0.944, 12, = 0.925, F-test

50.359, LSE=0.028, r=0.944, ¢*=0.906, BS?=+
SD =0.904 £ 0.00, 12, = 0.608.

The descriptors appearing in two models provide some
insight into the nature of the binding sites and structural
requirement as potent LpxC inhibitors. In case of model
2 the positive correlation of topological descriptor
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Table 1b. Structures and activities of test set molecules used for QSAR study

CONHOH

Ar” 2 N 4 CONHOH

OH

S 120

3N 34/CONH0H
4
Ar/<
2's
1

Ar” 2 01 H
2-Aryloxazolines Aroylserines(B) 2-Arylthiazolines(C)
Mol ID Ar pICsp
Expt. Predicted
CF30
20° ]Q/ 6.79 7.18
CH30
26° ©/ 5.30 5.30
CF30
OCF3
28° é/ 5.00 5.74
- v\/©/ 5.13 5.20
38 ©/ 5.25 4.65
NO
33 02N©»o/©/ 6.00 6.15
3sb ©/ 5.22 6.07
F
CHs
470 U 5.92 5.19
F
380 V\/@ 601 578
F
CF
47 SU 5.60 5.81
53 Q 4.52 7.87
HO
655" /©/ 4.30 5.46
CHj
675" /©/ 4.30 5.05
F
695" J@/ 5.81 4.82
CF30

Note: () indicates aroylserines series and (¢) indicate 2-arylthiazolines series and remaining are 2-aryloxazolines series.

#Structures in cluster 1.
®Structures in cluster 2.

(MAXDP, JHETE) toward the pICsy value indicated
that increase in the substitution at C-2 and C-5 in phenyl
ring is favorable for activity and the negative value from
eigenvalue-based indices (VEZ1) contains contribution
from all atoms and thus reflects topology of whole
molecule. 2D-autocorrelation descriptors (GATSS5m,
MATSIP, and MATS8m) played different role in the

models 2 and 3. These descriptors indicate the role of
physicochemical properties such as mass, volume, and
polarizability of compound in deciding the activity.
The positive correlation of the GATS5Sm, MATS8m to
pICsq value indicated that structures weighted by atomic
masses, that is, addition of bulky substitution like
fluorine, trimethoxy groups at meta or para in phenyl
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Table 2. Correlation matrix of molecular descriptors used in QSAR analysis

mats8m Matslv matslp gatsSm Spp X4v Veal Vezl Maxdp mddd D/Dr05 jhete vep2 pICso

mats8m 1

Matslv 0.032 1.00

matslp 0.014 0.663 1.00

gatsSm 0.208 0.059 0.048 1.00

Spp 0.223 —-0.197 -0.202 —0.137 1.00

X4v 0.093 0.080 —0.063 0.120 —0.144 1.00

Veal 0.217 -0.377 —-0.516 —0.089 0.492 0.46 1.00

Vezl 0.298 —0.242 —-0.334 —-0.227 0.520 0.452 0.812 1.00

Maxdp 0.205 —0.027 —0.083 0.034 0.064 0.124 0.342 0.347 1.00

mddd 0.199 -0.279 —-0.437 —0.189 0.339 0.524 0.761 0.854 0.150 1.00

D/Dr05 —-0.049 —0.165 —0.223 0.076 —0.353 0.638 0.336 0.191 —-0.031 0.302 1.00

jhete 0.102 —0.031 —-0.074 —0.108 0.606 —0.427 —0.031 0.088 0.249 —-0.176 —0.798 1.00

vep2 —0.274 0.305 0.451 0.129 —-0.437 -0.566 —-0.859 —-0.886 —0.269 —0.877 —0.382 0.081 1.00

pICsg 0.108 —0.409 —0.363 —0.094 0.030 0.070 0.515 0.289 0.242 0.377 0.211 —-0.236 —0.388 1.00

81 at ligand-receptor site led to decrease in affinity at
7.5 receptor site.
~ 7
8 651 An outlier to a QSAR is identified normally by having a
= large standard residual and can indicate the limits of
g 61 applicability of QSAR models.!” There are several rea-
® 551 sons for their occurrence in QSAR studies, for example,
§ 5] an incorrectly measured experimental value that might
a 45 be significant when analyzing the large data sets, a sig-
'4 nificant difference in the physicochemical properties, or

4 4.5 5 55 6 6.5 7 7.5 8
Experimental Log(1/IC50)

Figure 1. Scatter-plots of actual versus predicted activity for both
training (M) and test set (A) molecules. (QSAR-without clustering)
Solid line indicates training set point and dot line indicates test set
point.

7 4
S 6.5
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© 4|
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Experimental Log (1/1C50)

Figure 2. Scatter-plots of actual versus predicted activity for both
training (M) and test set (A) molecules. (cluster-1) Solid line indicates
training set point and dot line indicates test set point.

ring favourable for maximum activity. The positive
contribution to activity of MATSIP, descriptors
indicate that the polarizability, useful for maximum
activity. Comparatively very less predictivity of model
1 is due to the negative contribution from SPP, X4V,
D/Dr05 representing charge, connectivity indices, and
topology of molecules. Negative contribution of elec-
tronic charge indicates that the less electronic densities

structural uniqueness. Chemicals might be acting by a
mechanism different from that of the majority of the
data set. Although it is acceptable to remove a small
number of outliers from QSAR, it is noted that it is
not acceptable to remove the outlier repeatedly from a
QSAR analysis simply to improve a correlation.

In the present work, 7, values obtained by two cluster
models and one conventional model are listed in Table
la and 1b. Initially, model 2 exhibited an r;,,, value of
—0.33 which increased to 0.598 after removing two out-
liers from seven test set molecules. Model 3 exhibited an
rrea Value of —0.399 which increased to 0.608 after
removing two outliers from seven test set molecules,
whereas, the conventional model exhibited an 72, value
of 0.104 which increased to 0.107 after removing same
four molecules from fourteen test set molecules in model
1. Molecules 35 and 53 in cluster 1 presented large resid-
uals and were removed as outliers, also, compound 53
has been found to be inactive experimentally.* In cluster
2, molecules 65 and 69 presented large residuals and
were removed as outliers. Both molecules 65 and 69
are acylserines and less potent than corresponding oxaz-
olines. Thus the high bootstrap > with a low standard
deviation, along with good 77, indicates the robustness
of the model developed using cluster analysis-based
approach, as compared to conventional model devel-
oped (Fig. 4).

In the present study, conventional 2D-QSAR modeling
of LpxC inhibition, a single model developed for all clas-
ses of inhibitors, could not adequately describe the rela-
tionship between structures and activities. Accordingly,
descriptor-based cluster analysis was performed, two
clusters of inhibitors have been identified and predictive
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Table 3. Symbols and definitions of the descriptors

S. No. Descriptors Symbol Descriptors’ meaning
1 Matslv (d)) Moran autocorrelation lag one weighted by van der Waals volume
2 Matslp (I(d)) Moran autocorrelation lag one weighted by atomic polarizability
3 Mats8m (I(d)) Moran autocorrelation lag one weighted by atomic masses
4 GATS5m (C(d)) Geary autocorrelation lag one weighted by atomic masses
5 SPP A Submolecular polarity parameter
6 X4V "q Valence connectivity index chi-4
7 VEA1 A’IA Eigenvector coefficient sum from adjacency matrix
8 VEZ1 ZP Eigenvector coefficient sum from z weighted distance matrix (Barysz matrix)
9 MAXDP Tt Maximal electrotopological positive variation
10 MDDD Ao Mean distance degree deviation
11 D/Dr05 [DI4]; Distance/detour ring index of order 5
12 JHETE J* Balaban type index from electronegativity weighted distance matrix
13 VEP2 A Average coefficient sum from polarizability weighted distance matrix
74 QSAR models have been developed for each cluster

Predicted Log (1/1C50)
[6,]
¢

4 . T

4 45 5 5.5
Experimental Log (1/1C50)

6

6.5

using GFA. Chemometrics data as well as test set data
indicate that the models derived by this approach have
better predictability as compared to conventional 2D-
QSAR. These models can be used in search for novel
LpxC inhibitors from a diverse chemical space and
designing potent LpxC inhibitors.
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Abstract—A water-soluble albumin-binding prodrug of doxorubicin [EMC-Gly-Gly-Gly-Arg-Arg-DOXO (EMC, 6-maleimidocap-
roic acid)] was developed that is cleaved specifically by the tumor-associated protease urokinase-type plasminogen activator (uPA).

© 2006 Elsevier Ltd. All rights reserved.

Tumor invasion and metastases are known to be associ-
ated with increased activities of several proteolytic
enzymes, including the extracellular serine protease uro-
kinase-type plasminogen activator (uPA).' As an impor-
tant part of the plasminogen activation system, uPA is
able to catalyze the conversion of inactive plasminogen
to plasmin which degrades most substrates in the extra-
cellular matrix (e.g., laminin, fibronectin, and vitronec-
tin) and activates other important proteases such as
matrix metalloproteases (MMPs).>3 Over-expression of
uPA has been found in various malignant tumors,
especially in breast,*> ovarian®’, and cervical®®
carcinoma.

In order to prevent tumor growth and the formation of
metastases, a number of inhibitors of uPA have been
developed in the past and first inhibitors are undergoing
clinical trials.® In contrast, no reports based on exploit-
ing the protease activity of uPA for releasing an antican-
cer agent from a prodrug formulation have appeared in
the literature. As a consequence, we set out to develop a
uPA-specific prodrug with the anticancer agent doxoru-
bicin. Anthracyclines have been widely used for the
development of low- and high-molecular weight
prodrugs that are cleaved enzymatically or in a pH-de-
pendent manner.!? In our previous work, we have devel-

Abbreviations: DOXO, doxorubicin; DMF, dimethylformamide; HA-

TU, N-[(dimethylamino)-1H-1,2,3-triazolo[4,5,-b]pyridino-1-ylmethyl-

ene]-N-methylmethan-aminium hexafluorophosphate; DIEA,

diisopropylethyl amine; DIPC, N,N’-diisopropylcarbodiimide; AA,

amino acid.

* Corresponding author. Tel: +49 761 2062930; fax: +49 761
2062905; e-mail: felix@tumorbio.uni-freiburg.de

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

doi:10.1016/j.bmcl.2006.07.023

oped doxorubicin prodrugs that are cleaved at acidic
pH'! or enzymatically by MMP-2 and MMP-9'%13 or
prostate-specific antigen.'4

The doxorubicin derivatives were designed as albumin-
binding prodrugs that bind in situ to the cysteine-34
position of circulating albumin after intravenous admin-
istration and release the albumin-bound drug at the
tumor site. Albumin is a promising drug carrier because
of its passive accumulation in solid tumors due to their
high metabolic turnover, angiogenesis, hypervascula-
ture, defective vascular architecture, and impaired
lymphatic drainage.!> An acid-sensitive albumin-bind-
ing prodrug of doxorubicin, that is, 6-maleimidocaproyl
hydrazone of doxorubicin, demonstrated superior
antitumor efficacy compared to doxorubicin in several
preclinical models and exhibited a good safety profile
and antitumor efficacy in a recently completed clinical
phase I study.'®

When designing enzymatically cleavable doxorubicin
prodrugs, the peptide linker is generally bound to the
3’-NH, group through a spacer since direct coupling
of the protease substrate to the amino position of
doxorubicin impairs cleavage by the protease. This
spacer is either self-immolative, for example, p-aminob-
enzyloxycarbonyl (PABC) releasing the anticancer agent
spontaneously,!’ or is an amino acid or a short peptide
sequence. The latter doxorubicin derivatives are ideally
degraded to doxorubicin.!3'8

In the present work, we decided to develop albumin-
binding prodrugs having the following general
formula:
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Figure 1. General structure of an albumin-binding prodrug containing
a uPA specific substrate.

X = AA, amino acid
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Figure 1 shows a general stucture of an albumin-binding
prodrug in which a suitable uPA substrate is bound at
its scissile bond to a doxorubicin amino acid derivative.
Since derivatization at the 3’-NH, position generally
reduces the antitumor potential of doxorubicin,!” we
focused our initial work on discovering an amino acid
derivative of doxorubicin that is cleaved efficiently in
tumor tissue homogenates, an issue that has not been
adequately addressed in the past. For this purpose,
several polar and non-polar amino acid derivatives of
doxorubicin were synthesized by reacting Fmoc-
protected L-amino acids with doxorubicin, and cleaving
the protecting group with piperidine (see Ref. 19 and
Table 1).

Subsequently, the doxorubicin amino acid derivatives
were incubated with tumor tissue homogenates from
mamma carcinoma xenografts (MDA-MB 435,
MCF-7, M3366),2° and their cleavage profile was
assessed over 24 h with the aid of fluorescence HPLC
(see Refs. 21 and 22). For preparing the tumor homog-
enates two protocols were used, the first at pH 5.0 that
primarily liberates intracellular proteases,”* the second

Table 1. Cleavage of AA-DOXO in tissue homogenates of Mamma carcinoma xenografts (MDA-MB 435, MCF-7, M3366)

Substrate® Cleavage in tumor-tissue homogenates Cleavage in tumor-tissue
at pH 5.0; after 24 h® homogenates at pH 7.4; after 24 h*

GIn-DOXO NCP NC

Asn-DOXO NC NC

Arg-DOXO NC >70%

His-DOXO NC <10%

Ser-DOXO NC <10%

Ala-DOXO NC NC

Val-DOXO NC NC

Leu-DOXO <10% NC

Met-DOXO NC NC

# General synthesis of AA-DOXO see Ref. 19; for cleavage study experiments of AA-DOXO at pH 5.0 and 7.4 see Ref. 20.

" NC, not cleaved.

“The amount of cleavage was assessed by following the decrease of the peak area of the respective AA-DOXO over 24 h; doxorubicin was the sole

cleavage product that was detected.
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Figure 2. Chromatograms of incubation studies of Mamma 3366 tissue homogenate with Arg-DOXO after 0, 2 and 5 h at 37 °C. Concentration of

Arg-DOXO was 125 pM. Chromatographic conditions, see Refs. 21 and 22.
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at pH 7.4 that is used for extracting extracellular prote-
ases’*—see Ref. 20. Among the spectrum of doxorubicin
amino acid derivatives, N-(L-arginine)doxorubicin
(Arg-DOXO) was the only compound that was efficient-
ly cleaved to doxorubicin in tumor homogenates at pH
7.4 (see Table 1) as illustrated in Figure 2, which depicts
the time-dependent cleavage profile of Arg-DOXO over
5 h. Marginal cleavage was observed for Leu-DOXO at
pH 5.0 and for Ser-DOXO and His-DOXO at pH 7.4
(see Table 1).

Consequently, we selected Arg-DOXO for developing a
doxorubicin prodrug that could be cleaved by uPA. A
general substrate for uPA is Z-Gly-Gly-Arg-AMC
(AMC, 7-amino-4-methylcoumarin)?>2’ which is used
in a fluorogenic assay for determining the activity of
the enzyme.

In addition, other uPA-specific peptide sequences such
as H-Glu-Gly-Arg-benzylamide,”® H-Glu-Gly-Arg-ani-
lide,”® and Z-Gly-Gly-Arg-Val-OMe?® have proven to

Fmoc-Arg-DOXO ——

be good substrates for uPA. The arginine residue is
the relevant amino acid in the P;-position considering
that the peptide bond Arg561-Val562, which is the
cleavage site of plasminogen, and the bonds
Arg83-Ala84 and Arg89-Ser90, which represent bonds
between domain 1 and 2 of the human uPA receptor,
are specifically cleaved by uPA.!

In our prodrug design, we selected the peptide sequence
Gly-Gly-Arg as the uPA substrate which has the asset
that a further arginine residue is introduced in the pro-
drug. In our earlier work regarding albumin-binding
doxorubicin prodrugs that are cleaved by prostate-spe-
cific antigen, two arginine residues rendered excellent
water-solubility, an important prerequisite for intrave-
nous application and in situ coupling to endogenous
albumin. '

The synthesis of the doxorubicin prodrug (1) is shown in
Scheme 1. Because doxorubicin is not stable in the
presence of acids such as trifluoroacetic acid and the

O OH o

OCH, 0  OH

9

Fmoc-Arg-OH Fmoc removal o)
HATU. DIEA piperidine 20 % (v/v)
: ! in DMF, 5 min —
HCl  H,N cH, DMF.2h.nt Arg—N I CHy
OH
Doxorubicin (DOXO) Arg-DOXO
1) Fmoc-Arg-OH
HATU, DIEA,
DMF, 2 h, rt
2) Fmoc removal
piperidine 20 % (v/v)
in DMF, 5 min
1) Fmoc-Gly-Gly-Gly-OH
HATU, DIEA,
H DMF, 2 h, rt
OCHO OH 4§ Gly-Gly-Gly-Arg-Arg-DOXO
~ 0 2) Fmoc removal
piperidine 20 % (v/v) o
Arg-A N CH in DMF, 5 min Y o)
rg-Arg—|
g-Arg—N 3 Ne~~Hoy (EMO)
OH o
Arg-Arg-DOXO HATU, DIEA
DMF, 3 h, rt

Scheme 1.
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maleimide group is not compatible with bases such as
piperidine, we opted to build up the prodrug starting
with doxorubicin and using a Fmoc-based strategy.
Arg-Arg-DOXO was obtained by reacting Arg-DOXO
with Fmoc-Arg-OH in anhydrous DMF in the presence
of DIEA and HATU as the coupling agent, removing
the Fmoc-group with piperidine solution, and isolating
the product over diol column chromatography. In a next
step, three glycine residues were introduced by reacting
Arg-Arg-DOXO with commercially available Fmoc-
Gly-Gly-Gly-OH in anhydrous DMF in the presence
of DIEA and HATU. The protecting group was
removed with piperidine solution and the crude product
precipitated after 5 min with diethyl ether. Gly-Gly-Gly-
Arg-Arg-DOXO was isolated through chromatography
on a reverse phase RP-C18 column.

1 bound to

07 albumin

0,6 N
0,5 N
0,4 N
03 N

4
95 nm traces of 1

02 |- it
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In a final step, 6-maleimidocaproic acid (EMC) was
coupled to Gly-Gly-Gly-Arg-Arg-DOXO in anhydrous
DMF in the presence of DIEA and HATU. After
precipitation with diethyl ether, 1 was isolated through
chromatography on a reverse phase RP-CI18 column
and the product was lyophilized (see Ref. 29).

Compound 1 showed good water-solubility with up to
10 mg/mL being dissolved in 10 mM sodium phos-
phate/5% p-glucose buffer in the pH-range of 6.0-7.0.

In order to investigate the protein-binding properties of
1, incubation studies with this compound and human
blood plasma were performed. The HS-group of
cysteine-34 of endogenous albumin is a unique and
accessible functional group of a plasma protein

|

1 + plasma after 24 h
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Figure 3. (A) Chromatograms of incubation studies of human plasma after 5 min and 24 h with 1 at 37 °C. (B) Chromatograms of incubation studies
of human plasma pre-incubated with an excess of 6-maleimidocaproic acid (EMC) for 2 h and subsequent incubation with 1 after 15 min at 37 °C.
Concentration of the anthracycline was 250 pM. Chromatographic conditions, see Refs. 21and 30.
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Figure 4. Chromatograms of incubation studies with the albumin conjugate of 1 in the presence of human uPA [(3 KU, 75 pg/mL) Calbiochem, Bad
Soden, Germany] after 0, 2 and 5 h at 37 °C. Concentrations of the albumin conjugate of 1 was 125 uM. Chromatograms of the albumin conjugate of
1 at pH 7.4 after 24 h and of Arg-DOXO are shown as references. Chromatographic conditions, see Refs. 21 and 22.

considering that free thiol groups are not present in the
majority of circulating serum proteins except for albu-
min and that the HS-group of cysteine-34 of endogenous
HSA is the most abundant thiol group in human plas-
ma.'! The coupling rate and selectivity of 1 for this sulf-
hydryl group was studied by incubating 1 with human
blood plasma at 37 °C and subsequently analyzing the
samples with reverse phase chromatography (see Refs.
21,30). Protein components were detected at 280 nm
and the anthracycline moiety simultaneously at 495 nm
(see Fig. 3A and B).

Binding of 1 to endogenous albumin is essentially
complete after 5 min with only traces of 1 eluting after
500s (see Fig. 3A) which is in accordance with our
previous work on albumin-binding prodrugs bearing
a maleimide group.!!''>!4 The following experiment
was carried out to demonstrate that the cysteine-34
position of albumin is involved in the coupling step:
human plasma was pre-incubated with an excess of
a non-fluorescent maleimide with respect to the
albumin concentration in the blood plasma, that is,
6-maleimidocaproic acid (EMC), before adding 1.
The resulting chromatogram (see Fig. 3B) after
15 min shows that in this case only marginal binding
of 1 to albumin takes place, and the major amount
of 1 elutes with a retention time of 500 s.

The stability of the albumin conjugate of 1 in human
blood plasma was assessed after 1 had been incubated
at 37 °C with plasma for 24 h. Reverse phase HPLC
shows that the albumin-bound form is highly stable over
this time (see Fig. 3A).

In contrast, the albumin conjugate of 13! was cleaved
upon incubation with uPA. Figure 4 shows the

chromatograms recorded at 4 =495nm over 5h after
incubation of human uPA with the albumin conjugate
of 1 at pH 7.4 (Tris buffer) at 37 °C demonstrating that
Arg-DOXO is released in a time-dependent manner. No
cleavage was observed at pH 7.4 over 24 h in the absence
of uPA. This result demonstrates that the endopeptidase
uPA is able to recognize the Gly-Gyl-Arg substrate
attached to albumin and to cleave Arg-DOXO from
the macromolecular carrier.

As preparatory work for future in vivo studies in
preclinical tumor models, we evaluated the maximum
tolerated dose (MTD) of 1 in nude mice in an orientat-
ing toxicity study.?? The MTD proved to be 3 x 24 mg/
kg doxorubicin equivalents (iv, weekly schedule) which
is a 4.5-fold increase over the standard dose schedule
for doxorubicin that is used in xenograft experiments
(2 x 8 mg/kg). This shift in the MTD for 1 is in accor-
dance with our work on albumin-binding prodrugs with
doxorubicin that are either cleaved in an acidic environ-
ment!!' or enzymatically by tumor-associated proteases
(MMP-2 and -9, PSA).!1:13.14

In summary, we have developed a prodrug of doxoru-
bicin that is water-soluble, binds rapidly to the
cysteine-34 position of endogenous albumin, and is
efficiently cleaved by uPA thus representing to the best
of our knowledge the first prodrug of a cytostatic
agent that is cleaved by this tumor-associated
protease.
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diethyl ether.
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AA-DOXO as a red powder after precipitating the
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ether. Arg-DOXO and His-DOXO were purified on a
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LiChroprep® Diol column using first chloroform/metha-
nol 3:1+0.1% TFA, and then chloroform/methanol
2:1+0.1% TFA.

Ala-DOXO, Ser-DOXO, and Val-DOXO were purified on
a reverse phase RP-C18 column using acetonitrile/water
50:50 at first and then acetonitrile/water 70:30 to afford
AA-DOXO as a red powder after lyophilizing the com-
bined fractions containing the product.

Mass spectrometry: Mass spectra (ESI-MS) were recorded
on a Thermoelektron LCQ Advantage; HPLC: see Refs.
21 and 22.

GIn-DOXO: Mass (ESI-MS: 5.5kV): m/z 672.1 [M+H]",
694.0 [M+Na]", HPLC (495 nm): >90%; Asn-DOXO:
Mass (ESI-MS: 5.5kV): m/z 680.1 [M+Na]*, 681.1
[M+Na+H]", HPLC (495 nm): >90%; Leu-DOXO: Mass
(ESI-MS; 4.0 kV): m/z 657.1 [M]*, HPLC (495 nm): >95%;
Arg-DOX0O: Mass (ESI-MS: 2.5kV): m/z=700.2
[M+H]", 722.2 [M+Na]", HPLC (495 nm): >95%; His-
DOXO: Mass (ESI-MS: 2.5kV): miz=680.9 [M+H]",
703.1 [M+Na]*, HPLC (495nm): >90%; Val-DOXO:
Mass (ESI-MS: 3 kV): m/z=665.1 [M+Na]", HPLC
(495 nm): >95%; Ser-DOXO: Mass (ESI-MS: 3 kV): m/
z=629.2 [M+H]", 651.1 [M+Na]", HPLC (495 nm):
>95%; Ala-DOXO: Mass (ESI-MS:  3kV): m/
z=637.1[M+Na]", 638.1 [M+Na+H]", HPLC (495 nm):
>95%.

Cleavage study experiment of AA-DOXO. One hundred
microliters [S00 uM] of AA-DOXO was incubated at
37°C with 100 pL of tumor tissue homogenate from
mamma carcinoma xenografts (MDA-MB 435, MCF-7,
M3366). The concentration of AA-DOXO was diluted to
a final concentration of 125 pM and chromatograms were
recorded after 0, 2, 5, and 24 h using fluorescence HPLC.
Cleavage studies with the tumor homogenates were
performed once; for the AA-DOXO derivatives where
cleavage to doxorubicin was observed, the experiments
were repeated.

For obtaining carcinoma tissue homogenates, all steps
were carried out on ice where possible. Tissue of xenograft
tumors was cut into small pieces, and 200 mg samples were
transferred in a 2 mL Eppendorf tube to which was added
800 pL of homogenate buffer (50 mM Tris—HCI buffer, pH
7.4, containing 1 mM monothioglycerol or 50 mM sodium
acetate, 100 mM NaCl, 4mM EDTA -Na,, pH 5.0,
containing 0.1% Brij 35). Homogenization was carried
out with a micro-dismemberator at 3000 rpm for 3 min
with the aid of glass balls, and the samples were then
centrifuged at 5000 rpm for 10 min and kept frozen at
—78 °C prior to use.

HPLC was performed with a BioLogic Duo Flow System
from Bio-Rad (Munich, Germany), which was connected
with a Merck F-1050 Fluorescence Spectrophotometer
(EX. 490 nm, EM. 540 nm) and a Lambda 1000 visible
detector from Bischoff (at 4 =495nm); UV-detection at
280 nm; column: Waters, 300A, Symmetry CI18
(4.6 x 250 mm) with precolumn; injection volume: 50 pL.
HPLC conditions for the cleavage studies and analysis of
1, the albumin-conjugate of 1, and AA-DOXO: flow:
1.2 mL/min, mobile phase A: 22% CH;CN, 78% 4 mM
sodium phosphate buffer (pH 3.0); mobile phase B: 70%
CH;CN, 30% 4 mM sodium phosphate buffer (pH 3.0);
gradient: 0-25min 100% mobile phase A; 25-40 min
increase to mobile phase B; 40-50 min 100% mobile phase
B; 50-60 min decrease to initial mobile phase.
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Synthesis and characterization of 1 (EMC-Gly-Gly-Gly-
Arg-Arg-DOXO).

Synthesis and characterization of Arg-Arg-DOXO. Arg-
DOXO (150 mg, 0.22 mmol), Fmoc-Arg-OH (85 mg,
0.22 mmol), and DIEA (120 puL, 97 mg, 0.75 mmol) were
dissolved in 2 mL of anhydrous DMF. After stirring at
room temperature for 5 min, HATU (82 mg, 0.215 mmol)
was added as the coupling agent. After stirring at room
temperature for 2 h, the product was precipitated with
200 mL diethyl ether, the formed precipitate was isolated
and washed three times with diethyl ether and dried in
vacuum to yield 180 mg of a red powder.

The protecting group was removed by dissolving 180 mg
of the product in 3 mL of 20% piperidine solution (DMF)
and stirring for 5 min. The violet product was precipitated
with 300 mL diethyl ether, washed three times with 20 mL
diethyl ether, and dried in vacuum. The product was
purified on a diol column using first chloroform/methanol
3:1+0.1% TFA and then chloroform/methanol
2:1+0.1% TFA to afford 105 mg Arg-Arg-DOXO as a
red powder after precipitating the combined fractions
containing the product with diethyl ether. Mass (ESI-MS:
4.0 kV): m/z = 856.1 [M]*, 857.2 [M+H]", 878.1 [M+Na]*,
HPLC (495 nm): >95%.

Synthesis  of Gly-Gly-Gly-Arg-Arg-DOXO.  Arg-Arg-
DOXO (100 mg, 0.12 mmol), Fmoc-Gly-Gly-Gly-OH
(53 mg, 0.13 mmol), and DIEA (64 pL, 53 mg, 0.41 mmol)
were dissolved in 5 mL of anhydrous DMF; after stirring
at room temperature for 15 min, HATU (45 mg, 0.12
mmol) was added as the coupling agent. After stirring at
room temperature for 2 hours, the product was precipi-
tated with 400 mL anhydrous diethyl ether and the solvent
removed by centrifugation. The precipitate was washed
and dried in high vacuum. The product was dissolved in
acetonitrile/water 30:70 + 0.1% TFA and purified on a
reverse phase RP-C18 column using acetonitrile/water
30:70 + 0.1% TFA and acetonitrile/water 50:50 + 0.1%
TFA in this order to afford 150 mg Fmoc-Gly-Gly-Gly-
Arg-Arg-DOXO as a red powder after lyophilizing the
combined fractions containing the product.

The protecting group was removed by dissolving 150 mg

30.

31

32.
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product in 2.5 mL of 20% piperidine solution (DMF) and
stirring for 5 min. The violet product was precipitated with
250 mL diethyl ether, washed, and dried in vacuum to
afford 110 mg.

Synthesis of 1. 6-Maleinimidocaproic acid (EMC) (56 mg,
0.26 mmol), Gly-Gly-Gly-Arg-Arg-DOXO (90 mg,
0.09 mmol), and DIEA (45 puL, 34 mg, 0.26 mmol) were
dissolved in 3 mL of anhydrous DMF; after stirring at
room temperature for 15 min, HATU (66 mg, 0.18 mmol)
was added. After stirring at room temperature for 3 h, the
product was precipitated with 300 mL anhydrous diethyl
ether. The precipitate was washed and dried in high
vacuum. The product was purified on a reverse phase RP-
C18 column using acetonitrile/water 22:78 + 0.1% TFA to
afford 20 mg of the product as a red powder after
lyophilizing the combined fractions containing the prod-
uct.

HPLC (Symmetry C18, 495 nm): purity >95%; Mass (ESI-
MS, 3.0 kV): m/z 1220.4 [M]*, 1221.4 [M+H]".

HPLC conditions for the separation of human plasma of 1
and the albumin conjugate of 1: flow: 1.2 mL/min, mobile
phase A: 27% CH;3CN, 73% 20 mM potassium phosphate
(pH 7.0); mobile phase B: 70% CH3CN, 30% 20 mM
potassium phosphate (pH 7.0); gradient: 0-25 min 100%
mobile phase A; 25-40 min increase to mobile phase B;
40-50 min 100% mobile phase B; 50-60 min decrease to
initial mobile phase.

Synthesis of the albumin conjugate of 1. 1.45 mg of 1 was
dissolved in 2 mL human serum albumin (5% solution
from Octapharma) and the solution was incubated at
room temperature for 2h. The albumin conjugate was
obtained by subsequent size-exclusion chromatography
(Sephacryl S-100; Tris-buffer: 50 mM Tris-HCI, 1 mM
monothioglycerol, pH 7.4). The content of anthracycline
in the sample was determined using the ¢-value for
doxorubicin [es9s (pH 7.4) = 10,650 M~! cm™!]. The con-
centration of 1 in the conjugate was adjusted to
500 £ 50 uM by concentrating the sample with CENTRI-
PREP-10-concentrators from Amicon, FRG (4 °C and
4500 rpm). Samples were kept frozen at —20°C and
thawed prior to use.

In vivo experiment. For the orientating toxicity study
of 1 two female NMRI: nude mice were used.
Compound 1 was dissolved in 10 mM sodium phos-
phate/5% p-glucose buffer, pH 7.0, and was adminis-
tered at a dose of 3x59.95mgkg (3x24mgkg
doxorubicin equivalents) by intravenous application to
two animals with an interval of 7 days (1th, 8th, and
15th day).
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Abstract—A series of conformationally restricted inhibitors of human soluble epoxide hydrolase (sEH) has been developed. Inhi-
bition potency of the described compounds ranges from 4.2 uM to 1.1 nM against recombinant sEH. N-(1-Acetylpiperidin-4-yl)-
N’-(adamant-1-yl) urea (5a) was found to be a potent inhibitor (ICsy = 7.0 nM) that was also orally bioavailable in canines.

© 2006 Elsevier Ltd. All rights reserved.

The soluble epoxide hydrolase (SEH, E.C. 3.3.2.3) is a
member of the o/p-hydrolase fold family of enzymes.!
A major function of sEH is the conversion of epoxides
to vicinal diols through the catalytic addition of a water
molecule.> The endogenous substrates for the sEH in-
clude the cytochrome P450 metabolites of arachidonic
acid (epoxyeicosatrienoic acids, EETs).>* EETs are
known modulators of blood pressure and inflammation,
and their conversion to dihydroxyeicosatrienoic acids
(DHETs) by sEH reduces the beneficial activity of
EETs. It has been shown that in vivo inhibition of
sEH with highly selective inhibitors results in an increase
in the concentration of EETs and is accompanied by a
reduction in blood pressure in rodent models, thereby
suggesting that sEH is a compelling target for the treat-
ment of hypertension.> 8

Through the course of our research we have found N,N’-
disubstituted ureas to be our most successful inhibitors
of sEH (Fig. 1).>!3 The inhibitors shown in Figure 1
can be divided into three basic categories: those that
are small, rigid, and contain non-polar groups
(e.g., DCU), those that contain both rigid and flexible
non-polar groups (e.g., CDU) and those that contain
both a rigid non-polar group and flexible polar chain
(e.g., 950, AUDA, and AUDA-BE).

Keywords:  Soluble  epoxide inhibition;
Structure-activity relationships.
* Corresponding author. Tel.: +1 530 752 7519; fax: +1 530 752

1537; e-mail: bdhammock@ucdavis.edu

hydrolase; Enzyme
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Figure 1. Common inhibitors of sEH. ICs is for in vitro inhibition
against recombinant human sEH.

We have found that while those compounds possessing a
flexible side chain do show biological effects when as-
sayed in vivo, they are rapidly metabolized and excreted,
limiting their utility. In contrast, compounds that lack a
flexible side chain (e.g., DCU) typically have physical
properties that are so poor that they show almost no
biological effects in vivo. Therefore, we have initiated
a study aimed at examining the utility of conformation-
ally restricted sEH inhibitors that also have a polar
secondary pharmacophore. Not only did we wish to
expand our current SAR by examining a broader range
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Primary pharmacophore .
——*—— Linker

Figure 2. Piperidine-based scaffolds for rigid sEH inhibitors. Urea,
amide, and carbamate groups as the central pharmacophore have
yielded potent inhibitors with 1,3-substitution with aryl, alkyl,
cycloalkyl or as shown, adamantyl groups.”'

of structures, but we also aimed to synthesize inhibitors
that were more ‘drug-like’ in structure.'# !¢ For the pur-
poses of this study, we utilized the scaffolds shown in
Figure 2 (compounds I and II) as platforms for inhibitor
development. These scaffolds were designed to not only
test the effectiveness of nitrogen containing secondary
pharmacophores, but also to compare the more rigid
scaffold I to the more flexible scaffold II.

The synthesis of scaffold I is illustrated in Scheme 1.
We began by reacting the commercially available
piperidine 1 and benzaldehyde to form the corre-
sponding Schiff base. Treatment with Boc anhydride
followed by acid hydrolysis afforded the protected
piperidine 2.!7 Reaction of compound 2 with 1-ada-
mantylisocyanate followed by removal of the Boc
group with methanolic HCI afforded scaffold I with
a high overall yield. Scaffold II was synthesized in
an analogous manner.

We found that the piperidine nucleus was readily
alkylated as shown in Scheme 2 via reaction with an
alkylbromide in the presence of catalytic KI to give
the products in modest yield. Interestingly, we found
that the alkylpiperidines listed in Table 1 were, in gen-
eral, poor inhibitors. It is clear from these results that
a positively charged piperidine is not tolerated by the
enzyme. The exceptions to this trend are benzyl-substi-
tuted compounds 3d and 4d. These results suggest that
the destabilizing effects of a cation may be compensat-
ed for by aryl-aryl interactions within the active site.
It is also interesting to note that those compounds,
which are based on scaffold II show an SAR that var-
ies logically with substitution, whereas those which are
based on scaffold I do not.

From the results described above, we postulated that
eliminating the possibility of nitrogen protonation
would result in an increase in potency. With this in
mind, we turned our attention to acylated piperidines.
We found that while acylation of scaffolds I and II
can be accomplished through the reaction of scaffolds
I or II with the requisite acid chloride, using carbo-

1

O
A8y 208
NN + - a N (
0

I:n=

= 3a-d(n=0
I:n=1 ( )

4da-d(n=1)

Scheme 2. Reagents and conditions: (a) bromoalkane, KI, DMF,
K,COs3, 50 °C, 12 h, 42-60%.

Table 1. ICsq values for alkylpiperidine-based sEH inhibitors

Z@ o n=0 n=1

J
H NHMNR Compound ICsy Compound ICsy

(LM)* (uM)*
R:H I 030 T 42
\/\ 3a 38 4a 3.9
\/\/ 3b 0.81 4b 2.6
\/\/\ 3¢ 12 4c 0.61

\@ 3d 001 4d 0.11

a : : : : 2
' As determined via a kinetic fluorescent assay.>

diimide mediated coupling chemistry gave the desired
products in consistently higher yield (Scheme 3).!8 As
can be seen in Table 2, conversion of the piperidine
nitrogen from an amine to an amide resulted in a
dramatic increase in potency. Inhibitors Sa-h show,
in general, better potency than inhibitors 6a-h. This
suggests that scaffold I may facilitate the formation
of a beneficial polar interaction between the piperidi-
nyl amide and a residue in the active site. In addi-
tion, the potency of inhibitors 5a-h and 6a-h seems
to rely more on the presence of the amide function-
ality rather than the actual identity of the amide
fragment.

Having firmly established the importance of the amide
functionality, we then investigated the effects of addi-
tional polar functionality on the potency of these inhib-
itors. Using the chemistry outlined in Scheme 3, a series
of methyl ester based inhibitors was generated (Table 3,
7a—e and 8a—e). As with the other amide-based inhibi-
tors described in this study, esters 7a—e and 8a-e do
not show a large variation in potency. There does seem

(0] " _
Q“Hg /Q\IJ\OX de @ 2 QHZCI
HoN HoN NN
2 |

Scheme 1. Reagents and conditions: (a) toluene, benzaldehyde (1 equiv), reflux, Dean—Stark trap; (b) Boc anhydride, 0-25 °C, 12 h; (¢c) KHSO4(aq)
(1 equiv); (d) adamant-1-yl isocyanate, THF, rt; (¢) HCI/MeOH (4 equiv H"), 74% (overall).
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N ”A}MNHZQ N ”HMN 0
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5a-h(n=0)
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Scheme 3. Reagents and conditions: (a) RCOCI, TEA, DCM, 6 h, 20-73%; (b) RCOOH, TEA, DMAP, EDCI, dichloromethane, 0 °C to rt, 12 h,

75-99%.

Table 2. ICs, values for acylpiperidine-based sEH inhibitors

Z@ o n=0 n=1

N Compound IC Compound IC

NN 50 p 50

NN <° (nM)* (M)’

R

R: \CHs 5a 70  6a 5.0

™ 5b 32 6b 8.7

N Sc 26 6e 6.7

\~CF3 5d 1.1 6d 1.8

\Q Se 13 6e 3.2

N

\)\/ 5f 12 6f 7.6
Ny,

\ | 5g 1.7 6g 5.4
SN

\ | 5h 2.1 6h 7.3

P . . . . 2
2 As determined via a kinetic fluorescent assay.?

to be a small advantage in having an aryl linker instead
of an alkyl one. Curiously, there is very little difference
in whether the methyl ester is in the ortho-, meta-, or
para-position, indicating that the active site is quite
tolerant of increased steric bulk.

Esters 7a—e and 8a—e were smoothly converted to the
corresponding acids (7f-j and 8f-j, respectively) by
reaction with methanolic KOH. The potency of the
resultant acids showed a remarkable dependence on
the position of the carboxylate, as shown by data in
Table 3. Conformational analysis (using CONFLEX,
as implemented in CAChe Workstation Pro 6.1, Fujit-
su Inc.) suggested that the carboxylate in compounds
7f could hydrogen bond to the urea in an intramolec-
ular fashion (data not shown). This implies that the
observed SAR trend for compound 7f-j and 8f-j
may be due, in part, to the ability of the inhibitor
to form intramolecular hydrogen bonds, thereby

destabilizing any interactions that would support bind-
ing in the active site.

We were intrigued by the observation that trifluoroace-
tamides 5d and 6d showed a dramatic increase in poten-
cy over acetamides 5a and 6a. Using the published
crystal structure of human sEH with a bound urea-
based ligand (N-(4-iodophenyl)-N'-cyclohexyl urea,
CIU, PDB accession number 1VJ5),'° inhibitor 5d was
manually docked into the active site in order to further
understand the observed benefit of the trifluoroaceta-
mide functionality. As can be seen in Figure 3, com-
pound 5d is bound primarily through interactions with
Tyr®! Tyr*®, and Asp®* with the urea pharmaco-
phore. In addition, the trifluoroacetamide functionality
of compound 5d can hydrogen bond with GIn*? via
the carbonyl and one of the fluorine atoms. It is reason-
able to postulate that the observed increase in potency
of trifluoroacetamides 5d and 6d over acetamides Sa
and 6a is mainly due to the presence of the additional
interactions between the —CF; and GIn®**?. Docking
inhibitor 5d into the active site in the opposite orienta-
tion resulted in unfavorable steric interactions between
the adamantane and Met**’, and removed any opportu-
nity for the trifluoroacetamide to participate in produc-
tive hydrogen bonding.

At this point, we selected a small number of com-
pounds and screened them for oral bioavailability in
dogs.?® As can be seen in Table 4, not only do these
compounds have appreciable blood levels, but com-
pound 5a shows an almost 10-fold increase in AUC
as compared to AUDA. In addition, the observation
that blood level is clearly dependent on inhibitor
structure indicates that we may be able to optimize
a subset of the compounds reported herein for im-
proved oral availability.

In conclusion, we have reported a series of sEH
inhibitors that use a piperidine moiety to rigidify
their structure. A preliminary screen of inhibitor
potency against recombinant SEH reveals that simple
amide-based inhibitors are well tolerated. In contrast,
acid functionalized inhibitors show a distinct SAR,
which is consistently less potent than the correspond-
ing esters across both scaffolds. The data presented
clearly indicate the potential value of these and other
heterocyclic compounds as effective in vivo inhibitors
of sEH. We currently have detailed experiments
underway with the aim of determining the efficacy
and pharmacokinetic properties of these compounds.
The results of these studies will be reported in due
course.
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Table 3. 1Cs, values for piperidine-based SEH inhibitors containing ester and acid functionalized amides

o n=0 n=1
A Compound IC Compound IC
NN 50 50
TN £ (M)* (nM)*
R
) o)
R: \/\)L o 7a 9.0 8a 6.2
Q 7b 2.7 8b 34
S~y : ,
o)
\O)j@ 7e 1.7 8¢ 1.8
o0
J\jj 7d 1.1 8d 4.1
X o)
/@Ao/ Te 1.1 8e 1.5
O 2 2
\/\)*OH 7t 2.5%10 8f 1.7x 10
Q 7 72 8 41
/\/\)LOH g g
o)
Ho)jg 7h 1.6 x 10 8h 4.0 x 10
O« OH
E) 7i 10 8i 43
o)

/@AOH 7 33 8j 11.8

2 As determined via a kinetic fluorescent assay.>

Table 4. Pharmacokinetic profile data for selected compounds as
obtained via oral dosing in a canine model

. -+ ‘ . e Compound AUC* (x10* nM min)
b AR SC 1 n382 sa 3.7
ByT381 ¢ + M 6a 0.55
% _ 5b 0.65
Sc¢ 0.25
Se 0.061
6e 0.033
5d 0.33
5f 0.47
AUDA 0.31

% Area under the curve, estimated from a plot of inhibitor plasma
concentration (nM) versus time (minutes) following an oral dose of
0.3 mg/kg of the indicated compounds in tristerate.”
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Abstract—Starting from (+)-epi- and (—)-vibo-quercitols readily produced by bioconversion of myo-inositol, some biologically inter-
esting phosphate and polyphosphate analogues, including the Ins(1,4,5)P; derivatives of 3-deoxy- and 6-deoxy-D-myo-inositol, could
be readily prepared in a conventional manner. In addition, chemical modification at C-2 of the 3-deoxy Ins(1,4,5)P; provided 2-epi-
mer, and 2-deoxy and 2-deoxy-2-fluoro forms. Eight polyphosphate analogues obtained were assayed for biological activity against

PDH-Pase and PDH-K, and G6Pase, but none proved positive.

© 2006 Elsevier Ltd. All rights reserved.

In recent years, D-myo-inositol-1,4,5-trisphosphate
Ins(1,4,5)P3, as well as its bis and tetrakisphosphates,
have been demonstrated! to play important roles as sec-
ond messengers which control many cellular processes
by generating internal calcium signals, which then dif-
fuse through the cytosol and bind to receptors on the
endoplasmic reticulum causing the release of calcium
ions (Ca") into the cytosol. Therefore, it is feasible that
inhibitors of enzymes of the phosphoinositide cascade,
involved in biosynthesis and degradation of Ins(1,4,5)Ps,
could be of medicinal interest and also invaluable tools
to elucidate the individual roles of metabolites in the
regulation of cell function. In order to study biochemical
and medicinal properties of these polyphosphates, a
large number of analogues and derivatives have so far
been synthesized?> and their biological activity tested.
Recent findings® of insulin-like and anti-inflammatory
properties have also stimulated us to develop means
for routine synthesis of these compounds (Fig. 1).

Bioconversion* of myo-inositol readily provides some
inaccessible optically active deoxyinositols,” such as
(+)-epi- and (—)-vibo-quercitols (1 and 2), in quantity,
which might allow their application as starting materials

Keywords: Inositol phosphates; myo-Inositol-1,4,5-trisphosphate;

Deoxyinositol trisphosphate analogues; myo-Inositol bioconversion.
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Ins(1,4,5)P3
Q
P = —P(OH),

Figure 1. Deoxyinositols 1 and 2, and Ins(1,4,5)P; and its deoxy
derivatives.

for development of novel biologically active cyclitol
derivatives. In preceding papers, we reported the synthe-
sis of several anhydro® and some C-(aminometh-
yl)deoxyinositols,® and O-methyl-deoxyinosamines’ as
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potential candidate new glycosidase inhibitors. In this
letter, we describe convenient synthesis of a number of
mono-, tris-, and tetrakisphosphate derivatives of
3- and 6-deoxy-D-myo-inositols. In addition, chemical
modification at C-2 of the 3-deoxy Ins(1,4,5)P; was car-
ried out to prepare 2-epimer, and 2-deoxy and 2-deoxy-
2-fluoro derivatives. Furthermore, in order to provide
certain trisphosphate mimics® designed by analogy with
adenophostines,” the most potent agonists of
Ins(1,4,5)P5 receptor, the 1-phosphate function of the
3-deoxy Ins(1,4,5)P; was replaced with (phosphin-
yl)alkyloxyl groups (Schemes 1 and 2).

Recently, synthesis of several polyphosphate derivatives
of 6-deoxy-p-myo-inositol'® (1) has been elaborated!!
from precursors derived from p-galactose, and their bio-
logical activity assayed. 6-Deoxy Ins(1,4,5)P; is recog-
nized by the highly selective 3-kinase,'? the kinetics of
its metabolism indicate that it is a substrate for this en-
zyme, with resultant competitive inhibition of phosphor-
ylation of Ins(1,4,5)Ps.

We here describe a convenient preparative route from
(+)-epi-quercitol* (1). Isopropylidenation® of 1 with
an excess of 2,2-dimethoxypropane and TsOH in
DMF was carried out at room temperature to give
three readily separable di-O-isopropylidene derivatives

3 (24%), 4 (26%), and 5 (31%). These were treated with
dibenzylphosphoryl chloride in pyridine at room tem-
perature to give the respective dibenzylphosphates 6
(77%), 7 (86%), and 8 (87%), hydrogenolysis of which
with PtO, in ethanol produced, after neutralization
with cyclohexylamine, the respective phosphates as
crystalline amine salts. Treatment of the salts with
Dowex 50 W x 2 (H") resin gave the free phosphates
9 (88%), 10 (70%), and 11 (80%), isolated as bis-sodium
salts.

Furthermore, compounds 3 and 5 could be partially de-
O-isopropylidenated with TsOH in EtOH at 0 °C to give
the triols 12 (70%) and 14 (78%), respectively. Possible
contamination of 12 and 14 due to acid-catalyzed migra-
tion of the cis-isopropylidene groups was not observed.
Compound 14 was similarly phosphorylated to give the
protected precursor 15 (60%) of 6-deoxy Ins(1,4,5)P5.!!
The structure of 15 was indirectly confirmed by the fact
that "H NMR spectrum of isomeric trisphosphate 13 ob-
tained for reference from 12 showed coupled signals (&
431, ddd, J=5.6, 8.9, and 13.9Hz) and (0 4.62,
J=15.1, and 8.9 Hz) due to H-1 and H-2 bonded to car-
bon atoms of the O-isopropylidene group. Thus, five
biologically interesting phosphate analogues could be
demonstrated to be readily available from (+)-epi-querc-
itol (1).

/Oo o) Og 0 OJL
=T - &

3. R
6: R

pJb

B [
HO O?H HO OgH
o
0

-
&9

9
6-Deoxy Ins(5)P

OH oP
d HO Cl) o PO (l)
3 — > OH o% — P O%—
12 13

O7L O7L 0
d HO O PO O o
R e A
14

4: R
7: R

1
6-Deoxy Ins(3)P

o

H 5 R
P<_—|b 8. R

(o

p-Jb

11
6-Deoxy Ins(1)P

P = —P(OBn),

15

6-Deoxy Ins(1,4,5)P3

Scheme 1. Synthesis of some mono- and trisphosphates of 6-deoxy-D-myo-inositol. Reagents and conditions: (a) (MeO),CMe,—~DMF (1:2, v/v),
TsOH, 6 h, rt; (b) (PhO),POCI (1.5 M equiv), pyridine, 1 h, rt; aqueous 80% AcOH; (c) H,, PtO,, EtOH, rt; C¢H,;NH,; Dowex 50 W x 2 (H") resin,
1 M NaOMe, MeOH; (d) TsOH, EtOH, pH ~ 4, 0 °C; (e) (PhO),POCI, DMAP, pyridine, rt; aqueous 80% AcOH.
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Q Q
= —P(OBn), ® = —P(ONa),

Scheme 2. Synthesis of some tris- and tetrakisphosphates of 3-deoxy-
myo-inositol. Reagents and conditions: (a) CH,=C(OMe)CHj;, TsOH
(0.1 M equiv), DMF, 3 h, rt; (b) NaH, BnBr, DMF; (c) CSA, MeOH,
pH ~ 4, rt; (d) MeOCH,Cl (4 M equiv), diisopropylethylamine, DMF;
(e) aqueous 80% AcOH; (f) Bu,SnO (2 M equiv), tetrabutylammonium
bromide; (g) Ac,0, pyridine; (h) NaH, BnBr, DMF, rt; (i) 4 M HC],
50 °C;  Ac,O, pyridine; (j) NaOMe, MeOH; i-Pr,NP(OBn),
(6 M equiv), DMF, rt; mCPBA (10 M equiv), rt; (k) Hp, 10% Pd/C,
aqueous EtOH; C¢H; NH,; Dowex 50 W x2 (H") resin, NaOMe,
MeOH; (1) aqueous 80% AcOH, 50 °C.

3-Deoxy-D-myo-inositol-(1,4,5)P; was first synthe-
sized'>!'* from vL-quebrachitol through a multi-step
sequence and shown to be a good substrate of Ins(1,4,5)P3-
5-phosphatase (Schemes 2 and 3).

Isopropylidenation® of (—)-vibo-quercitol (2) was carried
out by treatment with 2-methoxypropene in the presence
of TsOH in DMF at room temperature. A mixture of the
1,2:4,5- 16 and 1,2:5,6-di-O-isopropylidene derivatives
17 was, without separation, treated with NaH in DMF

and then with an excess of BnBr to give the benzyl ethers
18 and 19, which were partially de-O-isopropylidenated
under the influence of CSA in MeOH to afford, after
separation over a silica gel column, the 4- and 6-O-ben-
zyl derivatives 20 (55%) and 21 (42%). Compound 20
was treated with chloromethyl methyl ether and diiso-
propylethylamine to give the di-O-methoxymethyl deriv-
ative 22 (89%), de-O-isopropylidenation of which with
80% aqueous acetic acid gave the diol 23 (88%).
Treatment of 23 with dibutyltin oxide and tetrabutyl
ammonium bromide at 120 °C, and subsequent similar
etherification, gave crude methoxymethyl ether 24
(87%). The structure of 24 could be fully characterized
with the '"H NMR spectrum of the O-acetyl derivative
25 (~100%) obtained. In addition, 24 was conventional-
ly benzylated to give the 2-O-benzyl derivative 26 (91%).
The methoxymethyl groups of 26 were removed by treat-
ment with 4 M hydrochloric acid, and the product was
subsequently acetylated to give the tri-O-acetyl deriva-
tive 27 (90% over-all yield). Compound 27 was treated
with methanolic sodium methoxide under Zemplén con-
ditions, and the resulting triol was phosphorylated with
dibenzyl diisopropylphosphoro-amidite in DMF, and,
then the reaction mixture was treated with mCPBA.
The product was isolated by chromatography on silica
gel to afford the 1,4,5-tris(dibenzylphosphate) 28 (93%
over-all yield). Hydrogenolysis of 28 in the presence of
10% Pd/C in aqueous ethanol at room temperature gave
the trisphosphate, which was purified by treatment with
cyclohexylamine to produce a crystalline salt. This com-
pound was deaminated by passage through a column
of Dowex 50 x 2 (H") resin to afford the free phosphate
isolated as a bis-sodium salt 29 (97%).

The tetra-O-acetyl derivative 30 (98%), obtained similar-
ly from 20, was deacetylated and a crude alcohol was
dibenzylphosphorylated to give tetrakisbenzylphosphate
31 (70% over-all yield). It was deprotected and the prod-
uct was obtained as a bis-sodium salt'> 32 (83%).

Oxidation of compound 24 with pyridinium _chlorochro-
mate in the presence of molecular sieves 4 A in CH,Cl,
gave the deoxyinosose derivative 33 (96%), which was
reduced with sodium borohydride to give the 2-epimer
34 (56%) as a major product. The structure of 34 was
confirmed by the '"H NMR spectrum of the 2-O-acetyl
derivative 35. Compound 34 was converted into the
2-epimer, 3-deoxy-scyllo Ins(1,4,5)P3 39, following the
standard sequence of reactions [—36 (95%) —37
(90%) —38 (56%) —39 (97%)].

Treatment of 24 with sulfuryl chloride in pyridine in the
presence of DAMP gave the chloride 40 (70%). This
compound was treated with tributyltin hydride in the
presence of AIBN to provide the 2-deoxy derivative 41
(94%). Starting from 41, 2,3-dideoxy Ins(1,4,5)(P3)'* 44
was obtained [—42 (96%) —43 (86%) —44 (~100%)] in
a conventional manner. Fluorination of 24 with dimeth-
yl amino sulfur trifluoride (DAST) in CH,Cl, afforded
the 2-deoxy-2-fluoro derivative 45 (70%), which was
converted into the tri-O-acetyl derivative 46 (95%). This
acetate 46 was deacylated and conventionally phosphor-
ylated to give the trisphosphate 47, which was deprotec-
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Scheme 3. Chemical modification at C-2 of 3-deoxy Ins(1,4,5)Ps. Synthesis of deoxy and deoxyfluoro derivatives. Reagents and conditions: (a) PCC,
MS 4 10%, CH,Cl,, rt; (b) NaBH,4, EtOH; (c) Ac,0, pyridine; (d) NaH, BnBr, DMF; () MeOCH,CI, diisopropylethylamime, DMF; Ac,0, pyridine;
(f) NaOMe, MeOH; dibenzyldiisopropylphosphoro-amidite, DMF; (g) H,, 10% Pd/C, aqueous EtOH; C¢H;NH,, Dowex 50 W x 2 (H") resin,
NaOMe, MeOH; (h) SOCl,, DAMP, pyridine; (i) Bu;SnH, AIBN, toluene, 120 °C; (j) Ac,O, pyridine; (k) 4 M HCI, THF; phosphorylation; (1)

DAST, CH,Cl,, rt; (m) aqueous 80% AcOH; (PhO),POCI.

ted to give the deoxyfluoro derivative'> 48 (70% over-all
yield). Similarly, the alcohol 34 was transformed into the
deoxyfluoro derivative!® 51 (80% over-all yield) via 49
and 50.

Next, adenophosphine’ analogues of 3-deoxy
Ins(1,4,5)P5 were prepared. Several permeant analogues
of Ins(1,4,5)P; have been synthesized® and their ability
to cross the membrane tested with vasopressin cells
(Scheme 4).

Compound 23 was treated with dibutyltin oxide in tol-
uene, and then after addition of allyl bromide, the
mixture was heated at reflux temperature to give the
allyl ether 52 (90%), which was characterized as the
acetate 53 (96%) as a syrup. Compound 52 was con-
verted into the benzyl ether (—54, 82%), which was
subjected to ozonolysis in CH,Cl,/MeOH, followed
by reduction with NaBH,4 (—55a) and conventional
acetylation to give the 2-acetoxyethyl derivative 56a
(60% over-all yield). Hydrolysis of 56a with 4 M
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Scheme 4. Chemical modification of the C-2 function

of 3-deoxy Ins(1,4,5)P;. Reagents and conditions: (a) Bu,SnO, TBAB, toluene, 120 °C;

CH,=CHBr; (b) Ac,0, pyridine; (c) NaOMe, MeOH; NaH, BnBr, DMF; (d) (—55a) O3, CH,Cl,/MeOH, —78 °C; NaBH,, MeOH; (—55b) BH;/
THF, THF; H,0,; (e) Ac,0, pyridine; (f) 4 M HCI, THF; Ac,0, pyridine; (g) NaOMe, MeOH; i-Pro,NP(OBn),, 1 H-Tetrazole, DMF; mCPBA; (h)
H,, 10% Pd/C, aqueous 30% EtOH; C¢H,;NH,, Dowex 50 W x 2 (H") resin, 1 M NaOMe, MecOH.

hydrochloric acid in THF gave, after conventional
acetylation, the acetate 57a (80%). Conventional de-
O-acetylation of 57a gave the diol, which was treated
with 1H-tetrazole in DMF and then with dibenzyliso-
propylphosphoro-amidite to give the protected tris-
phosphate 58a (72% over-all yield). Hydrogenolysis
of 58a in aqueous ethanol in the presence of 10%
Pd/C gave the trisphosphate!> 59a (~100%) isolated
as a syrupy sodium salt.

Hydroboration of 54 was accomplished with boran—
THF complex in THF, and then the reaction was
quenched by addition of water, followed by treatment
with 35% aqueous hydroperoxide for 30 min (—55b).
The product was isolated as the acetate 56b (~100%)
and similarly converted in turn into the trisphosphate!>
59b.

None of the eight compounds 29, 32, 39, 44, 48, 51, and
59a,b activated pyruvate dehydrogenase phosphatase
(PDH-Pase), or inhibited pyruvate dehydrogenase ki-
nase (PDH-K) significantly. None of the compounds
tested inhibited glucose 6-phosphatase (G6Pase)
significantly.

Compounds 59a and 59b appeared to inhibit lipogen-
esis (Multi-Well Plate cell based assay). However, the
inhibition decreased with increasing concentrations of
the test compounds. When tested in vivo in streptozo-
tocin diabetic mice (a model of type I diabetes) at a
dose of 1 mg/kg, neither 59a nor 59b had any acute
lowering effect on blood glucose. Furthermore, when
administered chronically at a dose of 1 mg/kg/day
for 10 days, 59a did not significantly lower blood
glucose.
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Abstract—Benzimidazole-based allosteric inhibitors of the hepatitis C virus (HCV) NS5B polymerase were diversified to a variety of
topologically related scaffolds. Replacement of the polar benzimidazole core by lipophilic indoles led to inhibitors with improved
potency in the cell-based subgenomic HCV replicon system. Transposing the indole scaffold into a previously described series of
benzimidazole—tryptophan amides generated the most potent inhibitors of HCV RNA replication in cell culture reported to date

in this series (ECso ~ 50 nM).
© 2006 Elsevier Ltd. All rights reserved.

Chronic infection by the hepatitis C virus afflicts an esti-
mated 2-3% of the world population and represents a
health issue of increasing concern. While it can remain
asymptomatic for decades, the infection may progress
to life-threatening liver diseases such as cirrhosis (20%
of cases) and hepatocellular cancers (2.5%). HCV infec-
tion is the major reason for liver transplantation in the
western world and causes more than 10,000 deaths
annually in the US alone.! The last 10 years have wit-
nessed major advances in our understanding of this
pathogen from the identification of essential viral func-
tions,” to the development of subgenomic replicons that
allow HCV RNA replication in Huh-7 cells,? to replicat-
ing specific viral strains in the laboratory.* As a result,
several drug candidates that target specific viral enzymes
have recently been described'® and clinical testing in
HCV patients is producing unprecedented results.’

Keywords: HCV NS5B polymerase; Hepatitis C virus; Allosteric inhi-

bitors; Replicon; Antiviral; Indoles.
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Recently, we reported the discovery, preliminary optimi-
zation, and mechanism of action of non-nucleoside, allo-
steric inhibitors of the NS5B polymerase of the HCV
virus.® These compounds are characterized by a benz-
imidazole scaffold harboring a critical cyclohexyl or
cyclopentyl ring at the N'-position, a small aromatic or
heteroaromatic ring at C-2 and a carboxylic acid function
at C-5(e.g., compound 1, Fig. 1).°°> While low micromolar
potency in a truncated genotype 1b HT-NS5BA21 enzy-
matic assay®® was attained, this class of inhibitors did
not inhibit HCV RNA replication in the cell-based repli-
con assay.’ Significant improvements in potency (58-fold)
were attained by elaborating the right-hand side of the
inhibitors through attachment of functionalized amino
acid residues® (e.g., compound 2). Adjustments to the
physicochemical properties of the molecules by replace-
ment of the ionizable carboxylic acids eventually led to
the discovery of inhibitors (e.g., compound 3) active in cell
culture at low micromolar concentrations.®

At this stage of the optimization process, much of the
SAR surrounding the benzimidazole scaffold had been
exploited and further improvements in potency (enzy-
matic and cell-based) required modification of the benz-
imidazole core itself. In particular, we hypothesized that



mailto:pbeaulieu@lav.boehringer-ingelheim.com



4988 P. L. Beaulieu et al. | Bioorg. Med. Chem. Lett. 16 (2006) 49874993

ICq=1.1uM

(0]
N
= OH
Oy, OH

@ﬂ@*“ﬁQ

IC,,=0019pM O™\
COOH
E050 = not active

3 @ﬂ@*“ﬁQ

ICqp = 0.22 UM
ECgo=1.1 uM

ECy, = not active

Figure 1. Initial SAR in the benzimidazole series.

replacement of the polar benzimidazole system by more
lipophilic, topologically related variants may favor cel-
lular permeation and thereby, improve the modest cell-
based potency achieved so far in this series.

Retaining the critical pharmacophores of 4A, we
prepared a series of indole derivatives as illustrated in
Table 1. Replacement of the benzimidazole core of 4A
(caled log P = 3.4) with the more lipophilic indole moie-
ty generated a compound (4B, calcd log P = 4.4) which
displayed a 37-fold improvement in enzymatic potency
(IC5=10.030 vs 1.1 uM).°* Furthermore, indole 4B
was active in the replicon (ECsy = 6.7 uM),” presumably
reflecting the expected increase in lipophilicity and
improved cellular permeation.” Encouraged by these
results, we proceeded with N-methylation of the indole
nitrogen, a newly accessible position for further elabora-
tion of the scaffold, achieving an additional 2-fold
improvement in enzymatic potency (4C) while retaining
similar replicon activity. The isomeric 5-indole carboxyl-
ic acid analog 4D was slightly less potent (2-fold). In an
attempt to improve cellular permeation by reducing ion-
ization of the carboxylic acid by modifying its pK,,
7-azaindole analogs 4E and 5E were prepared. Even
though enzymatic potency was slightly reduced (2- to
3-fold) compared to indole 4C, 7-aza analog S5E was
3-fold more potent in cell culture, reflecting the contri-
bution of the pK,/ionization of the carboxyl function
to cellular permeation and replicon activity.”

Evaluation of the scaffolds in a small combination ma-
trix with representative C-2 substituents (identified in
our previous work on benzimidazoles)®® confirmed the
advantage of the N-methyl-6-indolecarboxylic acid scaf-
fold in both enzymatic and cell culture assays (Table 1).
Notably, the 2-pyridyl analog 6C had comparable
replicon potency to the furyl derivative 4C despite a
5.5-fold decrease in intrinsic potency, a possible
indication of improved cellular permeation.

With the aim of further reducing compound size and
probing the effect of conformational restriction,

pyrroles 6F and pyrrazole 6G were prepared. The com-
pounds were >500-fold less potent than the corre-
sponding indole 6C. This dramatic drop in potency
may be due to the loss of critical hydrophobic interac-
tions between the indole benzene ring and the protein.
Since the carboxylic acid group interacts with a critical
basic protein residue,!® alterations to the pK, and
changes in the orientation of the carboxyl function in
6F and 6G may also contribute to the observed
decrease in potency.!!

The scaffold study was extended to 3-cyclopentyl
derivatives (Table 2), which were previously shown to
have comparable potency to cyclohexyl analogs.®®
6-Indolecarboxylic acids (8 and 9) were more potent than
the reference benzimidazole 7, showing improved enzy-
matic potency (~100-fold) and cellular activity compara-
ble to the cyclohexyl derivatives (4B and 4C). As
previously noted, N-methylation did not affect potency
(8 vs 9) and 6-indolecarboxylic acids were superior (7-fold
in this case) to the 5-isomer (9 vs 10). Benzofuran 11 and
benzothiophene 12, which are topologically similar to
indoles (see Fig. 2 depicting 2-phenyl derivatives), had
reduced enzymatic (ICsy = 0.08 uM, a 4-fold drop com-
pared to unsubstituted indole 8) and replicon potency.
Figure 2 shows a superposition between key pharmaco-
phores (cyclopentyl ring and carboxylic acid function)
within the three systems, the largest deviation resulting
from the longer C—S bonds in the benzothiophene analog.
In the latter compound, a slight change in orientation of
the C-2 substituent is apparent but the effect is not reflect-
ed in the potency of the analogs. This is in agreement with
the observation that the C-2 position tolerates a variety of
structural modifications.®

Finally, oxidation of the thiophene ring (compound 13)
resulted in complete loss of activity. The presence of the
two polar oxygen atoms may interfere with stacking of
the scaffold within the hydrophobic enzyme pocket
and account for the loss of activity.'?

As mentioned previously, the improved cellular potency
of azaindole SE over the corresponding carbo-analog 5C
(See Table 1) suggested that the pK, of the carboxylic
acid function and the overall ionization state of the mol-
ecule may be contributors to cellular permeation and
cell culture activity. Previous work on benzimidazoles
(unpublished results) had shown that addition of a
methyl group was well tolerated in the 4-position of that
scaffold (7-position in 4C or 9) but was detrimental to
potency at the 6-position of 4A (5-position on indole
9). The effect on potency of introducing substituents at
the 7-position of the indole scaffold was thus examined,
with the intention of probing electronic and steric effects
on ionization of the nearby critical carboxylic acid func-
tion and replicon potency. We also hoped that introduc-
tion of functional groups on the indole scaffold would
lead to the discovery of unexploited interactions with
the protein and further improvements in overall potency
(see Table 3).

Unfortunately, apart from the 7-hydroxy analog 14
which was 3 times less potent than unsubstituted indole
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Table 1. Benzimidazole scaffold replacements (ICs, values determined using a truncated genotype 1b HT-NS5B-A21 construct)®®

A~
N
5 6

4
Compound ICso" (UM) ECso" (uM) ICso" (UM) ECs" (uM) ICso" (LM) ECso" (uM)
(o]
N
- ]@AOH
N 11 NA 3.1 NA 2.7 NA
O
(o]
H
N OH
RN\
0.030 6.7 0.05 >10 0.23 >10
B
Me\ 0
N OH
R
0.016 4.2 0.03 6.6 0.09 3.9
C
(0]
R J OH
N 0.044 >10 0.18 >10 0.82 >10
O °
Me\ o
. N /N‘ OH
N 0.051  Not tested 0.08 22
E
(0]
H
A N‘ " 0H
\ >50 Not tested
F
(0]
R 2 N OH
N-N >100 Not tested
G

-

#Values are means of duplicate experiments on two separate weightings. NA (not active).

9, all other derivatives were >13-fold less potent. The
observed trends were consistent with a steric rather than
electronic signature (cf. 15, 16 vs 17). The low potency of
diacid 18 may be due to an unfavorable intramolecular
interaction between the two carboxyl functions that
preclude the 6-COOH from engaging in a productive
interaction with the polymerase.

Selected compounds (4B and 4C) were also evaluated in
a poliovirus RNA-dependent RNA polymerase and

DNA-dependent RNA polymerase II (derived from
mammalian calf thymus as previously described)®® assay
and were found to be inactive (ICs5q > 125-250 uM).

We and others®® have established the superiority of in-
dole scaffolds over the original benzimidazole-based
leads, with respect to intrinsic potency against the
NS5B enzyme. However, the presence of the carboxylic
acid function that is ionized at physiological pH in small
indole derivatives such as 4C results in relatively modest
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Table 2. Scaffold replacements in 3-cyclopentyl analogs (ICsgs deter-
mined using a genotype 1b HT-NS5B-A21 construct)®

HT-NS5B-A21
ICsp," (uM)

Compound Replicon

ECso," (M)

o)
H
= N OH
8 o/ N\ 0.025 6.6
Me\ o
= N OH
9 o/ \ 0.021 6.6
o)
= 7 OH
10 o/ 0.15 39
o)
=\ ~° OH
11 o/ \ 0.081 21
0
=\ /5 OH
12 o/ N\ 0.078 22
13 >100 Not tested

#Values are means of duplicate experiments on two separate weigh-
tings. NA (not active).

Figure 2. Overlay of 3-cyclopentyl-2-phenyl-6-carboxy-indole (green),
benzofuran (red), and benzothiophene (blue) scaffolds.

Table 3. Effect of substituents at the 7-position of 6-indolecarboxylic
acid derivatives. (ICsos determined using a genotype 1b HT-NS5B-A21
construct)®

Me X O
=N OH
o7 \
Compound X HT-NS5B-A21 Replicon
ICs0," (UM) ECsp," (uM)

9 H 0.021 >10

14 OH 0.075 19
15 OMe 0.34 40

16 Cl 0.29 37

17 COOMe 0.48 22

18 COOH 5.3 Not tested

#Values are means of duplicate experiments on two separate
weightings.

inhibition in the replicon assay (ECsy = 4 uM), despite
high levels of inhibition in enzymatic assays
(IC50 = 16 nM). Compound 19 (Fig. 3), the indole ver-
sion of amide 3.® showed a 2-fold improvement in
potency in the enzymatic assay and was 6-fold less po-
tent than carboxylic acid 4C. However, the improved
cellular permeation resulting from removal of the car-
boxylic acid charge led to a dramatic increase in cellular
potency and 19 is the most potent inhibitor of HCV
RNA replication in the cell-based replicon that has been
reported to date from this class of non-nucleoside allo-
steric NS5B inhibitors. The simple replacement of a
nitrogen by a carbon atom in compound 3 resulted
in a 22-fold improvement in cell culture activity
(ECso ~ 50 nM; the value was derived after correcting
for actual compound concentration in assay medium
as determined by HPLC analysis, due to the very poor
aqueous solubility of this compound). Efforts toward
further optimization of this series will be reported in
due course.

The synthesis of indole-6-carboxylic acid analogs is
shown in Scheme 1 for the cyclohexyl series:**!! conden-
sation of commercially available 6-indolecarboxylic acid
20 with excess cyclohexanone under basic conditions fol-
lowed by hydrogenation produced the 3-cyclohexyl acid
intermediate 21. The carboxyl function was esterified to
give indole 22, or 21 was per-methylated to N-methylin-
dole ester 23. Alternatively, ester 22 was N-methylated
to 23 in a separate step. Bromination of the 2-position
using pyridinium perbromide gave bromoindoles 24 or
25 that served as substrates for a palladium-catalyzed

S

IC5=0.1 uM

EC,=0.05 uM

Iz

OH
19

Figure 3. HCV NS5B polymerase indole-based derivative with sub-
micromolar potency in the cell-based replicon.
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Y COOH
N COOH ab q
\
21
20
y l Cc
Me H
N COOMe N COOMe
\ < \
23 e 22
Me
N COOMe N COOMe
B Br \
™\
24
25

Me

N COOH
R \ R
4-6C 4-6B

Scheme 1. Synthesis of indole 6-carboxylic acid derivatives. Reagents
and conditions: (a) cyclohexanone (3 equiv), NaOMe (6.5 equiv),
MeOH, reflux for 36h (>100%). For the 3-cyclopentyl analogs:
cyclopentanone (5 equiv slow addition), KOH (10 equiv), MeOH,
water, 75 °C, 18 h (88%). (b) 20% Pd(OH),/C, H, gas (55 {), MeOH/
THF 1:1 (100%). (c) Mel (1.1 equiv), K,COs; (1.4 equiv), DMF, rt, 18 h
(90%). (d) Mel (2.5 equiv), K,CO; (2.5 equiv), DMF, rt, 2 h; then NaH
(1.5 equiv), 0 °C to rt, 4 h. (e) NaH (1.3 equiv), Mel (1.5 equiv), DMF,
rt, 18 h (86%). (f) Bry (1.3 equiv), NaOAc (1.3 equiv), i-PrOAc, 5 °C,
30 min (76%). (g) PyrBrs (1.4 equiv), THF/CHCI; 1:1,0°C tort, 2.5h
(71%). (h) For R = 3-furyl (99%) or Ph (88%): 3-furylboronic acid or
phenylboronic acid (1.3 equiv), LiCl (2 equiv), Na,COs (2.5 equiv),
Pd(PPh;), (0.04 equiv), toluene/EtOH/water 1:1:1, reflux overnight.
For R =2-pyridyl: n-BuLi (1.3 equiv), THF, —78°C, 1.5h, then
BusSnCl (1.4 equiv) (79%) followed by: 2-bromopyridine (1.3 equiv),
PPh; (0.2 equiv), Cul (0.1 equiv), LiCl (2 equiv), Pd(PPhs), (0.05
equiv), DMF, 100 °C, overnight (71%). (i) NaOH then HCI.

ZT

COOH

z

Suzuki cross-coupling with 3-furyl and phenylboronic
acid to provide final inhibitors 4-5B and 4-5C following
saponification of the ester group. In the case of the 2-
pyridyl analog 6C, 2-bromoindole 25 was trans-metal-
lated at low temperature and the 2-lithioindole was
stannylated with chlorotributyltin to provide an acid-
sensitive 2-stannylindole intermediate. Stille coupling
with 2-bromopyridine provided the desired indole 6C
in good yield following deprotection of the ester func-
tion. For 6B, indole 22 was protected as the N-Boc
derivative and stannylated in the 2-position (LDA/n-
Bu;SnCl). Cross-coupling with 2-bromopyridine under
standard Stille conditions followed by removal of pro-
tecting groups provided inhibitor 6B. Cyclopentyl ana-
logs 8 and 9 were prepared in a similar fashion.

The synthesis of isomeric 5-carboxyindole derivatives is
depicted in Scheme 2. Reductive amination of methyl
4-amino-3-iodobenzoate 26 with cyclohexanone provid-
ed iodoaniline 27. Palladium-catalyzed cross-coupling
with 1-trimethylsilylpropyne gave 2-trimethylsilylindole
28 which was brominated to provide 2-bromoindole
29. Suzuki cross-couplings and metallation—stannylation

> 100%
27

COOMe COOMe
™Ms— c gr—
N —_—
82% N
28 O 29

COOH
rR—
N
d
O 1-3D

Scheme 2. Synthesis of indole 5-carboxylic acid derivatives. Reagents
and conditions: (a) cyclohexanone (6 equiv), MgSO, (10.5 equiv),
NaBH(OAc); (3.5 equiv), AcOH, rt overnight; (b) TMS-C=CCHj3;
(2.8 equiv), LiCl (1 equiv), KOAc (2 equiv), Pd(OAc), (0.05 equiv),
DMEF, 100 °C overnight; (¢) Bry (0.9 equiv), CH,Cl,, 0 °C, 30 min;
(d) For 6D: n-BuLi (1.05 equiv), THF, —78 °C, 45 min then B(OMe);
(1.2 equiv), =70 °C, 1 h then Pd(OAc), (0.01 equiv), P(p-tolyl); (0.06
equiv), K,CO; (2 equiv), 2-bromopyridine (1.2 equiv), MeOH, reflux,
18 h.

[ COOM
[ COOMe a ® b
O,
H2N HN 73 /O
i O

see Scheme 1 4D (93%)
—_— 5D (91%)
6D (80%)

followed by Stille couplings were employed as described
in Scheme 1 to provide the desired inhibitors 4-6D. A
similar sequence replacing cyclohexanone by cyclopen-
tanone provided inhibitor 10.

7-Azaindole analogs 4E and 5E were prepared following
the route depicted in Scheme 3: commercially available
7-azaindole was condensed with cyclohexanone and
hydrogenated as described in Scheme 1 to give 30. Oxida-
tion of the pyridine to the N-oxide directed subsequent
N-methylation to the indole nitrogen to form 31. Treat-
ment with TMSCN under basic conditions provided
nitrile 32. After conversion to ethyl ester 33 the desired
inhibitors were obtained following the usual bromina-
tion, cross-coupling, and saponification sequence.

The benzofuran 11 and benzothiophene 12 analogs were
prepared as described in Scheme 4: Friedel-Craft acyla-
tion of 3-bromophenol with acid chloride 34 derived

v 9
H Nt
H N
NN Scheme 1 NN ab - ‘
| —— ) — YA
\ A 7% 57%
7-azaindole 30 31
\ \
NN _CN N-_N._ COOEt
c
e N A | I N S Ny | > 45E
60% 63% e, then
32 33 Scheme 1

Scheme 3. Synthesis of 7-azaindoles. Reagents and conditions: Scheme
1, steps a-b. (a) MCPBA (2 equiv), DME, rt, 2 h; (b) NaH (2 equiv),
Mel (1 equiv), DMF, rt, 3 h; (c) Et;N (2.5 equiv), TMSCN (5 equiv),
MeCN, reflux 19 h; (d) EtOH, HCI gas, 15 min at rt then reflux for
1.5 h; (e) PyrHBr; (1.5 equiv), THF, 65 °C, 16 h (96%).
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HO Br

Q/COOH a COClI b
e —> 0
35

34
Me,N.__S
’ \f / c,d

) HOOC._.O Br

o) Br
\
i -
HOOC.
o) CN
i \

o) CN
i Br \
Scheme 1 12 n ?)9
COOEt/ ’
then "
Scheme 1 13

Scheme 4. Synthesis of benzofuran and benzothiophene analogs.
Reagents and conditions: (a) SOCl,, pyridine (cat.), reflux; (b) 3-
bromophenol (1 equiv), AICl; (1.5 equiv), 1,2-dichloroethane, reflux,
2 h (78%); (c) NaH (1.5 equiv), ethyl bromoacetate (1.5 equiv), DMF,
1 h; (d) NaOH, THF-water; (¢) NaOAc (2 equiv), Ac,O, reflux 5h
(80%); (f) CuCN (1.2 equiv), DMF reflux, 7h (72%, 3 steps); (g)
DABCO (2 equiv), dimethylthiocarbamyl chloride (2 equiv), DMF, rt,
3 h (100%); (h) 180-190 °C, neat, 5 h; (i) KOH, MeOH, reflux, 1.5h
(91%, 2 steps); (j) ethylbromoacetate (1.2 equiv), K,CO3 (3 equiv),
acetone, rt overnight (82%); (k) Br, (4 equiv), AcOH, rt overnight; (1)
EtOH-concd H,SO,, reflux 1-2 days (58%, 2 steps); (m) NBS (3.2
equiv), DMF, rt overnight (53%); (n) cross-coupling: see conditions in
Scheme 1; (o) concd H,SO4/AcOH/water 5:4:2, reflux 1.5 h; (p) 30%
H,0,; (6 equiv), AcOH (68%), 60 °C, 24 h.

from cyclopentanecarboxylic acid gave ketone 35.
Alkylation with bromoacetate followed by saponifica-
tion (36) and ring closure gave 6-bromobenzofuran 37
which was subjected to cyanation to provide nitrile 38.
Bromination (39) followed by Suzuki cross-coupling
with 3-furylboronic acid and hydrolysis of the nitrile
to the carboxylic acid gave analog 11. Conversion of
phenol 35 to thiol 41 was effected through a thermal
rearrangement of O,S-thiocarbamate 40. Thiol 41 was
then elaborated (42-44) to bromobenzothiophene 44
that was converted to analog 12 in the usual manner.
Benzothiophene dioxide 13 was obtained by oxidation
of intermediate 44 using H,O./AcOH,'? and further
elaboration as described in Scheme 1.

Substituted indoles 14-18 were prepared from the corre-
sponding 7-substituted-6-indolecarboxylic acids using

the protocols described in Scheme 1 or the Supplemen-
tary data section.'®'# The synthetic approaches to pyr-
role 6F and pyrrazole 6G are also provided in the
Supplementary data section.'4

In conclusion, we have shown that replacement of the
polar benzimidazole scaffold of allosteric HCV NS5B
polymerase inhibitors by a more lipophilic indole core
provides significant potency improvements in a cell-
based replicon assay of HCV RNA replication. Combi-
nation of an indole-based scaffold with a lipophilic tryp-
tophan-derived right-hand side has led to the most
potent inhibitor in cell culture reported to date in this
series.
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Abstract—Homo-cysteinyl peptides were found to be more active than cysteinyl peptides toward L1 metallo-B-lactamase as revers-
ible competitive inhibitors. A combinatorial library of more than 90 homo-cysteinyl peptides was synthesized and screened for their
inhibitory activity toward the L1 enzyme. A systematic structure—activity relationship analysis has revealed the preferred interaction

groups for L1 conserved binding sites of B-lactam substrates. The most active compound 95b, had a K; of 2.1 nM.

© 2006 Published by Elsevier Ltd.

Metallo-B-lactamases (MBLs) present a serious threat to
the clinical utility of the most common, least expensive
and highly effective B-lactam antibiotics. This is particu-
larly so in view of their ability to hydrolyze most B-lac-
tam antibiotics, especially the carbapenems that are
noted for their broad-spectrum activity and stability to
serine B-lactamases.! Mechanism based inactivators for
serine enzymes such as clavulanic acid, sulbactam, and
tazobactam are ineffective against Zn (II)-dependent
MBLs.? Presently, there is no clinically useful inhibitor
for MBLs, although several classes of experimental
MBL inhibitors have been reported. These include tri-
fluoromethyl alcohol and ketone,® hydroxamate,* phen-
azines,” thioesters,® biphenyl tetrazoles,'®!! thiols,®!?
7 cysteinyl peptides,'® cysteinyl peptide mimetics,'® 2!
2,3-disubstituted succinic acid derivatives,?? tricyclic
natural products,? sulfonyl hydrazones,?* carbapenem
derivatives,?>?® and 6-(mercaptomethyl)penicillinates.?’

A clinically useful MBL inhibitor needs to meet several
challenging requirements, including broad-spectrum
activity, a good synergistic effect with antibiotics, and
low toxicity. Although several of the reported inhibitors
showed promising properties, none of them met all the
above requirements. In order to optimize current leads
or to design an alternative class of compounds as clini-

Keywords: Metallo-B-lactamase inhibitor; L1 enzyme; Cysteinyl pep-

tide inhibitor; Homo-cysteinyl peptide inhibitor.

* Corresponding author. Tel.: +1 434 243 7741; e-mail: geysen@
virginia.edu

0960-894X/$ - see front matter © 2006 Published by Elsevier Ltd.
doi:10.1016/j.bmcl.2006.07.001

cally useful inhibitors, a full understanding of the target
enzyme structures, particularly with respect to the active
sites of MBLs, is important.

Cysteinyl peptide inhibitor 1 was reported as a reversible
competitive inhibitor for Bacillus cereus metallo-B-lacta-
mase with a K; of 3 uM.!® Cysteinyl peptide mimicking
inhibitor 2 was also found to be a competitive inhibitor
for the IMP-1 enzyme with an ICsy of 90 nM.?° The
activity for both compounds was proposed to result
from their ability to mimic antibiotic substrates such
as penicillin 3 (Fig. 1). In addition, cysteinyl peptide
mimicking inhibitor 2 was shown to bind to the IMP-1
enzyme at the conserved binding site for B-lactam

¢
LG (i

S
CF«K
SH OHO/\O SH O o0

1 2 3

Figure 1. Structures of cysteinyl peptide inhibitor (N-carbobenzoxy-p-
cysteinyl-pD-phenylalanine) 1, cysteinyl peptide mimicking inhibitor
2-[5-(1-tetrazolylmethyl) thien-3-yl]-N-[2-(mercaptomethyl)-4-(phenyl-
butyrylglycine)] 2, and antibiotic substrate penicillin 3. The bold lines
highlight the similarities between the inhibitors and the substrate, and
the stereoconfiguration that produces maximal inhibition is

included.'®!
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substrates that comprises Zn metal ions, a hydrophobic
pocket, and a conserved lysine.'®!° These inhibitors
demonstrated both broad-spectrum activity and high
selectivity for MBLs with respect to other metallo
enzymes, and are therefore candidates for further opti-
mization.?%2! Examination of these inhibitors suggested
that chemical modification at several positions was fea-
sible (Fig. 2), thereby allowing for a more systematic
probing of the active sites of MBLs.

Combinatorial chemistry has demonstrated a high effi-
ciency for synthesis of peptides or peptide mimetics on
solid phase and provides an effective way to obtain large
numbers of analogs for a given core structure. This work
describes the library synthesis of analogs based on the
structure of inhibitors 1 and 2. It focuses on the determi-
natlon of the structure act1v1ty relationship (SAR) for
the R', R?, and R? positions in the context of their puta-
tive 1nteract10n with the three conserved binding sites of
B-lactam substrate in the L1 enzyme: Zn metal ions,
hydrophobic pocket, and serine. R* was fixed as a ben-
zyl group for the purpose of this study and will be fur-
ther examined in the future. The metallo-B-lactamase
L1 used herein was isolated from Stenotrophomonas
maltophilia, a significant hospital-acquired pathogen
responsible for complications such as bacteremia, endo-

Hydrophobic pocket
Sy

~N
— R1 —

Zn 0 i
I:ys or Ser

Figure 2. Potential positions for modification. R', R% and R? interact
with the conserved B-lactam substrate binding sites including hydro-
phobic pocket, Zn metal ions, and serine in L1 or lysine in most other
MBLs.

carditis, respiratory tract infection, central nervous sys-
tem infection, and urinary tract infection.?®

Stereochemistry at the two chiral centers. For cysteinyl
peptide inhibitor 1 and cysteinyl peptide mimicking
inhibitor 2, the p,b configuration at the two chiral cen-
ters showed maximal inhibitory activity to both BCII
and IMP-1 enzymes and also the highest selectivity
against other metal enzymes.!®2° To maximize the like-
lihood of developing a broad-spectrum inhibitor, the
D,D configuration was used as the basis (where applica-
ble) for all of the compounds synthesized within this
study. Homo-cysteinyl peptides were synthesized from
commercially available racemic homo-cysteine. Thus,
all the homo-cysteinyl peptide products were tested as
the unresolved diastereomer r,p and D,D pair.

Structure—activity at the R’ position. The sulfhydryl
group from cysteinyl peptide or cysteinyl peptide mim-
icking inhibitors is suggested to interact with the pair
of Zn (II) metal ions of the active site of MBLs. As
determined from the X-ray structure of the complex be-
tween IMP-1 and the cysteinyl peptide mimicking inhib-
itor 2%, the sulfhydryl group appears to interact with
both zinc atoms as the sulfur to zinc distances found
were 2.19 A and 2.38 A, both distances comparable with
Zn—sulfur distances found in inorganic complexes.?’
Analogs with varying metal-ion coordinating groups
were synthesized and tested for their inhibitory activity
toward the L1 enzyme. Substitution of cysteine by tyro-
sine, lysine, histidine, aspartic acid, glutamic acid, ser-
ine, methionine, arginine, ornithine or homo-serine
resulted in a total loss of inhibition when tested in a pre-
liminary assay,>® whereas the homo-cysteinyl analog
gave comparable inhibition to the parent cysteinyl com-
pound (both showed better than 80% inhibition). Deter-
mination of Kjs demonstrated that the homo-cysteinyl
peptide 4 was more active than the cysteinyl peptide 5
This trend, although significantly less so, was also found
for another pair of analogs 6 and 7 (Table 1). It is fur-
ther noted that as racemic homo-cysteine was used,
the actual activity of the preferred isomer may likely
be higher.

Based on these results, homo-cysteine was selected for
the R? position in subsequent analogs, for optimization
of both the R' and R? positions.

Table 1. Homo-cysteinyl and cysteinyl peptide inhibitory activity to L1 enzyme

Compound Homo-cysteinyl peptide K; to L1 (uM) Compound Cysteinyl peptide K; to L1 (uM)
4 \©01NH H5> 0.35+0.07 5 \OOZLNH H5> 3.67£0.38
‘ COOH S o COOH
) N
6 N 5) 0.23+0.04 7 N 0.88 £ 0.09
O”"NH H O”"NH H?
N.D N.D
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Structure—activity at the R’ position. In the development
of B-lactam antibiotics, most of the structural diversity
occurs at the 6 position for penicillin derivatives and
the 7P position for cephalosporin derivatives. These
modifications probe interactions with the hydrophobic
pocket of MBLs. Considering the broad substrate pro-
files of MBLs, it was decided to explore in detail the
molecular basis for the interaction of groups at the R
position with the hydrophobic pocket. To this end, a
homo-cysteinyl- based peptide library of 85 analogs
varying at the R! position was synthesized and
tested for inhibition of the L1 enzyme. As shown in
Scheme. 1, a solid phase synthesis protocol using Wang
resin (p-benyloxybenzyl alcohol resin) and standard pep-
tide chemistry was used to produce a homo-cysteinyl
peptide library.

The synthesized compounds were tested in a L1 inhibi-
tory assay without further purification. Based on these
preliminary assay results, analogs were categorized into
several groups for activity comparison (Table 2a—c). As
seen, of the 21 dlverse analogs categorized with an ali-
phatic group at the R' position, only 2 compounds, 27
and 28, showed >80% inhibition.

Among those with an aromatic group at the R position,
structures associated with higher inhibition were: (a) in-
dole scaffold (compounds 86-90); or (b) phenyl scaffold
with meta-carboxylic acid or meta-nitro-substitution
(compounds 46-49 and 84). When compared to the
meta-carboxylic acid or meta-nitro substituted analogs,
the comparable ortho- or para-substituted compounds
showed a much lower inhibition in the preliminary assay
(compounds 29, 36, and 37).

NH(Fmoc)

S(Trt) S(Trt)
2.4 2K L2
G d QOQAO“\HOH ?
o s O
SN LS
0, ©Ho e
SH R?
A

I'>x
I
Q
z
T

Scheme 1. Reagents: (a) Fmoc-p-Phe-OH, DIC, DMAP, DCM/DMF;
(b) 20% Pip/DMF; (¢) Fmoc-p,L-Hcy(Trt)-OH, DIC, HOBt, DCM/
DMTF; (d) R'"COOH, DIC, HOBt, DCM/DMEF; (¢) 3% TFA/4% TES/
DCM; (f) 60% TFA/20% TES/DCM.

Table 2. Preliminary assay results of inhibitory activity to L1 enzyme
for all analogs at R' position

Compound R!

(2a) Aliphatic analogs
0-20% inhibition

8 <>—<>
21-40% inhibition
9 )\/"
41-60% inhibition
10
I ?{“
12 PN
13 A
14 m
16 HoN
(0]
17 HO._#
18 Hooc ™%
19 HOOCW
20 OH
HOOC
61-80% inhibition
21 Y
F
2 Eﬂw
23 E>—0
24 <:>4.
x e
26 DI
81-100% inhibition
27 \Sll/\/o

(2b) Non-hetero-aromatic analogs
41-60% inhibition

29 oN-{ Vo
30 @ﬂ“
HO
31 <:}*’
OH
32 Q

(continued on next page)
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Table 2 (continued)

Compound R! Compound R!
O HO
3 O 49 @w
o HOOC
¢ \>*> 50 HO%}«»
34
o~
o)
C s o e
% O~
61-80% inhibition O 5 Brm
36 53 O o._*
“a C
37 H < > 0 (2¢) Hetero-aromatic analogs
00C 21-40% inhibition
18 02N< }o {
HO 54 N
H
39 o] : 55 = -
7\~NH ge)
41-60% inhibition
40 Qﬂ“ N
56 _
COOH
4t 7 N=
57 N )
4 e
58 @w
o_®
43 @/ _
59 S@w
“ g
60 )\/3*'
S
& o AW
45
62 Si
81-100% inhibition A
63 @w
46
Cl 64 5®
47 @«»
O,N 65 oq/>ﬂ“
o= .
48 HN@*' 66 HD—®
A\
67 N
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Table 2 (continued)

Compound R! Compound R!
bl F \
68 - 87 m"
COOH H
H Cl N
69 N, 88 m
W, H
HN ’
70 Al 89 N
va" NoH
HO N
7 HoN~(S y 90 O\/,\}*“
N H
H
s —
HWN\« p 91 S '\]
72 o N ‘
Cl
61-80% inhibition 92 HO—

73

74

75

76

77

78

79

80

81

82

83

81-100% inhibition

84

85

86

T
Z7)
Iz
-0
\
=2

2
l/

2
‘/

m?\
(@}

e

zZ0  z
/%o

T3
T

T
o
(@]
— (@) =
N

Iz Z
o o

Compounds showing over 80% inhibition in the preli-
minary assay were considered as hits. To obtain a more
accurate SAR for the active compounds, all the hits
were further purified and a full determination of the K;
values was done?! (Table 3). When considering the in-
dole scaffold, electron-withdrawing substitution (com-
pounds 87-89) leads to an increase of inhibitory
activity and electron-donating substitution (compound
90) leads to a decrease of inhibitory activity compared
to the unsubstituted form (compound 86). Meta-carbox-
ylic acid-substituted phenyl scaffold (compounds 49 and
84) is associated with the highest inhibitory activity
amongst all the hits, which suggests that the meta-car-
boxylic acid group may have a special interaction with
the active site of L1 enzyme.

Structure—activity at the R’ position. The carboxylate
attached to the 5- or 6-membered rings of the B-lac-
tam antibiotics has been shown to participate in an
electrostatic interaction with a conserved lysine present
in most of the MBLs, L1 being an exception in that
this position in the binding site is occupied by a serine
residue. Conversion of the carboxylic acid (com-
pounds 94 and 96) to the corresponding amide (com-
pounds 93 and 95) significantly increases the
inhibitory activity toward the L1 enzyme (Table 4).
However, for MBLs with lysine in the binding site
(IMP-1 and CcrA), this substitution (acid to amide)
leads to a decrease in inhibition.

The most active compound 95 which incorporates the
optimum structures found for the R', R?, and R? posi-
tions, and tested as the unresolved L,p and D,D pair,
exhibited competitive inhibition against L1 enzyme with
a K; of approximately 6 nM (Fig. 3).

These two diastereomers, designated as 95a and 95b,
were separated by reversed-phase HPLC and when test-
ed individually were found to have K; of 0.13 £ 0.01 uM
and 0.0021 = 0.0002 uM, respectively.
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Table 3. Homo-cysteinyl library hits structure and K; value to L1

enzyme
Compound R! K;i to L1 (M)
84 W
N 0.012 +0.02
HOOC
F A\
87 \©\/N\*' 0.012%0.02
H
HO
49 @w 0.14 £ 0.01
HOOC
A\
89 N 0.15 +0.01
NoH
‘ A\
85 o 0.16 +0.02
NO,
cl \
88 \@,\}*’ 0.20 +0.03
H
51 : O%}w 0.20 £ 0.03
91 «® 0.23 +0.04
N
cl
92 Ho-¢ ) 0.26 +0.07
A\
86 N 0.29 +0.03
H
53 ‘O o_#% 0.29 + 0.02
52 Brm 0.35+0.07
o=(
48 HN@*’ 0.39 + 0.05
O,N
27 ~g~A 0.52 % 0.09
|
50 HO 0.54 +0.09
HO. \
90 @;}*’ 0.57+0.27
H
cl
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Table 4. Amide and acid inhibitory activity to L1 enzyme

Compound R! K; to L1 (uM)
HOOC. ~.
N~
93 O” NH H5> 0.026 £ 0.005
N.D
DL Y
Hs” © ONH,
HOOC .
N~
94 O "NH H? 0.12 £0.02
J)\rN D
D,D 7
Hs~ © o”oH
HOOC\E\;/OH
95 O°"NH H? 0.0058 + 0.0004
N.D

HOOC\E\;OH
96 ONH 9 0.14 +0.01
D

0.07-
= |=0nM
A |=5nM
v |=10nM

0.064
0.054
0.044
0.034

1/V (ABS ™*min)

0.024

L L L) L)
02 -0.1 -00 01 02 03 04
1781 (M)

Figure 3. Lineweaver—Burk Plot reveals competitive L1 inhibition by
compound 95.

In summary, sub-structure optimization of peptide
inhibitors of L1 enzyme demonstrated a preference
for homo-cysteine over cysteine at position R?. Substitu-
tion by other metal-ion ligands resulted in a full loss of
activity in preliminary assay, confirming the essential
requirement for the sulthydryl group for the inhibition.
In the absence of an absolute stereochemical determina-
tion at this position, by comparison with the preferred
stereochemistry of the cysteine analogs, the stereochem-
istry of the more active isomer is most likely to be in the
D form. If confirmed, this result suggests the real possi-
bility of finding a broad-spectrum inhibitor for all three
L1, IMP-1, and BCII enzymes. A detailed SAR (R') was
determined for the hydrophobic binding pocket and a
preference for the amide at the R? position is consistent
with the loss of the basic residue (lysine to serine) in the
active site of the L1 enzyme. The most active compound
95b, with a K; of 2.1 nM, is the first nanomolar inhibitor
of L1 enzyme reported to date. The extension of this
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research from L1 to other MBLs will provide more
information about the active sites of different MBLs
and will accelerate the process to find clinically useful
inhibitors.

Acknowledgments

The authors thank Professor Michael W. Crowder from
Department of Chemistry and Biochemistry, Miami
University, Ohio, USA, for providing the L1 and CcrA
enzymes and Professor James Spencer from Department
of Cellular and Molecular Medicine, University of Bris-
tol School of Medical Sciences, UK, for providing the
IMP-1 enzyme. The authors also thank Mrs. Leslie J.
Willingham for assistance with library synthesis and
Mr. Charles K. Arrington for assistance with MS and
HPLC analysis.

References and notes

1. Walsh, T. R.; Toleman, M. A.; Poirel, L.; Nordmann, P.
Clin. Microbiol. Rev. 2005, 18, 306.

2. Prosperi-Meys, C.; Llabres, G.; de Seny, D.; Paul Soto,
R.; Hernandez Valladares, M.; Laraki, N.; Frére, J.-M.;
Galleni, M. FEBS Lett. 1999, 443, 109.

3. Walter, M. W.; Felici, A.; Galleni, M.; Soto, R. P.;
Adlington, R. M.; Baldwin, J. E.; Frere, J.-M.; Gololobov,
M.; Schofield, C. J. Bioorg. Med. Chem. Lett. 1996, 6,
2455.

4. Walter, M. W.; Valladares, M. H.; Adlington, R. M.;
Amicosante, G.; Baldwin, J. E.; Frere, J.-M.; Galleni, M.;
Rossolini, G. M.; Schofield, C. J. Bioorg. Chem. 1999, 27,
35.

5. Gilpin, M. L.; Fulston, M.; Payne, D.; Cramp, R.; Hood,
L. J. Antibiot. (Tokyo) 1995, 48, 1081.

6. Payne, D. J.; Bateson, J. H.; Gasson, B. C.; Proctor, D.;
Khushi, T.; Farmer, T. H.; Tolson, D. A.; Bell, D.; Skett,
P. W.; Marshall, A. C.; Reid, R.; Ghosez, L.; Combret, Y.;
Marchand-Brynaert, J. Antimicrob. Agents Chemother.
1997, 41, 135.

7. Payne, D. J.; Bateson, J. H.; Gasson, B. C.; Khushi, T.;
Proctor, D.; Pearson, S. C.; Reid, R. FEMS Microbiol.
Lett. 1997, 157, 171.

8. Hammond, G. G.; Huber, J. L.; Greenlee, M. L.; Laub, J.
B.; Young, K.; Silver, L. L.; Balkovec, J. M.; Pryor, K. D.;
Wu, J. K.; Leiting, B.; Pompliano, D. L.; Toney, J. H.
FEMS Microbiol. Lett. 1999, 179, 289.

9. Greenlee, M. L.; Laub, J. B.; Balkovec, J. M.; Hammond,
M. L.; Hammond, G. G.; Pompliano, D. L.; Epstein-
Toney, J. H. Bioorg. Med. Chem. Lett. 1999, 9, 2549.

10. Toney, J. H.; Fitzgerald, P. M. D.; Grover-Sharma, N.;
Olson, S. H.; May, W. J.; Sundelof, J. G.; Vanderwall, D.
E.; Cleary, K. A.; Grant, S. K.; Wu, J. K.; Kozarich, J.
W.; Pompliano, D. L.; Hammond, G. G. Chem. Biol.
1998, 5, 185.

11. Toney, J. H.; Cleary, K. A.; Hammond, G. G.; Yuan, X.;
May, W. J.; Hutchins, S. M.; Ashton, W. T.; Vanderwall,
D. E. Bioorg. Med. Chem. Lett. 1999, 9, 2741.

12. Goto, M.; Takahashi, T.; Yamashita, F.; Koreeda, A.;
Mori, H.; Ohta, M.; Arakawa, Y. Biol. Pharm. Bull. 1997,
20, 1136.

13. Bounaga, S.; Laws, A. P.; Galleni, M.; Page, M. L
Biochem. J. 1998, 331, 703.

14. Yang, K. W.; Crowder, M. W. Arch. Biochem. Biophys.
1999, 368, 1.

15. Mollard, C.; Moali, C.; Papamicael, C.; Damblon, C.;
Vessilier, S.; Amicosante, G.; Schofield, C. J.; Galleni, M.;
Frére, J.-M.; Roberts, G. C. K. J. Biol. Chem. 2001, 276,
45015.

16. Siemann, S.; Clarke, A. J.; Viswanatha, T.; Dmitrienko,
G. L. Biochemistry 2003, 42, 1673.

17. Kurosaki, H.; Yasuzawa, H.; Yamaguchi, Y.; Jin, W.;
Arakawa, Y.; Goto, M. Org. Biomol. Chem. 2003, 1, 17.

18. Bounaga, S.; Galleni, M.; Laws, A. P.; Page, M. 1. Bioorg.
Med. Chem. 2001, 9, 503.

19. Concha, N. O.; Janson, C. A.; Rowling, P.; Pearson, S.;
Cheever, C. A.; Clarke, B. P.; Lewis, C.; Galleni, M.;
Frere, J.-M.; Payne, D. J.; Bateson, J. H.; Abdel-Meguid,
S. S. Biochemistry 2000, 39, 4288.

20. Payne, D. J.; Du, W.; Bateson, J. H. Exp. Opin. Invest.
Drugs 2000, 9, 247.

21. Gilpin, M. L.; Payne, D. J.; Bateson, J. H. U.S. Patent
2000, 6022, 885.

22. Toney, J. H.; Hammond, G. G.; Fitzgerald, P. M. D.;
Sharma, N.; Balkovec, J. M.; Rouen, G. P.; Olson, S. H.;
Hammond, M. L.; Greenlee, M. L.; Gao, Y. D. J. Biol.
Chem. 2001, 276, 31913.

23. Payne, D.J.; Hueso-Rodriguez, J. A.; Boyd, H.; Concha, N.
O.; Janson, C. A.; Gilpin, M.; Bateson, J. H.; Cheever, C.;
Niconovich, N. L.; Pearson, S.; Rittenhouse, S.; Tew, D.;
Diez, E.; Pérez, P.; de la Fuente, J.; Rees, M.; Rivera-
Sagredo, A. Antimicrob. Agents Chemother. 2002, 46, 1880.

24. Siemann, S.; Evanoff, D. P.; Marrone, L.; Clarke, A. J.;
Viswanatha, T.; Dmitrienko, G. 1. Antimicrob. Agents
Chemother. 2002, 46, 2450.

25. Nagano, R.; Adachi, Y.; Imamura, H.; Yamada, K.
Hashizume, T.; Morishima, H. Antimicrob. Agents Che-
mother. 1999, 43, 2497.

26. Nagano, R.; Adachi, Y.; Hashizume, T.; Morishima, H.
J. Antimicrob. Chemother. 2000, 45, 271.

27. Buynak, J. D.; Chen, H. S.; Vogeti, L.; Gadhachanda, V.
R.; Buchanan, C. A.; Palzkill, T.; Shaw, R. W.; Spencer,
J.; Walsh, T. R. Bioorg. Med. Chem. Lett. 2004, 14, 1299.

28. Denton, M.; Kerr, K. G. Clin. Microbiol. Rev. 1998, 11, 57.

29. Orpen, A. G.; Brammer, L. J. Chem. Soc., Dalton Trans.
1989, S59.

30. Preliminary assay condition: 1.35nM L1 enzyme, 50 uM
nitrocefin substrate, 200 uM inhibitor, and 50 mM MOPS
buffer, pH 7. The inhibition percentage was calculated
based on the comparison of the initial velocity and EDTA
was used as the internal control.

31. Steady-state enzyme kinetics were performed at 25 °C in
50 mM MOPS buffer, pH 7.0, in a 1 ml cuvette reaction
volume in a Lambda 20 spectrophotometer. Hydrolysis of
nitrocefin was monitored at 480 nm. L1 enzyme (final
concentration of 1.35 nM) was pre-incubated with inhib-
itors for 1 min, and then the initial velocities were
measured immediately after the addition of the substrate.
Analysis of enzyme kinetic data was carried out using
Prism 4.0 software for regression process of the data.





		Homo-cysteinyl peptide inhibitors of the L1 metallo- beta -lactamase, and SAR as determined by combinatorial library synthesis

		Acknowledgments

		References and notes






ELSEVIER

Available online at www.sciencedirect.com

‘ScienceDirect

Bioorganic &
Medicinal
Chemistry
Letters

Bioorganic & Medicinal Chemistry Letters 16 (2006) 5112-5117

Synthesis and SAR of arylaminoethyl amides as noncovalent
inhibitors of cathepsin S: P3 cyclic ethers

David C. Tully," Hong Liu, Arnab K. Chatterjee, Phil B. Alper, Robert Epple,
Jennifer A. Williams, Michael J. Roberts, David H. Woodmansee, Brian T. Masick,
Christine Tumanut, Jun Li, Glen Spraggon, Michael Hornsby, Jonathan Chang,
Tove Tuntland, Thomas Hollenbeck, Perry Gordon, Jennifer L. Harris and
Donald S. Karanewsky

Genomics Institute of the Novartis Research Foundation, 10675 John J. Hopkins Dr., San Diego, CA 92121, USA

Received 18 May 2006; revised 7 July 2006; accepted 11 July 2006
Available online 28 July 2006

Abstract—The synthesis and structure—activity relationship of a series of arylaminoethyl amide cathepsin S inhibitors are reported.
Optimization of P3 and P2 groups to improve overall physicochemical properties resulted in significant improvements in oral
bioavailability over early lead compounds. An X-ray structure of compound 37 bound to the active site of cathepsin S is also

reported.
© 2006 Elsevier Ltd. All rights reserved.

Cathepsin S (Cat S) is a cysteine protease expressed in
antigen presenting cells such as B cells, dendritic cells,
and macrophages. Cat S mediates proteolysis of the
invariant chain that is associated with the major histo-
compatibility class II (MHC-II) complex.!* This prote-
olytic event is a prerequisite to productive loading of
antigen onto the MHC-II complex, rendering cathepsin
S an attractive therapeutic target for immunosuppres-
sion. The development of selective Cat S inhibitors for
the modulation and regulation of immune hyperrespon-
siveness may provide a novel treatment for chronic con-
ditions such as asthma, allergies, myasthenia gravis, and
rheumatoid arthritis.>”’

We have recently detailed the synthesis and SAR of
arylaminoethyl amides that act as reversible, noncova-
lent inhibitors of Cat S.51° Compounds 1 and 2, while
potent and highly selective over related cathepsins K,
L, B, F, and V, exhibit poor PK properties in rats.
The lack of oral bioavailability of 1 and 2 is due in part
to low solubility but also to high clearance stemming
from poor metabolic stability of the compounds. Early

Keywords: Cathepsin S; Cysteine protease inhibitor; Noncovalent

inhibitor; Peptidomimetic; X-ray structure.
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lead optimization of this series focused on improving
the physicochemical and PK parameters, while preserv-
ing the potency and selectivity over related members of
the cathepsin family.'® In this account, we describe the
continued optimization of the P3 aryl amide subunit
and the subsequent required modifications in P1 and P2.

F5C o 0o

Cathepsin S K, =3 nM

2 - () d

Cathepsin S Kj =29 nM

Compounds 14-20 (Table 1), lacking a P1 alkyl substi-
tuent, were synthesized using the solid-phase procedure
previously described.® The 5-phenyl-2-furanoic amide
motif in P3 generally confers excellent selectivity over
cathepsins K and L (Table 1). The distal region of
the S3 subsite of Cat S is defined by a flexible Lys64
residue which can re-orient its sidechain to accommo-
date the P3 moiety of the inhibitor.®!%!! In contrast,
the analogous region of the Cat L S3 pocket is
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Table 1. Inhibition of cathepsins S, K, and L—optimization of P3*

0 H

s

, o0 9 RY
RWN%N/'\/N
/ i “OCF,4

Compound R3 R! Ki (WM)

Cat S Cat K Cat L
14 5-(3-CFsphenyl)-2-furan -H 0.011 8.58 4.97
15 5-(3-fluorophenyl)-2-furan -H 0.034 11.7 4.08
16 2-Benzofuran -H 0.017 0.150 0.045
17 2-Furan -H 0.047 8.81 1.15
18 3-Furan -H 0.006 9.34 0.914
19 (R)-2-Tetrahydrofuran -H 0.658 >30 3.12
20 3-Tetrahydrofuran -H 0.213 >30 7.94
21 (R)-2-Tetrahydrofuran -Me 0.018 4.61 0.582
22 (S)-2-Tetrahydrofuran -Me 0.053 >30 0.331
23 3-Tetrahydrofuran -Me 0.021 >30 4.79
24 (S)-Tetrahydrofuran-3-yl-oxy ~Me 0.049 >30 0.594
25 (R)-Tetrahydrofuran-3-yl-oxy -Me 0.042 >30 2.57
26 4-Tetrahydropyran -Me 0.012 14.3 0.232
27 Tetrahydropyran-4-yl-oxy -Me 0.012 133 0.075
28 1-Morpholine ~Me 0.011 1.66 0.125

#Details of the assay conditions can be found in the Supplementary data.

occupied by a comparatively less flexible Glu63, which
presumably sterically clashes with the distal phenyl ring
of the P3 moiety in compounds 1, 14, and 15.%!? Sub-
stitutions on the distal phenyl ring such as small alkyl
groups (14) and halogens (15) are generally well toler-
ated, usually preserving both the potency and selectiv-
ity. While the biaryl amide in the P3 position confers
selectivity of the compounds over Cat L, this moiety
also contributes to suboptimal physicochemical proper-
ties such as low aqueous solubility, high logP, and
high molecular weight.

The syntheses of analogs bearing a P1 alkyl substituent
are detailed in Schemes 1 and 2. Commercially available
(S)-2-amino-1-propanol 3 (or the corresponding butanol
for R! = Me) was protected as the benzyl carbamate and
then oxidized to the aldehyde 4 with Dess—Martin
periodinane. Reductive amination with the appropriate
aniline or indoline afforded 5, which was then subjected
to hydrogenolysis to provide the diamines 6a—d.

R R

K; values are means of at least three experiments.

Commercially available N-Cbz amino acids 7 were
coupled to diamines 6a-d with HATU-activation and
deprotected under catalytic hydrogenation to provide 8.
Conversion to P3 amides 9 was achieved by HATU-
mediated condensation of 8 with the appropriate
carboxylic acid, while P3 carbamates 10 were prepared
by acylation of 8 with the corresponding nitrophenylcar-
bonate. Morpholine ureas, 13, were synthesized by acyl-
ation of the commercially available amino acids with
morpholinecarbonyl chloride under Schotten—-Bauman
conditions, followed by peptide coupling with diamines
6a—d (Scheme 2).

Results from our efforts to optimize the P3 fragment of
this series are shown in Table 1. Replacement of the bia-
ryl amide with a fused bicyclic ring, such as benzofuran
16, results in a significant loss of selectivity over cathep-
sins K and L. A similar trend with this series has also
been observed with other fused heterocyclic P3 amides
such as 2-naphthyl.® When the distal aryl ring was

R' R
ab c d
i NAr
HgN/'\/OH 2 Cbz\H/H(H = Cbz\H/'\/NAr _>H2N/'\/

5 6a-d

Scheme 1. Reagents: (a) benzyl chloroformate, Et;N, CH,Cl,, 86%; (b) Dess—Martin periodinane, CH,Cl,; (c) HNAr (aniline or indoline),
NaB(CN)H;, AcOH, MeOH, 60-75% over two steps; (d) H,, Pd/C, EtOH, 90-95%.
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Scheme 2. Reagents: (a) 6a—d, HATU, DIEA, CH,Cl,, 75-87%; (b) H,, Pd/C, EtOH, 87-93%; (c) R*3COOH, HATU, DIEA, CH,Cl,, 71-84%; (d)
para-NO,PhOCO,R;, DIEA, DMF, 44-63%; (e) morpholinecarbonylchloride, NaOH, H,O, 42-67%.

removed completely as in the 2-furyl analog, 17, a
potent cathepsin S inhibitor was obtained with modest
selectivity (25%) over cathepsin L. The 3-furyl analog,
18, not only improved the potency toward Cat S
(K; = 6 nM) but also the selectivity over Cat L (150x).
We surmised that in the absence of a distal phenyl ring,
the furan oxygen may engage the positively charged
Lys64 sidechain to form a favorable electrostatic inter-
action. On the other hand, its affinity to Cat L may be
penalized by the repulsive interaction with Glu63.

Saturation of the P3 furan ring to tetrahydrofurans 19
and 20 resulted in a considerable drop-off (>10x) in
activity, presumably due to the loss of the n—m interac-
tion between the furan ring and Phe70. Since the intro-
duction of a cyclic ether was considered to have a
greater potential for further improvement in solubility,
we sought to optimize further upon this motif. We have
previously shown that the introduction of an (S)-alkyl
substituent onto the diamine section of this series as a
P1 sidechain typically leads to an increase in potency.”'°
This was again observed to be the case, as the introduc-
tion of a methyl group (19 — 21) improved the activity
by over 30-fold (K;= 18 nM), while affording modest
selectivity over cathepsin L. In comparing the absolute
configurations in P3, the (R)-2-tetrahydrofuran diaste-
reomer 21 was determined to be preferred over the
(S)-diastereomer (22) by a factor of three. Tetrahydrofu-
ran 23 was equipotent with 21 and gave a significant
improvement in selectivity over both cathepsins K and
L. With the improvements in solubility and metabolic
stability over P3 aryl amides such as 1, the PK parame-
ters of tetrahydrofuranyl amides 21 and 23 were profiled
in male Wistar rats (Table 3). Both compounds gave sig-
nificant improvements in oral exposures over 1 and
related compounds, and had oral bioavailabilites of
36% and 19%, respectively. When dosed intravenously,
both compounds exhibited moderate clearance rates
and terminal half-lives.

Continued investigation led to carbamates 24 and 25,
which were equipotent with respect to cathepsin S,
with the R-isomer exhibiting a better selectivity profile

(Table 1). The increased ring size of tetrahydropyran
26 resulted in a more potent cathepsin S inhibitor
(K;=12nM) with modest (~20x) selectivity over
cathepsin L. The tetrahydropyranyl analog, 27, and
the morpholine analog, 28, each provided equally potent
cathepsin S inhibitors with solid selectivity over Cat K,
but narrowing windows of selectivity over Cat L.

Six-membered rings such as pyran or morpholine in the
P3 position of this series appeared to be the most
beneficial for improving the in vitro potency. We there-
fore opted to fix this position as the morpholine urea,
represented by 28, and investigated the SAR of the P2
substituent in an effort to improve selectivity. Several
analogs with different P2 and P1 substituents are listed
in Table 2. When the P1 alkyl group was increased to
ethyl (29) or 2-methanesulfonyl-ethyl (30), a consider-
able boost in inhibitory activity toward both Cat K
and Cat L resulted, significantly reducing the selectivity.
Alternatively, when the P1 alkyl group was removed
entirely (31) the activity dropped off proportionally
across each enzyme tested. Interestingly, while cathep-
sin S generally tolerates both aliphatic and aromatic
hydrophobic groups in the S2 binding pocket, the
benzyl analog, 32, was not particularly active
(K;=11.4 uM) when combined with morpholine in
P3. This is in contrast to previous SAR from this series
in which substituted phenylalanines in P2 in combina-
tion with a benzamide P3 gave potent Cat S inhibi-
tors.® The tert-butyl alanine P2 was tolerated by Cat
S (33 and 34); however, the selectivity over Cat K
was only marginal. Cyclopentyl alanine 35 was four
times less potent than cyclohexyl alanine 28; however,
its selectivity over Cat L was significantly improved
(>50x). Compound 36, derived from benzylcysteine,
was equipotent to 28 and had an improved selectivity
profile. The potent sulfone analog 37 (K;=32nM)
was completely inactive against cathepsins K, L, B,
F, H, V, and X in the concentration ranges tested
(>30 uM). Unfortunately, compared to amides 21 and
23, urea 37 had only modest oral bioavailability
(F = 16%) despite improved in vitro metabolic stability
and solubility at pH 6.8 (Table 3).
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Table 2. Inhibition of cathepsins S, K, and L—optimization of P2*

Yy

o R
LN NI A A
\n/ Fiiz H

0
Compound R? R! NAr® K; (M)
Cat S Cat K Cat L
28 Cyclohexylmethyl -Me a 0.011 1.66 0.125
29 Cyclohexylmethyl -Et a 0.011 0.130 0.006
30 Cyclohexylmethyl —CH,CH,SO,Me a 0.005 0.139 0.004
31 Cyclohexylmethyl -H a 0.099 18.8 2.11
32 PhCH,- -H a 11.4 >100 >100
33 tert-Butylmethyl -H a 0.220 1.33 >30
34 tert-Butylmethyl —Me a 0.093 0.461 14.6
35 Cyclopentylmethyl -Me a 0.049 1.54 2.59
36 PhCH,SCH,— -Me a 0.012 2.48 1.18
37 PhCH,SO,CH,- ~Me a 0.032 >100 >30
38 Cyclohexylmethyl -Me b 0.087 5.13 0.512
39 Cyclohexylmethyl -Me c 0.111 13.1 1.06
40 Cyclohexylmethyl —Me d 0.011 16.9 0.810
4 Details of the assay conditions can be found in the Supplementary data. K; values are means of at least three experiments.
®Structures of N-aryl moieties a—d are shown in Scheme 1.
Table 3. Pharmacokinetics of selected analogs®
Compound clogP In vitro Single iv dose (3 mg/kg) Single po dose (10 mg/kg)
Sol. pH =6.8 RLM 1372 Cl Vs AUC Cax t F
(mg/mL) (% remaining) (min) (mL/ min/kg) (L/kg) (min pg/mL) (nM) (min) (%)
1 7.2 <0.001 12 — — — 3 19 146 —
2 5.8 0.010 4 288 11 1.63 0.9 12 318 <l
21 5.3 0.025 66 66 35 1.78 105 1237 58 36
23 5.0 0.030 56 108 39 2.48 49 491 90 19
37 3.2 0.043 100 49 39 0.87 42 639 66 16
40 6.3 0.010 <1 43 52 1.76 8 118 51 4

% Pharmacokinetic data in male Wistar rats, where values are means of three individual experiments.

We have previously shown that the aniline moiety can
be replaced by 5-fluoroindoline and derivatives thereof
without significant loss in activity in the context of ana-
logs bearing benzamide® or heteroaryl!® P3 units. In
combination with the morpholine P3 group, however,
replacement of the aniline with 5-fluoroindoline (38) or
5-fluoro-2,2-dimethylindoline (39) resulted in nearly an
order of magnitude loss in activity. The 5-fluoro-3,3-
dimethylindoline (40) did however retain potency to-
ward Cat S, as well as improve the selectivity over Cat
L. Despite the favorable shift in the biochemical selectiv-
ity profile, substitution of the aniline P1’ moiety had a
deleterious effect on the PK parameters as demonstrated
by 40, which had low oral bioavailability and high clear-
ance, likely due to enhanced first-pass metabolism, as
suggested by poor in vitro metabolic stability.

We previously reported an X-ray structure of cathepsin
S produced by soaking compound 2 with crystals of Cat
S.'0 This structure clearly showed the P1, P2, and P3
subsites of compound 2 bound to the active site of Cat
S, but the P1’ aniline group was disordered. An X-ray
structure of Cat S with compound 37 was produced by
soaking in the same manner, but yet again we were

unable to resolve electron density for the P1’ aniline
moiety.'? To further investigate this phenomenon and
to determine whether the prime-side aniline moiety
could be resolved, we endeavored to grow co-crystals
of Cat S in the presence of 37. Out of a broad screen
consisting of 480 different buffer conditions, co-crystals
of cathepsin S and 37 grew in a well containing 0.2M
Zn(OAc),."? The X-ray co-crystal structure was solved,
and the crystals diffracted to 1.8 A resolution and be-
longed to space group R3. This co-crystal structure
clearly shows 37 bound to the active site of the enzyme
(Fig. 1). Clear electron density for all atoms in the inhib-
itor was evident for both molecules in the asymmetric
unit. It is apparent from this structure that Zn>" has
co-crystallized with the inhibitor and protein. The
bound Zn®" is tetrahedrally coordinated via the thiol
group of the catalytic cysteine (Cys25), the imidazole
sidechain of Hisl64, the aniline nitrogen of 37, and a
chloride ion. It is unclear whether this interaction be-
tween the Cys25 thiolate, zinc dication, and the aniline
is necessary for the formation of a stable co-crystal com-
plex, or whether it is merely an artifact of the co-crystal-
lization conditions with the inhibitor in the presence of a
high concentration of Zn**. We have further verified
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His164

._wnms ‘

Figure 1. Crystal structure of cathepsin S at 1.8 A co-crystallized with
compound 37 (RCSB PDB ID: 2HHS5). Protein carbon atoms are
colored yellow whilst those of the inhibitor are green, oxygens are red,
nitrogens blue, sulfurs orange, and fluorine violet. The Zn>* ion is
colored bronze whilst the chloride anion is colored green. Hydrogen
bonds are indicated by dashed black and white lines. Figure generated
using Pymol (http://www.pymol.org).

that Zn>" is not required for in vitro inhibition of Cat S
in our biochemical assays.'* This was accomplished by
adding 2 uM ZnCl, to the assay buffer in the presence
of and in the absence of 1 mM EDTA. In each case,
the measured Kjs were unchanged relative to the stan-
dard assay buffer conditions.

There are a number of similarities between this structure
and the previously reported X-ray structures of inhibi-
tors bearing covalent warheads bound to cathepsin
S, 11516 particularly in the S3 and S2 subsites. The P3
morpholine urea assumes a chair conformation and
occupies the S3 pocket which is well defined by the back-
bone of Gly69 and the sidechains of Phe70 and Lys64.
The sidechain ammonium group of Lys64 makes a
favorable electrostatic interaction with the morpholine
oxygen in each case. In the present structure, the ammo-
nium nitrogen atom of Lys64 is 2.9 A from the morpho-
line oxygen, which is close enough to establish a direct
hydrogen-bond. However due to the inherent flexibility
of this sidechain, this is more likely simply a favorable
electrostatic interaction. The S2 pocket of Cat S is a
deep hydrophobic cleft defined by the sidechains of
Phe70, Met71, Vall62, and Phe2l11. The large benzyl-
sulfone P2 moiety is easily accommodated by the con-
formational switching of the flexible Phe211, which
can adopt an open conformation to make room for
inhibitors with larger P2 groups.!! The aniline moiety
clearly occupies the proximal S1’ subsite lined by key
residues Alal40, Argl4l, and Asnl63. The indole ring
of Trpl86 is situated at the base of the S1’ pocket,
and it stacks edge-on with the aniline group of the inhib-
itor. This P1’ aniline moiety essentially occupies the
analogous region of space as does the phenyl sulfone
moiety of the irreversible inhibitor LHVS in the co-crys-
tal structure reported by Pauly et al.'!

This report summarizes the SAR of a potent series of
noncovalent cathepsin S inhibitors and highlights
changes leading to improvements in oral bioavailability.
The hydrophobic biaryl amide P3 substituent of 1, an
early lead compound, was replaced by aliphatic cyclic
ethers, resulting in compounds with improved physico-
chemical properties and in vitro rodent microsomal sta-
bility. This led to major improvements in PK with
analogs such as 21 being 36% orally bioavailable in rats.
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Abstract—The design of a novel series of cyclin-dependent kinase (CDK) inhibitors containing a macrocyclic quinoxaline-2-one is
reported. Structure-based drug design and optimization from the starting point of diarylurea 2, which we previously reported as a
moderate CDK1,2,4,6 inhibitor [J. Biol. Chem. 2001, 276, 27548], led to the discovery of potent CDK1,2,4,6 inhibitor that were

suitable for iv administration for in vivo study.
© 2006 Elsevier Ltd. All rights reserved.

The cyclin-dependent kinase (CDK) protein family
plays key roles in cell-cycle regulation in eukaryotic
cells.? Orderly cell-cycle progression requires CDK
activation, which is mainly controlled by expression of
their activator subunit, cyclin. CDK1 (CDC2) com-
plexed with cyclin B is key in G2/M phase progression.
CDK4 and CDK6 complexed with cyclin D, and CDK2
complexed with cyclin E or A, sequentially phosphory-
late retinoblastoma protein to facilitate G1/S progres-
sion. Retinoblastoma protein is a negative regulator of
transcription factor E2F; when hyperphosphorylated,
it releases E2F, which activates the transcription of
genes whose products are critical for cell-cycle progres-
sion. Deregulation of the cell cycle is a hallmark of
cancer;® indeed, genetic or epigenetic changes that lead
to cyclin overexpression, or the absence or reduction
of CDK-inhibitor proteins are commonly observed in
human cancers. Consequently, CDK1,2,4, and 6 are
attractive targets for new anticancer drugs. Recently
the clinical progress of CDK1,2,4, and 6 inhibitors has
been reviewed.*

We previously reported the diarylurea class of com-
pounds, represented by compound 1 (Table 1), to be
novel selective CDK4 inhibitors.>® The pharmacologi-

Keywords: CDK inhibitor; CDK1; CDK2; CDK4; CDK6; X-ray;

CDK4 mimic CDK4; E2F.

* Corresponding author. Tel.: +81 29 877 2222; fax: +81 29 877
2029; e-mail: nobuhiko_kawanishi@merck.com

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

doi:10.1016/j.bmcl.2006.07.026

cal profile and value in cancer therapy of a
CDK1,2,4,6 inhibitor are expected to be different from
those of the CDXK4-selective inhibitors; a potent
CDK1,2,4,6 inhibitor with minimum off-target activity
is desired. In the course of our structure—activity rela-
tionship study of the diarylurea class of compounds,
we found that compound 2, which lacks side chains on
the pyridine ring, inhibited CDK1,2,4, and 6 to a similar
degree (Table 1).>-°® We took compound 2 as the starting
point for the structure-based drug design of a potent
CDK1,2,4,6 inhibitor.”-8

The X-ray crystal structure of the CDK4 mimic CDK?2
bound with compound 2 (Fig. 1) revealed that the urea
hydrogen and carbonyl group formed hydrogen bonds
with Val83 in the ATP-binding hinge region of the pro-
tein; compound 2 was coplanar with an intramolecular
hydrogen bond between pyridine and the urea hydro-
gen, as shown in Table 1. Compound 2 was insuffi-
ciently potent so we hypothesized that conversion of
the linear system to a ring to force coplanarity would
improve potency.

The cyclic compounds that we synthesized were
designed to form hydrogen bonds with Val83; their
structures are shown in Table 2. Compound 3, which
had a cyclic urea structure, had no activity against
CDK4; steric hindrance might make coplanarity difficult
(Fig. 2). In contrast, the quinoxaline-2-one compound
(4) could take a coplanar conformation and fit, like
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Table 1. ICs, values of compounds 1 and 2 against members of the CDK family (enzyme assay)

Compound ICsp (nM)
CDK1 CDK2 CDK4 CDK6
1 1800 440 2.3 ND?*
2 _H. 122 80 42 71
N N‘ N
O)\N 7
H
4ND, not determined.
(0]
| " - N
/ 1
1 Leul34 kY /Y H H
1 = X N
= - 0
D) X
o A 0" "N o~ N
Y p H
V ip, ” 2 3 4

. y = o /"
dhes0 — 4 )
5 . ] /|83
o jal 18
’,n/ s - el

Figure 1. X-ray crystal structure of 2 in the ATP-binding site of CDK4
mimic CDK2."

Table 2. Structures and ICs, values of compounds 2-4 against CDK4

Q N
R1
Compound R! 1Cs5o (nM)
2 \ 42
o)\” /
/\N
3 5 m >10,000
H

AN

4 Ij@ 480
o0” "N
H

compound 2, in the ATP-binding pocket of CDK4; its
CDK4-inhibitory activity was moderate.

We tried to improve the potency further by optimizing
the isoindol-1-one moiety within the new quinoxalin-

Figure 2. Structures of compounds 2-4 showing 3’s steric hindrance.

2-one template to provide a more favorable coplanar
conformation in compounds 5 and 6. As expected, they
were better inhibitors of CDK4 (Table 3); compound 6
in particular showed high activity. The activities of com-
pounds 4-6 correlate with their dihedral angles, which
were optimized by a Gaussian method (HF/6-31G).!°

Although the CDK-inhibitory activity of compound 6
was potent in the enzyme assay, its cellular potency
was less good (ICsy =310 nM; E2F assay).!! We used

Table 3. ICsy values of compounds 4-6 against CDK4 and the
dihedral angles between quinoxaline-2-one and benzoisothiazol-1-one

RZ__N
ID

o0° >N
H

Compound R? 1Cso (nM) Dihedral angle®
(0]
N
4 480 384
“s
e
5 (X = CH,) N‘x 170 347
#s
6(X=Y9) 6.0 1.5

2 Data optimized by a Gaussian method (HF/6-31G).!°
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chains of 4-6 carbon atoms to link the quinoxaline-2-one
and the benzoisothiazol-1-one as shown in Table 4;
these linkers fixed the dihedral angle and filled the void
space around the ribose site of the ATP-binding pocket.
CDK4-inhibitory activities were measured for com-
pounds 7-9 (Table 4); compound 8, which has a 5-car-
bon linker, showed the best activity in both assays.

We further optimized compound 8 by inserting amines
into the linker. Table 5 summarizes the results: com-
pound 11, which has N-methylamino functionality,
showed little discrepancy between the two assays.
However, it was insufficiently soluble in water for iv dos-
ing so we went on to design more hydrophilic com-
pounds such as 12. Although its cellular activity was a
little decreased compared with compound 11, its solubil-
ity in aqueous saline solution was much improved
(Table 6). This result encouraged us to further optimize
the linker, and cellular potency was improved by the
introduction of a pyrrolidine ring (compound 13, Table
7). 3-D molecular modeling of compound 13 in the

Table 4. 1Cs, values of compounds 6-9 against CDK4 as measured by
the enzyme and the cellular assay'!

Compound 1C5o (nM)
CDK4 E2F
6 6.0 310
7 (n=4) o (cHn 160 ND
S \
0
8(n=>5) N l 3.6 30
07 N
9 (n=6) H 1 >100

#ND, not determined.

Table 5. 1Csy values of compounds 8, 10 and 11 against CDK4 as
measured by the enzyme and the cellular assay'!

Compound X ICs (nM)
CDK4 E2F
8 CH, 3.6 30
10 NH 6.0 600
11 NMe 11 13

Table 6. 1Cs, values of compounds 11 and 12 against CDK4 and the
solubility of their hydrochloride salts in saline

o} N/ \ HCI

X / )
o
O~ N
H

Compound X 1Cso (nM) Solubility (png/ml)
CDK4 E2F in saline

11 S 11 13 20

12 NH 13 77 990

Table 7. 1Cs, values of compounds 12-14 as measured by the enzyme
and the cellular assay!’
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CDK4 E2F
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ATP-binding pocket of the CDK4 mimic CDK2 sug-
gested that incorporation of a methyl group on the pyr-
rolidine ring would improve binding affinity to CDK4
by means of additional lipophilic interactions with
Alal44, Leul34, and Asnl32. Indeed, compound 14
was highly inhibitory against CDK4 in both the enzyme
and the cell-based assay. As shown in Figure 3, the
X-ray structure of compound 14 co-crystallized with

Yal83 'a{

N i

Figure 3. X-ray crystal structure of the CDK inhibitor 14 in the ATP-
binding site of CDK2.'?
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the CDK4 mimic CDK2 shows its coplanar structure; it
forms hydrogen bonds with Val83 like those of the lead
compound 2; there are additional hydrogen bonds with
Lys33 in the salt-bridge region and hydrophobic interac-
tions with Alal44, Leul34, and Asn132.12

Compound 14 was synthesized as shown in Scheme 1.
Deprotonation of the fluorine-adjacent position of 1-flu-
oro-2-iodobenzene, 15, with LDA, followed by carbon
dioxide trapping and then esterification of the carboxylic
acid, led to methyl 2-fluoro-3-iodobenzoate. Iodine-
magnesium exchange of methyl 2-fluoro-3-iodobenzoate
according to Knochel’s procedure!® followed by
reaction with chloroglyoxylic acid ethyl ester gave
ketoester 16. Compound 16 was coupled with 3-[(zert-
butyldimethylsilyl)oxy]benzene-1,2-diamine!'* to yield
quinoxaline-2-one, 17. Activation of the 2-position of
quinoxaline-2-one 17 via the corresponding 2-chloroqui-
noxaline using SOCI, was followed by replacement of the
TBS group by a MOM group with TBAF to yield
compound 18. The addition of sodium methoxide at
the 2-position of 2-chloroquinoxaline followed by
hydrolysis with NaOH gave compound 19. Allyl 2-[2-
(tert-butyldimethylsilyloxy)ethyllhydrazinecarboxlate®
was condensed with compound 19 to yield compound
20. Deprotection of the Alloc group of compound 20

pyrrolidin-3-o0l® to yield compound 22. The mesylation
of compound 22 followed by deprotection of the MOM
group with TFA at room temperature led to compound
23. Macrocyclization of compound 23 under basic con-
ditions followed by deprotection of the methyl group
with TFA under reflux afforded compound 14.'3

The kinase-selectivity profile of compound 14 indicates
that it has potent inhibitory activity against
CDK1,2,4,6 as shown in Table 8 and is highly selective
for the CDK family (ICso> 1000 nM against 62 off-
target kinases;'®) it showed potent inhibitory activity
against GSK3p (ICsy value = 13 nM). Compound 14 is
available for iv administration and showed potent
CDK-inhibitory activity in a preclinical animal model.
Its biological profile will be reported separately.

In conclusion, structure-based drug design starting from
the diarylurea scaffold of lead compound 2 led to the
discovery of compound 14, a potent CDK1,2,4,6
inhibitor that has a novel macrocyclic structure and
low off-target activity.

Table 8. ICs, values of compound 14 against members of the CDK
family

in the presence of a palladium catalyst. followe@_ by Compound ICs (nM)
cyclization to indazol-3-one under basic conditions CDK1 CDK2 CDKA CDK6
gave compound 21. Alcohol of compound 21 was
mesylated and then aminated with (3R,5R)-5-methyl- 14 1.0 3.4 6.4 12
CO,Me CO,Me
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Scheme 1. Reagents: (a) LDA, CO, gas, THF; (b) concd H,SO,;, MeOH; (c) i-PrMgCl, chloroglyoxylic acid ethyl ester, THF; (d) 3-[(tert-
butyldimethylsilyl)oxy]benzene-1,2—diamine,14 AcOH, toluene; (e) SOCl,, DMF; (f) MOMCI, TBAF, THF; (g) NaH, MeOH; (h) NaOH, THF,
MeOH, H,0; (i) allyl 2-[2-(terz-butyldimethylsilyloxy)ethyllhydrazinecarboxylate,* DMC, Et;N, CHCls; (j) Pd(PPhs),, HCO,H, Et,NH, THF; (k)
N, N-diisopropylethylamine, DMF; (I) MsCl, N,N-diisopropylethylamine, CHCls, (3R,5R)-5-methylpyrrolidin-3-ol;® (m) MsCl, N,N-diisopropyl-

ethylamine, CHCl3; (n) TFA, H,O; (o) K,CO3;, DMF; (p) TFA, H,O0.
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Compound 14 was tested against a wider panel of kinases.
Notably, it had ICsy > 1 uM against Abl, Arg, Aurora-A,
Axl, Blk, Bmx, CaMKIV, Chkl, Chk2, ¢c-RAF, CSK,
ERK1, ERK2, KDR, Flt-1, FGFR1, FGFR2, FGFR3,
IGF-1R, IKKa, IKKp, INKlal, INK242, JNK3, Lyn,
MAPKI, MAPK2, MAPKAP-K2, MEKI, MKK4,
MKK6, MKK78, p70S6K, PAK2, PDGFRa, PDGFR,
PDK 1, PKA, PKBo, PKBB, PKy, PKCa, PKCBII, PKCy,
PKCo, PKCe, PKCn, PKCi, PKCp, PKD2, PRAK,
PRK2, ROCK-II, Rsk2, SAPK2a, SAPK2b, SAPK3,
SAPK4, SGK, Syk, Tie-2 and ZAP-70.

Sawada, N.;
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Abstract—The synthesis and spectroscopic investigation of DNA hybrids containing non-nucleosidic pyrene and phenanthrene
building blocks is reported. It was found that interstrand-stacking of the polyaromatic compounds in the DNA duplex takes place

with a high degree of selectivity.
© 2006 Elsevier Ltd. All rights reserved.

Nucleic acids and related kinds of oligomers are of
importance as nanometer-sized, functional matter.!™3
The well-defined arrangement of their building blocks
allows the construction of large assemblies in a predict-
able manner.*”’ Not surprisingly, the use of nucleic acids
as frameworks for the construction of molecular archi-
tectures is arising as a focus of interest in nanotechnol-
ogy."%9 Furthermore, the combination of nucleotides
with non-natural building blocks.!?"!® greatly enhances
the variety of possible structures as well as their poten-
tial applications. We recently reported the synthesis of
non-nucleosidic, polyaromatic building blocks and their
incorporation into double stranded DNA.!' These
building blocks serve as surrogates for the natural build-
ing blocks without destabilizing the DNA duplex nor
altering its overall B-type structure. Spectroscopic inves-
tigations support a duplex, in which the polyaromatic
residues are arranged in an interstrand-stacked fash-
ion.?23 In particular, it was shown that interstrand-
stacked pyrenes give rise to excimer formation.?*
Hybridisation-induced excimer formation is well docu-
mented.”> 4% Due to the large bathochromic shift of
the excimer fluorescence—up to 100 nm compared to
the fluorescence of the monomer—such systems are of
interest for applications in materials research as well
as in genetic diagnostics. The combination of structural-
ly related but electronically disparate non-nucleosidic,
polyaromatic building blocks, such as the phenanthrene
P and the pyrene S (see Table 1), opens the possibility of
assembling different types of hybrids with diverse spec-

Keywords: Oligonucleotide; Mimic; Excimer; Stacking; Exciplex.
* Corresponding author. Tel.: +4131 631 4382; fax: +41 31 631
8057.; e-mail: robert.haener@ioc.unibe.ch

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

doi:10.1016/j.bmcl.2006.07.039

troscopic properties. Thus, the combination of two sin-
gle strands, each possessing one phenanthrene and one
pyrene building block, may lead to either of the two po-
tential duplex forms illustrated in Scheme 1. Of the pos-
sible conformations, only the one having the two
pyrenes in adjacent positions (shown on the right) will
give rise to an excimer. Thus, the spectroscopic proper-
ties of the two types of hybrids will be entirely different
and should allow a structural assignment of the formed
hybrid. Here, we report the synthesis and structural
investigation of DNA hybrids containing unequal non-
nucleosidic, polyaromatic building blocks.

The oligomers 1-6 used in this study are shown in
Table 1. Synthesis and incorporation of the building
blocks into the respective oligomers followed the previ-
ously described procedures.?>*’” Each of the oligomers
3-6 contains a unequal pair of modified building blocks
(S and P) in the middle of the sequence. The control
duplex, which is formed by the complementary oligode-
oxynucleotides 1 and 2, has two AT-base pairs in place
of the modified building blocks.

To establish the relative arrangement of the phenan-
threne and pyrene moieties within the hybrids, the fluo-
rescence spectra of the single and double strands were
recorded. As displayed in Figure 1, both hybrids 3+%4
and 5%6 show a strong band with a maximum intensity
at 500 nm, which is characteristic for pyrene excimer
emission. The same band is absent in the fluorescence
spectra of the single strands. The single strands give rise
to weak monomer (<400nm) as well as exciplex
(435 nm) fluorescence. The latter band can be attributed
to either the formation of a pyrene—phenanthrene or to a
pyrene nucleobase exciplex. Exciplex formation between
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Table 1. Melting temperatures of hybrids containing pyrene and phenanthrene building blocks
iaas pRase
HN NH HN NH
ﬁ/—/ o) o \—\j
o) o]
PP .
Oligomer Hybrid T (°C)?
Absorbance 260 nm"® Emission 400 nm®¢ Emission 500 nm®®
1 (5') AGC TCG GTC ATC GAG AGT GCA 69.0 — —
2 (3’) TCG AGC CAG TAG CTC TCA CGT
3 (5') AGC TCG GTC SPC GAG AGT GCA 68.7 68.0 66.8
4 (3’) TCG AGC CAG PSG CTC TCA CGT
5 (5') AGC TCG GTC PSC GAG AGT GCA 66.9 66.7 66.0
6 (3’) TCG AGC CAG SPG CTC TCA CGT

# Conditions: oligomer concentration 1.0 uM, 10 mM Tris—=HCI, 100 mM NaCl, pH 7.4; temperature gradient: 0.5 °C/min.
® Melting temperatures were determined from the maximum of the first derivative of the melting curve (4,50 or fluorescence intensity against

temperature); experimental error: £0.5 °C.

¢ Excitation wavelength, 350 nm; excitation slit, 5 nm; emission slit, 10 nm.

3

|
3

Scheme 1. Possible interstrand-stacking arrangements of unequal pairs of phenanthrene (P) and pyrene (S) building blocks.

pyrene and nucleobases, in particular guanine, has been
described.*®*° However, the exciplex band in single
strand 5—in which guanine is not a nearest neighbour
to pyrene—is stronger than in single strand 6. Therefore,
the 435 nm band is most likely due to a pyrene—phenan-
threne exciplex. In the spectra of the hybrids, however,
bands corresponding to monomer or exciplex fluores-
cence are almost entirely absent. Of the two possibilities
shown in Scheme 1, hybridisation takes place, thus, in
the way shown on the right generating the pyrene exci-
mer.>® A model of the duplex is shown in Figure 2.

The relative duplex stabilities were next assessed in ther-
mal denaturation experiments by monitoring the absor-
bance at 260 nm. As presented in Table 1, all three
hybrids have very similar melting temperatures (7).
The duplex 3+4 has a T,, of 68.7 °C, almost identical
to the one of the parent duplex (69 °C). The T, of the
hybrid 5%6 is approximately 2 °C lower. Thus, the
non-nucleosidic phenanthrene and pyrene building
blocks have no or only a small negative effect on the
structural stability of the duplex. This is in agreement

with our previous findings, in which non-nucleosidic
building blocks of this type were shown to be well toler-
ated in a B-type duplex.?’-3

The formation of the pyrene excimer upon annealing
of the strands allows the observation of the hybridisa-
tion process also by monitoring the respective fluores-
cence signals. The thermal denaturation curves
obtained with hybrid 5%6 are displayed in Figure 3.
Fluorescence was measured at 500 nm (excimer) and
at 400 nm (monomer). While, as expected, the signal
intensity of the excimer decreases with increasing tem-
perature, the monomer fluorescence increases simulta-
neously. The Ty, values derived from the curves are in
excellent agreement with the ones obtained from the
absorbance at 260 nm, differing by less than 2°C
(see Table 1). This demonstrates that the pyrene exci-
mer formation is a temperature- and thus hybridisa-
tion-dependent process thereby confirming that the
interstrand-stacking interaction of the modified build-
ing blocks is an integral part of the hybridisation
process.
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Figure 1. Fluorescence spectra of pyrene- and phenanthrene-contain-
ing oligonucleotides: duplex 3*4 (A); duplex 5+6 (®); single strands 5
(O) and 6 (A); spectra of the single strands 3 and 4 are omitted for
clarity. Conditions: 1.0 mM oligomer concentration, 10 mM Tris—HCI,
100 mM NaCl, pH 7.4, room temperature. Excitation wavelength:
354 nm; excitation slit: 5 nm; emission slit: 7 nm.

Figure 2. Amber-minimized®! model duplex 5+6 giving rise to forma-
tion of a pyrene excimer. Pyrene building blocks are shown in green,
phenanthrenes in red.

The data described above show that non-nucleosidic
pyrene and phenanthrene building blocks interact in a
highly selective way. The interaction between the poly-
aromatic compounds, which involves interstrand-stack-
ing, leads to pyrene—pyrene and not to phenanthrene—
phenanthrene contacts. The spectroscopic properties of
the formed hybrids are largely controlled by the relative

80
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°
- °o©°
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Figure 3. Thermal denaturation curves of duplex 5%6 recorded by
monitoring the excimer (500 nm; filled circles) and monomer (400 nm;
open circles) fluorescence. Excitation wavelength: 354 nm; excitation
slit: 5 nm; emission slit: 7 nm. Oligomer concentration 1.0 pM, 10 mM
Tris—HCI, 100 mM NacCl, pH 7.4; temperature gradient: 0.5 °C/min.

arrangement of the modified building blocks. Oligonu-
cleotides containing such building blocks may, thus, find
applications in the construction of fluorescent nano-
materials or as probes for diagnostic purposes.

In conclusion, we have synthesised and investigated
DNA mimics containing unequal pairs of non-nucleosi-
dic, interstrand-stacking phenanthrene and pyrene
building blocks. Spectroscopic investigation of the
hybrids formed by the modified oligomers reveals that
the interstrand-stacking interactions are taking place in
a selective way, leading to formation of pyrene—pyrene
rather than phenanthrene—phenanthrene interactions.
The findings are important for the design of DNA mim-
ics composed of interstrand-stacking building blocks
possessing interesting spectroscopic and physicochemi-
cal properties.
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Abstract—Under appropriate electronic modulation, simple diazofluorene analogs recapitulate the DNA cleavage activity of
kinamycin D under thiol-based reducing conditions. Achieving DNA cleavage under these reducing conditions is key to anticancer
activity, as the most active compound, 1-methoxydiazofluorene, inhibits the proliferation of HeLa cells.

© 2006 Elsevier Ltd. All rights reserved.

The kinamycins are a family of microbial metabolites
that are characterized by an uncommon diazo-
benzo[b]fluorene skeleton.!-? In addition to their atypical
architecture, they have been reported to possess both
antitumor and antibiotic activities.>* Interest in this
class of natural products has been further enhanced by
the recent disclosure of lomaiviticin A by researchers
at Wyeth-Ayerst.> Lomaiviticin A is a glycosylated
homodimeric diazobenzo[b]fluorene that was reported
to possess potent anticancer activity against a wide
range of cancer types (0.01-98 ng/mL), as well as activ-
ity against Gram-positive bacteria.’> Lomaiviticin A was
reported to cleave DNA under reducing conditions, and
its cytotoxicity profile in the 24-cancer cell line panel was
unique when compared to known DNA damaging
agents (adriamycin and mitomycin C)° (Fig. 1).

We were attracted to this class of natural products
because of its ability to mediate DNA cleavage under
reducing conditions. Given this biological activity, and
that reducing conditions are prevalent in intracellular
space, there is potential to harness synthetic diazo com-
pounds that cleave DNA under reducing conditions as
cancer chemotherapeutics. There have been a number
of reports that document the DNA cleavage activity of
synthetic, diazo-based compounds;®'° however, none
of these compounds have recapitulated the DNA cleav-

Keywords: Kinamycins; Lomaiviticins; DNA cleavage; Diazofluorenes;

Antiproliferative activity.
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kinamycin A: Ry = H; Ry, R3, R4 = Ac
B: R4, R3, R4=H; Ry=Ac
C:R{,R3,R4=Ac; R;=H
D:Ry,R3=Ac; Ry, Ry =H

lomaiviticin A

Figure 1. Kinamycins A-D and lomaiviticin A.

ing ability of a diazobenzo[b]fluorene natural product
under reducing conditions. All previously reported cases
have relied upon photochemical®”%1? or oxidative® acti-
vation of the diazo group. Since the reactivity of a diazo
compound is dictated by its electronic properties,'! we
posited that electronically tuned diazofluorene analogs
would demonstrate similar cleavage activity as a dia-
zobenzo[b]fluorene natural product, and that this activ-
ity would translate into antiproliferative activity. To test
this hypothesis, we synthesized a range of diazofluorene
analogs (Fig. 2) that were under differential electronic
modulation, and compared their DNA cleaving activity
to that of kinamycin D. Compounds that recapitulated
the DNA cleavage activity of kinamycin D were then
assayed for antiproliferative activity against HeLa cells.

The diazofluorene parent was synthesized as previously
described.'> Our synthesis of the I-substituted and
4-substituted diazofluorenes is outlined in Scheme 1.
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Scheme 1. Reactions and conditions: (a) NH,NHTs, EtOH, HCI,
reflux; (b) NaOMe, MeOH, reflux; (c) NaNO,, H,SO4, H,0; (d) NaH,
DMF then Mel; (e) NH,NHTs, THF, HCI, reflux; (f) NaNO,, HCI,
CuCl, H,0; (g) NoHy, n-butanol, reflux; (h) HgO, toluene, reflux; (i)
T£,0, H,0,, CH,Cly; (j) 50% NaOH, dioxane, 50 °C; (k) NaOH,
Me,SOy, EtOH, reflux.

To access either the 1- or 4-nitrofluorenone, we oxidized
1- or 4-aminofluorenone with Tf,O/H,0,.!? The chloro-
fluorenones were synthesized from the respective amino-
fluorenone under Sandmeyer conditions (NaNO,/HCl/
CuCl/H,0),'* while the methoxyfluorenone derivatives
were synthesized by converting the aminofluorenones
to hydroxyfluorenones (NaNO,, H,SO,, H,0)!> fol-
lowed by methylation (either NaH/Mel or NaOH/
Me,SO,). Finally, the diazo group was installed by
either: (1) condensing the fluorenone with hydrazine fol-
lowed by oxidation with mercuric oxide, or (2) condens-
ing the fluorenone with tosyl hydrazine followed by
elimination of the tosyl group under basic conditions.

The 1,4-substituted compounds were synthesized as out-
lined in Scheme 2. Briefly, 1,4-dimethoxybenzene and
2-iodobenzoic acid were coupled under the action of
triflic anhydride.!® Pd(II)-mediated coupling then
delivered 1,4-dimethoxyfluorenone (11) for further elab-
oration.'® To access the 1,4-dimethoxydiazofluorene 9,
11 was condensed with tosyl hydrazine and subjected
to base-mediated elimination with sodium methoxide.
To access the 1,4-diazoquinone derivative 10, 11 was
quantitatively demethylated with BBr;!7 and condensed
with hydrazine. The resulting crude hydrazone was
treated with Fetizon’s reagent (Ag,COs/celite),!” which
affected the tandem oxidation of the hydrazone and
1,4-hydroquinone to the target quinone 10.

First, we established the conditions under which kina-
mycin D-mediated DNA cleavage. There have been a
limited number of reports that address the mechanism
of action (MOA) of the diazobenzo[b]fluorenes. Lomai-
viticin A was reported to cleave DNA under reducing
conditions;> however, no experimental details were doc-
umented. Using the diazobenzo[a]fluorene isoprekina-
mycin as a model substrate, Laufer and Dmitrienko!'®
postulated that the electrophilicity of the diazo group
would mediate formation of a nucleophilic adduct that
would subsequently decompose to form a diradical
and induce DNA damage (Scheme 3A). Using prekina-
mycin as their model substrate and guided by the estab-
lished biological chemistry of other quinone natural
products,’” Feldman and Eastman®® have postulated
that bioreduction of the quinone to a hydroquinone
would destabilize the diazo moiety, resulting in decom-
position to a carbon-based radical with concomitant
release of N, (Scheme 3B).
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Scheme 2. Reactions and conditions: (a) Tf,O, TFA, reflux; (b)
Pd(OAc),, NaOAc, DMA, 125 °C; (¢) NH,NHTs, THF, HCI, reflux;
(d) NaOMe, MeOH, reflux; (e) BBr;, CH,Cl,; (f) N,Hy, EtOH, reflux;
(g) Fetizon’s reagent (Ag,CO; on celite), TEA, CH,Cl,.
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Scheme 3. Diazo decomposition. (A) Nucleophile-mediated; (B)
reduction-mediated.

In the latter two cases, extrapolation of the reported
reaction conditions to a cellular environment remains
ambiguous. Dmitrienko utilized B-naphthol as a nucleo-
phile in THF,'® while Feldman employed AIBN/
Bu;SnH in refluxing benzene as the source of a one-elec-
tron reductant.?’ Neither mechanistic study addressed
DNA cleavage.

Based upon these two hypotheses, we explored kinamy-
cin D cleavage of the supercoiled plasmid pBR322 under
a variety of nucleophilic and reductive conditions. Kina-
mycin D was first incubated with pBR322 (Fig. 3, lane
2), and no DNA cleavage was noted, even after 3 days.
Kinamycin D was then incubated with pBR322 and
either dithiothreitol (DTT), nicotinamide adenine dinu-
cleotide phosphate (NADPH), or sodium cyanide
(NaCN). Only in the presence of DTT (Fig. 3, lane 4)
did we observe any appreciable DNA damage. We also
conducted a time course of kinamycin D-mediated
DNA cleavage in the presence of DTT (data not shown)
and noted maximal cleavage after 2 days.

Under these optimized conditions (DNA, DTT, 2 days),
we assayed each of our diazofluorene derivatives for
their ability to cleave DNA. Despite our best efforts,
l-aminodiazofluorene was unstable and decomposed
(even storing at —80 °C). We observed that the 1-meth-
oxydiazofluorene and the 4-aminodiazofluorene deriva-
tives cleaved DNA with similar efficiency as kinamycin
D (Fig. 4, lanes | and 3, compounds 9 and 10 are includ-
ed for reference). All other diazo compounds, including
the diazofluorene parent, did not induce extensive dam-
age to the supercoiled plasmid.

Next, we assayed for the ability of 1-methoxydiazofluo-
rene 2 and 4-aminodiazofluorene 5 to cleave DNA in the

Figure 3. Plasmid cleavage assay, top band is type II nicked DNA, the
bottom band is type I supercoiled DNA. Conditions: all lanes contain
714 ng of plasmid DNA. Lanes 2, 4, 6, and 8, final [kinamycin
D]=1.0mM. Lane 1, DNA; lane 2, kinamycin D + DNA; lane 3,
DNA/DTT (1.0 M); lane 4, kinamycin D + DNA/DTT (1.0 M); lane 5,
DNA/NADPH (0.5M); lane 6, kinamycin D + DNA/NADPH
(0.5 M); lane 7, DNA/NaCN (1.0 M); lane 8, kinamycin D + DNA/
NADPH (0.5 M).

1 2 3 4 5 6

Figure 4. Plasmid cleavage assay, top band is type II nicked DNA, the
bottom band is type I supercoiled DNA. Conditions: all lanes contain
714ng of plasmid DNA, final [DTT]=1.0M, final [com-
pound] = 1.0 mM. Lane 1, 2; lane 2, 9; lane 3, 5; lane 4, 10; lane 5,
kinamycin D; lane 6, DNA only.

Figure 5. Plasmid cleavage assay, top band is type II nicked DNA, the
bottom band is type I supercoiled DNA. Conditions: all lanes contain
714 ng of plasmid DNA. Final [compound] = 1.0 mM. Lane 1, DNA
only; lane 2, 2/DNA; lane 3, 5/DNA; lane 4, 0.5 M NADPH/DNA;
lane 5, 2, 0.5 M NADPH/DNA; lane 6, 1.0 M NaCN/DNA; lane 7, 2,
1.0 M NaCN/DNA.

absence of DTT. Under these conditions, 4-aminodiazo-
fluorene 5 retained DNA cleavage activity, while
I-methoxydiazofluorene 2 displayed minimal activity.
1-Methoxydiazofluorene 2 did not cleave DNA in the
presence of either NaCN or NADPH (Fig. 5). We also
confirmed (data not shown) that the diazo group was
essential for DNA cleavage activity by assaying for the
ability of 1-methoxyfluorenenone and 4-aminofluore-
none to induce DNA damage. Neither compounds pos-
sessed DNA cleavage activity.

We quantitated the extent of conversion from type I
supercoiled DNA to type II nicked DNA for each com-
pound. This is summarized in Table 1. In the presence of
DTT, 1-methoxydiazofluorene 2 exhibited 150% of the
cleavage potential of kinamycin D, while 4-aminodiazo-
fluorene 5 exhibited 64% activity in comparison to
kinamycin D. Interestingly, 4-aminodiazofluorene 5
exhibited increased cleavage activity in the absence of
DTT. We are conducting extensive mechanistic studies
to delineate the differential reactivity between 1-meth-
oxydiazofluorene 2 and 4-aminodiazofluorene 5.

Table 1. Quantitation of DNA cleavage (%) by kinamycin D and
diazofluorene analogs

Compound No promoter DTT
Kinamycin D <5 287
Diazo parent <5 <5
1-Aminodiazofluorene (1) nd nd
1-Methoxydiazofluorene (2) 11+9 416
1-Chlorodiazofluorene (3) <5 <5
1-Nitrodiazofluorene (4) <5 <5
4-Aminodiazofluorene (5) 4417 18£8
4-Methoxydiazofluorene (6) <5 13+6
4-Chlorodiazofluorene (7) <5 <5
4-Nitrodiazofluorene (8) <5 <5
1,4-Dimethoxydiazofluorene (9) <5 9+8
Diazoquinofluorene (10) <5 10+9

nd, not determined.
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Finally, we have assayed 1-methoxydiazofluorene 2, 4-
aminodiazofluorene 5, and the diazo parent for antipro-
liferative activity against HeLa cells. We chose this com-
pound set to provide validation that achieving DNA
cleavage under reducing conditions was the key to
achieving antiproliferative activity. Previous studies
have shown that the diazofluorene parent possesses
DNA cleavage activity; however, it is only active under
oxidizing conditions (Cu®*).® Therefore, this set allows
us to assay compounds that achieve maximal DNA
cleavage under disparate reaction conditions: thiol-
mediated reducing conditions (diazofluorene 2), no
promoter (diazofluorene 5), and oxidizing conditions
(diazofluorene parent). All antiproliferative studies were
conducted at 100 nM, the solubility limit of the synthetic
diazo compounds in cell culture media. Although ICsq
values could not be established due to this limited solu-
bility, we did observe that I-methoxydiazofluorene 2
had the highest activity of the three diazo compounds.
1-Methoxydiazofluorene 2 demonstrated a time-depen-
dent inhibition of HeLa cell proliferation and inhibited
cell growth 35-40% at 12 h. This activity is similar to
the antiproliferative activity of the most active
kinamycins.?

In conclusion, we have successfully identified 1-meth-
oxydiazofluorene 2 as a simplified diazo compound that
recapitulates the DNA cleaving activity of kinamycin D
under thiol-mediated conditions. In addition, we have
demonstrated that achieving DNA cleavage activity
under thiol-mediated conditions translates into antipro-
liferative activity, and we have identified simple diazo
compounds that have similar anticancer activity as the
structurally complex kinamycins. We are currently
working toward improving solubility and incorporating
these structural elements into simplified lomaiviticin A
analogs, and will report on their antiproliferative activ-
ity shortly.
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Abstract—Previously, potent factor Xa inhibitors were described based on the 1 H-pyrazolo[4,3-d]pyrimidin-7(6 H)-one bicyclic core
and a 4-methoxyphenyl P1 moiety. This manuscript describes 1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one and related bicyclic cores
with the 3-aminobenzisoxazole P1 moiety. Many of these compounds are potent, selective, and efficacious inhibitors of coagulation

factor Xa.
© 2006 Elsevier Ltd. All rights reserved.

Thromboembolic diseases remain the leading cause of
death and disability in developed countries. This reality,
combined with the limitations of current therapies, has
led to extensive efforts to develop novel antithrombotic
agents.! Factor Xa has become a major focus of phar-
maceutical intervention in the past decade because of
its central role in the blood coagulation cascade.> Exten-
sive preclinical and clinical evidence has demonstrated
that inhibition of factor Xa is efficacious in both venous
and arterial thrombosis.>*

Previously, it was demonstrated that a series of non-ben-
zamidine N-arylpyrazole carboxamides, represented by
the 3-aminobenzisoxazole Pl analog razaxaban (1),
were highly potent, selective, and orally bioavailable
small molecule fXa inhibitors (Fig. 1). Razaxaban has
been shown to be efficacious in phase II deep vein

thrombosis (DVT) clinical trials.’® Furthermore, it was
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demonstrated that the 4-methoxyphenyl residue could
be an effective P1 group when combined with an opti-
mized pyrazole-P4 subunit, as in compound 2.° Recent-
ly, bicyclic core variants of 2, represented by the
1 H-pyrazolo[4,3-d]pyrimidin-7(6 H)-one 3,7 have been
shown to retain potent binding affinity for fXa. These
bicyclic variants were also expected to be less susceptible
to in vivo amide hydrolysis, which in the case of N-aryl-
pyrazole carboxamides such as 1 and 2 would liberate
a biarylaniline fragment. However, compound 3 was
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found to have only modest efficacy in a rabbit arterio-
venous (A-V) shunt thrombosis model?® relative to razax-
aban. This was rationalized on the basis of 3 being
5-fold less potent than razaxaban.” This manuscript de-
scribes bicyclic variants in the 3-aminobenzisoxazole P1
series,’ represented by 4, which were prepared with the
expectation that this P1 series would display greater
potency and in vivo efficacy relative to analogs with
the 4-methoxyphenyl P1, such as 3.1°

The initial bicyclic core example in the 3-aminobenzis-
oxazole Pl series, the 1H-pyrazolo[4,3-d]pyrimidin-
7(6H)-one 12, was prepared as described in Scheme 1,
using the synthesis route used for preparing compounds
such as 3.7 Catalytic hydrogenation of the nitro func-
tionality of 5§ afforded an aniline, which upon diazotiza-
tion and treatment with ethyl cyanoacetate gave the
expected hydrazone intermediate. Treatment of this
hydrazone with methyl bromoacetate and K,CO; at
90 °C gave the 4-aminopyrazole diester 6 by N-alkyl-
ation and in situ ring closure. However, this sequence
proceeded in very low and irreproducible yield due to
the poor nucleophilicity of the nitrogen in the N-alkyl-
ation step. Nevertheless, aminopyrazole 6 was diazo-
tized and treated with sodium azide to form a
4-azidopyrazole. Selective hydrolysis of the methyl ester
was accomplished with lithium hydroxide to give 7.
Conversion of 7 to an acid chloride and subsequent
treatment with readily available biphenylaniline 8'!
afforded amide 9. Reduction of the azide afforded a
4-aminopyrazole-5-carboxamide, which was cleanly
cyclized to the 1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one

N N
N N, N
N~ N N OH
o O O 0
>—NH —NH
O~ 2 12 O~/ 21

Scheme 1. Reagents and conditions: (a) H, (1 atm), 10% Pd/C, EtOH
(95%); (b) NaNO,, HCI/H,0, 0 °C; then ethyl cyanoacetate, NaOAc,
MeOH/H,O0, 0 °C (55%); (¢) BrCH,CO,Me, K,CO;, DMF, 90 °C (10—
20%); (d) NaNO,, TFA, 0 °C; then NaNj; (80%); (e) LiOH, THF/H,0
(90%); (f) (COCl),, CH,Cl,; then 8, DMAP, CH,Cl, (70%); (g)
SnCl,-H,O, MeOH, 65 °C; (h) 95% HCO,H, reflux (70% for two
steps); (i) AcNHOH, K,CO;, DMF; (j) K,COs, EtOH, 65 °C (45% for
two steps); (k) PBr;, CH,Cl,; (1) pyrrolidine, CH;CN, (50% for two
steps).

bicyclic core by refluxing in 95% formic acid. This treat-
ment also resulted in loss of the TBS group and subse-
quent conversion of the alcohol to a formate ester, to
give 10. Treatment of 10 with acetohydroxamic acid
and K,COj; to form the 3-aminobenzisoxazole P1 moie-
ty'2 was followed by hydrolysis of the formate ester, giv-
ing 11. Bromination of the alcohol and displacement
with pyrrolidine afforded the 1H-pyrazolo[4,3-d]pyrimi-
din-7(6 H)-one example 12.

Due to the poor yield of 6 discussed above, additional
examples in this bicyclic series were prepared via an
alternate route, described in Scheme 2, wherein the pyr-
azole R® substituent was initially a methyl group.®®
Readily available pyrazole ester 13°* was efficiently
and selectively nitrated at the pyrazole 4-position using
excess ammonium nitrate and trifluoroacetic anhydride
in TFA.'3 Subsequent ester hydrolysis afforded acid
14, which was coupled with 4-bromoaniline to give 15.
Nitro reduction was unexpectedly difficult, with several
reagents (SnCl,, Zn/HCI, and Fe/HCI) resulting in sig-
nificant decomposition. However, potassium borohy-
dride and CuCl in ethanol afforded in moderate yield
the clean 4-aminopyrazole, which was efficiently cyclized
to the bicyclic core 16 by refluxing in either N,N-DMF
dimethyl acetal (R>=H) or N,N-dimethylacetamide
dimethyl acetal (R®> = Me). Suzuki coupling with boron-
ic acid 17 readily gave the biphenyl aldehyde 18. The
completion of the synthesis of compounds 19a-h was
best accomplished by a four-step sequence. Thus, sodi-
um borohydride reduction of the aldehyde to the
alcohol was followed by the introduction of the

Me M Me

e
NO, NO2
N T ab N7 c NTOH
N N NN
CO,Et CO,H \©\
o Br
F; cN F; CN F; CN

13 14 15
Me Me
5 CHO 5
de IN\ R (HO)B N lN\\rR .
e N N \ N g
N \©\ 17 N O CHO —>
gz © B gz © O
CN CN
F 7 16 R°=H,Me F 18 R®=H, Me
Me N RS 19a R%=H; X =-NMe,
N 19b R®=H; X = N-pyrrolidine
N N X 19¢ R®=H; X = 3-(S)-OH-N-pyrrolidine
0 O 19d R®=H; X =-NHCH,-cyc-Pr
19e R®=H; X =-NH-i-Pr
0. P—NH, 19f R®=Me; X =-NMe;
N 19a-h 19g R® =Me; X = 3-(R)-OH-N-pyrrolidine

19h R®=Me; X =-NMe-i-Pr

Scheme 2. Reagents and conditions: (a) NH4NO3 (2 equiv), TFAA
(7 equiv), TFA (90%); (b) LiOH, MeOH/H,O (80%); (c) (COCI),,
CH,Cl,; then 4-bromoaniline, DMAP, CH,Cl, (80%); (d) KBHy,
CuCl, EtOH, (50%); (¢) N,N-DMF dimethyl acetal, reflux (R = H,
85%), or N,N-dimethylacetamide dimethyl acetal, reflux (R = Me,
75%); () 17, Pd(PPh;),, Na,COs3, benzene, H,O, 80 °C (70-80%); (g)
NaBH4, MeOH (50-65%); (h) HO-NHAc, K,CO3, DMF (60-70%); (i)
MnO,, CH,Cl, (75-85%); (j) HNRR’, NaBH(OAc);, HOAc, THF,
(50-70%).
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Scheme 3. Reagents and conditions: (a) NH4NO3 (2 equiv), TFAA
(7 equiv), TFA (60%); (b) (COCl),, CH,Cl,; then 4-bromoaniline,
DMAP, CH,Cl, (90%); (c) KBH,4, CuCl, EtOH, (70%); (d) N,N-DMF
dimethyl acetal, (R = H, 90%), or N,N-dimethylacetamide dimethyl
acetal, reflux; then HOAc, reflux (R = Me, 75%).

3-aminobenzisoxazole P1 moiety using acetohydroxa-
mic acid. The alcohol was then re-oxidized to the alde-
hyde with MnO, and treated under standard reductive
amination conditions with an appropriate cyclic or acy-
clic amine, affording compounds 19a-h. Alternatively,
the alcohol could be brominated with PBr; followed
by displacement with the appropriate amine as previous-
ly described.

Slight modification of this sequence, as shown in Scherne
3, afforded compounds 23a-d, where the pyrazole R?

group is trifluoromethyl.”® In this case, the pyrazole
nitration was best performed on the carboxylic acid
20.°* However, even after using an excess of reagents
and prolonged reaction times, it generally afforded only
an approximately 2:1 mixture of nitropyrazole 21 along
with recovered starting material 20. These materials
could be efficiently separated by prolonged stirring of
the solid in water, wherein the desired nitro compound
21 slowly went almost completely into solution. Filtra-
tion and extraction afforded clean product in about
60% yield. The starting material 20 could then be recy-
cled. Coupling with 4- bromoamhne and nitro reduction
as before gave 22. Where R’ = H, formation of the bicy-
clic core was accomplished as in Scheme 2 by refluxing
in N,N-DMF dimethyl acetal. However, where
R’ = Me, the cyclization was best accomplished by a
two-step sequence, wherein 22 was first refluxed in
N,N-dimethylacetamide dimethyl acetal and the result-
ing acetamidine intermediate was refluxed in glacial ace-
tic acid to effect the final cyclization.” Once the CF;
bicyclic core was established, the synthetic sequence fol-
lowed that described in Scheme 2, to afford compounds
23a-d. The 5,6-dihydro-1H-pyrazolo[4,3-d]pyrimidin-
7(4H)-one examples 24a,b were prepared from a core
reduction side product isolated from the sodium boro-
hydride reduction of the corresponding biphenyl alde-
hyde, as described in Scheme 2.

Additional bicyclic core analogs were prepared as de-
scribed in Scheme 4. Aminopyrazole 22 was cyclized
by heating with phosgene in a sealed tube to afford the
1 H-pyrazolo[4,3-d]pyrimidin-5,7(4 H,6 H)-dione core 25.

Scheme

FsC NO, abFeC NH2 s
N_)/\/l( A Y — 26b-26¢
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Scheme 4. Reagents and conditions: (a) (COCl),, CH,Cl,; then
4-bromoaniline, DMAP, CH,Cl, (90%); (b) SnCl,, MeOH, reflux
(70%); (c) CICOCI/PhMe, sealed tube, 110 °C (85%); (d) (COCI),,
DMF, CH,Cl,, then methyl p-bromophenylacetate, LDA, THF,
—78°C (X =CO,Me, 60%), or (COCl),, DMF, CH,Cl,, then p-
bromophenylacetonitrile, LDA, THF, —78°C (X =CN, 75%); (e)
1.5 N HCI, dioxane, reflux; (f) Fe, IN HCI, EtOH, reflux (65% for two
steps); (g) HC(OEt)3, 120 °C (85%); (h) SnCl,, EtOH, reflux (50%); (i)
N'CINOZ,H2SO4, (80%)

Methods described in Scheme 2 allowed for the prepara-
tion of compounds 26b,c. Compound 26a was prepared
in a similar fashion, except that the fully elaborated P4
aniline was used in coupling with the carboxylic acid
21. For bicyclic cores where the amide nitrogen is re-
placed by carbon, conversion of 21 to the acid chloride
followed by treatment at —78 °C with the lithium anion
of methyl p-bromophenylacetate and p-bromophenyl-
acetonitrile gave good yields of a-ketoester 27a and
a-cyanoketone 27b, respectively. Acid-catalyzed decar-
boxylation of 27a followed by nitro reduction afforded
28. Heating 28 in neat tricthyl orthoformate induced
ring closure to the 1H-pyrazolo[4,3-b]pyridin-7(4H)-
one core 29. The a-cyanoketone 27b was treated with
SnCl, in refluxing ethanol to effect nitro reduction and
subsequent ring closure to give the 5-amino substituted
1 H-pyrazolo[4,3-b]pyridin-7(4 H)-one bicyclic core 30.
Diazotization of 28 was followed by in situ trapping
by the adjacent enol to afford the 1H-pyrazolo[4,3-
c]pyridazin-7(4H)-one bicyclic core 31. Compounds
29-31 were converted by the methods described previ-
ously into 26d-f, respectively.

The SAR for the 1-(3-aminobenzo[d]isoxazol-5-yl)-1H-
pyrazolo[4,3-d]pyrimidin-7(6 H)-one core examples are
shown in Table 1. The initial bicyclic example, 12, was
an order of magnitude less potent than razaxaban 1 in
the in vitro fXa K; assay, but was 4-fold more potent
and equipotent to 1 in the in vitro aPTT and PT clotting
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Table 1. 1H-Pyrazolo[4,3-d]pyrimidin-7(6H)-one core

NH
O-" " 12, 19a-h, 23a-d

RE H
) N
g
>_O
»—NH
O-N 2

X

24a-b
Compound® R? R® X fXa K® (nM) aPTT IC2x° (uM) PT IC2x° (uM)
1 — — — 0.19 6.1 2.1
12 CO,Et H N-Pyrrolidine 1.6 1.6 2.3
19a Me H NMe, 0.53 2.1 1.3
19b Me H N-Pyrrolidine 1.3 1.6 1.1
19¢ Me H 3-(S)-OH-N-Pyrrolidine 0.50 4.3 2.1
19d Me H —~NHCH,-c¢-Pr 1.7 8.1 3.1
19e Me H ~NH-i-Pr 1.5 3.0 1.9
19f Me Me NMe, 0.27 1.7 1.4
19g Me Me 3-(R)-OH-N-Pyrrolidine 0.37 5.8 2.5
19h Me Me —NMe-i-Pr 0.35 2.0 4.0
23a CF; H NMe, 0.35 3.7 2.6
23b CF; Me NMe, 0.17 9.2 4.1
23c CF; Me ~NHCH,-¢-Pr 0.50 18.6 10.9
23d CF; Me 3-(R)-OH-N-Pyrrolidine 0.18 28 6.6
24a CF; — NMe, 0.25 1.7 1.4
24b CF; — 3-(R)-OH-N-Pyrrolidine 0.21 2.9 1.6

# All final compounds were purified by prep HPLC and gave satisfactory spectral data.
® K; values were obtained from purified human enzyme and were averaged from multiple determinations (1 = 2), as described in Ref. 5a.
“The aPTT (activated partial thromboplastin time) and PT (prothrombin time) in vitro clotting assays were performed in human plasma as described

in Ref. Sa.

assays, respectively. The 3-methylpyrazole series 19a-h
afforded compounds approaching the binding potency
of razaxaban, especially when R> was also methyl, as
in compounds 19f-h. The 3-methyl series also exhibited
generally favorable potency in the clotting assays rela-
tive to 1. The 3-trifluoromethylpyrazole series 23a—d
provided even more potent compounds, but generally
at the expense of lower potency in the in vitro clotting
assays, presumably due to the higher protein binding
imparted by the CF; group. For example, compounds
23b and 23d are essentially equipotent with razaxaban

Table 2. Examples of other bicyclic cores

0.y Mz 26a

in binding potency, but are less potent in the clotting as-
says. The reduced analogs of this core, the 5,6-dihydro-
1 H-pyrazolo[4,3-d]pyrimidin-7(4H)-ones 24a.,b, retain
excellent potency and now have very favorable clotting
assay activity relative to compounds 23a-d and to
razaxaban.

The SAR for additional bicyclic core analogs are shown
in Table 2. Compounds 26a—c contain the 1 H-pyrazolo-
[4,3-d]pyrimidin-5,7(4H,6 H)-dione bicyclic core.” These
examples are characterized by excellent in vitro binding

N/IN\Y
S0

O N2 26b-f

Compound® Y V4 X fXa K® (nM) apt IC2x° (uM) PT IC2x° (uM)
1 — — — 0.19 6.1 2.1

26a C=0 N NMe, 0.35 37.8 14.9

26b =0 N 3-(R)-OH-N-Pyrrolidine 0.11 74.5 24.1

26¢ C=0 N 4-OH-N-Piperidine 0.22 352 92.6

26d CH C NMe, 3.2 ND ND

26e C-NH, C 4-OH-N-Piperidine 0.77 638 230

26f N C NMe, 5.5 ND ND

# All final compounds were purified by prep HPLC and gave satisfactory spectral data.
® K; values were obtained from purified human enzyme and were averaged from multiple determinations (n = 2), as described in Ref. 5a.
®The aPTT (activated partial thromboplastin time) and PT (prothrombin time) in vitro clotting assays were performed in human plasma as described

in Ref. Sa.
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potency, especially 26b, but also by uniformly poor
activity in the in vitro clotting assays, suggesting that
this core contributes to high protein binding. Examples
26d-f were prepared to determine if it was possible to re-
place the carboxamide nitrogen with carbon, thus negat-
ing the potential for generating an aniline degradant
in vivo. Only the 5-amino-1H-pyrazolo[4,3-b]pyridin-
7(4H)-one example 26e retains subnanomolar fXa bind-
ing potency. Unfortunately, this compound has poor
activity in the clotting assays, again suggesting that it
is highly protein bound.

Compounds with the 3-aminobenzisoxazole P1 residue
have previously been reported to show high selectivity
for fXa versus thrombin, trypsin and related serine pro-
teases.”®%!1 Additional selectivity data are shown for
selected compounds in Table 3. Compounds 19f, 19g,
23b, and 24b all showed >1000-fold selectivity relative
to trypsin, aPC, factor IXa, factor VIIa, plasmin, tPA,
plasma kallikrein, urokinase, and chymotrypsin. They
are less selective relative to thrombin, but still show

Table 3. Human enzyme selectivity profile
Enzyme K; (nM) 19f 19g 23b 24b 1

fXa 0.27 0.37 0.17 0.21 0.19
Thrombin 305 245 130 130 540
Trypsin >4200 >4200 >4200 >4200 >10,000
aPC 19,000 >76,000 >37,000 >20,000 19,700
fIXa >41,000 >41,000 37,000 >41,000 9000
Plasmin >15,000 >15,000 >25,000 >15,000 >15,000
tPA 23,000 >33,000 >40,000 >33,000 >33,000
Urokinase >13,000 >13,000 >40,000 >13,000 >13,000

Chymotrypsin 960 580 >11,000 3240 8500

All K;’s were obtained from purified human enzymes and are averaged
from multiple determinations (n = 2). See Ref. 5a for more details.

Table 4. Dog pharmacokinetic profiles

Compound Cl Viss ty, F Caco-2
(L/h/kg) (Likg) (h) (%)  (Pappx 10°cmls)
19a% 33 9.5 25 2 11
19¢ 1.7 8.9 42 23 6.1
19¢g* 1.2 6.6 38 48 47
23p? 0.7 13 14 63 19
23¢° 0.6 6.6 84 58 ND
24b* 0.98 4.2 43 27 39
Razaxaban® 1.1 5.3 34 84 5.6

#Compounds were dosed as the TFA salts in an N-in-1 format at
0.5 mg/kg iv and 0.2 mg/kg po (n = 2).
°Ref. 5a. ND = not determined.

Table 5. Anticoagulant activity in rabbits

>500-fold selectivity in all cases. The overall selectivity
profile for these compounds in most cases is comparable
to that of razaxaban 1.

The pharmacokinetic profiles of several compounds
were studied in dogs via a cassette dosing format, with
dosing at 0.5 mg/kg intravenously and 0.2 mg/kg orally
(Table 4). The 3-methylpyrazole 19a has high clearance
and only 2% bioavailability. Given its good Caco-2 per-
meability, this low bioavailability is more likely to be
related to high first pass metabolism, rather than poor
absorption. Addition of the 5-methyl substituent im-
proves the pharmacokinetic profile of this series, with
19f and 19g exhibiting lower clearance and higher bio-
availability relative to 19a and a half-life comparable
to razaxaban. The PK profile is further improved by
the 3-trifluoromethylpyrazole substituent, as shown by
23b and 23d. These compounds have lower clearance
and longer half-life than razaxaban, together with better
bioavailability than the 3-methylpyrazole examples.
Compound 24b has a profile similar to 19f and 19g.

Three of these compounds were also studied in the rab-
bit arterio-venous (A-V) shunt thrombosis model.®
Upon intravenous dosing, compounds 19f,19g, and
23b inhibited thrombus formation with an IDs, of 2.0,
2.4, and 1.9 pmol/kg/h, respectively (Table 5). Com-
pound 23b had an ICs in this same assay of 290 nM.
This activity compares well to that of razaxaban in this
model.

Several examples from the 1 H-pyrazolo[4,3-d]pyrimidin-
7(6H)-one core series were examined for their stability
under conditions of varying pH in order to assess their
potential for liberation of the P4 aniline via hydrolytic
cleavage of the bicyclic core. Data are shown for com-
pounds 19a, 19f, and 23a in Table 6. The results indicate
that the pyrimidinone ring of the bicyclic core decom-
poses at various rates depending on the pH and on the
substitution pattern of the bicyclic core. In most cases
two major degradants were observed, the identities of
which were determined by LC/MS. Compound II results
from hydrolysis of the C5-N6 bond to afford the N-for-
myl (R° = H) or N-acetyl (R® = Me) derivative. Further
hydrolysis affords the free amine III. For compound
19a, II was the predominant degradant observed at
pH 4.0, while the free amine III was the predominant
degradant at pH 1.0. Mechanistically, the N-formyl II
was thought to be an intermediate in the formation of
III. Evidence for this was gathered experimentally by
taking one half of the pH 4.0 samples and lowering them
to pH 1.0. After one week, the pH 1.0 samples showed

Compound fXa K; PT IC2x Rabbit A-V shunt® Rabbit A-V shunt® IDs, Protein binding
(rabbit) (nM) (rabbit) (uM) 1Cs5o (nM) (umol/kg/h) (rabbit) (% bound)

19f 0.30 1.8 ND 2.0 ND

19g 0.59 34 ND 2.4 91

23b 0.20 2.7 290 1.9 97

Razaxaban® 0.19 1.9 340 1.6 93

#Ref. 5a. ND = not determined.
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Table 6. Stability of 1 H-pyrazolo[4,3-d]pyrimidin-7(6H)-ones

3 3 3
R NHCORS A NURS Ry NH,
NI N \\Nr NN
N “Ar N A —— N ~Ar
o} pH=4.0 o} pH=1.0 o
(0.1M acetate) (0.1N HCI)
>—NH »—NH #NH
O N O T2 o T E

| pH=1.0 (0.1N HCI) 4
Compound® Conditions® I remaining® (%) 1I° (%) III® (%)
19a pH 1.0 97.2 0.6 2.4

pH 4.0 90.1 8.5 0.12
19f pH 1.0 89.7 55 1.4
pH 4.0 94.7 34
23a pH 1.0 83.2 1.3 5.6
pH 4.0 72.3 23.4

“pH 1.0 =0.1 N HCI buffer; pH 4.0 =0.1 M acetate buffer. Stability
studies were conducted at 40 °C with an initial concentration of 5 pg/
mL.

®Values of % I-III were determined by HPLC after 2 days. The
identities of II and III were determined by LC/MS.

complete conversion to the amine III, while samples
remaining at pH 4.0 still showed a preponderance of
II. Thus, it appears that at both pH 1.0 and 4.0, initial
formation of II occurs, but only at pH 1.0 is II further
hydrolyzed appreciably to III. The degradation of 19f
is similar to that of 19a, with I (R> = Me) being the ma-
jor component at pH 4.0. At pH 1.0 an appreciable
amount of II remains, while conversion to III is slower.
This observation presumably reflects the slower acid
hydrolysis of an N-acetyl group relative to an N-formyl
group. The 3-trifluoromethylpyrazole analog 23a under-
goes a more rapid decomposition than the 3-methylpy-
razole analogs, with 23% conversion to II at pH 4.0
after 2 days. Apparently, the CF3 group is activating
the pyrimidinone ring toward the initial hydrolysis,
thereby accelerating the decomposition. The observed
formation of II and III in these studies of 19a, 19f,
and 23a leads to the possibility that the free P4 aniline
could still be generated in vivo, although this risk is
slight, since it would require further hydrolysis of an
amide such as III, which can be viewed as a vinylogous
urea. The free P4 aniline was not observed in these
stability studies. Still, advancement of this series would
require use of an Ames negative P4 aniline.

In summary, several examples of pyrazole-fused bicyclic
core fXa inhibitors in the 3-aminobenzisoxazole P1 ser-
ies have been described. The 1H-pyrazolo[4,3-d]pyrimi-
din-7(6 H)-one core is especially promising as a means
to maintain potent fXa inhibition while also reducing
the probability that in vivo amide hydrolysis will liberate
a biarylaniline fragment. Within this series, analogs 19f,
19¢g, and 23b are not only potent fXa inhibitors, but they
are also highly selective versus relevant serine proteases.
Compound 23b has a favorable pharmacokinetic profile
in dogs, with lower clearance and longer half-life relative
to razaxaban. Furthermore, 19f,19g, and 23b are highly
efficacious in the rabbit A-V shunt thrombosis model,

with activity comparable to that of the clinical candi-
date, razaxaban. However, in aqueous solution stability
studies, these compounds were found to undergo vari-
able degrees of hydrolytic cleavage of the pyrimidinone
ring to generate pyrazole-5-carboxamide degradants.
While this core series is still promising, a major empha-
sis has been geared toward finding bicyclic cores with
greater aqueous stability.”®!* Further efforts along these
lines will be described in due course.

Acknowledgments

The authors thank Bruce Aungst, Frank Barbera, Tracy
Bozarth, Earl Crain, Andrew Leamy, Dale McCall, and
Carol Watson for technical assistance.

References and notes

1. (a) Hirsh, J.; O’Donell, M.; Weitz, J. 1. Blood 2005, 105,
453; (b) Golino, P.; Loffredo, F.; Riegler, L.; Renzullo, E.;
Cocchia, R. Curr. Opin. Invest. Drugs 2005, 6, 298; (c)
Quan, M. L.; Smallheer, J. J. Curr. Opin. Drug Discov.
Develop. 2004, 7, 460.

2. (a) Drout, L.; Bal dit Sollier, C. Eur. J. Clin. Invest. 2005,
35(Suppl. 1), 21; (b) Mann, K. G.; Butenas, S.; Brummel,
K. Arterioscler. Thromb. Vasc. Biol. 2003, 23, 17; (c)
Leadley, R. J., Jr. Curr. Top. Med. Chem. 2001, 1, 151.

3. (a) Wong, P. C.; Crain, E. J.; Watson, C. A.; Zaspel, A.
M.; Wright, M. R.; Lam, P. Y. S.; Pinto, D. J.; Wexler, R.
R.; Knabb, R. M. J. Pharmacol. Exp. Ther. 2002, 303, 993;
(b) Wong, P. C.; Pinto, D. J.; Knabb, R. M. Cardiovasc.
Drug Rev. 2002, 20, 137.

4. (a) Rajagopal, V.; Bhatt, D. L. J. Thromb. Haem. 2005, 3,
436; (b) Viles-Gonzalez, J. F.; Gaztanaga, J.; Zafar, U.
M.; Fuster, V.; Badimon, J. J. Am. J. Cardiovasc. Drugs
2004, 4, 379.

5. (a) Quan, M. L.; Lam, P. Y. S.; Han, Q.; Pinto, D. J.; He,
M.; Li, R.; Ellis, C. D.; Clark, C. G.; Teleha, C. A.; Sun, J.
H.; Alexander, R. S.; Bai, S. A.; Luettgen, J. M.; Knabb,
R. M.; Wong, P. C.; Wexler, R. R. J. Med. Chem. 2005,
48, 1729; (b) Lessen, M. R.; Davidson, B. L.; Gallus, A.;
Pineo, G.; Ansell, J.; Deitchman, D. Blood 2003, 102, 15a,
Abstract 41.

6. Pruitt, J. R.; Pinto, D. J. P.; Galemmo, R. A., Jr;
Alexander, R. S.; Rossi, K. A.; Wells, B. L.; Drummond,
S.; Bostrom, L. L.; Burdick, D.; Bruckner, R.; Chen, H.;
Smallwood, A.; Wong, P. C.; Wright, M. R.; Bai, S,
Luettgen, J. M.; Knabb, R. M.; Lam, P. Y. S.; Wexler, R.
R. J. Med. Chem. 2003, 46, 5298.

7. Fevig, J. M.; Cacciola, J.; Buriak, J., Jr.; Rossi, K. A_;
Knabb, R. M.; Luettgen, J. M.; Wong, P. C.; Bai, S. A.;
Wexler, R. R.; Lam, P. Y. S. Bioorg. Med. Chem. Lett.
2006, 16, 3755.

8. Wong, P. C.; Quan, M. L.; Crain, E. J.; Watson, C. A;
Wexler, R. R.; Knabb, R. M. J. Pharmacol. Exp. Ther.
2000, 292, 351.

9. (a) Lam, P. Y. S.; Clark, C. G.; Li, R.; Pinto, D. J. P;
Orwat, M. J.; Galemmo, R. A.; Fevig, J. M.; Teleha, C.
A.; Alexander, R. S.; Smallwood, A. M.; Rossi, K. A.;
Wright, M. R; Bai, S. A.; He, K.; Luettgen, J. M.; Wong,
P. C.; Knabb, R. M.; Wexler, R. R. J. Med. Chem. 2003,
46, 4405; (b) Pinto, D. J. P.; Orwat, M. J.; Quan, M. L.;
Han, Q.; Galemmo, R. A., Jr.; Amparo, E.; Wells, B.;
Ellis, C.; He, M. Y.; Alexander, R. S.; Rossi, K. A;
Smallwood, A.; Wong, P. C.; Luettgen, J. M.; Rendina, A.





5182

10.

Y.-L. Li et al. | Bioorg. Med. Chem. Lett. 16 (2006) 5176-5182

R.; Knabb, R. M.; Mersinger, L.; Kettner, C.; Bai, S.; He,
K.; Wexler, R. R.; Lam, P. Y. S. Bioorg. Med. Chem. Lett.
2006, 16, 4141.

(a) For preliminary accounts of this work, see: Fevig, J. M.;
Cacciola, J.; Buriak, J., Jr.; Li, Y.-L.; Pinto, D. J.; Orwat, M.
J.; Galemmo, R. A., Jr.; Wells, B.; Li, R.; Rossi, K. A.;
Knabb, R. M.; Luettgen, J. M.; Wong, P. C.; Bai, S.;
Wexler, R. R.; Lam, P. Y. S. Abstracts of Papers, 230th
National Meeting of the American Chemical Society,
Washington, DC; American Chemical Society: Washing-
ton, DC, 2005; MEDI 279; (b) Li, Y.-L.; Fevig, J. M.; Han,
Q.; Luettgen, J. M.; Knabb, R. M.; Wexler, R. R.; Lam, P.

11.

12.
13.

14.

Y. S. Abstracts of Papers, 231st National Meeting of the
American Chemical Society, Atlanta, GA; American
Chemical Society: Washington, DC, 2006; MEDI 104.
Quan, M. L.; Han, Q.; Fevig, J. M.; Lam, P. Y. S.; Bai, S.;
Knabb, R. M.; Luettgen, J. M.; Wong, P. C.; Wexler, R.
R. Bioorg. Med. Chem. Lett. 2006, 16, 1795.

Palermo, M. G. Tetrahedron Lett. 1996, 37, 2885.
Buchanan, J. G.; Smith, D.; Wightman, R. H. J. Chem.
Soc., Perkin Trans. 1 1986, 1267.

Pinto, D. J. P. Presented at the 230th National Meeting of
the American Chemical Society, Washington, DC, August
2005; MEDI 249.





		Preparation of 1-(3-aminobenzo[d]isoxazol-5-yl)-1H- pyrazolo[4,3-d]pyrimidin-7(6H)-ones as potent, selective, and efficacious inhibitors of coagulation factor Xa

		Acknowledgments

		References and notes






ELSEVIER

Available online at www.sciencedirect.com

"s.* ScienceDirect

Bioorganic &
Medicinal
Chemistry
Letters

Bioorganic & Medicinal Chemistry Letters 16 (2006) 5183-5189

Selectively guanidinylated derivatives of neamine.
Syntheses and inhibition of anthrax lethal factor protease

Guan-Sheng Jiao,"* Ondrej Simo," Melissa Nagata,” Sean O’Malley,”
Thomas Hemscheidt,? Lynne Cregar, Sherri Z. Millis,”
Mark E. Goldman®' and Cho Tang™*
2Department of Chemistry, Hawaii Biotech, Inc., 99-193 Aiea Heights Dr., Suite 200, Aiea, HI 96701, USA

°Department of Chemistry, University of Hawaii at Manoa, Honolulu, HI 96822, USA
®Department of Lead Discovery, Hawaii Biotech, Inc., 99-193 Aiea Heights Dr., Suite 200, Aiea, HI 96701, USA

Received 31 May 2006; revised 26 June 2006; accepted 5 July 2006
Available online 25 July 2006

Abstract—A series of mono-, di-, and tri-guanidinylated derivatives of neamine were prepared via selective guanidinylation of
neamine. These molecules represent a novel scaffold as inhibitors of anthrax lethal factor zinc metalloprotease. Methods for the
synthesis of these compounds are described, and structure—activity relationships among the series are analyzed. In addition, initial
findings regarding the mechanism of LF inhibition for these molecules are presented.

© 2006 Elsevier Ltd. All rights reserved.

Bacillus anthracis' is a spore-forming Gram-positive
bacterium that is the causative agent of anthrax infec-
tion.? Generally, the spores can enter a subject by oral
ingestion, through the skin, or by inhalation.! The
spores are phagocytized and travel to regional lymph
nodes where they germinate and release toxins® which
are crucial for the pathogenesis of anthrax.* Although
the use of vaccines prior to infection is preventive
against anthrax,’ various factors make mass vaccination
impractical. Antibiotics such as ciprofloxacin, penicil-
lins, and tetracyclines may be effective in reducing the
bacterial infection itself at the very early stage,® but once
the toxins are released, such therapy does not signifi-
cantly arrest the course of the disease because of the
continuing action of the toxins. Given the attractiveness
of anthrax as a biological weapon, the modification of
wildtype B. anthracis to provide antibiotic resistant
strains is a distinct possibility. Therefore, it is important

Keywords: Anthrax; Lethal factor inhibitors; Zn>*-dependent metal-

loprotease; Guanidinylated neamine derivatives.
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to provide a post-infection anthrax treatment which is
not prone to antibiotic resistance.

After onset of infection, the toxins are released in the
form of three plasmid-encoded proteins: protective anti-
gen (PA, 83 kDa), lethal factor (LF, 90 kDa) and edema
factor (EF, 89 kDa).” When PAg; (83 kDa)? specifically
binds to a cell surface anthrax toxin receptor,’ a 20 kDa
fragment is cleaved by a furin-like protease,'® allowing
the remaining PAg; (63 kDa) to heptamerize. After
binding to LF to give lethal toxin (LT) or EF to give
edema toxin (ET), the heptamer behaves as a shuttle
to translocate LF and EF into an intracellular endo-
somal compartment.'! After LT and ET enter the endo-
somes, dissociation occurs, and LF and EF are released
into the cytoplasm to exert their toxic effects.!? Edema
factor is a Ca**/calmodulin-dependent adenylate cyclase
that triggers the synthesis of cAMP, leading to edema.'3
Lethal factor is a Zn>*-dependent metalloprotease that
specifically cleaves mitogen-activated protein kinase ki-
nases (MAPKKs) in macrophages.'® Degradation of
MAPKKSs interrupts critical signaling pathways, result-
ing in cell death.!> The dead cells then release cytokines
and NO which cause septic shock and death of the sub-
ject. The fact that EF-deficient B. anthracis strains are
still toxic, while those lacking LF are greatly attenuat-
ed,'® suggests that LF is the dominant virulence factor
of anthrax. Therefore, inhibition of LF should offer an
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efficient therapeutic approach for treating anthrax, par-
ticularly in late stage infection. During the last few
years, progress has been made in the search for specific
inhibitors of LF.!73!

Our early work in the anthrax project led to the discov-
ery of a series of cationic small molecule LF protease
inhibitors. An intermediate stage of this work was the
identification of the semi-synthetic LF inhibitors derived
from neamine. In this letter, we present the systematic
investigation of these guanidinylated neamine deriva-
tives.>? The significance of this study is twofold. First,
the selective synthesis of guanidinylated neamine deriv-
atives remains a significant challenge in organic synthe-
sis. Efficient and practical methods for mono-, di-, and
tri-guanidinylation of neamine are presented in this let-
ter. Second, these compounds are shown to be potent
inhibitors of anthrax LF protease using an in vitro bio-
chemical assay.?* Based on this work, we further identi-
fied fully synthetic LF inhibitors derived from 2,5-
dideoxystreptamine, which were published earlier.!”
Taken together, these studies illustrated the ability to
use a biologically active natural product to identify fully
synthetic, potent small molecule inhibitors of anthrax
lethal factor protease.

The project was initiated by the screening of a focused
library of commercially available cationic compounds.
It was found that some aminoglycosides, commonly
used antibiotics for treatment of Gram-negative and
Gram-positive bacterial infections,>* exhibited strong
inhibitory activity against anthrax LF protease.’® For
example, neomycin B (Fig. 1, 1) showed K™ of
0.5 uM for inhibition of LF in our in vitro FRET
assay.>? Because of its structural complexity, neomycin
B does not represent an attractive lead for a medicinal
chemistry program. The decision was then made to
investigate structurally simpler neamine (Fig. 1, 2), a
common pseudodisaccharide present in most naturally
occurring aminoglycosides, for further optimization
because it could be manipulated more easily than neo-
mycin B. Accordingly, we prepared neamine via treat-
ment of commercially available neomycin B with
acetyl chloride in methanol.?® Neamine was found to be-
have as a weak inhibitor of LF with K{* of 42.9 pM.

The available X-ray crystal structures of LF reveal that
the active site of the protease possesses high negative char-

0
H\Z)OSHOH
0
1 ‘\“' " OH 2
NH, OH )
neamine
neomycin B

Figure 1. Structures of neomycin B 1 and neamine 2.

ge density due to the presence of clusters of negatively
charged, acidic Asp and Glu residues.?!-?2-2%:3%-37 The elec-
trostatic interactions between the positively charged ami-
no groups of aminoglycosides and the negatively charged
residues of LF have been shown to play a vital role in
determining the inhibitory activity.>*?” We hypothesized
that introduction of highly charged guanidinyl groups
onto the neamine core might result in better potency by
inducing stronger electrostatic interaction with the bind-
ing site.’® To test the hypothesis, tetraguanidinoneamine
4 was synthesized via guanidinylation of neamine with
excess of N,N’-di-(tert-butoxycarbonyl)-N"-triflylguani-
dine 5,% followed by TFA deprotection, as a TFA salt
(Scheme 1). We were encouraged by the finding that com-
pound 4 showed a K™ of 0.7 pM for inhibition of LF,
which is comparable to that of neomycin B.

The above result strongly suggested the significant effect
of the guanidinyl group on the inhibitory activity
against LF.%° Consequently, our next goal was to deter-
mine the minimum number of guanidinyl groups
required for potent activity as well as to investigate the
structure—activity relationship requirements for the loca-
tion of these guanidinyl groups. Therefore, a series of
mono-, di-, and tri-guanidinylated derivatives of nea-
mine were prepared. In each synthetic strategy described
below, only the key steps are highlighted. The last step
of the synthesis was the same in each case, deprotection
with TFA to give the final products as TFA salts.

In general, the primary 6’-amino group is the most reac-
tive of the four amino groups of neamine with slight dif-
ferences in reactivity among the remaining three
positions (1 >3 >2') due to their steric accessibility.*!
As a result, the mono-guanidinylated neamines,
6’-guanidinoneamine 7, 1-guanidinoneamine 9, and
3-guanidinoneamine 11, were prepared by selective
guanidinylation of neamine 2, 3,6’-di-(¢ert-butoxycar-
bonyl)-neamine 8,4’ and 1,6'-di-(tert-butoxycarbonyl)-
neamine 10,* respectively, employing a limiting amount
of 5 (Schemes 2A-C).** The 2'-guanidinoneamine 13
was prepared from 1,3,6'-tri-(zert-butoxycarbonyl)-nea-
mine 12* with excess of 5 (Scheme 2D).

The synthesis of the di- and tri-guanidinylated neamines
began with either a mono-guanidinylated neamine deriv-
ative or selectively N-protected neamine compounds.
The di-guanidinylated neamines, 1,6’-diguanidinone-
amine 14 and 3,6’-diguanidinoneamine 15, and tri-gua-
nidinylated analogs, 1,3,6’-triguanidinoneamine 16 and
1,2/,6'-triguanidinoneamine 17, were prepared via a sin-
gle guanidinylation reaction of compound 6 (see Scheme
2A) with 1 equiv of 5 (Scheme 3). The four intermediate
compounds were readily separated from the mixture by
silica gel column chromatography.

The 1,3-diguanidinoneamine 19 was obtained via selec-
tive guanidinylation of 6’-(tert-butoxycarbonyl)-nea-
mine 18* with 1.9 equiv of 5 (Scheme 4A), and I,
2’-diguanidinoneamine 20 (Scheme 4B), 3,2’-diguanidi-
noneamine 21 (Scheme 4C), and 1,3,2'-triguanidinone-
amine 23 (Scheme 4E) were prepared from compounds
8,42 10,43 and 18,% respectively, by using excess of 5.
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Scheme 3. Reagents and conditions: (a) 1.0 equiv of 5, Et;N, MeOH, rt; (b) TFA-DCM (1:1), rt.

A highlight of this work was the application of metal-
chelation reactions, which have been used in selective
Cbz- or Boc-protection of neamine,*>*>47 to prepare
2’,6’-diguanidinoneamine 22 and 3,2’,6'-triguanidinone-
amine 25.*® Guanidinylation in the presence of nickel
acetate, which ties up the 1- and 3-positions,*’ resulted
in 2',6’-diguanidinoneamine 22 (Scheme 4D). The inter-
mediate compound 24 was first prepared by using
1 equiv of di-tert-butyl-dicarbonate in the presence of
zinc acetate, which blocks access of 3-position.*> Gua-
nidinylation of compound 24 with 3 equiv of 5 then gave
3,2’,6’-triguanidinoneamine 25 (Scheme 4F).

Once the mono-, di-, and tri-guanidinylated neamine
derivatives were prepared, their inhibition of LF was
evaluated using an in vitro biochemical assay.’® The

results are summarized in Table 1. In general, it was
found that guanidinyl groups added to neamine en-
hanced the potency against LF, but there is no clear lin-
ear relationship between the potency and the number of
guanidinyl groups. Surprisingly, 3,2’-diguanidinone-
amine 21 and 1,3,2'-triguanidinoneamine 23 exhibited
comparable potency to 1,3,2’,6’-tetraguanidinoneamine
4 in the sub-micromolar range, which indicates that
two guanidinyl groups are sufficient for potent activity.
The finding that the most potent derivatives bear guan-
idinyl groups on both the 3- and 2’-positions suggests
that the spatial location of these groups on neamine is
preferred for good inhibitory activity against LF.*

Finally, to explore the significance of the OH groups
on the inhibition of LF activity by neamine, the
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Ni(OAc),, MeOH, rt; (¢) 4.5 equiv of 5, Et;N, MeOH, rt; () 1 equiv of Boc,O, Cu(OAc),, MeOH, rt.

Table 1. Inhibition constant (K;"") values for guanidinylated neamine derivatives against lethal factor

R1
, R', R?, R3, R* = NH,
OH o NH
or f\NkNHZ
H

Compound Trivial name No. of guanidinyl group KPP (pM)*

1 Neomycin B 0 0.5%£0.1

2 Neamine 0 429+6.3

4 1,3,2’,6'-Tetraguanidinoneamine 4 0.7£0.1

9 1-Guanidinoneamine 1 5.0%0.7
11 3-Guanidinoneamine 1 52+0.7
13 2’-Guanidinoneamine 1 109+ 1.5

7 6’-Guanidinoneamine 1 243+0.6
19 1,3-Diguanidinoneamine 2 5.6%0.7
20 1,2’-Diguanidinoneamine 2 53%1.1
14 1,6’-Diguanidinoneamine 2 10.2£3.2
21 3,2’-Diguanidinoneamine 2 0.7%0.1
15 3,6’-Diguanidinoneamine 2 88+24
22 2’,6'-Diguanidinoneamine 2 77+1.1
23 1,3,2'-Triguanidinoneamine 3 0.5+0.1
16 1,3,6’-Triguanidinoneamine 3 87%£1.0
17 1,2’,6'-Triguanidinoneamine 3 3.1+0.8
25 3,2/,6'-Triguanidinoneamine 3 92+1.1
29 1,3,2,6'-Tetraguanidino-5,6,3’ 4-tetramethoxylneamine 4 1.5+£0.2

#The values are means of three experiments.
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1,3,2’,6'-tetraguanidino-5,6,3’,4'-tetramethoxylneamine
29 was prepared from 1,3,2/,6'-tetraazidoneamine 26>°
via methylation with methyl iodide, followed by reduc-
tion, guanidinylation, and deprotection (Scheme 5). It
was found that the OH groups in the guanidinylated
neamine derivatives had negligible influence on the
potency (29 vs. 4, Table 1). This result implies that sub-
stitution or replacement of the OH groups might pro-
vide an opportunity to modify neamine as a lead
structure to improve bioavailability and other pharma-
cological properties without loss of potency.

Mechanistic studies suggest that the guanidinylated nea-
mine derivatives are mixed-type inhibitors of LF.5! As
illustrated in the double reciprocal Lineweaver—Burk
plot of compound 21 (Fig. 2), the primary plot of inhi-
bition gave straight lines with a point of intersection in
the second quadrant. Both the slope and the vertical axis
intercepts increased with increasing inhibitor concentra-
tion, indicating a mixed-type inhibition. It was also
observed that the addition of NaCl (up to 40 mM) to
the assay buffer solution resulted in dramatic increase
of K{*" values for these compounds (ca. 10-fold, data
not shown), thus supporting the idea that the interaction
between LF and the guanidinylated neamine derivatives
is predominantly electrostatic. Since aminoglycosides
have been shown to chelate to zinc,** we briefly investi-
gated the effect of the nonspecific Zn-chelation on the
inhibition of LF. As an example, compound 21 was
assayed at various concentrations of ZnCl, to determine
if the added zinc ions would compete with the catalytic
zinc of LF for binding to the inhibitor. The results
showed that addition of ZnCl, at concentrations below
16 uM does not significantly affect the Ki™ values,>?
indicating that the nonspecific Zn-chelation is unlikely
to govern the inhibition of LF. We also conducted
counterscreens of the most potent compounds 4, 21,
23, and 29 against several relevant zinc-dependent
metalloproteases such as MMP-1, MMP-3. MMP-9,
MMP-12, and MMP-14. Very weak or no activity
(K™ > 300 pM) was observed against these enzymes,
suggesting that the guanidinylated neamine derivatives
are selective inhibitors of LF.

In summary, a series of novel guanidinylated neamine
derivatives have been synthesized via selective mono-,
di-, and tri-guanidinylation of neamine. These molecules
were shown to be potent, selective inhibitors of LF.
Among them, 3,2’-diguanidinoneamine, 1,3,2’-triguan-

1/Vo

5 -010 -0.05 0 0.05 0.10 0.15
1/[S]

Figure 2. Lineweaver—Burk plot of compound 21.

idinoneamine, and 1,3,2/,6'-tetraguanidinoneamine
exhibited the most potent activities in the sub-micromo-
lar range. Our work with this series demonstrates that
multiple cationic groups are important for the inhibition
of LF, and the full complex neomycin B structure is not
needed for potency.

Acknowledgments

We thank Dr. Alan T. Johnson for editorial comment
on the manuscript, Dr. Dominique Nguyen for helpful
discussion, and Ms. Linda McKasson for analytical
assistance. One reviewer is acknowledged for the com-
ment on the mechanism of inhibition. This work was
funded by the US Department of Defense, US Army
Medical Research and Materials Command, Ft. Det-
rick, MD, and administered by the Pacific Telehealth
and Technology Hui, Honolulu, HI, Contract #
V549P-6073. The views expressed in this article are those
of the authors and do not reflect the official policy or po-
sition of the Department of Defense, US Department of
the Army, or the US Government. The appearance of
name-brand products in this article does not constitute
endorsement by the US Department of the Army,
Department of Defense, or the US Government of the
information, products or services contained therein.





5188

—

10.

11.

12.

13.
14.

15.

16.

17.

20.

21.

22.

23.

24.

25.

26.

. Johnson, S. L.

G.-S. Jiao et al. | Bioorg. Med. Chem. Lett. 16 (2006) 5183-5189

References and notes

. Mock, M.; Fouet, A. Annu. Rev. Microbiol. 1998, 225, 13.
. Dixon, T. C.; Meselson, M.; Guillemin, J.; Hanna, P. C.

N. Engl. J. Med. 1999, 341, 815.

. Collier, R. J.; Young, J. A. Annu. Rev. Cell. Dev. Biol.

2003, 79, 45.

. Moayeri, M.; Leppla, S. H. Curr. Opin. Microbiol. 2004, 7,

19.

. Friedlander, A. M.; Welkos, S. L.; Ivins, B. E. Curr. Top.

Microbiol. Immunol. 2002, 271, 33.

. Bartlett, J. G.; Inglesby, T. V., Jr.; Borio, L. Clin. Infect.

Dis. 2002, 35, 851.

. Ascenzi, P.; Visca, P.; Ippolito, G.; Spallarossa, A.;

Bolognesi, M.; Montecucco, C. FEBS Lett. 2002, 532, 384.

. Petosa, C.; Collier, R. J.; Klimpel, K. R.; Leppla, S. H;

Liddington, R. C. Nature 1997, 385, 833.

. Bradley, K. A.; Mogridge, J.; Mourez, M.; Collier, R. J.;

Young, J. A. Nature 2001, 414, 225.

Molloy, S. S.; Bresnahan, P. A.; Leppla, S. H.; Klimpel,
K. R.; Thomas, G. J. Biol. Chem. 1992, 267, 16396.
Mogridge, J.; Cunningham, K.; Collier, R. J. Biochemistry
2002, 41, 1079.

Menard, A.; Altendorf, K.; Breves, D.; Mock, M.
Montecucco, C. FEBS Lett. 1996, 386, 161.

Leppla, S. H. Proc. Natl. Acad. Sci. U.S.A. 1982, 79, 3162.
Klimpel, K. R.; Arora, N.; Leppla, S. H. Mol. Microbiol.
1994, 713, 1093.

Duesbery, N. S.; Webb, C. P.; Leppla, S. H.; Gordon, V.
M.; Klimpel, K. R.; Copeland, T. D.; Ahn, N. G
Oskarsson, M. K.; Fukasawa, K.; Paull, K. D.; Vande
Woude, G. F. Science 1998, 280, 734.

Pezard, C.; Berche, P.; Mock, M. Infect. Immun. 1991, 59,
3472.

Jiao, G.-S.; Cregar, L.; Goldman, M. E.; Millis, S. Z.;
Tang, C. Bioorg. Med. Chem. Lett. 2006, 16, 1527.

. Xiong, Y.; Wiltsie, J.; Woods, A.; Guo, J.; Pivnichny, J.

V.; Tang, W.; Bansal, A.; Cummings, R. T.; Cunningham,
B. R.; Friedlander, A. M.; Douglas, C. M.; Salowe, S. P.;
Zaller, D. M.; Scolnick, E. M.; Schmatz, D. M.; Bartizal,
K.; Hermes, J. D.; MacCoss, M.; Chapman, K. T. Bioorg.
Med. Chem. Lett. 2006, 16, 964.

Jung, D.; Forino, M.; Chen, Y.
Satterthwait, A.; Rozanov, D. V.; Strongin, A. Y.
Pellecchia, M. J. Med. Chem. 2006, 49, 27.

Kocer, S. S.; Walker, S. G.; Zerler, B.; Golub, L. M_;
Simon, S. R. Infect. Immun. 2005, 73, 7548.

Forino, M.; Johnson, S.; Wong, T. Y.; Rozanov, D. V,;
Savinov, A. Y.; Li, W.; Fattorusso, R.; Becattini, B.; Orry,
A.J.; Jung, D.; Abagyan, R. A.; Smith, J. W.; Alibek, K.;
Liddington, R. C.; Strongin, A. Y.; Pellecchia, M. Proc.
Natl. Acad. Sci. U.S.A. 2005, 102, 9499.

Shoop, W. L.; Xiong, Y.; Wiltsie, J.; Woods, A.; Guo, J.;
Pivnichny, J. V.; Felcetto, T.; Michael, B. F.; Bansal, A_;
Cummings, R. T.; Cunningham, B. R.; Friedlander, A.
M.; Douglas, C. M.; Patel, S. B.; Wisniewski, D.; Scapin,
G.; Salowe, S. P.; Zaller, D. M.; Chapman, K. T,
Scolnick, E. M.; Schmatz, D. M.; Bartizal, K.; MacCoss,
M. Proc. Natl. Acad. Sci. U.S.A. 2005, 102, 7958.
Numa, M. M. D.; Lee, L. V.; Liu, C.-C.; Bower, K. E.;
Wong, C.-H. ChemBioChem 2005, 6, 1002.

Fridman, M.; Belakhov, V.; Lee, L. V.; Liang, F.-S.;
Wong, C.-H.; Baasov, T. Angew. Chem., Int. Ed. 2005, 44,
447.

Min, D.-H.; Tang, W.-J.; Mrksich, M. Nat. Biotech. 2004,
22, 7117.

Montecucco, C.; Tonello, F.; Zanotti, G. Trends Biochem.
Sci. 2004, 29, 282.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Lee, L. V.; Bower, K. E.; Liang, F.-S.; Shi, J.; Wu, D;
Sucheck, S. J.; Vogt, P. K.; Wong, C.-H. J. Am. Chem.
Soc. 2004, 126, 4774.

Dell’Aica, 1.; Dona, M.; Tonello, F.; Piris, A.; Mock, M.;
Montecucco, C.; Garbisa, S. EMBO Rep. 2004, 5, 418.
Panchal, R. G.; Hermone, A. R.; Nguyen, T. L.; Wong, T.
Y .; Schwarzenbacher, R.; Schmidt, J.; Lane, D.; McGrath,
C.; Turk, B. E.; Burnett, J.; Aman, M. J.; Little, S.;
Sausville, E. A.; Zaharevitz, D. W.; Cantley, L. C;
Liddington, R. C.; Gussio, R.; Bavari, S. Nat. Struct. Mol.
Biol. 2004, 11, 67.

Turk, B. E.; Wong, T. Y.; Schwarzenbacher, R.; Jarrell, E.
T.; Leppla, S. H.; Collier, R. J.; Liddington, R. C;
Cantley, L. C. Nat. Struct. Mol. Biol. 2004, 11, 60.
Tonello, F.; Seveso, M.; Marin, O.; Mock, M.; Monte-
cucco, C. Nature 2002, 418, 386.

Part of this letter has been presented in ACS National
Meeting. See: Tang, C.; Simo, O.; Nagata, M.; Jiao, G.-S.;
O’Malley, S.; Goldman, M.; Cregar, L.; Nguyen, D.;
Hemscheidt, T. Abstracts of Papers. In 228th ACS
National Meeting, Philadelphia, PA; American Chemical
Society: Washington, DC, 2004; MEDI 261.

Lethal factor protease (20 nM) and inhibitor were briefly
incubated at room temperature in the assay buffer (25 pl,
20mM Hepes, 0.05% Tween 20, and 0.02% NaNj,
pH 7.4), and the reaction started by the addition of
12.5 uM final of the fluorogenic peptide substrate, MAP-
KKide™ (o-aminobenzoic acid on N-terminus and 2.4-
dinitrophenol on C-terminus. List Biological Laborato-
ries, Inc, Campbell, CA). Fluorescence intensity (Ex:
320 nm, E,,: 420 nm) was monitored for 15 min at room
temperature and the K" values were calculated using the
program BatchKi (BioKin Ltd, Pullman, WA). The K,
and K; for the peptide substrate under these conditions are
8.6+ 1.5 and 85+ 17 uM, respectively. Hydrolysis has
been confirmed by HPLC, and the data were presented at
the Fifth International Conference on Anthrax, March 30,
2003 in Nice, France, in a poster titled ‘Internally
Quenched Fluorogenic Substrates for Anthrax Lethal
Factor’.

Kim, M. K.; Nicolaou, D. P. Infect. Dis. Ther. 2002, 28,
125.

Similar finding has been reported by Wong et al. See Ref.
27.

HCI or H,SO4 was used in the reported procedure. See:
Dutcher, J. D.; Donin, M. N. J. Am. Chem. Soc. 1952, 74,
3420.

Pannifer, A. D.; Wong, T. Y.; Schwarzenbacher, R.;
Renatus, M.; Petosa, C.; Bienkowska, J.; Lacy, D. B.;
Collier, R. J.; Park, S.; Leppla, S. H.; Hanna, P.;
Liddington, R. C. Nature 2001, 414, 229.

The guanidinyl group can be found in many drug
structures. See: Baker, T. J.; Goodman, M. Synthesis
1999, 1423.

Baker, T. J.; Rew, Y.; Goodman, M. Pure Appl. Chem.
2000, 72, 347.

The guanidinyl group has been also found to be crucial for
the cell penetration of guanidinylated aminoglycosides.
See: Luedtke, N. W.; Carmichael, P.; Tor, Y. J. Am.
Chem. Soc. 2003, 125, 12374.

Grapsas, I.; Cho, Y. J.; Mobashery, S. J. Org. Chem. 1994,
59, 1918.

Compound 8 was prepared following the literature
procedure. See: Grapsas, I.; Massova, I.; Mobashery,
S. Tetrahedron 1998, 54, 7705.

Compound 10 was prepared following the literature
procedure. See: Roestamadji, J.; Grapsas, 1.; Mobashery,
S. J. Am. Chem. Soc. 1995, 117, 11060.





44.

45.

46.

47.

48.

G.-S. Jiao et al. | Bioorg. Med. Chem. Lett. 16 (2006) 5183-5189

In each reaction, the desired intermediate compound was
isolated as the major product by silica gel column
chromatography. Minor diguanidinoneamine derivatives
and the starting material were also identified.

Compound 12 was prepared following the literature
procedure. See Ref. 41.

Compound 18 was prepared following the literature
procedure. See Ref. 41.

Kirst, H. A.; Truedell, B. A.; Toth, J. E. Tetrahedron Lett.
1981, 22, 295.

It is believed that, during the reaction process, interme-
diate metal chelates are formed between the proximal

49.

S1.

52.

5189

amino and hydroxyl groups of the aminoglycosides. As a
result, the coordinated amino groups are less accessible
than the other free ones for electrophilic reagents.
Compound 25 appears to be the exception to this statement.
Compound 26 was prepared following the literature
procedure. See: Alper, P. B.; Hung, S.-C.; Wong, C.-H.
Tetrahedron Lett. 1996, 37, 6029.

For a detailed study on mixed-type inhibition of LF by
cationic molecules. See: Kuzmic, P.; Cregar, L.; Millis, S.
Z.; Goldman, M. FEBS J. 2006, 273, 3054.

When the concentration of ZnCl, is below 16 uM, the
effect on ionic strength by ZnCl, is negligible.





		Selectively guanidinylated derivatives of neamine. Syntheses and inhibition of anthrax lethal factor protease

		Acknowledgments

		References and notes






ELSEVIER

Available online at www.sciencedirect.com

- ScienceDirect

Bioorganic &
Medicinal
Chemistry
Letters

Bioorganic & Medicinal Chemistry Letters 16 (2006) 50665072

Solid-phase synthesis and structure—activity relationships of novel
biarylethers as melanin-concentrating hormone receptor-1
antagonists

Vu Ma,** Anthony W. Bannon,? Jamie Baumgartner,® Clarence Hale,® Faye Hsieh,°
Christopher Hulme," Kirk Rorrer,® John Salon,® Carlo van Staden® and Paul Tempest®

4Chemistry Research and Discovery, Amgen Inc., One Amgen Center Drive, Thousand Oaks, CA 91320, USA
®Department of Metabolic Disorders, Amgen Inc., One Amgen Center Drive, Thousand Oaks, CA 91320, USA
“Department of Pharmacokinetics and Drug Metabolism, Amgen Inc., One Amgen Center Drive, Thousand Oaks, CA 91320, USA
dJcagen Inc., 4222 Emperor Blvd, Suite 350, Durham, NC 27703, USA
*MDS Pharma Services, 22011 30th Dr SE, Bothell, WA 98021, USA
TEli Lilly and Company, 9560 Copley Drive, Indianapolis, IN 46260, USA
€Merck Research Labs, 33 Avenue Louis Pasteur, Boston, MA 02115, USA

Received 21 June 2006; revised 11 July 2006; accepted 12 July 2006
Available online 1 August 2006

Abstract—Melanin-concentrating hormone (MCH) is a cyclic 19 amino acid orexigenic neuropeptide. The action of MCH on feed-
ing is thought to involve the activation of its respective G protein-coupled receptor MCH-R 1. Consequently, antagonists that block
MCH regulated MCH-R1 activity may provide a viable approach to the treatment of diet-induced obesity. This communication
reports the discovery of a novel MCH-R1 receptor antagonist, the biarylether 7, identified through high throughput screening.
The solid-phase synthesis and structure-activity relationship of related analogs is described.

© 2006 Elsevier Ltd. All rights reserved.

The prevalence of obesity and obesity related fatality is
on the increase in the industrialized world. Today in the
United States, nearly two-thirds of adults are obese or
overweight and the problem is anticipated to be a major
contributor to a potential decline in life expectancy in
the 21st century.' Unfortunately, the usefulness of cur-
rently available drugs for the treatment of obesity has
proven disappointing, due in part to poor efficacy and
off-target side effects.?

Accordingly, the search for drugs and drug targets that
selectively modulate physiological systems directly in-
volved in feeding and metabolism has become a pressing
concern in the pharmaceutical sector. Several lines of
evidence have implicated the melanin-concentrating
hormone (MCH) system as a pivotal regulator of food
intake and energy homeostasis. First, both genetically
obese mice and mice that have been fasted display up-

Keywords: Biarylethers; MCH-R1 antagonists.
*Corresponding  author. Tel: +1 805 447
vma@amgen.com

8394; e-mail:

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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regulated levels of MCH precursor messenger RNA
in the lateral hypothalamus, a key area of the brain
regulating feeding behavior.* Second, injection of the
MCH peptide itself directly into the brain is sufficient
to stimulate feeding in rats.’ Finally, knock-out mice
that lack MCH eat less and are lean, while transgenic
mice that overexpress MCH develop insulin resistance
and become obese.’

The MCH transmitter system includes at least two sub-
types of G protein-coupled receptors (GPCRs), desig-
nated MCH-R1 and MCH-R2.3° While the differential
role of these subtypes in neurophysiology and behavior
has not been defined, the evidence at hand suggests that
MCH-R1 plays a more prominent role in the regulation
of diet-induced obesity in humans.'%!? Several structur-
ally distinct MCH-R1 antagonists have been reported in
Figure 1 (113’ 214’ 315’ 416’ 517’ 6]8,195 '7205 and 821).

Recently, Schering-Plough reported urea 7 (Fig. 1)
exhibited a significant reduction in food intake and
weight gain, and significantly reduced cumulative food
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Figure 1. Reported MCH-R1 antagonists.

intake by day 28 at 30 mg/kg, oral dosing in diet-in-
duced obese (DIO) mouse model. In addition, Abbott
reported urea 8 (Fig. 1) exhibited a significant reduction
in food intake and a significant cumulative reduction by
day 14 at 100 mg/kg, oral dosing in DIO mouse model.
Herein we report the structure—activity relationships
(SAR) and pharmacokinetic properties of biarylether-
containing MCH-R1 antagonists prepared by an effi-
cient solid-phase synthesis.

The Amgen corporate collection was evaluated in a
high-throughput scintillation proximity assay (HT-
SPA) for binding versus rat MCH-R1 at a single
10 uM dose. Validated hits were further screened for
binding to both human, and mouse MCH-R1.2? Select
compounds were assayed for functional activity using
a FLIPR® protocol measuring the MCH-R1 induced
mobilization of intracellular Ca**.2* Several sub-micro-
molar compounds emerged from the screening and val-
idation process, including compound 9 (Fig. 2) with an
ICs5o (rMCH-R1) =250 £ 70 nM. Compound 9 possess-
es three readily modified groups, R', R%, and R (struc-
ture 16, Scheme 1), amenable to rapid analoging via
solid-phase synthesis.

Solid-phase synthesis of the series is described generical-
ly in Scheme 1.2* Commercially available 4-formyl-3-
methoxyphenoxy-polystyrene resin (10) was reductively
aminated to introduce R® (11). Acylation with 4-fluo-
ro-3-nitrobenzoic acid afforded 12, which upon treat-
ment with the desired phenol, thiophenol or aniline in
the presence of a base provided 13. Nitro group reduc-
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ICso (MMCH-R1) = 610 + 130 nM

Figure 2. Compound 9, screening hit from HT-SPA assay.

tion with tin (II) chloride dihydrate gave the amine,
14, which was then converted to the amide, carbamate
or urea (15). Cleavage from the resin with trifluoroacetic
acid followed by purification by silica gel chromatogra-
phy provided the desired products (16). Unless other-
wise noted, purity of compounds 17-39 was >95% as
determined by reversed-phase HPLC.

The in vitro ICsy data from the SPA assay at rat, hu-
man, and mouse MCH receptor-1 (MCH-R1, hMCH-
R1, and mMCH-RI1, respectively) for compounds
17-33 compared to compound 9 are given in Table 1.
Unless otherwise noted, 1Csq values are the average of
at least two separate experiments and are reported with
the standard error of the mean (SEM).

Based on the results from Table 1, several observations
were made. For example, a tertiary amine (e.g., 9) was
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OCHs _ OCH;

HN-R3

10 1
OCH,
(i) (iv)
—_—
N—-R?3
o
13 NO,
R1
OCHj,
—_—
N-RS R’
0
H
NW R?
15 rR' O

12

14

Scheme 1. Synthesis of compounds 9, 17-39. (i) R*NH,, Na(OAc);BH, dichloroethane; (ii) 4-fluoro-3-nitrobenzoic acid, HOBT, DIC, DMF;
(iii) ArOH or ArSH or ArNH,, DBU, DMF; (iv) SnCl,-2H,0, DMF; (v) acid chloride or isocyanate or chloroformate, pyridine, dichloromethane;

(vi) trifluoroacetic acid, dichloromethane.

preferred over a primary amine (e.g., 17) at the terminus
of R®. The presence of a tertiary amine is common to
MCH-R1 antagonists and accounts for a key salt bridge
interaction wrth the receptor.?> Replacement of the oxy-
gen linker at R! with either sulfur (e.g., 18) or nitrogen
(e.g., 19) resulted in a significant reductlon in potency.
Replacement of 3,4-dimethyl phenyl at R' with naphthyl
had little impact on activity (compare compound 9 with
20). Note that the biaryl ether motif is common to multi-
ple GPCR receptor ligands.?%27 Activity was not
impacted significantly when the phenethyl amide at R>
was replaced with a trans-cinnamide (compound 9 vs.
21). The trans-cyclopropane (22) was also tolerated.
Truncation of the phenethyl at R? to benzyl, ethyl,
and methyl (compounds 23, 24, and 25, respectively)
resulted in a reduction in activity. While the phenyl car-
bamate (26) was less active than screening hit 9, the
analogous phenyl urea (27) showed an improvement in
potency up to 100-fold. Compound 27 possessed single
digit nM activities for all 3 receptor types (rat, human,
and mouse). Further examination of the ureas showed
that the N-methyl (28) and pyridyl (29) analogs suffered
from a 51gn1ﬁcant reduction in activity. The reduction in
potency going from phenyl urea 27 to phenyl carbamate
26, N-methyl phenyl urea 28 or 2-aminopyridyl urea 29
suggests that the urea NH is involved in a key hydrogen-
bonding interaction with the receptor. Certain substitu-
ents on the urea phenyl, for example ortho-chloro (30),
and para-bromo (31), were tolerated and resulted in
low nanomolar potency for all three species. More bulky
substituents such as para-phenyl (32) and para-phenyl-
oxy (33) caused a decrease in potency relative to 27.

Compound 27 was further profiled in vitro and a sum-
mary of the potency and functional activity for the three
species is given in Table 2. Compound 27 was potent in
the functional assay (FLIPR® Ca** release: K; (.M CH-
R1)=13+5nM; K; (MCH-R1)=13x5nM; K;
(mMCH-R1) = 14 +4nM). Mechanisms of ligand
interaction with MCH-R1 as determined by Schild

analysis®® showed that compound 27 was a reversible,
competitive antagonist (pA2=28; equivalent to
K4 =10 nM).

The pharmacokinetic profile of compound 27 was then
examined. A high rate of clearance was observed in vitro
in rat liver microsomes (RLM CL = 703 pL/min/mg)>°
and, consistent with this result, the compound was
cleared very rapidly in vivo (iv 2 mg/kg in Sprague—
Dawley rats; CL = >10,000 mL/kg/h; t,,, = 0.7 h).’° In
addition, brain penetration in rats was limited, with
30 min peak levels of less than 40 ng/g (based on whole
brain homogenate), raising concerns that sufficient
exposure would not be achieved when dosing iv in the
efficacy model. Phase I metabolite identification studies
in rat liver microsomes suggested multiple sites of oxida-
tion (Fig. 3) based on mass fragments observed by LC/
MS/MS. A series of closely related analogs was designed
to prevent metabolic oxidation (Table 3). Low nanomo-
lar potency was maintained and a clear trend was ob-
served in the microsomal clearance data, confirming
that the methyl groups on R' and aryl meta-position
on R? are major sites of phase I metabolism. Introduc-
ing a single ﬁuorme to the aromatic ring in the
meta-position at R*? (compare compound 27 to 34)





V. Ma et al. | Bioorg. Med. Chem. Lett. 16 (2006) 5066-5072 5069

Table 1. Inhibition (ICsy) of MCH binding to rat, human, and mouse MCH-R1 in the SPA assay
(0]

Q

N'R3
R’ "
HN._R?
T
o
Compound  R! R? R? ICso IMCH-RI (nM)  ICso hMCH-R1 (nM)  IC5p mMCH-R1 (nM)
§
0 ;@\o/; \/\@ §/\/N® 250 +70.0 330 £ 160 610 + 130
17 ;@\ . g >1000 >1000 >1000
07t
. %
18 ;@\S/; V\© ; A 1000 >1000 >1000
19° D\N/; §V\© §NN® >1000 >1000 >1000
H
%
2 O/g \/\@ §NN® 540 + 230 380 + 160 340 + 100
NG~
21 :@\o/; 0 §NN® 170 £ 60.0 540 + 230 230 £ 120
‘\H
) ;@\o/; §\HP\© ; A 320160 170 £ 70.0 nds
23 ;@\o/; 3/\© e N >1000 >1000 >1000
PS
24 ;@\O/; " cH, WNO >1000 >1000 >1000
_CH
25 ;@\o/; j-CHo ; A 1000 >1000 >1000
_O.
26 ;@\O/; f \© ; A =100 >1000 >1000
N
27 ;@\O/; - @ ; A 300100 7.00 £ 3.00 5.00 £ 2.00
o,
28 ;@\o/; §/N\© ; A 1000 >1000 >1000
H
29 ;@\ g N NS NNQ >1000 >1000 >1000
0/5 ‘ P §
Cl
0, Sy : :
30 IR N 14.0 £ 5.00 15.0 £ 4.00 7.00 £ 1.00
N
31 ;@\o/; v @ §/\/N® 5.00 +1.00 11.0 £ 6.00 28.0+9.00
Br
N
32 :@\ PO @ : A 260£800 140 £ 50.0 400 £ 70.0
o Ph
H
33 ;@\ " [ 610150 340 £ 100 460 £ 60.0
/; \©\ §/\/N - = T 60.
OPh

4 LC purity = 93% (215 nm); 92% (254 nm).
LC purity = 85% (215 nm); 85% (254 nm).
°n.d. = not determined.

4LC purity = 92% (215 nm); 92% (254 nm).
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Table 2. Compound 27 in vitro binding potency versus functional activity

peWen aa

H

HNIN\Q

Assay rMCH-R1 hMCH-R1 mMCH-R1
SPA (binding, K;) 2.00 £ 0.67 nM 4.70 £ 2.00 nM 3.30 £ 1.30 nM
FLPR® (functional, K;) 13.0 £ 5.00 nM 13.0 £ 5.00 nM 14.0 £ 4.00 nM

\ 2 D

boNog gy
/ “N\'@O
—J

Figure 3. Sites of phase I metabolism of compound 27.%

reduced microsomal clearance over two-fold (RLM
CL = 264 pL/min/mg for 34 vs. 703 uL/min/mg for 27).
Less of an impact on clearance was observed for the
analogous mono-methylated analogs 35 and 36 (RLM
CL =469 and 692 pul/min/mg, respectively). Replacing
one or both of the methyl groups in 34 with fluorine
(e.g., 37 and 38) was tolerated in terms of potency, but

did not result in a significant improvement in clearance
over 34. Compound 39, possessing a single fluorine in
the meta-position of each of the aromatic rings (R
and R?), had the lowest in vitro clearance of the series
(RLM CL =196 pL/min/mg) and was further profiled
in vivo.

Upon iv dosing in the rat (Table 4), compound 39
showed an improvement over compound 27 in terminal
half-life (3.9 h), clearance (5600 mL/kg/h), and volume
of distribution (23000 mL/kg). Brain levels, however, re-
mained low (46 ng/g at 30 min, based on whole brain
homogenate). When dosed orally (30 mg/kg in 1%
HPMC/1% Tween 80), with plasma and brain levels
monitored over eight hours, compound 39 was below
the limit of quantification.

In summary, the collective data for this novel series of
MCH-R1 antagonists suggest that, although possessing

Table 3. In vitro potency and rat liver microsomal (RLM) clearance for compound 27 compared to compounds 34-39

2 Q
N/\/N
H

R1

HN.__R?
T
(0]
Compound R! R? ICso TMCH-R1 (nM) ICso hMCH-R1 (nM) RLM CL (uL/min/mg)
H
27 :@\ ; y”@ 3.00 % 1.00 7.00 + 3.00 703
ok
Ny F
34 :@\ ) §/N©/ 3.00 + 1.00 2.00 + 1.00 264
07
N F
35 @\ P g/N©/ 7.00 £0.10 2.00 % 1.00 469
o ¢
y F
36 \©\ P §/N\©/ 33.0 £ 19.0 2.00 % 0.50 692
o ¢
F. H E
37 g ¢ ©/ 6.00 * 3.00 0.10* 258
o ¢
F- H 3
38 B ¥ \@/ 28.0 £9.00 1.40° 393
F o7t
8 F
39 /@\ g §/N\©/ 40.0 £ 26.0 9.00 +5.00 196
F O

#1Csq value based on n =1 experiment.





Table 4. Comparison of pharmacokinetic profile for compounds 27 and 39
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Compound In vitro RLM CL (pL/min/mg) In vivo CL* (mL/kg/h) tiz (h) Vs (mL/kg) Brain levels® (ng/g)
27 703.00 >10000 0.7000 9800.0 31.000
39 196.00 5600.0 3.9000 23000 46.000

%2 mg/kg in DMSO dosed in male Sprague-Dawley rats.
®Based on brain homogenate taken at 0.5 h post-dose.

both excellent in vitro binding and functional activity,
these compounds suffer from high clearance and poor
blood-brain barrier penetration. Sites of metabolism
were identified and blocked to reduce clearance rates.
Current efforts are focused on achieving sufficient expo-
sure for in vivo efficacy studies.
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Binding assays were determined as described below using
mouse, rat or human MCHI1 receptors (mMCH-RI,
rMCH-R1, and hMCH-RI, respectively) expressed in
HEK 293 cells. The assays were performed in 96-well U-
bottomed plates. Membranes (100 mg tissue) were incu-
bated at 30 °C for 90 min in assay buffer (25 uM Hepes,
10 uM MgCl,, 0.2% BSA, 0.1 mg/mL soybean trypsin
inhibitor, 0.1 mg/mL Pefabloc, and 1uM Phosphorami-
don, pH 7.4) with various peptides in the presence of
0.2nM 1251 native-MCH (Perkin-Elmer Life Sciences,
Boston, MA) in 100 mL total volume. Non-specific
binding was assessed in the presence of 1 uM of cold
native-MCH. The reaction was terminated by rapid
filtration through Unifilter-96 GF/C glass fiber filter plates
(FilterMate® 196 Harvester, Packard Insrument Co.,
Meriden, CT) pre-soaked in PBS/0.5% BSA, followed by
three washes with 300 mL of ice-cold water. Bound
radioactivity was determined using a TopCounta micro-
plate scintillation and Iuminescence counter (Packard
Instrument Co., Meriden, CT). Non-linear regression
analyses of drug concentration curves were performed
using GraphPad Prism® (GraphPad Software, Inc.,
San Diego, CA).

FLIPR® Protocol (FLIPR® = Fluorometric Imaging Plate
Reader): CHOKI1-Gqi cells stably expressing MCH-R1
were maintained in Dulbecco’s modified Eagle’s medium
(GICO/Life Technologies, Rockville MD) supplemented
with 2 uM glutamine and 10% dialyzed fetal bovine serum
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(HyClone, Logan, UT) at 37°C, 5% CO,. Cells were
harvested, treatment with Versene was followed by tritur-
ation, washing twice with cold (4 °C) hybridoma medium
(Serum/Protein free, with L-glutamine, sodium bicarbon-
ate, and MOPS buffer) (Sigma-Aldrich Co., St. Louis,
MO) and replated onto 96-well black, flat-bottomed,
collagen-I coated plates to a density of 10,000 cell/well.
The cells were then loaded with the fluorescent calcium
indicator Fura-2 (Molecular Probes, Eugene, Or) at
1.6 UM at room temperature. The loaded cells were then
washed twice with 90 pL/well of wash buffer. Receptor-
stimulated intracellular calcium responses were detected
using FLIPR® by monitoring increases in the Fura-2
fluoresence response. Test compounds were screened for
MCH-R1 activity in the FLIPR® for both agonist and
antagonist action. Agonist mode challenges were conduct-
ed at a maximum gradient concentration of 1 pM.
Antagonist activity was tested by 10 min pre-incubation
of cells at a compound concentration defined to be 300x
the ECsp of MCH (typically 1 uM), with subsequent
introduction of MCH at a concentration 5-fold of ECs as
determined in preliminary experiments. Compounds that
showed inhibition of MCH induced MCHR, dependent
Ca*" responses were automatically tagged for re-interro-
gation, ICsy generation, and Schild analysis. K; values
were calculated from the ICsq value according to the
Cheng-Prussof equation.

Representative procedure: (i) To a 2-L glass bottle were
added 4-formyl-3-methoxyphenoxy-polystyrene resin 10
(100-180 mesh, 1.1 mmol/g loading, 20 g, 22 mmol, Colo-
rado Biotechnology Associate, Inc.), pyrrolidine ethyla-
mine (5equiv, 110 mmol, Aldrich), and anhydrous
dichloroethane (500 mL, Aldrich). The resulting mixture
were shaken for 1h at room temperature. Then,
Na(OAc);BH (5equiv, 110 mmol, Aldrich) was added
and the mixture was shaken overnight at room temperature.
The mixture was degassed every 30 min for the first three
hours. The resin was filtered and washed with methanol (2x)
and dichloromethane (2x) to afford 11; (ii) To a 2-L glass
bottle were added resin 11, 4-fluoro-3-nitrobenzoic acid
(132 mmol, Aldrich), 1-hydroxybenzotriazole hydrate
(132 mmol, Aldrich), diisopropyl carbodiimide (264 mmol,
Aldrich), and N,N-dimethylformamide (500 mL, Aldrich).
The resulting mixture was shaken overnight at room
temperature. The resin was filtered and washed with N,N-
dimethylformamide (2x), methanol (2x), and dichlorometh-
ane (2x) to afford 12; (iii) To a 2-L glass bottle were added
resin 12, 3,4-dimethylphenol (220 mmol, Aldrich), 1,8-
diazabicyclo-[5.4.0Jundec-7-ene (132 mmol, Aldrich), and
N,N-dimethylformamide (400 mL, Aldrich). The resulting
mixture was shaken overnight at room temperature. The
resin was filtered and washed with NV, N-dimethylformamide
(2x) and dichloromethane (2x) to afford 13; (iv) To a 2-L
glass bottle were added resin 13, tin chloride dihydrate
(220 mmol,  Aldrich) and N,N-dimethylformamide
(400 mL, Aldrich). The resulting mixture was shaken
overnight at room temperature. The resin was filtered and
washed with N,N-dimethylformamide (2x) and dichloro-
methane (2x) to afford 14; (v) To a peptide vessel were added
resin 14 (1.1 mmol/g loading, 100 mg, 0.11 mmol), phenyl
isocyanate (1.1 mmol, Aldrich), and 1:1 pyridine: dichloro-
methane (5 mL, Aldrich). The resulting mixture was shaken
overnight at room temperature. The resin was washed with
dichloromethane (2x) to afford 15; (vi) A solution of 30%
trifluoroacetic acid (Aldrich) in dichloromethane (10 mL)
was added to the washed resin and the resulting mixture was
shaken for 45 min at room temperature. The resin was
filtered and washed with dichloromethane (2x). The com-
bined filtrate was concentrated in vacuo and the residue was

25.

26.
27.

28.

29.

30.

purified by silica gel flash chromatography eluting with 30%
MeOH/EtOAc to afford compound 27. 'H NMR
(400 MHz, MeOH-d,): 6 1.38 (m, 2H), 2.01 (m, 3H), 2.27
(s, 6H), 3.16 (m, 5H), 3.68 (t, J = 6.44 Hz, 2H), 6.78 (d,
J=8.55Hz, 1H), 6.82 (dd, J = 8.28, 2.40 Hz, 1H), 6.91 (br
s, 1H), 7.03 (t, J = 7.14 Hz, 1H), 7.19 (d, J = 8.04 Hz, 1H),
7.29 ﬁt, J =8.04 Hz, 2H), 7.45 (m, 3H), 8.71 (d, J = 2.4 Hz,
1H). "*C NMR (400 MHz, MeOH-d,): 6 17.74, 18.58,22.67,
37.03, 54.06, 54.78, 115.57, 116.57, 118.75, 118.93, 120.42,
121.77, 122.54, 128.22, 128.52, 129.89, 130.59, 132.81,
138.49,139.04, 149.79, 153.54, 153.59, 168.97. MS (ESI
pos. ion) m/z=473 [M+H]". Anal. Caled for
C28H32N403'0.15CF3C02H‘ 20H20 C, 6466, H, 693, N,
10.66; F, 1.63. Found: C, 64.89; H, 6.79; N, 10.47; F, 1.71.
Clark, D. E.; Higgs, C.; Wren, S. P.; Dyke, H. J.; Wong,
M.; Norman, D.; Lockey, P. M.; Roach, A. G. J. Med.
Chem. 2004, 47, 3962.

Freidinger, R. M. Curr. Opin. Chem. Biol. 1999, 3, 395.
Mason, J. S.; Morize, 1.; Menard, P. R.; Cheney, D. L.;
Labaudiniere, R.; Hulme, C. J. Med. Chem. 1999, 42,
3251.

Schild experiments were conducted on the FLIPR® for
selected compounds by co-administering antagonist com-
pounds together with MC peptide. Several fixed concen-
trations of antagonist compounds were prepared in 10-
fold increments and presented to the cells in a gradient of
increasing MCH concentration. Values for pA2 were
calculated by linear regression of MCH ECsy as a
function of antagonist concentration.

In vitro metabolic stability was examined by incubating test
compound (1 uM) in rat liver microsomes (0.1 mg/mL) and
cofactor NADPH (1 mM) for 0 and 10 min. In addition,
incubation without NADPH for 10 min was used to
monitor the non-NADPH-dependent degradation. To stop
the reaction, equal volume of cold acetonitrile containing
internal standard was added to incubate. After vortex and
centrifugation at 14000 rpm for 10 min, supernatant was
analyzed by LC/MS. The remaining of the test compound
was determined by comparing the ratio of the MS response
of test compound/internal standard in the 10 min incubates
with the presence of NADPH to that in the 0 min incubates.
The in vitro intrinsic clearance was calculated based on the
rate of metabolism normalized with microsomal protein
and incubation time, expressed as pL/min/mg.

Male Sprague-Dawley rats (weight range 225-280 g)
with surgically implanted femoral vein and jugular vein
cannulae were obtained from Hilltop Lab Animals Inc.
(Scottsdale, PA). Animals were fasted overnight and the
following day compounds were administered either by
oral gavage or by intravenous bolus injection. Oral
formulations were prepared 24-48 h prior to dosing
while intravenous formulations were prepared on the
day of dosing. Blood samples were collected over 8 h via
jugular cannula into a heparinized tube. Following
centrifugation, plasma samples were stored in a freezer
to maintain —70 °C until analysis. Lithium heparinized
plasma samples (40 ul.) were precipitated with acetoni-
trile containing an internal standard. The supernatant
was analyzed by reverse-phase (C-18) LC-MS/MS with
atmospheric pressure chemical ionization (APCI) and a
Sciex API3000 triple quadrupole mass detector operated
in the multiple reaction monitoring (MRM) mode.
Study sample concentrations were determined from a
weighted (1/x?) linear regression of peak area ratios
(analyte peak area/IS peak area) versus the theoretical
concentrations of the calibration standards. Pharmaco-
kinetic parameters were calculated by non-compartmen-
tal methods using WinNonLin (Pharsight Corporation,
Mountainview, CA).
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Myung-ryul Lee, Sungjin Park and Injae Shin*

Department of Chemistry, Yonsei University, Seoul 120-749, Republic of Korea

Received 16 May 2006; revised 4 July 2006; accepted 7 July 2006
Available online 27 July 2006

Abstract—In order to expand areas in which protein microarrays can be used to solve important biological problems, we have inves-
tigated ways in which the technique can be employed for functional glycomics. Initially, our protein microarrays were used for the
rapid identification of carbohydrate-binding proteins using trifunctional carbohydrate probes and fluorescent dye-labeled polysac-
charides. Glycan probes were selectively bound to the corresponding lectins immobilized on the solid surface. In addition, these
microarrays were also employed for profiling of carbohydrates on Jurkat T-cell surfaces. These cells adhered to ConA, RCA |,
SNA and WGA, indicating expression of a-Man, Gal, NeuNAca2,6Gal and GlcNAc residues on their surfaces. Furthermore,
we determined binding affinities between WGA and carbohydrates by measuring ICsq values of GlcNAc that inhibited 50% of
trivalent GlcNAc binding to WGA immobilized on the solid surface. All the experiments show that protein microarrays can be used

to study carbohydrate-recognition events in the field of glycomics.

© 2006 Elsevier Ltd. All rights reserved.

Functional studies of proteins revealed in the recently
completed genome sequence have been concentrated
on elucidating their biological functions and developing
novel pharmaceutical agents that interact with proteins
involved in disease-related physiological processes.
Among technologies developed for this purpose, the
protein microarray has received considerable attention
and emerged as a powerful tool for biological and
biomedical research.! This microarray technology has
been used to identify binding partners, such as proteins,
DNA, and small molecules, by analyzing protein—
protein, protein—-DNA, and protein—small molecule inter-
actions.” In addition, protein microarrays are employed
to analyze the biochemical activities of enzymes, such as
kinases or hydrolases, and to understand metabolic path-
ways.? These microarrays are also applied for profiling
disease markers or autoimmune responses by assessing
protein-antibody interactions in biomedical research.*
Furthermore, protein microarrays have been used for
high-throughput screening of inhibitors or activators.>

A major driving force behind the expanded use of pro-
tein microarrays is the development of new experimental
protocols in which they can be applied. A potentially

Keywords: Carbohydrates; Carbohydrate—protein interactions; Immo-

bilization; Lectins; Protein microarrays.

* Corresponding author. Tel.: +82 2 21232631; fax: +82 2 3647050;
e-mail: injae@yonsei.ac.kr
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important application of these microarrays is the rapid
identification of lectins found in the proteome, since
lectins are involved in a variety of physiological and
pathogenic process through their interactions with car-
bohydrates.® According to analysis of the human geno-
mic sequence, it is suggested that about 100 gene
products are lectins.” However, the carbohydrate-bind-
ing properties of only about half of these lectins have
been relatively well studied; the functions of the remain-
ing proteins in this family have not yet been elucidated.
Thus, it is urgent to identify these unknown lectins in or-
der to understand the biological implications of carbo-
hydrate—protein interactions and to help develop new
carbohydrate-based pharmaceutical agents. As de-
scribed below, we have applied protein microarrays for
the fast identification of proteins that bind to mono-,
di- or polysaccharides, and, importantly, for the detec-
tion of proteins that interact with mammalian cells.®?
In addition, we have used this microarray technology
for the rapid determination of binding affinities between
lectins and carbohydrates.

Protein microarrays used in this study were fabricated
by printing proteins on N-hydroxysuccinimide (NHS)-
derivatized glass slides. The epoxide-coated slides were
reacted with 4,7,10-trioxa-1,13-tridecanediamine.® The
resulting amine-modified slides were treated with suc-
cinic anhydride and subsequently NHS in the presence
of diisopropylcarbodiimide (DIC) to give NHS-coated
slides.
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Trifunctional probes that possess a carbohydrate ligand,
a fluorescent dye (Cy3), and a photoreactive benzophe-
none group were used to detect lectins on the protein
microarrays (Fig. 1). These probes were synthesized by
using a solid-phase methodology based on a safety-catch
strategy.!? The fluorescent dye (Cy3) was incorporated
into these probes in order to detect bound lectins and
the photoreactive benzophenone group was inserted to
promote covalent labeling of weakly bound proteins.
Since interactions between monovalent carbohydrates
and proteins are typically weak, trivalent carbohydrate
probes were also prepared to facilitate detection of
proteins immobilized on surfaces through cluster effects. !

Initial exploratory work was performed to optimize the
conditions for immobilization and binding of the
trifunctional probes to proteins. It was revealed that
protein microarrays irradiated after incubation with
the trifunctional probes exhibit stronger fluorescent
intensities than those that are not irradiated (Fig. 2).
Irradiation for 30 min is ideal for the strong binding
of the probes to proteins. However, longer irradiation
time (60 min) causes nonspecific interaction of the probe
with proteins. In addition, trivalent carbohydrate probes
have higher binding affinities than their monovalent
counterparts under both irradiation and non-irradiation
conditions. Furthermore, the use of 15-20 uM concen-
trations of proteins is sufficient to enable the efficient
binding of carbohydrates and 0.5-1.0 uM concentra-
tions of the probes result in good binding properties.

To demonstrate that protein microarrays, prepared by
using the procedure described above, can be used to rap-
idly identify carbohydrate-binding proteins, 20 proteins
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Figure 1. Structures of (a) mono- and (b) trivalent carbohydrate

probes for the detection of carbohydrate-binding proteins on protein
microarrays.
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Figure 2. Effects of immobilization concentrations of (a) WGA and (b)
AA on binding of Cy3-GlcNAc (0.5 uM) and Cy3-Fuc (0.5 uM)
probes, respectively (M, trivalent probes; @, monovalent probes; solid
line, irradiation for 30 min; dot line, non-irradiation).

(15 pM) were printed on NHS-coated slides by using a
pin-type microarrayer. The proteins include lectins
(A. aurantia (AA), ConA, RCA1»y, Sambucus nigra
(SNA), and wheat germ agglutinin (WGA)), proteases
(collagenase, pepsin, trypsin, and thrombin), glycosi-
dases (amylase, hyaluronase), phosphatases (alkaline
phosphatase, RNase A), kinases (myokinase), and
others (antithrombin, glutathione-S-transferase, insulin,
ovalbumin, penicillin G amidase, and streptavidin).
After incubation for 4 h at room temperature in a humid
chamber, the slides were blocked with BSA for 0.5 h.
The resulting slides were treated with trivalent Man,
Fuc, GlcNAc, and LacNAc probes (0.5 uM) and then
irradiated for 30 min at 4 °C. The results show that
ConA, AA, and WGA on the microarray selectively
interact with Man, Fuc and GIcNAc, respectively
(Fig. 3a—c), while the other proteins do not bind to these
carbohydrates.!! When the microarray was incubated
with a LacNAc probe, both RCA |, (a Gal-binding pro-
tein) and WGA interacted with this probe, which is con-
sistent with the previous results (Fig. 3d).!? As a control,

Figure 3. Fluorescence images of protein microarrays containing
twenty proteins incubated with (a) trivalent Cy3-Man (0.5 uM); (b)
trivalent Cy3-Fuc (0.5 uM); (c) trivalent Cy3-GlcNAc (0.5 uM); (d)
trivalent Cy3-LacNAc (0.5 uM); (e) trivalent probe (0.5-5 uM) with-
out a sugar moiety (S =H in Fig. 1b); (f) Cy3-mannan (100 pg/mL);
and (g) Cy3-heparin (100 pg/mL). 1, AA; 2, alkaline phosphatase; 3,
amylase; 4, antithrombin; 5, collagenase; 6, ConA; 7, glutathione-S-
transferase; 8, hyaluronase; 9, insulin; 10, myokinase; 11, ovalbumin;
12, pepsin; 13, penicillin-G-amidase; 14, RCA5j; 15, RNase A; 16,
streptavidin; 17, SNA; 18, trypsin; 19, WGA, and 20, thrombin.
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the protein microarray was treated with a trivalent
probe (0.5-5.0 uM) without a sugar moiety (S=H in
Fig. 1b) and then irradiated for 30 min. This probe did
not bind to the lectins, indicating that the carbohydrate
moieties in the probes are critical for lectin binding
(Fig. 3e).

This technique is also applicable for the identification of
polysaccharide-binding proteins. Fluorescent dye-
labeled polysaccharides required for this study were
obtained by reacting polysaccharides (mannan and hep-
arin) with Cy3-NHS in DMSO-pyridine or H,O. Prob-
ing the protein microarray with Cy3-labeled mannan
shows that mannan containing the highly branched
o-mannose interacts only with ConA (Fig. 3f). The pro-
tein microarrays were also exploited to detect glycos-
aminoglycan (GAG)-binding proteins. The protein
microarray probed with Cy3-labeled heparin shows
that this GAG interacts only with antithrombin, an
inhibitor of blood coagulation enzymes (Fig. 3g).!3 It
is important to note that more than one hundred pro-
teins have been reported to bind GAGs (e.g., hyaluron-
ic acid, heparin/heparin sulfate, chondroitin sulfate,
and keratin sulfate).'* Interactions of these proteins
with GAGs are involved in various physiological
processes such as homeostasis, cell growth, cell migra-
tion, and development. Therefore, the development of
protein microarrays for the detection of GAG-binding
proteins is a significant finding.

The applicability of the microarray technique to the
detection of proteins that interact with mammalian cells
was also probed. Jurkat T-cells were cultured in RPMI
1640, supplemented with 10% fetal bovine serum,
50 U/mL penicillin, and 50 pg/mL streptomycin, at
37°C. The cells were collected by centrifugation,
suspended in PBS or a culture medium, incubated with
SYTO 83 for 30 min for their labeling, and applied to
the microarray containing twenty proteins. Alternatively,
the suspended cells were poured onto the slide and then,
following washing to remove unbound cells, fixed by
treatment with 4% formaldehyde for 30 min. The cells
bound to the proteins on the slide were stained by 30-
min treatment with SYTO 83.

This exploration led to several important conclusions.
First, T-cells suspended in PBS bind to lectins more
tightly than those suspended in a culture medium.
Second, the cells stained after fixation with formalde-
hyde exhibit stronger fluorescent intensities than those
pre-incubated with the dye. It was also reported that
pre-incubation of CD4" human T-cells with a dye affect-
ed cell binding to carbohydrates on the carbohydrate ar-
rays.’¢ Third, T-cells adhere to ConA, RCA 5y, SNA,
and WGA but did not bind to other proteins. The bind-
ing results indicate that T-cells express a-Man, Gal,
NeuNAca2,6Gal, and GIcNAc residues on their surfac-
es, which is consistent with the previous results
(Fig. 4).1° In fact, it is known that certain lectins pro-
mote the transformation of cells from the resting states
to blast-like cells through their interactions with cell sur-
face carbohydrates. This subsequently leads to mitotic
division.'® Therefore, the discovery that an evaluation

Figure 4. Fluorescence images of protein microarrays (spotting
volume; 2nL) incubated with (a) 10® and (b) 107 Jurkat T-cells
followed by fixation and staining with SYTO 83. Microscopic images
of the cells bound to proteins on the microarrays after treatment with
(c) 10® and (d) 107 Jurkat T-cells.

of interactions between potent mitogenic lectins from
the proteome and cell surface carbohydrates can be per-
formed by using protein microarrays should serve as an
important contribution to the methods available for
advancing the understanding of cell growth and
development.

Finally, the use of protein microarrays for the rapid
determination of the binding affinities between lectins
and carbohydrates was investigated. This study was per-
formed by determining the concentration (ICsy) of
GIcNAc needed to inhibit 50% of trivalent GIcNAc
binding to WGA on the microarray under irradiation
and non-irradiation conditions. Slides containing micro-
spots of WGA were incubated with mixtures of a triva-
lent GIcNAc probe (0.5uM) containing various
concentrations (0.1-200 mM) of GIcNAc for 1 h. After
washing the slides to remove unbound probes, the
amount of a bound probe was quantitated by determin-
ing its fluorescent intensity. Alternatively, the incubated
slides were irradiated for 30 min and then the fluorescent
intensity was determined to analyze the amount of
bound probe. The ICs, values of GlcNAc that inhibited
50% of trivalent GIcNAc binding to WGA immobilized
on the solid surface were determined to be 7.9 and
17.0 mM under non-irradiation and irradiation condi-
tions, respectively (Fig. 5). The concentration of methyl
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Figure 5. Determination of concentrations (ICsg) of GlcNAc to inhibit
50% of trivalent GIcNAc binding to WGA on the protein microarray
under irradiation (M) and non-irradiation (@) conditions.
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B-GlcNAc to inhibit 50% of hemagglutination activity
of WGA was known to be about 10 mM.!” Thus, quan-
titative data obtained from protein microarrays are
comparable to those measured by other methods.

Protein microarrays prepared by immobilizing proteins
on the NHS-coated slides have been applied to the impor-
tant field of glycomics. The designed trifunctional probes
are suitable for detecting carbohydrate-binding proteins
on the protein microarrays. Recently, proteome micro-
arrays have been employed for several areas of biological
research. The present work suggests that proteome micro-
arrays could serve as a method to simultaneously identify
a number of unknown carbohydrate-binding proteins
from the proteome. Once unknown lectins are identified
in this way, their binding properties can be investigated
in a high-throughput manner using carbohydrate micro-
arrays. Thus, a cooperative dual-microarray technology
can be envisaged for studying biological processes associ-
ated with carbohydrate-protein interactions.
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Abstract—A novel conjugate of 3-Clip-Phen and polyamide containing three N-methylimidazole (Im) rings was synthesized for the
targeting human telomeric repeat of 5’-TTAGGG-3’, and the DNA cleaving activity and the sequence selectivity of the complex of
copper-conjugate were confirmed by electrospray ionization mass spectrometry.

© 2006 Elsevier Ltd. All rights reserved.

Human telomeric DNA consisting of tandem repeats
of 5-TTAGGG-3' for many kilobases is essential for
chromosomal stability.' Recent research reported that
telomere and telomerase have obvious correlation with
human tumors.*> Therefore, the telomere repeat
sequence (5'-TTAGGG-3’) is an important target for
new antitumor drugs.

The DNA cleavage agents have also generated consider-
able attention in chemistry, biology, and medicine.®®
Among these agents, Cu(Phen), complex can efficiently
cleave double-stranded DNA in the minor groove with
mercaptopropionic acid (MPA) as a co-reactant.”'# In
the past decade, some DNA cleavage agents conjugated
with DNA binding groups, such as polyamides contain-
ing N-methylpyrrole, have been synthesized for selec-
tively binding the A-T-rich sequence of DNA.!>1¢ In
order to confirm the cleaving sites and the oxidation
mechanism, the DNA cleaving activities were always
analyzed by the PAGE with complicate and long time
cost procedures.

Keywords: DNA cleaving activity; ESI-mass spectrometry; Site-selec-

tive DNA cleavage.
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In this paper, 5'-(TTAGGG),-3'/5'-(CCCTAA),-3,
telomeric DNA sequence, was selected as target, and a
novel conjugate (3-Clip-Phen-Im;-B-Dp) was synthe-
sized (Scheme 1), which was expected to bind G-C rich
sequence.!”!® To avoid the complicated procedures of
the PAGE, the ESI-MS, a convenience analysis, was
innovatively utilized to investigate site-selective DNA
cleavage with this novel complex.

First two 3-Br-Phen molecules were linked with serinol
to give the compound of 3-Clip-Phen (Scheme 2), and
the amino group of 3-Clip-Phen directly reacted with
succinic anhydride to produce 3-Clip-Phen-COOH."
NO,ImImImBDp was synthesized by the convenient
haloform reaction and the DCC (dicyclohexylcarbodii-
mide)/HOBt (1-hydroxybenzo-triazole) coupling reac-
tion.?? Then, 3-Clip-Phen-COOH were linked with this
polyamide by the hydrogenation and the coupling reac-
tion in the solution phase to give 3-Clip-Phen-Im;-p3-
Dp. This conjugate was coordinated with 1 equiv of

o)
\n/\)I\NH
o ) H I
N)\H/N NN
67 o

Scheme 1. Structures of 3-Clip-Phen-Imj3-B-Dp.
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Figure 1. ESI-MS spectrum of the DNA cleavage fragments of
the dsDNA (5-TTAGGGTTAGGG-3'/5-CCCTAACCCTAA-3')
induced by copper complex of 3-Clip-Phen-Im3-3-Dp, MPA, and air.

CuCl,, and then 1 equiv of the annealed 5'-
(TTAGGG),-3'/5'-(CCCTAA),-3’ dsDNA was mixed.?!
To this mixture, 10 equiv MPA was added and initiated
the DNA cleavage in presence of air. After incubated for
1 h, this mixture was treated with hot piperidine (1 M,
30 min, 90 °C). Before injected to ESI-MS ion source,
20% methanol was added to obtain better spray.??
ESI-MS spectra were acquired using a LCQ Deca XP
Plus ion trap mass spectrometer (ThermoFinnigan,
San Jose, CA, USA), and all the experiments were per-
formed in the negative-ion mode. The spray voltage was
2.0-2.5 kV, capillary temperature 100 °C, and the mix-
ture was introduced into the ESI source at a flow rate
of 2mL min~ ..

Figure 1 shows the ESI-MS spectrum of the reaction
mixture involving copper complex of 3-Clip-Phen-Im;-
B-Dp and dsDNA (5'-(TTAGGG),-3'/5-(CCCTAA),-
3’). In negative-ion-ESI-mass spectra, two characteristic
ions of m/z 1317.5 and 2228.5 were obtained, these two
ions indicating directly that the DNA strand is cleaved.
The ion at m/z 1317.5 was found to be 3'-GGGAO-
POs ™, and the ion at m/z 2228.5 attaches 5-TTAGGG
TOPO; ™. By analyzing the structures of these two frag-
ments, the cleaving site occurred predominantly at the

¥
5-TTAGGG TTA G G G-3

D

3-AATCCC AAT C C C-%
Q :Im ; < : [Cu(phen),]*

Figure 2. The binding mode and the cleavage site.
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Scheme 3. Mechanism of DNA scission.

fourth T moiety of the sequence 5-TTAGGGTT
AGGG-3'. This result shows that the part of polyamide
containing three imidazole rings selectively bound three
continuous G-C base pairs, and which was consistent
with recognization rules about polyamide binding
duplex DNA. Figure 2 shows the binding mode that
the part of polyamide bound the G-C-rich region of
dsDNA (5'(TTAGGG),-3'/5-(CCCTAA),-3’), and
the DNA cleavage agent of copper complex was located
at the fourth T base. The mechanism of the site-selective
DNA cleavage®® could be derived from the end group
and the existence of the reductant of MPA and air. A
possible mechanism for the DNA cleavage?! is provided
in Scheme 3. First, the radical produced by the copper
complex and MPA abstracted a hydrogen atom at the
4'-carbon to afford the deoxyribose-center radical. This
latter radical combined with the oxygen in air to give
its peroxide. Under the reduction of excess MPA, this
peroxide was reduced to 4’-hydroxyl deoxyribose. Then,
the latter discharged a free base of T, 3'-GGGAOPO;™
(m/z 1317.5), and fragment with 3-phospho-keto-alde-
hyde termini (a) through B-elimination. Compound a
was further degraded to 5-TTAGGGTOPO;~ (m/z
2228.5) under the treatment of hot piperidine.

In this research, 3-Clip-Phen-Im3-B-Dp was successfully
synthesized for the targeting 5'-(TTAGGG),-3'/5'-
(CCCTAA),-3' DNA, and the site-selective cleavage of
the complex of copper-conjugate was confirmed by the
analysis of ESI-mass spectra of the cleavage product.
This result shows that ESI-MS is a very useful tool to
evaluate the behavior of selective DNA cleaving.

NOzImImImpDp. To a solution of NO,ImImImBCOOH
(0.50 g, 1.00 mmol) in 8 mL of anhydrous DMF were
added HOBT (0.14 g, 1.00 mmol) and DCC (0.21 g,
1.00 mmol). After the reaction mixture was stirred for
12 h, N,N-dimethylpropyldiamine (120 uL, 1.0 mmol)
was added. The mixture was stirred for 12 h, and then

hot piperidine l a H
STTAGGGTOPOy
(2228.5)

the solvent of DMF was evaporated in vacuo. The resi-
due was purified by flash column chromatography with
CHCI3/CH;0H (1:2, v/v) to afford the product (0.27 g,
48% yield). '"H NMR (200 MHz, CDCls): 6 9.32 (s,
1H), 8.09 (s, 1H), 8.11 (m, 1H), 7.50 (s, 1H), 7.49 (s,
1H), 7.24 (s, 1H), 7. 22 (m, 1H), 4.25 (s, 3H), 4.07 (s,
3H), 4.01 (s, 3H), 3.68 (q, 2H), 3.35 (q, 2H), 2.51 (m,
4H), 2.32 (s, 6H), 1.74 (m, 2H); ESI-MS m/z 573
(MH", C3H33N,0).

3-Phen-clip-ImImImfDp. To a solution of 3-Phen-clip-
COOH (40 mg, 0.07mmol) in 1mL of anhydrous
DMF were added HOBT(9 mg, 0.07 mmol) and DCC
(15mg, 0.07 mmol). The reaction solution was stirred
for 12 h. Separately, to a solution of NO,ImImImBDp
(45 mg, 0.07 mmol) in 2 mL DMF was added Pd/C cat-
alyst (10%, 6.0 mg), and the mixture was stirred under a
positive pressure of H, overnight. Then catalyst was re-
moved by filtration through Celite, and the filtrate was
directly added to the solution of active ester. After stir-
red for 12 h, DMF was evaporated in vacuo. The resi-
due was purified by flash column chromatography
with CHCI3/CH;OH (1:2, v/v) to afford the yellow solid
(25 mg, 45% yield). '"H NMR (300 MHz, DMSO-dg): 6
9.65 (s, 1H), 9.13 (d, 2H, J=4.4Hz), 8.83 (d, 2 H,
J=4.0Hz), 8.65 (s, 1H), 8.54 (d, 1H, J=4.0 Hz), 8.44
(d, 2 H, J=7.2Hz), 837 (s, 1H), 8.25 (m, 1H), 8.17
(d, 2H, J=4.2 Hz), 8.08-7.96 (m, 5H), 7.72-7.67 (m,
4H), 7.53 (s, 1H), 4.73 (m, 1H), 4.48 (m, 4H), 4.06 (s,
3H), 4.03 (s, 3H), 3.96 (s, 3H), 3.44 (m, 4H), 3.12 (m,
2H), 2.46-2.36 (m, 6H), 2.29 (s, 6H), 1.64 (m, 2H);
ESI-MS m/z 1072 (MH+, C54H58N1708).
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Abstract—In the present work, we explore the possibility of introducing selectivity to existing chemotherapeutics via the design of
non-pro-drug, bi-functional molecules comprising a microtubule-binding agent and a substrate for a disease-associated kinase. The
design, synthesis, and in vitro biological evaluation of paclitaxel-thymidine and vinblastine-thymidine bi-functional conjugates are
reported here. This work provides the first account of ‘kinase-mediated trapping’ of cancer therapeutics.

© 2006 Elsevier Ltd. All rights reserved.

One of the most important problems associated with
cancer chemotherapy is the poor selectivity exhibited
by the majority of the commonly employed cytotoxic
agents, which results in a narrow therapeutic index. Sev-
eral attempts have been made to improve selectivity of
such agents, such as by incorporating a targeting moiety
(e.g., Mylotarg),! or using pro-drug approaches de-
signed to exploit differences between tumor and normal
cells.? Over the past several years, advances in elucidat-
ing the complex chain of events that take part during the
onset and progression of cancer have clearly highlighted
the critical role played by protein and small molecule ki-
nases. The level of expression and/or activation of sever-
al of these enzymes accounts for some of the most
important intracellular differences between normal and
malignant cells. Indeed, a number of kinases, including
small molecule kinases such as hexokinase 2 (HK2),?
sphingosine kinase 1 (SK1)* and thymidine kinase 1
(TK1),® are known to be either over-expressed or aber-
rantly activated in tumor cells. Interestingly, a growing
body of evidence clearly suggests that substrates of
HK2,° SK17, and TK 18 selectively accumulate in cancer
cells, presumably due to the negative charges being add-
ed through phosphorylation. This phenomenon, which

Keywords: Kinase-mediated trapping; Thymidine kinase 1; Thymidine;

Paclitaxel; Vinblastine; Fluorescein.
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4247; e-mail: saspland@acidophil.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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we refer to as kinase-mediated trapping (KMT), has
proven very useful for tumor imaging. For example,
TK1-mediated trapping of the thymidine analog 3'-de-
oxy-3'-['"®F]fluorothymidine  (['*FJFLT) has been
exploited in positron emission topography (PET) for tu-
mor imaging.’ Based on these observations, we became
interested in exploring KMT as a novel mechanism for
increasing the selectivity of existing chemotherapeutic
agents, by conjugation to substrates of tumor-specific
kinases (Fig. 1).

In order to test this approach, several issues need to be
considered, namely: (i) the selection of a kinase and its
substrate, (ii) the selection of a cytotoxic drug to be
paired with this kinase substrate, (iii) the method for
linking these components in such a manner that both
retain their activities, and (iv) the selection of appropri-
ate assays to evaluate these bi-functional molecules.

We reasoned that TK1 would provide a good trapping
mechanism since TK1 has been shown to be over-
expressed in ovarian'® and colorectal!! carcinomas as
well as certain leukemias,'? and since ['*F]JFLT has been
exploited in tumor imaging by PET. Furthermore,
modification of the N3 position of thymidine was
explored based on the reports of Tjarks and co-workers,
which indicated that relatively large molecules could be
attached to this position without drastic reduction in the
rate of TKI-mediated phosphorylation.'® In order to
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negative charge on
phosphate traps drug
in diseased cell

D =Drug
S = Substrate

00

Cytoplasm “_ P

TKil?/
00

Tumor cell or tumor-associated endothelial cell

Figure 1. Kinase-mediated trapping of bi-functional molecules: phos-
phorylation of conjugates by an over-expressed or aberrantly activated
kinase selectively traps cytotoxic drugs in tumor cells in preference to
normal cells where the same kinase has normal levels of activity. (A)
Unphosphorylated conjugate is able to diffuse in and out of all cells;
(B) Intracellular phosphorylation of the conjugate mediated by the
disease-associated kinase leads to a selective accumulation/retention of
the conjugate inside cancer cells.

test TK1 as a drug trapping mechanism we investigated
the cellular accumulation of thymidine (THY) conjugat-
ed fluorescein (used as a detectable drug surrogate) and
the selective cytotoxicity of THY conjugated paclitaxel
(PXL) and vinblastine (VBL).

In the present study, we report the design, synthesis and
in vitro biological evaluation of bi-functional molecules

HO—LinkerNH,

8 . HO- LinkerNHCbz

which comprise either fluorescein or a cytotoxic agent
(PXL or VBL) conjugated to THY, the natural substrate
for TK1, through hydrolytically and enzymatically sta-
ble linkers. The synthetic strategy entailed coupling of
THY-linker building blocks with appropriately protect-
ed drug derivatives. THY-linkers 2-5 (Scheme 1) were
prepared via N3-alkylation of a- or B-THY with activat-
ed linkers of general structure 1.

A 5’-phosphorylated THY-linker 7 was also prepared
(Scheme 2) for the synthesis of selected phosphorylated
cytotoxic-THY conjugates (vide infra, A9 and C7, Table
1). For the fluorescently labeled thymidines, B- and o-
THY linkers 2d and 4d were reacted with fluorescein—
thioisocyanate to give 8 and 9, respectively (Scheme 2).
Interestingly initial studies with these fluorescein-THY
conjugates demonstrated that f-p-THY 8 but not its
non-phosphorylatable a-anomer 9 leads to differential
accumulation of fluorescence in cells as a function of
their total TK1 activity level (Fig. 2).

For PXL and VBL conjugates, reported structure—activ-
ity relationship studies identified sites expected to be tol-
erant of modification. Thus, C7 and C10 of PXL!7 as
well as C3 of VBL'® were explored as points of attach-
ment in constructing drug-thymidine bi-functional mol-
ecules. Examples of non-phosphorylatable conjugates
of PXL or VBL and o-THY were also synthesized for

b__ R—LinkerNHCbz

1 R =OTs or Br
THY-Alkane Linkers THY-PEG Linkers
a o o
(o]
N NH ny }/\NH
ﬁﬁ ? Tl o e
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HO o — | | Ho—4 o
% ﬁ Cpd _n

B-D-THY OH 2 2 1 OH 3 Cpd n
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Scheme 1. Synthesis of thymidine-linker building blocks. Reagents: (a) Cbz-Cl, TEA, MeOH; (b) TsCl, pyridine or PPh;, CBry; (c) 1, K,CO5 (KI),
acetone/DMF; (d) H,, Pd/C.
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Scheme 2. Reagents and conditions: (a) POCLL/TEA, TMP —10 °C; (b) ice/water; (c) H,, Pd/C.
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Table 1
Compound Thy-linker Yield® (%)
Al 2a 63
A2 2b 69
A3 2¢ 95
A4 2d 68
AS 2e 40
A6 3f 70
A7 3g 20
A8 4d 40
A9 7 10
Bl 2a 36
B2 2¢ 40
B3 2d 10
B4 3f 45
B5 3g 13
B6 4d 65
B7 5f 52
B8 5g 20
C1 2a 8
C2 2b 18
C3 2d 15
C4 3f 39
C6 4d 40
c7 7 45

#Overall yield after HPLC purification.

Accumulation of Fluorescein Thymidine Conjugates

100
90 1 |DoTHY

80 1 |mp-THY

S

=

&£ 70

g 60+

£ 50 -

z 40

= 30

5 20 1

R

0 T T
CEM TK- CEM K562
Cell Line

Figure 2. Selective accumulation of fluorescently labeled thymidines in
TK1 expressing cells: leukemic cell lines expressing various levels of
TK1 (i.e., CEM TK-, (no TK1),'"*'> CEM (medium TK1), and K562
(high TK1)) were incubated with 20 uM of the fluorescein-THY
conjugates for 16 h. Cells were then washed and fluorescence was
determined by flow cytometry.'®

cH
HO OBz OAc
13

®)LN s
H Sres

comparison. PXL-THY conjugates were obtained by
reacting the amino group of the THY-linker inputs 2—
5, and 7 with either 12!%2° or 13?! to give the PXL C-
7 or C-10 conjugates of general structures A and B,
respectively (Scheme 3). Likewise VBL-THY conjugates
were prepared by reacting the THY-linkers 2-4, and 7
with 4-deacetyl-3-demethoxy-3-azidovinblastine, pre-
pared in situ from 14?? (Scheme 4).

Stability of key conjugates was assessed in tissue culture
medium containing 10% fetal calf serum and was found
to be comparable or better than the stability of parent
drugs (data not shown). All PXL and VBL conjugates
were evaluated for their ability to promote or inhibit
the polymerization of tubulin in a cell-free system.?® A
TK1 assay was also employed to determine the phos-
phorylation rates of the conjugates in comparison with
THY.>*

In addition, all but the chemically phosphorylated con-
jugates were evaluated in a cytotoxicity assay using three
tumor cell lines: K562 leukemia, HT29 colorectal carci-
noma, and MCF7 mammary carcinoma. A summary of
the data obtained from the in vitro assays is shown in
Table 2.

Based on the data shown in Table 2 a number of
conclusions can be made: (i) With the exception of the
non-phosphorylatable analogs, many conjugates were
bi-functional in the biochemical assays with phosphoryl-
ation rates ranging from 13% to 68% of that of thymi-
dine, and exhibited high levels of drug activity in bio-
chemical assays. Remarkably, several conjugates (e.g.,
B1, B3, B4, C2, and C4) maintained microtubule
(MT)-binding ability, comparable to the parent drugs
(i.e., PXL or VBL). Among PXL conjugates, the C10
series exhibited greater MT-stabilizing ability than the
analogous C7 conjugates. (ii)) When assayed for their
ability to alter the polymerization of tubulin, the chem-
ically phosphorylated conjugates (A9 and C7) exhibited
comparable activity to their non-phosphorylated
counterparts (A4 and C3), indicating the phosphoryla-
tion step does not alter the MT-binding ability of the

Thy—Linker-nQH

AcO O o” ™o

,FI R
HO 0Bz OAc
A

H_ .
o N—Linker—Thy

Q @ oH

SH :
HO OBz OAc

B

Scheme 3. Reagents and conditions: (a) Thy-linker-amine, DIEA, DCM; (b) H,, Pd/C; (c) Thy-linker-amine, IPA or -BuOH, 82 °C; (d) HF/Py.
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H
Oé\quinkerfThy
14 C
Scheme 4. Reagents: (a) NaNO,, HCI, MeOH; (b) Thy-linker-amine, DMF/DCM, DIEA.
Table 2

Compound TK1 activity® MPAP K562 ECs° HT29ECs,° MCF7 ECs° clog P¢
PXL N/A 100 0.014 0.006 0.036 4.77
Al 35 66 2.065 3.000 2.030 2.4
A2 68 56 2.875 2.614 1.716 2.94
A3 29 78 1.588 0.875 0.787 3.46
A4 26 83 0.227 0.191 0.096 3.99
A5 13 59 0.207 0.074 0.075 5.05
A6 16 48 4.475 2.000 1.720 1.51
A7 44 35 3.213 3.640 1.600 1.23
A8 ND¢ 74 0.553 1.417 0.296 4.717
A9 N/A 73 — — — —
B1 46 105 0.217 0.114 0.149 1.83
B2 49 86 0.221 0.173 0.107 2.84
B3 45 100 0.091 0.091 0.099 3.42
B4 48 102 0.763 0.145 0.143 1.51
B5 34 91 1.150 1.025 0.265 1.23
B6 ND¢ 92 0.181 0.268 0.114 3.42
B7 ND¢ 87 0.314 0.182 0.112 1.51
B8 ND¢ 89 1.531 1.150 0.390 1.23
VBL N/A 100 0.001 0.002 0.003 5.23
C1 15 93 0.043 0.106 0.100 1.59
C2 49 107 0.030 0.049 0.151 2.12
C3 27 80 0.010 0.047 0.166 2.82
C4 23 97 0.016 0.021 0.038 1.51
C5 37 84 0.020 0.021 0.076 1.24
Cé6 ND*¢ 93 0.014 — — 2.82
Cc7 N/A 97 — — — —

#Phosphorylation rates expressed as % of THY.

® Ability to promote (PXL) or inhibit (VBL) the polymerization of tubulin, expressed as % of the parent drug.
¢ Concentration of test compound (uM) required to inhibit cell proliferation by 50%, average of at least three assays.

dPartition coefficient between water/n-octanol.
¢ Not detectable (ND).

conjugates. (iii) Although most conjugates were consid-
erably less potent cytotoxics than the parent drugs,
selected compounds (A4, A5, B3, and C3) did retain
low nanomolar ECs, values (10-100 nM). Interestingly,
the cell cytotoxicity data show a much broader variabil-
ity between conjugates (with ECsgs ranging from 10 nM
to 4 uM) than predicted by the data obtained from the
cell-free assays. One possible explanation for the differ-
ences between the cell-based and the cell-free results
can be found in the different physical-chemical proper-
ties of the conjugates (e.g., lipophilicity) that could ac-
count for substantial changes in the conjugates’ ability
to diffuse through cellular membranes. Indeed, the cellu-
lar ECsq values seem to correlate with the calculated
partition coefficients (clog P), whereby the most potent

conjugates have a clog P of 3 or greater. (iv) The com-
parison of ECsy values of corresponding pairs of
phosphorylatable and non-phosphorylatable analogs
(A4/A8; B3/B6; B4/B7; B5/B8; and C3/C6) does not
indicate any overt correlation between potency and
TK1-mediated phosphorylation. This could be ex-
plained by an insufficient level of intracellular phosphor-
ylation, even though the conjugates were found to be
TKI1 substrates in the cell-free assay. However, it is also
plausible that in vitro cytotoxicity assays may not be the
optimal setting for evaluating selectivity enhancement of
the conjugates. Therefore, it is possible that only appro-
priately designed in vivo models will enable the determi-
nation of the advantage of KMT of these bi-functional
molecules.
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In conclusion, a set of conjugates comprising fluoresce-
in, PXL or VBL conjugated to thymidine have been de-
signed and synthesized. Collectively, the data presented
here indicate that fluorescent conjugates of thymidine
accumulate in cells in a manner that is consistent with
KMT. Cytotoxic drug-containing conjugates are bi-
functional in the biochemical assays and some of these
display acceptable cellular potency. Additional studies
will be needed to evaluate a gain in selectivity by KMT.
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The microtubule polymerization assay was done using a
fluorescence-based kit (Cytoskeleton) using the manufac-
turers’ recommended protocol. For VBL-containing con-
jugates, the assay was done in the presence of 20%
glycerol, which induces polymerization of tubulin.
C-terminal His-tagged human TKI1 fusion protein was
produced then purified on a His-bind nickel-affinity
column (Novagen). Using this TK1, kinase activity is
measured with a coupled enzyme assay that follows the
production of ADP, via the conversion of B-NADH to
B-NAD™. Initial velocities for test compounds are divided
by velocities for the ATP-negative controls and then
compared to the velocity of thymidine.
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Abstract—A series of benzamidines and benzamides was synthesized as selective inhibitors of vascular endothelial growth factor
receptor (VEGFR) tyrosine kinases, and tested for inhibitory activity toward autophosphorylation by the enzyme assay. Selective
inhibition of VEGFR-2 tyrosine kinase was observed in the salicylic amide 4e and the anthranilic amidine 5a, and their percent inhi-
bitions of VEGFR-2 tyrosine kinase were 44—60% at a 10 uM concentration of compounds. The salicylic amide 4a showed inhibition
of both VEGFR-1 and VEGFR-2 tyrosine kinases at a 10 uM concentration.

© 2006 Elsevier Ltd. All rights reserved.

Angiogenesis is tightly regulated and only occurs nor-
mally in inflammation, wound healing, and the female
reproductive cycle in the adult.! Uncontrolled angio-
genesis involves pathological states such as atheroscle-
rosis, diabetic retinopathy, rheumatoid arthritis, and
solid tumor growth. Vascular endothelial growth fac-
tor (VEGF) is a key growth factor in tumor angiogen-
esis, therefore, its receptor tyrosine kinases known as
VEGFR-1 (FlIt-1) and VEGFR-2 (KDR/Flk-1) have
been considered as attractive targets for development
of anti-cancer drugs.? Various small molecule VEGFR
kinase inhibitors have been developed, such as
SU6668,> ZD6474,* PTK787,° AAL993,° the pyra-
zine-pyridine compound 1,” and aminopyrimidine 28
(Fig. 1). We focused on the anthranilic amide frame-
work of AAL993. According to the X-ray structural
analysis, AAL993 interacted with VEGFR2 kinase
domain through hydrogen bonds between the pyri-
dine-N and the backbone-NH of Cys919 in the hinge
region of the kinase, the anthranilamide-C=O and the

Keywords: VEGFR-1; VEGFR-2; Benzamides; Benzamidines;

VEGEFR tyrosine kinases; Inhibitor.

* Corresponding author. Tel.: +81 339860221; fax: +81 359921029;
e-mail: hiroyuki.nakamura@gakushuin.ac.jp

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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backbone-NH of Aspl046 of the DFG-loop, and the
anthranilamide-NH with the side-chain carboxylate
of Glu885 of helix-C as well as the pseudocycle for-
mation by an intramolecular hydrogen bond between
the aniline-NH and the benzanilide-C=0.° We are
interested in an amidine skeleton as a mimic of an
amide. Amidines are, in general, more basic in com-
parison with ammonia, therefore expected different
properties from the corresponding amides. Previously,
we synthesized 4,5-dimethoxyanthranilic amides and
4,5-dimethoxyanthranilic amidines as a mimic of the
4-anilinoquinazoline framework for inhibition of
epidermal growth factor receptor (EGFR) tyrosine
kinase.'® In this paper, we synthesized a series of the
benzamides (3 and 4) and benzamidines (5 and 6)
(Fig. 2), and evaluated their inhibitory activity of
VEGFR1/2 tyrosine kinases.

Anthranilic amides 3a—f were synthesized from methyl
2-aminobenzoate 7a and methyl 4,5-dimethoxy-2-ami-
nobenzoate 7b as shown in Scheme 1. Reductive
amination reactions of 7a and 7b with 4-pyridinecarbox-
aldehyde gave the corresponding anthranilic acid ester
8a and 8b in 69% and 79% yields, respectively. Amide
formation of the esters 8 with various amines was
promoted by trimethylaluminum to afford the
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Figure 1. Structures of VEGFR tyrosine kinase inhibitors.

-2
R4 X =0, Y = NH: anthranilic amides, (3)
X X =0, Y = O: salicylic amides, (4)
X =NH, Y = NH: anthranilic amidines, (5)
Ry Y X = NH, Y = O: salicylic amidines, (6)

Figure 2. Design of benzamides and benzamidines as inhibitors of
VEGEFR tyrosine kinases.

corresponding anthranilic amides 3a—f in 30-71% yields
as shown in Table 1.

Salicylic amides 4a—f were synthesized from 2-methoxy-
benzoic acids 9a (R' = H) or 9b (R! = MeO) as shown in
Scheme 2. The 2-methoxybenzoic acids 9a-b were treat-
ed with thionyl chloride, and the resulting acid chlorides
reacted with various amines to afford the 2-methoxy
benzoic acid amides in 50-99% yields, which underwent
selective demethylation at C-2 position in the presence
of boron trichloride,!! giving the salicylic amides 10a—f
in 23-78% yields. The reaction of 10a—f with 4-chlorom-
ethylpyridine gave the salicylic amides 4a—f.!?

Scheme 3 shows the synthesis of the salicylic amides
4g-h, which were not obtained by the above synthetic
scheme. Treatment of 9b with BCl; gave the methyl ester
11, which underwent ether formation with 4-chloro-
methylpyridine followed by amide formation with vari-
ous amines using AlMe; to give the salicylic amides 4g-h.

We next synthesized the anthranilic and salicylic amidines
5 and 6. The anthranilic amidines Sa—f were synthesized

R CO,Me R’
O GIETS O
R! NH, R!
7a:R'=H
b: R! = MeO
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from 2-aminobenzonitrile 12a or 4,5-dimethoxyl-2-amino-
benzonitrile 12b (Scheme 4). Reductive amination of 12a—
b with 4-pyridinecarboxaldehyde proceeded in the pres-
ence of NaCNBHj;, giving the corresponding benzonitr-
iles 13a and 13b in 41% and 92% yields, respectively.
Amidine formation of 13a—b with various amines was
promoted by trimethylaluminum to afford the corre-
sponding anthranilic amidines 5a—f in 30-71% yields (Ta-
ble 1). Salicylic amidines 6a—f were also synthesized from
2-hydroxybenzonitrile 14a and 4,5-dimethoxyl-2-hydroxy-
benzonitrile 14b along with Scheme 5. In the amidine syn-
thesis, we examined the reaction of benzonitriles, such as
12b and 13b, with pyrazin-2-amine and/or pyrimidin-2-
amine in order to compare with 3e and 3f, however, the
desired amidines were not obtained.

Inhibitory activity of the anthranilic amides 3a—f, salicylic
amides 4a-h, anthranilic amidines 5a—f, and salicylic ami-
dines 6a—f was investigated by ELISA using VEGFRI1
(FIt-1) and VEGFR2 (KDR).!'*!4 Percents of kinase inhi-
bition ata 10 M concentration of compounds are shown
in Table 1. Among anthranilic amides 3a—f, 3b showed
12% and 30% kinase inhibitions of Flt-1 and KDR,
respectively. Salicylic amide 4a showed significant inhibi-
tion of both Flt-1 and KDR (50% and 60%, respectively),
whereas, 4b, 4e, and 4h showed selective inhibition of
KDR (24%, 55%, and 24%, respectively). No kinase inhi-
bition was observed in a series of benzamidines 5 and 6,
except for 5a, which showed 44% kinase inhibition of
KDR. We also examined EGFR tyrosine kinase assay,
however, no inhibition was observed in compounds 3-6
at a 10 pM concentration.

2
HN'R

CO,Me R!

NH R NH

8a-b | X 3a-f | X
N _N

Scheme 1. Reagents: (a) 4-pyridinecarboxaldehyde, NaCNBH3;, MeOH, 8a: 69%, 8b: 79%; (b) RNH,, AlMej3, toluene, 30-71%.
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Table 1. Yields and VEGFR1/2 kinase inhibitions of the anthranilic amides 3a—f, salicylic amides 4a-h, anthranilic amidines 5a—f, and salicylic

sealiee ol codieves
R I R

Compound R! R? Yield (%) % of inhibition®
Flt-1° KDR®
3a H \/ \ 71 — —
3b H )N\\ﬂ 30 12 30
N

/N

3c H /[\ ) 4 - -
N
=

3d MeO | 59 — —
N

N -
3e MeO j 30 — —
Ay
/N
3f McO /[\ ] 53 _ _
N
4a H 2-CF,CeH, 35 50 60
4b H 2-CICH, 20 _ 2
4c MeO 2-CF3C6H4 35 — —
4d McO 2-CICH, 20 _ _
de MeO 4-CICH, 20 3 55

N ~
4f MeO )\\j 33 — —
N

N
4g McO /[: ] 33 — —

N

=

4h MeO | Trace — 24

N
5a H 2-CF5C¢H, 70 — 44
5b H 4-CIC¢H,4 31 — 7
5¢ H 2-CIC¢H,4 49 — —
5d MeO 2-CF3C(,H4 80 — —
Se MeO 4-CIC¢H,4 57 — —
sf MeO 2-CIC¢Hy4 28 — —
6a H 2-CF3C6H4 48 — —
6b H 4-CIC¢H, 47 — —
6c H 2-CIC¢H, 54 — —
6d MeO 2-CF3C(,H4 35 — —
e MeO 4-CIC¢H, 19 — —
of MeO 2-CIC¢Hy4 31 — —
AAL993¢ 34 95 (31 nM)

#The inhibitory activity of compounds toward tyrosine kinases was determined by ELISA. Kinase assay was performed at a 10 uM concentration of
compounds.

® Catalytic domain of VEGFR1 protein tyrosine kinase.

¢ Catalytic domain of VEGFR2 protein tyrosine kinase.

dKinase assay was performed at a 1 pM concentration of AAL993. ICs, value is indicated in parentheses.
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H ¢ H
R’ OH R! 0
X
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Scheme 2. Reagents: (a) i—SOCl; ii—R?NH,, DMAP, pyridine, 50-99%; (b) BCls, CH,Cl,, 23-78%; (c) i—KOH, H,0; ii—4-chloromethylpyridine,

20-35%.

MeO. CO,H MeO
: a I ]
MeO OMe MeO

9b 11

CO,Me MeO _R?
b,c N
., H
OH MeO 0

4g-h A

Scheme 3. Reagents and conditions: (a) i..—BCl;, CH,Cl,; ii—H,SO4, MeOH, reflux, 79%; (b) i—KOH, H,0; ii—4-chloromethylpyridine, 61%;

(c) RNH,, AlMejs, toluene, 4g: 33%, 4h: <5%.

R‘@CN a R1D[CN b

R NH, R! NH
K@

13a-b =N

Scheme 4. Reagents and conditions: (a) 4-pyridinecarboxaldehyde,
AcOH, MecOH, then NaCNBH3, rt, 12a: 41%, 12b: 92%; (b) RNH,,
AlMes, toluene, 70 °C, 28-80%.

12a:R'=H
b: R! = MeO

2
HN/R

1 1 1
R D[CN a R I@CN b R ﬁgNH
R OH R o R o
O -
15a-b 2 6a-f | N

Scheme 5. Reagents and conditions: (a) i—KOH, MeOH; ii—4-
chloromethylpyridine, Et;N, DMF, 140 °C, 14a: 41%, 14b: 46%; (b)
RNH,, AlMe;s, toluene, 70 °C, 47-54%.

14a:R'=H
b: R' =MeO

In order to better understand the structure-activity rela-
tionship between the VEGFR2 tyrosine kinase inhibi-
tion and the possible binding modes of the salicylic
amides 4a and 4e, we performed molecular docking
experiments of AAL993, 4a and 4e with the ligand-bind-
ing site of VEGFR2 kinase (PDB code 1 YWN). Accord-
ing to our docking simulation as shown in Figure 3, 4a
would interact with VEGFR2 kinase domain through
hydrogen bonds between the pyridine-N and the back-
bone-NH of Cys919 in the hinge region of the kinase,
the salicylamide-C=0 and the backbone-NH of
Aspl046 of the DFG-loop, and the salicylamide-NH
with the side-chain carboxylate of Glu885 of helix-C,
as indicated by the green stick; the ligscore2!> was calcu-
lated as 5.33, which is smaller than that of AAL993 (the
ligscore2 = 5.86). The salicylic amide 4e showed a differ-
ent binding mode as indicated by gray bold stick in

Figure 3. Docking modes of 4a (green) and 4e (gray) overlaid with the
binding conformation of AAL993 (orange) into the active site of
VEGFR2 kinase domain. Docking model was calculated by the DS
modeling 1.2 based on the X-ray analysis data of VEGFR2 tyrosine
kinase with aminopyrimidine 2% (PDB code: 1 YWN). The yellow cloud
shows a ligand-binding site calculated by the site finding module.

Figure. 3. The 4,5-dimethoxysalicylic group of 4e occu-
pied the binding site of CF;C¢H,4 groups of 4a and
AAL993, and the 4-CIC¢H4 group was located near
Ala879. The ligscore2 of 4e was calculated as 4.78.

In conclusion, we succeeded in the synthesis of a series
of anthranilic amides, salicylic amides, anthranilic ami-
dines, and salicylic amidines. Among the compounds
synthesized, the salicylic amide 4a possessed inhibitory
activities of both Flt-1 and KDR, whereas, the salicylic
amide 4e and the anthranilic amidine 5a were found as
selective inhibitors of VEGFR-2 tyrosine kinases. Two
methoxy groups substituted on the salicylic ring of 4e
enhanced the selectivity of VEGFR2 kinase inhibition
in comparison with 4a. We believe that the current find-
ing would be important for designs of tyrosine kinase-
targeted new therapeutic agents.





H. Nakamura et al. | Bioorg. Med. Chem. Lett. 16 (2006) 5127-5131

Acknowledgments

This work was supported by the Ministry of Education,
Science, Sports, Culture and Technology, Grant-in-Aid
for the Screening Committee of New Anticancer Agents
on Priority Area ‘Cancer’ for the protein kinase assay
and for Scientific Research (A) for young scientists
(No. 16685017) from Japan.

—_

References and notes

. Risau, W. Nature 1997, 386, 671.
. (a) Manley, P. W.; Bold, G.; Briiggen, J.; Frendrich, G.;

Furet, P.; Mestan, J.; Schnell, C.; Stolz, B.; Meyer, T.;
Meyhack, B.; Stark, J.; Strauss, A.; Wood, J. Biochim.
Biophys. Acta 2004, 16975, 17; (b) Lawrence, D. S.; Niu, J.
Pharmacol. Ther. 1998, 77, 81.

. (a) Abdollahi, A.; Lipson, K. E.; Han, X.; Krempien, R.;

Trinh, T.; Weber, K. J.; Hahnfeldt, P.; Hlatky, L.; Debus,
J.; Howlett, A. R.; Huber, P. E. Cancer Res. 2003, 63,
3755; (b) Sun, L.; Tran, N.; Liang, C.; Hubbard, S.; Tang,
F.; Lipson, K.; Schreck, R.; Zhou, Y.; McMahon, G.;
Tang, C. J. Med. Chem. 2000, 43, 2655.

. (a) Hennequin, L. F.; Stokes, E. S. E.; Thomas, A. P

Johnstone, C.; Plé, P. A.; Ogilvie, D. J.; Dukes, M.;
Wedge, S. R.; Kendrew, J.; Curwen, J. O. J. Med. Chem.
2002, 45, 1300; (b) Hennequin, L. F.; Thomas, A. P.;
Johnstone, C.; Stokes, E. S. E.; Plé, P. A.; Lohmann, J.-J.
M.; Ogilvie, D. J.; Dukes, M.; Wedge, S. R.; Kendrew, J.;
Lambert van der Brempt, C. J. Med. Chem. 1999, 42,
5369.

. (a) Drevs, J.; Muller-Driver, R.; Wittig, C.; Fuxius, S.;

Esser, N.; Hugenschmidt, H.; Konerding, M. A.; Alleg-
rini, P. R.; Wood, J.; Hennig, J.; Unger, C.; Marme, D.
Cancer Res. 2002, 62, 4015; (b) Bold, G.; Altman, K.-H.;
Frei, J.; Lang, M.; Manley, P. W.; Traxler, P.; Wietfeld,
B.; Bruggen, J.; Buchdunger, E.; Cozens, R.; Ferrari, S.;
Furet, P.; Hofmann, F.; Martiny-Baron, G.; Mestan, J.;
Rosel, J.; Sills, M.; Stover, D.; Acemoglu, F.; Boss, E.;
Emmenegger, R.; Lasser, L.; Masso, E.; Roth, R,
Schlachter, C.; Vetterli, W.; Wyss, D.; Wood, J. M.
J. Med. Chem. 2000, 43, 2310.

. Manley, P. W.; Furet, P.; Bold, G.; Bruggen, J.; Mestan,

J.; Meyer, T.; Schnell, C. R.; Wood, J.; Haberey, M.;
Huth, A.; Kruger, M.; Menrad, A.; Ottow, E.; Seidel-
mann, D.; Siemeister, G.; Thierauch, K-H. J. Med. Chem.
2002, 45, 5687.

. Kou, G.-H.; Wang, A.; Emauel, S.; DeAngelis, A.; Zhang,

R.; Connolly, P. J.; Murray, W. V.; Gruninger, R. H.;

8.

9.

10.

11.

12.

13.

14.

15.

5131

Sechler, J.; Fuentes-Pesquera, A.; Johnson, D.; Middle-
ton, S. A.; Jolliffe, L.; Chen, X. J. Med. Chem. 2005, 48,
1886.

Miyazaki, Y.; Matsunaga, S.; Tang, J.; Maeda, Y.
Nakano, M.; Philippe, R. J.; Shibahara, M.; Liu, W.;
Sato, H.; Wang, L.; Nolte, R. T. Bioorg. Med. Chem. Lett.
2005, 715, 2203.

(a) Manley, P. W.; Bold, G.; Fendrich, G.; Furet, P.;
Mestan, J.; Meyer, T.; Meyhack, B.; Stark, W.; Strauss,
A.; Wood, J. Cell. Mol Biol. Lett. 2003, 8, 532; (b)
Manley, P. W.; Bold, G.; Briiggen, J.; Fendrich, G.; Furet,
P.; Mestan, J.; Schnell, C.; Stolz, B.; Meyer, T.; Meyhack,
B.; Stark, W.; Strauss, A.; Wood, J. Biochim. Biophys.
Acta 2004, 1697, 17.

(a) Asano, T.; Yoshikawa, T.; Nakamura, H.; Uechara,
Y.; Yamamoto, Y. Bioorg. Med. Chem. Lett. 2004, 14,
2299; (b) Asano, T.; Yoshikawa, T.; Usui, T.; Yamam-
oto, H.; Yamamoto, Y.; Uehara, Y.; Nakamura, H.
Bioorg. Med. Chem. 2004, 12, 3529; (c) Asano, T.;
Nakamura, H.; Uehara, Y.; Yamamoto, Y. ChemBio-
Chem 2004, 5, 483.

Dean, F. M.; Goodchild, J.; Houghton, J. A.; Martin, R.
B.; Parton, B.; Price, A. W.; Somvichien, N. Tetrahedron
Lett. 1966, 7, 4153.

Ibrahim, A. Y.; Behbehani, H.; Ibrahim, R. M.; Malhas,
R. Tetrahedron 2003, 59, 7273.

Iwata, K. K.; Jani, J. P.; Provoncha, K.; Kath, J. C.; Liu,
Z.; Moyer, J. D. Cancer Res. 2003, 63, 4450.

EIA/RIA stripwell™ plates (Corning) were coated by
incubation overnight at 4 °C with 100 pl/well of 50 pg/ml
poly(Glu:Tyr,4:1) peptide (Sigma) in PBS. The kinase
reaction was performed in the plates by addition of
50 ul of kinase buffer (50 mM HEPES, 125 mM NacCl,
10mM MgCl,, pH 7.4) containing 100 uM of ATP,
10 ng of recombinant Flt-1 or KDR (Invitrogen, cata-
lytic domain of VEGFR1 and VEGFR2, respectively),
and a compound (10 uM). After 20 min, the plates were
washed three times with wash buffer (0.1% Tween 20 in
PBS) and incubated for 20 min with 50 pl/well of 0.2 pg/
ml HRP conjugated anti-phosphotyrosine antibody
(Santa Cruz). After two washes, the plates were devel-
oped by addition of 50 ul/well Tetramethylbenzidine
(Sigma) and stopped by addition of 50 ul/well of 2N
H,SO,4. The absorbance at 450 nm was measured by a
96-well plate reader (Tecan).

LigScore2 is a fast, simple scoring function for predicting
protein-ligand binding affinities. The functional form of
LigScore is simple and contains the CFF force field using
grid-based energy calculations with the improved interpo-
lation method; see: Wang, R.; Lu, Y.; Wang, S. J. Med.
Chem. 2003, 46, 2287.





		Synthesis and biological evaluation of benzamides and benzamidines as selective inhibitors of VEGFR tyrosine kinases

		Acknowledgments

		References and notes






ELSEVIER

Available online at www.sciencedirect.com

‘ScienceDirect

Bioorganic &
Medicinal
Chemistry
Letters

Bioorganic & Medicinal Chemistry Letters 16 (2006) 5088-5092

Peptidomimetic C5a receptor antagonists with hydrophobic
substitutions at the C-terminus: Increased receptor
specificity and in vivo activity

Karsten Schnatbaum,” Elsa Locardi, Dirk Scharn, Uwe Rich}er,
Heiko Hawlisch, Jochen Knolle and Thomas Polakowski'

Jerini AG, Invalidenstrafie 130, 10115 Berlin, Germany

Received 1 June 2006; revised 11 July 2006; accepted 12 July 2006
Available online 28 July 2006

Abstract—A new class of peptidomimetic C5a receptor antagonists characterized by C-terminal amino acids with hydrophobic side
chains is presented. Systematic optimization of the first hits led to JPE1375 (36), which was intensively characterized in vitro and
in vivo. Compound 36 exhibits high microsomal stability and receptor specificity and is highly active in an immune complex
mediated peritonitis model (reverse passive Arthus reaction) in mice.

© 2006 Elsevier Ltd. All rights reserved.

The complement system (CS) is one central arm of the
innate immune system. However, besides its well-known
role for enhancing B-cell responses,! the modulation of
T-cell responses has been described recently.? Thus, it
becomes increasingly evident, that the CS also interacts
with the adaptive immune system. One key player at the
interface between innate and adaptive immunity is the
anaphylatoxin C5a, a 74 amino acid protein, which is
generated during activation of the CS. C5a binds to
the G protein-coupled receptors CD88 (C5aR) and
C5L23 of which only CDS88 is functionally active. C5a
is a potent chemotactic factor for monocytes, macro-
phages, neutrophils, activated T- and B-lymphocytes
and induces a strong pro-inflammatory response.*

As C5a has been discussed to be involved in a number of
diseases, several peptidic and non-peptidic C5a receptor
antagonists (C5aRAs) have been described (reviewed in
Ref. 5). Of the peptide derived inhibitors nearly all com-
pounds reported have a positively charged Arg at the
C-terminus,® as it is also found in C5a itself. Peptides
lacking this Arg have significantly lower binding affini-
ty.” Here the discovery of a new class of peptidomimetic
C5aRAs is reported. Replacement of the C-terminal Arg

Keywords: C5a receptor; Antagonist.
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by hydrophobic amino acids resulted in highly active
antagonists with increased microsomal stability and
enhanced specificity for CD8S.

The first step in a systematic approach towards new
C5aRAs was an alanine scan of 1 (PMX53)% (Table
1). All compounds were synthesized by standard solid-
phase peptide synthesis, cleavage from the resin and
cyclization of the C-terminal carboxylate to the Orn side
chain. The antagonistic activity of all compounds was
determined using a functional assay system based on
the inhibition of C5a induced glucosaminidase release
stimulated from CD88 transfected RBL cells (RBL+).%
It turned out that the replacement of Phe (2), cha (4),
Trp (5) and Arg (6) by alanine led to a pronounced loss
of activity by a factor of >200. Apparently, the side
chains of all of these amino acids play an important role
in functional activity. Pro could be replaced by Ala
without loss of activity. It has been shown that the small
ring size of PMX53 furnishes a rigid secondary struc-
ture®® and this might overrule any effects of Pro on the
secondary structure (Fig. 1).

It is interesting to note that compound 6 is distinctly
more active than 2, 4 and 5, revealing that Arg is the
least important of the four critical side chains. Due to
this observation, compounds with additional modifica-
tions at the Arg position were synthesized (Table 2). The
elongation of the Arg side chain by one methylene group
led to a 12-fold decrease in antagonistic activity (7).
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Table 1. Alanine scan of 1

Compound Sequence® Inhib. GAR®
ICso (LM)
1 (PMX53) Ac-Phe-[Orn-Pro-cha-Trp-Arg] 0.029
2 Ac-Ala-[Orn-Pro-cha-Trp-Arg] 23
3 Ac-Phe-[Orn-Ala-cha-Trp-Arg] 0.025
4 Ac-Phe-[Orn-Pro-ala-Trp-Arg] 55
5 Ac-Phe-[Orn-Pro-cha-Ala-Arg] 100
6 Ac-Phe-[Orn-Pro-cha-Trp-Ala] 6.9
#cha, p-cyclohexylalanine; ala, p-Ala.
® Inhib. GAR, inhibition of glucosaminidase release.
? O
EVLN R
NoOH
H
O~ 'NH
HN N\E/go J~NH
O)\ O X 0
k“ NH
(\)ﬁ/\ NH
N~ NH,

Figure 1. PMX53 (Ac-Phe-[Orn-Pro-cha-Trp-Arg], 1).

The loss of affinity was even more pronounced when
Arg was replaced by Lys (8). In contrast to that Orn
(9) led to an activity similar to Arg. These results suggest
that the appropriate orientation of the charged groups is
extremely important for a high antagonistic activity.

The replacement of Arg by its bioisostere Cit (10) and by
Arg(NO,) (11), which are polar but uncharged under
physiological conditions, leads to compounds with 17—
18 times lower activity compared to 1. This dramatic
loss of activity suggests that the positive charge of Arg
is very important for functional activity. In spite of that

Table 2. Antagonistic activity of Ac-Phe-[Orn-Pro-cha-Trp-Xxx] (7-26)
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the charged guanidine group was completely removed
by the introduction of Nva leading to a compound with
surprisingly high activity (12). Compound 12 and addi-
tional compounds described below are the first C5aRAs
with hydrophobic substitutions at the C-terminus which
show activities in the low nanomolar range.

Subsequently, the C-terminal position was analyzed by a
variety of hydrophobic amino acid substitutions (13-
26). It turned out that a number of straight chain (13),
branched (14-16) and cyclic (17-18) alkyl groups lead
to compounds with high antagonistic activity. Nva and
Nle are the best residues tested (Fig. 2). The space for
hydrophobic substituents seems to be limited though,
since the sterically more demanding cyclohexylethyl
(19) and n-octyl (20) led to decreased activity compared
to 1. This was also the case for nle (21) and 2Ni (26).
With small unsaturated or aromatic groups (22-25) high
activity could be achieved as well. The most active com-
pounds contain Eag, Phe or Thi (Fig. 2).

The effect of Arg replacements by amino acids with
hydrophobic side chains was also explored for linear
peptidomimetics. Two Arg containing compounds de-
rived from 1 by ring opening were synthesized (27, 28,
Table 3). It turned out that this modification is not well
tolerated and leads to a significant decrease in activity to
0.535 and 0.190 uM, respectively. Surprisingly the car-
boxamide is more active than the carboxylate, even
though C5a has got a C-terminal carboxylate and the
group has been proposed to be an essential feature of
the pharmacophore of peptidomimetic C5aRAs.’
Replacement of Arg by Nle (29) results in lower activity
compared to 28, suggesting that the SAR of the C-termi-
nus is different in linear peptidomimetics compared to
cyclic compounds. However, high activity can be
obtained by incorporating aromatic groups like in Phe
(30, 0.031 uM).

Compound Xxx° Inhib. GAR ICs, (uM) Compound Xxx* Inhib. GAR ICs, (M)
7 Har 0.360 17 Chg 0.038
8 Lys 8.700 18 Cha 0.045
9 Orn 0.018 19 Hch 0.146

10 Cit 0.490 20 Ocg 0.300

11 Arg(NO») 0.570 21 nle 0.107

12 Nva 0.018 22 Eag 0.019

13 Nle 0.025 23 Phe 0.026

14 Ile 0.050 24 Thi 0.022

15 Leu 0.054 25 INi 0.051

16 Hle 0.057 26 2Ni 0.076

4 Har, homoarginine; Orn, ornithine; Cit, citrulline; Nva, norvaline; Nle, norleucine; Hle, homoleucine; Chg, cyclohexylglycine; Cha, cyclohexyl-
alanine; Hch, homocyclohexylalanine; Ocg, n-octylglycine; nle, p-norleucine; Eag, propargylglycine; Thi, 2-thienylalanine; INi, 1-naphthylalanine;

2Ni, 2-naphthylalanine.

o 0 o o o
H2N\£)J\OH HN gy HaN HN Aoy HaN Ky

h

Nva
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Nle

N

Eag

SR
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Figure 2. Structures of selected amino acids Xxx in Ac-Phe-[Orn-Pro-cha-Trp-Xxx].
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Table 3. Antagonistic activity, stability against degradation by human microsomes and agonistic activity of compounds 27-36

Compound Sequence® Inhib. GAR ICs, (uM) Stab. micr.® (%) Agonism % at 286 uM
27 Ac-Phe-Orn-Pro-cha-Trp-Arg-OH 0.535 n.d. n.d.
28 Ac-Phe-Orn-Pro-cha-Trp-Arg-NH, 0.190 n.d. n.d.
29 Ac-Phe-Orn-Pro-cha-Trp-Nle-NH, 0.463 n.d. n.d.
30 Ac-Phe-Orn-Pro-cha-Trp-Phe-NH, 0.031 34 n.d.
31 Ac-Phe-Orn-Pro-hle-Trp-Phe-NH, 0.063 37 0
32 Ac-Phe-Orn-Pro-hle-Bta-Phe-NH, 0.027 1 0
33 Ac-Phe-Orn-Pro-hle-Dcf-Phe-NH, 0.116 49 7.2
34 Ac-Phe-Orn-Pro-hle-Mcf-Phe-NH,» 0.060 62 1.2
35 Ac-Phe-Orn-Pro-hle-Pff-Phe-NH, 0.071 65 0
36 Hoo-Phe-Orn-Pro-hle-Pff-Phe-NH, 0.039 80 0

n.d. = not determined.

#Nle, norleucine; hle, p-homoleucine; Bta, benzothienylalanine; Dcf, Phe(3,4-Cl); Mcf, Phe(3-Cl); Pff, Phe(4-F); Hoo, L-hydroorotic acid.

® Human microsomes, % remaining after 1 h.

The next goal was to optimize the stability in the pres-
ence of human liver microsomes. This stability is often
used for predicting hepatic clearance. Compound 30
shows a modest stability of 34% (Table 3). The replace-
ment of cha by hle (31) leads to a similar stability (37%).
The most important determinant for microsomal stabil-
ity is the Trp position though. The substitution of Trp
by Dcf, Mcf or Pff improved stabilities to 49%, 62%
and 65%, while retaining functional activity (33-35).
Among the latter compounds 35 is preferred, since unde-
sired agonistic activity has been found for 33 and 34,
which have bulkier side chains. This means that the ami-
no acid at the Trp position determines agonistic or
antagonistic activity which is in accordance with results
for other C5aRAs'® and could be a suitable starting
point for the development of agonists.

Finally the antagonistic activity of 35 was increased
about 2-fold by substitution of Ac for hydroorotic acid
(Hoo). This led to JPE1375 (36, Table 3, Fig. 3), a new
C5a receptor antagonist featuring high in vitro activity
(0.039 uM), high stability against human microsomes
(80%, 1h) and complete functional antagonism (0%
agonism up to 286 pM).

Compound 36 was further characterized in vitro for
activity, stability and specificity (Table 4). Compounds
36 and 1 exhibit similarly high antagonism for human
C5aR expressed on RBL cells and human PMNs. The
inhibition of C5a binding to C5aR is slightly weaker
than the antagonistic potency. This can be explained
by binding of the compounds to the transmembrane
binding site 2 of the receptor as it was proposed for
other C5aRAs.!! It is expected that binding in this re-
gion is sufficient for the inhibition of the agonistic activ-
ity of C5a, but the binding of C5a to the extracellular

Figure 3. JPE1375 (Hoo-Phe-Orn-Pro-hle-Pff-Phe-NH,, 36).

Table 4. In vitro properties of JPE1375 (36) and PMX53 (1)

Assay JPE1375 PMXS53
Inhib. GAR, RBL+ cells, ICso (uM) 0.039 0.029
Inhib. GAR, hPMN cells, ICsy (uM) 0.041 0.031
Binding, HEK293+ cells, ICso (uM)* 0.111 0.104
Plasma stability (hum, 1 h, 37 °C) (%) 100 100
Microsomal stability (hum, 1 h, 37 °C) (%) 80 10
CYP3A4 Inhibition at 10 uM (%)® 38 77
No. of receptor interactions >50% at 10 uM =~ 2 4
Binding NK2, ICso (uM) 0.71 0.087
Binding MC4, ICsy (uM) 13 0.40
Binding Vla, ICsy (uM) 0.74 0.74
Binding ORLI, ICsy (uM) > 50 2.20
Chemotaxis, mouse J774A.1 cells, ICso (uM) 0.42 7.1

#Inhibition of C5a binding to human C5aR on HEK293 cells.
® Inhibition of CYP3A4 activity with BFC as substrate.

binding site 1 is not effectively inhibited. Compound
36 exhibits high plasma stability (100% after 1 h) and
a higher microsomal stability compared to 1 (80% vs
10%). The inhibition of CYP3A4 is negligible (14% at
10 pM) which reduces the risk of undesired interactions
with the metabolism of other drugs.

For the determination of the receptor specificity a screen
with 44 different receptors, four ion channels and two
transporter proteins (ExpresSProfile, Cerep, Poitiers,
France) was performed at a concentration of 10 pM.
For 36 only two receptors with an inhibition of >50%
were identified, whereas 1 inhibits four (NK2, MC4,
Vla and ORL1). Subsequently, the ICsq values for these
four receptors were determined (Table 4). Compound 36
had a selectivity of at least 18 (factor between ICs, value
on NK2 receptor and IC5y on C5aR) while for 1 the low-
est selectivity factor was 3. Thus, 36 exhibits a markedly
improved receptor specificity.

The in vivo efficacy of JPE1375 was tested in a mouse
model of the reverse passive Arthus reaction (RPAR),
an immune complex (IC) mediated disease which is driv-
en by activation of complement and Fc-receptors. The
role of C5a in the RPAR was described by Ko6hl and
Gessner.!? Here the inhibitory activity of 1 and 36 on
the neutrophil influx into the mouse peritoneum after
iv challenge with the OVA (chicken ovalbumin) peptide
and ip challenge with an anti-OVA-antibody was tested.
The compounds (1 mg/kg iv, dissolved 0.15 mg/mL in
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PBS buffer) were administered 15 min before the induc-
tion of the RPAR. After 6 h, the number of neutrophils
in the peritoneal lavage was determined. Results are
shown in Figure 4.

Compound 36 is significantly more active in the RPAR
model than 1. This effect can be explained by improved
pharmacokinetic properties due to increased microsom-
al stability, but it is unlikely that this is the only expla-
nation. Therefore, the inhibitory activity of the
compounds on the C5a induced chemotaxis of mouse
J774A.1 cells was measured (Table 4). Compound 36
(0.42 uM) is 17 times more active on the murine CD88
compared to 1 (7.1 uM). However, the antagonistic
activity of the two molecules for human cell lines (Table
4) is similar. This is in accordance with reported binding
experiments with 1 to C5aRAs of different species.'3
Due to the activity of 36 on mouse cells this molecule
gives a new option for performing in vivo disease models
in this species.

In order to elucidate the SAR described, a homology
model of the C5a receptor, containing the seven trans-
membrane helices and the second extracellular loop
(EL2), was built on the basis of the X-ray structure of
bovine rthodopsin.'* Compound 1 was constructed with-
in the interior of the receptor binding pocket with vari-
ous orientations.!> Subsequently, a multiple simulated
annealing protocol was employed to relax the system
and to define the best ligand receptor complex. Com-
pound 1 was mutated to the linear antagonist 36 and
the complex relaxed again via MD simulations.'®

One of the main features of the preferred model (Fig. 5)
is that Arg of 1 does not penetrate deeply into the bind-
ing pocket of the receptor, as it was suggested by Gerber
et al. for Me-FKPdChaWdR.!? Instead, Arg forms a
salt-bridge to Asp282 (TM?7) as it was described in the
closed-loop binding model for 1 by Higginbottom
et al.!'” Alternatively, binding of a completely extended
Argb6 side chain to Asp37 (TMI1) is conceivable. Due
to the proximity of Phe93, Val97 (TM2), Vallg6,
Ile187 (EL2) and Val286 (TM?7), the same receptor re-
gion is also well suited to accommodate a hydrophobic
ligand. This perfectly corresponds to our observation
that Arg6 can be substituted by hydrophobic amino
acids without loss of activity.

RPAR in Mice
Vehicle 4 H
PMX53
JPE1375
1) L) L) L)
0 50 100 150

Average Number Neutrophils/Field

Figure 4. Effect of vehicle (n = 8), PMXS53 (1, n = 7) and JPE1375 (36,
n=15) on the neutrophil influx in the RPAR in mice (+SEM). The
inhibition of the neutrophil influx compared to the vehicle is significant
(» <0.01) for both compounds.

TM5

Figure 5. Homology model of CD88 with bound 36.

Trp (Pff in 36) is located between Val286 and Ilel16
(TM3) as was described before.!%!* Phe binds close to
the position of the retinal head group in the rhodopsin
structure. It is surrounded by a number of aromatic
and hydrophobic residues. p-Cha (hle in 36) binds to a
patch of aliphatic amino acids from TM3-5 and EL2
(Leul67, Prol70, Vall90 and Val202), which explains
the importance of this side chain for activity. The in-
creased affinity observed when exchanging Ac by Hoo
is due to the interaction with neighbouring polar resi-
dues (Ser266, Arg206).

In conclusion, new C5aRAs with hydrophobic substitu-
tions at the C-terminus are presented. Optimization of
activity and early ADME parameters led to JPE1375
(36), which shows favourable in vitro parameters and
high in vivo activity in mice.
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Abstract—The identification of an MCH R1 antagonist screening hit led to the optimization of a class of benzimidazole-based
MCH RI1 antagonists. Structure—activity relationships and efforts to optimize pharmacokinetic properties are detailed along with
the demonstration of the effectiveness of an MCH R1 antagonist in an animal model of obesity.
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Obesity, characterized by excess body fat, is a chronic
disease that has dramatically increased in prevalence
over the past 30 years. The co-morbidities strongly asso-
ciated with obesity are numerous—diabetes, coronary
heart disease, hypertension, certain cancers, osteoarthri-
tis, and others—thus, obesity remains an increasingly
important medical and public health issue.’

Investigations into the factors that affect body weight
have led to the identification of a group of central tar-
gets for the potential treatment of obesity.”? Melanin-
concentrating hormone (MCH) is a 19-amino acid
peptide that signals through MCH R1 found in the
CNS and stimulates food intake in mammals.> MCH
peptide knock-out animals are hypophagic and lean,
while MCH over-expressing animals are hyperphagic
and obese.* Transgenic animals devoid of MCH RI1
are resistant to diet-induced obesity and weigh less than
their wild type counterparts.’ These, and other data, are
supportive of MCH as a key mediator in the regulation
of energy balance and body weight.® Our efforts to iden-

Keywords: Melanin-concentrating hormone; MCH; MCH R1; MCH

R1 antagonists; Obesity.
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tify antagonists of MCH R1 led to the discovery of a
series of thienopyrimidinones that are selective, orally
active compounds.” This letter describes the extension
of the structure—activity relationships (SAR) to include
compounds containing a benzimidazole moiety.

Concomitant to the SAR exploration of the thienopyri-
midinone series, a screening hit was identified that con-
tained structural features (p-biphenyl amide) related to
the original hit (SB-282254). SB-282254 was the progen-
itor of the thienopyrimidinones, represented by GW
803430.7% A boost in potency had been realized when
the p-biphenyl amide group was replaced with the chlor-
ophenylthienopyrimidinone; therefore, it was reasoned
that a similar change in the new hit might produce more
potent compounds as well (Fig. 1).

A general synthetic scheme for the preparation of thie-
nopyrimidinone derivatives is outlined in Scheme 1.
Amidine 2 was prepared by condensation of the com-
mercially available thiophene derivative 1 with dimeth-
ylformamide dimethylacetal in EtOH at reflux
followed by concentration and recrystallization of the
sample. The reaction of amidine 2 with a variety of
S-amino-1H-benzimidazoles 3 (or corresponding 6-ami-
no-1H-benzimidazoles) in refluxing ethanol under an
atmosphere of nitrogen provided thienopyrimidinones
4.° An improvement in reproducibility of the condensa-
tion reaction involved rapidly heating the reactants in
phenol at 110-130 °C over 5-60 min.”®
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Figure 1. Structural similarity between the progenitor of the thienopyrimidinone series and the screening hit.
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Scheme 1. Reagents and conditions: (a) DMF-DMA, EtOH, reflux; (b) EtOH, reflux or PhOH, 110-130 °C.

The synthesis of the various 5- and 6-amino-1H-benz-
imidazole derivatives!® was achieved through several
complementary methods, some achieving regioselective
access to N1-versus N3-substitution (yielding 5-amino-
1 H-benzimidazoles and 6-amino-1H-benzimidazoles,
respectively), while others simply gave mixtures that re-
quired separation.'!

Selective introduction of an N1-aryl group was achieved
by treating 2,4-dinitrofluorobenzene (5) with the appro-
priate aniline (Scheme 2). Reduction of the nitro groups
with palladium on carbon under an atmosphere of
hydrogen generated the unstable diamino derivative 7
that was immediately treated with acetyl chloride and
Et;N in DMF. Acid catalyzed cyclization to the benz-
imidazole with concomitant deacylation provided the
5-amino-1-aryl-1 H-benzimidazole coupling partner 8.
The same protocol was also used to introduce alkyl sub-
stitution at the Nl-position by treating 2,4-dinitroflu-
orobenzene with alkyl amines.

The exploration of the benzimidazole-based antagonists
also focused on appending solubilizing groups at the
N1-, N3-, or C2-positions. To this end, 2-dimethylamino
analogs were also prepared from the dinitro intermedi-
ate (Scheme 2). After introduction of the requisite ani-
line, a moderately selective reduction with sodium
dithionite was performed (purification required) and
the resultant 2-amino-1-anilino-4-nitrobenzene deriva-
tive 9 was treated with phosgene iminium chloride to
directly provide the 2-dimethylamino-1H-benzimid-
azole. Nitro reduction as before completed the synthesis
of this fragment.

An alternative route to the 2-dimethylamino-1H-benz-
imidazoles 10, which provided the 5-amino-N1-substi-
tuted benzimidazole regioisomer, employed a
modification of the palladium-mediated intramolecular
cyclization as reported by Brain and Brunton.'? As
depicted in Scheme 3, commercially available 2-bromo-
S-nitroaniline (11) was treated with phosgene iminium
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Scheme 3. Reagents and conditions: (a) phosgene iminium chloride, DCM, reflux; (b) RNH,, Et;N, THF, reflux; (c) Pd(OAc),, BINAP, Cs,COs,

THEF, reflux; (d) Pd/C, H,, EtOH.

chloride and the resultant dimethylcarbamimidic chlo-
ride intermediate 12 was then treated with a variety of
primary amines to afford the guanidinyl derivatives 13.
Palladium-mediated cyclization in the presence of BIN-
AP afforded the S-nitrobenzimidazole derivatives 14.
Nitro reduction completed the synthesis of these
fragments.

The preparation of other 2-dialkylamino-1H-benzimid-
azoles 20 and 21 could be performed by either starting
with the alkylation of 2-chlorobenzimidazole (15) fol-
lowed by a non-selective nitration of the 6-membered
ring with HNO3; and H,SOy, or switching the order of
the sequence, depending on the nature of the R group.
After separation of the regioisomers, introduction of
an amine via thermally induced nucleophilic aromatic
substitution followed by nitro reduction completed the
synthesis of this coupling partner (Scheme 4). In this
divergent synthesis, a variety of nucleophilic secondary
amines could be introduced by treating the chloro deriv-
ative with an amine in an alcohol solvent in a sealed tube.

The N-unsubstituted 2-dialkylamino-1H-benzimidazoles
could be prepared by foregoing the alkylation step,
nitrating, reducing the nitro group, and then introduc-
ing the dialkylamino group in a similar fashion (steps
b and c¢).

The 2-dimethylamino-1H-benzimidazole analogs could
also be conveniently prepared by a three-step sequence
starting with commercially available 3,4-diaminonitro-
benzene (22) (Scheme 5). Treatment of the diamine with
phosgene iminium chloride followed by non-selective
alkylation provided a mixture of 1-substituted benzimid-
azoles that were separated and carried into the nitro
reduction step.

Gratifyingly, our initial foray into the series of thieno-
pyrimidinones containing a 1-aryl-1H-benzimidazole
moiety produced antagonists with improved potency'?
over the screening hit. The potency was improved with
selected substitution at the para position on the aryl
ring; for example, H versus ethoxy (compounds 24 and
27, respectively) produced a full log improvement in
potency. Unfortunately, these analogs suffered from
poor solubility, and one representative compound, 26
(Table 1), showed undesirable bioavailability!* in rats.

The hypothesis that the N-aryl substituent was primarily
responsible for diminished oral absorption was tested by
replacing the aryl groups with hydrogen, alkyl or substi-
tuted alkyl groups (Table 2). Completely removing the
aryl group did result in a slight loss of potency, but
replacing the aryl group with the cyclohexyl retained
almost all activity. While the fully saturated cyclohexyl
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Table 1. SAR and bioavailability of 2-methyl-1-aryl-1 H-benzimidazoles (compounds 24-29)

R
N
2 OG-
\ N/)

Compound R pICso® % F°
24 Ph 7.5 nd
25 4-Toluyl 7.7 nd
26 4-Methoxyphenyl 8.3 3

27 4-Ethoxyphenyl 8.5 nd
28 4-Isopropoxyphenyl 8.1 nd
29 4-Dimethylaminophenyl 8.3 nd

#Values are means of greater than three experiments; pICsy = —log(ICsp).

® Bioavailability (nd, not determined).

was clearly not an improvement with respect to oral bio-
availability, introduction of the aminoethyl substituents
produced compounds with improved bioavailabilities
(compounds 32 and 33) while retaining potency. In the
2-methyl-1H-benzimidazole series, the best improve-
ments in bioavailability were found with alkoxy- and
hydroxypropyl substituents (compounds 34 and 35).

Encouraged by the improvements in oral bioavailability
by the incorporation of tethered amino functionality, a
series of 2-amino-1H-benzimidazoles was investigated
(Table 3). In general, this series exhibited acceptable
potency. Increasing the bulk on the exocyclic nitrogen
appeared to have a beneficial effect (compounds 36 vs.
37, 38 and 42). The limit appeared to be reached with
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Table 2. SAR and bioavailability of 2-methyl-1-substituted-1H-benzimidazoles (compounds 26, 30-35)

R
N
A
g

Compound R pICso® % F°
26 4-Methoxyphenyl 8.3 3
30 H 7.6 nd
31 Cyclohexyl 8.2 0
32 2-(4-Morpholinyl)ethyl 8.2 24
33 2-(1-Pyrrolidinyl)ethyl 8.7 31
34 3-Methoxypropyl 8.3 40
35 3-Hydroxypropyl 8.8 >100'4®
#Values are means of greater than 3 experiments; pICsy = —log(ICs).
® Bioavailability (nd, not determined).
Table 3. SAR and bioavailability of N-unsubstituted 2-aminobenzimidazoles (compounds 36-47)
Ho o
o N R
=N,
ol S | N N R
\ P
7
Compound R! R? pICso? % F°
36 H H 7.5 nd
37 H Me 8.4 0
38 Me Me 8.6 4
39 H i-Pr 8.1 nd
40 H c-Pr 7.8 nd
41 CH,CH,CH,CH, 8.5 76
42 CH,CH,CH,CH,CH, 8.3 31
43 CH,CH,OCH,CH, 7.8 nd
44 CH2CH2N(CH3)CH2CH2 7.0 nd
45 H 2-Methoxyethyl 7.5 nd
46 H 2-(1-Pyrrolidinyl)ethyl 8.2 0
47 Me 2-(1-Pyrrolidinyl)ethyl 8.3 0
#Values are means of greater than three experiments; pICsy = —log(ICs).

® Bioavailability (nd, not determined).

the cyclic constrained N-methyl piperazine analog (com-
pound 44), although the flexible N-H and N-Me pyrr-
olidinoethyl groups were well tolerated (compounds 46
and 47). Unfortunately, with the notable exception of
the 2-pyrrolidino- and 2-piperidino-1H-benzimidazole
derivatives (compounds 41 and 42 at 76% and 31%,
respectively), the unsubstituted analogs exhibited unfa-
vorable bioavailabilities (<5%).

Thus, a series of 1-substituted-2-dialkylamino-1H-benz-
imidazoles was prepared to potentially elicit improved
bioavailabilities (Table 4). One curious aspect of this
exploration was how regioisomeric substitution on the
benzimidazole ring would affect both potency and bio-
availability. A few general conclusions could be made
regarding this series. First, as exemplified in compound
48, analogs with dialkylamino functionality at the 2-po-
sition typically had increased plasma exposure over the

2-methyl-1H-benzimidazoles. Second, there did not ap-
pear to be a substantial effect on potency from N-substi-
tution of the benzimidazoles, with the glaring exception
being the 4-methoxybenzyl derivative where the substi-
tution is proximal to the thienopyrimidinone core (series
I, compound 54). Third, and most importantly, this ser-
ies produced a number of compounds that showed
promising bioavailabilities necessary for progression,
most notably compound 50, which possesses a favorable
mix of potency and high oral bioavailability.

Efforts to establish the utility of an MCH R1 antagonist
in an animal model of obesity led to the examination of
compound 50 in a semi-chronic study. The compound
exhibited good pharmacokinetic properties in mouse
(bioavailability'> >90%, ¢/, = 6 h) with good brain pen-
etration (brain:plasma ratio = 2.6). Importantly, com-
pound 50 was found to be selective (>100x) over a
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Table 4. SAR and bioavailability of regioisomeric 2-amino-1H-benzimidazoles (compounds 48-58)

B1
N
Fous
WA
1

L0
LY
N\ R'

N)

II

Compound Series R R! pICse® % F°

26 I Me 4-Methoxyphenyl 8.3 3

48 1 NMe, 4-Methoxyphenyl 8.0 16

49 I NMe, Me 8.2 nd

50 1l NMe, Me 8.8 >100"*
51 I NMe, n-Pr 8.3 30

52 11 NMe, n-Pr 8.3 21

53 1 NMe, 4-Methoxybenzyl 7.9 nd

54 I NMe, 4-Methoxybenzyl 5.6 nd

55 I NMe, 2-Hydroxyethyl 8.0 59

56 11 NMe, 2-Hydroxyethyl 7.9 55

57 I NC,4H;g Me 7.6 nd

58 11 NC,4Hg Me 8.2 >100'*

#Values are means of greater than three experiments; pICsy = —log(ICs).

b Bioavailability (nd, not determined).

battery of G-protein coupled receptors, ion channels,
and enzymes. Its efficacy in inducing weight loss was
evaluated in high fat (58% kcal of fat, Research Diets
#D12331) diet-induced obese AKR/J mice.

As shown in Figure 2, during a 15-day treatment, oral
administration of compound 50 at 0.3, 1, 3, and
10 mg/kg once daily caused a sustained dose-dependent
change in body weight of —1.6%, —2.1%, —5.1%, and
—10%, respectively, relative to vehicle controls.!®
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Figure 2. Effect of compound 50 at 0.3, 1, 3, and 10 mg/kg (orally, qd)
on body weight loss in high fat diet-induced obese AKR/J mice.
Weight loss is expressed as percentage weight change from pre-
treatment value for each treatment group (average pre-treatment body
weight value was 49.6 £ 0.6 g, n = 41). Values are means + SEM; n,
number of mice per group.

In conclusion, a series of benzimidazole-containing thie-
nopyrimidinones was synthesized based upon a screen-
ing hit and assessed for their potency as antagonists of
MCH. SAR analysis showed that most compounds were
potent antagonists, with activities below 100 nM. There
also was a wide tolerance for a variety of sterically
demanding functional groups at ring-nitrogen substitu-
tion (positions 1 and 3) or at position 2 of the benzimid-
azole. Improvements in the bioavailability of these
antagonists were also made and one such analog, com-
pound 50, was progressed into an animal model of obes-
ity and produced weight loss over the 15-day treatment
period.
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Abstract—We report a novel series of noncovalent inhibitors of cathepsin S. The synthesis of the peptidomimetic scaffold is
described and structure-activity relationships of P3, P1, and P1’ subunits are discussed. Lead optimization to a non-peptidic scaffold
has resulted in a new class of potent, highly selective, and orally bioavailable cathepsin S inhibitors.
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Cathepsin S (Cat S) is a lysosomal cysteine protease that
is expressed in antigen presenting cells such as macro-
phages, dendritic cells, and B cells. Cat S plays a critical
role in the targeted processing of the invariant chain (Ii),
a chaperone protein for the major histocompatibility
class II complex (MHC-II).!"* Proteolytic removal of
Ii from the MHC-II binding groove is a prerequisite
for productive antigen loading onto the MHC-II com-
plex,* and consequently, inhibition of Cat S attenuates
antigen presentation to CD4" T-cells. The resulting
immunosuppression is specific for CD4" T-cells, making
cathepsin S an attractive therapeutic target for the mod-
ulation and regulation of immune hyperresponsive dis-
eases such as myasthenia gravis, multiple sclerosis, and
rheumatoid arthritis.>”’

We have recently reported on a series of arylaminoethyl
amides including compounds such as 1a and 1b (Fig. 1),
which lack an electrophilic covalent warhead and act as
reversible, competitive inhibitors of cathepsin S.8°!!
Compound 1a (K; = 0.087 uM) has only a narrow win-
dow of selectivity over closely related cathepsin L, while
1b and many of its closely related analogs exhibit poor
pharmacokinetic (PK) properties in rats.!! Lead optimi-

Keywords: Cathepsin; Cysteine protease inhibitor; Non-covalent inhib-

itor; Peptidomimetic.
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Figure 1.

zation efforts have focused primarily on improving the
PK properties by reducing the peptidic nature of the ser-
ies while retaining the potency and selectivity of our ear-
lier, more peptidic chemotypes.
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Medicinal chemistry optimization efforts have been aid-
ed by structural data that we and others have reported
involving co-crystal structures of active-site inhibitors
bound to cathepsin S.'%'* In peptidic Cat S inhibitors
such as arylaminoethyl amides'®!! or dipeptide nitr-
iles,'? the P2 amide-NH forms a hydrogen bond with
the Cat S backbone carbonyl of Gly69. In order to
determine whether this interaction was essential for
binding to the protein, we synthesized the carbamate
analog of urea la. Lactic acid analog 2, in which the
P2 NH has been replaced by oxygen,!> was not as active
toward Cat S (K;=0.662 uM), but the corresponding
drop-off in Cat L inhibitory activity was much more
pronounced (>60x). Initial efforts to exploit this diver-
gence resulted in compound 3 (Cat S K; =0.260 uM),
in which the connectivity of the main chain has been
directly transposed from 2. The Cat S inhibitory activity
was retained, and more importantly the selectivity over
cathepsins K and L was improved to well over 100-fold.
Furthermore, the kinetics of inhibition was shown to be
fully reversible as the enzymatic activity was fully
restored following dilution and dialysis of the enzyme—
inhibitor complex.'®

The a-hydroxyacids 4 were prepared from their respec-
tive lactic acid or amino acid precursors. The synthesis
of carbamate 3 and related analogs with the P3 morpho-
line amide is shown in Scheme 1. Morpholine amides 5,
prepared by standard peptide coupling conditions using
PyBOP, were activated as the nitrophenyl carbonates 6,
and then condensed with the desired N-aryl diamines
7a—e (Fig. 2).!7

The SAR of a representative set of examples is illustrat-
ed in Table 1. It is clear that an alkyl group in the P1 po-
sition of this arylaminoethyl carbamate series is required
for sub-micromolar activity as demonstrated by com-
pound 8 (Cat S K;=2.95uM). This is in contrast to
the arylaminoethyl amide series described in previous re-
ports which were typically very potent even without a P1
substituent.>!! Presumably a different mode of cross-
talk between P1 and the other subsites predominates
in the case of this non-peptidic carbamate scaffold in
such a manner that the conformation assumed by the
inhibitor allows for a more favorable interaction (partic-
ularly P1-S1 and P1’-S1’) with the enzyme than exists
with the peptidic scaffold for compounds such as 1a

R 0 R

HO.__~ 2 @ : b
o —

o)

4 5

o R o NO: o@ i ;i JFL
: )k/@ N A NAr
e
6 -

Scheme 1. Reagents and conditions: (a) morpholine, PyBOP, CH,Cl,,
0 °C to rt, 74-89%; (b) 4-nitrophenylchloroformate, pyridine, CH,Cl,,
rt, 62-91%; (c) 7a-d, DIEA, DMF, rt, 48-89%.

NAr =
H2N/'\/NAr =N N
b b de

7a-e c
;\N/©/ N N

H a g W e
Figure 2. N-Aryl diamines (Ref. 16).

and 1b. This becomes more apparent with an increasing
size of the P1 alkyl substituent, as the hydroxymethyl 9
is nearly equipotent with 3, while the benzyloxymethyl
10 analog (Cat S K; =0.008 uM) gains over 30-fold in
inhibitory activity over compound 3. Moreover, com-
pound 10 is highly selective (>1000-fold) over both
cathepsins K and L—a major contrast to the arylamino-
ethyl amides described previously which typically
exhibit a decrease in selectivity over Cat L with increas-
ing Cat S potency that is derived from larger P1 alkyl
substituents.” !

Replacement of the 5-fluoroindoline moiety at the prime
side with a 4-trifluoromethoxyaniline led to a slight
improvement (~2.5x) in potency (11 vs. 3), while larger
alkyl groups in P1 cooperatively contributed to an addi-
tional boost in the potency of cathepsin S inhibitors (12,
13, and 14). The cyclohexylmethyl group has previously
been shown to be a preferred P2 group for cathepsin S
inhibitors of varied chemotypes, in particular arylami-
noethyl amides®!! and dipeptide nitriles,'> however,
other hydrophobic groups are often well tolerated.® In
contrast, neither the benzyl (15) nor the tert-butylmethyl
(16) P2 moieties are well tolerated by Cat S in the con-
text of this current carbamate series. The well-defined
hydrophobic S2 pocket of Cat S is known from reported
X-ray structural data to be a comparatively deep pocket
(versus Cat K and L) with a narrow entrance. 14 It is
possible, in this case, that the trajectory of suboptimal
P2 groups emanating from a non-peptidic backbone
leads to hydrophobic clash with the narrow entrance
of the S2 pocket.

In light of this SAR, it appeared that the cyclohexyl-
methyl was the optimal choice for the P2 substituent
both in terms of potency and selectivity regardless of
the P1 and P1’ moieties. Continuing with the optimiza-
tion of the P1’ moiety led to the 2,2-dimethyl-5-fluoro-
indoline 17, which showed a moderate (3%)
improvement in potency over the unsubstituted 5-flu-
oroindoline 3. A more significant improvement was seen
with the 3,3-gem-dimethyl indoline analog 18, which is
considerably more potent than the unsubstituted indo-
line 3 (>10x), and especially noteworthy considering it
did not require a P1 substituent larger than a methyl
group for this activity. This is further exemplified with
compound 19, which is equipotent with 18 despite bear-
ing a larger cyclopropyl group in P1. Moreover, the
selectivities of indolines 17, 18, and 19 over cathepsins
K and L are greater than three orders of magnitude.
Compound 20 further illustrates the influence that the
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Table 1. Inhibition of cathepsin S, K, and L*

»

o R
)‘L /'\/NAF
(6} N
H

Compound R? R! NAr Cat S K; (uM) Cat K K; (uM) Cat L K; (uM)

3 <:>—\ ~CH; o N 0.226 >30 >30
& F

8 <:>—\ H o N 2.95 >30 >30
& F

9 <:>—\ ~CH,OH N 0.143 >30 >100
& F

10 <:>—\ _CH,OCH,Ph N 0.008 8.71 17.7
& F

H
o

1 _CH, 0.100 >30 >100
” OCF,

12 <:>—\ ~CH,CH,CHj, 0.016 1.39 5.47
" OCF,

13 <:>—\ _CH(CHs), 0.008 1.18 6.03
" OCF,

14 <:>—\ _CH,CH,Ph 0.018 3.97 9.79
" OCF,

15 @—\ _CH, 12,6 >100 >100
- OCF,

16 ﬂ _CH, 1.05 0.355 >100

OCF,4

17 <:>—\ _CH, 0.080 >100 >100
" F

18 <:>—\ _CH,4 J 0.019 >100 >100
- F

19 <:>—\ < N% 0.019 >30 >30
~ F

20 <:>—\ _CH, N 0.122 >30 >30
e v i

prime side indoline has on binding, as the subtle varia-
tion to the 3,3-spiro-cyclopropyl indoline resulted in a
6-fold drop-off in potency.

Exploration of the SAR in P3 was done with direct ana-
logs of compound 18, as the 5-fluoro-3,3-dimethylindo-

line P1’ group was considered to confer the optimal
properties for both potency and selectivity. The synthe-
sis of these P3 analogs is shown in Scheme 2. Protection
of a-hydroxyacid 4a as the benzyl ester 21 was followed
by conversion to the para-nitrophenylcarbonate 22. The
activated carbonate 22 was condensed with diamine 7d,
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o

4a

H

b

2 Qo

21 22

24-33

—d> Q 1 ef <3:2 )OL %\
Q/OKOXHL/%\F—» P I o HJ\/N _
23

Scheme 2. Reagents and conditions: (a) H,, 1000 psi, 5% Rh/C, 10% aq EtOH, 50 °C, 18 h, 90%; (b) PhCH,Br, Et;N, DMF, rt, 87%; (c) 4-
nitrophenylchloroformate, pyridine, THF, 60 °C, 83%; (d) 7d, DIEA, THF, 57%; (e) H, (40 psi), 5% Pd/C, EtOH, 94%; (f) P3 amine, HATU, DIEA,

DMF, 63-87%.

Table 2. Inhibition of cathepsin S by P3 analogs®

Compound P3 Cat S K; (UM)
18 o N—% 0.019
/
24 0 N—% 0.297
Me,
25 MeQ  N—% 0.172
/
26 Me,N—% 0.227
27 En 0.217
28 CN% 0.056
29 ( Nt 0.039
30 s N—% 0.023
/
O\/ \
31 s Nfg 0.422
o
O
k) N N 0.986
HC
VAR
33 HsC—S—-N_ N—% 1.08
6 \ /

debenzylated under hydrogenolysis conditions, and then
reacted with the desired P3 amine using standard pep-
tide coupling conditions to afford compounds 24-33.

The SAR of a selected set of P3 analogs is shown in
Table 2. All of the compounds listed in Table 2 were
inactive against both cathepsins K and L in the concen-
tration range tested (K; > 100 uM), so only the cathepsin
S inhibition constants are reported. Modification of the
morpholine ring by addition of methyl groups (24) or
replacement with a linear amide (25) was deleterious,
leading to a 10-fold or more drop-off in activity. Like-
wise, the simpler dimethylamide (26) and azetidine
amide (27) were roughly equipotent with 25. However,
increasing the ring size to the pyrrolidine (28), piperidine
(29), and thiomorpholine (30) returned most of the
inhibitory activity as compared to compound 18. A
six-membered ring is clearly preferred in the hydropho-
bic S3 pocket, with the enzyme being particularly sensi-
tive to subtle changes in polarity of this P3 group.
Although we have seen empirically from recent SAR
involving a more peptidic scaffold that the S3 pocket
can accommodate much larger hydrophobic P3 groups,?
it is interesting to note that a further increase in the
polarity and steric bulk at the 4-position was detri-
mental to the Cat S inhibitory activity, as was exempli-
fied with sulfone 31 and substituted piperazines 32
and 33.

The pharmacokinetic profiles of carbamates 17 and 18
were determined in male Wistar rats, and the data are
presented in Table 3 alongside the arylaminoethyl amide
analog 1b for direct comparison of the two scaffold
types. Despite its similarly high clearance (C; = 52 mL/
min/kg), carbamate 18 exhibited an increased terminal
half-life (z;, = 100 min), higher steady state volume of
distribution (V¢ =4.10 L/kg), and good oral bioavail-
ability (F =42%), which was an order of magnitude
improvement over its amide analog 1b (F = 4%). The
high clearance for each of these compounds was sugges-
tive of extensive first-pass metabolism. A detailed
metabolite ID study following 30 min incubation in rat
liver microsomes confirmed the primary metabolic prod-
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Table 3. Pharmacokinetic data for selected analogs®

Compound Single iv dose (3 mg/kg) Single po dose (10 mg/kg)
t1/> (min) C) (mL/min/kg) Vs (L/kg) AUC (min pg/mL) Cnax (M) Ty, (min) F (%)
1b 43 52 1.76 8 118 51 4
17 82 52 3.10 44 513 62 23
18 100 52 4.10 81 774 69 42

# Pharmacokinetic data in male Wistar rats, where values are means of three individual experiments.

ucts arose from hydroxylation of the cyclohexyl P2 moi-
ety and oxidation/dehydration on the indoline ring.

In summary, this report details the optimization of
arylaminoethyl amides 1a and 1b by transforming the
peptidic main chain into a carbamate scaffold, resulting
in potent and highly selective cathepsin S inhibitors such
as 10 and 18. Moreover, this transformation resulted in
a significant improvement in oral bioavailability, as
compound 18 demonstrated a 10-fold enhancement over
earlier lead 1b. Subsequent reports will detail the logical
progression of the medicinal chemistry efforts to further
improve upon the pharmacokinetic and physicochemi-
cal properties of this series of cathepsin S inhibitors.

Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmcl.2006.07.032.
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Diamines 7a—e were prepared as previously described in
Refs. 9-11, and the spiro-cyclopropyl indoline in diamine
7e was synthesized as indicated below:

(6]
F. F E
O ap 0 c.de
N —_ N —_— N
H H

PMB
(a) NaH, PMBCI, DMF, 0 °C, 82%; (b) H,NNH,, EtOH,
reflux, 90%; (c) NaH, 1,2-dibromoethane, DMF, 0 °C,
61%; (d) TFA, 60 °C, 75%; (e) LAH, 0 °C, 60%.
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Abstract—Six 3 H-spiro[benzofuran-2,1’-cyclohexane] derivatives were synthesized from naturally occurring filifolinol, and their
classical complement pathway inhibitory activity was determined. ICsy values of the most potent compounds were comparable
to the activity of the natural complement inhibitor K76-COOH and some synthetic tricyclic analogs of it.

© 2006 Elsevier Ltd. All rights reserved.

The complement system is an essential component of the
innate immune system, which takes part in various func-
tions of the adaptive immune response, provides a first
defense line against foreign pathogens, and allows the
clearance of immune complexes from the blood stream.!
Interestingly, however, abnormal activation of the com-
plement cascade such as that taking place in inflamma-
tory diseases, including xenotransplant rejection,
ischemia-reperfusion injury, and asthma, may be preju-
dicial and even fatal.> The increasing understanding of
the complement system has aroused considerable inter-
est in the development of complement inhibitors,
because these have been found to prevent disease pro-
gression and ameliorate the deleterious effects caused
by improper complement activation in established
diseases.?

The role of complement in disease and the profiles of
inhibitors currently being developed for potential use
in therapeutics, including Alzheimer disease, cardiac

Keywords: Filifolinol; Complement inhibition; 3H-spiro[benzofuran-

2,1’-cyclohexanes]; Analogs of K76.

*Corresponding author. Tel./fax: +54 341 437 0477; e-mail:
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0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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disease, and transplantation, have been extensively
reviewed.> However, well defined and characterized
low molecular weight complement inhibitors are scarce.
These inhibitors offer several advantages over large ther-
apeutic proteins and other polymers, in that they are
cost-effective, have better tissue penetration, and can
be developed for oral use. Such considerations are of
prime importance when the drug must be administered
over a long period of time, such as during management
of chronic autoimmune disorders.*

The broad-spectrum synthetic serine protease inhibitor
FUT-175 (1, futhan, nafamostat) proved non-specific
but useful (Fig. 1).° On the other hand, natural products
and their synthetic analogs also remain as highly attrac-
tive alternatives. Oleanolic acid (2) has been found to be
active®®® and some of its synthetic analogs have been
reported as inhibitors.® Analogously, the natural prod-
uct K76 (3a) and its derivative K76-COOH (3b) have
been described as potent inhibitors of the classical com-
plement pathway.’»® They have been synthesized”® ¢
and some of their partial analogs (4b-d and 5a, b) have
demonstrated remarkable activity in vitro.®

Interesting potency has been found among the tricyclic
analogs (4b-d) displaying the grisan skeleton 4a.° a
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4aR=R'=R%=H HO"
4b R=H, R'=CO,H, R®=H,0Me M
4c R= COzH, R'=H, R?= H, OMe 5a R= Me

3a R= CHO
3b R=COOH 4d R= CO,H, R'= CHO, R?= H, OMe 5b R=H

OMe

MeO Cl

Figure 1.

structural feature shared with the antifungal drug gris-
eofulvin (6) and other bioactive compounds, such as
the novel myo-inositol monophosphatase inhibitor
L-671,776'%* and the ichthyotoxic terpenoids isochro-
mazonarol,'%® stypodiol (7a) and stypotriol (7b).!0d
Common features of 3b and its most active analogs
are the presence of a comparatively polar benzofuran
part, carrying a carboxylic acid unit attached to the aro-

HO
15 R= CH,OH
h[. 16 R-cHO

AcO

HO

20 R=H, R'= Ac
21 R=Ac, R'=H

22 R=H, R'=Ac
23 R=Ac, R'=H

matic moiety and usually spiro-fused to a low polarity
hydrocarbon skeleton. These cyclohexane- or decalin-
based skeletons may also carry alcoholic functions.

Filifolinol (8) is a naturally occurring 3 H-spiro[benzofu-
ran-2,1’-cyclohexane] which has recently been isolated in
important quantities from Heliotropium filifolium Miers
(Boraginaceae).!'* The natural product, which has
evidenced antiviral activity,''® displays many of the
key structural features of the K76-COOH-based com-
plement inhibitors 4b—d. Herein, we report the synthesis
of six simple derivatives of filifolinol, which can be
regarded as BCD ring analogs of K76-COOH, and dis-
close the results of their classical complement pathway
inhibitory activity.

Thus, mild hydrolysis of 8 (LiOH, THF-H,0) furnished
acid 10 in 80% yield (Scheme 1).!? For the synthesis of
acid-nitrile 14, filifolinol was first transformed into
acetate 9 (Ac,O and Et3N) in 92% yield, which was sub-
jected to electrophilic bromination, yielding 91% of bro-
mide 11a. In turn, this was transformed into the
corresponding cyanide 13 in 55% yield, with ZnCN,
and catalytic amounts of Pd(PPhs)4 in dry DMF, under
microwave irradiation.

Interestingly, the thermally heated version of this reac-
tion gave very low yields of 13 and extensive decompo-
sition of bromide 11a took place. Final basic hydrolysis
of 13 (LiOH, THF-H,0) furnished 72% of the desired
acid-nitrile 14. On the other hand, compound 12 was
easily accessed as a white, high melting point solid by
basic hydrolysis of 11a. Interestingly, however, it was
found that direct bromination of 8 with bromine in

Scheme 1. Reagents and conditions: (a) LiOH, THF-H,O, rt, 2 h (80%); (b) Ac,0, EtsN, CH,Cl,, rt, overnight (92%); (c) Bry, AcOH, 0 °C — rt,
overnight (9 — 11a, 91%); (d) LiOH, THF-H,O, rt (82%); (e) Zn(CN),, Pd(PPhs)4 (5 mol%), DMF, microwaves, 400 W, 55 min (55%); (f) LiOH,
THF-H,O0, rt, 2 h (72%); (g) LiAlH4, THF, rt, 3 h (95%); (h) BaMnO,, CH,Cl,, reflux, 48 h (91%); (i) m-CPBA, CHCl;, 55 °C, 1.5 h (85%); () 10%
NaHCOs;, THF-H,O0, rt, 4 h (80%); (k) Ac,O, pyridine, DMAP, CH,Cl,, rt, overnight (75%); (1) hexane, hv (254 nm), rt, 2 h (63%); (m) NaOH,
THF-H,0, 2 h, rt (100%).
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glacial AcOH provided 11b albeit in very low yields
(<20%).

The synthesis of phenol 18 was initiated with the LiAlH4
reduction of 8 to diol 15, which was selectively oxidized
with barium manganate to the corresponding aldehyde
16. Then, Baeyer Villiger oxidation of the latter with
m-CPBA afforded formate 17 in 85% yield, which was finally
hydrolyzed (10% NaHCO;, THF-H,0), giving 80% of 18.

Finally, when formate 17 was treated with Ac,O-pyri-
dine, it was smoothly transformed into diacetate 19 in
75% yield. Irradiation of 19 in hexane at 254 nm effected
its photo-Fries rearrangement, providing a 2:1 mixture
of derivatives 20 and 21 in 63% combined yield. These
acetophenone-acetates were quantitatively hydrolyzed
(NaOH, THF-H,0) to 22 and 23, respectively, prior
to being assayed.

Next, the ability of the above-described compounds to
inhibit the classical complement pathway was tested.
For the estimation of the degree of inhibition, a modifi-
cation of the method of Weisman and co-workers was
employed,’®!3 with the results collected in Table 1.!4

These indicate that the novel and easily available acids
10, 12, and 14 as well as phenol 18 and acetophenone
23 display activity comparable to that of the monocar-
bonyl K76-COOH analogs, such as 4¢, being their
potencies within the same order of magnitude of 3b.
On the other hand, acetophenone 22 was active but
evidenced solubility problems. Interestingly, functional-
ization of C-7 (12 and 14 vs. 10) decreased ICsy among
the acids while, surprisingly, phenol 18 displayed
remarkable potency, exhibiting an ICsy value slightly
lower than K76-COOH.

Previous findings have shown that a phenolic hydroxyl
group was important for the activity of ACD-ring acid

Table 1. Classical complement pathway inhibition by filifolinol
derivatives

Entry no.  Compound ICso * (uM)  ICs" (ng/mL)
1 10 2000 580
2 12 950 350
3 14 1320 415
4 18 455 260
5 22 b _
6 23 1070 320
780 K76-COOH (3b) 570 238
g8e 4b 1300 341
98e 4c 820 214

10% 4d 160 44

118 5b 1600 515

# Concentration required to inhibit complement induced hemolysis by
50% compared to the control (without test compound). Values
reported were obtained by interpolation in the corresponding con-
centration/inhibition (%) plots. Samples were run in duplicate.
Results are within the 5% error.

®At a concentration of 253 pg/mL, acetophenone 22 produced
17% * 5% inhibition. Poor solubility of the compound precluded
testing more concentrated solutions.

analogs of K-76 (5a,b)® and that methyl ethers were more
active than their corresponding free phenols among the
BCD-ring analogs (4b—d).° In the present case, however,
the acids 10, 12, and 14 were active despite the absence
of methyl ether or free phenol moieties. In addition, the
compounds retained activity regardless of the fact that
the carboxyl group was attached to the aromatic ring para
to the benzofuran oxygen and not meta as in 3b. Other
interesting finding from this series of compounds was
that, as observed in the cases of 3a/3b and their lower
analogs,®® the carboxylic acid moiety conveniently
imparted better solubility to the compounds. However,
results of 18 and 23 also suggest that a carboxyl group
may not be essential for activity.

In conclusion, inspired by the structure of K76-COOH, we
have prepared six 3 H-spiro[benzofuran-2,1’-cyclohexane]
derivatives in short synthetic sequences from filifolinol, an
abundantly available natural product. We have also tested
their activity as inhibitors of the classical complement
pathway. Phenol 18 behaved as a good inhibitor, while
the acids 10, 12, and 14 exhibited lower but interesting
potency, despite the lack of a free phenolic hydroxyl group
in their structures. Acetophenone 23 was also active at the
low mM level. More functionalized inhibitors may display
improved potency; work toward this goal is in progress
and results will be diclosed in due time.
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Data for selected compounds: Compound 10—mp: 162—
164 °C; [o]p® = —16.3 (¢ 1.76, CHCl); IR (KBr) v 3550
2450, 3416, 1680, 1406, 1382, 1202, 1175, 1028, 955, 835, 741
and 652 cm™!. 'TH NMR (CDCl;, 200 MHz): § 0.79 (s, 3H,
J=6.7,Me-6"), 1.01 (s, 3H, Me-2', ), 1 14 (s, 3H, Me-2' ),
1.45-1.70 (m, 3H, H-4’ and H-5 1.82- 205 (m, 1H,
H-5,,), 2.15-2.40 (m, 1H, H-6'), 3.05 (d, 1H, J= 17.8,
H-3y), 3.64 (d, 1H, J=17.8, H-3,), 3.69 (br s, 1H, H-3"),
4.85-5.70 (brs, 2H, OH and CO,H), 6.72(d, IH, J = 8.2, H-
7), 7.86 (d, lH, J=2.4,H-4)and 7.87 (dd, 1H, J = 2.4 and
8.2, H-6). 3C NMR (CDCl;, 50 MHz): & 14.88 (Me-6),
20. 42 (Me-2', 4)» 22.33 (Me- -2',.), 25.89 (C-5'), 28.81 (C-4'),
30.97 (C-3), 3587(C6) 4259(C2) 77.17 (C-3'), 97.11
(C-2), 107.70 (C-7), 120.82 (C-5), 126.73 (C-4), 129.16
(C-3a), 131.53 (C-6), 164.66 (C-7a) and 171.67 (CO,H-5).
HRMS (C)—found: 291.15980 (M*+1); C;7H;04
requires 291.15964. Compound 12—mp: 238-240 °C;
[0]p> = —44.1 (c 0.8, acetone); IR (KBr) v 3600-3000,
3446, 2924, 1680, 1602, 1473, 1259, 989, 916 and 748 cm ™'
"H NMR (acetone-dg, 200 MHz): & 0.80 (d, 3H, J= 6.4,
Me-6"), 1.01 (s, 3H, Me-2', o), 1.18 (s, 3H, Me-2', ), 1.40—
1.70 (m, 3H, H4’andH5 eq)> 1.85- 215(m lH HS/ s
2.23-2.48 (m, 1H, H-6'), 322(d 1H, J = 18.0, H-3,), 3.60—
4.60 (brs, 2H, OH and CO,H), 3.69 (d, 1H, J = 2.8, H-3'),
391 (d, 1H, J=18.0, H-3,), 7.76 (s, 1H, H4)and793(s
1H, H-6). 1%C NMR (acetone-dg, 50 MHZ) 815.90 (Me-6),
21 93(Me2’ ) 23.48 (Me-2',,), 27.50 (C-5"), 30.38 (C-4"),

13.

14.

33.46 (C-3), 37.37 (C-6'), 44.17 (C-2"), 77.65 (C-3’), 100.11
(C-2), 101.73 (C-7), 125.41 (C-5), 126.76 (C-4), 132.67
(C-3a), 134.44 (C-6), 162.71 (C-7a) and 167.23 (CO,H-5).
HRMS (CI)- found: 369.06996 (M*+1); C,;H,,BrO,
requires 369-07015. Compound 14—mp: 80-82 °C;
[0]p? = —2.2 (¢ 1.39, CHCl;); IR (KBr) v 3500-2600,
2924, 2854, 1703, 1695, 1613, 1464, 1386, 1215, 1194, 1098
and 990 cm™~". "H NMR (CDCls, 200 MHz): § 0.79 (d, 3H,
J=6.5, Me-6),1.02 (s, 3H, Me-2', ) 1.20 (s, 3H, Me-2',),
1.50— 165 (m, 3H, H-4’ and HS’ o) 1.85-2.05 (m, lH
H-5,,),2.10-3.30 (br s, 2H, OHandCOzH) 2.23-2.48 (m,
1H, H6) 3.11(d, 1H,J = 18.0,H-3),3.74(d, 1H, J = 18.0,
H-3,), 3.73 (br t, 1H, J=2.8, H-3'), 7.97 (d, 1H, J=13,
H-6) and 8.11 (d, 1H, J = 1.3, H-4). '*C NMR (CDCls,
50 MHz): § 14.71 (Me-6'), 20.42 (Me-2',)), 22.16 (Me-2',,),
25.82 (C-5'), 28.66 (C-4"), 31.66 (C-3), %5 51 (C-6'), 42.61
(C-2"),76.90 (C-3"), 92.30 (C-2),100.95 (C-7), 115.00 (C-5),
122.03 (CN-7), 130.20 (C-4), 131.45 (C-3a), 134.24 (C-6),
165.80 (C-7a) and 169.57 (CO,H-5). HRMS (CI)—found:
316.15466 (M*+1); C;sH,,NO, requires 315.15488. Com-
pound 18— [o]5% = —23.5 (¢ 0.99, CHCl3); IR (film) v
3394, 3273,2928, 2850, 1496, 1244, 1190, 993 and 806 cm .
"H NMR (CDCls, 200 MHz): § 0.81 (s, 3H, J = 6.5, Me-6'),
1.02 (s, 3H, Me-2’eq), 1.12 (s, 3H, Me-2',,), 1.40-1.70 (m,
3H, H-4' and H-S’Cq), 1.70-2.40 (br s, 2H, 2x OH), 1.85-
2.07 (m, 1H, H-5',), 2.10-2.35 (m, 1H, H-6"), 2.98 (d, 1H,
J=174,H-3,),3.54(d, 1H, J = 17.4, H-3,), 3.69 (br t, |H,
J=2.8,H-3'),6.52 (s, 2H, H-3 and H-4) and 6.61 (s, IH, H-
7). 3C NMR (CDCl;, 50 MHz): § 14.99 (Me-6'), 20.38
(Me-2’eq), 22.40 (Me-2',,), 25.94 (C-5), 28.74 (C-4'), 32.06
(C-3), 35.98 (C-6'), 42.57 (C-2"), 77.44(C-3"), 94.65 (C-2),
107.62 (C-7), 111.67 (C-4), 113.67 (C-6), 129.34 (C-3a),
148.91 (C-5) and 154.05 (C-7a). HRMS (CI)—found:
263.16496 (M*+1); CsH»303 requires 263.16472. Com-
pound 23— [0]p% = —19.8 (¢ 0.54, CHCl;); IR (film) v
3450, 2954, 2930, 2875, 2863, 1641, 1592, 1463, 1391, 1204,
1184, 1032, 943, 864, 776 and 604 cm™'. "H NMR (CDCl;,
200 MHz): & 0.86 (d, 3H, J=6.6, Me-6"), 0.97 (s, 3H,
Me.g-2'), 1.25 (s, 3H, Meay-2'), 1.41-1.75 (m, 3H, H-4' and
Hq-5"), 1.88-2.05 (m, 2H, OH-3' and H — 5',)), 2.23-2.41
(m, 1H, H-6), 2.68 (s, 3H, MeCO-4),3.29 (d, 1H, J = 17.8,
H-3y), 3.70 (t, 1H, J=2.9, H-3"), 3.82 (d, 1H, J=17.8,
H-3,),6.77 (d, 1H, J = 8.8, H-7), 6.94 (d, 1H, J = 8.8, H-6)
and 12.09 (s, 1H, OH-5). 3¢ NMR (CDCl;, OMHZ) 3
14.86 (Me-6"), 20.34 (Me.-2',), 21.07 (MeCO-4), 21.94
(Me-2',), 25.65 (C-5"), 26.11 (& 4"), 35.24 (C-3), 35.64 (C-
6, 41.66 (C-2%), 79.08 (C-3’), 93.38 (C-2), 116.78 (C-7),
117.01 (C-6), 117.42 (C-4), 126.38 (C-3a), 152.90 (C-7a),
156.89 (C-5) and 203.49 (MeCO-4). HRMS (CI)—found:
305.17552 (M™+1); CsH,504 requires 305.17529.

Weisman, H. F.; Batow, T.; Leppo, M. K.; Marsh, H. C;
Carson, G. R.; Concino, M. F.; Boyle, M. P.; Roux, K.
H.; Weisfeldt, M. L.; Fearon, D. T. Science 1990, 249, 146.
A pool of fresh human sera was diluted 1/50 and the
complement was titrated against a 0.85% suspension of
sensitized sheep erythrocytes (SRBCs). The serum was
further diluted with diluted Mayer buffer (DMB) according
to its titer. Compounds were tested as their sodium salts.
Accurately weighed 20 mg of each test compound was
dissolved in DMSO (120 pL) to which 1.0 equivalent of 2 N
NaOH was added, and the resulting solution was diluted to
10 mL with DMB giving a final concentration of 2.0
mg/mL. Then, appropriate volumes of the test compound
solution (0.1, 0.2, 0.3, 0.4, and 0.5 mL) were added into
S5-mL test-tubes, followed by DMB containing 1.2% DMSO
to a final volume of 1.0 mL. This was followed by addition
of 0.5 mL of diluted human complement and, after 20 min
at 37 °C, 0.5 mL of the SRBCs suspension. The tubes were
incubated at 37 °C for additional 30 min. After incubation,
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the tubes were centrifuged for 5 min at 2500 rpm to pellet
the intact SRBCs and the absorbances of the supernatants
were read at 410 nm against a blank processed in the same
form, but devoid of complement activity. Appropriate
100% lysis and vehicle controls (blank) were run concom-
itantly. Response data for complement inhibition were
calculated according to the following formula: Hemolysis
(Y> 0/0) = 100*(Atest - Ablank)/(AIOO - Ablank)a where Alest>

A0, and Ay are the absorbances of the test sample, the
100% hemolysis control, and the blank, respectively.
DMSO did not affect complement activity at the final assay
concentrations of 1.2%. Percent of hemolysis was plotted
(Origin 6.0 software) against concentration and I1Csq values
(concentration of test compound inhibiting 50% of the
hemolysis) were obtained by interpolation. Graphs were
linearized by plotting log [Y/(100 — Y)] vs. log [conc].
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Abstract—Some 3-acetyl-2-substituted phenyl-5-(3,4,5-trimethoxyphenyl)-2,3-dihydro-1,3,4-oxadiazole derivatives were synthesized
by cyclization reaction of N'-substituted benzylidene-3.4,5-trimethoxybenzohydrazide in acetic anhydride. Their structures were ver-
ified by elemental analysis, IR, '"H NMR, and '*C NMR. Compound 3i was provided with X-ray crystallographic data. The com-
pounds were evaluated for their antiproliferative activities against some cancer cells in vitro by MTT method. Among them, 2a, 2b,
2¢, 2f, 31, and 3m were highly effective against PC3 cells and 2a, 2¢, and 2f showed moderate activities against Bcap37 and BGC823
cells. The ICsq values of high active compounds 2a, 2b, 2¢, 2f, 31, and 3m against PC3 cells were 0.2, 1.8, 0.2, 1.2, 1.7, and 0.3 uM,

respectively.
© 2006 Elsevier Ltd. All rights reserved.

Hydrazones are well acknowledged to possess a diverse
range of bioactivities in pharmaceutical and agrochemi-
cal field.!"? Several hydrazone compounds are con-
cerned because of their special biological catalyst-
enzyme activity.* Furthermore, substituted 1,3,4-oxa-
diazole derivatives also have been reported to show
broad spectrum bioactivities including insecticidal,’
antibacterial,® anticancer,” and anti-inflammatory activ-
ities.® On the other hand, recently the synthesis and bio-
activity of gallic acid derivatives have attracted more
and more attention, among which some hydrazone
and 1,3,4-oxadiazole derivatives containing 3,4,5-tri-
methoxyphenyl moiety with certain antimicrobial activ-
ity were reported.” However, in our previous work,
some 1,3,4-thiadiazole derivatives bearing 3,4,5-trimeth-
oxyphenyl moiety were proved having good antitumor
bioactivity.!® As a continuation of our research for find-
ing new anticancer agents, we designed a series of new

Keywords: 1,3,4-Oxadiazole derivatives; 3.4,5-Trimethoxybenzohyd-

razide; Synthesis; Antitumor activity.

* Corresponding author. Tel.: +86 851 362 0521; fax: +86 851 362
2211; e-mail: songbaoan22@yahoo.com

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

doi:10.1016/j.bmcl.2006.07.048

compounds by replacing the 1,3,4-thiadiazole moiety
in those anticancer compounds'® mentioned above with
hydrazone and 1,3,4-oxadiazole moiety. Hence, a series
of new aroyl hydrazones together with 1,3,4-oxadiazole
derivatives containing 3,4,5-trimethoxyphenyl moiety
were synthesized starting from gallic acid. The structures
of new compounds were confirmed by spectral analysis.
The antitumor activity of the new compounds was also
evaluated by MTT method. The synthetic route to target
compounds is shown in Scheme 1.

In order to optimize the reaction condition for prepara-
tion of compound 2, the synthesis of 2a was carried out
under different conditions. The effects of different sol-
vents, reaction time, and temperature are summarized
in Table 1. It was found that the yield was up to
81.4% when the reaction mixture was refluxed for
30 min in anhydrous ethanol.

We also studied the substituent effects together with
influence of substituent position (2a—20).!! The result
showed that ortho-substituted and para-substituted
benzaldehyde afforded hydrazones in higher yields than
meta-substituted benzaldehyde. The reason may be that
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Scheme 1.

Table 1. Yields of 2a at different reaction conditions

Entry Solvent Time (h) Temp. (°C) Yield (%)
1 Methanol 3 Reflux 56.7
2 Methanol 5 Reflux 77.0
3 Ethanol 5 rt 70.0
4 Ethanol 0.5 Reflux 81.4
5 Ethanol 1.0 Reflux 82.5
6 Ethanol 0.2 Reflux 78.2
7 Ethanol 0.5 40-50 58.8
8 Ethanol 0.5 60-65 72.8
9 — 0.5 75-80 78.0

the electron-negative substituents polarize the carbonyl
through conjugation effect, which makes the carbonyl
easier to be attacked by the nucleophilic group —NH,.
It was found that electron-releasing group, such as —
OCH3;, could hinder the reaction and then properly
extended refluxing time or even catalytic acetic acid
was needed.

Cyclization of the hydrazones 2 by refluxing in acetic
anhydride afforded series of oxadiazole 3. The reaction
conditions for the transformation of 2a-3a were opti-
mized. It was found that 3a could be obtained in the
yield of 71.5% after refluxing for 2 h. No product was
obtained when the temperature was below 100 °C. Addi-
tionally, the hydrazones could not be converted into tar-
get product when the refluxing time was less than
30 min. However, due to the strong dehydration efficacy
of acetic anhydride, the by-product was evidently in-
creased when the reaction time was prolonged to more
than 120 min, which was detected by thin-layer chroma-
tography (petroleum ether/ethyl acetate, 1:1).

Using the above optimal condition,3a-30 were prepared
by the cyclization reaction of N’-substituted benzyli-
dene-3,4,5-trimethoxybenzohydrazide (2a—20) at reflux-
ing temperature in acetic anhydride for 2 h (Table 2).

The single-crystal structure of 3i was determined by X-
ray crystallography'? as illustrated in Figure 1.'* In 3i,
the bond length of N(1)-C(10) (1.269(2) A) is shorter
than that of typical C=N (1.34 A),'> while N(2)-C(11)
(1.355(3) A) is remarkably shorter than normal C-N
(1.47 A),"> which is indicative of significant double bond
character. Though the C(11) carbon of the oxadiazole

Table 2. Synthesis of 3a—30'>

Entry?® Compound R Yield?® (%)
1 3a 2-F 71.5
2 3b 3-F 62.9
3 3¢ 4-F 67.5
4 3d 2-CF; 66.5
5 3e 3-CF; 57.5
6 3f 4-CF; 59.4
7 3g 3,4-di-Cl 58.8
8 3h 2,5-di-MeO 60.0
9 3i 3,4-di-F 68.0

10 3j 2,3-di-MeO 60.0

11 3k 4-Cl-3-NO, 57.4

12 31 3,5-di-Cl 70.5

13 3m 2.,4-di-MeO 72.0

14 3n 2,6-di-Cl 78.3

15 30 3,4,5-tri-MeO 67.3

# All reactions were refluxed in acetic anhydride.

Figure 1. ORTEP drawing of 3i.

ring is sp’ hybridized, the oxadiazole ring [C(10), N(1),
N(2), C(11), O(4)] is fairly planar, and the deviations
from the least-squares plane through the ring atoms
are all less than or equal to 0.0063 nm. While for the
two benzene rings [C(1), C(2), C(3), C4), C(5), C(6)]
and [C(14), C(15), C(16), C(17), C(18), C(19)], the devi-
ations from the least squares plane through the ring
atoms are smaller than 0.0034 and 0.0013 nm, respec-
tively. The dihedral angle between the plane of oxadia-
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zole ring and the plane of 3,4-difluorobenzene is 87°,
which is reasonable considering the sp® configuration
of C(11). For the plane of oxadiazole ring and the
plane of the trimethoxybenzene ring, the dihedral angle
is 7.5°. There is an intermolecular hydrogen bond be-
tween C(18)-H(18)...0(5) (symmetry code, —x, —y,
—z +1), with C(18)-H(18)=0.930 A, H(18)...0(5)
=243, C(18)...0(5)=3.347(3) A, and ZC(18)-H(18)
...0(5) = 169.2°.

The antitumor activities in vitro of these compounds
were evaluated against PC3, BGCS823, and Bcap-37 cells
by MTT method.!® The results for hydrazones 2 and
oxadiazoles 3 are summarized in Tables 3 and 4,
respectively.

It can be found from Table 3 that compounds 2¢, 2a,
2b, and 2f have strong inhibitory activity against PC3
cells. The data given in Table 3 indicate that the
change of substituent of the phenyl ring affects the
antitumor activity. When the benzene ring is mono-
substituted by F atom or CF; group, the compounds
generally have potential anticancer bioactivity, such
as 2a-2f, with antiproliferative activity of 70.6%,
53.5%, 76.0%, 45.0%, 51.0%, and 59.9% at 1 uM,
respectively. Among these compounds, 2a (R =2-F)
and 2¢ (R =4-F) are much more active against PC3
cells than the other ones, with inhibition rate of
70.6% (2a, 1 uM), 81.8% (2a, 5uM) and 76.0% (2c,
1 uM), 82.80% (2¢, 5uM), respectively. While for
the di- or tri-substituted hydrazones, their inhibitory
activities are generally low, as could be seen from
the bioassay data of compounds 2g-20, except for
compound 2j, which was di-substituted by 2,3-dime-
thoxy groups. For the high active compounds 2a,
2b, 2¢, and 2f, further bioassay was conducted and
their ICsy values against PC3 cells were 0.2, 1.8,
0.2, and 1.2 uM, respectively.

The data given in Table 4 indicate that the changes of
substituents also affected the antitumor activity of title
compounds 3a-3o. Highest inhibitory activity was
achieved when R = 2 4-dimethoxy (3m), with inhibition
rates of 69.5% and 92.0% at 1 and 5 uM, respectively.
Compound 3l (R = 3,5-dichloro) could inhibit the pro-
liferation of PC3 cells up to 52.7% and 93.9% at 1 and
5 uM. The other compounds 3a-3k and 3n-30 have rel-
atively lower antitumor activities than those of 3l and
3m, whose ICs, values were 1.7 and 0.3 uM,
respectively.

It is well known that the biological activity associated
with the hydrazone compounds is attributed to the pres-
ence of the active pharmacophore (-CONH-N=C-).
Hence many hydrazone compounds 2 containing the ac-
tive moiety (-CONH-N=C-) showed good anticancer
bioactivities as indicated in Table 3. The interesting
thing is, the conversion of the (-CONH-N=C-) moiety
in active compounds 2a—2f into 1,3,4-oxadiazoles 3a-3f
weakened their anticancer activity (antiproliferation rate
—1.5% to 30.1% against PC3, BGC823, and Bcap37 cells
at 1 uM, see Table 4). While such conversion of com-
pounds 21 and 2m strengthened their activities (see the
bioassay data of 31 and 3m in Table 4). The reason for
such interesting differences is still under investigation.

In summary, we described a practical and efficient pro-
cedure for preparing 3-acetyl-2-substituted phenyl-5-
(3,4,5-trimethoxyphenyl)-2,3-dihydro-1,3,4-oxadiazole
derivatives through the cyclization of N’-substituted
benzylidene-3,4,5-trimethoxybenzohydrazide in reflux-
ing acetic anhydride for 2 h. The reaction is very fast,
experimentally simple with moderate yield. In addition,
among the synthesized compounds, 2c, 2a, 2b, 2f, and 3],
3m are highly effective against PC3 cells. Moreover, 2a,
2¢, and 2f are moderatively effective against Bcap37
cells. These identified trimethoxyphenyl oxadiazole com-

Table 3. Inhibition rate® (%) of compounds 2a-20 against PC3 and A431 cells at 1 and 5 uM in vitro

Compound PC3 cells Bcap37 BGC823
1 uM 5uM 1 uM SuM 1 uM S5uM
2a 70.6 +4.7" 81.8+2.3" 51.6 09" 76.54+ 1.0 589+ 1.5 81.8+1.5"
2b 535+ 14" 64.1 +1.5" 13.6+1.5" 448+1.0 38.0 £2.0" 490+ 1.6
2¢c 76.0 £ 2.4" 82.8 +2.3" 50.9 +2.3" 61.1 £3.7" 50.2+2.2" 55.5+2.5"
2d 45.0+3.7 529+25" 22.1 +4.4" 35.6+1.2" 56.8+1.7" 80.0 £ 1.5
2e 51.0+28" 79.8 2.5 17.7+28" 33.8+2.5" 8.3 155+1.9"
2f 59.9 +2.8" 61.6+2.7" 474+6.1" 56.3+1.5" 61.8%+ 1.0 65.6+0.9"
2g 135+ 1.1° 31.6+1.0" 296+ 1.6 327+1.5 0.1 0.6
2h 309+ 1.9 51.7+1.1 0.1 10.11 0.0 0.0
2i 35.1+2.1" 437+ 1.6 33.1£2.6" 51.9+24" 58.5+2.8" 68.2+2.1"
2j 532+42" 67.0 £3.9" 0.1 14.2 -23 12.3
2k 32.1+14" 423+1.0 —-58 23 —44 9.6
21 22.1 463+1.5" -75 9.2 5.4 3.6
2m 10.0 2.2 —6.9 3.6 -3.0 —0.1
2n 43.0+3.0" 52.1+3.1 0.9 27.8+43" -72 29
20 8.5 483 +5.5" —-5.0 229+38" 11.8+2.5" 13.6+2.1"
# Inhibition rate (%) = (A1 — A2)/A1 x 100%. A1, the average optical densities of untreated cells; 42, the average optical densities of drug treated
cells.
*P<0.05.

" P<0.0l.
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Table 4. Inhibition rate (%)* of compounds 3a-3o against PC3, Bcap37, and BGC823 cells at 1 and 5 pM in vitro
Compound PC3 cells Bcap37 BGC823
1 uM 5uM 1 uM S5uM 1 uM SuM
3a 13.5+3.1 31.6 £3.6" 29.6+4.0 328+3.7" -1.5 -2.0
3b 16.5+2.1 435+1.9" 147 +24" 37.7+24" 14029 23.8+2.6"
3c 0.0 0.1 —0.4 13.3 14 —0.1
3d 11.0 15.2 31.8 +3.4" 348+29" -12 16.2
3e 30.1 £2.5" 43.6+22" 279+38" 41.1£3.0" 10.1+2.1" 355+ 1.8
3f —~11.0 -0.7 4.2 3.4 35 142+42"
3g 28.1 2.5 26.1 2.7 —0.8 3.1 -32 0.0
3h 372427 432+24" 0.4 182+3.6" -38 23
3i 355+1.9 469 +2.0" 183+2.6" 21.6+2.1" -1.3 23
3j 350+ 1.4 582+ 1.1 3.8 17.5+1.9" 0.1 2.8
3k 433+28" 61.4+25" -23 0.0 -29 1.0
3l 527+1.6 939+ 1.7 0.0 6.6 —1.1 1.3
3m 69.5+23" 92.0+ 18" 6.3 -3.1 —0.3 2.5
3n 5.1 -22 ~14 159 +3.4" 9.3 458 +3.7"
30 1.8 0.1 1.8 —14 5.1 5.4
# Inhibition rate (%) = (A1 — A2)/A1 x 100%. A1, the average optical densities of untreated cells; 42, the average optical densities of drug treated
cells.
*P<0.05.
" P<0.0l.

pounds can be very useful in the development of optimi-
zation strategies for cancer chemotherapy.
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Abstract—A series of des-keto lobeline analogs has been synthesized and evaluated for their ability to inhibit the dopamine trans-
porter (DAT) and serotonin transporter (SERT) function and for their affinity for the synaptic vesicle monoamine transporter
(VMAT?2), as well as for a4p2* and o7* neuronal nicotinic acetylcholine receptors (nAChRs). The enantiomers 8 R-hydroxylobel-
9-ene (3a) and 10S-hydroxylobel-7-ene (3¢) exhibited high potency and selectivity at SERT and DAT, respectively.

© 2006 Elsevier Ltd. All rights reserved.

Monoamine neurotransmitter transporters such as the
dopamine transporter (DAT), the serotonin transporter
(SERT), the norepinephrine transporter (NET), and the
vesicular monoamine transporter (VMAT?2) are consid-
ered valid targets for the development of therapeutic
agents aimed at treating a variety of neurological and
psychiatric diseases. For example, several antidepressant
drugs, such as fluoxetine, bupropion, and reboxetine, act
as SERT, DAT, and NET inhibitors, respectively. These
antidepressants increase the extracellular concentration
of the respective neurotransmitter by inhibiting trans-
porter function."”’ Additionally, tetrabenazine, an
inhibitor of VMAT?2 function, is used to treat Hunting-
ton’s Chorea.®® Recently, DAT has also been consid-
ered as a primary target for the development of
medications to treat cocaine abuse.!%!2

(—)-Lobeline (the 2R,65,10S-sterecoisomer, 1; Scheme 1),
the major alkaloid of Lobelia inflata, has high affinity for
several neuronal nicotinic acetylcholine receptor
(nAChR) subtypes,!>'® and interacts nonselectively
with monoamine transporters (DAT, SERT, NET, and
VMAT?2).15-18 Structural modification of lobeline re-
vealed that the des-keto analog, 8 R-hydroxylobel-9-ene
(3a; Scheme 1), has high potency and selectivity for inhi-
bition of [*H]5-hydroxytryptamine ([*H]5-HT) uptake

Keywords: Lobeline; Dopamine transporter; Serotonin transporter;

Vesicular monoamine transporter.
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over [°H]dopamine (PH]JDA) uptake, and also has in-
creased selectivity for these transporters as a result of re-
duced affinity for nAChRs.!> This intriguing result
prompted us to carry out a more detailed investigation
of the structure—activity relationships of various stereo-
isomeric forms of 3a and the double bond reduced ana-
log 4a. The pharmacological profile of these compounds
was expected to provide information on the importance
of the C-8/C-10 stereochemistry on the interaction with
DAT, SERT, and VMAT2. Thus, the present study
investigated the synthesis and pharmacological activities
of isomeric 8- and 10-hydroxy lobelenes, that is 8R-
hydroxylobel-9-ene (3a), 8S-hydroxylobel-9-ene (3b),
10S-hydroxylobel-7-ene (3¢), and 10R-hydroxylobel-7-
ene (3d), as well as the isomeric 8- and 10-hydroxylobel-
anes, that is 8 R-hydroxylobelane (4a), 8S-hydroxylobe-
lane (4b), 10S-hydroxylobelane (4¢), and 10R-
hydroxylobelane (4d). These compounds were evaluated
for their ability to inhibit [*H]nicotine (PHJNIC) bind-
ing (probing 04p2* nAChRs) and [*H]methyllycaconi-
tine (PHJMLA) binding (probing o7* nAChRs) to rat
brain membranes, to inhibit [’H]5-HT and [*H]DA
uptake into rat hippocampal and striatal synaptosomes,
respectively, and to inhibit [*H]dihydrotetrabenazine
(PH]DTBZ) binding to rat synaptic vesicle membranes.

The synthetic routes to compounds 3a-3d'® and 4a—4d"°
are illustrated in Scheme 1. Compound 2 was prepared
by dehydration of lobeline (1) with 85% H3;POy,, to
afford the E-isomer exclusively, according to a previous-
ly reported method.?®?! Reduction of 2 gave a mixture
of two isomers, 3a and 3b, in a ratio of 9:20 (determined
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Scheme 1. Reagents and conditions: (a) 85% H3POy, 60 °C; (b) NaBH,4, EtOH, rt; (c) H,, 10% Pd/C, MeOH, 45 psi, rt; (d) Zn/Hg, HCI (5%), reflux;

(e) CrOs, H,SO,, acetone, 0 °C.

by GC-MS). The pure form of 3a was obtained by
fractional recrystallization of this isomeric mixture.
Compound 3b was obtained by silica gel chromatogra-
phy of the mother liquors from the crystallization of
3a. Compound 3c, which was prepared by Clemmensen
reduction of lobeline, as previously reported,?® was con-
verted into compound 5 by Jones oxidation. Compound
3d was obtained along with 3¢, from 5, utilizing the same
procedure as that employed in the synthesis of 3a and 3b
from 2 (vide supra). Catalytic hydrogenation of the
unsaturated compounds 3a, 3b, 3¢, and 3d afforded the

corresponding reduced compounds 4a, 4b, 4c, and 4d,
respectively.

The above lobeline analogs were evaluated as inhibitors
of [PHJNIC binding and [*'H]MLA binding to rat brain
membranes, as inhibitors of [TH]DA uptake into rat stri-
atal synaptosomes to assess DAT function, as inhibitors
of [*H]5-HT uptake into rat hippocampal synaptosomes
to assess SERT function, and as inhibitors of PH]DTBZ
binding to rat synaptic vesicle membranes to assess
interaction with VMAT2 (Table 1).!7 Analog-induced

Table 1. Inhibition of [PH]NIC binding (probing a4p2* nAChRs) and the PHIMLA binding (probing o7* nAChRs) on rat brain membranes,
[PH]DTBZ binding (probing VMAT2) on rat synaptic vesicle membranes, [PTHJDA uptake into rat striatal synaptosomes, and [°H]5-HT uptake into

rat hippocampal synaptosomes by lobeline and its des-keto analogs

Ki, M, +SEM? K; ratio®
PHINIC (a4B2*) [PHIMLA (a7") [PHJDA (DAT) [*H]5>-HT (SERT) [*H]DTBZ (VMAT2) DAT/SERT/VMAT2

Fluoxetine — — — 0.041°¢ — —

GBR-12909 — — 0.018° — — —

Ro 4-1284  — — — — 0.028 +0.03 —

Lobeline 0.004 % 0.000 6.26 * 1.30 282+ 6.73 46.8 +3.7 2.76 + 0.64 10.2/17.0/1
3a 4.19+0.80 1.70 £ 0.32 0.86° 0.044¢ 5.16 £ 0.30 19.5/1/117.3
3b >100 >100 0.96 +0.11 3.75+0.75 6.06 + 0.45 1/3.9/6.3
3c 9.75 £ 0.91 >100 0.11 £0.003 19.0+3.9 6.44 +0.54 1/173/58.5
3d >100 >100 0.29 +0.02 7.50 +1.80 0.59+0.15 1/26/2.0
4a 2.36+0.18 1.21£0.09 1.88 +0.12 0.15%0.02 1.98 +0.31 13/1/13.2
4b 33.6+8.54 > 100 1.26 +0.17 2.22+0.36 3.01 £0.44 1/1.8/2.4
4c 1.77 £ 0.61 39.3+12.9 1.39 +£0.08 427 +1.00 3.09 £ 0.41 1/3.12.2
4d >100 >100 0.57 +0.04 7.30 £ 0.50 6.60 +2.96 1/12.8/11.6

GBR-12909 (a specific DAT inhibitor), fluoxetine (a specific SERT inhibitor), and Ro 4-1284 (a specific VMAT?2 inhibitor) were used as standards

for comparison.

% Each K; value represents data from at least four independent experiments, each performed in duplicate.
®For ratios between three monoamine transporters (DAT, SERT, and VMAT?2), the highest affinity value was taken as 1.

“Data as reported in Ref. 15.
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inhibition was compared with that induced by lobeline
and the selective DAT, SERT, and VMAT2 transporter
inhibitors GBR-12909, fluoxetine, and Ro 4-1284,
respectively.'-?223 Lobeline potently inhibited [’HJNIC
binding with a K; value of 4 nM, and had low affinity
(K;=6.26 uM) for a7* nAChRs.?* des-Keto lobeline
analogs exhibited diminished affinity at a4f2* and o7*
nAChRs, except for compounds 3a and 4a, which had
slightly higher potency than lobeline at o7 nAChRs.
These results indicate the importance of the keto group
in lobeline for a4p2* binding. Lobeline exhibited moder-
ate selectivity for VMAT2 (K;=2.76 uM) over DAT
(K; = 28.2 uM) and SERT (K; = 46.8 uM), and had rela-
tively low affinity for the latter two transporters. How-
ever, most of the des-keto analogs exhibited higher
potency as well as selectivity for DAT or SERT when
compared to lobeline. None of these analogs exhibited
high affinity and selectivity for VMAT2. All the des-keto
analogs were generally equipotent with lobeline (within
one order of magnitude of each other), and compound
3d exhibited the highest affinity (K; =0.59 uM). These
results are consistent with earlier results obtained with
previously reported defunctionalized lobeline analogs.'>
In the current des-keto series, all analogs exhibited
increased potency for inhibition of DAT and SERT
compared to lobeline. Within this series, compound 3¢
exhibited the highest affinity for DAT (K;=0.11 uM)
and compound 3a, the enantiomer of 3¢, exhibited the
highest affinity for SERT (K; = 0.044 uM).

Compound 3a was 20-fold more selective in inhibiting
SERT over DAT! and was 117-fold more selective
for SERT over VMAT2. Compound 3b, which has
the antipodal chirality at the C8-hydroxyl group com-
pared to compound 3a, showed similar affinity for
DAT and VMAT?2 as 3a, but was 2 orders of magni-
tude less potent than 3a for SERT. Interestingly, com-
pound 3¢, the enantiomer of 3a, exhibited 220-fold
greater selectivity in inhibiting DAT over SERT, which
is the reverse of the selectivity observed with 3a. How-
ever, this reversal of selectivity did not occur in other
pairs of enantiomers, that is, compounds 3b and 3d,
both of which showed greater potency in inhibiting
DAT over SERT (4- and 25-fold, respectively), and
3d was more selective than 3b at DAT. All four of
these compounds inhibited DAT with K; values all
within one order of magnitude of each other. Thus,
the binding site on SERT is more sensitive to stereo-
chemical changes at the C-8/C-10 hydroxyl group than
is the binding site on DAT.

Compounds 4a—4d generally exhibited a similar potency
and selectivity profile as their corresponding double
bond unsaturated congeners, 3a-3d. The four com-
pounds 4a—4d were slightly less potent than their corre-
sponding precursors (3a-3d) in inhibiting DAT
function. Moreover, compounds 4a—4d exhibited similar
potency as their corresponding precursors (3a—3d) in
inhibiting SERT function. Thus, compounds 4a-4d are
less selective for DAT and SERT, compared to their
corresponding double bond analogs. This indicates the
double bond in these compounds is more important
for the binding at DAT than at SERT.

In summary, a series of des-keto lobeline analogs has
been synthesized, in which the oxygen of the keto group
of lobeline has been eliminated. Pharmacological evalu-
ation shows that all the analogs have diminished affinity
at a4P2" nAChRs and most of them also have dimin-
ished affinity at o7" nAChRs. In addition, all the ana-
logs are equipotent with lobeline at VMAT?2.
Moreover, some of these analogs have high potency
and selectivity at either DAT or SERT. The current
study indicates that the stereochemistry at C-8/C-10 in
these molecules is important for inhibition of SERT,
but not for inhibition of DAT. In contrast, the double
bond in these analogs is more important for inhibition
of DAT than for inhibition of SERT function. Further
structural modification based on this series of analogs
may reveal important information about the DAT and
SERT pharmacophores.
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Anal Calcd for C,,H»7NO-HCI-0.1H,O0: C, 73.46; H, 7.90;
N, 3.89. Found: C, 73.47; H, 7.78; N, 4.24.
Compound 4a: [a}]z; 75.5° (¢ 1.0, CHCl3); mp 83-84 °C; 'H
NMR (300 MHz, CDCl;) é 1.14 (m, 1H), 1.25 (m, 1H),
1.45-1.70 (m, SH), 1.76-2.04 (m, 3H), 2.30 (s, 3H), 2.57—
2.79 (m, 2H), 2.87 (m, 1H), 3.20 (m, 1H), 5.0l
(dd,J = 10.8, 3.0 Hz, 1H), 7.15-7.43 (m, 10H); '3*C NMR
(75 MHz, CDCly) ¢ 23.7, 23.9, 25.4, 25.7, 32.6, 36.0, 40.2,

20.

21.
22.

23.

24.

62.0, 65.0, 76.4, 125.6, 125.9, 127.1, 128.4, 128.5, 128.6,
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C,,HoNO-HCI2/3H,O: C, 71.04; H, 849; N, 3.77.
Found: C, 71.00; H, 8.62; N, 4.09.
Compound 4b: [ —75.4° (¢ 1.0, CHCly); '"H NMR
(300 MHz, CDCl3) 6 1.26-1.44 (m, 2H), 1.44-1.57 (m,
2H), 1.67-2.00 (m, 6H), 2.36 (m, 1H), 2.39 (s, 3H), 2.60—
2.72 (m, 3H), 5.14 (t, J = 6.0 Hz, 1H), 7.15-7.40 (m, 10H);
13C NMR (75 MHz, CDCl5) 524.7,26.7, 31.5,33.7, 36.1.
39.1, 61.8, 62.8, 72.5, 125.7, 1259 126.8, 128.3, 1285
142.4, 145.7 ppm; MS m/z 323 (M+); Anal. Calcd for
Cy,HoNO-HCI2/3H,O: C, 71.04; H, 8.49; N, 3.77.
Found: C, 70.84; H 8.27; N, 4.06.
Com?ound 4c: oc] —77.9° (c 1.0, CHCly); mp 83-84 °C;
C NMR and MS are same as those of compound 4a;
Anal Calcd for C,,Hy9NO-HCI'1.0H,O0: C, 69.91; H, 8.53;
N, 3.71. Found: C§6963 H, 8.36; N, 3.88.
Compound 4d: [o]5 74.4° (c 1.0, CHC13) 'H, 3C NMR
and MS are same as those of compound 4b; Anal. Calcd
for C;oHy9oNO-HCI'1/3H,0: C, 72.21; H, 8.45; N, 3.83.
Found: C, 72.05; H, 8.71; N, 4.06.
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Glennon, R. A. J. Med. Chem. 1999, 42, 3726.
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Abstract—A novel series of substituted quinoline analogs were designed and synthesized as potent and selective melanin concentrat-
ing hormone (MCH) antagonists. These analogs show potent (nM) activity (12a-k) with a moderate selectivity. Conversely, the con-
formationally constrained thienopyrimidinone analogs (18a—g) showed improved activity in MCH-1R and selectivity over SHT2C.

© 2006 Elsevier Ltd. All rights reserved.

Obesity is a growing health issue in industrialized coun-
tries and developing nations.! With the increased obese
and overweight population are increased risk of morbid-
ity and mortality as well as an increase in health care
costs due to the primary and secondary complications
of the epidemic.? Thus, obesity and overweight present
a major burden on the economies of developed coun-
tries.> Currently available therapeutic agents sibutr-
amine (Reductil or Meridia), an appetite suppressant,
and orlistat (Xenical), an inhibitor of fat absorption,
both suffer from limited efficacy and significant undesir-
able side effects.? Therefore, there is great need for effec-
tive obesity pharmacotherapy. A major pharmaceutical
effort has focused on central nervous system (CNS) tar-
gets for treating obesity. These CNS targets include the
melanocortin, cannabionoid, and melanin concentrating
hormone receptors.

MCH is a cyclic 19 amino acid peptide, which is synthe-
sized in the lateral hypothalamus and zona incerta in the
brain.* MCH is highly conserved in vertebrate species
and appears to play an important role in regulating
energy feeding behavior and body weight. Fasting leads
to an increase in brain MCH expression in rats and CNS
administration of MCH stimulates food intake in rats.>¢

Keywords: Melanin concentrating hormone antagonists; Anti-obesity;

Quinolines.

* Corresponding author. Tel.: +1 513 622 2284; fax: +1 513 622
0523; e-mail: Warshakoon.nc@pg.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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Furthermore, mice lacking MCH are lean and resistant
to diet induced obesity, a consequence of reduced feed-
ing and increased metabolic rate.® In contrast, transgen-
ic mice that overexpress MCH are obese and insulin
resistant.”’

Several small molecule MCH antagonists are reported in
the literature (Fig. 1),%!'! among them aminotetralin (1,
T-226296) was the first reported small molecule MCH
antagonist.> Oral dosing of T-226296 (ICsy 5.5 and
8.6nM at human and rat MCH-IR, respectively)
blocked the hyperphagic effects of MCH injections into
the lateral ventricle of lean rats.®

Most of the recently disclosed MCH antagonists contain
a basic amine group and two aromatic groups joined by
an appropriate linker. Based on this design principle,
our proposed MCH antagonists were created via linking
a basic amino group and the aromatic portion to a quin-
oline platform (Fig. 2).!? The quinoline scaffold was
selected due to presumed desirable PK properties (e.g.,
solubility, metabolism, etc.)

The requisite 3,8-substituted quinoline central core was
constructed via a Gould-Jacob condensation of substi-
tuted aniline 5 with ethoxymethylene malonate.'?

The quinolone was then converted to the final com-
pounds via a series of synthetic transformations as
illustrated in Scheme 1. These compounds were then
evaluated for binding to the MCH-R1 using cells that
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Figure 1. Small molecule MCH antagonists.
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Figure 2. Design concept of new MCH antagonists.
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Scheme 1. Reagents and conditions: (a) Ph,0/250 °C/ethoxymethylenemalonate (60%); (b) SOCI, (80%); (c) Ho/Pd/EtOH/Et3N (65%); (d) RaNi/H,/
N,H, (60%); () ArCO,H/HBTU/iPr,EtNH/DMF (80%): (f) LiB(C,Hs);sH/THF/(70%); (g) (1) MsCl/Et;N/CH,Cl,; (2) NHR'R*DMF (80%).

overexpressed the short form of the receptor (SLC- had determined this receptor showed similarity in the
1).'* Selectivity against the serotonin receptor pharmacophore binding pocket to the MCH-1R
(SHT2C)! was also evaluated because we and others (Table 1).
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Table 1. Activity and SAR relationship of substituted quinoline analogs against MCH and SHT2C

5209

N X
~
0 N
Ar)J\I}l
R 12
Entry Ar R X MCH (nM) SHT2C 1C50 (nM)
=
12a F § H N 102 4.163
.
12b F§ H N O 1,408 7.467
N
12 Fg H g—NC}oH 195 2.807
OH
12d F§ H z_NG’ 142 3.595
12e F§ H %—NC>—S\O2 310 >100,000
_ /
12f F W H N 414 10,321
N \
—
12¢ F W H N 310 14,123
N -
_
12h F W H :N O 20,119 >100,000
N /
12i F W H §—N OH 803 14,641
N
= OH
12 F W H N 1153 16,515
N
—
12k F@—Qé H N N— 3544 20,230
N s
121 F§ Me L\ 31 4188

In the aromatic region, the biaryl compounds (12a—e)
exhibited potent binding to the MCH receptor. Placing
a heteroatom in the inner benzene of the biaryl ring sys-
tem (12f-k) was detrimental to the activity. We were
able to obtain potent MCH activity as well as selectivity
by placing polar, hydrogen bond accepting groups on
the tertiary amine region (12d). The most active
(31 nM) as well as the most selective (~130-fold) com-
pound was 12I. In this instance, the hydrogen of the
amide nitrogen was replaced with a methyl group. Con-
formational restriction around the amide bond may be
directing these compounds to interact with the receptor
in a favorable fashion. We and others have hypothesized
that constraining this amide bond into a cyclic, rigid

ring system might enhance the activity further. Such a
ring system was described in two recent patents by scien-
tists at GlaxoSmithKline (Fig. 1, 4)!' and Neurocrine
Biosciences (Fig. 3, 13).1617

Cl S
13

Figure 3. An example from Neurocrine Biosciences.
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Scheme 2. Reagents and conditions: (a) DMF-DMA/EtOH/100 °C/MW (90%); (b) 16/DMF/100 °C/MW (85%); (¢) (1) MsCI/Et;N/CH,Cl,; (2)

NHR'R?/DMF (60%).

The thienopyrimidinone core can be assembled rapidly
via a condensation between commercially available
thiophene carboxylate 14 and DMF-dimethylacetal
under microwave conditions. The resultant formami-
dine 15 was then condensed with amino alcohol 16
under yet another reaction using microwave condi-
tions. The alcohol was then transformed into a mesy-
late and subsequently displaced with appropriate
secondary amines to generate the desired compounds
(Scheme 2).

We were pleased to find that these compounds were not
only potent MCH ligands but also completely selective
with polar groups and hydrogen bond acceptors at the
amine terminus (18d-g) continuing to be seclective li-
gands for MCH receptor over SHT2C. In this series,
the tertiary amine derived from piperidine-4-ol (18d)
has the best activity (K; 51 nM), while being completely
selective (Table 2).

In summary, we were able to design, synthesize, and
evaluate a novel series of substituted quinolines as
MCH antagonists. SAR investigation revealed that con-
formationally constrained analogs proved to be not only
more active in the MCH binding assay, but also more
selective against SHT2C, warranting them for further
evaluations. The quinoline derived MCH antagonists
were potent binders to the hERG channel and this
problem was solved by further structural modifications.
Furthermore, selected compounds in this class show
efficacy in animal models. Those results will be reported
in due course.
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Table 2. Activity and SAR relationship of substituted quinoline
derivatives against MCH and SHT2C

A X
~
0 N
S
N
Cl \ |
N/)
18
Entry X MCH K; (aM) SHT2C IC50 (nM)
/
18a ;-N 197 1313
\
—
18b E—N 126 25,210
N
18c  §-N 91 >100,000
18d g_NQOH 51 >100,000
SN\ /
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— 0
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Abstract—We have developed efficient synthesis of morpholinone-based cyclic mimetics of the P1/P2 portion of the HIV-1 protease
inhibitor Amprenavir. This effort led to discovery of allyl- and spiro-cyclopropyl—P2-substituted inhibitors 17 and 31, both 500
times more potent than the parent inhibitor 1. These results support morpholinones as novel mimetics of the P1/P2 portion of
Amprenavir and potentially of other HIV-protease inhibitors, and thus provide a novel medicinal chemistry template for optimiza-

tion toward more potent and drug-like inhibitors.
© 2006 Elsevier Ltd. All rights reserved.

Proteolytic cleavage of gag and gag-pol gene protein
products by the virally encoded aspartyl protease
(HIV-PR) is one of the key steps in the life cycle of
HIV. Several HIV-protease inhibitors (PI), such as
Amprenavir (Fig. 1), have been developed for use in
Highly Active Antiretroviral Therapy (HAART), which
is credited for a dramatic reduction in AIDS-related
mortality and morbidity.! Nonetheless, the high pill bur-
den generally required by the early HAART regimens is
not conducive to patient compliance, and thus may re-
sult in the emergence of viral resistance. In order to ad-
dress this issue, we have been involved in a research
program directed toward PI prodrugs with improved
solubility?3 as well as next generation PIs with increased
potency, by exploring heterocyclic mimetics for the P1/
P2 portion of Amprenavir.*?

In the latter approach, we have explored cyclic lactams,
cyclic sulfonamides, cyclic ureas, and cyclic sulfamates
among other heterocyclic scaffolds,*® and in this letter
we report our findings with the morpholinone ring sys-
tem as a putative P1/P2 scaffold. Molecular modeling
supported the design rationale toward compound 1, ob-
tained from (55)-5-(phenylmethyl)-3-morpholinone
(A =B =H) and the Amprenavir-like P1'/P2’ scaffold
(R1 in Fig. 1). This prototype molecule indeed exhibited
moderate potency in the HIV-1 protease enzyme assay
(K; =1.0 uM).'®  Encouraged by this result, we

Keywords: HIV; HIV-protease inhibitor; Amprenavir; HIV-1; Aspartyl

protease inhibitor; Mimetic; Drug; Inhibitor.

* Corresponding author. Tel.: +1 919 483 9462; fax: +1 919 315
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0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.07.014

embarked on a medicinal chemistry program incorpo-
rating P2 substituents in the morpholinone scaffold in
order to optimize the potency in this series.*!°

To that end, we have explored a number of approaches
toward mono-, di-, and spiro-substituted morpholinones
in order to establish the SAR in this series. Herein, we
disclose chemical routes toward analogues of 1, which
enabled the discovery of potent inhibitors, such as 17
and 31.

Our initial target was the racemic 2-methyl-5-(phenyl-
methyl)-3-morpholinone, which was obtained according
to the previously published method.!? Interestingly, we
found that the Williamson cyclization of the diastereo-
meric mixture 2 resulted in the exclusive formation of
a pure (2S,55)-2-methyl-5-(benzyl)-morpholin-3-one 3
in 34% yield (Fig. 2).!'""'* While thermodynamic equili-
bration leading to a single diastereomer cannot be ruled
out as the mechanism leading to pure 3, molecular mod-
eling also supports a kinetic argument in that cyclization
of the S,R-2 diastereomer appeared energetically much
more facile, thus enabling the formation of 2S,5S-3,
while the cyclization of the S,5-2 diastereomer appears
disfavored, precluding the formation of 2R,55-3.!415

Fragment 3 was next coupled to epoxide 4 in a fashion
similar to one previously reported,*!? yielding HIV-PR
inhibitor 5 (K; = 38 nM, Table 1), which was 50 times
more potent than the parent compound 1.

We already reported that in the related 3,5-(P1/P2)-di-
substituted pyrrolidone scaffold,* the 3S,5R-isomers
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Amprenavir Ki=0.04 nM

1, A=B=H, K=1uM

Figure 1. Structure of Amprenavir and its morpholinone P1/P2 mimetic-containing analogue 1.
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Figure 2. (a) DIEA, (S)-phenylalaninol; (b) NaH, DMF, 0 °C to rt,
1 h; 34% yield over two steps; (c) NaH, DMF, 0—80 °C, 1-3 h, 4, 94%.

Table 1. Inhibitory potencies of final products in the HIV-PR assay'®

Compound K; [nM]
1 1000
5 38
9 490

10 55

17 2

18 270

19 35

21 30

23 9

24 81

25 600

27 11

28 5800

29 49

31 2

35 23

(with trans rather than cis relationship of P1 and P2 sub-
stituents) were more potent in the HIV-PR enzyme as-
say.*> To explore such stereochemical preference in
the morpholinone series described herein, in addition
to Williamson chemistry yielding the 25,58 (e.g.,
285,58-3) diastereomer, we also needed to develop
routes toward 2R,5S diastereomers. To this end, we
explored the alkylation of p-methoxybenzyl-protected
morpholinone 6 (Fig. 3) and of Boc-protected morpholi-
none 12 (Fig. 4). The alkylation of 6 with m-CN-benzyl
bromide proceeded with a modest diastereoselectivity of
3:1, 2R,55/28,5S. The resulting mixture 7 was then
deprotected and coupled with sulfate 8, and after

chromatography, provided the individual 2S.5S and
2R,5S diastereomers 9 and 10, respectively.!!

Interestingly, the 2R,5S diastereomer 10 turned out to
be about 10 times more potent than 2S,5R isomer 9,
revealing that stereochemical preference also existed in
the morpholinone scaffold (Table 1). Consequently, we
explored other approaches to optically pure diastereo-
mers or to easily separable mixtures of diastereomers.
Thus, the alkylation of 12 with allyl iodide proceeded
with a much higher diastereoselectivity (95:5%, Fig. 4),
yielding essentially pure 2R,55-13,*!! and enabling fac-
ile entry into the desired diastereomer series.

We also examined the alkylation of advanced intermedi-
ate 14, a TBDMS-protected product of the condensa-
tion of morpholinone 11'° and epoxide 4, with allyl
iodide.!®1® Although the alkylation of 14 proceeded
with modest diastereoselectivity, the resulting mixture
of 15 (2R,5S-morpholin-3-one) and 16 (2S,5S-morphol-
in-3-one) was readily separable on silica gel, affording
inhibitors 17 and 18 after treatment of 15 and 16 with
1 M TBAF in THF. Similarly, the alkylation of 14 with
benzyl bromide also yielded a mixture of diastereomers,
affording the 2R,5S-morpholin-3-one 19, after chroma-
tographic separation of the minor 2S,5S component
(Fig. 4)."! The stereochemical outcome of these alkyla-
tions is likely controlled by A, allylic strains in 12
and 14.'7

Although we found that the alkylation of 12 could pro-
vide a single diastereomer, we decided that a more prac-
tical route toward diastereomerically pure 2R,5S
morpholin-3-one-based inhibitors (Fig. 5) would be to
utilize the easily available and scalable 2R,5S intermedi-
ate 15. Accordingly, inhibitor 21 incorporating the 2-
hydroxyethane as P2 was obtained in several steps from
alcohol 20. The conversion of 20 to mesylate 22 followed
by the treatment of the latter with lithium hexamethyldi-
silazide and deprotection with 1 M TBAF in tetra-
hydrofurane yielded novel spiro-cyclopropyl analogue
23. Furthermore, mesylate 22 was also converted to
azide 24, and the latter next reduced to 2-aminoethyl
P2-substituted inhibitor 25. Finally, 22 was converted
to nitrile 26, which served as a convenient intermediate
toward inhibitors 27-29 (Fig. 5).

A more than 100-fold increase in potency against the
HIV-1 PR'® was observed in the case of spiro-cyclopro-
pyl inhibitor 23 versus reference compound 1 (Table 1).
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This prompted synthetic explorations of spiro-cyclic
morpholinones such as 30,'>!* which afforded potent
inhibitor 31 (Fig. 6, K; = 1.7 nM)."°

A somewhat different synthetic strategy was developed
toward the spiro-tetrahydropyran-based morpholinone
33,2% obtained in 45% yield by alkylation of intermediate
6'%-'! with bis-O-iodoethane. The only major byproduct
of this reaction, the cross-linked derivative 32, could be
easily separated and a subsequent deprotection of 33
and coupling with sulfate 8 yielded potent inhibitor 35
(Table 1).

In summary, we developed efficient chemistry toward
substituted and stereochemically defined analogues of
1. In particular, advanced intermediate 15 enabled
facile and convergent syntheses of several 2R,5S-mor-
pholin-3-ones (Table 1). Analogues 17 and 31 were

found 500-fold, while analogues 23 and 27 100-fold
more potent in comparison to reference compound
1.1 Consistent with the knowledge of the inhibitor
binding site in the HIV protease, we also found out
that polar P2 residues, such as a primary amine in
28, substantially reduced the inhibitory potency. In
contrast, the isosteric inhibitor 21 (OH in place of
NH,) maintained relatively high inhibitory potency
(Table 1). We thus conclude that 2R,5S-disubstituted
morpholin-3-ones, especially those with small and
non-polar P2-substituents, can be suitable mimetics
of the P1/P2 portion of Amprenavir’' and conceivably
of other HIV-1 protease inhibitors. These findings
support the rationale for additional explorations in
the morpholinone scaffold with the goal of further
improving the potency and potentially fine-tuning
drug-like properties in this class of inhibitors. This
work will be reported in due course.
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Figure 5. (a) LHMDS, —78 °C, 90%; (b) OsO4, NaClOy, 86%; (c) NaBH, in MeOH (titration), 93%; (d) MsCl, DIEA, 73%; (e) NaCN, DMSO, rt,
overnight; 81%; (f) 1 M TBAF in THF, 85-95%; (g) Hy/Ra-Ni, 56-67%; (h) urea hydrogen peroxide, 2 h, rt, pH = 10, 82%; (i) NaN3;, DMF, 80 °C,
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Figure 6. (a) LHMDS, —78 °C, (I-CH,-CH>-),0, 45% of 33; (b) CAN, overnight, 33%; (c) P4-phosphazine, 1 equiv at —20 °C, THF, cyclic sulfate 8
then 1 N aq sulfuric acid, 31-45%.
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Abstract—Novel tricyclic derivatives containing an oxazepine, thiazepine, or diazepine ring were studied for their EGFR tyrosine
kinase inhibitory activity. While the oxazepines were in general more potent than thiazepines, the diazepines displayed somewhat
different structure-activity relationships. Moreover, the diazepines, in contrast to the oxazepines, showed appreciable inhibitory
activity against the KDR tyrosine kinase. Furthermore, both oxazepines and diazepines demonstrated significant ability to inhibit
autophosphorylation of EGFR in DiFi cells (generally, ICs, values in the single-digit micromolar to submicromolar range).

© 2006 Elsevier Ltd. All rights reserved.

Receptor tyrosine kinases (RTKs) are involved in cellu-
lar signal transduction pathways which influence cell
growth, differentiation, survival, and proliferation.
Many human cancers are characterized by an up-regula-
tion of some of these RTKs.?> Consequently, they have
become targets of intense drug discovery efforts to iden-
tify novel anti-cancer agents.® In particular, Erbitux, an
antibody which targets the epidermal growth factor
receptor (EGFR), has been approved for the treatment
of irinotecan-refractory colorectal cancer and squa-
mous-cell carcinoma of the head and neck.* Iressa’
(1a) and Tarceva® (1b), both of which belong to the same
chemical class of quinazolines, inhibit the EGFR kinase
and are being used to treat locally advanced, or meta-
static non-small cell lung cancer and certain types of
pancreatic cancer. We have reported a new class of
non-quinazoline oxazepine derivatives as inhibitors of
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zepine; Diazepine; Thiazepine.

* Corresponding author. Tel.: +1 609 818 4121; fax: +1 609 818
3331; e-mail: leon.smith@bms.com

T Present address: Chemical Diversity, 1155 Sorrento Valley Road,
Suite 5, San Diego, CA, 92121, USA.

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

doi:10.1016/j.bmcl.2006.07.031

EGFR kinase, exemplified by structure (1¢).” It is inter-
esting that bromoanilino and dimethoxy moieties of (1c)
have also been described as desirable functionalities in
quinazoline-type EGFR kinase inhibitors,® despite a sig-
nificant difference in the core ring systems between the
two structural classes (Fig. 1). In this report, we detail
structure—activity relationship results pertaining to the
azepine class of compounds, encompassing not only
oxazepines but also thiazepine and diazepine scaffolds.

Since the dimethoxy substitution on the tricyclic phenyl
ring of (1c) appeared to be advantageous for activity,
our goal became to modify the aniline moiety, the
pyrimidine portion, and the seven-membered ring in
an attempt to enhance the kinase inhibitory activity of
the compounds. Select oxazepines were synthesized as
outlined in Scheme 1.°

Thus, 4,6-dichloro-5-aminopyrimidine (5) was coupled
with a diverse set of anilines (6) giving rise to diamino-
pyrimidine intermediates (7), which were reacted with
2,4,5-trihydroxybenzaldehyde to form the requisite tri-
cyclic core structure upon displacement of the chlorine
atom and concomitant imine formation.'® The remain-
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Scheme 1. Reagents and conditions: (a) DMF/120 °C, or EtOH/H,O/HCl, 100 °C, 59-72%; (b) 2,4,5-trihydroxybenzaldehyde, DMF, 100-120 °C,
21-72%; (c) DMF, NaH or K,CO3, Mel or Me,SOy, 25-80 °C, 3-93%; (d) NaBH,, THF, EtOH or MeOH, 40 °C-reflux, 2-68%.

ing hydroxy moieties were then methylated and the
imine bond reduced to afford the desired target com-
pounds (1a-2Kk).

Some additional oxazepines, thiazepines, and diazepines
were prepared by a modified procedure described in
Scheme 2. In this more convergent approach, a dichloro-
pyrimidine (5 or 10) was reacted with 3,4-dimethoxyphe-
nol or thiophenol under basic condition, or with 3,4-
dimethoxyaniline under acidic condition, affording an
intermediate (11) which then underwent a cyclization
reaction'! in the presence of paraformaldehyde to form
an oxazepine, thiazepine or diazepine (12),'? respectively.
Subsequently, the remaining chloro group was displaced
with different anilines, amines, phenols, and thiophenols
to yield the target compounds.

The EGFR tyrosine kinase inhibitory activity of the
compounds was determined by measuring the phosphor-

cl
NH, o
N ~
xj +
Y ON el o~
(B)Y=H T=NH,O,S
(10) Y = Me
=
R |
N
Cl H X
N7 N c
SNy o A
Y N™ T \
(12) o—

(2i -

4e)

ylation level of poly-Glu-Ala-Tyr-biotin peptide in a
homogeneous time-resolved fluorescence (HTRF) at an
ATP concentration of 2.0 uM.'> To ensure quality
control, a literature EGFR tyrosine kinase inhibitor
(Iressa™, 1a) was included as an internal standard
(ICsp =20+ 10 nM).'"* Most of the compounds were
also assayed'? for their ability to inhibit the autophos-
phorylation level of EGFR in DiFi cells (1a,
ICs50 = 55 £ 15 nM). Results for enzymatic and cellular
assays were reported as an ICsy expressed in pM.

Table 1 summarizes the biochemical and cell-based
inhibitory activity of oxazepines with various modifica-
tions. Substitution of the aniline portion of the oxaze-
pine core afforded modest results. For example,
replacing the bromine of the parent compound (1¢) with
a methyl (2a) led to a dramatic drop in potency.
Furthermore, introducing an ethynyl group (2b) resulted
in a reduction in enzymatic activity while maintaining

ﬁ””z

(11)

o X=T=0
\

ﬁt O

0o— (2p, 29)

Scheme 2. Reagents and conditions: (a) K,CO3/DMF/60 °C or EtOH/H,O/HCl/reflux, 24-84%; (b) CH,Cl,, trifluoroacetic acid, MgSQO,, (CHO),,
40 °C, 18-76%; (c) Anilines/amines, HCI, 2-propanol or DMF, 94-150 °C, or neat/120-150 °C, or K,CO3;/DMF/65-80 °C for phenols and

thiophenols, 8-79%; (d) Cs,CO3, Mel, DMF, 70 °C, 33-38%.
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Table 1. Inhibition results for oxazepines’
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X Z
N7 | N
Y)\\N ob’o\
o—
Compound Ar X Y V4 Enzymatic DiFi cell
ICs" (LM) ICs" (LM)
1c 3-Br-Ph NH H H 0.3 0.5
2a 3-Me-Ph NH H H 7.4 4.4
2b 3-Ethynyl-Ph NH H H 3.2 0.9
2c 4-Br-Ph NH H H 8.7 >100
2d 4-F-Ph NH H H 7.1 7.6
2e 3-Cl-4-F-Ph NH H H 1.2 0.7
2f 3-Cl-2-F-Ph NH H H 0.3 4.6
2g 5-Cl-2-F-Ph NH H H 1.1 3.9
2h 2-Cl-4-F-Ph NH H H 34 >100
2i 6-Indazolyl NH H H 1.2 nt
2j 2-Naphthyl NH H H 0.5 2.3
2k 6-Benzthiazolyl NH H H 5.6 nt
21 3-Br-Ph NH Me H >100 nt
2m 3-Cl-2-F-Ph NH Me H >100 nt
2n 3-Br—Ph (0] H H 0.7 1.8
20 3-Cl-4-F-Ph (0] H H 1.2 6.1
2p 3-Br-Ph (0] H M 4.6 nt
2q 3-Cl-4-F-Ph (0] H M 10.8 nt
2r 3-Br-Ph S H H 1.3 1.2
2s 3-Cl-Ph S H H 1.0 2.4
nt, not tested; generally, enzymatic activity too low to test in cellular assay.
#Data are reported as means of n > 2 determinations.
Table 2. Inhibition results for thiazepines’
submicromolar cell-based potency. A substitution at the
para position (2¢, 2d) did not confer any benefit as well. Arsy H
Among the dihalo-substituted analogs (2e-2h), (2f) was P
the most active analog. Interestingly, compound (2e), J\‘\ \
with the same substitution as [ressa, was more potent Y ON s O\
in the cellular assay than in the enzymatic assay, essen- .
tially being equipotent to (1c¢). Of the bicyclic anilines ©
(2i-2k), only the naphthyl analog (2j) was comparable Compound  Ar X Y Enzymatic
to (1¢) in activity. Compounds (2I) and (2m) clearly ICsy* (LM)
showed thgt further substitution on the pyrimi.dine ring 3a 3BrPh NH H 5o
was undesirable. We also evaluated the necessity of the 3b 3.CL4-F_Ph NH @ H 32
aniline NH- in inhibiting EGFR. While the O-linked 3¢ 3.Cl-2-F_Ph NH H 62.9
analog (2n) was comparable to the corresponding NH- 3d 6-Indazolyl NH H 14.1
linked compound (1c), having twofold lower activity, 3e 6-Benzthiazolyl NH H >100
the S-linked compound (2r) was somewhat less potent. 3f 3-Br-Ph NMe H >100
Lastly, we established that the NH- of the seven-mem- 3g 3-Cl-Ph NMe H 27.0
bered ring was necessary for good activity. When meth- 3h 3-Br-Ph NH  Me 30.7
ylated there was a significant loss (>6.5-fold) in 3 3-Br—4-MePh NH Me — >100
inhibitory activity (2p, 2q). 3 3-Cl-4-F-Ph NH — Me 459
’ 3k 3-Cl-2-F-Ph NH Me >100
Table 2 lists the thiazepines prepared and tested for g:n ;‘_%shlt\ﬁ; o Eg i,[/lz >1(1)2.()
enzymatic inhibitory activity. Compound (3a), in 3n 5-Benzimidazolyl ~ NH Me 14.5
comparison to (1c), was at least 10-fold less active. Sim- 30 6-Benzthiazolyl NH Me 15.2
ilarly, other analogs (3b—3e) were less potent than their 3p 6-Indazolyl NH Me 24.6
counterparts in the oxazepine series (2e, 2f, 2i, and 2k, 3q 5-Indazolyl NH Me 16.2
respectively). Steric hindrance of the sulfur atom over 3r 3-Br-Ph O H 217
oxygen is a possible explanation for decrease in activity ;: g‘gl‘i‘hp‘P h g g 1?2
S . - ) ! . Br— )
seen in thiazepines. Substituting the bridge nitrogen with 3 .CLPh S H 5o

a methyl group (3f, 3g) decreased activity. As was the
case with the oxazepines, adding a methyl substituent

#Data are reported as means of n > 2 determinations.
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Table 3. Inhibition results for diazepines’

| R
=
A\NH H
LN
L
NS
N N O\
H
O,_,
Compound R A Enzymatic  DiFi cell
ICs5o" (M) ICspa (UM)
4a 3-Br — L.5 nt
4b 3-Cl-4-F CH, 0.3 1.6
4c 3-MeO CH, 0.8 11.7
4d H CH, 0.2 0.9
4e H (R)-MeCH 0.15 0.5

nt, not tested; enzymatic activity too low to be tested in cellular assay.
#Data are reported as means of n > 2 determinations.

to the pyrimidine ring led to poorly active compounds
(3h-3q). Replacing the bridge nitrogen with an oxygen
(3r, 3s) also significantly decreased activity. Having a
sulfur bridge as in (3t) and (3u) actually maintained
some of the potency relative to (3a), (2r) and (2s).
Because of their overall moderate enzymatic potencies,
only a handful of thiazepines were assayed for their
cellular potency in DiFi cells. Analogs that were tested
showed weak activity (ICsq = 17 uM).

Table 3 summarizes the activity profiles of the
diazepines. Compound (4a) showed reduced activity
compared to the oxazepine counterpart (1c). However,
when the nitrogen bridge was extended by one methy-
lene unit (A = CH,), the activity was less sensitive to
the substituent variation on the phenyl ring such that
even a methoxy group (4¢) or lack of a substituent
(4d) led to enzymatic potencies comparable to that of
(1c). Indeed, an additional methyl moiety on the bridge
(4e) did not adversely affect potency at all. When
assayed in the DiFi cells, (4e) emerged as the most
potent compound among the diazepines, and equipotent
to (1c).

Since KDR (or VEGFR-2), another receptor tyrosine
kinase, has long been within our area of interest,'
some of the test compounds were also assayed for
their enzymatic inhibitory activity against the KDR
kinase.!® While the oxazepines in general showed very
weak KDR activity (ICso> 10 uM), diazepines
(4b—de) displayed appreciable potency with ICsy in
the range of 2-5 uM. It is perceivable that the diaze-
pine nitrogen between two aromatic rings, and the
adjacent pyrimidine nitrogen together form hydrogen
bonding interactions at the active site, analogous to
that proposed for AEE788 which is a pyrrolo[2,3-
dlpyrimidine reported to be an inhibitor of both
EGFR and KDR.!” This is in contrast to the oxaze-
pines and thiazepines that lack a potential hydrogen
bond donating group present in the diazepine
scaffold.

As seen in our earlier report, some compounds in this
study display little correlation between enzymatic
activity and cellular activity. Poor solubility of such
compounds is a possible explanation for these discrep-
ancies. In summary, we have identified and studied the
structure—activity relationships of a novel series of
non-quinazoline compounds containing a tricyclic
oxazepine, thiazepine or diazepine ring system. While
the oxazepines were in general more potent EGFR
kinase inhibitors than thiazepines, the diazepines
showed somewhat different SAR, and were moderately
potent inhibitors of the KDR kinase as well. Further-
more, both oxazepines and diazepines demonstrated
significant ability to inhibit cell-based phosphorylation
in DiFi cells (generally, ICsy values in the single-digit
micromolar to submicromolar range). Mono- and
multi-kinase targeting and orally efficacious analogs of
these compound series have been obtained and will be
reported in due course.

Acknowledgments
We are grateful to Dr. Peter Bohlen and Dr. Marc

Labelle for their strong support.

References and notes

—_—

Traxler, P. Exp. Opin. Ther. Patents 1998, 8, 1599.

2. (a) Bradenber, J.; Danenberg, K. D.; Metzger, R.;
Schneider, P. M.; Park, J.; Salonga, D.; Holscher, D.;
Danenberg, P. V. Clin. Cancer Res. 2001, 7, 1850; (b)
Christensen, J. G.; Schreck, R.; Burrows, J.; Kuruganti,
P.; Chan, E.; Le, P.; Chen, J.; Wang, X.; Ruslim, L.;
Blake, R.; Lipson, K. E.; Ramphal, J.; Do, S.; Cui, J. J;
Cherrington, J. M.; Mendel, D. B. Cancer Res. 2003, 63,
7345.

3. (a) Garcia-Echeverria, C.; Fabbro, D. Mini-Rev. Med.
Chem. 2004, 4, 273; (b) Hao, D.; Rowinsky, E. K. Cancer
Invest. 2002, 20, 387.

4. Li, S.; Schmitz, K. R.; Jeffrey, P. D.; Wiltzius, J. J. W.;
Kussie, P.; Ferguson, K. M. Cancer Cell 2005, 7, 301.

5. McKillop, D.; Partridge, E. A.; Kemp, J. V.; Spence, M.
P.; Kendrew, J.; Barnett, S.; Wood, P. G.; Giles, P. B;
Patterson, A. B.; Bichat, F.; Guilbaud, N.; Stephens, T. C.
Mol. Cancer Ther. 2005, 4, 641.

6. Herbst, R. S.; Johnson, D. H.; Mininberg, E.; Carbone, D.
P.; Henderson, T.; Kim, E. S.; Blumenschein, G., Jr.; Lee,
J. J; Liu, D. D.; Truong, M. T.; Hong, W. K.; Tran, H.;
Tsao, A.; Xie, D.; Ramies, D. A.; Mass, R.; Seshagiri, S.;
Eberhard, D. A.; Kelley, S. K.; Sandler, A. J. Clin. Oncol.
2005, 23, 2544.

7. (a) Smith, L. M., II.; Hadari, Y. PCT. Int. Appl
20055009384, Chem. Abstr. 2005, 142, 172179; (b) Smith,
L., IT; Piatnitski, E. L.; Kiselyov, A. S.; Ouyang, X.; Chen,
X.; Burdzovic-Wizemann, S.; Xu, Y.; Wang, Y.; Rosler,
R. L.; Patel, S. N.; Chiang, H. H.; Milligan, D. L.;
Columbus, J.; Wong, W. C.; Doody, J. F.; Hadari, Y. R.
Bioorg. Med. Chem. Lett. 2006, 16, 1643.

8. (a) Rewcastle, G. W.; Denny, W. A.; Bridges, A. J.; Zhou,

H.; Cody, D. R.; McMichael, A.; Fry, D. W. J. Med.

Chem. 1995, 38, 3482; (b) Rewcastle, G. W.; Palmer, B. D.;

Bridges, A. J.; Hollis Showalter, H. D.; Sun, L.; Nelson, J.;

McMichael, A.; Kraker, A. J.; Fry, D. W.; Denny, W. A.

J. Med. Chem. 1996, 39, 918.





5106

11.

12.

13.

L. Smith et al. | Bioorg. Med. Chem. Lett. 16 (2006) 5102-5106

. All structures described in this report are consistent with

their '"H NMR and LC/MS data.

. Levkovskaya, L. G.; Sazonov, N. V.; Grineva, N. A.;

Mameeva, I. E.; Serochkina, L. A.; Safonova, T. S. Chem.
Heterocycl. Compd. (English Translation) 1985, 21, 100.
(a) Duncton, M. A. J.; Smith, L. M., II; Burdzovic-
Wizeman, S.; Burns, A.; Liu, H.; Mao, Y.; Wong, W. C.;
Kiselyov, A. S. J. Org. Chem. 2005, 70, 9629; (b) Aversa,
M. C.; Bonaccorsi, P.; Giannetto, P. J. Heterocycl. Chem.
1989, 26, 1383; (c) Aversa, M. C.; Giannetto, P. J. Chem.
Res., Synop. 1984, 200.

Structurally similar diazepines have recently been reported:
Yang, J.; Che, X.; Dang, W.; Wei, Z.; Gao, S.; Bai, X. Org.
Lett. 2005, 7, 1541.

Enzymatic assay conditions: EGFR tyrosine kinase inhi-
bition was determined by measuring the phosphorylation
level of poly-Glu-Ala-Tyr-biotin (pGAT-biotin) peptide in
a homogeneous time-resolved fluorescence (HTRF) assay.
Into a black 96-well Costar plate was added 2 pl/well of
25x% compound in DMSO (final compound concentration
in the 50-ul kinase reaction was typically 1 nM to 10 uM).
Next, 38 ul of reaction buffer (25 mM Hepes, pH 7.5,
5 mM MgCl,, 5mM MnCl,, and 2 mM DTT) containing
1.5 pmol pGAT-biotin and 1-2ng EGFR enzyme was
added to each well. After 5-10 min preincubation, the
kinase reaction was initiated by the addition of 10 pl of
10 uM ATP in reaction buffer, after which the plate was
incubated at room temperature for 45 min. The reaction
was stopped by the addition of 50 pul KF buffer (50 mM
Hepes, pH 7.5, 0.5 M KF) containing 100 mM EDTA and
0.23 pg/ml PY20K (Eu-cryptate labeled anti-phosphoty-
rosine antibody, CIS Biointernational). After 30 min,
100 pl of 5nM SV-XL (modified-APC-labeled Streptavi-
din, CIS Biointernational) in KF buffer was added, and
after an additional 2-h incubation at room temperature,
the plate was read in a RUBYstar HTRF Reader.
EGFR cellular phosphorylation assay: DiFi cells were
plated in 96-well Costar plates (2.5 x 10° cells per well) and
incubated for 4 h. The cells were then starved in serum-
free medium overnight. The next morning test compounds
were added to individual wells. Following a 2 h incuba-
tion, cells were lysed in 100 pl of lysis buffer (150 mM
NaCl, 50 mM Hepes, 0.5% Triton X-100, 10 mM NaPPi,
50 mM NaF, 1 mM Na3VOy, and protease inhibitors, pH
7.5), and rocked for 1 h at 4 °C. The autophosphorylation
level of EGFR was then analyzed by ELISA using anti-
phosphotyrosine antibodies. ELISA: 96-well ELISA plates
were coated with 100 pl/well of 1 pg/ml anti-EGFR
antibodies (Erbitux), and incubated overnight at 4 °C.
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The anti-EGFR antibodies were prepared in a buffer made
with Na,COj3 (0.2 M, 16 ml) and NaHCO; (0.2 M, 34 ml)
and the pH was adjusted to 9.6. Prior to adding cell lysates
to the wells, the plates were washed three times with
PBS + 0.1% Tween 20 and blocked by 3% BSA in PBS
(200 pl for 1h incubation). Eighty microliters of cell
lysates was transferred to the coated wells and incubated
for 1 h at 4 °C. After incubation, the plates were washed
three times with PBS + 0.1% Tween 20. To detect auto-
phosphorylated EGFR (tyrosine residues), 100 pl of anti-
phosphotyrosine antibodies (RC20:HRP, Transduction
Laboratories) was added per well (final concentration
0.5 pg/ml in PBS) and incubated for 1 h. The plates were
then washed six times with PBS + 0.1% Tween 20.
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VEGFR tyrosine kinase inhibition is determined by
measuring the phosphorylation level of poly-Glu-Ala-
Tyr-biotin (pGAT-biotin) peptide in a homogeneous time-
resolved fluorescence (HTRF) assay. Into a black 96-well
Costar plate is added 2 pl/well of 25x compound in 100%
DMSO (final concentration in the 50 ul kinase reaction is
typically 1 nM to 10 uM). Next, 38 ul of reaction buffer
(25 mM Hepes, pH 7.5, 5mM MgCl,, 5mM MnCl,, 2
mM DTT, and 1 mg/ml BSA) containing 0.5 mmol
p-GAT-biotin and 3-4 ng KDR enzyme is added to each
well. After 5-10 min preincubation, the kinase reaction is
initiated by the addition of 10 uM ATP in the reaction
buffer, after which the plate is incubated at room
temperature for 45 min. The reaction is stopped by
addition of 50 ul KF buffer (50 mM Hepes, pH 7.5,
0.5 M KF, and 1 mg/ml BSA) containing 100 mM EDTA
and 0.36 pug/ml PY20K (Eu-cryptate labeled anti-phos-
photyrosine antibody, CIS Bio International) in KF buffer
is added, and after 2 h incubation at room temperature,
the plate is read in a RUBY Star HTRF reader.
Caravatti, G.; Bold, G.; Bruggen, J.; Furet, P.; Lane, H.;
Mestan, J.; Meyer, T.; Tang, C.; Wartmann, M.; Wood,
J.; Zimmerlin, A.; Traxler, P. AACR-NCI-EORTC Meet-
ing, Boston, MA, November 17-21, 2003, Poster #A118.





		Novel tricyclic azepine derivatives: Biological evaluation of  pyrimido[4,5-b]-1,4-benzoxazepines, thiazepines, and diazepines as  inhibitors of the epidermal growth factor receptor tyrosine kinase

		Acknowledgments

		References and notes






Available online at www.sciencedirect.com

Bioorganic &
Medicinal

‘ScienceDirect

Chemistry
Letters

=
ELSEVIER Bioorganic & Medicinal Chemistry Letters 16 (2006) 5190-5193

Synthesis of 16-mercaptohexadecylphosphocholine, a miltefosine
analog with leishmanicidal activity

Valentin Hornillos,* José Maria Saugar,’ Beatriz G. de la Torre,® David Andreu,°
Luis Rivas,® A. Ulises Acuiia®* and Francisco Amat-Guerri®*
dnstituto de Quimica Orgdnica, CSIC, Juan de la Cierva 3, 28006 Madrid, Spain
Centro de Investigaciones Bioldgicas, CSIC, Ramiro de Maeztu 9, 28040 Madrid, Spain

®Departament de Ciéncies Experimentals i de la Salut, Universitat Pompeu Fabra, Dr. Aiguader 80, 08003 Barcelona, Spain
dInstituto de Quimica Fisica Rocasolano, CSIC, Serrano 119, 28006 Madrid, Spain

Received 30 May 2006; revised 5 July 2006; accepted 5 July 2006
Available online 25 July 2006

Abstract—The alkylphosphocholine miltefosine (n-hexadecylphosphocholine, MT) has been introduced recently as a very
effective drug for the oral treatment of human leishmaniasis. However, the parasiticidal mechanism of MT at a molecular
level is far from being understood. Here we report the synthesis and biological characterization of 16-merca-
ptohexadecylphosphocholine, a thiol analog of MT which was designed to facilitate the search of MT interacting targets
within the parasite by a variety of analytical methods. This analog presents the same leishmanicidal effect as the parent drug
against Leishmania donovani promastigotes and Leishmania pifanoi axenic amastigotes, and has been used to develop an
affinity chromatography method to attempt the isolation of putative Leishmania proteins that bind to the phosphocholine part

of the molecule.
© 2006 Elsevier Ltd. All rights reserved.

Miltefosine (n-hexadecylphosphocholine, MT) is a syn-
thetic alkyl phospholipid with a major application in
the treatment of human leishmaniasis, a group of diseas-
es caused by the infection with Leishmania parasites.!->
MT is the first effective oral drug against both visceral®
and cutaneous*’ forms of the infection, preserving its
activity against antimonial-resistant parasites® or on
immunodepressed patients,” without the severe side
effects common to most of the first-line leishmanicidal
drugs.® In contrast, the information available on the ori-
gin of the efficient parasiticidal mechanism of MT and
on the metabolism and the subcellular interactions of
the drug in Leishmania is scarce.”!' Interestingly, it
has been known recently that MT induces apoptosis-like
death in Leishmania donovani,'>'? although the primary
targets of the drug remain to be determined. In fact, the
sole mechanism of Leishmania resistance to MT so far

Keywords: Miltefosine; Hexadecylphosphocholine; Leishmania; Para-
siticide; Mercaptophosphocholine.

* Corresponding authors. Tel.: +34 915622900x394; fax: +34
915644853; e-mail addresses: roculises@iqfr.csic.es; famat@iqog.
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0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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described consists in a faulty uptake of the drug,'# asso-
ciated to loss-of-function of a plasma membrane
translocator. '

The current knowledge on the structure-antiparasite
activity relationship of MT analogs is also limited."!®
It has been shown that an alkyl chain length of 16 or
18 methylene groups yields the highest in vitro activity,
while in vivo assays indicated that the C;4 analog is the
most active.!”>!'® MT analogs with the lipophilic groups
cyclohexylideneundecyl, adamantylideneundecyl, dode-
cylidenecyclohexyloxyethyl or tetradecylidene-cyclo-
hexyloxyethyl showed more in vitro leishmanicidal
activity than MT, and among them only the two latter
compounds demonstrated higher cytotoxicity in vivo
than the parent drug. Analogs with shorter chains such
as phenoxyhexadecyl or 2-naphthyloxyethyl groups
were devoid of activity.!® Regarding the polar head
group, it has been found that compounds with the termi-
nal trimethylammonium group, as in phosphocholine,
present higher in vitro activity than the corresponding
analogs with ammonium, N-methylpiperidinium, or
N-methylmorpholinium terminal groups.!”"! In addi-
tion, a few phosphocholine derivatives have been
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synthesized which contain a specific reporter group
(probe). That is the case of MT analogs bearing the tet-
rafluorophenylazido photolabeling group?® or nitroxide
paramagnetic  group.?! These compounds were
produced to investigate different aspects of the biologi-
cal effects of alkylphosphocholines, although the leish-
manicidal activity remains to be determined. Finally, a
fluorescent miltefosine analog has been obtained recent-
ly, in which the potent anti-Leishmania activity of the
parent drug has been preserved.?

The availability of SH-substituted analogs of MT with
antiparasite properties would be of great utility in the
search of possible mechanisms of activity of the parent
drug. First, these analogs would make it possible to
develop isolation techniques of putative MT receptors
and targets in Leishmania parasites based on affinity
chromatography methods.?* In addition, self-assembled
monolayers of miltefosine may be obtained by covalent
bonding of the SH-substituted analog to a gold sur-
face.?* This derivatized gold substrate may be used as
a specific sensor of Leishmania proteins that bind to
the phosphocholine part of the molecule. Finally, the
presence of the reactive SH-group in the MT analog
would allow both the covalent attachment to the drug
of a variety of probes (as biotin) and the reversible link-
age of carrier molecules.”> With these possible applica-
tions in mind, we wanted to report the synthesis and
preliminary study of the in vitro leishmanicidal activity
of 16-mercaptohexadecylphosphocholine (1, MT-SH),
a MT analog substituted with the moderately lipophilic
mercapto group at the end of the molecule alkyl chain.

ot i
R 160/(@\0/\/5\

Miltefosine (MT): R =H
1 (MT-SH): R=SH

Thiol 1 was synthesized from bromoalcohol 2 in three
steps (Scheme 1): (1) reaction of 2 with trityl sulfide,
yielding the thiol-protected alcohol 3 with 90% yield;2¢
(2) introduction of the phosphocholine group in 3 by
reaction with 2-chloro-2-oxo-1,3,2-dioxaphospholane
and trimethylamine;?” and (3) trityl deprotection with
triethylsilane/trifluoroacetic acid.?® Thiol 1 was thus iso-
lated in pure form as a white powder in amounts in the
range of hundreds of milligrams and with fair overall
yield (36%).%°

b,
Br/Q;OH —&> ppyc-s7 jgoH == 1
2 3
AN d, e f
HS ' COH
4

Scheme 1. Synthesis of thiol 1. Reagents and conditions: (a) Ph3;CSH,
K,CO3, MeOH, Ar, 90%; (b) 2-chloro-2-oxo-1,3,2-dioxaphospholane,
Me;N, MeCN, Ar, pressure tube, —78 °C, then rt, 2 h, and 70 °C, 4 h,
43%; (c) triethylsilane, TFA/CH,Cl, 1:1, Ar, rt, 1 h, 83%; (d) Ph;CCl,
DMF, Ar, rt, 48 h, 60%; (e) C1,SO, MeOH, Ar, 0 °C, then rt, 1 h, 98%;
(f) DIBAL-H, MePh, Ar, rt, 1 h, 85%.

Alcohol 3 could be also obtained, albeit with lower over-
all yield (50%), from the carboxylic acid 4, after trityl
protection of the terminal mercapto group and esterifi-
cation/reduction of the carboxylic acid group,*®3! fol-
lowing methods previously used for the incorporation
of protected mercapto groups to lipid molecules.3?

Thiol 1 is stable in solid form, provided it is stored at
low temperature under an inert atmosphere, and the
freshly prepared samples are free of disulfide derivatives,
as determined by Ellman titration®? and "H NMR spec-
troscopy. The MT-SH methanol solution is stable for
weeks at room temperature and in the presence of air.
However, 1 is slowly oxidized to disulfide in DMSO
solution, as other thiols.>*

The leishmanicidal activity of MT-SH was assayed in vi-
tro following standard protocols.3>3¢ In this way, the
inhibition of L. donovani promastigote proliferation by
MT-SH (Fig. 1B) and, more important, of Leishmania
pifanoi axenic amastigotes (Fig. 1D)—the form respon-
sible for the pathology in vertebrates—was found to
be identical to that of the parent drug (Figs. 1A and
C). The data of Fig. 1 also show that both, the original
drug and its mercapto analog, produce a reduced effect
on the respective MT-resistant strains. Furthermore,
the concentration-dependent leishmanicidal activity
was the same for both compounds, regardless of the par-
asite stage and the MT-resistance of the isolate assayed.
In fact, the difference between the respective LD5, values
(Table 1) has no statistical significance. Note also that
the similarity of the axenic amastigotes with those ob-
tained from infected macrophages has been demonstrat-
ed by functional, morphological, antigenic, and
metabolic criteria.’’

MT MT-SH
A B
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Figure 1. Leishmanicidal activity of miltefosine (MT) (A and C) and
16-mercaptohexadecylphosphocholine (MT-SH) (B and D), expressed
as the percentage of proliferation inhibition relative to that of parasites
grown in the absence of drug. Both compounds were tested on
Leishmania donovani promastigotes (A and B) and on Leishmania
pifanoi axenic amastigotes (C and D). (@) MT-susceptible parasites;
(V) MT-resistant strains. For experimental conditions, see Ref. 36.
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Table 1. Leishmanicidal (as in Fig. 1) activity of miltefosine (MT) and
16-mercaptohexadecylphosphocholine (MT-HS) in vitro

Parasite LDso* (uM)

MT MT-SH
L. donovani promastigote 5.3 (£0.5) 5.1 (%0.1)
L. donovani promastigote (MT-resistant) >50 >50
L. pifanoi axenic amastigote 5.0 (£0.2) 5.5(%0.1)

L. pifanoi axenic amastigote (MT-resistant) >50 >50

#LDsg: drug concentration required to inhibit 50% parasite prolifer-
ation; mean values of three experiments; standard deviation given
between parentheses.

The use of axenic amastigotes, which proliferate in the
absence of host cells, removes interfering effects due to
the uptake and transit of MT or its analog MT-SH
through the macrophage, in order to reach the intracel-
lular amastigote.

As noted above, the reactivity of the thiol group and the
potent antiparasite effect of 1 provide the basis for sev-
eral applications to investigate the MT leishmanicidal
mechanism, as well as that of drug’s resistances that
would likely emerge in treated patients. For instance,
we have prepared an immobilized form of MT by the
facile reaction of 1 with iodoacetyl-modified agarose.®
This material is being used as an affinity column to
capture putative MT target proteins from Leishmania
parasite lysates.
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Growth conditions. Promastigotes of L. donovani
(MHOM/SD/00/1S-2D) were cultured at 26°C in
RPMI-1640 medium (Gibco), supplemented with 10%
heat-inactivated fetal calf serum (HIFCS), gentamicin,
penicillin, and 2 mM glutamine. Resistant strains were
kindly provided by Prof. S. L. Croft (London School of
Tropical Medicine and Hygiene). L. pifanoi axenic
amastigotes (MHOM/VE/60Ltrod) were grown at 32 °C
in M199 medium (Gibco-BRL 31100), supplemented
with 20% HIFCS, 5% trypticase, and 50 pg/mL hemin,
pH 7.2. Its resistant strains were obtained from parasites
grown under a stepwise increase of MT concentration,
and cultured as the parental strain, except for the
addition of 40 pg/mL MT to the growth medium.
Antileishmanial activity determination in vitro. Parasites
harvested at a late growth exponential phase were
resuspended in the respective growth —medium
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(4x 10° parasites/mL) and transferred to a 96-microwell
plate (50 pL/well); an equal volume of MT solution in
growth medium at twice the final concentration was
added to each well. Parasites were allowed to proliferate
for 72 h at 27 °C (promastigotes) or for 120 h at 32 °C
(axenic amastigotes). Then, parasites were removed from
the plate and washed twice with 1 mL Hanks medium
(136 mM NaCl, 4.2mM Na,HPO,, 44 mM KH,PO,,
54mM KCI, and 4.1 mM NaHCO;, pH 7.2), supple-
mented with 20 mM b-glucose. Assay of inhibition of
parasite proliferation. Parasites were resuspended in
100 L of 0.5 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) solution in Hanks
medium. MTT reduction was carried out at 26 °C or
32 °C for promastigotes or amastigotes, respectively, for
2 h. The resulting formazan was solubilized by addition
of an equal volume of 10% w/v sodium dodecylsulfate,
and incubated overnight at 37 °C; absorbance was
measured at 595nm in a 450 Bio-Rad Microplate
Reader. All assays were performed in triplicate and
the experiments were repeated at least twice. LDsy (drug
concentration required to inhibit 50% parasite prolifer-
ation) was calculated using SigmaPlot software.

Pan, A. A.; Duboise, S. M.; Eperon, S.; Rivas, L.;
Hodgkinson, V.; Traub-Cseko, Y.; McMahon-Pratt, D.
J. Eukaryot. Microbiol. 1993, 40, 213.

Linking of MT-SH to agarose. A solution of thiol 1
(2 pmol) in a mixture of methanol (0.2 mL) and pH 8.50
buffer (50 mM Tris, 5 mM EDTA) (0.8 mL) was made to
react with iodoacetyl-modified agarose (SulfoLink Cou-
pling Gel, Pierce, Rockford, IL) (1 mL). The coupling
reaction was completed after 45 min at room temperature
(first 15 min with stirring), as determined by the negative
result of Ellman test for free SH-groups. After washing
with 1 M NaCl, any remaining iodoacetyl groups in the
agarose were blocked by cysteine (50 mM, conditions as
above).
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Abstract—In our continuing effort to identify CGRP receptor antagonists for the acute treatment of migraine, we have undertaken a
study to evaluate alternative 4-substituted piperidines to the lead dihydroquinazolinone 1. In this regard, we have identified the pipe-
ridinyl-azabenzimidazolone and phenylimidazolinone structures which, when incorporated into the benzodiazepine core, afford
potent CGRP receptor antagonists (e.g., 18 and 29). These studies produced a potent analog (18) which overcomes the instability
issues associated with the lead structure 1. A general pharmacophore for the 4-substituted piperidine component of these CGRP

receptor antagonists is also presented.
© 2006 Elsevier Ltd. All rights reserved.

The triptan class of 5-HTp/p receptor agonists repre-
sents the current standard of treatment for a migraine
attack; presumably due to 5-HT;g mediated nonselec-
tive vasoconstriction,! however, these compounds are
contraindicated in patients with cardiovascular disease.
Thus, development of a therapy devoid of these cardio-
vascular liabilities would represent a considerable thera-
peutic advance. Calcitonin gene-related peptide (CGRP)
has been implicated in the pathogenesis of migraine
headache? and clinical proof of concept has recently
been demonstrated with the intravenous administration
of the potent receptor antagonist BIBN 4096 (olcege-
pant).? Importantly, this efficacy was achieved without
an effect on cerebral or systemic hemodynamics.*

In this context, we have undertaken a research program
aimed at identifying small-molecule CGRP receptor
antagonists suitable for oral administration during a mi-
graine attack. A recent report from these laboratories
detailed the identification and initial SAR of a benzodi-

Keywords: CGRP; Antagonist; Migraine.

* Corresponding authors. Tel.: +1 215 652 2382; fax: +1 215 652 7310
(C.S.B.); tel.: +1 215 652 3087; fax: +1 215 652 3971 (T.M.W.);
e-mail  addresses:  christopher_burgey@merck.com;  theresa_
williams@merck.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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azepine high-throughput screening lead.’ Replacement
of the tetralone-derived spirohydantoin with a tradition-
al GPCR privileged structure,® namely the piperidinyldi-
hydroquinazolinone, afforded a series of potent CGRP
antagonists (e.g., 1: K; =48 nM, cAMP 1Csy = 34 nM).
A liability associated with this series of compounds
was that the dihydroquinazolinone suffered benzylic oxi-
dation under ambient laboratory conditions. Herein, we
report the development of a series of potent CGRP
antagonists containing alternative 4-substituted piperi-
dines which demonstrate improved stability profiles.

All compounds prepared were tested in the CGRP
receptor (recombinant human CLR/RAMP1) competi-
tive ['*IJCGRP radioligand binding assay (K;). Selected
compounds were subsequently tested for their functional
ability to inhibit CGRP-stimulated cAMP production in
whole cells (cCAMP ICsg).”

Initial focus was placed on the ring contracted ben-
zimidazolones (Fig. 1, 2), which would eliminate the oxi-
dation-prone benzylic position. As the unsubstituted
analog was previously shown to have weak affinity for
the CGRP receptor (Table 1, 4: K; = 2250 nM),” a series
of substituted benzimidazolones (5-17) were prepared in
an effort to improve potency. This study revealed that
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Table 1. Benzimidazolone SAR
F
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Compound R K (nM) cAMP
ICso (nM)
4 H 2250 1583
5 4-Me 6900
6 4-F 375 373
7 4-Cl 143 446
8 5-Me 6100
9 5-CF; 3800
10 5-F 2800
11 5-Cl >10,000
12 5-COH 810 715
13 5-CONH, 1055
14 5-SO,Me 260 220
15 6-F 983 1396
16 7-Me 20,000
17 7-Cl 6400
18 4-Aza 23 49
19 5-Aza 685 1381
20 6-Aza 853 1398
21 7-Aza 427 1135
22 4-Aza oxide 1000
23 4,6-Diaza 51 430
24 4,7-Diaza 156 286

#Values are means of 2 experiments.

the majority of these analogs did not lead to a significant
improvement in binding affinity (Table 1). Notable
exceptions included the S5-substituted methylsulfone
(14) and the 4-fluoro and chloro analogs (6 and 7),
which were substantially more potent in both the intrin-
sic CGRP binding and cAMP functional assays. Impor-
tantly, no decomposition of the benzimidazolones was
observed upon prolonged storage.

In an extension of this study, introduction of a nitrogen
atom into the benzimidazolone aryl ring (to form each
of the four possible pyridine isomers) revealed a pro-
found effect on potency: installation of the nitrogen at
the 4-position afforded a 100- and 30-fold improvement
in binding and functional potency, respectively (Table 1,
18). N-Oxidation of this derivative to give 22 led to a
40-fold loss in potency. Incorporation of the 4,6- and
4,7-diaza modifications gave 23 and 24, analogs which
retained good potency in the CGRP binding assay.

Having established the considerable potency improve-
ment upon incorporation of a nitrogen atom into the
benzimidazolone nucleus, we sought to exploit this fea-
ture within other piperidine-derived privileged struc-
tures. Unfortunately, a corresponding ‘aza binding
site’ does not appear to be operative in the context of
the dihydroquinazolinones, as preparation of all four
of the fused pyridine isomers led to decreased affinity
for the CGRP receptor (Table 2).

The phenylimidazolinone® (3, Fig. 1) is an alternative
heterocycle which maintains both the cyclic urea and
aryl substituent of the parent dihydroquinazolinone
but removes the benzylic site of oxidation. Preparation
of the phenylimidazolinone derivative 29 afforded a po-
tent CGRP receptor antagonist (Table 3, K; =11 nM,
cAMP ICsy =14 nM). A limited scan of phenyl ring
substituents (30-36) revealed that the addition of a
3-methoxy group produced a 10-fold improvement in
potency (31: K;=1.1nM, cAMP ICsy=5.1 nM).
Replacement of the phenyl with a 2-pyridyl ring, in an
effort to access the ‘aza binding site,” did not lead to
an improvement in binding affinity (37: K; = 27 nM).

Although incorporation of the piperidinyl-phenylimi-
dazolinone into the benzodiazepine-based template af-
fords very potent CGRP antagonists, this heterocycle
also experiences degradation under ambient laboratory
conditions. Decomposition products were observed
that are consistent with oxidation occurring at the
electron-rich double bond of the imidazolinone ring;®
consequently, a range of non-aryl imidazolinone sub-
stituents were explored in an attempt to stabilize this
ring system (Table 3, 38-44). Although these analogs

Table 2. Aza-dihydroquinazolinone SAR
FsC

Compound R K (nM) cAMP ICsy (nM)
1 H 48 34

25 8-Aza 295 616

26 7-Aza 350 224

27 6-Aza 320 627

28 5-Aza 965 1837

#Values are means of 2 experiments.
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Table 3. Imidazolinone SAR

Oy 6
O \/g “NH Q >¥NH
C

Table 4. Imidazolidinone SAR

Oy 5
O \/g "NH Q >¥NH
C

Compound R K (nM) cAMP
ICso (nM)

29 Ph 11 14

30 3-FPh 11 46

31 3-MeOPh 1.1 5.1

32 4-FPh 11 107

33 4-MePh 6.3 85

34 4-MeOPh 205 193

35 4-CF;0Ph 104 431

36 4-CHF,OPh 19 74

37 2-Pyr 27 37

38 CH,Ph 1125 450

39 CO,Me 110 156

40 CO,H 2900

41 CH,OH 20,000

42 CN 575 990

43 H 583 672

44 iPr 5337

#Values are means of 2 experiments.

were qualitatively more stable than their aryl conge-
ners, they experienced a significant loss of potency
(>10-fold). In contrast, the corresponding phenyltriaz-
olinone 45 (Chart 1) is a stable ring system® that only
forfeits 2-fold in CGRP receptor affinity. Additionally,
a range of reduced imidazolinones (i.e., imidazolidi-
nones) were prepared (Table 4, 49-53): these stable
analogs were significantly less potent than their dehy-
dro analogs.

Based on the SAR generated herein a general phar-
macophore for the 4-substituted piperidine privileged
structures can be proposed (Fig. 2). A 5- or 6-mem-

F3C
3\\ o
N

O :§ "NH >\\NH
O

K = 26 nM
CAMP ICs5o= 100 nM

S 8
N ) (O

@)

48
) 47' Ki =29 nM
inactive cAMP IC55 =100 nM

Chart 1.

Compound R K (nM) cAMP ICs, (nM)
49° H 855 3100

50° Ph 339 790

51° 2-Pyr 2000

52° 3-Pyr 1050

53° 4-Pyr 720 804

#Values are means of 2 experiments.
® Mixture of imidazolidinone diastereomers.

bered cyclic urea, with the terminal nitrogen unalky-
lated,’ appears to represent the basic criterion for
CGRP receptor affinity (e.g., 43 and 49). To increase
potency, this core ring can be substituted with an
aryl moiety, the orientation of which is crucial. When
n=0 (5-membered ring), a pendant aryl group
(X = Ar) is required: fusion of a benzene ring onto
43 to give 4 leads to a loss in potency, while append-
age of the phenyl group (as in 29) improves potency
by 50-fold.!® As evidenced by the moderate potency
of 50, the 5S-membered ring must also maintain a pla-
nar orientation to obtain full benefit of the aryl sub-
stituent. The inactivity of 47 serves to demonstrate
that when n=1 (6-membered ring) the aryl group
should be fused distally to the piperidine ring, as in
1.

Alternatively, substitution of the principal cyclic urea
core with a hydrogen bond acceptor (Fig. 2,
X = HBA) can deliver a large improvement in CGRP
receptor affinity. This strategy is demonstrated by the
comparison of 4 and 18 in which introduction of the
HBA ring nitrogen serves to improve potency by 100-
fold. Furthermore, the comparison of 49 to 48 reinforces
the concept that an aryl group is not required to deliver
potent CGRP antagonists, but can be attained with a
simple hydrogen bond acceptor.

Attempts to combine both an aryl group and a hydrogen
bond acceptor, as in 25 and 37, reveal that these potency
enhancing modifications appear to be mutually
exclusive.

The benzimidazolone SAR could be rapidly evaluated
using a modification of the literature conditions

>—NH
§—NC>* =X X=HBAor Ar

n\ /

Figure 2.
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Scheme 1.

(Scheme 1).!! Ethyl 4-amino-1-piperidinecarboxylate
could be added to a range of substituted o-halonitro-
aromatics 54, followed by nitro group reduction of the
product 55 with Zn metal in acidic methanol to deliv-
er the o-amino anilines 56. Ring closure with carbon-
yldiimidazole, followed by ethyl carbamate
deprotection, afforded the substituted benzimidazol-
ones 58.!2

Reductive cyclization methodology was implemented to
prepare the imidazolinones (Scheme 2).'* For example,
urea formation between the 4-aminopiperidine 59 and
phenylalanine methyl ester was accomplished using

2T
Cl)ko

Q
THF, EtsN H—NH
N e
2 MeO,C

5 MeO,C™ "Bn
° *" 95% 60
0
1) Dibal-H }¥NH H,, Pd/C
— > BnN N —_—
2) 4N HCI Bn  AcOH/MeOH
36% 61 86%

1
NH
'es
=,
62

Scheme 2.

T
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(0]
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INH: HO
63 MeO,C OH o
87%
O
Dess-Martin
Periodinane BocN/\:}N)\NH TFA
—_— _—
85% CO,Me 95%
65
;N
NH
o
—
\)\COQMe
66
Scheme 3.

4-nitrophenyl chloroformate. Half-reduction of ester
60 was followed by acid-catalyzed cyclodehydration to
form the imidazolinone 61. Deprotection then afforded
the desired piperidine 62.

Alternatively, substrates which contain functional
groups that are acid labile, or susceptible to Dibal-H
reduction, can be prepared via an oxidative variant
of the preceding route (Scheme 3). Amino alcohols,
such as serine methyl ester, are coupled to the 4-amin-
opiperidine 63 to afford the urea 64. Treatment with
Dess—Martin periodinane produces the imidazolinone
65 directly and does not necessitate a separate dehy-
dration step.

The piperidines prepared through the preceding routes
(Schemes 1-3) were converted to the final ureas using
the previously disclosed method.>

In conclusion, we have identified the piperidinyl-aza-
benzimidazolone and phenylimidazolinone as alterna-
tive privileged structures which when incorporated into
the benzodiazepine core afford potent CGRP receptor
antagonists (e.g., 18 and 29). The former analog (18)
overcomes the instability issues associated with the lead
structure 1. A general pharmacophore for the 4-substi-
tuted piperidine component of these CGRP receptor
antagonists was also proposed. The optimization of this
series is currently being pursued and the results will be
disclosed in due course.
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Abstract—Bioisosteric replacement of piperazine with an aryl ring in lead VR 1 antagonist 1 led to the biarylamide series. The devel-
opment of B-ring SAR led to the conformationally constrained analog 70. The resulting aminoquinazoline 70 represents a novel
VRI1 antagonist with improved in vitro potency and oral bioavailability vs the analogous compounds from the lead series.

© 2006 Elsevier Ltd. All rights reserved.

TRPV1 (VRI1 receptor) is a member of the transient
receptor potential family of ion channels and is localized
on primary afferent neurons as well as sensory neurons
inervating the bladder and gut. Activation of VR1 on
sensory neurons by chemical stimulants including capsa-
icin and resiniferatoxin, as well as low pH and heat,
leads to an influx of calcium and sodium ions through
the channel, causing depolarization of the cell and trans-
mission of painful stimuli. It is now generally hypothe-
sized that direct blockade of the channel should
provide a clinically effective therapeutic method to treat
pain.

Therefore, the identification of selective and potent
antagonists of VR1 has become a focus of attention
within the pharmaceutical industry.!

Among the earliest non-vanilloid VR1 antagonists to
appear in the patent literature were the arylureas e.g.,
1 (Fig. 1) which we originally discovered several years
ago through screening of our compound library.? Sever-
al other groups have independently reported on the
SAR of these and related VR1 antagonists.®> The

Keywords: VR1; TRPVI1; Pain; Bioisostere; Quinazoline; Ureas;

Antagonist.

* Corresponding author. Tel.: +1 203 315 3073; fax: +1 203 481
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0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Bioisosteric replacement of the piperazine by a phenyl ring.

arylureas have proven to be valuable tools to explore
pre-clinical VR1 pharmacology,* although the commer-
cial potential of the best characterized members of the
series has generally been limited due to a variety of
issues including poor aqueous solubility, poor oral
exposure, and metabolic/chemical instability. During
our own SAR exploration of the arylurea series it was
discovered that bioisosteric replacement of the pipera-
zine B-ring with an aryl-ring was feasible (e.g., 1 and
2, Fig. 1) with minimal loss of potency at the VR1 recep-
tor.> The resulting arylcarboxamides offered several pos-
sible advantages, among them: (1) increased metabolic/
chemical stability; (2) more direct access to under-
explored regions of the arylurea pharmacophore via
substitution on the B-ring; (3) a springboard from which
to develop novel second generation VR1 antagonists.
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This letter highlights the pertinent SAR of the A-, B-,
and C-rings of the biarylamides with emphasis on the
B-ring and how this related to the discovery of a series
of aminoquinazolines with potent VR1 antagonist activ-
ity. The compounds were assayed for their ability to
inhibit capsaicin activation of human VR1 receptors
using fluorometric imaging plate reader (FLIPR) tech-
nology as well as their ability to inhibit the rat VRI
receptor upon activation at low pH (5.0-5.5).% The data
are presented in Tables 1-3. The compounds in the
study were conveniently prepared by the route outlined
in Scheme 1.

In general, the SAR with respect to simple substitutions
on the A- and C-rings tracked well with the arylurea ser-
ies. For example, the preferred A-ring was a pyridin-2-yl
linkage with a 3-substituent (e.g., 3-CF3, 3-Me or 3-Cl).
Substitution at other positions of the A-ring or replace-
ment of the A-ring with a variety of five and six mem-
bered heterocycles resulted in a significant loss of
potency (data not shown). The optimal substitution on
the C-ring incorporated a lipophilic group (e.g., CF;
or 'butyl) at the para-position of the aniline (2 and 11,
Table 1). Smaller alkyl groups (12 or 18) or more-hydro-
philic groups (9 or 13) led to a degradation of VRI
antagonist potency. A pyridine C-ring was tolerated as
long as the requisite lipophilic group was present in
the para-position (see 10 vs 19). The data illustrate the
effectiveness of these compounds in blocking the VRI1
receptor irrespective of species (human or rat) or modal-
ity of activation (capsaicin or low pH). While the simple

Table 1. Biarylamides with A- and C-ring variations®

Hn- AT
R (6]
A
(An
Compound R Ar hVR1-cap® rVRI-pH®
(nM) (nM)

1 Figure 1 17 11

8 CF; Ph >4000 nd

2 CF; 4-CFy-Ph 14 26

9 CF; 4-CN-Ph 417 1299
10 CF; 5-CFy pyridin-2-yl 24 65
11 CF; 4-tert-Butyl-Ph 6 4
12 Me 4--Propyl-Ph 73 43
13 Me 4-OMe-Ph >4000 >4000
14 Me 4-F-Ph >4000 >4000
15 Me 4-Cl-Ph 1502 2024
16 Me 4-OCF5-Ph 974 896
17 Me 4-Br-Ph 189 366
18 Me 4-Me-Ph 2585 >4000
19 Me Pyridin-2-yl >4000 >4000
20 Me 4-CF;-Ph 65 81
21 Me  4-tert-Butyl-Ph 11 9
22 Cl  4-tert-Butyl-Ph 8 2
23 Cl  4-CFs-Ph 58 nd

#Values are means of 2-4 experiments, (nd = not determined).
®Values are ICsos at human VR1 receptor activated by capsaicin.
°Rat VRI receptor activated by low pH (5.0-5.5).

Table 2. Biarylamides with A-ring 3-position variations®

Compound R hVRI-cap® rVRI-pH®
(nM) (nM)

24 H 11 8
25 F 3 1
21 Me 13 10
22 Cl 8 2
11 CF; 7 4
26 O-propyl 62 20
27 CN 30 13
28 NO, 5 5
29 NH, 123 325
30 NH-propyl 158 37
31 NH-cyclopentyl 190 44
32 NH(C=0)Me 1106 290
33 NHOH 49 5
34 NHSO,Me 152 35
35 NMeSO,Me 39 9
36 NHSO,Et 49 4
37 N(SO,Me), 0.8 0.4
38 NHSO,-n-butyl 162 141
39 NHSO,CH,Ph 377 159
40 NHSO,Ph 91 166
41 CH,OH 168 88
42 CO,H >4000 560
43 C(=N)NH, >4000 >4000
44 CH,;N(Me), 746 234
45 CH,N(Et), 1412 334
46 CH,;NH-propyl 4303 639
47 CH,—pyrrolidin-1-yl 1527 196
48 Imidazol-2-yl 3669 694
49 2-Me-1,3,4-oxadiazol-5-yl 387 34
50 1,3,4-Oxadiazol-2-yl 91 59
51 Tetrazol-5-yl >4000 >4000

#Values are means of 2-4 experiments, (nd = not determined).
®Values are ICsos at human VR1 receptor activated by capsaicin.
“Rat VR1 receptor activated by low pH (5.0-5.5).

biarylamides maintained much of the in vitro potency of
the corresponding arylureas (e.g., 2 vs 1), the com-
pounds also retained the less desirable drug-like proper-
ties of the corresponding ureas, most notably poor
aqueous solubility. For example, the most potent exam-
ple, 11 (hVRI1 =6 nM), exhibited a bioavailability in
rats of only 2%, as well as poor aqueous solubility (be-
low limit of quantitation, BLQ) in our high throughput
solubility (HTSol) assay.®

Utilizing our knowledge of arylurea SAR, we focused
our efforts to solubilize these compounds on the 3-posi-
tion of the A-ring, a position more tolerant of substitu-
tion (Table 2).

Among the neutral hydrophilic substituents, several sul-
fonamides (35-37, and 40) exhibited a modest improve-
ment in aqueous solubility (HTSol 1-20 pg/mL) versus
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Table 3. Biarylamides with B-ring variations®

HN

Compound R B-ring (substituents) hVRI1-cap® rVRI-pH®
(nM) (nM)
1 Figure 1 17 11
2 CF; }@% 14 26
52 CF; 2-Me 257 192
53 CF; 3-F 131 348
54 CF; 3-Cl >4000 2403
55 CF; 3-OH 43 36
56 CF; 3-NH, 93 103
57 CF; 3-NO, 392 222
58 CF; 3-OMe >4000 1044
59 CF; 3-N(SO,Me), >4000 >4000
60 CF; 3-NHSO,Me 1015 722
61 CF, @% 60 56
N
7 N\
62 CF; HN >4000 764
0]
63 CF; \N / 259 263

—N

64 CF; }{ )5 42 60
N

65 Me }@% 64 79

66 Me 2-Me 233 190
67 Me 3-Me >4000 4000
68 Me &4 624 583
N
69 Me S\ /% 1779 1583
N

#Values are means of 2-4 experiments, (nd = not determined).
®Values are ICsos at human VR receptor activated by capsaicin.
°Rat VRI1 receptor activated by low pH (5.0-5.5).

the parent compound 24 (HTSol BLQ) but only double-
digit nanomolar potency at VR1 was attainable. The
bis-sulfonamide 37 (hVR1 = 0.8 nM) exhibited the high-
est potency of any of the biarylamides, however, this
compound rapidly reverted to the mono-sulfonamide
34 upon treatment with nucleophilic amines, making it
unsuitable for further development. Basic amines (e.g.,
44, HTSol 50 ug/mL) or acidic functionalities (e.g., 42,
HTSol 104 pg/mL) offered a much improved solubility
profile but were less potent at VRI (746 to
>4000 nM). Similarly, the incorporation of small het-
erocycles (48-51) yielded compounds with modest or
weak potency.

Oy e
a
.
(HO).B HaoN
3 4

(HO)2B

a o

AR

RN o
R = NHy b
R = NHSO, R? Ne/ c

R = NH,
R = NHalkyl

R=CN
R=CHO
R=CHyNR3R*

oy)
(@]

f

g
R =CHO |

h Lo RZGH,on N 7

Scheme 1. General synthesis (a) BOP, CH,Cl,, (b) 2M Na,COs,
Pd(PPhs),, DME, 80 °C, (c) SnCl, - 2H,0, EtOAc, reflux, (d) MsCl,
TEA, CH,Cl, (e) alkyl-CHO, NaBH(OAc);, HOAc, DCE, ()
DIBAL, CH,Cl,, —78 °C, (g) NHR®R*, NaBH(OAc)s, DCE, HOAc,
and (h) NaBH,, EtOH.

Exploration of the central ring (Table 3) was of primary
importance since this region was less accessible synthet-
ically in the arylurea series and largely unexplored. The
introduction of small lipophilic groups was investigated
first. At the 2-position, methyl substitution gave a 4- to
18-fold decrease in potency compared to the parent ana-
logs (52 vs 2 and 66 vs 65). At the 3-position, introduc-
tion of a chloro- (54) or methyl-substituent (67) resulted
in an even more dramatic loss in potency. A similar
trend was observed for the 2-pyridyl analogs 61 and
63 (Table 3). Conformational analysis of 2 using the
MMFFs force field” suggests that the central phenyl ring
is twisted with respect to the amide bond by 35° in the
minimized structure, although enforcing planarity of
the benzamide requires only 1.2 kcal/mol. By making
the planar benzamide unit energetically inaccessible
through 3-Cl substitution, a large reduction in VRI
potency was observed. Conversely, introduction of a
small hydrogen bond donor at the 3-position gave com-
pounds only slightly less potent at VR1 than the parent
2. For example, the 3-OH (55) and 3-NH, (56) analogs
are capable of forming a hydrogen bond with the amide
carbonyl thereby enforcing planarity of the benzamide
unit. Analogs, such as the 3-OMe (58, >4000 nM) or
3-NO; (57, 392nM) which contain H-bond acceptor
groups only and which were capable of forming
H-bonding interactions with the aniline NH, were

CF5 >N
X N)
N
70
hVR1 =43 nM hVR1=1.1 nM
r'VR1 =36 nM r'VR1 =1.4nM

Figure 2. Heterocyclization of the biarylamide to the amino-
quinazoline.
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CFs CF4
O e T
‘ + - x
N (HO),B N
71 73

72
b, c
H
CF3 COZH § CF3 002
‘ A NH, ‘ A NO,
~-N N
75 74
ef CFs
Cl HN
9
CF3 >N CF3 SN
X N) X N)
| N | N 20
76

Scheme 2. Reagents and conditions: (a) 2M Na,CO;, Pd(PPhs),,
DME, 80 °C, 83%; (b) HNOs, 0 °C, 100%; (c) KMnOy, pyridine, H,O,
63%; (d) Hy, Pd/C, 92%; (¢) HCONH,, 63%; (f) OPCl;, 72%; (g)
4-trifluoromethyl aniline, IPA, 94%.

significantly less potent at VR1. Therefore, although it is
possible to achieve planarity via intramolecular H-bond-
ing of 3-substituents with either the carboxamide N-H
or the carbonyl oxygen, the data in Table 3 suggest that
the latter is preferred from a binding energy perspective.
The reasons for this are not clear but could be due to
severe spatial constraints near the amide N-H.

Incorporation of hetero-atoms into the B-ring was also
examined (e.g., 64, 68, and 69) and led to a diminution
in VR1 potency.

To investigate the notion that rigidifying the B-ring ori-
entation through hydrogen bonding interaction with the
carbonyl group (as in 55, Fig. 2) is a promising approach
to enhance VR1 potency, we synthesized the conforma-
tionally constrained biarylamide 70 (Scheme 2, Fig. 2).
The resulting quinazoline (70, hVR1 = 1.1 nM) was 10-
fold more potent in the human VR1 FLIPR assay than
either the parent urea 1 (17 nM) or the parent carbox-
amide 2 (14 nM). As with compounds 1 and 2, 70 was
devoid of agonist activity (HEK 293 cells expressing
human VR1) at concentrations up to 4 pM.

The rat pharmacokinetic (PK) profiles of the arylurea 1
and the aminoquinazoline 70 are compared in Table 4.
Similar pharmacokinetic profiles were observed for 1
and 70 following intravenous (iv) dosing at 3 mg/kg in
67% PEG/water vehicle. Both compounds exhibited

Table 4. Pharmacokinetic profiles of 1 and 70

Compound Tip CL V4 Tinax F
(h  (mL/minkg) (Lkg) (b %)
1 7.2 39 12 0.5 27
70 8.1 23 12.5 0.7 99

moderately high clearance and relatively long half lives
due to a large volume of distribution.

Although 70 was not demonstrably better in terms of its
aqueous solubility (HTSol = BLQ), oral pharmacoki-
netics experiments revealed that 70 significantly outper-
formed 1 with respect to oral bioavailability (99 and
27%, respectively). The lower clearance exhibited by 70
is partially responsible for this improvement in oral
exposure, however, factors such as increased rigidity
and/or fewer rotatable bonds may also contribute.’

In conclusion, bioisosteric replacement of the piperazine
of the urea lead 1 led to the biarylamide series. The
improved VRI1 potency of biarylamide analogs with
hydrogen bond donors at the 3-position of the B-ring
suggested that enforcing planarity of the benzamide unit
through interaction with the carbonyl group was a
promising approach. To investigate this possibility the
conformationally constrained analog (70) was prepared.
Aminoquinazoline 70 represents a novel VR 1 antagonist
template with improved in vitro potency and oral bio-
availability relative to the corresponding urea or carbox-
amide series compound. While the aminoquinazoline
template retains all the pharmacophore features of the
arylureas and biarylamides, the new template also pro-
vides additional handles for further optimization. Fur-
ther exploration of the SAR and biology of the
aminoquinazoline series will be reported in due course.
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Abstract—The following structurally diverse S5-substituted-2’-deoxyuridine nucleosides displayed potent in vitro antileishmanial
activity: 5-formyl, 5-(2,2,-dicyanovinyl)-, 5-(2-cyano-2-ethoxycarbonylvinyl), 5-(2-cyano-2-methoxycarbonylvinyl)-, 5-(2-amino-3-
cyano-5-0x0-5,6,7,8-tetrahydro-4 H-chromen-4-yl)- and related congeners, and the 5-(3-methyl-5-oxo-1-phenyl-4,5-dihydro-4 H-pyr-

azol-4-ylidene) group.
© 2006 Elsevier Ltd. All rights reserved.

Leishmania is protozoan parasitic human disease caused
by any of 20 different species of Leishmania and is trans-
mitted by the bite of some thirty species of phlebotomine
sandflies.! The disease presents in four forms of increas-
ing severity: diffuse cutaneous leishmaniasis, cutaneous
leishmaniasis, mucocutaneous leishmaniasis, and viscer-
al leishmaniasis (Kala Azar). At least 12 million individ-
uals are infected worldwide with 2 million new cases
occurring each year. Recently, HIV coinfection has add-
ed dangerous new dimensions to leishmaniasis.!? First,
visceral leishmaniasis accelerates the on set of AIDS
from HIV, and second, HIV facilitates the spread of
Leishmania. Presently, epidemics of cutaneous leishman-
iasis exist in Afghanistan and Pakistan, and there is an
epidemy of visceral infection in India and Sudan. In
Brazil, visceral leishmaniasis is a reemerging disease.!

Four different drugs are used in the treatment of leish-
maniasis including pentavalent antimony compounds
(sodium stibogluconate and meglumine antimoniate),
Amphotericin B and its liposomal form, and Miltefo-
sine. All are toxic and resistance is well described for
antimonials whereas resistance to amphotericin B and
miltefosine is at risk, and only the latter can be admin-
istered orally.!-?

Peyron and co-workers® reported recently on a series
of 5-heteroaryl-2’-deoxyuridine analogues, which pos-

Keywords: Pyrazolone; Chromene; Cyanovinyl; Orthopoxvirus.
* Corresponding author. Tel.: +1 9285230923; e-mail: Paul. Torrence@
nau.edu

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

doi:10.1016/j.bmcl.2006.07.042

sessed significant activity against Leishmania donovani
promastigotes. The nature of the pyrimidine 5-substitu-
ents that provided active antileishmanial nucleosides
included thiazole, thiophene, benzothiazole, and benzo-
thiophene. The considerable steric size of these substitu-
ents and their attendant antileishmanial activities was of
special interest as we have just reported on the synthesis
and strong in vitro anti-orthopoxvirus activity of several
pyrimidine nucleosides with diverse and often quite
bulky 5-substituents.*® Therefore, we have examined
the ability of these new nucleosides to inhibit L. dono-
vani growth in culture.

The starting point for this exploration (Fig. 1 and Table
1) of the antileishmanial activity of 5-substituted pyrimi-
dine nucleosides may be considered as 5-formyl-2’'-deoxy-
uridine (1), a potent inhibitor. This activity was lost upon
3’,5'-diacetylation of the hydroxyls (compound 2). Con-
version of the aldehyde to the nitrile to give 5-cyano-
2'-deoxyuridine (3) also resulted in an inactive agent.
Introduction of the dicyanoalkene motif to the pyrimi-

o)
R fj\ NH
o
R'O
o
OR'

Figure 1. Generic structure of compounds evaluated in Table 1.
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Table 1. Antileishmanial® activities of 5-substituted pyrimidine nucleosides®

(o]
R | NH
N e}
R'O
o
OR'

Compound R R’ 1Cso (uM)
1 -CHO H 0.9+0.1
2 -CHO Ac >100
3 -CN H >100
4 ~C(H)=C(CN), H 1.5£0.2
5 —~C(H)=C(CN), Ac 30.1£2.8
6 ~C(H=C(H)CN (E, 2) H 92
7 ~C(H=C(H)CN (E) Ac >100
8 ~-C(H=C(H)CN (2) Ac >100
9 —~C(H)=C(CN)COOEt (E, Z) H 19202

10 ~C(H)=C(CN)COOEt (E, 2) Ac 39.1+42

11 ~C(H)=C(CN)COOMe (E, Z) H 73%0.6

NH,
NCo A
12 H 14%0.1
o
13 Same as 12 Ac 68.7+£6.9
NH,
NC
[¢]
14 H 9.4%0.8
(o)
CHj
15 Same as 14 Ac >100
NH,
Neo A
16 H >100
o CH,
CH3
17 Same as 16 Ac 80472
NH,

NC

Ac 859+9.7

i

)
18
L W,
NH,
NC._

19 ‘ H 84%09

20 Same as 19 Ac 953+8.5

o
o
l

21 H >100

22 Same as 21 Ac 80.2 6.7
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Table 1 (continued)

Compound R R’ I1Cso (uM)
23 H 6.2%0.7
Hac\'Iq
CH,
24 Same as 23 Ac 100
NH,
Et00C, A\
25 H 105+ 1.5
O
NH,
Et00C. A
26 H 72%038
o CHs
CH3
27 Same as 26 Ac >100
NH,
NCo A
28 H >100
<
NH, s
e A
29 O H >100
HO l
30 Same as 29 Ac >100
3.0£0.2

H

o
N
31 \N H
NS
E CH,

#In vitro evaluation on promastigote forms. Promastigote forms of a L. donovani LV9 clone and the standard drugs pentamidine and amphotericin B
were used for the assay. M-199 medium supplemented with 40 mM HEPES, 100 uM adenosine, 0.5 mg/ml hemin, 10% heat-inactivated fetal calf
serum (hi-FCS), and 50 pg/ml gentamycin was added to each well of a 96-well microtiter plate. Serial drug dilutions were added to the wells. Then
2 x 10° promastigote forms of L. donovani in 100 pl were added to each well and the plate incubated at 27 °C (under a 5% CO, atmosphere) for 72 h.
Each concentration was screened in triplicate. The viability of promastigotes was checked using the tetrazolium-dye (MTT) colorimetric method.
The MTT cell proliferation assay is a colorimetric assay system, which measures the reduction of a tetrazolium component (MTT) into an insoluble
formazan product by the mitochondria of viable cells. After incubation of the cells with the MTT reagent, a detergent solution was added to lyse the
cells and solubilize the colored crystals. The samples were read using an ELISA plate reader at a wavelength of 570 nm. The amount of color
produced was directly proportional to the number of viable cells. The results are expressed as the concentrations inhibiting parasite growth by 50%
(IC s0) after a 3-day incubation period. Under these conditions, the ICsy of pentamidine was 6.6 £ 0.7 pM, the ICsy of amphotericin B was
0.10 £ 0.02 pM, and the ICs of zidovudine, a pyrimidine nucleoside, was at 3.4 £ 0.3 uM.

® Nucleosides were obtained as described.*”’

dine base provided potently active compound 4. As with
compound 1, acetylation of the sugar hydroxyls (com-
pound 5) resulted in a significant diminution (20-fold)
of activity. Removal of one of the two cyano groups of
4 gave compound 6 with 60-fold decreased activity that
was mirrored by the inactivity of its separate isomers in
their acetylated forms (compounds 7 and 8). One nitrile

moiety could, however, be modified to an ethyl or methyl
carboxyl ester to retain potency as shown with com-
pounds 9, 10, and 11. Within this series, the ethyl ester
(compound 9) was about fourfold more active than the
methyl ester (compound 11), and again, acetylation of
the deoxyribose hydroxyls (compound 10) effected a
20-fold decrease in antileishmanial potency.
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Investigation of ‘hypermodified’ pyrimidine nucleosides,
derived from synthetic hybridization of two different
privileged drug scafffolds, provided a series of potent
antileishmanial agents. This series begins with the sim-
plest congener, 5-(2-amino-3-cyano-5-0x0-5,6,7,8-tetra-
hydro-4 H-chromen-4-yl)-1-(2-deoxypento-furanosyl)py-
rimidine-2,4(1 H,3H)-dione (12), that displayed an
antileishmanial ICs, of 1.4 uM. As before, sugar OH acet-
ylation (compound 13) caused a diminution (48-fold) of
activity. The introduction of a single methyl group to
the 7-position of the chromene ring (compound 14) result-
ed in an activity decrease (6.7-fold) to an ICs, of 9.4 uM
whereas an additional methyl group at chromene ring po-
sition 7 produced compound 16 and a complete loss of dis-
cernable activity. The deoxyribose diacetylation of
compound 14 to yield compound 15 brought about a loss
of bioactivity. Strangely, in the case of compound 16,
deoxyribose acetylation gave compound 17 that pos-
sessed some marginal albeit greatly reduced activity
(ICsp = 80 uM) compared to the other structures.

Introduction of aromatic substituents at chromene ring
position 7 had varying effects depending on the nature
of the substituent. The diacetylated 7-phenyl substitu-
tion gave compound 18 with only marginal activity. In
this case, the unsubstituted analogue was not available
for comparison. However, placement of a p-fluorophe-
nyl group at the 7-position of the chromene ring (19)
resulted in good antileishmanial activity (ICsy = 8.4 uM)
with diacetylation (20) causing an 11-fold reduction in
activity. The similar substitution of the p-chlorophenyl
group, however, gave a compound (21) devoid of activ-
ity with only some marginal activity in its diacetate (22).
When a p-dimethylamino moiety was placed at chro-
mene ring position 7, compound 23 was created with
good antileishmanial activity (ICsq = 6.2 uM); however,
the diacetylation of 23 to give compound 24 gave com-
plete loss of activity.

The 3-cyano group of compound 12 could be replaced
with the ethoxycarbonyl function (in compound 25)
with less than a 10-fold decrease in potency. Surprising-
ly, this same modification effected on the inactive
dimethylchromene congener (compound 16) gave rise
to compound 26 with considerable activity
(ICs59 = 7.2 uM). As expected, the deoxyribose diacetate
of 26 (compound 27) was without activity.

Certain other major modifications to the chromene ring
provided analogues without detectable antileishmanial
activity. Thus, the benzopyran compound 28, considered
an analogue of compound 23, was inactive. Likewise the
benzochromene 29 (or its diacetate 30) were also without
activity. However, the methyl phenyl substituted pyrazo-
lone-pyrimidine nucleoside (compound 31) displayed
potent antileishmanial activity (ICsq = 3 pM).

These results suggest several conclusions.

1. Although the active compounds were, aside from their
pyrimidine nucleoside origin, of diverse structure, within
reasonable related structures, there were distinct and
dramatic structural dependencies. For instance, in the

S5-vinylic congeners (compounds 4, 6, 9, and 11), it
appeared that antileishmanial activity required two po-
lar substituents on the terminal position of the alkene.
Thus while compounds 4, 9, and 11 possessed significant
activity, the monocyano analogue (as an E, Z mixture)
was virtually inactive. Perhaps the most dramatic exam-
ple of structure-activity dependence came from the
unsubstituted, monomethyl, and dimethyl 2-amino-3-
cyano-oxochromene series, compounds 12, 14, and 16,
wherein increasing methylation caused a decreasing
antileishmanial activity. Finally, at least one structure—
activity pattern was somewhat perplexing. Compound
19, with its p-fluorophenyl substituent, possessed strong
antileishmanial activity. This activity was abolished in
the p-chlorophenyl congener 21, but remarkably re-
gained by the p-dimethylamino analogue 23. The com-
plete inactivity of the p-chlorophenyl analogue in view
of the strong activities of the compounds bearing strong-
ly electron-withdrawing fluorine and the strongly elec-
tron-donating dimethylamino moiety must be a matter
for further investigation.

2. In all cases, when the parent nucleoside possessed
strong antileishmanial activity, acetylation of the sugar
hydroxyls caused a dramatic decrease in bioactivity. This
would be most easily understood in terms of transporter
recognition since the Leishmania promastigotes are
known to possess a pyrimidine/purine transporter.®
Indeed, five compounds were more active than the pyrim-
idine nucleoside zidovudine (AZT), and the most efficient
was compound 1, which was three times more active than
the Zidovudine nucleoside reference compound.

3. Since most of the compounds described herein were
chosen for this study based upon their surprising anti-or-
thopoxvirus activities, it is instructive to compare and
contrast their activities against Leishmania promastigotes
as opposed to orthopoxviruses (as represented by vaccinia
virus (VV) and cowpox virus (CV)). Thus, 5-formyl-2’-de-
oxyuridine (compound 1) as shown here possessed potent
antileishmanial activity, but was devoid of any activity
against VV and CV. The dicyanovinyl congener (4),
potently active against Leishmania, was also potently ac-
tive against CV and VV. In distinct contrast, however, the
monocyanoanalogue, inactive against Leishmania, was
very active against VV and CV. Compound 9, active here
against Leishmania, was also active against VV and CV.
However, in stark contrast is the entire series of 7-substi-
tuted oxochromenes. While, as described above, there
were distinct and considerable differences in these (com-
pounds 12, 14, 16, 19, 21, 23) in their activity against
Leishmania, against the orthpoxviruses, CV and VV, they
were all potent inhibitors. Finally, the pyrazolone, com-
pound 31, was a potent inhibitor of both Leishmania
and orthopoxviruses.

4. 5-Substituted pyrimidine nucleosides, including those
with substantial steric size and bearing polar substitu-
ents, are a rich depot for further exploration as antileish-
manial agents.

5. Finally, compounds having both antiviral and antile-
ishmanial activities are of interest because in endemic
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countries, patients are often affected by several patho-
gens, which synergize their deleterious effects on health.
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Abstract—Agonists of NR2E3 (PNR, RNR) have been identified and optimized to ECsy <200 nM. A tritiated analogue of one

agonist was prepared to aid in the development of a binding assay.

© 2006 Elsevier Ltd. All rights reserved.

Age-related macular degeneration (AMD) is a leading
cause of blindness in the Western world which affects
10 million patients in the United States.! Loss of vision
and eventual blindness has been related to the degener-
ation of photoreceptor cells in the macula, the center
portion of the retina. The death of photoreceptor cells
is associated with dysfunction of the retinal pigmented
epithelium, which serves many critical roles in mainte-
nance of rods and cones including cycling of visual
pigments derived from retinol (vitamin A).?

Photoreceptor-specific nuclear receptor (PNR3*, also
known as RNR*® and NR2E3) is a recently discovered?
orphan nuclear receptor which, as its name implies, is
expressed exclusively in rod photoreceptor cells of the
retina.>®* In addition to its localization in the retina,
several lines of evidence implicate NR2E3 in the pro-
gression of photoreceptor degeneration. For instance,
NR2E3 mutations in humans have been correlated with
various retinal diseases® and rd7 mice, which contain a
sporadic genomic deletion within the gene coding for
NR2E3, exhibit abnormal development of rods and

Keywords: NR2E3; PNR; RNR; Age-related macular degeneration;

AMD; Nuclear receptor; Ophthalmics.

* Corresponding author. Tel.: +1 215 652 0821; fax: +1 215 652
6345; e-mail: scott_wolkenberg@merck.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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cones, and progressive reduction in their function.*
Based on these associations and other evidence,
NR2E3 is an attractive target for intervention in AMD.

High throughput screening of the Merck sample collec-
tion generated a series of leads which exhibited NR2E3
agonism.® Agonism was assessed using a GAL4DBD-
NR2E3LBD chimera in a recently described transactiva-
tion-based PB-lactamase assay.® Because no endogenous
ligand for NR2E3 is known, this assay was developed
in parallel with a functionally analogous thyroid hor-
mone nuclear receptor GAL4ADBD-TRLBD chimera
assay. Since TR is well characterized and its native
ligand is known, this pairing confirmed a functioning
NR2E3 assay and enabled an initial determination of
agonist selectivity. Structures of positive hits, which rep-
resent the first known agonists of NR2E3, are presented
in Figure 1.

It is noteworthy that 13-cis-retinoic acid (1), a natural
retinal pigment, exhibits limited properties of an
NR2E3 agonist in cell-based assays and does so only
at very high, non-physiological concentrations. There-
fore, optimization efforts focused on the more potent
compound 2. An important complement to the
NR2E3 B-lactamase transactivation assay, the NR2E3
NCOR release assay,” was based on NR2E3’s role as a
transcriptional repressor in its unligated state. This
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1, NR2E3 B-lactamase ECgy 25-50 uM

2, NR2E3 B-lactamase EC5o 1.3 uM

Iz

Figure 1. NR2E3 Screening leads.

assay quantitates the release of the co-repressor NCOR
fragment from the NR2E3 ligand binding domain upon
binding of an agonist.

Initial investigation of lead 2 was carried out with
libraries aimed at incorporating a diversity of benzimid-
azole 2-phenyl replacements, and preparation of these
analogues is described in Scheme 1. Commercially avail-
able 2-nitro-1,4-diaminobenzene (3) was selectively acyl-
ated at the 4-amino position with 2-chlorobenzoyl
chloride, and the resulting amide 4 was reduced under
Zinin conditions to give 5.8 The diamine 5 was con-
densed with aromatic aldehydes (acetic acid, microwave
irradiation, 170 °C, 20 min) to provide analogues 6, a
selection of which is shown in Table 1.

Potency in the B-lactamase assay suffered as a result of
these changes; however, in the NCOR release assay sev-
eral analogues retained some agonist activity. Reconcil-
iation of these results is possible upon consideration that
an agonist signal in the NCOR release assay is registered
as decreased expression of the luciferase reporter; thus
reduction in luciferase activity due to cell death caused
by a toxic test compound could be misinterpreted as
an agonist signal.” It was possible to confirm toxicity
by testing the effect of compounds on cell survival in a
control cell line; in the case of 6a—6c¢ this secondary
screen confirmed toxicity and, importantly, established
the criteria that test compounds were viable only if they
exhibited activity in both the B-lactamase transactiva-
tion and the luciferase NCOR release assays, and were
non-toxic in control cell lines.

H
H2N\©:N02 a Q\’(N R
T
NH; o ° NH,

3 4,R=NO,

5,R = NH,

H

c N
CIO\C[

6

Scheme 1. Reagents and conditions: (a) 2-chlorobenzoyl chloride,
CH,Cl,, rt, 99%; (b) Na,S, NaHCO;, MeOH/H,0, 60 °C, 96%; (c)
R’'CHO, 10% HOACc/trifluorotoluene, microwave, 170 °C, 20 min, 10—
64%.

b

>

Iz =z

Table 1. NR2E3 agonist activity of selected analogues

Compound R’ ECsy* (nM)
NR2E3 NR2E3
B-lactamase NCOR
O.
6a % O/E >25,000 7200
F
6b /©/ >25,000 4100
=
=N
Cl
6¢c 4 >25,000 4200
HO Cl

#Values are means of two experiments (na, not active).

Subsequent analogues retained the 2-phenylbenzimidaz-
ole core and focused on examining the two amide
substituents. In this case (Scheme 2), 4-nitro-1,2-diami-
nobenzene was condensed with polymeric 4-aminobenz-
aldehyde in refluxing pyridine,” then converted to the
2-chlorobenzamide. Nitro reduction (SnCl,) and amide
formation generated the desired analogues; data are pre-
sented in Table 2.

Small ring amides provided the most potent compounds,
with cyclopropyl amide 1la conferring the greatest
NR2E3 activity. Ring expansion (11c and 11d) or open-
ing (11b) significantly decreased activity, and alternative
small alkyl groups (e.g., pivaloyl 11e) exhibited dimin-
ished activity. The corresponding acetamide was devoid
of any activity.

The cyclopropyl amide present in 1la proved to be
uniquely capable of providing NR2E3 agonism at
ECs0<200nM. Table 3 indicates how sensitive
NR2E3 activity is to substitution on the cyclopropane,
with even small changes like mono- and difluorination
resulting in a significant decrease in activity. Substitu-
tion with a phenyl group (11j) abolished NR2E3 activity
and introduced cellular toxicity to the compounds.

OuN NH, 5 O.N N
O ="
NH, N
7 8
cl
:
R N
b d
SO
N H
H
9,R=NO,
0:10,R:NH2

1

Iz

Scheme 2. Reagents and conditions: (a) 4-aminobenzaldehyde poly-
mer, pyridine, 115 °C, 68%; (b) 2-chlorobenzoyl chloride, CH,Cl,, rt,
86%; () SnCl,, EtOH/EtOAC, reflux; (d) R’COCI, CH,Cl,, rt, 10-50%.
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Table 2. NR2E3 agonist activity of selected analogues

Table 4. NR2E3 agonist activity of selected analogues

Compound o ECsy* (nM)
e NR2E3 NR2E3
R B-lactamase NCOR
o
11a V)L:‘{‘ 141 35
o
11b j){:g 316 147
o
11c Mtﬁ 1328 986
o
11d O)L;: 3160 1320

11e \{)Lﬁ 6270 2610

#Values are means of two experiments (na, not active).

Table 3. NR2E3 agonist activity of selected analogues

Structure ECs¢" (nM)

NR2E3 NR2E3
B-lactamase =~ NCOR

Compound

Y,
6d _gON 270 610

H
F
Q
6e >\—© 270 170
=)
H
()
of 260 330
H

o
HN cl
62 :/< % 10,000 4100
cl
6h 4800 2200
KOO
H

Compound o ECsy" (nM)
P NR2E3 NR2E3
R B-lactamase NCOR
0
H
s y)L o 720 260
H %
.0
11g . JV)LJ:Q 2100 3000
0
11h X{ﬁ 2500 2900
0

11i NC: rlL’{ 17,000 10,000
(0]
11 ” >25,000 370

#Values are means of two experiments (na, not active).

Having optimized the benzimidazole 5-amide, attention
was directed toward improving potency by varying the
right-hand anilide. These analogues were prepared by
the route shown in Scheme 1 and NR2E3 data are given
in Table 4. Benzamides were the most potent agonists,
and while o-substitution with Cl increased activity 2x
(11a), other o-substituents (e.g., F (6e) and Me (6f)) were
equipotent with the parent benzamide 6d. Relocation of
the amide to the m-anilide position (6g) decreased
potency by 100-fold, and incorporation of a 2-chloronic-
otinamide (6h) also decreased activity.

To this point, optimization of NR2E3 agonists was
based on their activity in two cell-based assays, and we
could not exclude the possibility that active compounds
exert their effects on NR2E3 indirectly. The identifica-

#Values are means of two experiments (na, not active).

tion of 11a, the most potent NR2E3 agonist known to
date, presented the opportunity to develop a binding as-
say, which would confirm direct binding of test com-
pounds to the ligand-binding domain of NR2E3 and
simplify the evaluation of new compounds by eliminat-
ing the complications of membrane permeability and
cellular toxicity. Toward this end, tritiated 11a was pre-
pared from a diiodinated precursor as outlined in
Scheme 3. Intermediate 8 was acylated with 2-chloro-
5-iodobenzoyl chloride (CH,Cl,, rt, 67%) before being
reduced (SnCl,) to the corresponding aniline. Incorpo-
ration of a second iodine substituent was achieved by
treating 13 with benzyltrimethylammonium dichloroio-

12,R=NOy, R' =H
b[:13,R—NH2,R':H

Cl
Ho 0,
d N\C[N
- \>—< >—N
0 N H I
H
15
Cl
v Q
e N\C[N
- \>—< >—N
0 N H T
H
BH]-11a

Scheme 3. Reagents and conditions: (a) 2-chloro-5-iodobenzoyl chlo-
ride, CH,Cl,, rt, 67%; (b) SnCl,, EtOH/EtOAc, reflux, 79%; (c)
BTMACLI, CaCOs; (d) cyclopropanecarbonyl chloride, CH,Cl,, rt;
(e) tritium gas, 10% Pd/CaCO;, DMF.
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date!® (4equiv BTMACLI, MeOH, CH,Cl,, and
CaCO;), and iodination occurred exclusively in the
benzimidazole 4-position. Tritiation was carried out
using tritium gas in the presence of catalytic 10% Pd/
CaCOs, and after HPLC purification provided [*H]-
11a with a specific activity of 46 Ci/mmol.

In summary, a new class of potential NR2E3 agonists
has been identified which is based on a 2-phenylbenzim-
idazole core. Compound 1la exhibits agonism of
NR2E3 in two cell-based assays and a tritiated analogue
with high specific activity has been prepared. Develop-
ment of a radioligand binding assay is in progress and
will be reported in due course.
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Abstract—We report herein the SAR studies of a series of indole-imidazole compounds. that demonstrate substantial in vitro anti-
proliferative activities against cancer cell lines, including multidrug resistance (MDR) phenotypes. The in vitro cytotoxic effects have
been demonstrated across a wide array of tumor types, including hematologic and solid tumor cell lines of various origins (e.g.,

leukemia, breast, colon, and uterine).
© 2006 Elsevier Ltd. All rights reserved.

The development of resistance to chemotherapy with
existing anti-cancer drugs has challenged the pharma-
ceutical industry to rapidly identify and develop new
chemical entities able to counteract this unmet medical
need. Prolonged treatment of cancer cells with certain
drugs can result in an acquired resistance of these cells
toward multiple drugs. This phenomenon is known as
multidrug resistance (MDR).! While the concise mecha-
nism of MDR is not completely understood it is known
that MDR is often associated with an overexpression of
ATP-binding cassette (ABC) transporters.> The two
best-known ABC transporters are P-glycoprotein
(P-gp) and multidrug resistance protein 1 (MDR1) that
effectively pump out the anti-cancer drug from MDR-
cancer cells. Other mechanisms believed to be associated
with MDR in cancer cells include: increased expression
of anti-apoptotic genes and decreased expression of
pro-apoptotic genes,? overexpression of specific tubulin
isotypes,* decreased expression of topoisomerases,’
and overexpression of major vault protein.®

Various strategies have been employed to overcome
MDR, the most common being inhibition of P-gp and
related proteins to effectively block the efflux of the
drug.” Numerous MDR-reversal agents have been
reported but most have undesirable side effects such as
toxicity. Other complex natural products such as the

Keywords: Indole; Imidazole; Multidrug resistant cancer.
* Corresponding author. E-mail: Isun@syntapharma.com

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

doi:10.1016/j.bmcl.2006.07.020

epothilones,® discodermolide,” and modified taxanes'°

display potent activity against MDR resistant cancer cell
lines. However, there is a continuing search for effective
small-molecule drugs that show MDR cancer cell
cytotoxicity.

As part of our program to develop anti-cancer deriva-
tives we found that conjugated indole-imidazole deriva-
tives 1 display in vitro cytotoxicity against a range of
cancer cell lines, even MDR cancer cell lines.!! These
compounds are structurally related to the bisindole alka-
loids which include the topsentins 2.!? The topsentins
display a range of biological activities including anti-tu-
mour activity.!? Herein we describe the synthesis, cyto-
toxicity against cancel cell lines, and SAR of these
indole-imidazole derivatives.

R',R? ,R®=H or Bror OH

The synthesis of the initial series is shown in Scheme 1.
Early in the program we discovered that when the indole
nitrogen is protected with a benzyl-group activity was
dramatically improved therefore all compounds
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Scheme 1. Reagents and conditions: (i) NaH, 4-chlorobenzyl chloride, rt, 76%; (ii) LDA, 4, 32-50%; (iii) MnO,, rt, 80-90%; (iv) HCI/EtOH, reflux,

32-85%; (v) TBAF, rt, 81; (vi) R*MgX, rt, 41-43%; (vii) LDA, 17, 40; (vii
60-70%.

discussed here possess this substitution. Commercially
available indole-3-carboxaldehyde was readily benzylat-
ed with 4-chlorobenzyl chloride to generate 3. The key
reaction for the synthesis of this series was the coupling
between the indole aldehyde 3 and various protected
imidazoles. This reaction was based on a similar proce-
dure previously described for the synthesis of
topsentins. '

The SEM-protected imidazoles 4 were synthesized from
the corresponding imidazoles by reaction with NaH/
SEM-CI. Reduction of 2-[(5-toluene-4-sulfonyl)-1 H-imi-
dazol-4-yl]pyridine!> with Na/naphthalene formed
4-pyridineimidazole, protection as described provided
the appropriate imidazole 4 for the synthesis of 6. The
primary hydroxyl group and the imidazole-NH of com-
mercially available (1H-imidazol-4-yl)methanol were
protected sequentially as a TBS-ether using TBS-CI,
imidazole followed by treatment with NaH/SEM-CI.
This produced the required doubly protected imidazole
for the synthesis of the key intermediate 7. Coupling
of the aldehyde 3 with the appropriate SEM-protected
imidazoles 4 produced the secondary alcohols which
were readily oxidized to the conjugated ketones by man-
ganese dioxide to produce the protected intermediates
5-7. Removal of the SEM group of 5-7 was achieved

i) concd H,SO,4, MeOH, reflux, 89%; (ix) EDC, DMAP, NH,R*, 1t,

by refluxing with HCI in ethanol to furnish the final
compounds 8-10.'°

The TBS-protected intermediate 7 was a key intermedi-
ate from which numerous derivatives were synthesized
as shown in Scheme 1. The TBS group was selectively
removed with TBAF at low temperature followed by
oxidation of the hydroxyl group to the aldehyde 11.
Reaction of 11 with ethyl magnesium bromide produced
the intermediate secondary alcohol 12 which is oxidized
with manganese dioxide followed by deprotection with
ethanolic HCI to provide ketone 15. Similarly, reaction
of 11 with the Grignard reagent derived from 3-bromo-
pyridine produced 13 which was oxidized and deprotec-
ted as described above to produce 16. The secondary
alcohol 14 was also isolated to provide a direct compar-
ison with 16 which should determine the effect of the
conjugated linkage between the imidazole and pyridine
rings.

Carboxylic acid derivatives were synthesized via the pro-
tected imidazole derivative 17 as shown in Scheme 1.
The synthesis of 17 was based on a similar procedure
reported for the synthesis of 2-(4,4-dimethyl-4,5-dihy-
drooxazol-2-yl)-benzo[d]imidazo[2,1-b]thiazole.!” Cou-
pling of 17 with the indole aldeyde 3 provides the





5166 D. A. James et al. | Bioorg. Med. Chem. Lett. 16 (2006) 5164-5168

intermediate 18. Treatment with ethanolic HCI removes
both the SEM group and liberates the dimethyloxazole
producing the carboxylic acid 19. From 19, the methyl
ester 20 and amides 21 and 22 were synthesized using
standard esterification or amide coupling chemistry.

Derivatives 23-25 (see Table 2 for structures) all possess
an imidazopyridine linked to the indole ring via a car-
bonyl group. These compounds were synthesized by
the coupling reaction between the indole aldehyde 3
and the appropriate protected imidazopyridine, oxida-
tion with manganese oxide, and deprotection of the
SEM group as previously described.

The cytotoxicity of the initial series of conjugated in-
dole-imidazole compounds is summarized in Table 1.8

In particular we were interested in compounds that
showed significant activity against multidrug resistant
cell lines such as HL60/TX1000 that are resistant to
Taxol as shown in Table 1.!°

The first observation to note is that the unsubstituted
imidazole derivative 8 shows minimal activity but substi-
tution with certain groups produces significant activity.
Susbtitution with a 2-pyridyl group 9 produces potent
activity but a hydroxy(methyl) group 10 causes signifi-
cant loss of activity. When a conjugated ketone group
is introduced activity is maintained as shown by com-
pound 15. The importance of a conjugated group is
clearly demonstrated by a direct comparison of com-
pounds 14 and 16. Compound 16 possesses a pyridyl
group directly conjugated via a carbonyl to the imidaz-
ole ring and shows potent activity. When the conjuga-
tion is disrupted between the imidazole ring and the
pyridine, as in the secondary alcohol 14, a serious
decrease in activity is observed.

The carboxylic acid derivatives provided further SAR in-
sight. While the parent carboxylic acid 19 showed mini-
mal activity the methyl ester 20 displayed strong

Table 1. Comparison of the in vitro cytotoxicity of indole-imidazole
compounds against the Taxol-resistant HL60/TX1000' cell line

Compound R Cytotoxicity
Icso1 s (M)
Taxol — 5
8 H 10
9 2-Pyridyl 0.5
10 CH,OH 5
14 CH(OH)-3-pyridyl 10
15 COEt 0.5
16 CO-3-pyridyl 0.5
19 COOH 10
20 COOCH; 0.5
21 CONHEt 5

22 CON(CHs), 5

cytotoxicity. However, both the secondary amide 21
and the tertiary amide 22 showed weak potency. The dif-
ferences in activity between these derivatives could possi-
bly be explained by poor cell permeation from the
carboxylic acid and amides rather than a substituent
effect.

From this SAR study it appeared that compounds with a
general structure 26 were active against all cell lines
including the MDR cell lines. In general, compounds that
possessed a hydrogen bond acceptor conjugated to the
imidazole ring showed submicromolar activity. Multiple
conformations resulting from rotation around the bond
connecting the imidazole ring to the hydrogen bond
acceptor exist as represented by 26. We hypothesized that
cyclization producing fused imidazole derivatives 27
could stabilize a conformation where the hydrogen bond
acceptor is fixed in a particular conformation.

The cytotoxic activities of the imidazopyridine series of
compounds against the Taxol-resistant cell line HL60/
TX1000'® are shown in Table 2.!8 Our restricted confor-
mation hypothesis gained support when it was found
that the indole-pyridoimidazole compound 23 showed
a 10-fold increase in potency compared to any of the in-
dole-imidazole derivatives shown in Table 1. Also of
note is serious loss of activity for the isomer 24 where
the nitrogen atom is moved adjacent to the imidazole
ring. Additionally, if the NH of the fused imidazole ring
is methylated as in 25 significant loss of activity was
observed. This series of compounds illustrates that the

Table 2. Comparison of the in vitro cytotoxicity of indole-pyridoim-
idazole compounds against the Taxol resistant HL60/TX1000" cell
line

Compound R Cytotoxicity
ICso18 (uM)
Taxol — 5
N =N
23 s \ 0.05
H
24 3 \N\ 10
%;QN Y
H
N \\N
25 A A 10
HyC
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Table 3. Comparison of the cytotoxicity of 23 and Taxol against a range of cancer cell lines

Compound Cytotoxicity 1Cso'#%° (uM)

MDAA435 HL60 P388 DU145 MES-SA MES-SA/DXS HL60/TX1000
23 0.05 0.05 0.05 0.01 0.05 0.02
Taxol 0.005 0.005 0.01 0.005 5 5

position of the nitrogen atom in the fused pyridine ring
(hydrogen bond acceptor) and the presence of the imid-
azole NH are important for activity.

Compound 23 was screened against a range of cancer
cell lines originating from different tissues and the results
are summarized in Table 3.2° As shown in Table 3, 23
was effective against all cell lines including the multidrug
resistant cell lines MES-SA/DX5 and HL60/TX1000
which were resistant to treatment with Taxol. Both these
cell lines posses high levels of MDR1 mRNA and P-gps
and show cross resistance to a wide range of common
chemotherapeutic agents. The success of 23 suggests
that it is not a substrate for the efflux pump transporters
and its mechanism of action is quite effective against
these cell lines. Additionally 23 is approximately 10
times more active than structurally related topsentin
derivatives against the P388 cell line.%!.

In summary, our SAR study of the indole-imidazole
derivatives provided us with a lead towards developing
a pharmacophore for in vitro activity against a range
of cancer lines including MDR cell lines. Using this pre-
liminary design we improved the activity 100-fold
through a possible stabilization of a conformation re-
quired for activity. Further studies are being conducted
to determine the mode of action of these compounds to
provide an insight into the design of future drugs active
against MDR-carcinoma cells.
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under reduced pressure. The resultant suspension was
extracted with ethyl acetate (3x 50 mL), the combined
extracts were washed with water, dried over MgSQ,, and
the solution was filtered. Solvent was removed under
reduced pressure to produce the pure desired product as a
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experiment. All experiments were performed on exponen-
tially growing cell culture. Drug treatment and MTS assay.
A stock solution of the drug was prepared by dissolving
the compound at a concentration of 1 mM in DMSO.
Final concentrations were obtained by diluting the stock
solution directly into the tissue medium. Cells were
incubated with varying concentrations of compounds for

19.

20.

21.

Lett. 16 (2006) 5164-5168

72h and the ICsy was determined by MTS (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide)
assay.

The cell line HL60/TX1000 was a gift from Dr. Bhalla of
Emory University School of Medicine. HL-60/TX1000
was isolated in vitro by subculturing HL-60 in progres-
sively higher concentration of Taxol. HL-60/TX1000 cells
overexpress MDR1 mRNA and P-glycoprotein, as deter-
mined by Western blot and immunoflourescence labeling
with anti-P-gp antibodies.

Cell lines (tissue origin in parentheses) were all purchased
from ATCC: MDA435 (breast), HL60 (leukemia), P388
(murine leukemia), DU145 (prostate), MES-SA (uterine)
and MES-SA/DXS5 (MDR uterine). See Ref. 15 for cell
culture conditions and assay, and see Ref. 16 for origins of
HL60/TX1000.

ICs, for the most potent topsentin derivative against P388
cell line was reported as 0.6 uM. Sakemi, S.; Sun, H. J.
Org. Chem. 1991, 56, 4304.
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Abstract—The synthesis and structure—activity relationship (SAR) of novel and highly potent positive allosteric modulators of
AMPA receptors, 3-biphenyl-4-yl-4-cyano-5-ethyl-1-methyl-1H-pyrrole-2-carboxylic acid, are described. These studies indicated
that higher potency was achieved with ortho substitution of the distal (D) phenyl of the 3-biphenyl ring and resulted in the discovery
of a potent pyrrole LY2059346 (23q), that was selected for further evaluation in in vitro native tissue assays and in vivo experiments.

© 2006 Elsevier Ltd. All rights reserved.

L-Glutamate is the major excitatory neurotransmitter in
the central nervous system (CNS) acting on metabotro-
pic and ionotropic glutamate receptors. On the basis of
differences in their molecular sequences and sensitivity
to selective agonists, three subtypes of ionotropic recep-
tors have been identified, including AMPA (a-amino-3-
hydroxy-5-methyl-4-isoxazole-propionic acid), NMDA
(N-methyl-L-aspartate), and kainate receptors.! Of these
subtypes, AMPA receptors mediated the majority of ra-
pid glutamatergic signaling in the CNS. Functional
AMPA receptors are proposed to be tetrameric struc-
tures, generated by the assembly of one or more distinct
subunits GluR 1-4, yielding either homomeric or hetero-
meric configurations.? Further diversity among native
AMPA receptors is conferred by alternative splicing in
an extracellular domain of each subunit, giving rise to
two isoforms named flip (i) and flop (0).> Activation
of AMPA receptors is initiated by binding of glutamate
(or agonist) to each of the subunits which directs a con-
formational change in the ion channel gate, permitting
ion flux through the channel pore.* Termination of cur-

Keywords: Positive allosteric modulators; AMPA receptors.
*Corresponding  author. Tel.: +1 317 276 5964; e-mail:
Zarrinmayeh_Hamideh@lilly.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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rent flow can occur upon removal of glutamate and
unbinding of agonist (deactivation) or in the continued
presence of glutamate, uncoupling of agonist binding
from the channel gate, permitting channel closure
(desensitization).*

An accumulating body of evidence has indicated that
dysfunction of glutamatergic signaling in the CNS may
contribute to the deficits associated with a variety of
neurological and psychiatric disorders.> Clinical and
experimental data have suggested that positive modula-
tion of AMPA receptors may be a novel therapeutic ap-
proach in the treatment of such disorders.® Positive
allosteric modulators of AMPA receptors exert their ef-
fects only in the presence of agonist binding and act to
enhance ion flux through the channel either by attenuat-
ing the deactivation or desensitization process(es).* Sev-
eral classes of positive allosteric modulators have been
identified and reported, including benzothiadiazides
(cyclothiazide, 1);> pyrrolidinones (aniracetam, 2a, and
piracetam, 2b)%; and benzamides (CX516, 3)7 (Fig. 1).
However, the value of such tools for understanding
AMPA receptor pharmacology and physiology has been
limited by their relatively week potency. We previously
reported on a class of biarylpropylsulfonamide modula-
tors 4 that possess significantly higher potencies than
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Figure 1. Structures of positive allosteric modulators of AMPA
receptors.

those of 1-3.%° A subsequent high-throughput screen of
Lilly compound collections resulted in the discovery of
2-thiophene carboxylic acid 5 as the lead candidate. Pre-
liminary study of the core heterocyclic ring led to the
discovery of N-methylpyrrole 2-carboxylic acid 6a. In
this communication, we describe the SAR of these
pyrrole 2-carboxylic acid compounds as novel class of
allosteric modulators of AMPA receptors.

Synthesis of pyrrole 6a—g is shown in Scheme 1.

Commercially available 4-bromo benzaldehyde 7 was
converted to acrylonitrile 8 upon refluxing with p-tolu-

Br Br
Br
a cN b CN ¢
—_— —_— —_—
— eo_ / \
o H Tos N
H7 8 O H?9

6a-g 13e-g

Scheme 1. Synthesis of compounds 6a-g. Reagents and conditions: (a)
p-toluenesulfonylacetonitrile, piperidine, AcOH, toluene, reflux, 92%;
(b) ethylisocyanoacetate, DBU, THF, rt, 99%; (c) Mel, K,CO;, DMSO,
77%; (d) PhB(OH),, Pd(PPhj),, dioxane, 80 °C, 95%. (e), NBS, CCly, rt,
82%. (f) i—LHMS, THF, —78 °C; ii—(R-S),, —78 °C to rt, 72-80%; (g)
MeySn, Pd(PPhs),, for 13f 62%, Et,Zn, Hartwig’s ligand, for 13g 95%;
(h) LiOH, THF/MeOH/H,0 (3:2:1), 50 °C, 90-95%.

enesulfonylacetonitrile. This intermediate was subse-
quently converted to pyrrole 9 when reacted with
ethylisocyanoacetate in the presence of DBU. N-methyl-
ation of 9 was followed by Suzuki cross coupling of 10
with phenylboronic acid using palladium tetrakis to
yield product 11. Lithiation of 11 at —78 °C in THF fol-
lowed by treatment with dialkyl disulfide yielded ana-
logs 13a—c. Pyrrole 11 was also converted to the
brominated analog 12 that was converted to the corre-
sponding products 13f,g upon coupling reaction with
tetramethyl tin or diethyl zinc, respectively.'® Hydrolysis
of the esters with lithium hydroxide yielded N-methyl-
pyrrole-2-carboxylic acids 6a-g.

As shown is Scheme 2, N-methylpyrrole-2-carboxylic
acid ethyl ester 21 was prepared in seven steps from
commercially available 4-benzyloxybenzaldehyde 14
which was converted to acrylonitrile 15 when treated
with p-toluenesulfonylacetonitrile under refluxing condi-
tion. Subsequent reaction of 15 with ethylisocyanoace-
tate resulted in the formation of pyrrole 16 which was
methylated to 17. Bromination of 17 to 18 followed by
reaction of 18 with diethyl zinc using Hartwig’s ligand
under a mild condition resulted in the formation of
S-ethylpyrrole 19. Deprotection of 19 and subsequent
triflation of the phenol 20 resulted in the synthesis of
intermediate pyrrole 21.

Intermediate 21 was converted to pyrrole 22a—q via
Suzuki cross coupling reaction with phenyl boronic
acids using palladium catalyst. Hydrolysis of the esters
by lithium hydroxide resulted in the formation of the
acids 23a—q as shown in Scheme 3.

The activity of allosteric modulators was evaluated
using HEK 293 cells stably transfected with recombinant
human homomeric GluR2i, GluR20, GluR4i, and
BnO BnQ
BnQ
a b CN ¢
e CN —> E—
o--Q % |
CHO H TOS N
O H
14 15 16

BnO BnO BnO,

d
Eto. J/ \—FEtO
o | | |

17 18 19
HO
CN 9
eo. / \ -
20

oTf
CN
o,/ \
N~ Et
|
21
Scheme 2. Synthesis of compound 21. Reagents and conditions: (a) p-
toluenesulfonylacetonitrile, piperidine, AcOH, toluene, reflux, 95%; (b)
ethylisocyanoacetate, DBU, THF, rt, 91%; (c) Mel, K,CO;, DMSO,
77%; (d) NBS, THF, 60%; (e) Et,Zn, Hartwig’s ligand, THF, rt, 1 h,
95%; (f) H,, PA(OH),/C, EtOH/THF (1:2), 50 psi, rt, 97%; (g) Tf,0,
Et3N, CHzClz, rt, 93%.
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Scheme 3. Synthesis of compounds 23a—q. Reagents and conditions:
(a) ArB(OH),, Pd catalyst, 30-90%; (b) LiOH, THF/MeOH/H,0
(3:2:1), 50 °C, 80-95%.

GluR4o0 receptors. Changes in intracellular calcium ion
(Ca**) were measured in the presence of glutamate alone
and in response to co-application with the modulators at
concentrations of 0.1-3 M using a FLIPR technology.
Responses were normalized to those produced by co-ap-
plication of 5 and 100 uM glutamate (maximum re-
sponse) and 100 puM glutamate alone (minimum
response). The in vitro potency of the compounds was
reported as ECs, values in nanomolars as shown in
Tables 1 and 2.

In this study, the 2-carboxylic acid, 3-biaryl, and 4-cya-
no groups substitutions on the pyrrole ring were kept
constant since preliminary studies revealed the necessity
of such functionalities for minimum activity. We first fo-
cused on the evaluation of the 5-thiomethyl functional-
ity, its significance and possible replacement with more
neutral and metabolically stable groups.

As shown in Table 1, parent pyrrole 6a exhibited reason-
able activity with ECsy values of 394, 1301 nM at
GluR4i/o and 174 nM, 473 nM at GluR?2i/o, respective-
ly. Flip splice variant selectivity was observed for both
subunits with higher potency at GluR2i. Larger thio-

Table 1. ECs, values of selected novel AMPA receptor’s positive
allosteric modulators

HOo_ // \
N R
(0] \
Compound R ECso (nM)
iGluR4i iGluR40 iGluR2i iGluR20o

58 — 214 1559 97 309
6a® S-Me 394 1301 174 473
6b° S-Et 619 NT NT NT
6c® S-i-Pr >3 uM >3 uM >3 uM >3 uM
6d° H >3uM  >3pM  >3uM  >3puM
6e° Br 679 1689 >3uM  >3uM
6f° Me 532 2388 308 391
6g° Et 213 1766 103 398

NT, not tested.

2 ECso value (n = 100).
P ECs, value (n = 3).

¢ ECsq value (n = 10).

Table 2. ECsy values of selected novel AMPA receptor positive
alosteric modulators

R
HO /N\ Bt
o |
Compound R ECsy (nM)
iGluR4i iGluR4o iGluR2i iGluR2o

6g" H 213 1766 103 398
23a® p-Me 1143 >3000 412 1647
23p° m-Me 2085 >3000 965 2133
23¢P 0-Me 790 1181 270 990
23d° p-OMe 738 >3000 423 370
23" m-OMe 1051 >3000 391 924
23¢° 0-OMe 673 386 280 902
23g° 0-OEt 158 146 83 36
23n° 0-SMe 105 77 57 32
23ib p-F 242 2047 345 1035
23j° m-F 223 >3000 426 1490
23k° o-F 80 185 111 143
231 p-Cl 910 >3000 142 984
23m® m-Cl 1082 >3000 186 900
23n° 0-Cl 225 157 42 55
230" p-CN 373 >3000 423 370
23p° m-CN 631 >3000 395 974
23¢° 0-CN 56 53 82 73
LY2059346

2 ECso value (n = 10).
Y ECs, value (n=3).
¢ ECsq value (n = 20).

alkyl groups were not tolerated as shown in 6b,c. Lack
of activity of 5-proto pyrrole 6d demonstrated the need
for substitution of 5 position with groups larger than
proton. Alkyl-substituted analogs 6f,g were prepared
and tested. Even though the activity of 5-methyl analog
6f was modest, the 5-ethyl analog 6g showed a desired
improvement in activity compared to that of the parent
6a, especially at the flip isoform with ECs, values of 213
and 103 nM at GluR4i and GluR2i receptors, respec-
tively. In addition, 6g was the first pyrrole analog to
possess similar activity to that of the potent lead thio-
phene 5. Ethyl functionality was also superior to other
groups that were studied and not presented in Table 1.
As a result, ethyl was selected as the desired functional-
ity to substitute 5 position of the pyrrole for subsequent
SAR studies.

To optimize substituents and the pattern of substitution
on the distal phenyl ring D of the 3-biaryl, we prepared
analogs 23a—q. As shown in Table 2, methyl substitution
of the phenyl ring provided pyrrole 23a—c with only
modest activities. Methoxy analogs 23d-f also demon-
strated similar potencies. However, some pattern of sub-
stitution was observed in that higher activity resided in
ortho-substituted analogs. Therefore, analogs 23g,h were
prepared and displayed an increase in activity at all
receptors. In addition, thiomethyl anolog 23h possessed
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significant potency and selectivity for the flop isoform.
More ortho preference for substitution of the phenyl D
ring was observed with fluorinated analogs 23i-k where
ortho fluoro anaolog 23k was the most potent of the
three regioisomers. The same pattern of substitution
was also observed with chlorinated analogs 23l-n, where
ortho chloro analog 23n was significantly more potent
than the other regioisomers 23l,m. Within the cyano
analog series 230—q, of the three regioisomers, ortho cya-
no analog 23q showed the highest activities at GluR4i/o
and desired activities at GluR2i/o. A unique property of
23q was its equally high potency at all receptor subtypes.
This broad range of activity has prompted further eval-
uation of 23q, LY2059346,'! in in vivo assays.

In summary, we have designed, synthesized, and eval-
uated a novel class of positive allosteric modulators of
AMPA receptors. Initial SAR studies on the N-methyl-
pyrrole 6a resulted in replacement of thiomethyl with
ethyl functionality at position 5. Further SAR on the
distal phenyl ring D of the biphenyl ring system at 3
position resulted in analogs where their higher poten-
cies came from not only the substituents, but also from
the pattern of substitution. ortho Substitution of ring
D with ethoxy, thiomethoxy, fluoro, and cyano func-
tionalities, independent of the electronic features of
the substituents, resulted in significant increase of
potency. Isoform selectivity was not predominant in
this SAR and only a mode preference for GluR2 ver-
sus GluR4 receptors was observed. The most potent
pyrrole 23q, LY2059346, exhibited equally high poten-
cy at all four homomeric receptors and has been select-
ed for further in vitro and in vivo biological studies.
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Abstract—A series of novel piperidine based analogs of cocaine was synthesized and evaluated in vitro against the three monoamine
transporters to develop new potential selective SERT radiotracers. Modification of the phenyl substitution with five-membered
heterocyclic groups resulted in a wide affinity and selectivity scale. Radiolabeling and mouse in vivo study was performed on the
piperidine analog of ZIENT, which crossed the blood-brain barrier but failed to selectively accumulate in the regions of the brain

rich in SERT.
© 2006 Elsevier Ltd. All rights reserved.

Reinforcing and stimulant properties of cocaine (com-
pound 1; Fig. 1) are associated with its ability to bind
to monoamine neurotransmitter transporters for dopa-
mine (DAT), norepinephrine (NET), and to a lesser
extent, serotonin (SERT). SERT inhibitors (selective
serotonin reuptake inhibitors or SSRIs) are widely used
to treat major depression, anxiety disorders, and obses-
sive-compulsive disorder (OCD).! Some tropanes (2)!#
and piperidines (3, the non-controlled substance sister
series)>® have SERT-blocking activity. To further eval-
uate structural characteristics leading to selective inter-
actions with specific monoamine transporters, we have
evaluated effects of substitutions of tropanes. We previ-
ously evaluated 3’ iodophenyltropane and aromatic ana-
logs.” We now report the synthesis and in vitro
neuropharmacological evaluation of corresponding 4'-
analogs in the piperidine series. Based on the results ob-
tained with ZIENT we also report herein the prelimin-
ary in vivo assessment of the piperidine analog
radiolabeled with '*.8

Compound 4 (*cis, Scheme 1), prepared by Grignard
addition on arecoline with 4-trimethylsilyl-phenyl mag-
nesium bromide (49%), upon treatment with a solution

Keywords: SERT; Monoamine transporter; SPECT; Cocaine; Imaging.
* Corresponding author. E-mail: gtamagnan@indd.org

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

doi:10.1016/j.bmcl.2006.07.013

of iodine monochloride at 60 °C, afforded 5 by iodin-
ation of the aromatic ring (53%). Stille coupling between
5 and tributyl-furan-2-yl-stannane with #rans-dichlorobis
(triphenylphosphine)palladium as catalyst in DMF at
room temperature gave furan 6 (68%). The correspond-
ing heterocycles 7 (36%), 8 (51%), and 9 (76%) were pre-
pared by Rieke coupling between 5 and the appropriate
five-member-ring zinc halide, in THF at room tempera-
ture. Epimerization of 9 with refluxing NaOMe in
MeOH afforded (*trans) 10 (51%) (Fig. 2).

Vinyl derivative 11 (Scheme 2) was prepared by Grig-
nard addition on arecoline with 4-vinylbenzene magne-
sium bromide and copper bromide-dimethylsulfide
complex (17%). Oxidation of the vinyl group with
0s04/NalO4 in THF/H,O (1:1) gave aldehyde 12
(15%), which upon treatment with PPh3;CH,I, in basic
conditions afforded the corresponding Z-2-iodovinyl
analog 13 (68%).2

['**1]13 (Scheme 3) was prepared by iododestannylation
of the trimethylstannyl precursor 14 with sodium
['**I]iodide and peracetic acid as oxidizing agent at
room temperature. Purification by reverse-phase HPLC
using MeOH/H,O/Et;N (75/25/0.1) with concomitant
UV and radioactivity detection allowed identity confir-
mation of ['*’I]13 by comparison to its corresponding
unlabeled analog. Product ['**I]13 was obtained with a
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Scheme 1. Reagents and conditions: (a) ICl, AcOH, 60 °C; (b) tributyl-furan-2-yl-stannane, PdCl,(PPh;),, DMF, rt; (c) 2-thienylzinc bromide,
PdCl,y(PPh;),, THF, rt; (d) 3-thienylzinc iodide, PACl,(PPhs),, THF, rt; (e) 2-thiazolylzinc bromide, PdCL,(PPh;),, THF, rt; (f) NaOMe, MeOH, A.
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no-carrier-added radiochemical yield of 84% and radio-
chemical purity >95%.

The residue from rotary evaporation was treated with
200 pL. (400 pg) aqueous L-ascorbic acid, dissolved in
400 pL ethanol, and diluted with 8 mL 0.9% NaCl.°

The potency (Kj, nM) of the substituted piperidine com-
pounds synthesized was evaluated by competition
against radiolabeled ligands selective for SERT, DAT,
and NET in rat forebrain tissue (Table 1).1°

Compound 5 was 363-fold less potent for SERT than
was B-CIT, its tropane analog, and 203 times less po-
tent for DAT, as well as 1.8 times less selective for
SERT-over-DAT (Tables 1 and 2). Hence, in agree-
ment with literature,'! loss of the two-carbon bridge

N
H N

o —> N

13

Scheme 2. Reagents and conditions: (g) OsO4, NalO4, THF/H,O (1:1), rt; (h) PPh3sCH,I,, NaN(SiMe;),, THF, —78 °C to rt.
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Scheme 3. Reagents and conditions: (i) hexamethylditin, Pd(PPhs)s, THF, A; (j) 1—H3PO,, CH;COsH, ['**I]Nal; 2—HCI 2 M in ether.

Table 1. Affinity of 4’-substituted phenyl piperidines for dopamine, serotonin, and norepinephrine transporters (K; * SEM, nM)

Compound SERT DAT NET

5 167 + 48 195 + 63 ca. 10,000
B-CIT 0.46 = 0.06 0.96 £0.15 2.80 £ 0.40
6 185+ 11.5 205 + 57 >50,000

7 90.8 £3.8 >5000 >50,000

8 3.18£0.26 598 + 67 >10,000

9 >10,000 ca. 10,000 >50,000
10 >5,000 >10,000 >20,000
12 1732 £ 120 >10,000 >30,000
13 7.90 £ 0.43 123 £42 >30,000

DAT was assayed with 300 pM [*H]B-CIT (Tocris-Cookson), blank: 10 M GBR-12909 (RBI-Sigma) with homogenates of rat caudate; SERT with
700 pM [*H]cyanoimipramine (DuPont-NEN), blank: 10 uM (%)-fluoxetine (donated by Eli Lilly) with rat cerebral cortex homogenate; and NET
with 350 pM [*Hnisoxetine: (DuPont-NEN), blank: 10 uM desipramine-HCI (RBI-Sigma) with rat cerebral cortex.

Table 2. Transporter selectivity ([K; ratio]™!)

Compound SERT/DAT SERT/NET
5 11.2 59.9
B-CIT 2.1 6.1

6 11.1 >2700

7 =55 >551

8 188 >3140

9 1 5

10 2 4

12 5.8 17.3
13 15.6 >3800

(conjugated to the racemic nature of 5) appears to be
of some consequence for SERT potency and also for
selectivity over DAT. Interestingly, substitution at po-
sition 4’ with larger, five-atom, aromatic groups result-
ed in striking affinity and selectivity differences among
structurally closely related compounds. These piperi-
dine substitutions appear to have a greater influence
on transporter affinity than has been found with
tropanes.”’!

Female Sprague-Dawley mice (3040 g) were adminis-
tered 3.7 MBq (100 uCi) of ['**I]13 in 0.50 uL by
intravenous tail injection. Groups of three mice were
decapitated at intervals of 30, 60, and 90 min post-
injection. The brain was removed immediately and
dissected into different regions: cerebellum, cortex,
midbrain, striatum, brain stem, hippocampus, and rest
of brain. Tissue samples were placed into tared poly-
propylene test tubes, weighed, and counted on the
gamma counter.

These results confirm that heteroaromatic substitution
of the phenyl ring leads to retention to the in vitro affin-
ity for DAT and 5-HTT. Radiolabeling of 14 with

iodine-123 gave 13 in high yield; however, unlike results
obtained in the tropane series with ZIENT, biodistribu-
tion of ['*’I]13 in mice did not show a selective uptake
matching the distribution of SERT.
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Abstract—The synthesis and in vitro antitumour evaluation of a new series of fluorinated benzothiazole-substituted 4-hydroxycy-
clohexa-2,5-dienones (‘quinols’) is described. The new compounds were found to be of comparable activity compared to the non-
fluorinated precursor PMX 464, in terms of antiproliferative activity in sensitive human cancer cell lines (nanomolar Gls, values)

and inhibitory activity against the thioredoxin signalling system.

© 2006 Elsevier Ltd. All rights reserved.

The selective introduction of fluorine into small mole-
cules can have a dramatic effect on therapeutic efficacy.?
The reasons for the ability of fluorine to influence the
properties of drug candidates are diverse; however
circumvention of P450-induced metabolism, and the
increasing use of the fluorine isotope '®F as a tracer
atom in positron emission tomography (PET)? are par-
ticularly noteworthy. Perhaps the most well-known
example of a class of agents where fluorine is essential
for therapeutic efficacy is the fluoroquinolone class of
antibiotics.*

Our own previous experience in the synthesis and char-
acterisation of the antitumour properties of fluorinated
2-phenylbenzothiazole derivatives has been well docu-
mented;> the structures of the relevant compounds
described below are presented in Figure 1. The initial
lead antitumour agent 2-(4-amino-3-methylphenyl)ben-
zothiazole (DF 203)° was found to possess potent and
selective activity against a range of human cancer cell
lines. However, DF 203 produced the inactive and
antagonistic 6-hydroxylated benzothiazole metabolite
(60H 203) through binding to the arylhydrocarbon

Keywords: Antitumour agents; Fluorinated benzothiazoles; Thi-

oredoxin.

* This is Part 6 of the series ‘Quinols as Novel Therapeutic Agents’.
For Part 5 of the series see Ref. 1.

* Corresponding author. Tel.: +44 0 2920 875800; fax +44 0 2920
874537, e-mail: westwellA@cardiff.ac.uk
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Figure 1. Structures of bioactive benzothiazoles and 4-substituted-4-
hydroxycyclohexa-2,5-dienones.

receptor’® and induction of cytochrome P450 1Al,°
resulting in a biphasic growth inhibitory dose-response
curve.'” Synthesis and testing of fluorinated DF 203
derivatives led to the identification of the corresponding
S5-fluorobenzothiazole analogue (5F 203) as a new lead
compound able to circumvent deactivating metabolism
whilst preserving CYP1Al-induced bioactivation.'!
The lysyl amide prodrug of 5F 203 (Phortress)>!%713 is
currently undergoing Phase 1 clinical evaluation by
Cancer Research UK. Other more recent work has led
to the discovery of 2-(3,4-dimethoxyphenyl)-5-fluor-
obenzothiazole (GW 610), a compound possessing
potent and selective in vitro antitumour activity (sub-
nanomolar Glsg in certain colon, lung and breast cancer
cell lines).!® Remarkably the corresponding non-fluori-
nated derivative of GW 610 is completely devoid of
antitumour activity.
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We have recently described the synthesis and antitu-
mour evaluation of a novel series of (hetero)aromatic
4-hydroxycyclohexa-2,5-dienones (‘quinols’), exempli-
fied by the lead compounds PMX 464'7-!8 (formerly
AW 464) and AJM 290.'° These phenolic oxidation
products?® exhibited potent and selective antitumour
activity concentrated in certain colon, renal and breast
cancer cell lines, in part through inhibition of the cellu-
lar redox protein thioredoxin.?!-?? Inspired by our previ-
ous success in the identification of promising fluorinated
benzothiazole-based antitumour agents, we here report
the synthesis and antitumour evaluation of the 4-, 5-
and 6-fluoro analogues of PMX 464.

The synthesis of 4-(benzothiazol-2-yl)-4-hydroxycyclo-
hexa-2,5-dienone (PMX 464) via deprotonation of
benzothiazole followed by addition to 4,4-dimethoxy-
cyclohexa-2,5-dien-1-one and ketal deprotection has
previously been described.!” Since the corresponding
4-, 5- and 6-fluorobenzothiazoles are not commercially
available nor readily accessible, a different strategy was
adopted for the synthesis of fluorinated derivatives of
PMX 464 (6a—c). The starting point for the synthesis
of the 5- and 6-fluorobenzothiazoles was the fluorinated
ortho-aminothiophenol disulfides 1a,b, available via
hydrolytic cleavage of fluorinated 2-aminobenzothiaz-
oles, and previously described as intermediates in the
synthesis of 2-(4-aminophenyl)benzothiazoles.!! One-
pot reduction of disulfide (PPh;) and acid-catalysed
reaction with 4-hydroxybenzaldehyde gave access to 5-
and 6-fluoro-2-(4-hydroxyphenyl)benzothiazoles 2a,b
following in situ oxidation of the initial dihydrobenzo-
thiazole products (28% and 25% overall yields,
respectively).!® The synthesis of 4-fluoro-2-(4-hydroxy-
phenyl) benzothiazole 2¢ using an equivalent route from
4-fluoro-2-aminobenzothiazole was not successful, and a
different route to 2¢ was employed. Reaction of 2-fluo-
roaniline with 4-methoxybenzoyl chloride was followed
by conversion of the resulting amide 3 to thioamide 4
using P4So in hexamethyldisiloxane (HMDO). Potassi-
um ferricyanide (Jacobsen) cyclisation led to 4-fluoro-
2-(4-methoxyphenyl)benzothiazole 5. Demethylation
using pyridinium hydrochloride afforded the desired 4-
fluoro-2-(4-hydroxyphenyl)benzothiazole 2¢ (20% over-
all yield) (Scheme 1).

Phenolic oxidation of fluorinated 2-(4-hydroxyphe-
nyl)benzothiazoles 2a—c using the hypervalent iodine
oxidant di(trifluoroacetoxy)iodobenzene and the stable
radical oxidant TEMPO in a mixture of acetonitrile
and water'” gave the desired fluorinated benzothiazole-
substituted ‘quinol’ products 6a—¢>* in moderate yields,
as shown in Scheme 2.

Compounds 6a—c have been evaluated for in vitro
antitumour activity in the human breast cancer cell
lines MCF-7 (oestrogen receptor positive) and MDA
MB 468 (oestrogen receptor negative), and the human
colon carcinoma cell lines HCT-116 and HT 29. The
cell lines were chosen as some of those already known
to be sensitive to the lead compound PMX 464, and
the results (Gls, values, MTT assay)'! are shown in
Table 1.

~NHa (@) AN
{FCLS — F{JLS?—@OH
2
F

4- 2a: R=5-F
5-F 2b: R=6-F

1a: R
1b: R

NH, (i) @Np ) @N\
ot Oy e O
3: X=0 5: R=Me
(i) v
4: X=Sj 2c: R:Hj

Scheme 1. Synthesis of fluorinated 2-(4-hydroxyphenyl)benzothiazoles
2a—c. Reagents and conditions: (i) 4-hydroxybenzaldehyde, PPhs, p-
TsOH, toluene, reflux; (ii) 4-methoxybenzoyl chloride, NEt;, CH,Cl,,
0 °C; (iii) P4S;9, HMDO, reflux; (iv) K3Fe(CN)s, NaOH(aq), EtOH,
90 °C; and (v) pyridium hydrocholoride, 210 °C.

N i N
g O-on - IO

2a-c 6a: R=5-F (44%)
6b: R=6-F (18%)
6c: R=4-F (27%)

Scheme 2. Synthesis of fluorinated 4-(benzothiazol-2-yl)-4-hydroxycy-
clohexa-2,5-dienones. Reagents and conditions: (i) Phl(OCOCF3),,
TEMPO, MeCN/H,O.

Inspection of Table | reveals that the new fluorinated
quinol analogues 6a—c¢ compare favourably with PMX
464 in terms of Glsy potency. For the 5-fluoro analogue
(6a), more potent antiproliferative activity was observed
in three out of four cell lines compared to PMX 464. In
general Glso values are in the sub-micromolar range,
indicative of potent in vitro activity. Amongst the cell
lines examined the colon cancer cell line HCT-116 was
found to be the most sensitive, as was observed
previously for PMX 464 and related quinols. New
compounds 6a—c were also screened for in vitro antitu-
mour activity through the National Cancer Institute
Developmental Therapeutics Program sixty human can-
cer cell line screen (two day assay). Mean Gls, values
across the sixty cell lines for 6a—c (0.43, 0.34, and
0.35 uM, respectively) were found to be similar to
PMX 464 (0.23 uM) after repeat screening. Colon and
renal cell sub-panels were found to have enhanced sensi-
tivity to 6a—c, as was the case for PMX 464 (data not
shown).

Previous studies have established the potential of the
thioredoxin/thioredoxin reductase system as an antican-
cer drug target,>* and a small molecule inhibitor of this
system (PX 12) is in clinical development.?> Further bio-
logical studies focused on compounds 6a and 6b, the
fluorinated quinols that exhibited the most interesting
selectivity profile of antitumour activity across the
NCI sixty human cancer cell line screen (data not
shown). The abilities of fluorobenzothiazole quinols 6a
and 6b to inhibit human thioredoxin signalling were
compared with that of PMX 464, using a modified
version of the insulin reduction assay previously
described.?! Insulin reduction was monitored over time
and results presented in Table 2 tabulate % inhibition
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Table 1. 50% Growth inhibitory dose (Gls,) values for PMX 464 and fluorinated analogues 6a—c in human cancer cell lines MCF-7, MDA MB 468,

HCT-116 and HT 29

Compound MCEF-7 Glsp, pM #s.d.? MDA 468 Glsp, pM #s.d.? HCT-116 Gls, uM *s.d.? HT 29 Glsp, pM #s.d.?
PMX 464 0.44° 0.41° 0.11° 0.59°

6a 0.37+0.11 0.41 £0.03 0.08 + 0.03 0.41 + 0.05

6b 0.39+0.11 0.48 £0.17 0.31 £0.10 0.49 + 0.09

6c 0.43 £ 0.05 0.49 +0.20 0.18 £ 0.09 0.47 £ 0.07

#Values are means of at least three experiments.
® As reported in Ref. 17.

Table 2. Thioredoxin signalling inhibition by compounds PMX 464,
6a and 6b (30 min agent incubation time)

Compound concn (LM) % Inhibition of insulin reduction®

PMX 464 6a 6b
10 13.2 10.1 8.6
25 35.1 15.8 31.8
50 94.8 94.6 93.3
100 95.8 97.4 95.8

#Values are means of at least three experiments.

of insulin reduction at given concentrations of PMX
464, 6a and 6b. The ability of the new fluorinated qui-
nols 6a,b to inhibit thioredoxin signalling at micromolar
concentrations, as measured by inhibition of the thiore-
doxin substrate insulin, is apparent, and is within the
same range as the lead thioredoxin-inhibitory quinol
PMX 464.

We have described the synthesis and in vitro evaluation
of new fluorinated ‘quinols’ based on the lead structure
PMX 464. The new analogues are at least as potent
(GlIsp) in representative sensitive cancer cell lines, and
additionally inhibit the thioredoxin redox signalling
pathway, as is the case for PMX 464.

One potential advantage of compounds such as 6a—c is
that the '®F radiolabelled analogues could be used in fu-
ture non-invasive imaging of biodistribution using posi-
tron emission tomographg (PET). Given the half-life of
PET isotopes such as 'F (110 min), this possibility
would only be viable if the fluorine atom could be in-
stalled at a late (final or penultimate) stage of the syn-
thesis. We have previously described the synthesis of
['®F]-5F 203 via treatment of a 5-(trimethylstannyl)ben-
zothiazole precursor with ['®*F-F],2° however a synthetic
method employing fluoride (rather than fluorine) to in-
stall the radiolabel would be greatly advantageous. Fur-
ther developments on the therapeutic and diagnostic
potential of these new compounds will be reported in
due course.
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Abstract—A series of 9-substituted tetrahydroacridines were synthesized by nucleophilic substitution of chloro group with different
nucleophiles in 9-chlorotetrahydroacridine (2). The latter could be obtained by POCIl; mediated cyclization of the intermediate
enamine, which in turn, was prepared by acid catalyzed condensation of anthranilic acid and cyclohexanone. Most of the com-
pounds on antitubercular evaluation against M. tuberculosis H37 Rv and H37 Ra strains exhibited potent activities with MIC

6.125-0.78 pg/mL comparable to the standard drugs.
© 2006 Elsevier Ltd. All rights reserved.

Tuberculosis (TB), caused by M. tuberculosis, is a major
public health and socioeconomical problem in most of
the developing countries.'= It kills more than two mil-
lion people every year worldwide in concurrence with
HIV related infections.* About one-third of world’s
population is currently infected with this disease and
the number is increasing every year. The coincidence
of tuberculosis with the AIDS epidemic is an additional
problem.> In cancer or other such disease where inten-
sive use of immunosuppressants is required, the TB
infection is aggravated and the death among such dis-
eases is attributed mainly to TB rather than other diseas-
es.® INH, rifampicin, ethambutol, pyrazinamide, and
many other first and second line agents are known today
to treat tuberculosis. The increasing incidence of the
resistance to the currently available single and/or com-
bined treatment and the spread of epidemic infections
due to mycobacteria warrant the search of new active
compounds particularly prototype leads”-? as novel ther-
apies based on different mechanism of action. Acridine
derivatives, atebrin and quinacrine (Fig. 1), have been
widely used in malaria chemotherapy during world
war-II in the absence of quinine®® and this skeleton is

Keywords: Tetrahydroacridines; Antitubercular agents; Tuberculosis.
* Corresponding author. Tel.: +91 522 2612412x4462,4382; fax: +91
522 26123405; e-mail: rpt_56@yahoo.com

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

doi:10.1016/j.bmcl.2006.07.025

still being explored for better antimalarials.”® The anti-
bacterial activities are also known to be associated with
many acridine analogues and detail SAR in this class
has been discussed recently.!® It has been established
that amino acridines having electronic conjugation be-
tween the ring nitrogen and the amino group are most
active antibacterial agents.!! It has also been document-
ed that acridines reduce antimycobacterial resistance.
However, there are only few reports about the use of
acridines as antimycobacterial agent.!>!3

Although phenoxazines, phenothiazines, and acridines
are well-known pharmacophore for antitubercular activ-
ity, yet there is no report on the antimycobacterial
profile of tetrahydroacridines. One of the proven
mechanisms for biological action of acridine is their
intercalation to nucleotide base pairs in the helix. Very
recently, few acridines have been shown to inhibit
DNA-coiling enzyme (topoisomerases) rather than
DNA itself where the damage is caused by stabilization
of the enzyme-DNA cleavage complex.!# It was thought
that if one of the condensed benzene ring is replaced
with condensed tetrahydrobenzene the DNA intercala-
tion may be affected. Although 9-amino-1,2,3,4-tetrahy-
droacridines (tacrine) are effective inhibitor of
acetylcholine esterase useful in neurological disorders,!>
there is only one report where it has been mentioned
that this class may be active against Bacillus subtilis'®
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Figure 1. Few acridine derivatives used as drugs.

however, no activity is reported. Moreover, tetrahydro-
acridines have never been screened against M. tuberculosis.
In addition, there are numerous reports about their use
as fluorescent tags to mycobacterial DNA and to reduce
the development of resistance to antimycobacterial
agents.!”-!8 Keeping the above facts in view and in con-
tinuation of our efforts to develop new antitubercular
agents we were interested to synthesize 1,2,3,4-tetrahy-
droacridines having different substituents at C-9 and to
assess the effect of these compounds on antitubercular
profile (Schemes 1 and 2).

The intermediate 9-chloroacridine (2) was prepared by
slight modification of the earlier reported method.!”
Thus, anthranilic acid and cyclohexanone were con-
densed in presence of dil HCI to give the intermediate
enamine derivative (1), which on cyclization in presence
of POCI; afforded 9-chloroacridine (2) in good yield.

The intermediate 9-chloroacridine (2) was reacted with
different amines and phenols to give the respective

O - O

Toluene

Azacrine

IR- 120 Resin

N

mAMSA

desired products. Thus, reaction of 9-chloroacridine
with different amines viz. n-hexyl amine, n-octyl amine,
n-dodecyl amine, benzyl amine, (3-chlorophenyl)-ethyl
amine, furylmethyl amine, anisidine, and morpholine
in phenol?® at 120-130 °C furnished respective 1,2,3,4-
tetrahydro-9-aminoacridines (3-10) in very good yield.
However, reaction of tetrahydroacridine 2 with 1,5-,
1,7-, and 1,10-diamines led to the formation of respec-
tive N! N" bis-(9-acridino)-diaminoalkanes (11-15) in
good yields. The structures of compounds were estab-
lished on the basis of spectroscopic data and analysis.?!

The chloro group in chloroacridine intermediate 2 was
also replaced with substituted phenoxy group by its
reaction with different phenols viz. 4-chloro phenol,
2,4-dichloro phenol, 4-fluoro phenol, 3,4-dimethyl phe-
nol, and 2-methoxy-4-allyl phenol resulting in respective
9-O-phenyl-tetrahydroacridines (16-20) (Scheme 3) in
moderate to good yields. However, reaction of com-
pound 2 with thiophenol resulted in respective 9-
thiophenyl-tetrahydroacridine derivative (21).

0 cl
OH N
0y — )

NH N

1

Reflux, 5-6 hr
Anthranilic acid Cyclohexanone
Scheme 1. Synthesis of 2-chloroacridine.
2 1
RO R
N
(:(\/O Phenol
= - IR2
N R'R“NH
3-10
Compds -NR'R?
3. n-hexyl-NH-
4. n-octyl-NH-
5. n-dodecyl-NH-
6. morpholinyl
7. phenylmethylNH-
8. 3-chlorophenylethylNH-
9. 4-methoxy phenylNH-

10. 2-hydroxy ethyINH-

Scheme 2. Synthesis of 9-amino tetrahydroacridines.

2 - \(>)n

11, n=3
12, n=4
13, n=5
14, n=7
15, n=10
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Scheme 3. Synthesis of 9-(phenoxy and thiophenyl)-derivatives.

All the synthesized compounds were evaluated against
M. tuberculosis H37 Ra and M. tuberculosis H37 Rv
strains following earlier protocol.?>23 Out of all the 20
compounds screened for anti-TB activities against
M. tuberculosis H37 Ra and M. tuberculosis H37 Rv
strains, nine compounds 3-6, 10, 11, and 13-15 exhibit-
ed potent antitubercular activities with MIC varying
from 12.5 to 0.78 pg/mL. Other compounds of the series
were inactive as their MICs were above 12.5 pg/mL. A
closure look into structure—activity relationship of the
above compounds as evident from Table 1 reveals that
tetrahydroacridines having 9-amino substituents are
more active than those with thiophenyl or phenoxy sub-
stituents as their MIC values are >12.5 pg/mL. Further,
among the 9-aminoalkyl acridines, compound 4 with
eight-carbon chain length of N-alkyl substituent was
most active against the avirulent strain M. tuberculosis
H37 Ra with MIC of 1.56 pg/mL, while it has MIC of
3.125 pg/mL against the virulent strain M. tuberculosis
H37 Rv. At the same time compound 5 with a chain

Table 1. In vitro antitubercular activities of synthesized
tetrahydroacridines
Compound MIC M. tuberculosis MIC M. tuberculosis log P
H37 Ra H37 Rv
3 6.25 6.25 5.29
4 1.56 3.12 6.12
5 6.25 0.78 7.79
6 >25 12.5 3.60
7 25 >12.5 4.94
8 25 >12.5 5.78
9 >25 >12.5 5.05
10 >25 12.5 2.69
11 25 12.5 6.28
12 >25 ND 6.74
13 25 12.5 7.15
14 6.25 12.5 7.99
15 3.12 12.5 9.24
16 >25 >12.5 5.81
17 >25 >12.5 6.37
18 >25 >12.5 5.41
19 >25 >12.5 6.23
20 25 >12.5 6.18
21 >25 >12.5 5.82

MIC is defined as the lowest concentration inhibiting >90% or 90% of
the inoculum relative to control against H37 Rv, MIC of the com-
pounds used as control, INH 0.65, rifampicine 0.75, and ethambutol
3.25 pg/mL against H37 Rv. ND, not done.

O
X
> —
N
16-20

16, Y=4-chloro

17, Y=2,4-dichloro

18, Y=4-fluoro

19, Y=3,4-dimethyl

20, Y=2-methoxy-4-allyl

of 12 carbon as the aminoalkyl substituent was the most
potent compound of the series with MIC 0.78 pg/mL
against H37 Rv strain, while it has MIC of 6.25 pg/mL
against H37 Ra strain. These results indicate that com-
pound 4 is more specific to avirulent strain H37 Ra,
while compound 5 is more specific to the virulent strain
H37 Rv. Instead of 9-aminoalkyl group, substitution
with aromatic ring did not offer any significant inhibi-
tion to the bacterial growth. Among the bis-acridinyl
diamino alkanes (11-15) compound 15 with 10-carbon
chain spacer exhibited MIC of 3.125 pg/mL that too
against avirulent strain, other compounds have MIC
value either 12.5 or >12.5 pg/mL indicating that incor-
poration of one more acridine unit in such molecule is
not beneficial. It is also evident from the activity data
that replacement of aminoalkyl group at C-9 either with
phenoxy (16-20) or thiophenyl (21) group results in
complete loss of activity indicating that N atom at C-9
is essential for displaying antitubercular activity.

In conclusion we have synthesized 9-substituted tetrahy-
droacridines as new series of antitubercular compounds
with potent activity. The compound 5 having MIC as
low as 0.78 pg/mL proved to be an excellent lead for fur-
ther optimization and development.
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organic layer was separated, dried (Na,SQ,), and evapo-
rated to give crude material which was chromatographed
over basic Al,O3 using 15% ethyl acetate/hexane as eluent
to give 3 as colourless granules in 58% yield, mp 146—
148°C. IR(KBr): 336lcm™'; 'H NMR(200 MHz,
CDCl,): 6 7.97, 791 (d, J = 7.5 Hz, 2H, H-5, H-8), 7.55,
7.34 (dd, 7.5Hz, 1.2Hz, 4H, H-6, H-7), 4.00 (br s,
exchangeable 1H, NH), 3.48 (z, /= 4.8 Hz, 2H, CH,NH),
3.06, 2.71 (m, 4H, H-1, H-4), 1.92 (m, 4H, H-2, H-3), 1.65
(m, J = 4.6 Hz, 2H, CH,), 1.25-1.41(m, 6H, 3x CH,), 0.89
(t, J=4.2Hz, 3H, CH;), FABMS: 283( M+H)*; Anal.
Calcd for Cj9H,N>: C, 80.85; H,9.22; N, 9.92. Found: C,
80.80; H, 9.28; N, 9.88. The physical data of other
compounds may be seen in the supplementary data list.
Collins, L. A.; Franzblan, S. G. Antimicrob. Agents
Chemother. 1997, 41, 1004.

Saito, H.; Tomioka, H.; Sato, K.; Emori, M.; Yamane, T.;
Yamashita, K. Antimicrob. Agents Chemother. 1991, 35,
542.
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Abstract—This paper describes the preliminary biological results that novel T-type calcium channel blockers inhibit the growth of
human cancer cells by blocking calcium influx into the cell, based on unknown mechanism on the cell cycle responsible for cellular
proliferation. Among the selected compounds from compound library, compound 9c (KYS05041) was identified to be nearly equi-
potent with Cisplatin against some human cancers in the micromolar range.

© 2006 Elsevier Ltd. All rights reserved.

Calcium plays a critical role as an intracellular signal,
and controls many different cell processes,' of which cal-
cium appears to play an important role in cell growth.?
For example, it has also been shown that calcium signal-
ing is required for cell cycle progression from G1/S
phase through mitosis.> ¢ It has been demonstrated that
depletion of intracellular calcium arrests the cell cycle in
the GO/G1 and S interphases.” Regulation of the chang-
es in intracellular calcium has been proposed to be via a
T-type calcium channel.® Lined with this proposition, it
has recently been reported that T-type calcium channel
blockers (CCBs) inhibited cellular proliferation.”!°
Opposed to T-type CCBs, however, it remains to discus-
sion that some L-type CCB as anti-hypertensive agents
may be related to the risk of cancer in the elderly and
promote growth of pre-existing cancer cells in human
by inhibition of apoptosis.!! Therefore, selective T-type
CCBs could be another tool to treat cancer where the
cell cycle has become aberrant. Based on these findings,
we also decided to evaluate the inhibitory activity of 3,4-
dihydroquinazoline derivatives as novel T-type calcium
channel blockers against the growth of human cancer

Keywords: Cancer cell; Growth inhibition; T-type calcium channel

blockers; Cisplatin.

* Corresponding author. Tel.: +82 2 9610726; fax: +82 2 9663701;
e-mail: ljy@khu.ac.kr

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

doi:10.1016/j.bmcl.2006.07.046

cells in order to find another relationship between
T-type channel blocking and the growth inhibition of
cancer cells.

By using the synthetic methods according to Scheme 1,
we have recently prepared a library of 3,4-dihydroqui-
nazoline derivatives and evaluated their channel block-
ing effects against T-type channel (o) expressed on
HEX?293 cell by whole cell patch-clamp methods: T-type
Ca”" currents were evoked every 15s by a 50 ms depo-
larizing voltage step from —100 to —30 mV and percent-
age inhibition was calculated as 100[(C — D)/C], where
D is the peak current in the presence of drug, and C is
the peak current before the application of drug.'?> As a
result, we have disclosed a few of lead compounds
(KYS05064 and KYS05071) as novel T-type channel
blockers showing a good potency and channel selectivity
through intensive SAR study.'?® From the compound li-
brary, we have selected eight compounds showing a
broad range of channel blocking effects (34-91% inhibi-
tion at 10 uM concentration) to find their relationship
between channel blocking effect and growth inhibition
of cancer cells, and the structures of selected compounds
are shown in Figure 1.

The selected compounds were evaluated for their growth
inhibition against five cancer cell lines, including human
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Scheme 1. Reagents and conditions: (a) SnCl,-2H,0, EtOAc, 70 °C; (b) R'NCO, benzene, rt; (¢) Ph3P-Br,, Et;N, CH,Cl,, 0 °C; (d) R?H, THF, rt; (e)
LiOH-H,O, THF-H,0 (1:1), 60 °C; (f) p—R3—BnNH2, HOBT, EDC, rt; (g) 10% Pd(C), MeOH, rt; (h) p—R4—PhSOZCl, pyridine, 0 °C to rt.
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Figure 1. 3.4-Dihydroquinazoline derivatives studied in SRB assay.

lung carcinoma (A-549), human colon cancer (HCT-15),
human epidermoid carcinoma (KB), human malignant
melanoma (SK-MEL-2) and human ovarian cancer
(SKOV3) using sulforhodamine B (SRB) assay:'4 All
cell lines were grown in RPMI 1640 (Gibco BRL) sup-
plemented with 10% (v/v) heat-inactivated fetal bovine
serum (FBS) and maintained at 37 °C in a humidified
atmosphere with 5% CO,. The cells were seeded into
96-well plate. Various concentrations of samples were
added to each well in triplicate and then incubated at
37 °C with 5% CO, for 72 h such that cells are in the
exponential phase of growth at the time of drug addi-
tion. After incubation, 100 pL of formalin solution
was gently added to the wells. Microplates were left
for 30 min at room temperature, washed five times with
tap water. One hundred microliters of 0.4% SRB solu-
tion was added to each well and left at room tempera-
ture for 30 min. SRB was removed and the plates were
washed five times with 1% acetic acid before air-drying.
Bound SRB was solubilized with 100 pL of 10 mM
unbuffered Tris-base solution (Sigma) and plates were

H

o]
©ﬁi’%\‘)\m/\m
N/)\ r\O

7b (KYS05074)

Nepos
e

8 (KYS05040)

/@f D e rH
N CH3 N CH3

H N)\l\O

9d (KYS05064)

N)\I\O

9c (KYS05041)

H3C

left on a plate shaker for at least 10 min. The optical
density was measured using a microplate reader (Versa-
max, Molecular Devices) with a 520 nm wavelength and
the growth inhibition concentration was expressed as
Glso. The results of assay are summarized in Table 1
as well as the channel blocking effect (% inhibition val-
ues at 10 pM concentration). Cisplatin was used as a ref-
erence for anti-cancer activity and also tabulated with
data for comparison. In addition, blocking effects
against N-type channel are also inserted into Table 1
in order to investigate the N-type channel blocking effect
on growth inhibition of cancer cells.

Before discussing the results, we have already confirmed
that all of the selected compounds did not show any
cytotoxicity on HEX293 cell at 100 pM concentration
as reported previously.!?> From these data, a brief rela-
thIlShlp profile emerged as follows as expected, Cisplat-
in barely blocked T-type Ca®* currents and the mean
percentage of its inhibition is 3.9t2.1 (n=3) at
10 uM  concentration of Cisplatin, which acts by
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Table 1. Biological data for selected compounds

Compound Channel blocking effect Growth inhibition of cancer cell: Glsq (LM)°
(% inhibition)™°

T-type (oG) N-type (o) A-549¢ HCT-15° KBf SK-MEL-2¢ SKOV3"
5 (KYS05044) 82.5+0.7 No blocking 3.39+0.11 3.64+0.24 3.77+£0.07 3.32+0.20 3.24+0.31
7a (KYS05075) 344+ 14 27.6£0.5 >200 >200 >200 50.19 +2.45 >200
7b (KYS05074) 593+19 9.3+0.5 95.10 £ 19.97 74.16 £ 9.63 108.14 £ 24.43 42.48 +0.00 77.84 £ 12.62
8 (KYS05040) 43545 89+ 1.8 36.60 + 1.19 33.86 + 3.86 37.08 £ 0.82 30.73 £ 5.97 39.32+1.28
9a (KYS05071) 627123 No blocking 66.10 £ 19.10 38.62+3.13 41.63 £ 741 31.36 + 1.53 46.48 £ 5.29
9b (KYS05070) 81.3+0.8 89+ 1.8 39.16 + 6.97 33.89 £2.75 33.83 £ 0.56 24.21 £ 5.08 33.44 £ 0.00
9¢ (KYS05041) 899+ 1.3 14.1£2.1 3.06 £ 0.10 2.80 £ 0.28 3.11+0.25 2.70 £ 0.21 2.93 £ 0.00
9d ((KYS05064) 91.3£0.6 No blocking 23.03£0.75 25.67 £ 8.61 22.28 £1.80 3.52+0.18 2278 £ 5.15
Cisplatin 39+21 ND! 0.67 £ 0.67 2.80 £ 1.00 1.50 £ 1.20 440+ 1.40 1.80 £ 0.67

%% Inhibition on HEX293 cell at 10 uM.

®Value was determined from dose—response curve and obtained from three independent experiments.
¢ Gls value was determined from dose-response curve and obtained from three independent experiments.

4 Human lung carcinoma (A-549).

¢ Human colon cancer (HCT-15).

"Human epidermoid carcinoma (KB).

€ Human malignant melanoma (SK-MEL-2).
" Human ovarian cancer (SKOV3).

IND, not determined.

crosslinking DNA in several different ways, making it
impossible for rapidly dividing cells to duplicate their
DNA for mitosis. In general, all compounds showed
the similar correlation between cell growth inhibitory
activity and T-type channel blocking effect, even though
it is non-linear. That is, compound 7a showing weak
activity against T-type channel produced weak activity
against cancer cells. Compounds 5 and 9c¢ showing
strong potency against T-type channel exhibited strong
activity against cancer cells. All compounds also exhib-
ited the similar growth inhibitory activities against five
cancer cells except for compounds 7a, 7b, and 9d. Inter-
estingly, compound 9d, which is the most active com-
pound (91.3 £ 0.6%) against T-type channel, exhibited
less activity than compounds 5 and 9¢ except for
SKMEL2 cell line. This result could be explained by
comparing ICsy values of compounds 5, 9¢, and 9d,
which are 0.56 £ 0.10, 0.17 + 0.08, and 0.96 £ 0.22 uM,
respectively (the data not inserted in Table 1). With re-
spect to ICs value, therefore, the most active compound
9¢ exhibited the meaningful inhibition of cancer cell’s
growth compared to Cisplatin, which is our reference
compound.

As shown in Table 1, it seems that the blocking of N-
type channel has no effect on the anti-cancer activity.
That is, the sum of T-type and N-type % inhibition
did not contribute to increase the growth inhibition
activity, when considered the data of two pairs of com-
pounds such as 7a and 8, and 7b and 9a. For the exact
relationship between N-type channel blocking and
anti-cancer activity, however, compounds showing the
selectivity for N-type channel should be synthesized
and evaluated for anti-cancer activity.

In conclusion, we have provided the additional
evidence for the relationship between the inhibition
of calcium influx and anti-cancer activity via T-type
calcium channel blocking even though it is only

preliminary data. This result is obviously found to
coincide with the previous works by other research
groups and also endows T-type calcium channel
blocker with the possibility as another anti-cancer
agent.!>!'® However, more work is needed in order
to understand the calcium influx and cell proliferation
via T-type calcium channel. Encouraged by these
results, therefore, the synthesis and biological evalua-
tion of a variety of compounds are in progress for
providing the direct linkage and will be announced
in the future.
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A series of des-keto lobeline analogs has been synthesized and evaluated for their ability to inhibit the dopamine transporter (DAT),
the serotonin transporter (SERT) function and for their affinity for the synaptic vesicle monoamine transporter (VMAT?2), as well as
for 04P2 and o7 neuronal nicotinic acetylcholine receptors (nAChRs). The enantiomers §R-hydroxylobel-9-ene (3a) and 10S-
hydroxylobel-7-ene (3c) exhibited high potency and selectivity at SERT and DAT, respectively.
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A series of functionalized aryl boronic acids were synthesized and O\B/o
evaluated as potential inhibitors of factor Xla. Several of the Br
compounds show a single digit micromolar inhibition against FXIa
and selectivity against thrombin, trypsin, and FXa. o "
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The double bond at carbon-20(22) or the hydroxyl group (OH) at
carbon-20 geometrically close to OH at carbon-12 is thought to increase
the hydroxyl radical scavenging activity of ginsenosides.

Ginsenoside Rk,

Site-Selective DNA cleavage by a novel complex of copper-conjugate of Phen and pp 5032-5035
polyamide containing /N-methylimidazole rings
Dan Liu, Jiang Zhou, Huihui Li, Bo Zheng and Gu Yuan*

'
55-TTAGGG TTA G G G-3

DP9
3-AATCCC AAT C C C-5
Q :Im ; < : [Cu(phen),]*

The binding mode and the cleavage site
A novel conjugate of 3-Clip-Phen and polyamide was synthesized for the targeting human telomeric repeat of 5-TTAGGG-3', and

the DNA cleaving activity and the sequence selectivity of this complex were confirmed by ESI-mass spectrometry.

Synthesis, structure, and bioactivity of N'-substituted benzylidene-3,4,5-trimethoxybenzohydrazide pp 5036-5040
and 3-acetyl-2-substituted phenyl-5-(3,4,5-trimethoxyphenyl)-2,3-dihydro-1,3,4-oxadiazole derivatives
Linhong Jin, Jiang Chen, Baoan Song,” Zhuo Chen, Song Yang, Qianzhu Li, Deyu Hu and Ruiqging Xu
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R= a: 2-F; b: 3-F; c: 4-F; d: 2-CF3; e: 3-CFj; f: 4-CF3; g: 3,4-2Cl; h: 2,5-20CHjg; i: 3,4-2F;
j: 2,3-20CHjg; k: 4-CI-3-NOy; I: 3,5-2Cl; m: 2,4-20CHjg; n: 2,6-2Cl; o: 3,4,5-30CH3

A series of 3-acetyl-2-substituted phenyl-5-(3,4,5-trimethoxyphenyl)-2,3-dihydro-1,3,4-oxadiazole were synthesized
through cyclization of N’-substituted benzylidene-3,4,5-trimethoxybenzohydrazide in acetic anhydride. And their ®+
inhibitory activities against cancer cells were performed.
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of Leishmania donovani promastigotes in vitro
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A series of 5-substituted pyrimidine nucleosides with R substituents ranging from formyl, to dicyanovinyl, to substituted chromenes,
and including a pyrazolone, were all potent inhibitors of Leishmania donovani promastigotes.
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The synthesis and initial SAR studies of novel, highly potent positive allosteric modulators of AMPA receptors based on 3-(4-tert-
butylphenyl)-4-cyano-5-methylsulfanyl-thiophene-2-carboxylic acid (6a) are described.
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Interstrand-stacking of different non-nucleosidic, polyaromatic
compounds in DNA takes place with high selectivity.

Solid-phase synthesis and structure—activity relationships of novel biarylethers pp 5066-5072
as melanin-concentrating hormone receptor-1 antagonists

Vu Ma," Anthony W. Bannon, Jamie Baumgartner, Clarence Hale, Faye Hsieh,
Christopher Hulme, Kirk Rorrer, John Salon, Carlo van Staden and Paul Tempest

R®

I=

HN.__R?

o=

Solid-phase synthesis and structure-activity relationships of novel biarylethers as melanin-concentrating hormone receptor-1
antagonists are reported.

Pyrrolidine bis-cyclic guanidines with antimicrobial activity against drug-resistant Gram-positive pp 5073-5079
pathogens identified from a mixture-based combinatorial library

Mary E. Hensler, Gregory Bernstein, Victor Nizet and Adel Nefzi*

R2

HN //< 4NH \
)kN N N N\/R
"0

R1 R3

The solid-phase synthesis of a 738,192 member pyrrolidine bis-cyclic guanidine chemical library with four positions of diversity (R'—
R*) is reported. Screening this library yielded eight compound mixtures with bactericidal activity against methicillin-resistant
Staphylococcus aureus. Thirty-six individual compounds from these mixtures exhibited potent bactericidal activity against important
human pathogens.

Synthesis and neuroprotective effects of serofendic acid analogues pp 5080-5083

Taro Terauchi,” Takashi Doko, Masahiro Yonaga, Akiharu Kajiwara, Tetsuhiro Niidome,
Ryota Taguchi, Toshiaki Kume, Akinori Akaike and Hachiro Sugimoto

1: serofendic acid A 2: serofendic acid B

Analogues of serofendic acid were prepared and their protective effects against L-glutamate (Glu)-induced neurotoxicity were
examined using primary cultures of rat cortical neurons.
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The molecular basis for the selection of captopril cis and trans pp 5084-5087
conformations by angiotensin I converting enzyme

Andreas G. Tzakos, Nawazish Naqvi, Konstantinos Comporozos, Roberta Pierattelli,
Vassiliki Theodorou, Ahsan Husain™ and Ioannis P. Gerothanassis*
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A combinatorial approach through NMR, flexible docking calculations, mutagenesis, and enzymatic studies ®+
rationalized the selectivity mechanism of the isomerization states of captopril from the ACE enzyme.

Peptidomimetic C5a receptor antagonists with hydrophobic substitutions at the C-terminus: pp 5088-5092
Increased receptor specificity and in vivo activity

Karsten Schnatbaum,” Elsa Locardi, Dirk Scharn, Uwe Richter,

Heiko Hawlisch, Jochen Knolle and Thomas Polakowski

F
New C5a receptor antagonists characterized by C-terminal amino acids with H O 0N 0
hydrophobic substitutions are presented. o zp\n/N\i/t\l N NH,
H =

JPE1375 (36) @+

Design and regioselective synthesis of a new generation of targeted chemotherapeutics. pp 5093-5096
Part 1: EC145, a folic acid conjugate of desacetylvinblastine monohydrazide

Tontcho R. Vlahov,” Hari Krishna R. Santhapuram, Paul J. Kleindl,

Stephen J. Howard, Katheryn M. Stanford and Christopher P. Leamon

®+

Synthesis of 3H-spiro[benzofuran-2,1’-cyclohexane] derivatives from naturally occurring pp 5097-5101
filifolinol and their classical complement pathway inhibitory activity

Mariana Useglio, Patricia M. Castellano, Maria A. Operto, René Torres and Teodoro S. Kaufman®

R’ -

Me OH
R=H, R'= CO,H

R= Br, R'= CO,H
R=CN, R'= CO,H
R=H, R'=OH

The synthesis of six filifolinol derivatives as classical complement pathway inhibitors is reported.
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Novel tricyclic azepine derivatives: Biological evaluation of pyrimido|4,5-b]-1,4-benzoxazepines, pp 5102-5106
thiazepines, and diazepines as inhibitors of the epidermal growth factor receptor tyrosine kinase

Leon Smith, II," Wai C. Wong, Alexander S. Kiselyov, Sabina Burdzovic-Wizemann,

Yunyu Mao, Yongjiang Xu, Matthew A.J. Duncton, Ki Kim, Evgueni L. Piatnitski,

Jacqueline F. Doody, Ying Wang, Robin L. Rosler, Daniel Milligan, John Columbus, R @\

Chris Balagtas, Sui Ping Lee, Andrey Konovalov and Yaron R. Hadari N | X
N
Y)\\N Tb’ o\

Y=H,Me O
T=NH,0,S

The synthesis and SAR studies of oxazepines, thiazepines, and diazepines as
novel EGFR inhibitor classes are reported.

Arylaminoethyl carbamates as a novel series of potent and selective cathepsin S inhibitors pp 5107-5111

David C. Tully,” Hong Liu, Arnab K. Chatterjee, Phil B. Alper, Jennifer A. Williams,
Michael J. Roberts, Daniel Mutnick, David H. Woodmansee, Thomas Hollenbeck,
Perry Gordon, Jonathan Chang, Tove Tuntland, Christine Tumanut, Jun Li,

Jennifer L. Harris and Donald S. Karanewsky

The synthesis and SAR of a novel series of arylaminoethyl ~ Q
carbamates is reported as potent, highly selective, and ¢ Ho 9 o \ 0o
orally bioavailable noncovalent inhibitors of cathepsin S. K/NT \AHLN F —> ()\IWAOJKNJVN
N H F
18

N
o]
S

CatS K =0.011 uM CatS K =0.019 uM

CatL K =0.810 uM Cat L K; = >100 uM

F (rat) = 4% F (rat) = 42 % @+

Synthesis and SAR of arylaminoethyl amides as noncovalent inhibitors of cathepsin S: P3 cyclic ethers pp 5112-5117
David C. Tully,” Hong Liu, Arnab K. Chatterjee, Phil B. Alper, Robert Epple,

Jennifer A. Williams, Michael J. Roberts, David H. Woodmansee, Brian T. Masick,

Christine Tumanut, Jun Li, Glen Spraggon, Michael Hornsby,

Jonathan Chang, Tove Tuntland, Thomas Hollenbeck, Perry Gordon, OK/N Hi J\/H
Jennifer L. Harris and Donald S. Karanewsky D H \©\
o =
The synthesis and SAR a series of arylaminoethyl amide cathepsin S inhibitors are SOz OCFs
reported, focusing on the optimization of P3 and P2 subunits. An X-ray co-crystal
structure of compound 37 bound to the active site of cathepsin S is also disclosed. Compound 37

Cathepsin SK; = 32 nM
@*

Enhanced reactivity of amino-modified oligonucleotides by insertion of aromatic residue pp 5118-5121

Naoshi Kojima, Maiko Sugino, Akiko Mikami, Ken Nonaka, Yumi Fujinawa, Isamu Muto,
Kenichi Matsubara, Eiko Ohtsuka and Yasuo Komatsu”®

labeling
O‘ O—NHL

o >
HZN\j VNGNS s o — crosslinking
H

oligonucleotide

®+






4980 Contents | Bioorg. Med. Chem. Lett. 16 (2006) 4973-4986

Structure-based drug design of a highly potent CDK1,2,4,6 inhibitor pp 5122-5126
with novel macrocyclic quinoxalin-2-one structure

Nobuhiko Kawanishi,” Tetsuya Sugimoto, Jun Shibata, Kaori Nakamura,
Kouta Masutani, Mari Ikuta and Hiroshi Hirai -
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N N
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Identification of a novel series of CDK1,2,4,6 inhibitor with macrocyclic quinoxalin-2-one is reported. The structure-based designs
and optimizations led to the potent CDK1,2,4,6 inhibitor that could be available as iv administration for in vivo studies from the
lead compound with diarylurea scaffold.

Synthesis and biological evaluation of benzamides and benzamidines pp 5127-5131
as selective inhibitors of VEGFR tyrosine kinases

Hiroyuki Nakamura,” Yusuke Sasaki, Masaharu Uno, Tomohiro Yoshikawa,

Toru Asano, Hyun Seung Ban, Hidesuke Fukazawa, Masabumi Shibuya and Yoshimasa Uehara

.R?
HN
R1
X X=0,Y = NH: anthranilic amides, (3)
X =0,Y = O: salicylic amides, (4)
R! Y X = NH, Y = NH: anthranilic amidines, (5)
| X =NH, Y = O: salicylic amidines, (6)

A series of benzamidines and benzamides was synthesized as selective inhibitors of vascular endothelial growth factor receptor
(VEGFR) tyrosine kinases, and tested for inhibitory activity toward autophosphorylation by the enzyme assay.

Protein microarrays to study carbohydrate-recognition events pp 5132-5135
Myung-ryul Lee, Sungjin Park and Injae Shin*

e
U
Protein microarrays . v 2
@
Protein microarrays are applied for studying carbohydrate-recognition events.
Cluster analysis and two-dimensional quantitative structure—activity relationship (2D-QSAR) pp 51365143

of Pseudomonas aeruginosa deacetylase LpxC inhibitors
Rameshwar U. Kadam and Nilanjan Roy*
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Conventional and cluster analysis based methods for QSAR development have been analysed and compared for their predictability

on a set of Pseudomonas aeruginosa Deacetylase LpxC inhibitors. Cluster analysis based approach proved to be better than the
conventional technique.
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Search of antitubercular activities in tetrahydroacridines: Synthesis and biological evaluation pp 5144-5147

R. P. Tripathi,* S. S. Verma, Jyoti Pandey, K. C. Agarwal, Vinita Chaturvedi,
Y. K. Manju, A. K. Srivastva, A. Gaikwad and S. Sinha

2 1
R _R
N
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= =
N N

A series of 9-aminotetrahydroacridines were synthesized starting from anthranilic acid and cyclohexanone. Few of ®+
the compounds possess potent in vitro antitubercular activities with MIC as low as 0.78 pg/mL.

Mimicking the biological activity of diazobenzo|b]fluorene natural products with pp 5148-5151
electronically tuned diazofluorene analogs

Wei Zeng, T. Eric Ballard, Alexander G. Tkachenko, Virginia A. Burns,
Daniel L. Feldheim and Christian Melander™

- N
The synthesis, DNA cleaving, and anti-prolifera- Q ’
tive properties of electronically modulated \ o N
diazofluorenes are reported. B DTT
or —— | DNA Cleavage Cell -
OH O N, Culture
COLs
. OH
o L
HO  bAc -+
Kinamycin D

Antiproliferative Activity
Against HeLa Cells

Carbonic anhydrase activators: The first X-ray crystallographic study _ pp 5152-5156
of an adduct of isoform I His200
Claudia Temperini, Andrea Scozzafava and Claudiu T. Supuran® \
Thr199 HN _/
. 0 His67
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Development of a novel albumin-binding prodrug that is cleaved pp 5157-5163

by urokinase-type-plasminogen activator (uPA)
Da-Eun Chung and Felix Kratz*

O
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M ?
Gly-Gly-Gly-Arg-A|
U y-Gly-Gly-Arg rg\N CHs
H

1

A water-soluble albumin-binding prodrug of doxorubicin (1) was developed that is cleaved specifically by the tumor-associated
protease urokinase-type plasminogen activator (uPA).
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Conjugated indole-imidazole derivatives displaying pp 5164-5168
cytotoxicity against multidrug resistant cancer cell lines

David A. James, Keizo Koya, Hao Li, Shoujun Chen, Zhigiang Xia,

Weiwen Ying, Yaming Wu and Lijun Sun®

We report herein the SAR studies of a series of indole-imidazole compounds. that demonstrate substantial in vitro anti-proliferative
activities against cancer cell lines, including multidrug resistance (MDR) phenotypes. The in vitro cytotoxic effects have been
demonstrated across a wide array of tumor types, including hematologic and solid tumor cell lines of various origins (e.g., leukemia,
breast, colon, and uterine).

Homo-cysteinyl peptide inhibitors of the L1 metallo-p-lactamase, and SAR as determined pp 5169-5175
by combinatorial library synthesis

Qin Sun, Andy Law, Michael W. Crowder and H. Mario Geysen*

HOOC?OH
NH HS) 95b K; = 2.1nM

ONH

Homo-cysteinyl peptides library was synthesized and screened for their inhibitory activity toward L1 metallo-p-lactamase. The most
active compound had a K; of 2.1 nM.

Preparation of 1-(3-aminobenzo|d]isoxazol-5-yl)-1H-pyrazolo[4,3-d]pyrimidin-7(6 H)-ones as potent, pp 51765182
selective, and efficacious inhibitors of coagulation factor Xa

Yun-Long Li,* John M. Fevig,* Joseph Cacciola, Joseph Buriak, Jr.,

Karen A. Rossi, Janan Jona, Robert M. Knabb, Joseph M. Luettgen,

Pancras C. Wong, Stephen A. Bai, Ruth R. Wexler and Patrick Y. S. Lam

. C . FsC
Previously, potent factor Xa inhibitors were described based on the 1H-pyrazolo[4,3- :

dpyrimidin-7(6 H)-one bicyclic core and a 4-methoxyphenyl P1 moiety. This letter NiIr\NrMez

describes the 1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one and related bicyclic cores with o}

the 3-aminobenzisoxazole P1 moiety. Many of these compounds are potent, selective, O
and efficacious inhibitors of coagulation factor Xa. N 23b
Selectively guanidinylated derivatives of neamine. Syntheses and inhibition of anthrax lethal pp 5183-5189

factor protease

Guan-Sheng Jiao,” Ondrej Simo, Melissa Nagata, Sean O’Malley, Thomas Hemscheidt,
Lynne Cregar, Sherri Z. Millis, Mark E. Goldman and Cho Tang

A series of mono-, di-, and tri-guanidinylated derivatives of neamine were prepared Rt R R o s o

via selective guanidinylation of neamine. These molecules represent a novel scaffold 0. 0" “IOH R R% R% RT=NH,
as inhibitors of anthrax lethal factor zinc metalloprotease. Methods for the ' OH NH
synthesis of these compounds are described, and structure—activity relationships HO" “/R3 or ;ﬁNLNHZ
among the series are analyzed. In addition, initial findings regarding the mechanism OH

of LF inhibition for these molecules are presented. K2PP (LF) = 0.5-42.9 M
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Synthesis of 16-mercaptohexadecylphosphocholine, a miltefosine analog with leishmanicidal activity pp 5190-5193

Valentin Hornillos, José Maria Saugar, Beatriz G. de la Torre, David Andreu,
Luis Rivas, A. Ulises Acufia® and Francisco Amat-Guerri*
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A miltefosine analog capped with a versatile terminal mercapto group presents the same very high leishmanicidal activity as the
parent drug, opening new ways for the study of the unknown antiparasite mechanism of alkylphospholipids.

Kinase-mediated trapping of bi-functional conjugates of paclitaxel or vinblastine pp 5194-5198
with thymidine in cancer cells

Simon E. Aspland,” Carlo Ballatore, Rosario Castillo, Joel Desharnais, Trisha Eustaquio, Philip Goelet,
Zijian Guo, Qing Li, David Nelson, Chengzao Sun, Angelo J. Castellino and Michael J. Newman

negative charge on

In the present work, we explore the possibility of introducing selectivity to  P=DPrue phosphate traps drug
.. . . . . . S = Substrate in diseased cell
existing chemotherapeutics via the design of non-pro-drug, bi-functional
molecules comprising a microtubule-binding agent and a substrate for a °—°
disease-associated kinase. The design, synthesis, and in vitro biological
evaluation of paclitaxel-thymidine and vinblastine-thymidine bi-functional
conjugates are reported here. This work provides the first account of ‘kinase-
mediated trapping’ of cancer therapeutics.

Cytoplasm —p

TKily B o
00,

Tumor cell or tumor-associated endothelial cell

Inhibition of HIV-1 integrase activity by synthetic peptides derived from the pp 5199-5202
HIV-1 HXB2 Pol region of the viral genome

Zahrah Zawahir and Nouri Neamati®

. . . . ELVNQIIEQLIKKEKVYLAW 526-545 LQDSGLEVNIVTDSQVALGI 486-505
The five most potent peptides derive from different regions of the - -

HIV-1 HXB2 Pol genome. Numbers adjacent to each peptide

sequence indicate amino acid spans of the respective subunits on (Poipiorr  H{ Polpesrr
the Pol polypeptide (Numbering according to the HXB2 100,/ 560 1003
Numbering Engine nomenclature, Los Alamos National La- ., amwooiwvesoie 17610 /
boratory). Numbers in parentheses indicate the number of the B | aLTEAVAKITTESIVIWGK 365385
(53) K

peptide (domains not drawn to scale). ETWETWWIEYQATWIPEWE 396415

(56)

A novel class of positive allosteric modulators of AMPA receptors: Design, synthesis, and pp 5203-5206
structure-activity relationships of 3-biphenyl-4-yl-4-cyano-5-ethyl-1-methyl-1H-pyrrole-2-carboxylic
acid, LY2059346

Hamideh Zarrinmayeh,” Eric Tromiczak, Dennis M. Zimmerman, Nancy Rankl,
Ken H. Ho, Esteban Dominguez, Ana Castaiio, Ana Escribano, Carmen Fernandez, O
Alma Jimenez, William J. Hornback and Eric S. Nisenbaum NG
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Design and synthesis of substituted quinolines as novel and selective melanin concentrating pp 5207-5211
hormone antagonists as anti-obesity agents

Namal C. Warshakoon,* Justin Sheville, Ritu Tiku Bhatt, Wei Ji, Jose L. Mendez-Andino,

Kenneth M. Meyers, Nick Kim, John A. Wos, Chrissy Mitchell, Jennifer L. Paris,
Beth B. Pinney, Ofer Reizes and X. Eric Hu

X N’R1
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Synthesis and SAR of conformationally restricted inhibitors of soluble epoxide hydrolase pp 5212-5216

Paul D. Jones, Hsing-Ju Tsai, Zung N. Do, Christophe Morisseau and Bruce D. Hammock™*

n=0,1
R = H, alkyl, acyl

@
From arylureas to biarylamides to aminoquinazolines: Discovery of a novel, potent TRPV1 antagonist pp 5217-5221

Xiaozhang Zheng, Kevin J. Hodgetts, Harry Brielmann, Alan Hutchison, Frank Burkamp,
A. Brian Jones, Peter Blurton, Robert Clarkson, Jayaraman Chandrasekhar, Rajagopal Bakthavatchalam,
Stéphane De Lombaert, Marci Crandall, Daniel Cortright and Charles A. Blum*
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> =N 2N
arylurea biarylamide quinazoline
hVR1 =17nM hVR1 = 43nM hVR1=1.1 nM

A novel VR1 antagonist template (4-aminoquinazoline) exhibits improved in vitro potency and oral bioavailability relative to the
corresponding urea or carboxamide compounds.

Synthesis and monoamine transporter affinity of 2f-carbomethoxy- pp 5222-5225
3p-(4’-p-substituted phenyl)-piperidine analogs of cocaine

Frederic Bois, Ronald M. Baldwin, Nora S. Kula, Ross J. Baldessarini,

M. Al Tikriti, Robert B. Innis and Gilles D. Tamagnan™
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A series of novel piperidine based analogs of cocaine was synthesized and evaluated in vitro against the three monoamine
transporters to develop new potential selective SERT radiotracers.
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New, potent P1/P2-morpholinone-based HIV-protease inhibitors pPp 5226-5230
Wieslaw M. Kazmierski,” Eric Furfine, Andrew Spaltenstein and Lois L. Wright
) A B
Amprenavir !
y OH KQ 17 —/ ' H
o NWN\ /Q/
O\j/ jo( B //S\‘o 31 D
P2 \O
P1 1 H H

Morpholinone-based P1/P2 derivatives have been discovered to provide a new and promising scaffold toward potent mimetics of the
HIV-1 protease inhibitor Amprenavir. In particular, allyl- and spiro-cyclopropyl—P2-substituted inhibitors 17 and 31 were found
500x more potent than the parent inhibitor 1.

Synthesis and evaluation of anilinohexafluoroisopropanols as activators/modulators of LXRa and § pp 5231-5237

Narendra Panday,” Jorg Benz, Denise Blum-Kaelin, Vanessa Bourgeaux, Henrietta Dehmlow,
Peter Hartman, Bernd Kuhn, Hassen Ratni, Xavier Warot and Matthew B. Wright

OH OH OH 47 compounds evaluated for binding affinity
F.C CF F,C CF, F,C CF, and transcriptional activation
8 8 significant improvement of affinity/activity for:
I , R'=H —— R'=Cl
— R' An R° Re=H —> R2=MeorEt
Y _N
NH, (N\/ ~ Plasma lipoprotein levels in mice
Aryl funct. | g2 determined for 3 compounds
group
Convenient synthesis of 3- and 6-deoxy-D-myo-inositol phosphate analogues pp 5238-5243
from (+)-epi- and (—)-vibo-quercitols
Seiichiro Ogawa™ and Yoji Tezuka
X Y Z
OH |
PO SOH PO £ —3lOH POA S8 X %P |:| FF’)
s{op POJ2 s{opPOY2 52 Fooq P
6 1 6 1 6 1Y H F P 0
HO HO OH H (CH,),0P P = —P(OH),
3-Deoxy Ins(1,4,5P;  6-Deoxy Ins(1,4,5)P, OH H (CHy);0P
Morpholin-2-one derivatives as novel selective T-type Ca>* channel blockers pp 5244-5248

Il Whea Ku, Sangwon Cho, Munikumar Reddy Doddareddy, Min Seok Jang, Gyochang Keum,
Jung-Ha Lee, Bong Young Chung, Youseung Kim, Hyewhon Rhim* and Soon Bang Kang*
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Morpholin-2-one-5-carboxamide derivatives were prepared by using a one-pot Ugi multicomponent reaction and showed potent
and selective T-type calcium channel blocking activities.
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