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Abstract—EM703, which is an erythromycin derivative synthesized by our group, has a potent promoting activity of monocyte-to-
macrophage differentiation in vitro. Its activity is approximately 300 times higher than that of erythromycin A (EM-A). In this
study, we determined three-dimensional (3D) solution structures of EM703 and EM-A, and compared them using a superposition
method, in order to investigate the 3D structure—activity relationship. We found a distinct difference between the 3D structures of
these molecules, which might be an important factor in their divergent activities.

© 2006 Elsevier Ltd. All rights reserved.

Erythromycin A (EM-A; Fig. 1A) is a macrolide antibi-
otic isolated from cultures of Streptomyces erythreus
that has been widely used to treat a variety of infectious
diseases. In 1987, it was reported that EM-A was effica-
cious against diffuse panbronchiolitis, which is an incur-
able chronic inflammatory airway disease.”> This
finding suggested that EM-A might possess anti-inflam-
matory or immunomodulatory activity. During the past
decade, it was shown that EM-A has a wide range of
anti-inflammatory and immunomodulatory effects. For
example, EM-A was found to have inhibitory activity
against the inflammatory functions of neutrophils® and
to promote differentiation of the human monocytic cell
line THP-1 to macrophages.*> EM-A is thought to
interact with a receptor that is related to anti-inflamma-
tory or immunomodulatory activity. Recently, we chem-
ically modified EM-A in order to obtain derivatives with
stronger promoting activities of monocyte-to-macro-
phage differentiation.® One of these derivatives,
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EM703 (Fig. 1B), exhibited an activity approximately
300 times higher than that of EM-A. The chemical struc-
ture of EM703 differs from that of EM-A in the C1 and
C6-C15 regions. These structural differences are consid-
ered to be important for the potent activity of EM703,
because all other derivatives with the same macrolide
ring structure showed stronger activities than EM-A.¢
In this study, we determined the three-dimensional
(3D) solution structures of EM-A and EM703, and com-
pared them using a superposition method. This ap-
proach was intended to reveal any contrasting 3D
structural features of the two macrolides that might be
important for their different activities.

We employed SYBYL6.91 (Tripos, St Louis, MO, USA)
to prepare initial structures for EM-A and EM703. Con-
formational analysis of the two macrolides was then per-
formed using the Conformational Analyzer with
Molecular Dynamics And Sampling (CAMDAS) 2.1
program’ developed in our laboratory. CAMDAS gen-
erates the energetically accessible conformers of a target
molecule by performing an MD calculation and sam-
pling conformers along the trajectory. The procedure
for the CAMDAS calculation was similar to that
described previously.® In total, 33 (35) dihedral angles
were used to cluster similar conformations for EM-A



mailto:godah@pharm.kitasato-u.ac.jp



H. Gouda et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2496-2499 2497

B EM703

O Hydrophobic atoms (HP)

Hydrogen-bonding acceptor
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Figure 1. Chemical structures and functional atoms of EM-A (A) and EM703 (B). The circles represent the property radii of the functional atoms:

large circles = 1 A; small circles = 0.5 A.

(EM703). From the CAMDAS calculation, 8683 (8723)
different conformers were obtained for EM-A (EM703).

Next, nuclear magnetic resonance (NMR) experiments
were performed to extract structural information on
the two macrolides.’ Dihedral constraints were obtained
by applying the Karplus equation to vicinal proton—pro-
ton scalar coupling constants,'® which were obtained
from a high-resolution one-dimensional proton spec-
trum. Two-dimensional transverse rotating-frame Over-
hauser-enhancement spectroscopy (TROESY) was also
performed in order to obtain proton—proton distance
constraints.!""!2 In total, 81 (82) constraints—compris-
ing 67 (70) distance and 14 (12) dihedral constraints—
were obtained for EM-A (EM703). We then extracted
conformers from the ensemble generated by the CAM-
DAS calculation, which satisfied the distance and dihe-
dral constraints. As a result, three (four) conformers
were obtained as solution structures of EM-A
(EM703). Figures 2A and B show stereopairs of the
best-fit superpositions of the heavy atoms for the solu-
tion structures of EM-A and EM703, respectively. The
average pairwise root mean square deviation between
the three (four) individual structures was 0.56 + 0.11
(0.55 £ 0.13) A for all heavy atoms of EM-A (EM703).
These small values indicate that the 3D structures of
the macrolides were well defined.

Finally, alignment of the 3D structures of EM-A and
EM703 was carried out using the molecular-overlay
program SUPERPOSE,'* which was recently devel-
oped in our laboratory. This program is based on
the premise that compounds binding to the same site
of a receptor possess common 3D structural features.
The program superposes two molecules based on their
respective physicochemical properties. It deals with

A EM-A

B EM703

Figure 2. The stereopairs of superpositions of the 3D solution
structures of EM-A (A) and EM703 (B). The superpositions corre-
spond to the best-fit of the heavy atoms.

pseudo-molecules, consisting of functional atoms, in-
stead of real molecules. The functional atoms are
divided into four types: hydrophobic atoms (HPs),
hydrogen-bonding donors (HDs), hydrogen-bonding
acceptors (HAs) and hydrogen-bonding donors/accep-
tors (DAs). The functional atoms of EM-A and
EM703 were defined as shown in Figures 1A and B,
respectively, according to the criteria described in
our previously published paper.'®> The procedure for
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the SUPERPOSE calculation was the same as that de-
scribed previously.® When atomic groups with the
same properties are overlapped, points are added to
the score, whereas points are subtracted from the
score if atomic groups with different properties are
overlapped. The superposition between the two mole-
cules with the highest score is adopted. Figure 3
shows the resulting alignment between the 3D struc-
tures of EM703 and EM-A. The functional atoms de-
fined on the C2-C5 region of the macrolide rings, and
on the two sugar rings, overlapped relatively closely
(Figs. 3B and C). This was expected, because the
two macrolides have almost identical conformations
in these regions. The functional atoms defined on
the Cl1 and C6-Cl15 regions of the macrolide rings
were also found to overlap well (Figs. 3B and C). This
overlap was better than expected, as the conformation
of the Cl and C6-C15 regions of EM703, which are
considered important to its high activity, seemed to
differ from those of EM-A (Fig. 3A). Figure 4 shows
the alignment of the C1 and C6—C15 regions in detail.
The HP 1, HP 2, HP 3, HA 1, HA 2, HA 3, DA 1
and DA 2 atoms of EM703 overlapped with the HP
I, HP II, HP III, DA III, HA III, HA II, DA 1

Figure 3. The stereopair of aligned 3D structures of EM-A (thin line)
and EM703 (thick line) (A). The stereopair of aligned HP atoms (B).
The stereopair of aligned HA (red), HD (blue) and DA (green) atoms
©).

A EM-A B

HP3 HPII

Figure 4. Numbering of functional atoms of EM-A (A) and EM703
(B) in the C1 and C6-C15 regions. Enlargement of the stereopair of
aligned C1 and C6-C15 regions (C).

and DA II atoms of EM-A, respectively (Fig. 4C).
The overall common relative spatial dispositions of
these functional atoms might contribute to the interac-
tion with a receptor. However, there is one clear dif-
ference in the spatial dispositions of the functional
atoms: the HA I atom in EM-A does not overlap with
any HA or DA atoms of EM703 (Fig. 4C) and is in
close spatial proximity to HP 2 of EM703. The pres-
ence of the HA 1 atom might be one reason for the
lower activity of EM-A. The hydrophobic region
around the HP 2 atom of EM703 might be important
for its potent activity because, for instance, it might
bind to the hydrophobic pocket of a receptor. This
finding could aid in the rational design of macrolides
with even greater potent immunomodulatory activities.
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Abstract—Structure-activity relationship investigations of the thiopyrimidine (1), an HTS hit with micromolar activity as a metab-
otropic glutamate receptor 5 (mGluRS5) antagonist, led to compounds with sub-micromolar activity.

© 2006 Elsevier Ltd. All rights reserved.

The metabotropic glutamate receptors (mGluRs) are
G-protein-coupled receptors which have important roles
in modulating neuronal signaling in the central nervous
system.! The mGluRs belong to family C of G-protein-
coupled receptors, of which there are eight subtypes
identified, divided into three major groups: Group I
includes mGluR1 and mGluRS, Group II mGluR2
and mGluR3, and Group III mGluR4, as well as
mGluR6-8.2

There are preclinical data supporting the use of metab-
otropic glutamate receptor 5 (mGluRS5) antagonists in
the treatment of several CNS diseases and disorders?
like inflammatory and neuropathic pain,* anxiety and
depression® or drug addiction and drug withdrawal.®
Recent evidence also indicates mGIluRS as a potential
target for the treatment of gastroesophageal reflux dis-
ease, showing that mGluR5 antagonists inhibit transient
lower esophageal sphincter relaxations, the main mech-
anism behind gastroesophageal reflux.”

Our interest in thiopyrimidines as mGIluRS antagonists
started with the discovery of 1 (Fig. 1) as a weak antag-
onist (ICsyp 1250 nM) in a high-throughput screening

Keywords:  Thiopyrimidine; Metabotropic glutamate receptor;

mGluRS5.
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Figure 1. Thiopyrimidine (1), a weak mGluR5 antagonist HTS hit.

campaign targeting mGIluRS5, and a followup program
was initiated to investigate SAR around this novel
mGluRS antagonist structure.

For this purpose, easy access to a variety of linker and
thioaryl groups was obtained by synthesizing scaffold 5
in two steps (Scheme 1) according to a literature
procedure.®

Elaboration of the thioaryl moiety (6-13) was achieved
by treating 5 with an array of commercially available
thiols in DMF, running the reaction overnight, followed
by removal of volatiles and chromatographic purifica-
tion. Amine as well as ether pyrimidine compounds
was obtained similarly to the thioethers by treatment
of 5 with the appropriate amine and alcohol,
respectively.

For synthesis of the bipyridyl core as illustrated by 23, a
regioselective Negishi cross-coupling, followed by reac-
tion with a thiol nucleophile, was employed (Scheme 2).
Compound 24 was synthesized in a similar fashion.’
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Scheme 1. Versatile intermediate 5. Reagents and conditions: See Ref. 8c for compounds 2 and 3. (a) NaOEt, EtOH, reflux, 18 h; filter and wash:
54%. (b) POCl;, DCE, reflux; 93%. (c) Appropriate thiol, DMF, rt, o/n 2-90%. (d) Appropriate aniline, NEt;, THF, reflux, 8-48%. (e) Appropriate

phenol, -BuOK, DME, 23-48%.

- %B’ﬁ%@c

Scheme 2. Synthesis of 23. Reagents: (a) 1—n-BuLi; 2—ZnCl,; 3—Pd(PPh;),, 2,6-dibromopyridine, 34%. (b) NaH, DMF, 16%.

R — R NH,
CN
NH HCl

Scheme 3. Reagents and conditions: MeOH, cat. NaOEt, microwave
150 °C, 10 min; add NH,4CI to mixture, microwave 80 °C, 12 min, 78%.

Variation of the lefthand pyridyl could be achieved by
synthesis of appropriate amidine derivatives (Scheme 3),
followed by the sequences shown in Scheme 1. We found
it advantageous to conduct the amidine synthesis in a
microwave reactor, thus decreasing reaction times from
1 to 2 days to less than half an hour.

Removal of the methyl group from the hit 1 gave com-
pound 6 (Table 1), which was already fourfold more po-
tent (ICso 320 nM) compared to 1. On this basis, we
further investigated the SAR of the substitution pattern
on the phenyl group (Ar?), while keeping the remaining
parts of the molecule constant (Entries 7-13). Substitu-
ents in the meta position that gave compounds with a
potency better than 1 puM were chloro (7) (ICsg
620 nM) and trifluoro methyl (9) (ICso 550 nM). Like-
wise, substituents in the para position such as trifluoro
methyl (11) (IC50 210 nM) lead to compounds in the same
potency range as 6. Disubstitution on the 3 and 4 posi-
tions gave compounds 12 (difluoro, ICsg 1520 nM) and
1319 (dichloro, ICsy, 90 nM). Next, we turned our efforts
to replacement of the sulfur atom, since we anticipated
metabolic oxidation at this position. Unfortunately, oxy-
gen, nitrogen, N-acetyl, methylene, and hydroxymethyl-

Table 1. In vitro potencies of thiopyrimidine mGIluRS5 antagonists
varying Ar’

Compound X Ar? FLIPR ICsy* nM n SEM
6 S 4-Cl-Ph 320 3 53
7 S 3-Cl-Ph 620 1

8 S 3-Br-Ph 2860 3 145
9 S 3-CF;-Ph 550 366
10 S 3-Me-Ph 2300 3 706
11 S 4-CF5-Ph 210 3 8
12 S 3,4-Di-F-Ph 1520 3 742
13 S 3,4-Di-CI-Ph 90 37
14 (¢} 4-CIl-Ph >10,000 1

15 NH 4-Cl-Ph >10,000 1

16 NAc 4-Cl-Ph >10,000 1

17 CHOH 4-Cl-Ph >3000 30
18 CH2 4-CIl-Ph >10,000 1
MPEP®, for comparison 22 3 2

2 Effect on glutamate-induced [Ca*']; in a cell line expressing human
mGluR5d (splice variant of mGluRS5 with a truncated C-terminal
domain) using a fluorescence imaging plate reader (FLIPR).

®2-Methyl-6-(phenylethynyl)pyridine, see Ref. 12.

ene analogues (14-18) were all inactive. Altering the
position of the nitrogen in the pyridine ring (19-20)
(Table 2) was not tolerated, whereas introduction of
small substituents on the pyridine gave 21 (6-methyl-2-
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Table 2. In vitro potencies of thiopyrimidine mGIluRS antagonists
varying Ar' and linker, using preferred Ar?

]
Ar\ﬁ\Nj/S\Arz
N~

Compound Ar’ Ar? FLIPR »n SEM
ICS()a nM

19 3-Pyridyl 4-Cl-Ph >10,000 1

20 4-Pyridyl 4-Cl-Ph >10,000 1

21 6-Me-2-Pyridyl 3,4-Di-Cl-Ph 390 363

22 5-F-2-Pyridyl ~ 3,4-Di-Cl-Ph 80 3 14

3 Effect on glutamate-induced [Ca*']; in a cell line expressing human
mGluR5d (splice variant of mGluRS5 with a truncated C-terminal
domain) using a fluorescence imaging plate reader (FLIPR).

| X
N/ |N\ S\©iCI
Z cl
23

| X
N/ | N S\©:CI
N~ al
24

Cl

26

Figure 2. Variation of core and linker. Only 24 showed modest
mGluRS5 antagonist activity (FLIPR ICsy 2370 nM, n = 3, SEM 628).

pyridyl) (ICso 390 nM) and 22!'! (5-fluoro-2-pyridyl)
(ICso 80 nM). Replacement of the central pyrimidine
moiety with the two isomers of pyridine (Fig. 2) gave
one inactive compound (23) and one with micromolar
activity (24, ICso 2370 nM), while the reversed pyrimi-
dine 25 was inactive. Absence of a linker atom gave an
inactive compound (26). In conclusion, all three nitrogen
atoms in the pyridine and pyrimidine rings and the sulfur
linker appear to be crucial for effecting potency, which
can be reinforced by introducing lipophilic substituents
on the 3 and 4 positions of the phenyl group.

Compounds 21 and 22 were tested for selectivity, both
as positive modulators and as antagonists, on the other
mGluRs (1-4 and 6-8) exhibiting complete selectivity in
all assays (>25 pM).

Compounds 13 and 22 both have rather high in vitro
clearance (13 90 and 120 pL/min/mg in human and
rat liver microsomes, respectively, and 22 140 and
90 uL/min/mg in human and rat liver microsomes,
respectively). Attempts to synthesize the presumed
metabolites, the corresponding sulfoxides and sulfones,
failed because of chemical instability of these species.

In summary, we have identified a novel structural
class of mGIluR5 antagonists, the thiopyrimidines,
with mGluRS5 potency better than 100 nM. We have
shown that a 4-thiopyrimidine as a core-linker system

is crucial for activity. Further optimisation is neces-
sary to increase potency, for example, by variation
of the substituents on the 2-pyridine ring (Ar') and
replacement of the sulfur linker atom, since the latter
is most likely the main cause of low metabolic stabil-
ity. The SAR we have developed for thiopyrimidines
could be of interest for other projects concerning
mGIuRS5 antagonists and possibly applicable to other
lead series.
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Abstract—A series of C-C biflavones was designed to investigate the relationship between structural array of different flavone-fla-
vone subunit linkage and the inhibitory activity against phospholipase A, (PLA,). Among six classes of C—C biflavones designed,
four classes of C—C biflavones, which have flavone—flavone subunit linkages at A ring-A ring, A ring-B ring, B ring-B ring, and B
ring—C ring, were synthesized. The synthetic biflavones exhibited somewhat different inhibitory activities against sSPLA,-IIA. Among
them, the biflavone a having a C-C 4’4’ linkage showed comparable inhibitory activity with that of the natural biflavonoid, och-
naflavone, and 7-fold stronger activity than that of amentoflavone. Further chemical modification is being carried out in order to

obtain the chemically optimized biflavonoids.
© 2006 Elsevier Ltd. All rights reserved.

Biflavonoids are flavonoid dimers connected with a C-C
or C-O-C bond. Although a wealth of biflavonoids
have been discovered from various plant species, their
biological and pharmacological data are limited. Previ-
ously, certain biflavonoids were reported to inhibit
phosphodiesterase,' lens aldose reductase,? and mast cell
histamine release,®> and to show anticancer activity.*
Recently, some C—C biflavonoids were synthesized and
their antimicrobial activities were demonstrated.’ Dur-
ing our investigations to find potential anti-inflammato-
ry plant drugs, several biflavones such as amentoflavone
and ochnaflavone (Fig. 1) were for the first time demon-
strated as inhibitors of group II secretory phospholipase
A, (SPLALITA).® Later, morelloflavone, a flavone—flava-
none dimer, was also revealed as sPLA, inhibitors’

(Fig. 1).

PLA, is a growing family of distinct enzymes that exhib-
it different substrate specificities, cofactor requirement,
subcellular localization, and cellular functions.® sPLA,
has low molecular weights (14-18 kDa) with a rigid ter-
tiary structure configured by 6-8 disulfide bridges. Thus
so far, 10 genes coding for structurally related and enzy-
matically active sPLA,s have been identified in mam-
mals (groups IB, IIA, IIC, IID, II, IIF, III, V, X, and

Keywords: Biflavonoids; C—-C cross-coupling reaction; Phospholipase

A, inhibition.
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XI1).° Since sPLA, is a pivotal enzyme to generate ara-
chidonic acid that is converted further to proinflamma-
tory eicosanoids, SPLA, inhibitors may show favorable
anti-inflammatory activity. Actually, some of these bifl-
avonoids were found to possess promising anti-inflam-
matory activity in vivo.”-'% In this respect, several basic
biflavonoids have been synthesized and their inhibitory
activities on SPLA,-ITA were evaluated in this
investigation.

A series of C—C biflavones was designed (Fig. 2) to
investigate the relationship between structural array of
a different flavone-flavone subunit linkage and the
inhibitory activity against SPLA,-ITA. Among six classes
of C-C biflavones designed, four classes of C-C biflav-
ones, which have flavone—flavone subunit linkages at
A ring-A ring, A ring-B ring, B ring-B ring, and B
ring-C ring, were synthesized.

The total synthesis of C-C biflavones was approached
via construction of two flavone analogs, one substituted
with halogen atom (bromo) and the other substituted
with groups that could be coupled using transition
metal-catalyzed cross-coupling methodology.

Two typical methods, Suzuki coupling reaction!! and
Stille coupling reaction,'? were applied to connect two
flavone units via a biaryl linkage (Scheme 1). Halogenof-
lavones (Ar-X) were prepared from halogen-substituted
2-hydroxyacetophenones or flavones by reacting with
halogenating reagents following the general procedures
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Amentoflavone

Figure 1. Structures of amentoflavone, ochnaflavone, and morelloflavone.

(0]

A-A

B-B

Figure 2. Biflavones with different flavone-flavone subunit linkages.

FLA' —8nR3

Pd-caltalyst
FLA-X + or FLA — FLA'

o (af)
FLA'—B
o

Scheme 1. Typical cross-coupling reactions for C—C biflavones.

as described in the earlier publications.'>'® Also tribu-
tyltinflavones and boronates of flavones were prepared
from the corresponding halogenoflavones following the
procedures and conditions as described in the previous
literatures. 317

Treatment of bromoflavones (4'-, 6-, and 3’-) with com-
mercially available hexa(n-butyl)ditin in the presence of
catalytic Pd(PPh3), in refluxing toluene afforded the
tributyltinflavones. Stille coupling of tributyltinflavones
(1.3 equiv) with bromoflavones (3-, 6-, 3’-, and 4'-, 1.0
equiv) in the presence of 5 mol% Pd(PPh;), in refluxing
toluene gave C-C biflavones (a, b, d, and e) in 25-50%
yields. Treatment of 4-bromoflavone with bis(pinacola-
to)diboron in the presence of catalytic PdCl,(dppf)
and K,COj3; in DMF at 90 °C provided the correspond-
ing pinacolato boronate. Suzuki coupling reactions of
the pinacolato boronate (1.2 equiv) with bromoflavones
(3’- and 3-, 1.0 equiv) in standard conditions [Pd(PPh;),4
(5 mol%), NaOH (4.0 equiv);, DMF-water (9:1), 90 °C]
gave C-C biflavones (¢ and f) in 31% and 21% yields,
respectively. Thus six C-C biflavones (Fig. 3) were pre-
pared and evaluated for their inhibitory activity against
phospholipase A,.

The ¢cDNA for human sPLA,-IIA was cloned into an
expression vector and transfected into human embryonic

0 OH
HO.
OH \
o OH
OH HO o
Ly e
OH O

Ochnaflavone

kidney 293 cells (HEK293 cells) using Lipofect AMINE
PLUS (Gibco-BRL, Gaithersburg, MD, USA) as de-
scribed previously.'®?°

The standard reaction mixture (200 ul) contained
100 mM Tris—HCI (pH 9.0), 6 mM CaCl,, 1% bovine
serum albumin, 2.5 uM of radiolabeled 1-acyl-2-[1-'*C]-
arachidonyl-sn-glycerol phosphoethanolamine (48 mCi/
mmole, NEN, Boston, MA, USA), and synthetic
biflavonoids. The reaction was started by the addition
of an aliquot of the culture medium as an enzyme source
and carried out at 37°C for 20min, and
["*Clarachidonic acid released was extracted by the
method described previously.?! Under these conditions,
the reaction mixture without synthetic biflavonoids re-
leased 10% free fatty acid. Inhibition was expressed as
a percentage. Synthetic biflavonoids were dissolved in
dimethylsulfoxide (DMSO) and added to the enzyme as-
say tubes at 2% of the final volume. Control experiments
showed that DMSO at concentrations up to 2% had no
effect on enzymatic activity. All determinations were
duplicated and the 50% inhibitory concentration was
obtained by linear regression analysis at 1-100 uM
biflavones tested.

As demonstrated in Table 1, the synthetic biflavonoids
exhibited somewhat different inhibitory activities against
SPLA,-ITA depending on their chemical structures.
Among them, the biflavone a having a C-C 4’4’ linkage
showed a potent inhibition. The inhibitory potency of a
was comparable with that of the natural biflavonoid,
ochnaflavone, and 7-fold stronger than that of
amentoflavone. The biflavones, b, d, and f, possess
the similar inhibitory potency with amentoflavone.
However, the potency of inhibition of ¢ and e was weaker.
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Figure 3. Structures of synthesized C-C biflavones (a—f).

Table 1. Inhibition of sPLA,-IIA by synthetic biflavonoids a—e

Compound 1Cs5o (UM)?
Amentoflavone 23.8+34
Ochnaflavone 3.5+0.6
a 3.0x£0.9
b 155137
c 639142
d 19.9+4.6
e 69.3+5.7
f 232131

# All data are arithmetic means £ SD (n = 3).

Further chemical modification of these basic structures is
being carried out for increasing their pharmacological
activities.
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Abstract—The study investigated spermicidal and antitrichomonas activities of selective serotonin reuptake inhibitor (SSRI) anti-
depressants with a view to generate new lead for development of dual-function spermicidal microbicides, which is an urgent global
need. Fluoxetine, Sertraline, and Fluvoxamine exhibited both spermicidal and anti-STT (antitrichomonas) activities in vitro, whereas
Paroxetine and Citalopram showed only the spermicidal activity. Fluoxetine exhibited better activity profile than the other antide-
pressant drugs with its spermicidal and antitrichomonas activities being comparable to that of the OTC contraceptive Nonoxynol-9.
The non-detergent nature of Fluoxetine and a much lower spermicidal EDs, value (than N-9) may add considerably to its merit as a
candidate for microbicidal contraceptive. Thus, the antidepressants exhibiting both spermicidal and antitrichomonas activities
might provide useful lead for the development of novel, dual-function spermicidal contraceptives.

© 2006 Elsevier Ltd. All rights reserved.

The worldwide increase in human immunodeficiency
virus (HIV) and other sexually transmitted infections
has made developing user-controlled, topical vaginal
microbicides that provide protection against sexually
transmitted disease (STD), an urgent global need.!-?
Most heterosexual women want to reduce the risk of
acquiring a STD? as well as to control their fertility.
Extensive efforts*!! are being made to develop new
agents with dual action, i.e., a spermicide with microbi-
cidal activity that do not have the disadvantages of
Nonoxynol-9 (N-9), the most widely used spermicide.
These new agents must be safe, effective, acceptable,
and affordable.'> Human trials have shown that N-9
increases the risk of HIV transmission!? and its break-
down products pose serious health and environmental
risks.'#

N-Ethylmaleimide, a sulfhydryl-selective alkylating
agent,'> and its derivatives have been found to possess
spermicidal activities,'® which is attributed to their inter-

Keywords: Spermicidal activity; Antitrichomonas activity; SSRI;

Antidepressant.
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action with the sulfhydryl groups present over sperm cell
membrane.!”!® Since binding to sulfhydryl groups of
sperm membrane is important for the spermicidal activ-
ity, and paroxetine'HCI, a selective serotonin reuptake
inhibitor (SSRI) antidepressant, is known to bind sero-
tonin transporters by interacting with sulfhydryl
groups,'> it was suspected that SSRIs could possess
spermicidal activity. Further, tricyclic antidepressants,
Amytriptilin and Imipramine, have been shown to pos-
sess sperm immobilizing activity!® and certain SSRI
antidepressants, have been found to possess antifungal
activity.?? Additionally, serotonin functions as a neuro-
transmitter in brain, as well as in a number of other tis-
sues including testis,?' where it affects steroidogenesis by
binding to cell surface receptors.

These observations prompted us to evaluate the spermi-
cidal activity of certain currently used SSRI antidepres-
sants, for example, Paroxetine, Fluoxetine, Sertraline,
Citalopram, and Fluvoxamine (Fig. 1). Serotonin
(Fig. 1) was also included in the study to compare its ef-
fect on sperm viability. Since spermatozoa and several of
STD-causing microbes share common mechanisms of
action,?? it was considered worthwhile to test their sper-
micidal as well as anti-STI activity against Trichomonas
vaginalis. N-9 was used as reference standard in this
study.
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CH3
NH
OCHj

FSC
Fluoxetine. HCI Fluvoxamine maleate

Sertraline. HCI

Citalopram. HBr

QCDM

Paroxetine. HCI Serotonin. HCI1

Figure 1.

Fluoxetine'HCl (1, Fig. 1) was synthesized by known
procedure.?® The other SSRIs (2-5) were extracted from
the commercial tablets purchased from the local market
according to the procedure given in British Pharmaco-
poeia.”* These drugs (1-5) were characterized by spec-
tral data. Serotonin‘'HCl (6) was procured from
Sigma—Aldrich India Ltd.

Spermicidal minimum effective concentration (MEC)
and ED5, were determined by modified Sander Cramer
assay.?>?° Briefly, the test compounds were dissolved
in a minimum volume of physiological saline (0.85%
sodium chloride in distilled water) to make a 1.0%
(10 mg/ml) solution. The solutions were further diluted
serially with saline. A spermicidal test was performed
with each dilution starting from 1.0% until the minimum
effective concentration (MEC) was arrived at. For this
purpose, 0.05 ml of liquefied human semen was added
to 0.25 ml of test solution and vortexed for 10 s. A drop
of the mixture was placed on a microscope slide, covered
with a cover glass and immediately examined under a
phase contrast microscope. The results were scored po-
sitive if 100% spermatozoa became immotile in 20 s.
The MEC was determined in three individual semen
samples from different donors. For EDs, determination,
the spermicidal solution was added to semen in the ratio
of 5:1 and the percent motility of the spermatozoa was
scored on a CASA (Computer Assisted Sperm Analyser;
Model HTM-IVOS, Hamilton Thorn Research, USA).
The motility at different concentrations of each test
agent was recorded and EDs, value was determined

from the motility versus the concentration curve. The
institute’s Ethical Committee approved all the
experiments.

Trichomonas vaginalis parasites were grown in TYI-S-33
medium.?’ Parasites to be used in drug susceptibility as-
says were grown for one day following regular subcul-
turing and were in the log phase of growth.

In vitro drug susceptibility assay was carried out using
standard procedure.?® All other test compounds leaving
Citalopram'HBr were dissolved in phosphate-buffered
saline (PBS). One milligram per millilitre stock solutions
were prepared and serially diluted with PBS to obtain
the required concentrations. Citalopram-HBr was not
readily soluble in saline and was completely soluble only
after overnight solubilization. However, this test com-
pound was readily soluble in ethanol. Nonoxynol-9 dis-
solved in PBS was used as reference standard. The
compounds were tested in the concentration range of
0.001-0.01%. 5x 10° Trophozoites/well/ml were taken
for the assay. Parasites were cultured anaerobically at
37 °C in the presence or absence of the test agent. Paral-
lel culture containing ethanol (final concentration:
0.01%)/PBS served as control. Trophozoite growth was
monitored on a daily basis by comparing the cultures
containing the test agent with the corresponding vehicle
control cultures. Antitrichomonas activity was assessed
by Trypan blue staining to determine viability of the
cells and cell number score and presented in terms of
MLC and MLCs, after 48 h.

The results of spermicidal and antitrichomonas activities
of the test agents are given in Table 1.

All the SSRI antidepressants evaluated in this study
showed spermicidal activity with MEC ranging from 0.1
to 0.05% [FluoxetineeHC1 (MEC 0.05%), Paroxetine: HCI
and Fluvoxamine maleate (MEC 0.1%) and Sertra-
line'HCI, and Citalopram-HBr (MEC 0.5%)]. Seroto-
nin‘HCI was inactive at 1% concentration. Pretreatment
of spermatozoa with 1% Serotonin-HCI had no effect on
spermicidal activity of Fluoxetine-HCI and Fluvoxamine
maleate. The EDs, values for these SSRI antidepressants
ranged from 0.00007% to 0.04% (Table 1).

Three antidepressants, Fluoxetine-HCI, Sertraline-HCl,
and Fluvoxamine maleate, exhibited antitrichomonas
activity with minimum lethal concentration (MLC) of
0.003%, 0.003%, and 0.005%, respectively. Their MLCj5,
ranged from 0.0012% to 0.003%. Citalopram-HBr and
Paroxetine'HCl were inactive. The reference standard
N-9 had MLC of 0.002% and MLCj5, of 0.0009%.

The five SSRI antidepressants evaluated in this study
displayed varying effect on viability of human sperm
in vitro. Fluoxetine'HCI exhibited spermicidal MEC of
0.05%, which was equivalent to that of N-9,?° the com-
mercially available spermicide, while the other antide-
pressants were comparatively less active.
Serotonin-HCI neither showed any spermicidal activity
nor its pretreatment at a high concentration of 1%
altered the spermicidal effect of FluoxetineHCl and
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Table 1. Spermicidal and antitrichomonas activities of SSRI antidepressants

Antidepressant agent

Spermicidal activity

Antitrichomonas activity

EDsq (%) MEC (%) MLCs (%) MLC (%)

Fluoxetine'HCI 0.00007 0.05 0.0015 0.003
Citalopram-HBr 0.004 0.5 — >0.01
Fluvoxamine maleate 0.005 0.1 0.003 0.005
Paroxetine-HCI 0.008 0.1 — >0.01
Sertraline HCI 0.04 0.5 0.0012 0.003
Serotonin-HCI — >1 — —
Serotonin‘HCI + Fluoxetine-HCI 0.00007 0.05 — —
Serotonin-HCI + Fluvoxamine maleate 0.005 0.5 — —
Nonoxynol-9 0.01 0.05 0.0009 0.002

Fluvoxamine maleate. This observation suggests that
the spermicidal action of these SSRIs was not mediated
via serotonin transporters. Spermicidal action of these
SSRIs might be attributed to their effect on ATP synthe-
sis by inhibition of oxidative phosphorylation in sperm
mitochondria as exhibited by Fluoxetine-HCl in rat liver
and brain mitochondria.’® This inhibition by Fluoxe-
tine'HCl was found to be non-specific and indirectly
mediated via its interaction with phospholipids in the in-
ner mitochondrial membrane.3° The spermicidal activity
of these SSRI antidepressants may also arise due to their
possible interaction with sulfhydryl groups present over
sperm membrane. This might be considered as their
non-detergent mode of action.

Trichomonas vaginalis, the most common, non-viral STD,
infects 250-350 million people worldwide every year caus-
ing serious discomfort to women with associated prob-
lems of adverse pregnancy outcome, pre-term delivery,
low-birth-weight infants, infertility, and cervical cancer
besides also an increase in the transmission of HIV.3!
The three SSRI antidepressants viz. Fluoxetine-HCI,
Sertraline'HCI, and Fluvoxamine maleate have shown
remarkable antitrichomonas activity comparable to that
of N-9, the commercially available spermicide. This activ-
ity might be explained according to the finding that SSR1Is
primarily act at the serotonin transporter protein (SERT)
and block the reuptake process of serotonin. SERT, with
a molecular weight of 60-80 kDa and 12 transmembrane
domains, is similar to other biogenic amine transport-
ers.? It may be presumed that their antitrichomonas
activity might be resulting from an interaction of SSRIs
and membrane transport system, as has been reported
for Staphylococcus aureus and chlorpromazine.?

It may be concluded from this study that the SSRI anti-
depressants exhibiting both the spermicidal and antitri-
chomonas activities may provide a lead structure for
the development of novel, non-detergent, dual-function
microbicidal spermicides. Of particular interest is fluox-
etine with a noticeable spermicidal and microbicidal
activity. Such molecules can be developed as suitable
alternatives to N-9.
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Abstract—Three new free radical scavengers were isolated from the methanolic extract of the fruiting bodies of Inonotus xeranticus
(Hymenochaetaceae), along with the known compound davallialactone. Their structures were established as hispidin analogs by
extensive NMR spectral data. Compounds 3 and 4 displayed significant scavenging activity against the superoxide radical anion,
ABTS radical cation, and DPPH radical, whilel and 2 exhibited potent antioxidative activity only against ABTS radical cation.

© 2006 Elsevier Ltd. All rights reserved.

Free radicals are implicated in the pathogenesis of vari-
ous human diseases such as myocardial and cerebral
ischemia, arteriosclerosis, diabetes, rheumatoid arthritis,
inflammation, cancer-initiation, and aging processes.' 3
Therefore, there is growing interest in free radical scav-
engers having the potential as protective agents against
these diseases.

Mushrooms are ubiquitous in nature and produce vari-
ous classes of primary and secondary metabolites, many
that exhibit significant antimicrobial, antitumor, and
antiviral activities. Some of them are nutritionally func-
tional foods and important sources of physiologically
beneficial medicines in the Orient. In spite of their po-
tential for drug development, few bioactive metabolites
have been reported from mushrooms as compared with
the higher plants and microbes. Inonotus xeranticus
(Berk.) Imaz. Et Aoshi. (Hymenochaetaceae), widely
distributed in East Asia including Korea, Japan, and
China, is a saprophytic fungus preferably living on
deciduous trees such as Quercus species.* In a previous
investigation, we isolated several hispidin derivatives
from a yellow antioxidant extract of the fruiting bodies
of I xeranticus.> As part of our ongoing efforts to char-
acterize antioxidant constituents from the fruiting body
of I xeranticus, three new hispidin derivatives named
inoscavin C (1), methylinoscavin C (2), and methyldav-

Keywords: Antioxidant; Free radical scavenger; Mushroom; Inonotus

xeranticus; Hispidin analog.

* Corresponding author. Tel.: +82428604339; fax: +82428604595;
e-mail: ybs@kribb.re.kr

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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allialactone (4) have been isolated together with the
known compound davallialactone (3).>7 We herein re-
port the isolation, structure determination, and free rad-
ical scavenging activity of compounds 1-4.

The ground fruiting bodies of I xeranticus (3 kg) were
extracted twice with MeOH at room temperature for 2
days. After removal of MeOH under reduced pressure,
the resulting solution was partitioned between n-hexane
and H,0, and then between ethyl acetate and H,O. Com-
pounds 1-4 were purified from the ethyl acetate-soluble
portion through the bioassay-guided isolation using
ABTS radical scavenging assay. The ethyl acetate extract
was chromatographed twice on a column of Sephadex
LH-20 with different elution solvents, CHCl;/MeOH
(1:1, v/v) and MeOH, respectively. A yellow antioxidant
fraction active against ABTS radical was concentrated
and then subjected to a column of ODS eluting with a gra-
dient of increasing methanol (40-100%) in water to give
two antioxidant fractions. One was rechromatographed
on a column of Sephadex LH-20 with 70% aqueous
MeOH and then, finally purified by preparative reverse-
phase TLC with 70% aqueous MeOH to give 1 (inoscavin
C, 3 mg) and 2 (methylinoscavin C, 2 mg). The other was
purified by Sephadex LH-20 column chromatography
with 70% aqueous MeOH, followed by preparative re-
versed-phase TLC with 50% aqueous MeOH to give 3
(davallialactone, 20 mg) and 4 (methyldavallialactone,

1 mg) (Fig. 1).

The molecular formula of compound 1 was determined
to be Cy3H;cOg by high-resolution ESI-MS (m/z
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J=2.0Hz), 7.16 (1H, dd, J=28.4, 2.0 Hz), and 6.83
(1H, d, J = 8.4 Hz), a methine singlet at ¢ 6.80, two ole-
finic methine peaks attributable to a trans-1,2-disubsti-
tuted double bond at 6 7.33 (1H, d, J=16.0 Hz) and
6.68 (1H, d, J=16.0 Hz), and a methyl singlet at ¢
2.65 (Table 1). The >C NMR spectrum revealed the
presence of 23 carbons comprised of one methyl, 9 sp?
methines, and 13 quaternary carbons including an ester
carbonyl, an o,p-unsaturated ketone carbonyl, and sev-
en oxygenated sp”> carbons. Proton-bearing carbons
were assigned by the aid of an HMQC spectrum (Table
1). HMBC data revealed the three partial structures,
hispidin moiety, 3,4-dihyroxyphenyl group, and acetyl
group, as shown in Figure 2. The hispidin moiety was
assigned by the long-range correlations from H-4 to
C-2, C-3, C-5, and C-6, H-6 to C-5 and C-8, H-7 to
C-9 and C-13, H-9 to C-7, C-11, and C-13, H-12 to C-
8 and C-10, and H-13 to C-7, C-9, and C-11, and these
Figure 1. Structures of compounds 1-4. chemical shift values were in good agreement with the
corresponding protons and carbons of hispidin moie-

421.0952 [M+H]", +3.4 mmu) in combination with 'H
and >C NMR data. Its IR spectrum showed absorption
bands for hydroxyl (3446 cm™'), conjugated carbonyl
(1700 cm™ "), and aromatic ring (1603 and 1558 cm ™).
The UV maxima at 260 and 400 nm suggested that 1
was a hispidin derivative. The '"H NMR spectrum in
CD;0D showed six aromatic methine signals assignable
to two 1,2,4-trisubstituted benzene moieties at & 7.05
(1H, d, J=2.0Hz), 695 (1H, dd, J=28.0, 2.0 Hz),
and 6.77 (1H, d, J=8.0 HZ), and & 7.23 (IH’ d, Figure 2. HMBC correlations for 1.

Table 1. 'H and '*C NMR spectral data of compounds 1-4 in CD;0D?

No. 1 2 3 4
dc on On dc On On

1 158.7 168.8

2 108.0 97.3

3 161.0 165.5

4 947  6.80 (1H, s)° 6.84 (1H, s) 1000 5.95 (1H, s) 5.94 (1H, s)

5 158.7 159.1

6 1158  6.68 (1H, d, J = 16.0) 6.81 (1H, d, J = 16.0) 1157 645 (1H, d, J=16.0) 6.56 (1H, d, J = 16.0)

7 1353 7.33 (1H, d, /= 16.0) 7.40 (1H, d, J = 16.0) 1360 7.20 (1H, d, J=16.0) 7.25 (1H, d, J = 16.0)

8 127.9 127.8

9 113.6  7.05 (1H, d, J=2.0) 7.20 (1H, d, J = 2.0) 1138 6.98 (1H, d, J=2.0) 7.14 (1H, d, J = 2.0)

10 145.6 145.4

10-OMe 3.92 (3H, s) 3.88 (3H, s)

1 147.4 147.2

12 1154 677 (1H, d, J = 8.0) 6.81 (1H, d, J = 8.0) 1155 6.75 (1H, d, J = 8.0) 6.77 (1H, d, J = 8.0)

13 1207 695 (1H, dd, J=8.0,2.0) 7.08 (1H, dd, J=8.0,2.0) 120.8 6.89 (1H, dd, J=8.0, 2.0) 7.00 (1H, dd, J = 8.0, 2.0)

i 220 2.65GH,s) 2.66 3H, s) 208 2.09 (3H, s) 2.09 3H, s)

2 197.5 175.9

3 119.9 104.1 549 (1H, s) 5.48 (1H, s)

4 155.3 194.7

5! 119.9 468 428 (1H, d, J=13.2) 428 (1H, d, J = 13.4)

6 114.5 7.23 (1H, d, J = 2.0) 7.24 (1H, d, J = 2.0) 832 5.76 (1H, d, J = 13.2) 5.78 (1H, d, J = 13.4)

7 145.3 128.9

8! 148.0 1147 686 (1H, d, J= 1.6) 6.86 (1H, d, J = 2.0)

9/ 1152 6.83 (1H, d, J=8.4) 6.83 (1H, d, J = 8.4) 144.7

10’ 120.1  7.16 (1H, dd, J=8.4,2.0) 7.17 (1H, dd, J=8.4,2.0) 145.7

1 1149  6.67 (1H, d, J = 8.0) 6.68 (1H, d, J = 8.0)

12/ 119.7 6.70 (1H, dd, J=8.0, 1.6)  6.70 (1H, dd, J = 8.0, 2.0)

“NMR data were measured at 400 MHz for proton and at 100 MHz for carbon.
® Proton resonance integral, multiplicity, and coupling constant (J = Hz) are in parentheses.
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ty.>® Long-range correlations from H-6' to C-4/, C-7’,
C-8’, and C-10’, H-9’ to C-7" and C-11’, and H-10’ to
C-4', C-6', and C-8' revealed the presence of a 3,4-dihyr-
oxyphenyl moiety, and the correlations from H-1’" to C-
2" and C-3' established the presence of acetyl group. By
the process of elimination, C-3’ (6 119.9) should be con-
nected to C-4’ (0 155.3) to make a double bond, and to
satisfy the molecular formula Cy3H;cOg and 16° of
unsaturation, two sp® oxygenated carbons of C-3 (9
161.0) and C-4' (6 155.3) should be connected to each
other by an ethereal oxygen bridge. Therefore, the struc-
ture of 1 was unambiguously determined to be a new
hispidin analog.

Compound 2 was obtained as a yellow powder and its
molecular formula was established as C,3H;30g by
high-resolution ESI-MS  (m/z 435.1113 [M+H]",
+3.9 mmu). The "H NMR spectrum of 2 was very sim-
ilar to that of 1, except for an additional methoxyl signal
at 0 3.92. The structure of 2 was assigned by interpreta-
tion of HMBC spectrum, which exhibited a long-range
correlation from aromatic methoxyl protons at ¢ 3.92
to an oxygenated carbon at ¢ 145.6 corresponding to
C-10. Other HMBC correlations were consistent with
those of inoscavin C. Therefore, the structure of 2 was
determined to be methylinoscavin C.

Compound 3 was isolated as a major component of yel-
low antioxidant pigment, and its ESI-MS gave a quasi-
molecular ion at m/z 487 [M+Na]" in the positive mode
and m/z 463 [M—H]™ in the negative mode, implying its
molecular weight to be 464. The "H NMR spectrum of 3
revealed the signals due to a methyl at § 2.09 and three
methines at 6 4.28, 5.49, and 5.76, and a 1,2,4-trisubsti-
tuted benzene moiety, in addition to hispidin signals.
The above spectroscopic data were well matched with
those of davallialactone, which was previously reported
from the rhizoma of a fern Davallia mariesii.” Compound
3 was ascertained to be identical to davallialactone on the
basis of 2D NMR analysis including HMQC and
HMBC, and a specific rotation value of +221°. Although
compound 3 was previously reported from the plant as a
cytotoxic substance against BALB/3T3 cells transformed
by H-ras oncogene,® this is the first report from microbial
origin as a potent free radical scavenger.

Compound 4 was isolated as a small amount, and its
molecular formula was determined to be C,,H;gOg by
high-resolution ESI-MS (m/z 501.1202 [M+Na]",
+4.7 mmu). The '"H NMR spectrum of 4 closely resem-
bled that of 3, except for an additional methoxyl signal
at 0 3.88. The structure of 4 was determined by a de-
tailed comparison of '"H NMR spectrum with that of
3. The proton chemical shifts of 3 and 4 were almost
same except for the signals derived from the trisubstitut-
ed benzene in hispidin moiety, and the difference of
chemical shift values between 3 and 4 was very similar
to that between 1 and 2, suggesting that 3 and 4 were
in the structural relationship of 1 and 2. Consequently,
4 was proposed to be methyldavallialactone.

The antioxidant activity of compounds 1-4 was evaluat-
ed by measuring free radical scavenging effects using

Table 2. Free radical scavenging activities of compounds 1-4
(ICs, kM)

Compound  Superoxide radical ABTS radical DPPH radical

1 >100 7.8 >100

2 >100 12.3 >100

3 2.3 0.8 3.4
4 5.4 1.5 18.7
Vitamin E~ >100 5.7 12.3
Caffeic acid 2.9 2.8 31.7
BHA 9.5 0.8 22.0

three different assays, the superoxide radical anion scav-
enging activity assay, ABTS radical cation decoloriza-
tion assay, and DPPH radical scavenging activity
assay (Table 2). Superoxide anion scavenging activity
was evaluated by the xanthine/xanthine oxidase meth-
od.? In brief, each well of a 96-well plate containing
the 100 pL of the following reagents: 50 mM potassium
phosphate buffer (pH 7.8), 1 mM EDTA, 0.04 mM NBT
(nitroblue tetrazolium), 0.18 mM xanthine, 250 mU/mL
xanthine oxidase, and each concentration of samples
was incubated for 30 min at 37 °C in the dark. The xan-
thine oxidase catalyzes the oxidation of xanthine to uric
acid and superoxide, and the superoxide reduces NBT to
blue formazan. The reduction of NBT to blue formazan
was measured at 560 nm in a microplate reader. As a re-
sult, 1 and 2 exhibited no activity up to 100 uM, while 3
and 4 exhibited potent superoxide radical scavenging
activity with ICsqo values of 2.3 and 5.4 uM, which were
comparable to BHA and caffeic acid, well-known anti-
oxidants used as a control.

ABTS radical scavenging activity was carried out by
using ABTS radical cation decolorization assay with
minor modifications.!® ABTS was dissolved in water
to a concentration of 7 mM. The ABTS" cation radical
was produced by reacting ABTS stock solution with
2.45 mM potassium persulfate and by allowing the mix-
ture to stand in the dark for 12 h. After adding 0.1 mL
of the ABTS radical cation solution to 5 uL of antioxi-
dant compounds in ethanol, the absorbance was mea-
sured by ELISA reader at 734 nm after mixing up to
6 min. Compounds 1-4 potently scavenged the ABTS
radical cation, as described in Table 2. Compound 3
of the compounds tested showed activity higher than
those of vitamin E and caffeic acid, and comparable
activity to a synthetic antioxidant BHA against the
ABTS radical cation.

To investigate the scavenging effect to the DPPH radi-
cals, each concentration of 1-4 was added to 95 uL of
150 uM DPPH ethanol solution, the mixture was incu-
bated for 20 min at room temperature, and the absor-
bance was measured at 517 nm using an ELISA
reader.!! Compounds 3 and 4 exhibited significant
DPPH radical scavenging effect with 1Cs, values of 3.4
and 18.7 puM, respectively, while 1 and 2 showed no
activity against the DPPH radical.

From the above results, compounds 3 and 4 displayed
the scavenging activity against all of free radical species
used in this experiment, while 1 and 2 showed the activ-
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ity only against the ABTS radical cation. Compound 3
was the most potent scavenger among all the com-
pounds tested against a broad spectrum of radical spe-
cies and showed activity higher than those of the
known antioxidants, vitamin E, caffeic acid, and BHA.
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non-nucleoside inhibitors of hepatitis C virus NS5B
RNA-dependent RNA polymerase

Ariamala Gopalsamy,”* Mengxiao Shi,” Gregory Ciszewski,” Kaapjoo Park,*
John W. Ellingboe,* Mark Orlowski,” Boris Feld® and Anita Y. M. Howe"

4Chemical and Screening Sciences, Wyeth Research, Pearl River, NY 10965, USA
®Infectious Diseases, Wyeth Research, Pearl River, NY 10965, USA

Received 23 November 2005; revised 18 January 2006; accepted 19 January 2006
Available online 15 February 2006

Abstract—A novel class of HCV NS5B RNA dependent RNA polymerase inhibitors containing 2,3,4,9-tetrahydro-1H-carbazole
and 1,2,3,4-tetrahydro-cyclopenta[blindole scaffolds were designed and synthesized. Optimization of the aromatic region showed
preference for 5,8-disubstitution pattern in both the scaffolds examined while favoring the n-propyl moiety for the C-1 position.
1,2,3,4-tetrahydro-cyclopenta[blindole scaffold was slightly more potent than the corresponding 2,3,4,9-tetrahydro-1H-carbazole
and analogue 36 displayed an 1Cso of 550 nM against HCV NS5B enzyme.

© 2006 Elsevier Ltd. All rights reserved.

Hepatitis C virus (HCV) is the major etiological agent of
post-transfusion and sporadic non-A, non-B hepatitis.!
HCYV infection is one of the causes for liver cirrhosis
and hepatocellular carcinoma leading to liver failure.
Current estimates of approximately 2-3% of the word
population as HCV carriers represent a significant med-
ical problem with economic burden implications.> The
present approved therapy involves pegylated interfer-
on-o. as a single agent or in combination with the
broad-spectrum anti-viral ribavirin.? The severe side ef-
fects associated with these therapies significantly reduce
patient’s compliance. This approach is not aimed at any
particular viral target. Prevalence of various HCV sub-
types underscores the need for direct inhibition of viral
targets.

HCV is a positive strand RNA virus and the genome
consists of 9600 base pairs that encode several structural
and non-structural proteins.* NS5B RNA-dependent
RNA polymerase is a central enzyme in the viral replica-

Keywords: Tetrahydro-1H-carbazole; Tetrahydro-cyclopenta[blindole;

NS5B RNA-dependent RNA polymerase inhibitor; HCV inhibitor.

* Corresponding author. Tel.: +1 845 602 2841; fax: +1 845 602
3045; e-mail: gopalsa@wyeth.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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tion cycle. Small molecule inhibitors of this target have
received much attention in the recent past as potential
therapeutic agents for treatment of HCV infection.’
Both allosteric and active site inhibitors of NS5B poly-
merase have been reported. We recently reported®® pyr-
ano[3,4-blindole 1 as a potent (ICsy=0.33 uM) and
selective inhibitor of NS5B polymerase. While the preli-
minary structure-activity relationship was explored
retaining the pyrano[3,4-bJindole intact, we were inter-
ested in expanding our optimization efforts to scaffold
modification®® as well. As a first step we were interested
in identifying the role of the pyran oxygen in 1. Toward
that end 2,3,4,9-tetrahydro-1H-carbazole 2 was consid-
ered. 1,2,3,4-tetrahydro-cyclopenta[blindole 3 was cho-
sen to shed more light on the ring size requirement for
this region of the molecule (Fig. 1).

In this communication, we report the synthesis of these
scaffolds and explore the structure—activity relationship
requirements for these new scaffolds.

As shown in Scheme 1, the synthesis’ of the representa-
tive compound 12 for the 2,3,4,9-tetrahydro-1H-carba-
zole scaffold started from 2-allyl cyclohexanone 4,
which upon deprotonation followed by alkylation with
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R7, N\
/7 Q;QM/COZH
S @F\Q

COOH

Figure 1. Scaffold substitution for pyrano[3,4-blindole.

COLH
/\/ Br
(o)
c C02Et
CO,Et

e
ﬁ% _CO,Et — ;Z% _COH

Scheme 1. Reagents and conditions: (a) NaH, toluene, 100 °C, 6 h,
68%; (b) RuO,—NalO,4, CCls—acetone, 0 °C to rt, 3 h, 77%; (c) Etl,
Na,COs, 8 h, 66%; (d) NaOAC, MeOH, 60 °C, overnight, 62%; (e)
BF;-Et,0, HOAc, 100 °C, 2 h, 58%; (f) CuCN, NMP, microwave,
220 °C, 15 min, 70%; (g) 1 N NaOH, EtOH, THF, 8 h, 72%.

bromopropane afforded 5. Ruthenium oxide-sodium
metaperiodate oxidation of the allyl group gave the acid
6. The acid was converted to the ester 7, which was con-
densed with the required phenyl hydrazine 8 to give the
hydrazone 9. Lewis acid-catalyzed cyclization of 9 affor-
ded the required tricyclic carbazole scaffold 10. The aro-
matic bromo substituent was converted to cyano group
under microwave condition and the ester was hydro-
lyzed to give the acid 12 of interest. The synthesis of
1,2,3,4-tetrahydro-cyclopenta[blindole 3 was carried
out in an analogous manner following Scheme 1.

Our initial efforts were focused on extrapolating the
SAR that we had observed in the case of pyrano[3,4-
blindole to 2,3,4,9-tetrahydro-1H-carbazole scaffold.
From our earlier SAR work around the pyranoindole
molecule, C-1 n-propyl group was found to be ideal with
some flexibility for the substituents in the aromatic re-
gion. Based on this knowledge we synthesized carbazole
analog 13 incorporating the exact aromatic substituents
as that of the pyranoindole 1. The compound was found
to be slightly less potent than the pyranoindole 1,
although it was tested as racemic mixture. Extending
the study to other carbazoles with varying aromatic sub-
stituents did not improve the potency. However, the
structure—activity correlation observed in the pyranoin-
dole series was found to be extendable to the carbazole
series.

A simple unsubstituted aromatic system 14, even with
the optimal substitution of n-propyl in the C-1 position,
was completely devoid of any activity indicating the
need for aromatic substitutions for the polymerase
activity. Mono chloro analog 15 or various difluoro ana-
logs 16-18 did not satisfy the requirements. However, as
observed previously for the pyranoindole series, a 5,8-di-
substitution pattern was found to be regaining substan-
tial amount of potency, with preference for a halogen or
cyano group (analogs 13, 20, and 21 in Table 1). We also
investigated the requirement for the acetic acid moiety in
this series. On a direct comparison of analog 13 with
analog 23, where the acetic acid was replaced with for-
mic acid, a 7-fold loss in potency was observed. Howev-
er, by placing the appropriate 5,8-aromatic substituents
equivalent potency could be regained even with formic
acid (analog 26) as the C-1 substituent.

The second scaffold of interest, 1,2,3,4-tetrahydro-cyclo-
penta[b]indoles, was evaluated by using the most favor-
able aromatic substitutions for the C-5 and C-8
positions in the formic acid derivative as the basis for
modification. The analogs explored are shown in Table
2. Comparing direct analogs 23 and 27 from both the
scaffolds of interest, it was clear that there is an im-
proved potency with 1,2,3,4-tetrahydro-cyclopenta[b]in-
dole. This was further validated with analog 36, which
exhibited submicromolar potency compared to the car-
bazole analog 26. However, the overall structure—activ-
ity relationship revealed by both scaffolds tracked well
with that of the parent pyranoindole scaffold. Of the
biased small set of C-1 alkyl groups investigated (n-pro-
pyl, n-butyl, and allyl), good tolerance was shown for
these groups in this region. The most potent inhibitor
36 from this SAR study was selected for further
characterization of its ability to inhibit hepatitis C virus
replicon®® in human liver cell. Although the compound

Table 1. HCV NSS5B inhibitory activity of 2,3,4,9-tetrahydro-1H-
carbazole derivatives

Compound R! RZ R?® R* X n  1Csg
(M)
1 Me H H CN O 1 0.57
13 Me H H CN CH, 1 21
14 H H H H CH, 1 >33
15 H H CI H CH, 1 >33
16 H F H F CH, 1 30
17 F F H H CH, 1 >33
18 F H H F CH, 1 >33
19 Cl H Br H CH, 1 >33
20 F H H CN CH, 1 20
21 CN H H CN CH, 1 23
22 CONH, H H OCN CH, 1 >33
23 Me H H CN CH, 0 15
24 F H H CN CH, 0 10
25 Cl H H CF; CH, 0 58
26 Cl H H da CH, 0 32
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Table 2. HCV NSS5B inhibitory activity of 1,2,3,4-tetrahydro-cyclo-
penta[blindole derivatives

R4

R3
;(;E’\QCOOH

R e N
Compound R R! R? R* ICso (uM)*?
27 n-Pr Me H CN 4.7
28 n-Butyl Me H CN 4.6
29 Allyl Me H CN 11.0
30 n-Pr F H CN 8.1
31 n-Butyl F H CN 5.4
32 Allyl F H CN 14.5
33 n-Pr Me F CN 1.8
34 n-Butyl Me F CN 1.5
35 Allyl Me F CN 6.3
36 n-Pr Cl H Cl 0.55
37 n-Butyl Cl H Cl 1.9
38 Allyl Cl H Cl 1.2

was found to be permeable (PAMPA: 6.48 x 10~® cm/s
at pH 7.4), it showed modest activity (ICsq = 27 uM)
in this assay, it showed a narrow therapeutic window
with measurable cytotoxicity in the standard MTS met-
abolic assay (ICsq =43 uM).

In conclusion, we have explored 2,3,4,9-tetrahydro-1H-
carbazole and 1,2,3,4-tetrahydro-cyclopenta[b]-indole
derivatives as a novel class of HCV NS5B RNA-depen-
dent RNA polymerase inhibitors. The structure—activity
requirement for this class of inhibitors seems to track
very well with the pyrano[3,4-blindole series. 1,2,3,4-tet-
rahydro-cyclopenta[b]-indole scaffold is slightly more
potent than the corresponding 2,3,4,9-tetrahydro-1H-
carbazole and is a novel chemo type for HCV polymer-
ase for further exploration.
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Abstract—Using a combination of parallel and directed synthesis, the discovery of a highly potent and selective series of adenosine
Aj; agonists was achieved. High aqueous solubility, required for the intended parenteral route of administration, was achieved by the

presence of one or two basic amine functional groups.
© 2006 Elsevier Ltd. All rights reserved.

Adenosine is a ubiquitous neurotransmitter present in all
cell types which exerts its actions through binding to four
distinct G-protein-coupled receptors (A, Ara, Asp, and
Aj3). The elucidation of the biological functions of these
receptors has been achieved in part by the availability of
selective agonists and antagonists at the target proteins.
Not surprisingly, the state of understanding at each of the
receptors accurately reflects the success of the medicinal
chemistry efforts. Our interest in Az receptor agonists
was initially driven not only by their cardioprotective
properties,”> but other potential indications as well,
including cancer.> The pioneering work of Jacobson*
has advanced our understanding of the functions of the
Aj receptor through the discovery of selective ligands,
such as the highly studied agonist, IB-MECA (1). Build-
ing upon this work we have earlier reported on the identi-
fication of the first highly human selective Az agonist 2.
Since that time, additional series of selective A3 agonists
have been published.®
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Keywords: Adenosine; Agonist; Asz; Cardioprotection.
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0620; e-mail: michael.p.deninno@pfizer.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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Herein we describe the discovery of a related series of
highly potent, selective, and water-soluble adenosine
Aj; receptor agonists.

Our initial lead was the N-6 methyl uronamide analog
4a. It possessed high potency for the A; receptor but
only moderate selectivity over A;. Our primary assay
was for human A, and Aj receptor binding. At the time
of this work, there were no human A,5 or A,g binding
assays available, so functional assays were used to access
activity at these receptors. In general, it was found that
Asa and A,p functional activity tracked well with A,
potency for these series of compounds.

Early on in the program it was found that the chemistry
used to install the N-6 substituent on the adenosine tem-
plate 3 was amenable to high-speed techniques. Conse-
quently, a library of approximately 500 compounds
was produced in a 96-well format. Several challenges
emerged from this approach. At the time, parallel chem-
istry was in its infancy, and final products were not puri-
fied. Moreover, it was not potency but selectivity we
were seeking, but we lacked the screening capacity to
do full dose-downs on every analog. As a compromise,
each analog was tested at two concentrations at both
the A; (10, 100 nM) and A; (100, 1000 nM) receptors.
Compounds that appeared particularly potent, and/or
selective, were resynthesized for full characterization.

From these 500 analogs, only two emerged as particular-
ly interesting (Table 1). The 3,5-dichloro benzyl analog
4b was shown to be highly potent, but without improved
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Table 1. Selected compounds identified from library of N-6 analogs

N

o <

G\N fo) N
H

R

NH
°J

Cl

o

(0]

ve. L o NP DRNH,
N 2) TFA

~ . N

o><o HO  OH
3 4
Compound R hA; Ki* (MM)  hA,/hA,°
1 3-Iodo benzyl 4.4 (£0.32) 4.5
4a Methyl 4.8 (£0.61) 13
4b 3,5-Dichloro benzyl 2.5 (£0.21) 9.4
4c 2,5-Dimethoxy benzyl 3.9 (£0.3) 45

#Values represent means (£SEM) of at least three determinations
unless noted.
®Selectivity versus the human A, receptor.

Table 2. 2’-3" Analogs

NHMe
N DN
N
o) ¢ )
~
Me N N
N (0]
ROR
5
Compound  R! R? hAz K; (nM)  hA/hA;
5a H OH 59¢ 6
5b OH H 87 12.6
5¢ NHAc OH  >3000 —
5d NHSO,Me OH >3000 —
Se NHCONHEt OH  >3000 —
5f NH, OH 120 (+£10.8) 194

dn=2.

selectivity, whereas, the 2,5-dimethoxy benzyl derivative
4c had an A/A; ratio of 45. The benzyl substitution pat-
tern in 4¢ proved to be crucial later in the program (vide
infra).

Concurrent with the library work, virtually all other re-
gions of the lead were explored by directed synthesis.
One area producing interesting SAR was the 2’,3’-diol
(Table 2). Conventional wisdom suggested that these
alcohols were critical for binding and agonist activity.
Therefore, an emphasis was placed on analogs that
maintained at least one hydrogen bond donor. Removal
of either of the hydroxyl groups (5a, 5b) did lead to a
substantial loss of potency, although partial agonist
activity was maintained. An amino series was envisioned
to provide the necessary hydrogen bond, while allowing
for additional substitution. In practice, no substitution
on the amino group was allowed. Compounds 5c—e, as
well as N-alkyl derivatives (not shown) were all essen-
tially inactive at the human Aj receptor. Fortunately,
the simple 3’-amine analog 5f did show a dramatic
improvement in selectivity, despite losing ~20-fold in
potency.’ Importantly, this analog maintained full ago-
nist functional activity. Efforts were then directed back

Table 3. N-6 Modifications in the 3’-amino series

NHR
N X
N
o) ¢ )
Me N N
Y
H
H.N  OH
6
Compound R hA; K; (nM) hA/hA;
6a 3,5-Dichloro benzyl 25 (x24) 148
6b 2,5-Dimethoxy benzyl 160 (£5.8) 294
6¢ 2-Methoxy-5-chloro benzyl 15 (£2.9) 317
6d 2-Benzyloxy-5-chloro benzyl 16 (£4.2) 691
Cl
O
o <1 0TS
(0]
Me_ N N/) HoN
N o 2 a,b
H +
N |
N3 OH c
7

o v cl
Ve <N |
\ 0 N
N )\_7' c,d
H \__/ ——> 9b-f
N\; oH
8

Scheme 1. Reagents and conditions: (a) Et;N, EtOH, 80°C; (b) TFA,
CH,Cl,; (¢) R'R>*NH, EDCI, HOBt, DMF; (d) PPhs, NH,CI, THF,
H,0.

to the N-6 region in an attempt to recapture the single
digit nanomolar potency of the diol lead.

The N-6 methyl group was first replaced with the amines
identified in Table 1 (Table 3). The SAR appeared to be
additive, with compounds 6a and 6b displaying improve-
ments in potency and selectivity, respectively. Further
modification of the 2,5 substitution pattern on the benzyl
group revealed that large substituents were tolerated at
the 2 position, whereas smaller groups, particularly halo-
gen, were optimal at C5. This SAR is exemplified in com-
pound 6d, which served as a springboard to multiple sub-
series, including one that led to compound 2.

One direction of research sought to replace the benzyl
group in 6d with more solubilizing functional groups.

To achieve this goal, the carboxylic acid 9a was pre-
pared as described in Scheme 1. The synthesis of com-
pound 7 was described previously.’ It was encouraging
to see that this compound was active, which prompted
further derivatization with bifunctional amines. These
amides displayed excellent levels of potency and selectiv-
ity (Table 4).
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Table 4. Amide analogs in the 3’-amino series

R
oY
o]
Y@ >
N
N
o ¢ f) c
Me NN
Y
H
H.N  OH
9
Compound R hA; K; (nM) hA/hA;
9a OH 130 (£ 12.4) 222
9b NH, 6.8 (£0.65) 526
9 g—N’ > 18 (£2.6) 720
9d g—N 0 20 (£2.2) 700
__/
9e $=N_ NH 9.4 (£0.98) 445
s
of %—N NMe, 9.1 (+£0.03) 456
Table 5. Functional activity® of compound 9e
Compound ECsp or % control at highest dose
hAsA hAsp hA;
9e 16% at 3 uM 1% at 3 uM 8.1nM

# Functional assays measured the increase of cCAMP (A,A and A,p) or
the inhibition of isoproterenol-induced increase in cAMP (Aj) in
HEK?293 cells expressing the appropriate human receptor.

Analog 9e was profiled further and was shown to be a
potent, full agonist at the Aj receptor, but functionally
inactive at the A,o and A,p receptors (Table 5). It was
negative in the in vitro micronucleus and Ames gene
tox assays. As expected, 9e has high aqueous solubility,
particularly in buffered media (50-100 mg/mL in pH 4
citrate buffer). This compound was selected as a poten-
tial back-up to the earlier A; agonist candidate CP-
608039, 2.

In summary, a combination of both high speed and tra-
ditional medicinal chemistry techniques was used to
identify a series of highly potent, selective, and water-
soluble agonists at the human adenosine Aj receptor.

Supplementary data
Supplementary data associated with this article can be

found, in the online version, at doi:10.1016/j.bmcl.2006.
01.088.
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Abstract—A series of heteroaromatic analogs of pregabalin has been identified that possess anticonvulsant activity in the DBA/2
mouse model. The methods of synthesis and preliminary pharmacology are discussed herein.

© 2005 Elsevier Ltd. All rights reserved.

The y-amino acid pregabalin (1) (Fig. 1) is known to
bind to the gabapentin binding site on the a,-6 subunit
of voltage sensitive calcium channels in the CNS.! Bind-
ing to the o,-6 protein by pregabalin is proposed to
modulate the functional effects these proteins have on
calcium currents in activated neurons? and on stimu-
lated neurotransmitter release.> Reduced release of
excitatory neurotransmitters and peptide neuromodula-
tors (especially under conditions of hyperexcitability) is
thought to account for the anticonvulsant, anxiolytic,
and analgesic effects of these compounds. Pregabalin
has been shown to reduce the frequency of partial sei-
zures, reduce pain from post-herpetic neuralgia* and
diabetic peripheral neuropathy,® and reduce symptoms
of generalized anxiety disorder® in placebo-controlled
studies. Sustained efficacy in these indications was
associated with a favorable safety profile, with the most
common side effects including dizziness and
somnolence.’

As part of a program to identify the scope of substitu-
ents recognized by the a,-d protein, we were interested
in replacing the isobutyl side chain of pregabalin with
other groups such as aromatic or heteroaromatic rings.

The synthesis of a series of heteroaromatic-substituted
analogs of pregabalin is depicted in Scheme 1. Starting
with either 2 or 3-furaldehyde (4a and 4b), or 3-thiophene
carboxaldehyde (4d), and treating with either trimethyl-

* Corresponding author. Tel.: +1 734 622 1979; fax: +1 734 622
5165; e-mail: po-wai.yuen@pfizer.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.06.090

CO,H CO,H

Ar = furan,
NH,  Ar NH, thiophene
1 2
Figure 1.
phosphono acetate or triethylphosphono acetate

(1.1 equiv) and NaH in THF at 0 °C, gave the acrylic
acid ester as only the (E) isomer (5a, b, and d). The dou-
ble bond was reduced with H; (50 psi) using Wilkinson’s
catalyst in THF at 45 °C in the case of the furans (5a
and b), and 20%Pd/C in methanol for the 3-thienyl com-
pound (5d), giving 6a, 6b, and 6d. The resulting saturat-
ed ester (6a, 6b, 6d) was alkylated with tert-butyl
bromoacetate and LDA in THF at —78 °C. The methyl
or ethyl ester in 7a, 7b, and 7d could be selectively
hydrolyzed using 1 N LiOH in THF/i-PrOH. The car-
boxylic acid in 8a, 8b, and 8d was reduced to the alcohol
using borane dimethyl sulfide complex in THF at 0 °C.
The tosylate was obtained from the alcohol by treatment
with para-toluenesulfonyl chloride and triethyl amine in
CH,Cl, at 0 °C. Conversion to the azide (9a, 9b, and 9d)
was carried out using sodium azide in DMSO at 60 °C.
For the furan analogs (9a and 9b), the azide was selec-
tively hydrogenated to the amine using Pd/CaCO; in
EtOAc?® prior to hydrolyzing the tert-butyl ester using
TFA/CH,Cl,. The free base was isolated using ion
exchange chromatography to give compounds 11a and
11b. For the 3-thienyl analog (9d), the tert-butyl ester
was hydrolyzed first, followed by hydrogenation of the
azide to the amine using 10%Pd/C in THF. The amino
acid (10d) was recrystallized from methanol/EtOAc.
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Ar/CHO a Ar/\/COMe b Ar/\/002Me
4a: 2-fural 5a,b,d 6a: 2-fural
b: 3-fural b: 3-fural
d: 3-thienyl d: 3-thienyl
6apd 9. Ar/\[COzNIe _°, Ar/\ECO2H
CO.,t-Bu CO,t-Bu
7a,b,d
8a,b,d

8a,b,d ’

9a,b,d

9a, b ( /\(\
COH

11a,b

/\(\ i, @/\(\COZH
S NH,

CO,t-Bu

10d

Scheme 1. Reagents and conditions: (a) trimethylphosphono acetate, NaH, THF, 100%,; (b) Wilkinson’s catalyst, H,, THF, 45 °C, 97%, or 20% Pd/
C/H,, MeOH, 89%; (c) LDA, THF, —78 °C; (d) tert-butyl bromoacetate, 44—54%; (e) LiOH, H,O, THF, i-PrOH, 90%; (f) BH3'SMe,, THF, 0 °C, 55—
80%; (g) TsCl, TEA, CH,Cl,, 90%; (h) NaN3, DMSO, 60 °C, 85-95%; (i) TFA, CH,Cl,, 95%; (j) 10% Pd/C/H,, MeOH, 60-70%; (k) 10% Pd/CaCOs,

EtOAc, 77%; (1) TFA, CH,Cl,, 100%; (m) 20% Pd/C/H,, MeOH.

X CO a,b ~ CO,Me c,d
\ S

CogMe e ~ COZH f! g, h
@A[ (1

CO,t-Bu

O COH
@AC —
o NH,

>t-Bu
9c 10c

Scheme 2. Reagents and conditions: (a) 20% Pd/C/H,, MeOH, 100%;
(b) MeCO,Cl, TEA, DMAP, 73%; (c) LDA, THF, —78 °C; (d) tert-
butylbromoacetate, 54%; (e) LiOH, H,O, THF, i-PrOH, 94%; (f)
BH;'SMe,, THF, 0 °C, 70%; (g) TsCl, TEA, CH,Cl,, 90%; (h) NaNs,
DMSO, 60 °C, 95%; (i) formic acid (88%), 30 °C, 97%; (j) 10% Pd/C/
H,, THF, 58%.

The tetrahydrofuran analog (12) could be obtained from
the corresponding furan amine fert-butyl ester (11b) by a
subsequent hydrogenation using 20% Pd/C in methanol.
The final amino acid was isolated using ion-exchange
chromatography.

The synthesis of the 2-thienyl analog (10c) is depicted in
Scheme 2. Starting with commercially available 3-(2-thie-
nyl)acrylic acid, the double bound was hydrogenated
using 20%Pd/C in methanol and H, (50 psi). The acid
was esterified using methyl chloroformate (1 equiv), tri-
ethylamine (1.1 equiv), and catalytic DMAP in CH,Cl,
at 0°C to give the ester (6¢). The saturated ester (6c)
was alkylated with zert-butyl bromoacetate and LDA in
THF at —78 °C. The methyl ester could be selectively
hydrolyzed using 1 N LiOH in THF/i-PrOH. The carbox-
ylic acid (8c) was reduced to the alcohol using borane
dimethyl sulfide complex in THF at 0 °C. The tosylate
was obtained from the alcohol by treatment with para-tol-
uenesulfonyl chloride and triethyl amine in CH,Cl, at
0 °C. Conversion to the azide (9¢) was carried out using
sodium azide in DMSO at 60 °C. The tert-butyl ester
was hydrolyzed using formic acid, followed by hydroge-
nation of the azide to the amine using 10% Pd/C in
THF, to give the amino acid (10c¢). This was purified using
ion exchange chromatography.

The (R)- and (S)-enantiomers of the racemic 2-furan ana-
log (11a) were synthesized stereospecifically. The synthe-
sis used for the (S)-enantiomer (19) is shown in Scheme 3.
The 3-furan-2-yl-propionic acid ethyl ester (13) was
hydrolyzed to the acid using 1 N LiOH in THF/i-PrOH.
The resulting acid (14) was coupled with the chiral
auxiliary (4R,5S)-(+)-4-methyl-5-phenyl-2-oxazolidinone
(1.02 equiv) using trimethylacetyl chloride (1.5 equiv)
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Scheme 3. Reagents and conditions: (a) LiOH, H,O, THF, i-PrOH, 100%; (b) trimethylacetyl chloride, TEA, LiCl, THF, 66%; (c) LDA, THF,
—78 °C; (d) tert-butyl bromoacetate, 75%; (e) LiOH, H,O,, THF, H,O0, 78%; (f) BH3SMe,, THF, 0 °C, 75%; (g) TsCl, TEA, CH,Cl,, 95%; (h) NaN3,
DMSO, 60 °C, 90%; (i) 10% Pd/CaCOs, EtOAc, 84%; (j) TFA, CH,Cl,, 50-70%.

and triethylamine (3.75 equiv) in THF at 0 °C. This acyl
oxazolidinone (15) was alkylated with tert-butyl bro-
moacetate and LDA in THF at —78 °C. The desired prod-
uct (16) was isolated as a single diastereomer as evidenced
by 'H NMR.° The chiral auxiliary was cleaved using 1 N
LiOH (2 equiv) and H,O, (2 equiv) in THF. This carbox-
ylic acid tert-butyl ester (17) was then carried on to amino
acid (19) using the previously described chemistry for the
racemic analog (11a). The (R)-enantiomer (20) was syn-
thesized using the (4S,5R)-(—)-4-methyl-5-phenyl-2-oxa-
zolidione in place of the (+)-chiral auxiliary, and the
same synthetic steps already described.

Table 1. In vitro and in vivo profiling of pregabalin and test compounds

Compounds were tested for their ability to displace
[*H]gabapentin (10 nM final concentration) from the
ol,-& subunit of CNS calcium channels (PH]JGPB) (Table
1) similar to previously published methods,'® and for
their potency to inhibit the uptake of [*H]leucine into
CHO cells.!" System L affinity (SYS L) is thought to be
important for allowing these molecules to cross the blood
brain barrier. Results for these two tests are expressed as
an ICsg £ SEM. In vivo profiling of compounds entailed
evaluation of their ability to elicit anticonvulsant
and anxiolytic like effects in animal models (Table 1).
The DBA/2 strain of mice was used to evaluate

Hozo/\ANH2

Compound R Stereochemistry [PHJGBP Binding ICsy (tM)™® SYS L ICs, (uM)>¢ WLC %° DBA/2 % protection (2 h)
1 Isobutyl S 0.073 (£0.035) 284 (+214) 100 100
3 Ph-CH,— — >10,000 0
10c 2-Thienyl-CH,~ — 2.14 (£1.38) 2936 10.3 40
10d 3-Thienyl-CH,~ — 0.832 (£0.291) 7034 -3 60
11a 2-Furanyl-CH,~ — 0.421 (£0.001) 10,000 5.3 20
11b 3-Furanyl-CH,~ — 0.518 (£0.039) 1422 —-17 0
19 2-Furanyl-CH,~ S 0.178 (£0.031) 10,000 40
20 2-Furanyl-CH,— R 1.46 (£0.359) 10,000 0.28 0
12 3-THF-CH,-  — >10,000 0

3ICsy is the concentration (uM) producing half-maximal inhibition of the specific binding of [*H]gabapentin to pig brain membranes.
®Cs, is the concentration (uM) producing half-maximal inhibition of the uptake of [*H]Leucine in CHO cells.

¢ Activity of pregabalin at 30 mg/kg defined as 100%.

9Values are means of three experiments; standard deviation is given in parentheses. Values without +SEM are from n = 1.
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anticonvulsant activity of the compounds after inducing
seizures in the mice using an audio stimulus.'? Results are
expressed as a percentage of mice protected (out of five
animals) from tonic seizures 2 h post dose at 30 mg/kg
administered orally. The anxiolytic effect of compounds
was evaluated by measuring their ability to reverse
shock-induced suppression of drinking in the Vogel
water lick conflict assay (WLC %) in rats at a dose of
30 mg/kg administered orally.!? Activity in this assay is
expressed as a percentage of pregabalin’s ability to re-
store punished drinking behavior at a dose of 30 mg/kg.

Compared to pregabalin, the phenyl analog'* (3) was
completely inactive in the o,-6 assay, as well as the
DBA/2 model. Surprisingly, replacement of the phenyl
group with either a furan or thiophene ring resulted in
compounds with o,-6 binding affinity. Activity in the
o-0 binding assay followed the trend 2-furan ~ 3-fu-
ran > 3-thiophene > 2-thiophene. The 3-THF analog
(12) was inactive. While a number of compounds (10d,
11a, 11b, and 19) possessed sub-micro molar binding,
none of the compounds had better binding than pregaba-
lin (1). All of the compounds tested in the System L assay
were extremely weak when compared to pregabalin (1).
The 2-fural analog (11a) was chosen for stereoselective
synthesis of its enantiomers based on its a,-0 binding,
and consistent with the stereochemistry of pregabalin,
the (S)-enantiomer (19) was more potent in the o,-6
assay.’ In the DBA/2 mouse model, the 3-thienyl analog
(10d) was most active, followed by the 2-thienyl analog
(10c) and the 2-fural analog (10b).

Consistent with what was observed with ao,-0 binding,
the (S)-enantiomer (19) was more active in the DBA/2
model than the corresponding (R)-enantiomer (20). In
the WLC anxiety model, the compounds tested were
all devoid of any anxiolytic properties relative to pre-
gabalin. It is believed that the poor System L binding
affinity of these compounds accounts for their poor in vi-
vo activity when compared to pregabalin (1).

In summary, a series of novel analogs of pregabalin have
been synthesized where the isobutyl side chain in pre-
gabalin has been replaced with a heteroaromatic group.
These compounds showed activity in both in vitro and
animal models. Surprisingly, only the furan and thio-
phene replacements possessed biological activity, albeit
it modest when compared to pregabalin, whereas the
phenyl and THF replacements were completely inactive
both in vitro and in vivo. These results were unexpected
given the inactivity of phenyl analog (3). While none of
the compounds synthesized possessed a better biological
profile than pregabalin, they do provide an expanded

understanding of the SAR requirements for future
development.
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Abstract—The elaboration of previously reported indole fragments as inhibitors of inosine monophosphate dehydrogenase
(IMPDH) is described. The synthesis, in vitro inhibitory values for IMPDH II, PBMC proliferation and physicochemical properties

are discussed.
© 2006 Elsevier Ltd. All rights reserved.

In the preceding article, we reported the results of our
investigations into the inhibition of inosine monophos-
phate dehydrogenase (IMPDH) with low molecular
weight indole fragments. As well as providing valuable
insights into the requirements for potency against
IMPDH 11, two hit templates were highlighted for fur-
ther investigation, namely 3-cyanoindoles and 3-(4-
pyridyl)indoles.

Herein, we report our efforts to further develop repre-
sentatives of these templates, namely the cyanoindoles
1a and 1b, and pyridylindole 2, which have IMPDH II
potencies (ICsq) of 20.9, 7.66 and 1.15 uM, respectively.

NC3 4 N

S

2

1N 6

R 4
N

1a R=H H

1b R=Me 2

Although SAR around a 3-(oxazol-5-yl)indole and 3-
cyanoindole template has been previously reported, in
both cases compounds were restricted to incorporation
of a NHCONH or (2-oxazolyl)amino linker at the 6-po-

Keywords: IMPDH; Inosine monophosphate dehydrogenase; Frag-

ment elaboration.
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sition.!?> Based on binding mode hypotheses this was
deemed necessary to allow formation of key H-bonds
from the linker to Asp 274. From the observed SAR
of the indole fragments, coupled with docking studies
(see preceding paper), it was hoped that in the case of
1a and 2 the indole NH could perform this function,
thereby potentially allowing a greater range of substitu-
tion in the carbocyclic ring. Additionally, modelling
studies suggested the indole 6- and 7-positions to be
the optimum substitution points. Consequently, a range
of 6- and 7-substituted indoles were prepared to test our
hypotheses, and their syntheses are described in Schemes
1-5.

Indoles 3, 7 and 8 were prepared via direct cyanation of
their commercially available precursors with chlorosulf-
onylisocyanate (CSI) (Scheme 1). Catalytic hydrogena-
tion of 3 afforded aminoindole 4, which was further
transformed into the urea 5 and the benzoxazole 6. In
the synthesis of N-1 alkylated cyanoindoles, nitroindoles
(3) were alkylated and then reduced to versatile 6 or 7-
aminoindole intermediates I. Employing isocyanate
chemistry, indoles I were then converted to ureas (9,
10 and 16), an N-hydroxy urea (11) and an O-amino car-
bamate (12). Sulfonamides (13-15) and the benzoxazole
(17) were also prepared from aminoindoles I (Scheme 2).
On the pyridylindole template, a phenyl group was
introduced in the 6-position via Suzuki reaction upon
bromoindole II to give 18 (Scheme 3). The ester 19
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NC
J a
(I; 4 3 R=6-NO
N N 2
H R

H R 7,8 R=0Bn

Scheme 1. Reagents and conditions: (a) CSI, MeCN, rt; then DMF, rt
(22-100%); (b) (R = 6-NO,) H,, 10% Pd-C, MeOH, rt (100%); (c)
triphosgene, Et;N, DCM, 0 °C; then PhNHMe, rt (19%); (d) 2-
chlorobenzoxazole, DMF, microwave, 120 °C (7%).
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Scheme 2. Reagents and conditions: (a) Mel or Etl, KOH, acetone, rt
(87%); (b) H,, 10% Pd-C, MeOH, rt (100%); (¢) PANCO, DCM, rt
(50%); or, triphosgene, Et;N, DCM, 0 °C; then PhNHMe, rt (10-53%);
or, PA\CH,ONH, HCl, triphosgene, Et;N, DCM, —78 to 0 °C; then I,
rt (25%); (d) triphosgene, Et;N, DCM, 0 °C; then HONMeBoc (65%);
(e) TFA, DCM, rt (89%); (f) R’'SO,Cl, DCM, pyridine, rt (9-35%); (g)
2-chlorobenzoxazole, DMF, microwave, 120 °C (33%).
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Scheme 3. Reagents and conditions: (a) PhB(OH),, Pd(PPhsj),,
Na,CO;, DME, H>0, microwave, 150 °C; (b) KOH, MeOH, reflux
(62%, 2 steps).
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Scheme 4. Reagents and conditions: (a) EtOH, H,SO,, reflux; (b)
PhSO,Cl, K,CO;, methylethyl-ketone, reflux (51%, 2 steps); (c) N-
iodosuccinimide, MeCN, rt (13%); (d) Pyridin-4-yl-boronic acid,
Pd(PPh;),, K5PO,4, DME, H,0, 80 °C (17%).
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Scheme 5. Reagents and conditions: (a) PhSO,Cl, DCM, pyridine, rt
(8-49%); (b) triphosgene, THF, —78 to 0 °C; then R'R"NH, rt (7-
34%); (¢) RONH,.HCI, triphosgene, Et;N, DCM, —78-0 °C; then III,
rt (4-33%).

was prepared from indole-6-carboxylic acid (Scheme 4).
The aminoindole precursor III, described in the preced-
ing paper, was elaborated to sulfonamides (20, 25 and
29), ureas (21, 22, 26 and 27) and N-alkoxyureas (23,
24 and 28) (Scheme 5).

The in vitro enzyme potencies and activity in a periph-
eral blood mononuclear cell (PBMC) proliferation as-
say are shown in Table 1. The first observation is
that compared to the pyridylindoles, only moderate
improvements in potency were achieved with N-meth-
yleyanoindoles, and with the NH cyanoindoles no real
improvements were found with the small set prepared.
This may reflect a sub-optimal binding of the cyanoin-
dole cores, as well as highlighting the sensitivity of the
enzyme to the precise orientation of the substituents at-
tached. Though simple 6-amino substitution on the NH
cyanoindole in 4 was not tolerated, the urea 5 retained
the potency of the fragment core. The benzoxazole 6
appeared to lose activity, failing to give an ICso, and
the 6-benzyloxyindole 7 was only weakly active. The
7-benzyloxyindole 8 was not tolerated, modelling
predicting this position to be sterically restricted in
the active site. In the case of N-methylcyanoindoles,
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Table 1. SAR of indoles
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Compound R! R? R? R® IMPDH II° ICso (uM)  PBMC? ICso (uM)
la — — — — — 20.900 —
1b — — — — — 7.660 —

2 — — — — — 1.150 28.0

4 H H CN NH, H IA® —

5 H H CN NHCON(Me)Ph H 15.400 —

6 H H CN Benzoxazol-2-ylamino ~ H 48% at 30 pM —

7 H H CN OBn H 71.800 —

8 H H CN H OBn IA® —

9 Me H CN NHCONHPh H 0.722 14.0
10 Me H CN NHCON(Me)Ph H 17.000 —
11 Me H CN NHCONHOBn H 1.170 17.0
12 Me H CN NHC(O)ONHMe H 4.040 —
13 Me H CN NHSO,Ph H 7.680 —
14 Me H CN NHSO;,Bn H 21.000 —
15 Et H CN NHSO,Bn H IA* —
16 Me H CN H NHCON(Me)Ph 7.850 —
17 Me H CN H Benzoxazol-2-ylamino 58.400 —
18 H H 4-Pyridyl  Ph H 0.456 10.0
19 H H 4-Pyridyl ~ COEt H 0.586 —
20 H H 4-Pyridyl ~ NHSO,Ph H 0.364 14.0
21 H H 4-Pyridyl NHCONHPh H IA® —
22 H H 4-Pyridyl  NHCON(Me)Ph H 0.084 12.0
23 H H 4-Pyridyl NHCONHOMe H 1.110 —
24 H H 4-Pyridyl NHCONHOBn H 0.076 4.6
25 H Me  4-Pyridyl NHSO,Ph H 0.222 —
26 H Me  4-Pyridyl NHCON(Me)Ph H 0.128 —
27 H H 4-Pyridyl H NHCON(Me)Ph 19.500 —
28 H H 4-Pyridyl H NHCONHOBn 1.360 —
29 H H 4-Pyridyl H NHSO,Ph 6.210 —

# Inactive at 30 pM.

substitution at the 6-position with the monosubstituted
urea 9 gave IMPDH potency in line with that previous-
ly reported,? but addition of a methyl in 10 resulted in a
23-fold reduction in activity. The hydroxyurea 11 was
comparable to the urea 9, however, attempts to signif-
icantly improve the potency through variation of the
benzyl group were unsuccessful (data not shown). The
O-aminocarbamate 12 and sulfonamides 13 and 14
gave low micrololar potency. Variation of the phenyl
group of 13 for substituted phenyl/heteroaromatics also
failed to improve potency (data not shown). Replace-
ment of the N-methyl with an N-ethyl in 15 abolished
activity, in agreement with expected steric restrictions
at this position in our binding hypothesis. Only a small
number of 7-substituted-N-methyl indoles were pre-
pared. The urea 16 retained activity at a level similar
to that of the fragment 1b, whereas the benzoxazolyla-
mino group in 17 lost activity.

The sub-micromolar IMPDH potency of the 6-phenyl
and 6-ethoxycarbonyl pyridylindoles 18 and 19, respec-
tively, lends support to the hypothesis of the indole NH
forming the key interaction with Asp 274. In this case, a
functionalised 6-amino group leads to templates with
consistantly better affinity. For example, sulfonamide
20 showed promising enzyme potency. In the case of
ureas, the SAR appeared to completely contrast with

the cyanoindoles, in that the simple urea 21 was inactive
but the methyl-substituted analogue 22 showed potent
inhibition (ICso = 84 nM). In a further twist, although
the simple methoxy urea 23 showed micromolar activity,
the benzyloxy 24 again gave potent inhibition. In the
case of the pyridylindole fragment 2 of the preceding
article, addition of a 2-methyl on the indole increased
affinity roughly threefold, however, as can be seen with
25 and 26 this effect was variable (compare to 20 and 22,
respectively). As seen with cyanoindoles, substitution at
the 7-position of pyridylindoles in ureas 27 and 28, and
sulfonamide 29 led to a reduction in potency.

The activities in a PBMC proliferation assay showed a
consistently high drop-off from the enzyme potency.
The core fragments 1b and 2 show good transport in a
Caco-2 membrane permeability assay (Table 2), and
the reasons for this observed drop-off remain unclear.

A number of physicochemical properties and Caco-2
transport were determined for cyanoindole 11 and
pyridylindoles 20, 22 and 24 (Table 2). All four com-
pounds exhibited acceptable log Ds and good Caco-2
transport. As expected, the solubility of the pyridyl
derivatives was greatest at lower pH. The low molecular
weights and PSAs allow significant scope for further
optimisation of each template.
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Table 2. Drug-like properties

Compound Log D7.4* Sol® (pg/ml) Caco-2° (107 cm/s) Mw¢ PSA® (Az)
A-B B-A
1b 2.30 — 367 374 156 30
2 2.81 — 262 239 194 32
11 2.74 4.0 (4.5) 193 191 320 88
20 2.01 ND (8.0) 65 93 349 79
22 2.93 ND (42) 143 67 342 57
24 3.54 3.2 (17.5) 65 73 358 87

#Log D, measured at pH 7.4—Ref. 4.

® Aqueous solubility at pH 7.4, solubility at pH 5.0 in parentheses—Ref. 5. ND, not detected.
¢ Caco-2 Papp (apparent permeability), A-B (apical to basolateral) and B-A (basolateral to apical)—Ref. 6.

4 Molecular weight.
¢ Polar surface area.

In summary, starting from a focused fragment based ap-
proach around an indole core we have gained valuable
insights into the requirements for activity against
IMPDH II. From this position, 3-cyanoindole and 3-
(4-pyridyl)indole have been further elaborated, with
the pyridylindole template providing sub-micromolar
inhibitors of this enzyme with good drug-like properties.
This represents a further departure from the 3-methoxy-
4-(5-oxazolyl)aniline moiety of known IMPDH inhibi-
tors, and efforts to optimise this interesting class will
be reported elsewhere.
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Abstract—Hydrogen peroxide generated from the enzymatic oxidation of choline was detected using a chemiluminescent acridini-
um-9-carboxamide. The dose-response for choline (0-50 pM) was established in buffer and was applicable to the quantification of
choline in human plasma. This homogeneous assay was performed in a 96-well microplate format and required minimal sample

volume (1 pL) and analysis time (<5 s per well).
© 2006 Elsevier Ltd. All rights reserved.

Competitive homogeneous chemiluminescent assays
that rely on the signal modulation of acridinium-9-car-
boxamide-modified ligands upon binding to ligand-spe-
cific proteins have been previously reported. Examples
have included biotin-avidin,' folic acid—folate binding
protein,” vitamin B,,-intrinsic factor,? and most recent-
ly, boronate-glycoprotein.* In each case, the signal
recorded from the unbound acridinium-9-carboxam-
ide-labeled ligand is more intense than the bound species
when triggered with a large excess of basic hydrogen
peroxide.

In this communication, we present a different type of
homogeneous chemiluminescent assay, one that is con-
ceptually very simple, namely the acridinium-9-carbox-
amide mediated detection of hydrogen peroxide
generated from an analyte-specific oxidase. This ap-
proach was demonstrated using choline/choline oxidase
and resulted in an assay for choline in human plasma.

Choline oxidase (ChO, Alcaligenes sp.) in the presence
of oxygen converts choline 1 to betaine aldehyde 2, then
finally to betaine 3, with the production of 2 equiv of
hydrogen peroxide (Scheme 1).°> The peroxide thus gen-
erated reacts with acridinium-9-carboxamide 4 under
basic conditions giving rise to a strained dioxetanone

Keywords: Choline; Chemiluminescence; Homogeneous assay; Acrid-

inium-9-carboxamide.

* Corresponding author. Tel.: +1 847 937 0225; fax: +1 847 938
8927; e-mail: maciej.adamczyk@abbott.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2006.01.114

intermediate that decomposes to the acridone 5 with
the emission of light.

When light from acridinium-9-carboxamide 4° is trig-
gered with a large excess of basic peroxide, a ‘flash’
chemiluminescence profile is observed (Fig. 1). The
chemiluminescence response from the enzymatic conver-
sion of choline to betaine and hydrogen peroxide pro-
duced a different profile that was dependent on the
delay time between the addition of the oxidase enzyme
and acridinium-9-carboxamide 4 (Fig. 2). Choline bitar-
trate (1 pL, 50 uM) was distributed in a black round-
bottomed polystyrene 96-well microplate, and using a
Berthold Mithras microplate reader equipped with three
reagent injectors, each well was analyzed separately for
2 s after the addition of choline oxidase (10 uL, 10 U/
mL), a delay time of 1-20 s, then addition of acridini-
um-9-carboxamide 4 (10 puL, 4 uM) and aqueous sodium
hydroxide (30 puL, 0.25 N). As the delay time lengthened
from 1 to 20 s, the chemiluminescence profiles changed
from ‘pseudo-flash’ to ‘glow.” Regardless of the delay
time, the chemiluminescent signal required approxi-
mately 10 min to decay to background (data not
shown). The intensity of the response rose to a maxi-
mum at a delay time of 2 s (120,000 RLU) and then de-
creased by two-thirds (40,000 RLU) after 20s. The
signal intensity was not further diminished for delay
times up to 20 min (data not shown).

The chemiluminescence profiles over range of choline
concentrations (1 pL, 0-50 uM) using a delay time of
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Scheme 1. Conversion of choline to betaine and hydrogen peroxide.
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Figure 1. ‘Flash’ chemiluminescence profile. Conditions: 0.18 N
NaOH, 0.7% H,0,, 1% Triton X-100, and 0.05% diethylenetriamine-
pentacetic acid.

2 s are shown in Figure 3. A chemiluminescence dose—
response curve was constructed by plotting the maxi-
mum relative light units (RLU,,,,) versus choline con-
centration (Fig. 4).

Having demonstrated a dose-response, we next investi-
gated the detection of hydrogen peroxide generated
from the action of choline oxidase on choline in human
plasma.

The importance of choline 1 as an analyte has been
emphasized by its identification as an essential human
nutrient with physiological activity in phospholipid,
cholinergic, and methionine metabolism.” It has been
investigated as a biomarker during pregnancy and in
neonates,>!'! end stage renal disease,!? neurological
disorders,!>'> and ischemia.'®?! The normal mean

o)
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Figure 2. Effect of delay time on chemiluminescence response. Sample:
choline (1 pL, 50 uM, pH 8, 0.2 M sodium phosphate). Berthold
Mithras microplate luminometer analysis sequence: (a) add choline
oxidase solution (10 pL, 10 U/mL, pH 8, 0.2 M sodium phosphate,
0.1% sodium cholate,); (b) 1-20s delay; (c) add 4 (10 pL, 4 uM in
water, 0.1% sodium cholate); (d) add sodium hydroxide (30 pL,
0.25 N); (e) read for 2s.

concentration of choline in plasma is 10 uM (range 7—
20 pM)7 (28-35 pM, newborns)®'? and rises 3- to 4-fold
under pathological conditions.

While chemiluminescent assays for choline from plasma
samples are known, they have most often been reported
using choline oxidase (ChO) coupled with luminol and a
second enzyme, horseradish peroxidase (HPRO)??2313
or a metal catalyst.>*?>2> With the exception of Das
et al.,'? all employed immobilized enzyme(s). Recently,
de Silva et al.?® demonstrated that an acridan could re-
place luminol as the HRPO substrate. Others have ap-
proached the analysis using a flow injection method
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Figure 3. Choline-dependent chemiluminescence response. Sample:
choline bitartrate (1 pL, 0-50 uM, pH 8, 0.2 M sodium phosphate).
Berthold Mithras microplate luminometer analysis sequence: (a) add
choline oxidase solution (10 uL, 10 U/mL, pH 8, 0.2M sodium
phosphate, 0.1% sodium cholate,); (b) 2's delay; (c) add 4 (10 pL,
4 uM in water, 0.1% sodium cholate); (d) add sodium hydroxide
(30 pL, 0.25 N); (e) read for 2s.
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Figure 4. Choline dose-response.

based on immobilized enzymes and peroxyoxalate
chemiluminescence.?’

Akin to assays for choline, 9-acridinecarbonylimidaz-
ole,?® and phenoxy-substituted acridinium esters®® were
used to detect hydrogen peroxide generated from glu-
cose oxidase, while 10-methyl-9-(p-formylphenyl)-acrid-
inium carboxylate trifluoromethanesulfonate®® was used
to quantitate peroxide in natural waters.

We found that the homogeneous choline oxidase/acrid-
inium-9-carboxamide system rapidly detects choline in
plasma directly without any sample extraction, addition-
al enzymes or catalysts. Frozen normal donor plasmas
(N =50) from the Abbott Specimen Collection Bank
that had been collected on lithium heparin were
analyzed in triplicate and the results calculated from
a point-to-point fit of the dose-response curve using
MikroWin 2000 on the Berthold Mithras. The distribu-
tion of results is shown in Figure 5. The mean
concentration of this normal population was 11.97 £
2.83 uM, which is in agreement with the expected values
from the literature.”

12 1

104 Mean concentration =+ SD
11.97 +2.83 uM

[oe]

Frequency

2 4 6 8 10 12 14 16 18 20 22 24
[Choline] (uM)

Figure 5. Analysis of normal donor plasma. Standards: choline
bitartrate (1 pL, 0-50 uM, pH 8, 0.2 M sodium phosphate). Samples:
human plasma collected in lithium heparin tubes (1 pL). Berthold
Mithras microplate luminometer analysis sequence: (a) add choline
oxidase solution (10 pL, 10 U/mL, pH 8, 0.2 M sodium phosphate,
0.1% sodium cholate,); (b) 2 s delay; (c) add 4 (10 uL, 4 uM in water,
0.1% sodium cholate); (d) add sodium hydroxide (30 uL, 0.25 N); (e)
read for 2s.

The application of the homogeneous chemiluminescent
detection of oxidase-generated peroxide to other sample
matrices and analytes is underway.
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On August 16, 2003, one of the leaders of the medicinal
chemistry and pharmaceutical communities, Dr. David
W. Robertson, passed away. As a tribute to his impact
on the many colleagues he mentored, guided, and
encouraged, the following seven articles are dedicated
to his memory.

Dave was born in Dumas, Texas, on July 30, 1955, and
is survived by his two children, Cassandra and Andrew,
of San Diego; his parents, R.L. and Nixie Robertson of
Dumas; his three sisters, Linda Hamlin of Mount Pulas-
ki, IL, Glenna Rummel of Fritch, TX, Suzanne Roberts
of Sumter, S.C., and his brother, Timothy Robertson of
Dumas. Dave began his career in his home state of Tex-
as, earning a Bachelor of Science degree in Chemistry
and Biology with highest honors from Stephen F. Aus-
tin State University in 1977. He received his Ph.D. at
the University of Illinois with Prof. John A. Katzenel-
lenbogen in 1981 working on the synthesis of non-steroi-
dal anti-estrogens and estrogens, and cytotoxic hormone
analogs.

Dave’s first industrial position was with Eli Lilly in Indi-
anapolis, where he joined as Sr. Medicinal Chemist in
the cardiovascular group. Dave’s abilities as a medicinal
chemist were evident from the start where within two
years he led a team in the identification of the phospho-
diesterase inhibitor isomazole, for the treatment of car-
diac arrhythmia. Collaboration was one of Dave’s
greatest assets, and it was no surprise that from the out-
set he worked to foster relationships with colleagues
from other therapeutic areas. Coincident with his efforts
in the cardiovascular area, Dave worked with pharma-
cologists from Lilly’s neuroscience franchise and assem-
bled an impressive list of accomplishments. Most
notably, Dave was an inventor and a discoverer of a
selective serotonin uptake inhibitor, dapoxetine, as well
as a dual inhibitor of serotonin and norepinephrine up-

E-mail: ROBICHA@wyeth.com

0960-894X/$ - see front matter © 2006 Published by Elsevier Ltd.
doi:10.1016/j.bmcl.2006.02.036

take, duloxetine, which Lilly has successfully launched
under the trade name Cymbalta®. This drug is used to
treat patients suffering the debilitating effects of major
depressive disorder and diabetic neuropathy, and repre-
sents the kind of research to which Dave dedicated his
scientific life.

In 1991, Dave was recruited to Ligand Pharmaceuticals
in San Diego, CA, where he served as a Vice President of
Research until 1996, when he moved to what was then
DuPont Merck Pharmaceutical Co in Wilmington Dela-
ware. During his short tenure at DuPont Merck, Dave
was responsible for the expansion of the neuroscience
franchise, focusing his efforts on obesity, psychosis,
ADHD, and Alzheimer’s disease. In addition, Dave ini-
tiated several key collaborations with leading contract
and research organizations that were pivotal to the
success of the discovery efforts of DuPont Merck. At
the time this approach to sourcing was rare and is a
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testament to Dave’s abilities to reach out and create
unique opportunities for success.

In 1999, Dave moved to Pharmacia & Upjohn (Pharma-
cia Corp.), where he was Vice President of Research
responsible for the Neuroscience and Cardiovascular
franchises. In 2002 and until his death, Dave was Execu-
tive Director of Chemistry at Pfizer’s Ann Arbor, Michi-
gan site. Although his time at Pfizer was short, Dave left
an indelible mark on this organization as well. Since his
death, Pfizer has created an undergraduate scholarship
grant at Stephen F. Austin State University, and funded
an award through the American Chemical Society Divi-
sion of Medicinal Chemistry in his honor. This annual
award recognizes medicinal chemists under age 40 who
have demonstrated a significant impact on the discovery
of new medicines or drug targets, something Dave Rob-
ertson certainly accomplished.

Dave Robertson was a prolific contributor to the field,
authoring more than 120 manuscripts, presenting at near-
ly 150 scientific conferences, and contributing as an inven-
tor to more than 60 patents. He was an active member of
the American Chemical Society, serving on the Editorial
Board, and as Section Editor for Annual Reports in Medic-
inal Chemistry. His impact on many pharmaceutical com-
panies, both large and small, through his mentorship,
guidance, and counseling of colleagues through the years
is perhaps his greatest legacy.

If you were fortunate enough to work with Dave, as |
was, you would no doubt have come away a more en-
riched and thorough scientist. Dave had such a collabo-
rative and empowering style that made you want to get
right to the task at hand. To say he was a motivator

would be a significant understatement. There was never
any doubt that Dave’s goal was the discovery and devel-
opment of “medicines that matter” (Dave’s term). He did
this, however, with such a unique and personal touch
that is counter-intuitive to the management process.
Dave focused on the individual and believed that success
was derived from building talented teams of energetic
scientists. He was adroit at recruiting and bringing
together researchers from diverse disciplines and manag-
ing their coalescence to a singular task. He believed in
independent action, celebrated spirited debate, and
encouraged the questioning of authority, including his.
Dave believed that focus and accountability were tanta-
mount to success, and he refused to accept failure.

While working with Dave, I found him to be a devoted
father, regularly making trans-continental trips to be
with his children in San Diego. This value was evident
in his management style, always recognizing the priori-
ties of one’s family. Dave always took the time to listen
to your concerns, no matter how trivial or insignificant
they may have been. He would always be focused on
what was best for you personally, balancing the pres-
sures of the job with your individual concerns. Dave
was one of those people who would always find the po-
sitive in any situation. This infectious optimism was of-
ten times expressed in one of his many classic
metaphors, to which anyone who knew Dave for more
than a week was familiar. I’'m confident each and every
colleague of Dr. Robertson has more than one favorite
‘Dave-ism’ they have used on special occasions. I know
what mine is, and it always makes me smile and think of
Dave.

—Albert J. Robichaud
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Abstract—a-Methylated analogues of the endogenous cannabinoid, 2-arachidonoyl glycerol (2-AG), were synthesized aiming to the
improved enzymatic stability of 2-AG. In addition, the CB1 activity properties of fluoro derivatives of 2-AG were studied. The CB1
receptor activity was determined by the [*>S]JGTPyS binding assay, and the enzymatic stability of a-methylated analogues was deter-
mined in rat cerebellar membranes. The results indicate that even if the a-methylated 2-AG derivatives are slightly weaker CB1
receptor agonists than 2-AG, they are clearly more stable than 2-AG. In addition, the results showed that the replacement of
the hydroxyl group(s) of 2-AG by fluorine does not improve the CB1 activity of 2-AG.

© 2006 Elsevier Ltd. All rights reserved.

2-Arachidonoyl glycerol (2-AG) was first reported in
1995 as a weak cannabinoid receptor agonist with simi-
lar cannabinergic character as the traditional plant-de-
rived cannabinoids and the endogenous cannabinoid,
N-arachidonoyl ethanol amide (AEA).'-> At that time,
AEA was studied extensively and it was considered as
the main endogenous ligand for the cannabinoid recep-
tors. However, later on it has been confirmed that 2-AG
is a full efficacy agonist and probably the main endoge-
nous ligand for both the CBI and CB2 receptors.®®
2-AG is known as the most efficacious CBI1 receptor
ligand so far. In the [*>SJGTPyS binding assays with
the rat cerebellar membranes, E,.., value for 2-AG has
been reported to be 620x 5 (%basal = SEM), while
the respective figures, for example, for AEA and
CP55,940, are 484 + 7 and 510 % 4.° In spite of the good
efficacy and potency of 2-AG (Table 1), its usage as a
pharmacological tool or pharmaceutical is not conve-
nient due to its fast enzymatic degradation. The low
enzymatic stability of 2-AG set a starting point for this

Keywords: Cannabinoid; CB1 receptor; 2-AG; Enzymatic stability;

Stereoselective synthesis.
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Table 1. Comparison of efficacy (E,.x) and potency (pECs) values of
2-AG and compounds 1a-b, 2a-b, and 3a

Compound CBI activation
Emax (Yobasal + SEM, n = 3) pECS50 * SEM,
(n=3)

2-AG 620 £ 17 6.0+0.1

la 407 + 20 5.0%0.1

1b 227* 19 4.8+0.0

2a 168 £ 16 48+04

2b NA NA

3a NA NA

NA, no detectable CBI activation at 10~* M concentration.

study where 2-AG was methylated at its a-position in
order to reduce its metabolism to arachidonic acid
(AA). In addition to the low stability, a formation of
AA may be a drawback. AA is unwanted metabolite
in several therapy targets, like in the eye, since it is the
precursor of the inflammation mediators.

The aim of the present study was to improve the enzy-
matic stability of 2-AG, and thereby, to prevent
formation of AA and prolong duration of action. The
CBI1 activity as well as the enzymatic stability were stud-
ied separately with both enantiomers. Finally, it was



mailto:Teija.Parkkari@uku.fi



2438 T. Parkkari et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2437-2440

determined if the activity properties of 2-AG can be im-
proved by replacing the head hydroxyl group(s) by fluo-
rine as it is in a case of AEA.”® The CBI1 activation
parameters of the synthesized compounds were deter-
mined by using the [”S]GTPyS binding assay. The sta-
bility studies were conducted in rat brain homogenate
and in membrane-free buffer solution.

Scheme 1 illustrates the synthesis methods for the com-
pounds 1a-b,'31419 2a-b 151619 and 3a—b.!”'° The chi-
ral key synthon 7 was prepared using Evan’s chiral
auxiliary as previously described.” The synthesis of
endogenous 2-AG and its analogues is very challenging
since its susceptibility for an isomerization and auto-ox-
idation. Stamatov and Stawinski developed an efficient
synthetic strategy, which was utilized in the synthesis
of final products 1a-b.'? (S)- or (R)-2-methylarachidonic
acid 7 was esterified with (+/—)-glycidol in the presence
of  1-(3-dimethylaminopropyl)-3-ethylcarbodiimidehy-
drochloride (EDC) and 4-dimethylaminopyridine
(DMAP) to give the glycidyl derivatives 8, which was
then treated with TFAA giving trifluoroacetate ester 9.
This was further converted into the desired products
by transesterification using pyridine and methanol in
dichloromethane—hexane.

The a-methylated monofluoro derivatives of 2-AG, 2a
(R) and 2b (S), and the difluoro derivatives 3a (R) and

3b (S) were prepared by coupling (S)- or (R)-2-methylar-
achidonic acid 7 with (rac)l-fluoro-3-(tri-2-propyl)-

L
F
2a(R)
2b(S)
OTIPS
z

o
_ I oH
~
— — OH
1a(R)
1b (S)

oo

ﬁ OCOCF,
o/(/ocomr3

9

Scheme 1. Reagents and conditions: (a) Pivaloyl chloride, Et;N, THF,
84-97%; (b) 1—-NHMDS, THF, -78°C, 2—Mel, 60-82%; (c)
LiOOH, THF, 65-83%; (d) EDC or DCC, DMAP, CH,Cl,, 60—
93%; (e) TFAA, CH,Cl,, 96%; (f) pyridine, MeOH, CH,Cl,/hexane,
quantitative yield; (g) TBAF, THF, 89%.

siloxy-propan-2-ol and 1,3-difluoro-2-propanol using
EDC/DMAP. Finally, the TIPS-protective groups were
removed by an excess of tetrabutylammonium fluoride
trihydrate (TBAF).

The [*>SJGTPyS membrane binding studies were per-
formed in an optimized condition, where the enzymatic
degradation of endocannabinoids has been minimized.®
Maximal agonist responses (E.x, Yobasal) and poten-
cies (pECsp) were determined from dose-response
curves. The CBI-dependent activity was confirmed by
antagonizing half-maximal re sponses with the CBI1-se-
lective antagonist AM251 (107 M). The results are pre-
sented as means £ SEM of at least three independent
experiments, performed in duplicate. Data analysis
was calculated as non-linear regressions by GraphPad
Prism 4.0.

The enzymatic stability studies were carried out in rat
cerebellar membranes prepared as previously de-
scribed.!! Preincubations (80 pL, 30 min at 25 °C) con-
tained 10 ug membrane protein, 44 mM Tris—-HCI (pH
7.4), 0.9 mM EDTA, 0.5% BSA, and 1.25% (v/v) DMSO
as a solvent for drugs. The incubations (90 min at 25 °C)
were initiated by adding 40 pL of preincubated mem-
brane cocktail, giving a final volume of 400 pL. The final
volume contained 5 pg membrane protein, 52 mM Tris—
HCI (pH 7.4), 1.0 mM EDTA, 95 mM NaCl, 4.8 mM
MgCl,, 0.5% BSA, and 50 uM of the drug (2-AG, 1a—
b). At time-points of 0 and 90 min, 100 pL. samples were
removed from incubation, acetonitrile (200 puL) was
added to stop the enzymatic reaction, and pH of the
samples was simultaneously decreased with phosphoric
acid (added to acetonitrile) to 3.0, in order to stabilize
the drugs against a possible post-incubation chemical
acyl migration reaction. Samples were centrifuged at
23,700g for 4 min at RT prior to HPLC analysis*® of
the supernatant. The susceptibility of 2-AG and 1a-b
for the enzymatic degradation was finally determined
based on the formation of AA or a-methyl-AA during
the 90 min incubation period. The results are presented
as means + SEM of three independent experiments, per-
formed in duplicate.

The CBI1 receptor activation data are presented in the
Table 1. Among the series, only the compounds 1la-b
showed appreciable dose-dependent CB1 receptor activ-
ity. The (R) enantiomer (la) gave significantly better
CBI1 activity than the (S) enantiomer (1b) which is quite
interesting finding since it has been reported that stereo-
chemistry at the a-position is not that significant when
affinity for the CB1 receptor is measured.” Weak poten-
cy and efficacy values were achieved for the monofluoro
derivative 2a, however, with the (S) enantiomer no
detectable CBI activation at 10~* M concentration was
observed. The replacement of the both hydroxyl groups
with fluorine (3a) led to a loss of the CB1 activity. Since
the R enantiomer was proven to be inactive, the activity
of the (S) form (3b) was not determined.

The results of the stability studies are presented in Table
2. In the membrane-free buffer, the ester bond of 2-AG
was stable, even though acyl migration from 2-AG into
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Table 2. Relative (% = SEM) concentrations of 2-AG (1(3)-AG), and 1a-b (a-Me-1-AG) and their degradation products (AA or a-Me-AA) in the rat

cerebellar membranes after 90 min incubation

Compound: 2-AG la 1b

Time (min): 0 90 0 90 0 90
2-AG/o-Me-2-AG 86+3 5+1 84+1 23+ 1 8212 24+ 1
1-AG /o-Me-1-AG 14+3 18+4 14+1 46 + 1 172 502
AA /o-Me-AA 0£0 77+ 4 3120 31+2 1£0 273

1(3)-AG can be observed. However, in the rat cerebel-
lar membrane incubations about 77% of 2-AG was
degraded into AA due to the enzymatic activity pres-
ent in the studied tissue. The acyl migration is not
likely to have an impact on the metabolism since it
has been reported that the rates of the enzymatic
degradation for 2-AG and 1-AG are approximately
the same.!?

Compounds 1a and 1b behaved similarly in the mem-
brane-free buffer solution as 2-AG; the a-methylation
did not prevent the acyl migration. Nevertheless, the
hypothesis that a-methylation of 2-AG could reduce
the metabolism was proven to be correct since only
about 30% of 1a and 1b were degraded into correspond-
ing o-methyl-arachidonic acids (a-Me-AA) in the rat
cerebellum membranes after 90 min incubation. The
stereochemistry of the compound does not have a
significant role in metabolism.

In conclusion, the results indicate that even if the ste-
reochemistry of an a-position of 2-AG does not play a
role in a ligand affinity for the CB1 receptor, it has a
significant role in a G-protein activation. The potency
and efficacy values of the a-methylated 2-AG deriva-
tives are slightly weaker compared to 2-AG, however,
it is noteworthy that derivatives are clearly more sta-
ble than 2-AG, and therefore, it can be expected that
their duration of action in a target tissue is longer.
Finally, the results showed that the replacement of
the hydroxyl group(s) of 2-AG by fluorine does not
improve the activity of 2-AG as it is in the case of
AEA.
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2.80 (m, 6H), 2.54 (st, J = 7.0 Hz, 1H), 2.11 (q, J = 7.0 Hz,
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2-((S)-2-Methyl-arachidonoyl)-(rac)(1-fluoro,3-hydroxy)-
propyl ester (2b). '"H NMR (CDCl5): & 5.43-5.31 (m, 8H),
508 (dq, J=4.6Hz, Jy =209, 1H), 4.58 (dd,
J=45Hz and Jy_g=47.1 Hz, 2H), 3.82 (br s, 2H),
2.85-2.80 (m, 6H), 2.54 (st, J=7.0Hz, 1H), 2.11 (q,
J=17.0Hz, 2H), 2.06 (q, J = 6.9 Hz, 2H), 1.82-1.74 (m,
1H), 1.54-1.47 (m, 1H), 1.39-1.25 (m, 6 H), 1.19 (d,
J=7.0Hz, 3H), 0.89 (t, J=69Hz, 3H). *C NMR
(CDCly): 8 176.3, 130.5, 128.9, 128.8, 128.6, 128.3, 128.1,
1279, 127.5, 814 (d, Jcr=1724Hz), 72.8 (d,
Jcr=19.8 Hz), 61.0 (d, Jc g = 6.9 Hz), 39.0, 33.5, 31.5,
29.3, 27.2, 25.6 (3 C), 24.8, 22.6, 17.0, 14.0. [o]*° +15°
(¢ =0.13; CH,Cl,). GC-MS(EI): M = 394,
1,3-Difluoro-2-propyl-((R)-2-methyl-)arachidonate  (3a).
'H NMR (CDCly): & 5.43-531 (m, 8H), 5.23 (tq,
J=4.6Hz, Jyr=19.8Hz, 1H), 4.58 (dd, J=4.6 Hz,
Jur=469Hz, 4H), 2.85-2.80 (m, 6H), 2.55 (st,
J=170Hz, 1H), 2.13-2.03 (m, 4H), 1.82-1.75 (m, 1H),
1.54-1.47 (m, 1H), 1.39-1.26 (m, 6 H), 1.20 (d, /= 7.0 Hz,
3H), 0.89 (t, J = 6.9 Hz, 3H). '*C NMR (CDCl;) & :175.7,
130.5, 128.9, 128.8, 128.6, 128.3, 128.1, 127.9, 127.5, 80.3
(ddd, Jc_g = 1.4, 6.9 and 173 Hz), 70.1 (t, Jc_g = 20.8 Hz),
39.0, 33.4, 29.3, 27.2, 25.6 (3C), 24.8, 22.6, 16.9, 14.0.
1,3-Difluoro-2-propyl-((S)-2-methyl-)arachidonate ~ (3b).
'H NMR (CDCly): & 5.43-531 (m, 8H), 5.23 (iq,
J=4.6Hz, Jyr=19.7Hz, 1H), 4.58 (dd, J = 4.8 Hz, Jy_
F =46.9 Hz, 4H), 2.85-2.80 (m, 6H), 2.55 (sext, J = 7.0 Hz,
1H), 2.13-2.03 (m, 4H), 1.82-1.75 (m, 1H), 1.54-1.47 (m,
1H), 1.39-1.26 (m, 6 H), 1.20 (d, J = 7.0 Hz, 3H), 0.89 (t,
J=6.9 Hz, 3H). >*C NMR (CDCl,): § 175.6, 130.5, 128.9,
128.8, 128.6, 128.3, 128.1, 127.8, 127.5, 80.3 (ddd, Jc_
r=14, 6.9, 173 Hz), 70.1 (t, Jc_r = 20.8 Hz), 38.9, 33.4,
31.5,29.3,27.2, 25.6 (3C), 24.8, 22.5, 17.0, 14.0. [o]*° +15°
(¢ = 1.0; CH,Cl,). GC-MS(EI): M = 396.

'H NMR and '*C NMR were recorded on a Bruker
Avance 500 spectrometer operating on 500.1 and

20.

125.8 MHz, respectively. CDCl; was used as a solvent,
and tetramethylsilane (TMS) was used as an internal
standard. The spectra were processed from the recorded
FID files with MestRe-C software (version 2.3a, Departe-
mento Quimica Organica, Universidade de Santiago de
Compostela, Spain). Chemical shifts (3) are reported in
parts per million (ppm) downfield from TMS. Following
abbreviations are used: s, singlet; br s, broad singlet; d,
doublet; t, triplet; dd, doublet of doublets; ddd, doublet of
doublet of doublets; dq, doublet of quintets; tq, triplet of
quintets; qn, quintet; m, multiplet; st, sextet. Coupling
constants are reported in Hz and letter J indicates J if not
otherwise noted. ESI-MS spectra were acquired using a
LCQ ion trap mass spectrometer equipped with an
electrospray ionization source (Finnigan MAT, San Jose,
CA, USA). Gas chromatography mass spectrum was
obtained on a HP6890 GC mass spectrometer with
electron-ionization detector. The free hydroxyl groups of
the sample (0.1 mg/ml) in methanol were coated with
silicon groups. Elemental analyses for C, H, and N were
performed on a ThermoQuest CE Instruments EA1110-
CHNS-O elemental analysator (ThermoQuest, Italy).

The analytical HPLC system consisted of a Merck Hitachi
(Hitachi Ltd) L-7100 pump, D-7000 interface module, L-
7455 diode-array detector (190-800 nm, set at 211 nm),
and L-7250 programmable autosampler. The separations
were performed with Zorbax SB-C18 endcapped reversed-
phase precolumn (4.6 mm x 12.5 mm, 5 pm) and column
(4.6 mm x 150 mm, 5 um) (Agilent). The injection volume
was 50 pL. A mobile phase mixture of 28% phosphate
buffer (30 mM, pH 3.0) in acetonitrile at a flow rate of
2.0 mL min~! was used. Retention times were 5.6 min for
2-AG, 6.1 min for 1-AG, 7.4 min for o-methyl-2-AG,
7.9 min for a-methyl-1-AG, 10.0 for AA, and 13.2 min for
a-methyl-AA. The relative concentrations of the analytes
were estimated on the basis of corresponding peak areas.
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Abstract—A simple and green chemistry procedure for the synthesis of dihydropyrimidinones using heteropoly acid mediated cyclo-
condensation reaction is described. This method provides an efficient and much improved modification of the original Biginelli reac-
tion reported in 1893, in terms of high yields, and short reaction times. It has the ability to allow a wide variety of substitutions in all

three components.
© 2006 Elsevier Ltd. All rights reserved.

Multicomponent reactions (MCRs) are of increasing
importance in organic and medicinal chemistry.!® In a
time when a premium is put on speed, diversity and effi-
ciency in the drug discovery process,*> MCR strategies
offer significant advantages over conventional linear-
type syntheses.'® In such reactions, three or more reac-
tants come together in a single reaction vessel to form
new products that contain portions of all the compo-
nents. The search and discovery for new MCRs on
one hand,” and the full exploitation of the already
known multicomponent reactions on the other hand, is
therefore of considerable current interest. One such
MCR that belongs to the latter category is the Biginelli;
dihydropyrimidine (DHPM) synthesis.

3,4-Dihydropyrimidin-2(1 H)-ones, named Biginelli
compounds, are known to exhibit a wide range of bio-
logical activities such as antiviral, antitumour, antibac-
terial and anti-inflammatory  actions.®*®?  More
recently, appropriately functionalized DHPMs have
emerged as potent calcium channel blockers,'° antihyper-
tensive agents,!! o, adrenergic antagonists'? neuropep-
tide Y (NPY) antagonists.!® Several marine alkaloids
containing the DHPM core unit have shown interesting
biological properties. In particular, batzelladine alkaloids

Keywords: Dihydropyrimidinones or thiones (DHPMs); Heteropoly

acid; Multicomponent reactions (MCR); Biginelli reaction.

*Corresponding author. Tel/fax: +98 831 4274559; e-mail:
e.rafiei@razi.ac.ir

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

doi:10.1016/j.bmcl.2006.01.087

have been found to be potent HIV gp-120-CD4
inhibitors.!4

The Biginelli reaction, first reported more than a century
ago and recently reviewed,® involves the acid-catalyzed
cyclocondensation reaction of ethyl acetoacetate, benz-
aldehyde and urea. A number of synthetic procedures
based on the modifications of the classical Biginelli’s ap-
proach have been developed during past few years.®®
Basically, these methods are all similar, using different
Lewis acid catalysts.'>2° Obviously, many of these cat-
alysts and solvents are not acceptable in the context of
green synthesis. Thus, as a part of our programme to-
wards green synthesis,?® and continuing our studies on
the application of heteropoly acids (HPAs) in organic
synthesis,>! our new approach reported herein involves
the use of HPAs as catalysts for the synthesis of
DHPMs.

Heteropoly acids have been extensively studied as acid
catalysts for many reactions and found industrial appli-
cations in several processes.’?> The Keggin-type HPAs
typically represented by the formula Hg_ . [XM;,040],
where X is the heteroatom (e.g., P°* or Si**), x is its oxi-
dation state and M is the addenda atom ( usually Mo®*
or W®), are the most important catalysts, especially
H3PW12040 (PW), H3PMO 1204() (PMO) and
H,4SiW 1,04 (SiW).3? They are more active than the con-
ventional catalysts, such as mineral acids, ion-exchange
resins, zeolites, SiO,/Al,0; and H3;P04/Si0,.3>3* HPAs
have several advantages over liquid acid catalysts,
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including being noncorrosive and environmentally be-
nign. Thus, they present fewer disposal problems and
more economically and environmentally attractive.?>
Furthermore, HPA catalysis lacks side reactions, such
as sulfonation, chlorination, etc., that frequently occur
with mineral acids.

Recently, our own work found HPAs to be very efficient
catalyst for three-component coupling reactions.’! We
wish to report here another remarkable catalytic activity
of HPAs for the one-pot condensation of 1,3-dicarbonyl
compound (1), aldehyde (2) and urea or thiourea (3) to
DHPMs (4).

After some experimentation with respect to the catalytic
amount of several HPAs (Table 1, entries 2-10), differ-
ent solvents (Table 1, entries 10-13) and reaction tem-
perature (Table 1, entry 14), the optimal conditions
have been established.’® However, in the absence of
HPA, the reaction did not yield the desired product (Ta-
ble 1, entry 1).

To study the generality of this process, a variety of
substituted aromatic, carrying either electron-donating
or -withdrawing substituents, aliphatic and heterocyclic
aldehydes were examined (Table 2). Many of the phar-
macologically relevant substitution patterns on the aro-
matic ring could be introduced with high efficiency.
Aliphatic aldehydes such as propanal and pentanal also
reacted well (Table 2, entries 12-14). Such aldehydes
normally show extremely poor yields in the Biginelli
reaction. It is interesting to note that in the case of the
acid-sensitive aldehydes such as furfural and cinnamal-
dehyde, DHPMs were achieved in excellent yields with-
out the formation of any side products, which are
normally observed in the presence of protic acids (Table

Table 1. Effect of catalysts under different reaction conditions for
condensation of benzaldehyde, ethyl acetoacetate and urea

2 Solvent , 1h |

o 0 0
CHO /ll\)l\ )]\ Catalyst
+ OEt + HZN NH —EtO E

Me ﬂ (6]
Entry Catalyst Temperature Solvent Yield®
(mol %) (°C) (%0)
1 — 80 CH,;CN 0P
2 PMo (5) 80 CH,CN 70
3 PMo (10) 80 CH;CN 89
4 PMo (8) 80 CH,CN 87
5 SiW (2) 80 CH,CN 79
6 SiW (5) 80 CH,CN 93
7 SiW (8) 80 CH;CN 95
8 PW (2) 80 CH,CN 81
9 PW (8) 80 CH;CN 95
10 PW (5) 80 CH,CN 9
11 PW (5) 80 CH,OH 53
12 PW (5) 80 CHsCH; 41
13 PW (5) 80 CHCl; 59
14 PW (5) rt CH,CN 68

#Isolated yield.
° After 10 h.

Table 2. Heteropoly acids catalyzed synthesis of dihydropyrimidin-
2(1H)-ones and thiones (DHPMs)

RI
0
0 0 X HPA
/U\)J\ + RICHO =+ J\ . NH
R H,N" DNH, CH,CN,80°C, Ih | /k
M N™ °x
1 2 3 ¢ H 4
Entry R! R? X Yield® (%) Ref.®

PW® PMo° Siw¢

1 CeHs OEt O 92 8 93 25
2 3-NO,CeH, OEt O 8 80 90 25
3 4-NO,CeH, OEt O 9 8 91 25
4  4CH,OCH, OEt O 9 91 92 25
5 2-CIC¢H, OEt O 91 89 8 25
6 3-CICeH, OEt O 9 9 8 25
7 4-CIC¢H, OEt O 91 87 92 25
8 4-CH;CoH, OEt O 95 92 94 25
9 2-HOCgH, OEt O 52 57 60 19
10 3-HOCGH, OEt O 73 70 71 25
11 4NMe), CeH, OEt O 94 90 96 19
12 CCeHy OEt O 6 61 65 20
13 nCsH, OEt O 57 55 54 19
14 nGCsHy, OEt O 50 47 52 20
15 PhCH=CH OEt O 9 89 8 25
16 @\ OEt O 95 9 91 25
(6]
17 @\ OEt O 93 91 92 25
S
18 OEt O 77 79 70 19
19  CeHs OMe O 93 85 8 25
20 3-CIC¢H, OMe O 8 83 90 I8
21 4-CIC4H, OMe O 90 85 91 22
22 4CH;OCH, OMe O 97 90 95 25
23 4-NO,C¢H, OMe O 75 69 73 25
24 4-CH;CeH, OMe O 96 94 96 25
25 4N(Me), CgH, OMe O 88 80 82 26
26 CeHs Me O 93 8 90 21
27 4-CH;OCH; Me O 91 87 8 21
28 4-NO,CeH, Me O 71 70 72 21
29 CeHs OEt S 94 8 91 25
30 4-CH:OCH, OEt S 97 91 93 25
31 3-HOCH, OEt S 71 68 62 29
32 4-CICH, OEt S 8 81 8 25
33 4-NO,CeH, OEt S 8 80 8 25
34 4-CH:CeH, OEt S 96 93 94 25
35 @\ OEt S 8 8 8 25

S

#Tsolated yield.

®The mole ratio of aldehyde to dicarbonyl compound to urea or
thiourea to PW is 1:1:1.5:0.05.

°The mole ratio of aldehyde to dicarbonyl compound to urea or
thiourea to PMo is 1:1:1.5:0.08.

9The mole ratio of aldehyde to dicarbonyl compound to urea or
thiourea to SiW is 1:1:1.5:0.05.

¢Products were characterised by comparison of their spectroscopic
data with those reported in the literature.

2, entries 15-17). Furthermore, the experimental results
showed that besides ethyl acetoacetate, acetylacetate
and methyl acetoacetate could also be used, and the
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corresponding DHPMs were produced in high to excel-
lent yields (Table 2, entries 19-28). Thiourea has been
used with similar success to provide the corresponding
dihydropyrimidin-2(1 H)-thiones which are also of much
interest with regard to biological activity® (Table 2, en-
tries 29-35). Noteworthy is the recently identified lead
compound, monastrol (Table 2, entry 31), of a new class
of anticancer agents that act as cell division (mitosis)
blockers.3” Thus, variations in all three compounds have
been accommodated very comfortably. It is pleasing to
observe the remarkable stability of a variety of function-
al groups such as ether, nitro, hydroxyl, halides, hetero-
cyclic moieties and conjugated C=C double bond under
the reaction conditions. The authors investigated the
mechanism of the Biginelli reaction in the literature3®
and proposed an N-acyliminium ion formed in situ
by reaction of the aldehyde with urea as the key
intermediate.

In conclusion, this report discloses a simple modifica-
tion of the Biginelli DHPM synthesis. Excellent yields,
enhanced reaction rates, compatibility with various
functional groups, environmentally friendly procedure,
timesaving process, low cost and easy availability of
the catalyst are some of the salient features of this reac-
tion. This procedure will offer an easy access to substi-
tuted dihydropyrimidin-2(1H)-ones and thiones with
different substitution patterns in high to excellent
yields.
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Abstract—A series of N°-ethyl-2-alkynyl NECA (5'-N-cthylcarboxamidoadenosine) analogs were synthesized and their binding
affinity with the four human adenosine receptors was evaluated. One of the compounds ZR1121 shows high affinity with hA; recep-
tor and its selectivity over hA; receptor is 1-2 log orders greater than IB-MECA or CI-IB-MECA, the currently employed selective

Aj agonists.
© 2006 Elsevier Ltd. All rights reserved.

Adenosine is an endogenous nucleoside that modulates
many physiological processes through four G-protein-
coupled receptors: A, Asa, Asg, and Aj.! Extensive
study indicates that the Aj receptor exhibits important
physiologic functions in at least three different organ
systems: the central nervous system,? the cardiovascu-
lar system,”>’ and the immune system.’'* IB-MECA'!
and 2-CI-IB-MECA are two widely used Az agonists
in biological studies (Fig. 1). Although these compounds
are selective against other adenosine receptor subtypes
in rat, their selectivity is depressed when assessed at
the human receptors due principally to their high affinity
at human A, receptor. It is likely that the loss of selec-
tivity is a consequence of the low homology of A; recep-
tors between species.!? In 2003, the first selective human
adenosine Aj agonist, CP-608039, an IB-MECA analog,
was reported.'?

In addition to IB-MECA analogs, 5'-N-ethylcarboxam-
idoadenosine (NECA) and its derivatives are also hAj
agonists with potential selectivity over the other hA
receptors. N°-Alkylation and C? acetylation of NECA
by Cristalli et al.'* gave several Az agonists with moder-
ate hAs/hA, selectivity. The Cristalli studies on NECA
derivatives have provided valuable SAR insight for the
design of selective A; agonists. Their primary observa-
tions were that substitution at N° with small alkyl

Keyword: A; adenosine agonist human NECA N°-ethyl.
* Corresponding author. Tel.: +1 434 924 7718; fax: +1 434 982
2302; e-mail: tim@virginia.edu

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

doi:10.1016/j.bmcl.2006.01.110

groups depresses potency at the A receptor with little
effect on the Aj receptor thereby enhancing Az/A; selec-
tivity and that alkynyl substitution at C*> modulates
affinity with all four adenosine receptors. In light of
these observations, we designed a series of N°-ethyl-2-
alkynyl NECA analogs as potential human Aj; receptor
agonists.

The synthesis of the current series was adapted from
well-established methods and modified according to
individual compounds (Scheme 1). The starting material
5 was prepared from commercially available guanosine
according to the literature method'® and the ethyl amino
group was conveniently installed to N°-position at low
temperature.'* With the 3'- and 4’-hydroxyl groups pro-
tected, the 5'-primary alcohol was oxidized to the car-
boxylic acid 7 quantitatively by TEMPO and BAIB.!¢
Introduction of the ethyl amido group provided the
key intermediate 8, which gave the final products (9-
35) through palladium-catalyzed Sonogashira coupling
of alkyne subunits.

Binding data at the human adenosine receptor subtypes
for the series of analogs prepared are presented in Table
1. The binding affinity at hA; of the entire series is with-
in the subnM to lower nM range. All of the compounds
have low or no affinity at the hA,, or hA,p receptors.
The hAs/hA; selectivity varies significantly, which is a
consequence primarily of the variation in the hA; affin-
ity. Our lead compound, ZR1121 (9), has similar hA;
binding affinity to IB-MECA or CI-IB-MECA as shown
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Figure 1. Structures of some Aj agonists. 1, IB-MECA; 2, 2-CI-IB-MECA; 3, CP-608039; 4, NECA.
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Scheme 1. Reagents and conditions: (a) EtNH,; (b) p-TsOH hydrate,
2,2-dimethoxylpropane, CH,Cl,; (c) BAIB, TEMPO, CH;CN/H,0
1:1; (d) HCOOH; (e) SOCl,, MeOH, then EtNH,; (f) alkyne,
Pd(PPh;),Cl, or Pd(PPhs)y, Cul, triethylamine, DMF or acetonitrile.
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Figure 2. Competition for radioligand binding to hA3 receptors.
Comparison of 9 with CI-IB-MECA and NECA in binding assay.

in Figure 2. A functional assay in transfected cell lines
(Fig. 3) proves 9 to be a full agonist of hA; receptor.
The hA3/hA; selectivity of ZR1121, 746-fold, is approx-
imately 100 times higher than that of CI-IB-MECA.

The a-position to acetylene seems to be a critical inter-
action site for the hA; receptor. Most of the com-
pounds with hydroxyl groups at this position have
high affinity at hA; receptor ranging from 1.24 to
11.3nM (except for 34). Absence of this hydroxyl
group (9-13, 18, and 19) depresses binding affinity at
hA; (K; > 50 nM). Compounds 14, 15, 20, and 21 have
intermediate selectivities, due to their moderate hA;
affinity. Compared with similar analogues that have

% 1.00 = ZR 1121

g A IBMECA
SE 075 e CI-IBMECA
$ % 050

g=

OR 0.25

Ov

=

L 0.00
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Figure 3. Inhibition of isoprotenol-stimulated cAMP gated channel
activity by 9, 1, and 2 in HEK 293 cells expressing hAj receptors and
cyclic nucleotide gated channels. EDs, values (nM) are: ZR 1121, 125;
IB MECA, 28; and CI-IB MECA, 100.

been reported,!” the acetylene substituent appears to
be the critical functionality within this scaffold that
modulates hA; affinity and therefore profoundly im-
pacts the hA3/hA; selectivity.

An additional important structural determinant is the
substitution status of the N® nitrogen. The N°-ethyl-
NECA series reported here can be contrasted with N°
mono-ethylated adenosine analogs reported previously
that demonstrated good Aj; affinity, but lacked high
hAs/hA, selectivity.!>

One observation worth being pointed out is that, 9 is not
very active at rodent A3 receptors. In preliminary rat A
receptor binding assay, 9 is 1-2 log orders less active
than CI-IB-MECA. In the rA, binding assay, compound
9 shows a similar degree of decrease in affinity, com-
pared with CI-IB-MECA.

In conclusion, a series of N°ethyl-2-alkynyl NECA
derivatives were synthesized. One compound, ZR1121
(9), exhibits similar hAj; affinity to IB-MECA or CI-
IB-MECA, but with significantly improved hAs/hA,
selectivity. This is the first non-IB-MECA-based selec-
tive human Aj receptor agonist. SAR studies indicate
that the a-hydroxyl substitution of acetylene ligand is
critical for binding to the A; receptor and its removal
can consequently lead to As/A; selectivity. Although
only one para-substituted phenyl acetylene ligand was
examined in this series, we expect further modification
on the phenyl ring to provide an additional highly selec-
tive hA3 agonist.
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Table 1. Binding affinity at human adenosine receptors®

Compound R K; (nM)
A® Aoa® Aop AP Ai/A;
9 p-PhOCH; 558 £ 124 4963 + 2534 NI¢ 0.748 £ 0.215 746
10 n-C4Hgy 87.0%£5.3 543 + 154 NI 1.02+£0.25 85.3
11 n-Ce¢Hy3 176 £ 92 571 £75 NI 6.05+2.27 29.1
12 n-CsH; 69.6 £ 11.3 NI NI 6.20 £ 0.96 11.2
13 1-Cyclohexenyl 280 £ 65 6707 £ 1423 NI 377+ 1.41 74.2
14 1-Hydroxycyclopentyl 344 %120 935 £ 223 26,466 £ 5043 2.03+0.39 16.9
15 1-Hydroxycyclohexyl 44.2 £ 16.1 344 £ 107 5533 £ 2240 1.91 £0.41 23.1
16 1-Aminocyclohexyl 716 £ 112 7350 * 3804 NI 27.2%+79 26.3
17 CH,Ph 155+£24 645 £ 52 21,465 + 14557 1.35£0.33 11.5
18 (CH,);Ph 65.3%7.7 321 £ 68 24,057 £ 13736 2.42+0.73 27.0
19 (CH,)4OH 109 = 21 1107 £ 284 NI 1.28 £0.17 85.2
20 (CH,),OH 199+23 642 + 118 NI 2.40 £0.26 8.29
21 (R,S)-CH,CH(OH)CH3; 51.6+1.3 2433 + 388 NI 4.58 £0.72 11.3
22 (R)-CH(OH)CH; 424 +1.32 2130 £ 514 NI 1.60 £ 0.16 2.65
23 (S)-CH(OH)CH; 7.98 £0.28 785 + 346 23,800 + 2835 2.22%0.39 3.59
24 (R)-CH(OH)(CH,),CH3 2.80 £ 0.85 680 = 141 NI 0.709 £ 0.296 3.95
25 (S)-CH(OH)(CH,)4,CH; 3.12+1.05 467+ 177 8473 £ 2754 0.542 £ 0.074 5.76
26 (R,S)-CH(OH)-c-pentyl 6.81 047 152+ 24 7920 * 1489 1.84 +0.94 3.70
27 (R,S)-CH(OH)-c-hexyl 5.59 £0.54 59.3£9.0 8970 % 3504 1.31 £0.40 4.27
28 (R,S)-CH(OH)Ph 1.63 £0.29 129 £ 28 1913 + 870 0.763 £ 0.260 2.14
29 (R,S)-CH(OH)-0-PhOCH3; 427+ 0.64 497 £ 161 3862 + 1688 1.98 £ 0.88 2.16
30 (R,S)-CH(OH)-m-PhOCHj; 1.24 £0.26 207 £ 38 1268 % 550 1.17+£0.33 1.06
31 (R,S)-CH(OH)-p-PhOCH3; 1.52+0.21 711 £ 221 2481 + 1489 0.754 £ 0.383 2.02
32 (R,S)-CH(OH)-0-PhNO, 347+ 1.15 371 £81 7620 * 2654 1.29 £ 0.40 2.69
33 (R,S)-CH(OH)-m-PhNO, 11.3+3.1 401 £ 68 1188 £ 152 345£1.15 3.28
34 (R,S)-CH(OH)-m-COOH 131+ 14 3783 £ 714 NI 20.1 £3.1 6.51
35 (R,S)-CH(OH)-m-PhCOOCH; 6.11+1.11 143 £22 NI 2.13£0.51 2.87
8 20.6 2.9 1955 + 1543 NI 4.03 +1.05 5.11
4 1.04 £0.10 124 £ 39 884 + 129 102+34 0.102
1 398 +0.16 510 £ 160 2040 0.215" 18.5
2 5.26 £0.48 NI NI 0.637 £ 0.080 8.26

#Values represent the average of at least three experiments unless noted, each run in triplicate.

®Dis

°Displacement of '°I-ZM241385 at low affinity A, binding to HEK cells.
4 Displacement of '>I-ABOPX at low affinity A, binding to HEK cells.

°NI
£, =

placement of '>I-ABA binding to HEK cells.

Inhibition at 100 uM is less than 50% or no inhibition observed.
1.
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Abstract—A novel acromelic acid analogue containing a phenyl group possessing two different types of azido functional groups, of
which one is the aromatic N3 acting as a photoaffinity group to bind to a target protein by photoirradiation and the other is alkyl N3
group which survives photolysis acting as a detecting group through the Staudinger—Bertozzi reaction to identify the ligated prod-
uct, was designed and synthesized as a radioisotope-free biochemical probe potentially for studies on kainoid receptors.

© 2006 Elsevier Ltd. All rights reserved.

Acromelic acid (1) isolated from a toadstool, citocybe
acromelalga,' is a potent neuroexcitatory amino acid
which belongs to a class of so-called kainoids bearing
a pyrrolidine dicarboxylic acid structure represented
by kainic acid (2).2 These compounds possess a structure
similar to that of glutamic acid, a major excitatory neu-
rotransmitter in the human central nervous system.
Therefore, they can be looked as conformationally con-
strained glutamic acid analogues and are believed to ex-
ert their biological activities through glutamate
receptors’ that are classified as ionotropic and metabo-
tropic receptors comprising of three and eight subtypes,
respectively.* By binding and acting at the subclass of
kainate receptor and AMPA (a-amino-3-hydroxy-5-
methylisoxazole-4-propionic acid) receptor, the kainoids
have been shown to display powerful neuroexcitatory
activity in the mammalian central nervous system.? Like
kainic acid (2), acromelic acid (1) can also strongly
depolarize the neurons, but its in vivo behavioral and
pathological effects are reportedly different from those
of kainic acid,’ suggesting the existence of distinct types
of kainoid receptors. Therefore, the actual receptor for
acromelic acid and its signaling pathway are yet to be
determined. During our efforts to elucidate the molecular
mechanism behind the neuro-toxicity of acromelic acid
and associated receptor functions, we have designed and
synthesized an acromelic acid analogue (GIF-0448, 3)

Keywords: Acromelic acid; Radioisotopic free; Molecular probe;

Bis-azodo analogue; Staudinger—Bertozzi reaction; Photoaffinity.

* Corresponding author. Tel.: +86 13524617726; e-mail: wgxwys@126.
com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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Possessing an azido group as photoaffinity group and
I as a radioactive detecting group as a bifunctional
probe for the object.® The compound is successfully
utilized as a substitute of acromelic acid in the biochem-
istry study of receptor signaling analysis, but the radio
property of this compound is obviously inconvenient
and unhealthy for the treatment and preparation.
Recently, we have developed a novel method for radio-
isotope-free photoaffinity labeling, in which a bifunc-
tional ligand is connected to a target protein by
activation of a photoreactive group, such as an aromatic
azido group, and identification of the ligated product is
achieved by anchoring of a detectable tag through the
Staudinger—Bertozzi reaction with an alkyl azido moiety
that survives photolysis. The chemical ground of this
method was also confirmed using model compounds
with the bifunctional group under photoirradiation in
the presence of trapping agents for reactive intermedi-
ates and the method was demonstrated by specific label-
ing of the catalytic portion of human HMG-CoA
reductase.” In this letter, we wish to adopt this idea
and report the design and synthesis of an acromelic acid
analogue (4) related to compound (3) possessing a
phenyl group functionalized with two different azido
groups as the radioisotopic-free probe for the acromelic
acid receptor signaling analysis (see Fig. 1).

Retrosynthetically, compound 4 could be obtained by
deprotection of N-Boc and mild hydrolysis of bis-methyl
ester of compound 5 under mild condition without
destroying the azido group.® The alkyl N3-group could
be introduced by the substitution of the corresponding
mesylate 6, which could be prepared from the alcohol
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7. Like the step in the preparation of compound 3, the
compound 7 could be prepared by incorporating the
azidophenol 8, prepared from 2-hydroxymethyl-4-nitro-
phenol, to the pyrrolidine derivatives 9 by Mitsunobu
condition (see Scheme 1).

The pyrrolidine derivative 9 was synthesized from com-
mercially available trans-4-hydroxyproline following the
reported procedure.®® The azido phenol 8 was prepared
from 2-hydroxymethyl-4-nitrophenol as follows. Hydro-
genation of nitro group in 2-hydroxymethyl-4-nitrophe-
nol under the atmosphere of hydrogen catalyzed by 10%
Pd/C afforded the aminophenol 10. Without purifica-
tion, compound 10 was treated with NaNO, in 2 N
HCI at 0°C and then exchanged with NaNj to give
the azido phenol 11 in 50% yield over 3 steps. Selective
protection of the primary hydroxy group as TBS ether
was achieved by using TBSCl and Et;N in DMF
(Scheme 2).

With both intermediates in hand, the synthesis of com-
pound 5 was started. Though phenol is a well-known
substrate for the Mitsunobu reaction, coupling azido-
containing phenol seemed to be uneasy task because
the azido group could be reduced with Ph;P. We per-
formed this reaction by changing the addition sequence
of reagents in order to avoid this reduction, but the reac-
tion still gave a complex mixture and after removal of
TBS ether using TBAF compound 7 could be obtained
but only in 13% yield. Therefore, an improved proce-

N3
o

4

H
Ng ), :\/COZME

—
CO,Me
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7
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Scheme 1. Retrosynthetic analysis.
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dure for preparing compound 7 starting from the begin-
ning was envisaged (Scheme 3). TBS protection of the
primary OH of 2-hydroxymethyl-4-nitrophenol afforded
compound 12 smoothly. Coupling 12 with compound 9
under Mitsunobu condition gave compound 13 in 69%
yield. The stereochemistry of compound 13 was deduced
by the general mechanism of Mitsunobu reaction, which
usually reverses the stereochemistry of hydroxy group.
Also the "H NMR spectrum of 13 represented the char-
acteristic pattern of 3,4-cis-configuration as judged by
accumulated data of analogs.®° The nitro group in com-
pound 13 was then converted to the amino group by
hydrogenation catalyzed by 10% Pd/C to give com-
pound 14. Removal of TBS group in 14 using TBAF
in THF afforded compound 15 in high yield. With both
amino and hydroxy groups in the body, compound 15 is
much soluble in the 3 N HOAc which is beneficial to the
next azidation step. Thus, dissolving compound 15 in
3 N HOACc and treatment with NaNO, and then NaNj;
provided the compound 7 in 86% combined yield.!°
Mesylation of the hydroxy group using MsCI in the
presence of Et;N gave almost quantitative yield of the
mesylate 6, which was displaced by another azido group
using NaN3 in DMSO at 40 °C to provide the bis-azido
compound 5. Removal of the N-Boc group of 5 with tri-
fluoroacetic acid and hydrolysis of methyl esters by
treatment with lithium hydroxide in methanol-water
afforded the desired compound 4'! as a pale yellow
amorphous solid in 94% yield, after ion-exchange chro-
matography and lyophilization (Scheme 3).

The complete preservation the biological property of
acromelic acid A (1) by GIF-0448 (3) is quite intriguing

OH a OH b
ozw—d OH HZN—C§:OH
10
OH ¢ OTBS
—_—
e S a o
11 8

Scheme 2. Reagents and conditions: (a) H,, Pd/C, EtOAc, 6 h: (b) 1—
NaNO,, 2N HCI, 0°C, 5min; 2—NaN3, 1 h, 50% for 3 steps; (c)
TBSCI, DMF, Et3N, rt, 5 h, 55%.
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Scheme 3. Reagents and conditions: (a) TPP, DIAD, THF, rt overnight, 69%; (b) H,, Pd/C, EtOH, rt, 90%; (c) TBAF, THF, rt, 86%; (d) NaNO,,
3N HOAc, 0°C, 5 min, then NaN3, 1 h, 86%; (e) MsCl, Et;N, CH,Cl,, 0°C, 3 h, 99%; (f) NaN;, DMSO, 50 °C, overnight, 76%; (g) 1—LiOH,

MeOH/H,O0, rt, 6 h; 2—TFA, CH,Cl,, rt, 3 h; 3—ion-exchange resin, 94%.

because they have the substantial differences in struc-
ture.® Particularly interesting, lots of analogues of
GIF-0448 (3) with different substitute patterns in the
phenyl ring have shown almost the same biological
activity as GIF-0448 (3).!? It seems reasonable to as-
sume that the phenyloxy substitute at C-4 of the pyrrol-
idine rings plays a crucial role for binding and biological
activity. As one of the close and similar analogues of
GIF-0448 (3), compound 4 should exhibit the same
biological activity as GIF-0448 (3).13

In conclusion, we elaborated a simple acromelic acid
analogue 4 bearing a 4-phenyloxy group possessing
two different types of azido groups as a photoisotopic-
free biochemical probe for acromelic acid. The com-
pound is more stable and safer and would be usable
not only as a photoaffinity labeling probe, but also as
a biochemical tool for acromelic acid receptor signaling
analysis.!>!* The simplicity of the synthesis would allow
diverse structural modification for further investigations
on kainoid activities. Designs along this way are per-
formed in this laboratory and will be reported in due
course.
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Azidation using compound 14 as starting material affor-
ded the corresponding product in low yield because
compound 14 is insoluble in the reaction media.

Physical data: compound 13: '"H NMR (CDCl;, 400 MHz,
dppm): 8.24(d, J=2.0 Hz, 1H), 7.98(dd, J=8.8/2.0 Hz,
1H), 6.67(d, J=8.8Hz, 1H), 4.98(t, J=3.6Hz, 1H),
4.55(s, 2H), 3.95(d, J =10.0 Hz, 1H), 2.75 ~ 2.81(m, 1H),
2.65-2.69(m, 1H), 2.5-2.6(m, 1H), 1.41(s, 9H), 0.9(s, 9H),
0.1(s, 6H). Compound 14: '"H NMR (CDCl;, 400 MHz,
Sppm): 6.85(d, J=8.8 Hz, 1H), 6.54(d, J = 8.8 Hz, 1H),
6.52(d, J=8.8 Hz, 1H), 4.81(t, J=3.6 Hz, 1H), 4.64(d,
J =14 Hz, 1H), 4.55(d, J = 14 Hz, 1H), 4.10(d, J = 9.2 Hz,
1H), 3.76(s, 3H), 3.76(s, 3H), 3.64(s, 3H), 3.56-3.61(m,
2H), 2.86-2.89(m, 2H), 2.59-2.66(m, 1H), 1.41(s, 9H).
Compound 15: 'HNMR (CDCls, 400 MHz, & ppm):
6.72(s, 1H), 6.58(d, J=8.8 Hz, 1H), 6.25(d, J = 8.8 Hz,
1H), 4.76(t, J=3.2Hz, 1H), 4.45(s, 2H), 4.07(d,
J=9.6 Hz, 1H), 3.73(s, 3H), 3.63(s, 3H), 3.38(br s, 2H),
2.80-2.90(m, 2H), 2.68(d, J=12.6 Hz, 1H), 1.38(s, 9H).
Compound 16: '"HNMR (CDCl;, 400 MHz, & ppm):
7.26(d, J=0.8 Hz, 1H), 6.88(d, J=8.8 Hz, 1H), 6.78(d,

12.

13.

14.

J=8.8Hz, 1H), 4.94(t, J=3.6Hz, 1H), 4.60(s, 2H),
4.11(d, J=9.2 Hz, 1H), 3.83(d, J=12.8 Hz, 1H), 3.79¢s,
3H), 3.68 (d, J=12.8 Hz, 1H), 3.66(s, 3H), 2.85-2.92(m,
2H), 2.69(dd, 18.9/3.4 Hz, 1H), 1.41(s, 9H). Compound 6:
'HNMR (CDCl;, 400 MHz, § ppm): 7.05(d, J = 2.4 Hz,
1H), 7.01(dd, J = 8.8/2.4 Hz, 1H), 6.83(d, J = 8.8 Hz, 1H),
5.18(s, 2H), 5.03(t, J=3.2Hz, 1H), 4.18(d, J=9.6 Hz,
1H), 3.82(d, J=12.8 Hz, 1H), 3.78(s, 3H), 3.69-3.72(m,
1H), 3.64(s, 3H), 2.96-3.01(m, 2H), 2.93(s, 3H), 2.69(dd,
J=18.9/3.4 Hz, 1H), 1.41(s, 9H). Compound 5: 'HNMR
(CDCls, 400 MHz, dppm): 6.97(d, J = 8.8 Hz, 1H), 6.95(d,
J=24Hz, 1H), 6.82(d, J=8.8Hz, 1H), 5.00(t,
J=3.2Hz, 1H), 4.26(s, 2H), 4.13(d, J=9.2Hz, 1H),
3.82(d, J=12.8 Hz, 1H), 3.78(s, 3H), 3.67-3.69(m, 1H),
3.65(s, 3H), 2.88-2.96(m, 2H), 2.67(dd, J = 18.6/3.4 Hz,
1H), 1.4(s, 9H). Compound 4: pale yellow amorphous
powder. 'H NMR (D,0, 400 MHz, ¢ ppm): 7.13(s, 1H),
7.09(d, J=8.8Hz, 1H), 7.03(d,/ = 8.8 Hz, 1H), 5.09(t,
J=34Hz, 1H), 4.61(d, J=140Hz, 1H), 4.39(d,
J=14.0 Hz, 1H), 3.54(dd, J=12.6/4.8 Hz, 1H), 3.44(d,
J=10.4 Hz, 1H), 2.96(d, J=13.2 Hz, 1H), 2.6-2.67(m,
2H), 2.52-2.58(m, 1H). MALDI-TOF-MS (m/z) [M+Na]*
caled for Ci4H;sNaN-Os 384.1032. Found: 384.1029.
The analogues of GIF-0448 with non-substituted phenyl-
oxy group at 4-position also showed almost the same
biological activity as acromelic acid A, unpublished
results.

Incorporation of a fluorescence detector and biological
assays, such as the measurements of electrophysiological
responses and intracellular Ca®' increase in neurons, is
currently underway and detailed descriptions will be
reported separately.

The compound can be handled for routine purpose of
biochemical experiments without special care under lab-
oratory conditions and kept for months unchanged in the
refrigerator unless exposed to UV light.
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Abstract—Using previously reported opioid receptor (OR) agonist analogs 4a—c as starting points, the structure—activity relation-
ship (SAR) for their related series has been further refined. This SAR study has led to the identification of 2,6-di-Me-Tyr (DMT)
analogs 4h and 4j as the most potent OR agonist within the series. In addition, it was discovered that 4-(aminocarbonyl)-2,6-dimeth-
yl-Phe is a reasonable bioisostere surrogate for the DMT moiety, as supported by the OR activities of compounds 4x and 4y.

© 2006 Elsevier Ltd. All rights reserved.

Compounds that modulate opioid receptors (ORs) are
well recognized as being useful therapeutic agents for
pain management (e.g., morphine, 1, and fentanyl, 2),
and gastrointestinal (GI) motility regulation (e.g., lop-
eramide, 3).'

OH 2 CHs
Morphine Fentanyl Loperamide
(Duragesic) (Imodium)

The OR has been well characterized, and has been divid-
ed into three major subclasses of receptors, , 1, and k.
Recently, we reported our initial OR-related findings
around a new series of compounds (e.g., 4a, 4b, and
4c) that exhibit strong binding affinities at the & and/or
p ORs, and also demonstrate significant OR functional
activity as determined by GTPyS assays.> Compound
4a from this series was further profiled for in vivo activ-
ity, and found to possess significant GI motility modu-
lating effects.? Based on the initial promising biological

Keywords: Opioid receptor ligands; Opioid receptor agonist; DMT;

2,6-Dimethyl-Tyr; 4-(Aminocarbonyl)-2,6-dimethyl-Phe; 2,6-Di-Me-4-

carboxamido-Phe; Phenyl imidazole.

* Corresponding author. Tel.: +1 215 628 5610; fax: +1 215 628
4985; e-mail: HBreslin@prdus.jnj.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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results for compounds 4a—c, we have further profiled
the structure—activity relationship (SAR) for this new
series. As a starting point, we chose to explore the iden-
tified phenyl moiety highlighted in generic structure 4.
The metrics for this follow-up SAR exploration included
evaluating the minimal functional group requirements
of the phenyl moiety, and also appraising whether the
OR activities of our initial leads could be enhanced
through related modifications. Following are described
the associated experimental results for the preparation
and activities for compounds 4.

f©

=

P/) »
N

2

X RN 4

— a R, R'=H; A=Ph, X=OH
Initial SAR b R=H; R'=CHg; A=Ph, X=OH
Explorations ¢ R=H; R'=CHg; A=--, X=OH

The preparation of the initial set of phenyl modified
products 4 proved rather straightforward, as commer-
cially available synthetic Phe amino acids* were em-
ployed as starting materials (SMs) (Table 1
summarizes all products 4 prepared®). As outlined in
Scheme 1, the diverse set of N-protected Phe amino
acids were coupled under standard 1-[3-(dimethylami-
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Table 1. Final compounds 4 and related 3 and p OR in vitro binding affinities

Compound R R’ X A OR binding Ratio p/d
K; 3 (nM) K; 1 (nM)

4a H H -OH Fused Ph 0.9 55 63
4b H CH; -OH Fused Ph 0.3 21 75
4c H CH; -OH — 22 1.5 0.1
4d H H OH — 198 3.8 0.02
4e H H H Fused Ph 266 443 1.7
4f H CH; H Fused Ph 236 1835 8
4g H H H — 1130 18 0.02
4h CH; H -OH Fused Ph 0.1 0.3 32
4i CH; CH; -OH Fused Ph 0.1 0.3 3.2
4j CH; H -OH — 1.9 0.05 0.03
4k H CH; -F Fused Ph 687 12,800 19
41 H CH, _OCH, Fused Ph 28 179 6.4
4m H CH; -NH, Fused Ph 93 857 9
4n H CHj; -NHAc Fused Ph 34 207 6
4o H H -Cl Fused Ph 1130 5260 4.6
4p H H -CN Fused Ph 752 1335 1.8
4q H H —~NHSO,CH3 Fused Ph 342 356 1
4r H H —~CH,OH Fused Ph 466 912 2
4s H H -COCH; Fused Ph 30 413 14
4t H H -SO,NH, Fused Ph 174 592 34
4u H H -COH Fused Ph 5200 5800 1.1
4y H H —~CONH, Fused Ph 1.3 23 18.4
4w H H -CONH, — 65 1.2 0.02
4x CHj; H —~CONH, Fused Ph 0.06 1.4 24
4y CH; H ~CONH, 14 0.13 0.01

) Boc-AA-OH

C \TL 3 steps (for a,c) ,|

O 2steps (forb) OY [ :7 Fmoo-AA-OH
V'Ill L Ref 3 EDC, HOBT
5

a: W=t-Boc; A=Ph; L=OH a: R':H, A=Ph

b: W=t-Boc; A=Ph; L=H b: R'=CHg; A=Ph « =y

c: W=Cbz; A= ----; L=OH ¢: R'=H; A= - v A/

1F
R N
TFA (for Boc protected 7)

N .
- (&O N
Piperidine (for Fmoc protected 7) N
X R “Boc (Fmoc)

Scheme 1.

no)propyl]-3-ethylcarbodiimide/1-hydroxybenzotriazole
(EDC/HOBT) amide forming reaction conditions with
common intermediate amines 6a—c, whose preparations
and chemical characterizations have been previously de-
scribed in detail.> For the resulting Boc-protected
amides 7, the Boc group was readily removed with triflu-
oroacetic acid (TFA) at 0°C to yield their respective
products 4. For the Fmoc-protected adducts 7, treat-
ment with 20% piperidine in MeOH at 0 °C cleanly
cleaved the Fmoc group to generate their respective tar-
gets 4.

As 4-aminocarbonyl-Phe products 4v and 4w proved
biologically promising from this initial set of analogs

7

prepared, follow-up analogs 4x and 4y were targeted
for synthesis. To prepare 4x and 4y, the appropriate
SM amino acid 12 had to be prepared, which was
accomplished via a four-step sequence in good overall
yield (Scheme 2) as we have recently described in detail .®
The Boc-protected amino acid 12 was then sequentially
carried on to respective intermediates 7 and subsequent
final targets 4x and 4y, in a similar manner as outlined in
Scheme 1.

As alluded to in the introduction, the initial follow-up
SAR exploration around preliminary hits 4a—c was to
answer whether a functional group was needed on the
highlighted phenyl moiety of 4 to maintain good OR
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activity, and if so, which functional groups might prove
most promising. The SAR strategy also encompassed
trying to identify compounds with enhanced OR activi-
ties relative to our initial leads 4a—c. The related 6 and p
OR binding affinities’ used as the initial biological met-
ric for this SAR evaluation are summarized in Table 1.
For the biologically most promising analogs, a second-
ary OR GTPyS functional screen® was run (Table 2).

The SAR starting point was to evaluate the OR binding
affinity contributions of the phenol’s OH moiety for 4a—
¢. The Phe analogs 4e, 4f, and 4g were all found to pos-
sess significantly lower relative binding affinities for both
the & (6- to 780-fold) and p (10- to 90-fold) ORs relative
to their sister Tyr analogs 4a, 4b, and 4d, confirming
that the phenolic OH group is a significant contributor
to 4s OR binding affinities [4a (K; 6 =0.9nM; K; p=
55 nM) relative to 4e (K; 6 =266 nM; K; u =443 nM);
4b (K; 6=03nM; K; p=21nM) relative to 4f (K;
0=236nM; K; pn=1835nM); 4d (K; 6 =198 nM; K;
p=3.8nM) relative to 4g (K; 6=1130nM; K; p=
18 nM)]. This finding is consistent with the generally
accepted rule for OR ligands related to the endogenous
opioids, that is, that the phenol OH moiety is critical for
good OR binding.?

Finding the phenol OH moiety essential for maintaining
significant OR binding, we prepared 2,6-di-Me-phenyl-
substituted Tyr (DMT) derivatives 4h, 4i, and 4j, again
direct analogs of the Tyr derivatives 4a, 4b, and 4d.
We chose to prepare these di-Me-substituted analogs,
as some other N-terminal Tyr-related endogenous opi-
oids have been reported to show improved OR binding
activities by substituting DMT for Tyr.? In the three di-
rect comparisons for our series, the p OR binding affin-

Table 2. & and p OR GTPyS in vitro functional activities

Compound ECs (nM)
% u

4a 19 2445
4c 500 142
4h 0.9 27
4i 37 2
4v 3 155
4w 730 100
4x 22 161
4y 135 9

ities were significantly enhanced (30- to 180-fold) for the
DMT analogs. The 3 OR binding affinities were affected
to a lesser extent, with the DMT analogs demonstrating
improved OR binding affinities between 3- and 100-fold
over their sister Tyr analogs [4a (K; 6 =0.9 nM; K;
p=>55nM) relative to 4h (K; 6=0.1nM; K, p=
0.3nM); 4b (K; 6 =0.3nM; K; p=21nM) relative to
4i (K; 6=0.1nM; K; n=0.3nM); 4d (K; 6 = 198 nM;
K; n=3.8nM) relative to 4§ (K; 0=19nM; K
p=0.05nM)]. The associated OR functional GTPyS
activities evaluated were reflective of the binding data,
with the DMT analogs showing enhanced potency rela-
tive to the simple Tyr derivatives. Unfortunately we did
not obtain functional data for analog 4d, so the closest
comparison for 4j was 4¢ [4a (ECs5y 0 =19 nM; ECs
p = 2445 nM) relative to 4h (ECsy 6 =0.9nM; ECs
u=27nM); 4¢ (ECsq 6 =500nM; ECsy pu =142 nM)
relative to 4j (ECso 6 = 37 nM; EC5¢ 1 =2 nM)].

Related to exploring potential alternate functional
groups in place of the phenol OH moiety, we found that
with one exception, replacing the phenol OH with either
lipophilic or other polar functional groups significantly
diminished both the & and p OR binding affinities. Di-
rect comparisons where we replaced the phenol of 4b
(X=0H; K; 6 =0.3nM; K; u=21nM) with the other
functionality included analogs 4k (X=F; K; &=
687nM; K; p=12,800nM), 4 (X=0OMe; K; 6=
28 nM; K; =179 nM), 4m (X = NH,; K; 6 =93 nM;
K; n=857nM), and 4n (NHAc; K; 6=34nM; K
p =207 nM). Other functional group analogs examined
that also had disappointing OR binding affinities, when
compared to alternate parent phenol 4a (K; 6 = 0.9 nM;
K; pn=55nM), were 40 (X=CI; K; 6=1130nM; K;
p=>5260nM), 4p (X=CN; K; 6=752nM; K; p=
1335nM), 4q (X =NHSO,CHj; K; 6=342nM; K
p=356nM), 4r (X =CH,O0H; K; 6 =466 nM; K; pn=
912nM), 4s (X =COCH;; K; 6 =30nM; K; pn=413
nM), 4t (X = SO,NH,; K; 6 =174 nM; K; p = 592 nM)
and 4u (X = CO,H; K; 6 = 5200 nM; K; p = 5800 nM).
The sole promising functional group replacement found
for the phenolic OH moiety from this exercise was the
carboxamide group. The OR binding affinities for benz-
amide analogs 4v (K; 6 = 1.3 nM; K; p =23 nM) and 4w
(K; 6=65nM; K; n=1.2nM) proved comparable to
their respective parent phenol analogs 4a (K
6=09nM; K; p=55nM) and 4d (K; 6 =198 nM; K;
p=3.8nM). The associated OR functional GTPyS
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activity for benzamides 4v (ECsq 6 =3 nM; ECso u=
155 nM) and 4w (ECsy 6 = 730 nM; ECs p = 100 nM)
also maintained the OR agonist efficacy noted for
respective phenols 4a (ECsp 0=19nM; ECsy p=
2445nM) and 4¢c (ECsy 6 =500nM; ECsy pu=142
nM), although slight variations were noted in terms of
relative potencies. These biologically favorable OR re-
sults for our benzamides reflect the benzamide for phe-
nol bioisostere correlation that Wentland et al.
discovered for opiate-related OR ligands. ' Our find-
ings also further validate the more recently reported
extension of the benzamide—phenol bioisostere equiva-
lency for Tyr-related OR ligands,'! which also comple-
mented Wentland’s initial opiate work.

Having found the carboxamide a good bioisostere
replacement for the phenol OH for compounds within
our series, we questioned whether the OR activities of
the 4-aminocarbonyl-Phe derivatives 4v and 4w could
be enhanced by preparing 4-(aminocarbonyl)-2,6-di-
methyl-Phe derivatives 4x and 4y. This hypothesis was
proposed with the hope of mirroring our earlier obser-
vation of improved OR activities for DMT derivatives
relative to simple Tyr derivatives. The outcome of this
exercise proved positive, with the 4-(aminocarbonyl)-
2,6-dimethyl-Phe derivatives 4x (K; 6 =0.06 nM; K
p=14nM) and 4y (K; 6=14nM; K; n1=0.13nM)
showing improved OR binding affinities relative to the
des-methyl Phe carboxamides 4v (K; 6 =1.3nM; K
pn=23nM) and 4w (K; 0 = 65 nM; K; p = 1.2 nM). Con-
sistent with our hypothesis, the OR binding affinities for
4x and 4y were more closely aligned with the OR bind-
ing affinities of their respective DMT analogs 4h (K;
8=0.1nM; K; p=0.3nM) and 4j (K; 6 =1.9 nM; K;
p=0.05nM). Although benzamides 4x (ECs,
8d=22nM; ECsy p=161nM) and 4y (ECs
8 =135nM; ECsq p=9nM) also both demonstrated
significant 6 and p GTPyS OR agonist functional activ-
ities, their functional potencies did not prove quite as ro-
bust as for their sister DMT analogs 4h (ECs
5 =0.9nM; ECsy p=27nM) and 4§ (ECsg 6 =37 nM;
EC50 Kn= 2 nM)

In conclusion, we systematically evaluated the SAR for
substitutions on the highlighted phenyl moiety of gener-
ic structure 4 relative to & and p OR activities. This
exploration verified that for initial leads 4a—c the pheno-
lic OH moiety was a key functional group for both & and
pu OR binding and functional activities, as the related
Phe analogs 4e-g proved to be significantly less potent
than 4a, 4b, and 4d. In contrast, the OR-related activi-
ties for compounds 4a, 4b, and 4d could be significantly
enhanced by substituting 2,6-di-methyls on their pheno-
lic moieties to generate DMT compounds 4h—j, the most
potent & and p OR analogs identified within this series.
Relative to exploring various alternative aromatic func-
tional groups to replace the phenolic OH moiety of Tyr
derivatives 4a—c, we found after a limited diversity
search that the carboxamide was the sole functional
group that could replace the phenolic OH group
and maintain similar OR activities, as confirmed by

comparing OR activities of benzamides 4v and 4w to
phenols 4a and 4d. Recognizing that benzamides 4v
and 4w were as promising biologically as phenols 4a
and 4d, and that DMT phenols 4h and 4j proved
extremely potent as OR ligands, led to the idea of
hybridizing the two phenyl-substituted moieties to gen-
erate the first reported 4-(aminocarbonyl)-2,6-dimeth-
yl-Phe OR ligands, 4x and 4y, specifically. Benzamides
4x and 4y maintained consistent 6 and p OR binding
affinities as the DMT analogs 4h and 4j, although the
benzamides proved a bit less potent in terms of OR
functional activity. We are continuing to explore addi-
tional DM T-amide analogs, as well as further examining
the remaining SAR for molecules akin to 4. Related
findings will be reported in subsequent publications.
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Abstract—Leukotriene biosynthesis inhibitors have potential as therapeutic agents for asthma and inflammatory diseases. A novel
series of substituted coumarin derivatives has been synthesized and the structure—activity relationship was evaluated with respect to
their ability to inhibit the formation of leukotrienes via the human 5-lipoxygenase enzyme.

© 2006 Elsevier Ltd. All rights reserved.

5-Lipoxygenase (5-LO) is a key enzyme in the biosynthe-
sis of leukotrienes and catalyzes the initial steps in con-
version of arachidonic acid to leukotrienes.!-? Inhibition
of this enzyme may decrease leukotriene-mediated
inflammatory responses and control disease states such
as asthma.>* Recent studies have implicated 5-LO activ-
ity>”7 in a number of other diseases, including COPD,
cancer, osteoporosis, and atherosclerosis, and several re-
views have appeared recently highlighting the therapeu-
tic potential of 5-LO inhibition.® 4

Many of the currently described inhibitors of 5-LO con-
tain functional groups such as phenol, hydroxamate or
N-hydroxyurea and act by a redox mechanism or by
chelation of the active site iron. The multiple toxicities
and difficulties encountered in developing redox inhibi-
tors of 5-LO have led many research groups to strive
to find competitive non-redox inhibitors of this enzyme.

We have previously introduced new classes of non-redox
5-LO inhibitors such as the pyridyl-substituted 2-cyano-
naphthalene 1.-739,010'° and the phenyl-substituted 2-
cyanoquinoline 1-746,530'¢ (Fig. 1). While both inhibi-
tors have excellent potency and pharmacokinetics in ani-
mal models, microsomal incubation studies revealed the
formation of reactive intermediates at the dioxabicyclo-

Keywords: 5-Lipoxygenase; Leukotrienene inhibitor; Coumarin;

Structure-activity relationship.
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octanyl moiety and precluded further development of
these inhibitors.!”

We therefore set out to identify replacements for the
dioxabicyclooctanyl subunit as well as for the furyl sub-
stituent'® in an effort to reduce the potential for toxicity.
This work has culminated in the discovery of inhibitor 1
in which the 2-cyanoquinoline portion of L-746,530 was
replaced by a fluorophenyl-substituted coumarin and
the dioxabicyclooctanyl moiety by a hexafluorocarbinol
substituent.

From previous structure-activity relationship (SAR)
studies we learned that the 2-cyanoquinoline moiety in
L-746,530 could be replaced by a 4-substituted couma-
rin.!” This modification was a welcome observation

= F
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OH
A

o J [0} N\
O OH F
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Figure 1.
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since, in theory, this would enable the preparation of
coumarin prodrugs that could be delivered orally as
water-soluble hydroxy acids that would cyclize in vivo
to the active coumarin derivative (vide infra). All com-
pounds prepared were evaluated for their potency to
inhibit the oxidation of arachidonic acid by recombinant
human 5-lipoxygenase (H5-LO),2° the production of
LTB, in calcium ionophore-stimulated human periphe-
ral blood polymorphonuclear leukocytes (HPMN),?!
and the production of LTB, in calcium ionophore-stim-
ulated human whole blood (HWB).?! Although 10-fold
less potent on H5-LO, no significant loss of inhibitory
potency in HWB was observed by replacing the 2-cyano-
quinoline in reference compound L-746,530 with cou-
marin 2 (ICso =48 nM, Table 1, entry 2). The phenyl
derivative 3 and the 4-fluorophenyl derivative 4, howev-
er, were significantly less potent in the human whole
blood assay with ICsys of 440 and 1700 nM, respectively
(Table 1, entries 3 and 4).

One of the most interesting avenues of SAR that was
pursued, and that led to a wide range of inhibitors with
acceptable potency, was derived from the preparation of
different tertiary alcohols (Table 2).

Table 1. SAR of dioxabicyclooctanyl-substituted coumarins

In particular, the metabolically unstable dioxabicyclooc-
tanyl subunit of 2 could be replaced by a variety of sub-
stituents (Table 2, entries 1-4). For example, the 2-
thiazolyl ethyl derivative 5?2 (racemic) (entry 1) and
the 2-pyridinyl ethyl derivative 6 (racemic) (entry 2)
are tolerated, while a small gain in potency in HWB
(ICs59 = 89 nM) can be achieved by replacing the hetero-
cycle with an additional ethyl substituent to give 7 (entry
3). Although 7 exhibited excellent in vitro potency, it
suffered from poor pharmacokinetics presumably due
to metabolism at the geminal diethyl substituent. This
problem could be alleviated by replacing the ethyl sub-
stituents with a geminal trifluoromethyl group to give
8 (entry 4). This bis(trifluoromethyl)carbinol moiety
was found to be an excellent surrogate for the metabol-
ically unstable dioxabicyclooctanyl alcohol and, there-
fore, was used exclusively in optimization studies.

In our earlier work, we demonstrated that the nature of
the linkage (oxymethylene link vs thio link) between two
aromatic moieties can have a profound effect on the
potency of 5-LO inhibitors.'® Therefore, it was pertinent
to examine this structural modification in this series (Ta-
ble 3). With the exception of the p-chloro-substituted
inhibitor 9 (Table 3, entry 2), the furyl derivative 10,

Table 3. SAR of hexafluorocarbinol-substituted coumarins

F

o FaG
0.__0O
J 0 FoC s 0._0
§ oH P oH W
=
R
R
Entry Compound R 1C5¢* (nM) -
- . - Entry Compound R ICso* (nM)
H5-LO® HPMN HWB - 5 o
H5-LO HPMN HWB

1 L-746,530 27+10 23%1.1 36+ 18

2 2 3-Furyl 200270 3.0£09  48+17 ! 1 4F-Ph 27416 05+03 70424

p B AFPh nd®  116+01 1700° 3 10 3Furyl  9%20 08%0 5221
- 4 11 Ph 2619 05%0.2 88 £ 21
#Mean t SD. :
by o #Mean * SD.

=~ b
°Not determined. nz2.
dn=1.
Table 2. SAR of carbinol-substituted coumarins
F
1
Rﬁ/@\o 0.0
R3
Entry Compound R! R? R? ICs0* (nM)
H5-LO° HPMNP HWB"

1 5 Et Thia® 4-F-Ph 175 £ 20 2.7+3.2 400 £ 10

2 6 Et Pyr¢ 3-Furyl 175+ 25 3.7+1.7 360 + 20

3 7 Et Et 3-Furyl 15+£5.0 0.9%0.6 89+5.0

4 8 CF; CF; 4-F-Ph 55+4.0 1.9+0.5 150 + 75
#Mean + SD.
°n =2

¢ Thia = 2-thiazolyl, Pyr = 2-pyridinyl.
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the phenyl derivative 11, and the p-fluorophenyl deriva-
tive 1 (entries 3, 4, and 1) showed excellent inhibitory
potency in all in vitro assays.

Bioavailability studies with 1 were performed by admin-
istering the water-soluble sodium salt of the correspond-
ing hydroxy acid 122 (Scheme 1).

This compound, when dosed orally in rats at 20 mg/kg
in 0.5% methocel, was well absorbed and readily con-
verted to active 1.>* Thus, upon dosing 12, excellent
bioavailability (F=100%) (0-24h) and a maximum
concentration (Cpay) of 16-21 uM (1 and 4 h after dos-
ing) were observed for 1. Interestingly, oral administra-
tion of 1 as a suspension (20 mg/kg in 0.5% methocel)
did not result in any absorption at all presumably due
to low solubility. Therefore, 12 was used in all bio-
availability studies. In squirrel monkeys, when 12 was
dosed orally at 10 mg/kg in 0.5% methocel, bioavail-
ability of 30% for 1 can be achieved with a C,,, of
1.2 uM at 2 h. The inhibitory effect of 1 on the biosyn-
thesis of LTBy in vivo was evaluated using the rat pleu-
ral cavity model following carrageenan-induced
inflammation.?® In this model, 1 showed activity with
an EDsy of 1.6 mg/kg 2h after oral dosing of 12.
The potency of 1 on: (1) the inhibition of urinary
LTE, (an index of the systemic biosynthesis of peptido-
leukotrienes) and (2) the ex vivo generation of LTBy in
whole blood stimulated with calcium ionophore
A23187 was measured in an anesthetized dog model.?®
1 inhibited base-line urinary LTE,4 excretion, measured
5-7h after the commencement of the infusion of 1 in
80% PEG200/water with an EDso of 2.5 pg/kg/min.
Compound 1 also inhibited the production of LTB,
in dog whole blood ex vivo with an EDsq of 2.5 ug/
kg/min. Microsomal metabolism studies with radiola-
beled 127 showed that there was no formation of radio-
active metabolites covalently bound to protein, a
problem we had encountered with our previous inhibi-
tors L-737,010 and L-746,530.!7

The synthesis of 1 was accomplished (Scheme 2) in a
convergent manner by the preparation and coupling of
two advanced intermediates, the aromatic thiol 17 and
the bromocoumarin 14. Preparation of bromide 14 com-
menced with a von Pechmann condensation® of resor-
cinol and methyl 4-fluorobenzoylacetate under acidic
conditions to provide phenol 13 in 79% yield. Treatment
of 13 with bromine (neat) and triphenylphosphine at
280 °C furnished 14 in 62% isolated yield.>® Thiol 17
was prepared in a four-step sequence starting with com-
mercially available 1-bromo-3,5-difluorobenzene and 2-

F F

FoC FsC
Fs 2(@\ COgNa C>(©\S 0. _0O
8~ OH P> _

3
in vivo OH

12 F 1 F

Scheme 1.

HO\©/OH

Scheme 2. Reagents and conditions: (a) HCl, MeOH, 0°C to rt, 15h
(79%); (b) Br,, PPhs, 280 °C, 1h (62%); (¢) MesCSH, NaH, DMF,
—10°C to 0°C, 24 h (78%); (d) Mg, CF3;COCF;, THF, 0°C, 1.25h
(72%); (e) 1—Hg(OAc),, PhOMe, TFA, DMEFE, 60°C, 3.5h; 2—
Na,S-7H,0, rt, 0.25 h (56%); (f) K,CO3, NMP, 100 °C, 1 h (66%).

methyl-2-propanethiol.3 The coupling product 15, ob-
tained in 78% yield, was then engaged in a Grignard
reaction with liquified hexafluoroacetone to yield 16 in
72% yield. Deprotection of 16 with mercury(Il) acetate
and sodium sulfide?! gave thiol 17 in 56% isolated yield.
Final coupling of 17 and 14 with potassium carbonate in
I-methyl-2-pyrrolidinone (NMP) furnished 1 in 66%
yield as an off-white solid.

The results of the present study demonstrate that the
structures of L-739,010 and 1.-746,530 can be modified
to yield 5-LO inhibitors with comparable in vitro poten-
cy. With the bis(trifluoromethyl)carbinol moiety we
have identified an alternative motif for the dioxabicyclo-
octanyl ring system. In addition, we have replaced the
furyl-substituted 2-cyanoquinoline with a 4-fluorophe-
nyl coumarin and the optimized 5-LO inhibitor 1 has
excellent pharmacokinetics in rats when dosed as the
prodrug 12.3?
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Abstract—A series of 1-aryloxy-3-piperidinylpropan-2-ols possessing potent dual 5-HT 5 receptor antagonism and serotonin reup-
take inhibition was discovered. 1-(1H-Indol-4-yloxy)-3-(4-benzo[b]thiophen-2-ylpiperidinyl)propan-2-ols exhibited selective and
high affinities at the 5-HT; 5 receptor and serotonin reuptake site in vitro. In vivo evaluation of this series of compounds demon-
strated elevated extracellular serotonin levels from the basal and quick recovery of neuron firing that was presumably suppressed by
the initial acute activation of 5-HT; somatodendritic autoreceptors.

© 2005 Elsevier Ltd. All rights reserved.

Selective serotonin (5-HT) reuptake inhibitors (SSRIs)
have become a standard treatment over the past decade
because of their safety profile and fewer side effects than
the older tricyclic antidepressants. In spite of their wide
acceptance and over a decade of treatment of depres-
sion, however, the need for the new generation of more
efficacious antidepressant therapies with faster onset of
action and a more favorable side-effect profile is now
widely recognized because of their drawbacks and
limited benefits.! Major drawbacks of SSRIs in the
pharmacological treatment of depression are a latency
in the onset of clinically meaningful effects for at least
34 weeks and the lack of consistent response in
30-40% of refractory patients. Furthermore, adverse
events such as sexual dysfunction, gastrointestinal intol-
erance, and activating effects (nervousness, anxiety, and
insomnia) are associated with all available SSRIs and
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remain as considerable barriers to effective therapy.
Finding the next generation of antidepressants with
a new mechanism of action or a combination therapy
with an SSRI has spurred a flurry of research efforts
in order to accelerate the onset of effective antidepres-
sant activity, while offsetting the undesirable side
effects.?

One hypothesis for the delayed onset of therapeutic ben-
efits by SSRIs is that the initial SSRI-induced increase in
extracellular 5-HT activates somatodendritic 5-HTa
autoreceptors, which in turn inhibit the firing rate of
the 5-HT neurons and limit the rise in extracellular
5-HT.** With chronic SSRI treatment it is thought that
the autoreceptors desensitize, allowing the serotonergic
neurons to resume their normal firing rate and enabling
extracellular levels of 5-HT to rise to levels sufficient to
achieve antidepressant effects. Co-administration of a
5-HT A receptor antagonist and an SSRI has been shown
to accelerate antidepressant effects by several groups,>®
although the unsuccessful results are also reported.®!°
A concept of developing a dual-acting agent blocking
both the 5-HT; 4 receptor and the 5-HT reuptake sites
in a single molecule (5-HT1A/SSRI) has emerged.'!
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In the course of our efforts to develop more efficacious
antidepressants with a faster onset of action, we
discovered a series of Il-aryloxy-3-(4-arylpiperidin-1-
yl)propan-2-ols possessing dual 5-HT; 4 receptor antag-
onism and serotonin reuptake inhibition.'> We identified
fused bicyclic aryl-substituted piperidines as an essential
pharmacophore for 5-HT reuptake inhibition. Incorpo-
ration of an aryloxy group with a propanolamine chain
linker that exhibited affinity at the 5-HT; receptor in-
duced a combined 5-HT1A/SSRI activity in one single
molecule (Fig. 1).

Subsequently, we reported in a series of papers' the syn-
thesis and development of structure—activity relationship
(SAR) of this series of compounds that exhibited selec-
tive and potent dual activities of 5-HT; 5 receptor antag-
onism and 5-HT reuptake inhibition in vitro. In this
report, we present in vivo study results of 1-(1 H-indol-4-
yloxy)-3-(4-benzo[b]thiophen-2-ylpiperidin-1-yl)propan-
2-ols (Fig. 2) and discuss findings of how the in vitro
profiles of selected compounds from this series translated
into the in vivo profiles.

Inhibition of ex vivo binding: Having identified potent
dual-acting 5-HT1A/SSRI compounds in vitro as previ-
ously reported,'>! we investigated the ability of com-
pounds to be absorbed after oral administration, to
penetrate into the brain and to occupy these binding
sites and receptors using the ex vivo binding technique.
For occupancy of 5-HT; 4 receptors, ex vivo binding of
[*H]-8-OH-DPAT in frontal cortex homogenates was
examined. Inhibition of [*H]-paroxetine (or [*H]-citalo-
pram) ex vivo binding was used to determine occupancy
of the 5-HT reuptake site or transporter in frontal cortex
homogenates. Briefly, Sprague-Dawley male rats
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Figure 1. General structure of l-aryloxy-3-(4-arylpiperidin-1-yl)pro-
pan-2-ols, new 5-HT1A/SSRIs.

Figure 2. Variation of substituents on 1-(1H-indol-4-yloxy)-3-(4-
benzo[b]thiophen-2-yl)propan-2-ols for SAR development.

(50-80 g) in groups of five were administered vehicle
or a test compound by oral administration (30 mg/kg
po) and the rats were killed 1 h after drug administra-
tion. The brains were rapidly removed, the frontal cor-
tex brain region was dissected and then frozen on dry
ice. The tissues were homogenized in 10 volumes of buff-
er, frozen overnight, preincubated, and then ex vivo
binding of [*H]-paroxetine (0.1 nM) and [*H]-8-OH-
DPAT (1 nM) in the whole homogenate was determined
using standard binding techniques.

The ex vivo binding occupancy did not always corre-
spond to the in vitro binding affinity K; values, especially
at the 5-HT reuptake site (Tables 1 and 2). Compounds
1 and 2 did not occupy the reuptake site to inhibit the
ligand binding, though the 6-fluorobenzo[b]thiophene
derivative 4 effectively inhibited the ex vivo binding of
the tritiated ligand (Table 1). Compounds 1, 2, 5, and
6 did not inhibit [*H]-paroxetine (or [*H]-citalopram)
ex vivo binding at the reuptake site anymore than 35%
even though they exhibited potent in vitro binding affin-
ity with K; values <20 nM. It appears that a methyl sub-
stituent and its stereochemistry on the piperidine ring
significantly affect the ex vivo occupancy. The stereo-
chemical preference observed in the in vitro binding
affinities'® in the order of (2S,4R) isomer-3 > (2R,4S5)
isomer-4 > (2R,4R) isomer-1 > (25,4S) isomer-2 was
translated into the ex vivo binding affinities as exempli-
fied by the diastereomers 5-8 (Table 2). The (2S.,4R)
isomer-3 with both electron-donating and electron-with-
drawing substituents on the benzo[b]thiophene ring
effectively occupied both the 5-HT; 5 receptor and reup-
take sites (7, 9-16). There were a few instances where the
(2R,4R) isomer-1 (example not shown) or the (2R.4S)
isomer-4 (e.g., the compound 8) also showed good occu-
pancy, reflecting their potent in vitro efficacy. Overall
good occupancy at the 5-HT reuptake site appears to re-
quire low to sub-nanomolar binding affinities, while
occupancy at the 5-HT 5 receptor was adequately dem-
onstrated with binding affinity K; <20 nM.

Microdialysis: The compounds 4 and 7-16 that
occupied more than 50% (i.e., <50% of control in inhi-
bition in Table 2) of the 5-HT; 5 receptors and reuptake
sites in the ex vivo binding assays were then examined
for their ability to increase S5-HT levels in rat
hypothalamus. Microdialysis was performed as
previously described.'®! In brief, rats (male, Harlan
Sprague-Dawley, 260-300 g) were implanted with a
microdialysis probe in the hypothalamus under anes-
thesia. After a 48-h washout and recovery period, arti-
ficial cerebrospinal fluid was perfused through the
probe, and microdialysates were collected and analyzed
using HPLC with electrochemical detection. 5-HT and
5-HIAA concentrations were calculated by comparing
peak heights using 50 pmol/ml standards. Basal values
were converted to percent of basal, and data are pre-
sented as percent of basal. For comparison purposes,
a bolus dose administration of fluoxetine (10 mg/kg
ip), followed by a dose of the selective 5-HT; 5 antago-
nist WAY 100635 (1 mg/kg sc), was also carried out in
this experiment, and the data are shown in Table 3.
Our goal was to achieve extracellular 5-HT level
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Table 1. In vitro affinity and ex vivo occupancy of 1-(1 H-indol-4-yloxy)-3-(4-benzo[b]thiophen-2-ylpiperidinyl)propan-2-ols

Compound X R! 5-HT A 5-HT reuptake Inhibition of ex vivo binding %
K; (aM)?* K; (nM)® of control (100%)
5-HT; A€ Reuptake?
1 H H 3.70 £ 0.61 16.75+2.13 6 80
2 4-OMe H 1.89 £0.73 12.63 £0.50 4 100
3 4-OMe Me 4.83 +£0.80 51.16 £ 12.93 nd nd
4 6-F H 9.31 £1.29 1.99£0.14 9 13

nd, denotes not determined.

2 Binding affinity at 5-HT, s receptors labeled with [°H]-8-OH-DPAT (n > 2).'?

® Affinity at the 5-HT reuptake site labeled with [*H]-paroxetine (n > 2).'* Values represent means + SEM where n > 3 or £1/2 the range when n = 2.
°Inhibition of ex vivo binding of [’H]-8-OH-DPAT (1 nM) in the frontal cortex homogenates at 30 mg/kg po.

9 Inhibition of ex vivo binding of [*H]-paroxetine (0.1 nM) in the frontal cortex homogenates at 30 mg/kg po.

Table 2. In vitro affinity and ex vivo occupancy of 1-(1 H-indol-4-yloxy)-3-(4-benzo[b]thiophen-2-yl-2-methylpiperidinyl)propan-2-ols

OH

o
TZ ?‘
n =z

Compound X R! Piperidine ring 5-HT A 5-HT reuptake Inhibition of ex vivo
stereoisomer K; (nM)?* K; (aM)® binding % of control
(100%)
5-HT; A€ Reuptake?

5 4-OMe H 1 2RA4R) 2.76 £0.02 1471 £ 1.43 28 70
6 4-OMe H 2 (25.4S) 14.45 £ 1.55 13.59 £ 1.12 40 88
7 4-OMe H 3 (2S.4R) 3.64£0.13 0.27 £0.09 13 11
8 4-OMe H 4 (2RAS) 8.47+2.03 1.15£0.21 33 8
9 H H 3 (2S,4R) 3.09£0.18 0.51 £ 0.06 1 -2
10 6-F H 3 (2S.4R) 5.52 £ 1.04 0.31 £0.06 23 8
11 5-Cl H 3 (2S.4R) 8.34+1.36 0.58 £0.23 47 39
12 4-Me H 3 (2S.4R) 6.85%1.03 0.44 £ 0.04 20 9
13 6-OMe H 3 (2S,4R) 14.49 £2.76 1.10£0.29 14 29
14 H Me 3 (2S.4R) 7.11 £0.07 0.53 £0.00 5 17
15 5-F Me 3 (2S,4R) 5.65+0.93 0.24 £0.03 6 30
16 4-OMe Me 3 (2S.4R) 14.35 £ 0.05 0.86 £0.12 -3 26

3 Binding affinity at 5-HT, 5 receptors labeled with [°H]-8-OH-DPAT (n > 2)."?

® Affinity at the 5-HT reuptake site labeled with [*H]-paroxetine (n > 2).'* Values represent means + SEM where n > 3 or +1/2 the range when n = 2.
®Inhibition of ex vivo binding of [*’H]-8-OH-DPAT (1 nM) in the frontal cortex homogenates at 30 mg/kg po.

9 Inhibition of ex vivo binding of [*H]-paroxetine (0.1 nM) in the frontal cortex homogenates at 30 mg/kg po.

from basal by the dual 5-HT1A/SSRI in a single chem-
ical entity greater than that by the combination of
fluoxetine and WAY100635. The data show that com-
pounds 7, 8, 10, 15, and 16 demonstrated greater effica-
cies at the doses administered via an oral route than
fluoxetine alone or fluoxetine-WAY100635 combina-
tion regimen. The 2-methyl group on the piperidine
ring appears to have a profound effect on the 5-HT

level increase. The desmethyl compound 4 effected a
modest increase in 5-HT levels, whereas 2-methyl com-
pound 10 showed robust 5-HT elevation (130% vs
479% at 30 mg po). The substituent on the benzo[b]thi-
ophene ring also affected the 5-HT elevation. 4-Meth-
oxy group exhibited the most favorable effects among
the electron-donating groups (7, 8, and 16 vs 12 and
13) and fluoro substituent is favored over chloro (10
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Table 3. Results of microdialysis, neurochemistry, and neuroendocrinology studies

Compound Microdialysis 5-HT A 5-HT reuptake
% of basal” at mg/kg (route) In vitro In vivo (corticosterone)®  In vitro In vivo (PCA)°
K; aM)¢ EDs, mg/kg (route) K; (aM)¢ EDs( mg/kg (route)
4 130 at 30 (po) 931+1.29 nd° 1.99£0.14 nd
7 368 at 30 (po) 3.64£0.13  21.1 (po) 0.27£0.09 3.71 (po)
8 330 at 20 (po) 8.47+£2.03 >30 (po) 1.15+£0.21  >10 (po)
9 264 at 20 (sc) 3.09£0.18  2.83 (sc) 0.51£0.06 0.28 (sc)
10 479 at 30 (po) 5.52+£1.04 >30 (po) (5.08 (sc)) 0.31£0.06 0.69 (po)
11 287 at 20 (po) 8341136 ~26 (po) 0.58 £0.23  3.65 (po)
12 210 at 30 (po) 6.85£1.03 >30 (po) 0.44+0.04 1.65 (po)
13 140 at 30 (po) 1449+£2.76 nd 1.10£0.29  1.07 (sc)
14 119 at 10 (po) 7.11%£0.07 nd 0.53+0.00 nd
15 315 at 30 (po) 5651093 nd 0.24£0.03 nd
16 713 at 10 (po) 14.35£0.05 3.2 (po) 0.86 £0.12  3.79 (po)
Fluoxetine 160 at 10 (ip)
FluoxetinetWAY100635 292 at 10 (ip) FLX+1 (sc) WAY

#Single point increase <4 h after dose (n = 3-7, except for compounds 8 and 10 where n = 2).
® Effective dose producing 50% blockage of 1 h after 0.3 mg/kg sc 8-OH-DPAT-induced increase in rat serum corticosterone concentrations (n = 3-5).
¢ Effective dose producing 50% blockade of rat brain 5-HT 2 h after 5 mg/kg ip p-chloroamphetamine (PCA) (n = 3-5).

dsee the footnotes a and b in Table 2.
°nd = not determined.

and 15 vs 11). The compound 16 was the most effica-
cious for elevating the 5-HT levels with over 700% in-
crease from the basal at 10 mg/kg po. Differences in
the in vivo efficacy could be attributed to the metabolic
stability or exposure of these compounds. Combined
effects of substituents on the piperidine, indole, and
benzo[b]thiophene rings as well as their stereochemical,
regiochemical, and electronic properties may be playing
a role in the pharmacokinetic profile of this series of
compounds.

In vivo pharmacology in rats: The compounds were also
examined for their abilities to block the 8-OH-DPAT-in-
duced increase in rat serum corticosterone and the PCA-
induced depletion of rat brain 5-HT in order to confirm
their mechanism of action and determine their in vivo
potency as dual-acting 5-HT; 5 receptor antagonist and
5-HT reuptake inhibitor, respectively. According to
the previously described methods,'> effects of a com-
pound as a 5-HT 5 receptor antagonist were determined
by blockade of 8-OH-DPAT-induced increase in rat ser-
um corticosterone concentrations and the potency of the
compound in blockade of 5-HT;, receptors was deter-
mined by the dose-dependent antagonism of the increase
in rat serum corticosterone elicited by 8-OH-DPAT. The
effects and potency of a compound as a 5-HT reuptake
inhibitor were determined by blockade of the p-chloro-
amphetamine (PCA)-induced depletion of rat brain 5-
HT concentrations.'® The data in Table 3 show that
these compounds are indeed acting as 5-HT1A/SSRI
in single chemical entity. The compound 16 was the
most potent and balanced dual 5-HT;, antagonist
(EDso 3.2 mg/kg po) and SSRI (EDsy 3.8 mg/kg po)
via an oral route. The combined effects appear to be
reflected in the high 5-HT level increase from the basal
in the microdialysis assay.

Electrophysiology: Selective serotonin reuptake inhibi-
tors (SSRIs) enhance serotonergic neurotransmission
by blocking the reuptake of 5-HT from the synapse.'”

Upon acute administration, SSRIs block the 5-HT reup-
take site leading to increased synaptic levels of 5-HT in
terminal regions.'® Simultaneously, however, the
amount of 5-HT released in the vicinity of the 5-HT cell
body is increased.* The 5-HT released near the cell
bodies and dendrites acts on 5-HT;5 somatodendritic
autoreceptors to inhibit the activity of the neurons.'’
This increased activity at the cell body autoreceptor
leads to a decreased firing rate of the serotonergic neu-
rons, thus limiting the amount of 5-HT released into
the terminal synapse. This negative feedback on 5-HT
cells, and subsequent limitation of 5-HT terminal out-
put, has been hypothesized to play a role in the delayed
therapeutic onset of SSRIs.2 Blocking the activation of
5-HT, 5 autoreceptors then should maintain the normal
neuronal activity. We examined the activity of seroto-
nergic neurons in the dorsal raphe nucleus (DRN) of
the anesthetized rat during a 3-day sub-chronic adminis-
tration of compounds that showed robust 5-HT eleva-
tion according to the previously described method.?!
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Figure 3. Effect of three-day sub-chronic treatment with fluoxetine
versus the compound 16 on the serotonergic neurons in the dorsal
raphe nucleus (DRN).
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Figure 3 shows the results obtained from the 3-day
administration of the compound 16 in comparison to
fluoxetine. Fluoxetine reduced both the serotonergic
neuron population and firing rate in the 3-day treat-
ment, while the compound 16 had no effect on the
5-HT neuronal activity. This seems to confirm that
blockade of 5-HT;s receptors maintains the normal
neuronal activity and elevates synaptic levels of
5-HT in terminal regions as seen in Table 3. These
results suggest that a dual 5-HT1A/SSRI agent could
effect fast onset of therapeutic effects in the clinical
setting as compared to the treatment by fluoxetine
or other SSRIs alone.

In conclusion, we have discovered 1-(1H-indol-4-
yloxy)-3-(4-benzo[b]thiophen-2-ylpiperidinyl)propan-2-
ols as selective and potent dual-acting 5-HT1A/SSRIs
in the course of our efforts to develop more efficacious
and fast-acting antidepressants. We identified com-
pounds with balanced 5-HT;, receptor antagonism
and 5-HT reuptake inhibition at low nanomolar con-
centrations in vitro that also demonstrated excellent
in vivo efficacy via an oral administration. Among
the compounds reported here the compound 16 also
demonstrated that the combined 5-HT1A/SSRI in a
single molecule had no negative feedback effect on
the 5-HT neuronal activity that was elicited by an
SSRI alone via activation of somatodendritic 5-HT A
autoreceptors. These results indicate that the dual-act-
ing 5-HT1A/SSRI in a single molecule may provide
more efficacious therapeutic benefits with faster onset
of action for the treatment of depression than the wide-
ly used current SSRI regimen.
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Abstract—Efficient synthesis of phosphorothioate RNA (PS-RNA) is demonstrated by using phenylacetyl disulfide (PADS) in a
mixture of pyridine and acetonitrile (1:1, v/v) for 3 min. Sulfurization is achieved with >99.8% stepwise efficiency. This reagent also
performs efficiently during synthesis of RNA containing PS:PO mixed backbone.

© 2006 Elsevier Ltd. All rights reserved.

Use of short synthetic strands of oligoribonucleotides
(siRNA) is of great interest as a novel mechanism
(RNA interference) for specific and reversible modula-
tion of gene expression.!> Although there are conflict-
ing reports on the nuclease stability of unmodified
siRNA duplexes, there is growing evidence that many
of them are degraded within minutes in mammalian
serum.® Among the various analogs designed to
make them stable for use as therapeutic candidates,
phosphorothioate modification, where one of the
non-bridging oxygens is formally replaced by a sulfur
atom, is one of them.>!* However, synthesis of RNA
and its analogs, in particular phosphorothioate RNA
(PS-RNA) continues to pose a formidable challenge.
In general, RNA synthesis strategies mimic the
approaches developed for chemical synthesis of DNA
and its analogs.!'"!® The synthesis is achieved using
a repetitive, chemical procedure or cycle for each
nucleoside addition performed on an insoluble solid
support. Each cycle consists of a deprotection step,
in which the 5'-hydroxyl of support-bound RNA
chain is made available for elongation, a coupling
step, in which this 5’-hydroxyl is condensed with an
activated 3’-phosphoramidite to form phosphite tries-
ter linkage, a sulfurization step in which the unstable
phosphite triester linkage is converted into a stable
phosphorothioate triester linkage; and a capping step,

Keywords: siRNA; Oligonucleotide; Phosphorothioates; PADS;
Sulfurization; Solid-support synthesis.
* Corresponding author. Tel.: +1 760 603 2412; fax: +1 760 603
4655; e-mail: vravikumar@jisisph.com

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

doi:10.1016/j.bmcl.2006.01.081

where the uncoupled hydroxyl groups are blocked
from further chain elongation.

The introduction of phosphorothioates into RNA can
be achieved in different ways.'*2! For oligoribonucleo-
tides that are synthesized by automated, solid-phase
phosphoramidite chemistry, sulfur can be introduced
at any internucleotidic linkage with an efficient sulfur
transfer reagent. One challenge in automated PS-
RNA synthesis is to find reagents that are effective in
the presence of bulky 2’-O-silyl-protecting group. Our
initial efforts aimed at synthesizing high-quality PS-
RNA were unsuccessful. Sulfur transfer reagents such
as 3H-1,2-benzodithiol-3-one-1,1-dioxide  (Beaucage
reagent),”>?* dimethylthiarum disulfide (DTD),2*%>
and few other reagents’®2° did not give satisfactory
full-length product (<10%) and the quality was unac-
ceptable due to high contamination of phosphate dies-
ter impurities. However, 3-ethoxy-1,2,4-dithiazoline-5-
one (EDITH)33? gave acceptable results, but the
reagent was expensive.’* This necessitated the investi-
gation of an alternative reagent that could be efficient,
transfer sulfur quickly, inexpensive, and resulted in
high quality of oligonucleotide.

Another challenge for efficient synthesis of phosphoro-
thioate RNA is the choice of activator used. It is well
known that RNA phosphoramidite coupling efficiency
greatly depends on activator, activator concentration,
and time. In general, due to steric hindrance of the 2'-
O-protecting group, longer coupling time and acidic
activators such as 5-ethylthio-1H-tetrazole (ETT)'® or
5-benzylthio-1H-tetrazole (BTT) are preferred. In our
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Table 1. Synthesis parameters of cycle used on GE Amersham Biosciences Akta 100 DNA/RNA synthesizer using 24 mL column

Step Reagent

Time (min)

Detritylation 15% Dichloroacetic acid/toluene

Coupling

3

2’-O-TBDMS phosphoramidite (0.2 M) (4 equiv), 5-ethylthio-1H-tetrazole or 15

4,5-dicyanoimidazole (0.5 M) in acetonitrile

Sulfurization
Capping

PADS (0.2 M) in pyridine-CH;CN (1:1, v/v) 3
Cap A: 10% acetic anhydride in toluene

3

Cap B: 10% pyridine + 10% NMI in toluene

hands, using the conditions described in Table 1, we
have found both ETT and 4,5-dicyanoimidazole
(DCI)**3 gave comparable results (yield and quality
based on ion-pair LC-MS).

This paper describes the use of phenylacetyl disulfide
(PADS) to create PS-RNA using phosphoramidite
chemistry, with superior results good enough for any
application, in particular for therapeutics.

A fully modified phosphorothioate 20-mer of sequence
5’-UUU-GUC-UCU-GGU-CCU-UAC-UU-3' targeted
against PTEN was prepared on a 0.4 mmol scale on a
GE Amersham Biosciences Akta 100 DNA/RNA auto-
mated synthesizer using a 24 mL column and controlled
pore glass loaded with standard succinate at 50 pmol/
2.3% The synthesis cycle used is shown in Table 1. 2'-
O-TBDMS amidite monomers containing fast depro-
tecting groups (0.2M solution in ACN; 4equiv;
15 min contact time) and ETT or DCI (0.5 M solution
in ACN) were used for coupling. 15% Dichloroacetic
acid in toluene was used for detritylation.?”-3® Sulfuriza-
tion was carried out using PADS (0.2 M solution in a
mixture of pyridine/ACN 1:1, v/v) with a contact time
of 3 min.?**" In the case of mixed backbone RNA syn-
thesis, oxidation of the internucleotide phosphite was
accomplished using iodine/tetrahydrofuran/pyridine/
water for 2 min. At the end of synthesis, the support-
bound oligonucleotide was treated with a solution of tri-
ethylamine and acetonitrile (1:1, v/v) for 2 h to remove
acrylonitrile formed by deprotection of cyanoethyl
group from phosphorothioate triester.*! Subsequently,
the solid support was incubated in a mixture of 30%
aqueous ammonium hydroxide and ethanol (3:1, v/v)
at 55°C for 3h to remove base-protecting groups.
Removal of 2'-O-silyl group was effected using a solu-
tion of N-methylpyrrolidinone/triethylamine/TEA-3HF
(1.5:0.75:1.0, v/v/v) at 65 °C for 3 h.*>*3 The purification
of oligonucleotide was carried out by anion exchange
chromatography and desalted to afford the
oligonucleotide.

One of the crucial steps in PS-oligonucleotide synthesis
is the incorporation of sulfur atom in the internucleo-
tide linkage by oxidative sulfurization of P(III) phos-
phite triester intermediate to form a P(V)
phosphorothioate triester linkage. Inefficient sulfuriza-
tion during solid-phase synthesis leads to formation
of two classes of process-related impurities 5 and 6
each containing a DMT-C-phosphonate moiety
(Fig. 1).** Concentration of reagent, number of molar
equivalents, and sulfurization contact time were

OMe OMe

o o

I I
QC_P/OR C—P/OR R = oligonucleotide
OH OR

OMe OMe

DMT-C-phosphonate DMT-C-phosphonate
monoester 5 diester 6

Figure 1. Two kinds of DMT-C-phosphonate formed due to inefficient
sulfurization.

optimized for efficient synthesis using PADS. Under
this condition, no detectable levels of 5 or 6 were ob-
served using our LC-MS analytical method. In addi-
tion, the low level (0.1% per linkage) of phosphate
diester observed during use of PADS is probably not
due to inefficient sulfurization but due to post-desul-
furization occurring by currently unknown mecha-
nism(s). °'P  NMR, strong anion exchange
chromatography, and mass spectroscopy have been
used for quantitative measurement of PO-content. In
our laboratories, we use state-of-the-art ion-pair
high-performance liquid chromatography/mass spec-
troscopy (IP-LC-MYS) technique as a specific, accurate,
and sensitive means of quantitating oligonucleotides
containing PO-linkages within a matrix of PS-oligonu-
cleotides. Table 2 and Figure 2 show the results of one
of several phosphorothioate oligoribonucleotides syn-
thesized using PADS. This represents >99.8% average
stepwise sulfurization efficiency. The presence of
cyanoethyl adduct on N3 of uracil base (CNET spe-
cies) is not due to inefficient decyanoethylation proto-
col but due to the presence of cyanoethyl group
already present (0.1%) as an adduct in uridine phos-
phoramidite as analyzed by IP-LC-MS.

Tables 3 and 4 show the sequence and mass spectral
analysis of various RNAs synthesized.

Table 2. PTEN targeted P=S RNA sequence 5'-UUU-GUC-UCU-
GGU-CCU-UAC-UU-3’" was synthesized; MW = 6501.94 (calculat-
ed); 6501.30 (found)

Quality by IPLC-MS P=S P=0O (n— l)mer CNET
Yo 948 2.5 1.6 1.1
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*MSD1 SPC, time=7.319:8.449 of I\INSTRE~1\29652A01.D API-ES, Neg, Scan, Frag: 100

100 —

, on\

07

Max: 88635

Na Adduct

1580 1600 1620

Figure 2. LC-MS analysis of crude P=S RNA synthesized.

Table 3. Synthesis of RNA thioates using PADS

Sequence Mass
Calcd Found

5'-X-UUUGUCUCUGGUCCUUACUU-3"  6581.92 6580.25
5'-X-AGGCUGGUGGCACCAGGGAA-3"  6909.31 6908.84
5-UUGUCUCUGGUCCUUACUU-3' 6179.71 6178.92
5'-X-GGCGAAUGAGACUUCUCUUA-3’"  6753.15 6754.08
5-UUUUGUCUCUGGUCCUUAC-3' 6002.97 6001.73
5-UUGUCUCUGGUCCUUACUU-3’ 6002.97 6003.11
5-UUGUCUCUGGUCCUUACUU-3' 5970.83 5971.87

Underlined nucleotides are phosphorothioates; X denotes terminal
phosphate monoester.

A generally accepted hypothesis for sulfur transfer reac-
tion involves initial attack of phosphite triester on sulfur
transfer reagent (1) to form a phosphonium salt (2) as an
intermediate which then leads to formation of phosp-
horothioate triester (3). This intermediate (2) is sensitive

Table 4. Synthesis of alternating phosphate/thioates RNA using PADS

1640 1660 m/z

to moisture and, if attacked by water molecule leads to
eventual formation of phosphate triester (4) as the unde-
sirable by-product (Scheme 1). However, we have ob-
served that addition of water (up to 1200 ppm) in
PADS solution does not lead to increased level of PO for-
mation besides an obviously expected result of decreased
yield.*> This clearly indicates that sulfurization by PADS
leads to a different intermediate as compared to other re-
agents. The exact mechanism is still under investigation.

In summary, we have demonstrated that efficient synthe-
sis of phosphorothioate oligoribonucleotides could be
achieved using PADS in pyridine/ACN, (>99.8% step-
wise efficiency). This reagent is inexpensive and can be
used in a variety of synthesizers thereby making it versa-
tile. Multiple phosphorothioate oligoribonucleotides at
various scales and different synthesizers have been syn-
thesized in our laboratories using PADS for in vivo
studies.

Sequence Mass

Caled Found
5"-ApoApsGpoUpsApoApsGpoGpsApoCpsCpoApsGpoApsGpoApsCpoApsA-3’ 6322.5 6322.1
5"-UpsUpoGpsUpoCpsUpoCpsUpoGpsGpo UpsCpoCpsUpoUpsApoCps Upo U-3" 6035.1 6034.4
5"-UpsUpoUpsGpoApsApoApsApoUpsGpoUpsUpoGpsApo UpsCpo UpsCpoC-3 6129.2 6128.9
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COCH,Ph
R'O R'O R'O
\, S +
R207P: + C\ — RZO—PDS—COCHZPh — R2o—>P:s
R0 \\_/? RO R0
COCH,Ph 2 S—COCH,Ph 3
PADS 1
RO R = protected nucleoside
N or protecting group
R207P:O
RO ,

Scheme 1. General mechanism of sulfurization to form phosphorothioate triesters.
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Abstract—Sila-substitution of drugs (the carbon/silicon switch) is a concept that is being successfully used for the development of
new chemical entities. The (R)-sila-analogue of the antidepressant venlafaxine is devoid of the serotonin reuptake inhibition
observed with the marketed drug, leading to a selective noradrenaline reuptake inhibitor displaying anti-emetic properties.

© 2006 Elsevier Ltd. All rights reserved.

Organosilicon chemistry has been demonstrated to be a
powerful source of chemical diversity in drug design.!—
Silicon, a Group 14 element, and carbon have many
similarities, one being that they readily form four cova-
lent bonds with many other elements. However, the two
elements also present some important differences which
can be exploited by the medicinal chemist and stable sil-
icon-containing compounds can be synthesized that can
have modified pharmacological profiles compared to
their carbon counterparts. Carbon and silicon differ in
their covalent radius (r. = 77 pm, rg; = 117 pm) leading
to differences in bond distance and the steric arrange-
ment when comparing analogous C-element and Si-ele-
ment bonds. Silicon-containing bonds are always
longer than the corresponding carbon analogues (the
C-Si bond is approximately 25% longer than the C-C
bond) and this difference leads to subtle changes in the
size and therefore shape of silicon-containing com-
pounds when compared to carbon.

Venlafaxine (1, Fig. 1, Effexor™, Efexor™ and Trevi-
lor™) is a serotonin-noradrenaline reuptake inhibitor

Keywords: Sila-substitution; Noradrenaline reuptake inhibitor; Anti-

emetic.
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Figure 1. Structures of venlafaxine (1) and (R)-sila-venlafaxine ((R)-2).

(SNRI) used in the treatment of depression which, in
contrast to the tricyclic antidepressants, shows no affin-
ity for neurotransmitter receptors.*® Venlafaxine is
marketed as a racemate and during our earlier synthetic
studies’ on sila-analogues we sought to obtain the race-
mates and individual enantiomers of both venlafaxine
(1)® and sila-venlafaxine (2) in order to compare their
individual pharmacological profiles. The single sila-
enantiomer (R)-2 shows an interesting monoamine reup-
take pharmacological profile that is not observed with
the enantiomers of 1.7

In order to streamline the synthesis of (R)-2 for its ame-
nability to large-scale synthesis, the original synthesis’
was adapted to avoid the use of highly flammable re-
agents. This modified procedure’ (Scheme 1) utilises
the acid labile trimethoxyphenyl protecting group'”
allowing several key intermediates to be isolated by crys-
tallisation techniques. Compound (R)-2, isolated in mul-
ti-gram quantities as its crystalline hydrochloride salt for
biological evaluation, was obtained from its racemate by
the fractional crystallisation of the (+)-camphorsulfonic
acid salt. The absolute configuration of (R)-2 was deter-
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Scheme 1. Synthesis of (R)-sila-venlafaxine ((R)-2). Reagents: (a) n-
hexane; (b) MeOH; (c) n-hexane; (d) HCI-Et,O; (e) Me,NH, n-BulLi,
THF; (f) AcOH, KOAc, Et,0; (g) (+)-CSA, acetone then conversion
to the HCI salt.

mined by X-ray diffraction studies on the hydrobromide
salt.”

The in vitro biological results in human recombinant
transporter assays (Table 1) show (R)-2 to be a selective
noradrenaline reuptake inhibitor portraying an in vitro
pharmacological profile not demonstrated by either of
the enantiomers of 1.7 (S)-Venlafaxine ((S)-1) is a potent
and selective serotonin reuptake inhibitor (SSRI),
whereas the R-enantiomer ((R)-1) is non-selective be-
tween the serotonin and noradrenaline reuptake sites.
In order to profile (R)-2 further, the compound was test-
ed in vitro across a panel of 68 common receptors/chan-
nels and 16 enzymes and is inactive in the majority of

Table 1. In vitro profile of (R)-2

Target ICso™® (uM)  Noradrenaline
reuptake selectivity

0.2 (+0.1)
42 (+23) 21
49 (+14) 25

Noradrenaline reuptake®
Serotonin reuptake®
Dopamine reuptake®

Ca®* channel (L, verapamil) 8.6¢ 43
Ca®* channel (L, diltiazem) 2.7 14
Na* channel (site 2) 5.1¢ 26

#Values are means of 5 determinations, standard deviation is given in
parentheses. Monoamine reuptake receptor binding activities were
determined using radioligand cellular uptake inhibition assays.
Radioactivity levels were detected by scintillation counting.

® Inactive (<50% inhibition) at all other receptors/enzymes/channels
(see Supplementary information) at a concentration of 10 uM.

°Human recombinant transporter assay.

dn=1.

assays (<50% inhibition at 10 uM), including opioid
receptors. Weak affinity at Ca®>* and Na™ channels is ob-
served (Table 1), although no functional activity at these
channels was realised on further investigation. Com-
pound (R)-2 was also profiled in vitro for its effects on
cytochrome-P450 enzymes. Venlafaxine (1) has been
evaluated in clinical studies and demonstrates low to
negligible drug interaction potential at CYP2D6,
CYPIA2, CYP2C19 and CYP3A4.'! Similarly (R)-2
also displays low in vitro activity at these CYP enzymes
(<50% inhibition, 10 uM).

Venlafaxine (1) and racemic sila-venlafaxine (2) have
identical ~ physicochemical  properties (measured
pK,=9.7 and measured logD at pH 7.4 =0.9, mea-
sured log P =3.1), and based on the evidence that 1
achieves high clinical efficacy in the treatment of depres-
sion one would have high confidence that (R)-2 would
also readily reach its site of action in the CNS. In gener-
al, silicon is more lipophilic than carbon; however in this
chemical environment, the silanol in 2 is more acidic
than the corresponding carbinol in 1. The two effects ap-
pear to cancel each other leading to both compounds
having the same log P profile. Structurally (R)-2 forms
a different shape from that of 1. The sila-cyclohexane
ring is more flattened than the cyclohexane ring of 1
due to the increased Si—C bond lengths compared to
the C—C bonds (Fig. 2).” The introduction of silicon into
the core structure of 1 has provided molecules that pro-
vide conformations which cannot be achieved with any
other carbon-based analogues of 1, therefore exploring
new chemical space and providing drug-like structures
with a modified pharmacological profile.

Venlafaxine (1) is generally well tolerated in the clinical
setting, however one of the adverse effects reported is
nausea,'? an effect that may be a consequence of its
mixed serotonin/noradrenaline reuptake profile. It has
been shown, from studies published in the literature,
that noradrenergic neurons are found in the area pos-
trema within the brain and noradrenaline can induce
emetic events through post-synaptic a2 receptors at this
site.!3 Therefore, we postulated the simple hypothesis
that the use of a centrally acting selective noradrenaline
reuptake inhibitor would inhibit the reuptake of nor-
adrenaline, resulting in a transient accumulation of the
neurotransmitter in the synaptic cleft. This build up of
noradrenaline may act as an agonist on the pre-synaptic
a2 receptors leading to a negative feedback inhibition of
noradrenaline release and subsequently halting an emet-
ic response through the post-synaptic receptors. In order
to test the theory that a selective noradrenaline reuptake
inhibitor may have utility in the treatment of emesis,
(R)-2 was evaluated in a ferret model of morphine-in-
duced emesis.'* (R)-2 hydrochloride was dosed orally
2 h prior to the emetogen (morphine, 0.125 mg/kg, sc)
and the animals were monitored for retching and vomit-
ing events for up to 2 h following the administration of
morphine. The data are summarised in Figure 3.

At 50 mg/kg (R)-2 completely abolishes emetic episodes
and almost complete inhibition (93%) is achieved at
5 mg/kg. In male ferrets, dosed at 5 mg/kg orally, (R)-
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Figure 2. X-ray crystal structure of (R)-2 HBr. The silicon is green,
nitrogen is blue, and oxygen is red. The bromide atom has been
omitted for clarity. The C-Si bonds within the ring are 1.85 A and the
sila-containing ring is more flattened than the equivalent cyclohexane
ring in 1 (see Ref. 7 for X-ray crystallography details and further
discussion).
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Figure 3. Anti-emetic profile of (R)-2 in a morphine-induced model of
emesis in the ferret. The test compound (R)-2 was dosed orally in
ferrets 2 h prior to the emetogen (morphine, 0.125 mg/kg, sc). Group
size, n = 4. The ferrets were monitored for emetic episodes for 2 h.

2 displays a plasma half-life of 1.1 h with a Cy,x of
225 ng/ml. At the 1 mg/kg dose, however, the compound
is virtually inactive and the emesis levels in the ferret are
comparable to morphine alone. In the same ferret emesis
model ondansetron,'® a marketed SHT; receptor antag-
onist anti-emetic agent, was evaluated and shows no ef-
fect (16 mg/kg) when administered orally.

Emesis is a complex, multifactorial process for which,
presently, there is no therapeutic regime suitable for
treating all underlying biological emesis-related process-
es. The SHTj; receptor has been identified as an impor-
tant receptor involved in the treatment of cancer
chemotherapy-related emesis, ondansetron being a key
therapeutic agent in use by oncology clinicians. Howev-
er other areas for treatment, such as post-operative nau-
sea and vomiting (PONYV), are not well covered by
effective therapies. A number of post-operative factors
can influence the risk of PONV, and the relief of pain,
often associated with the use of opioids such as mor-

phine, exacerbates emetic episodes. As numerous neuro-
nal pathways converge on the vomiting centre within the
brain new anti-emetics, operating by different mecha-
nisms of action may therefore provide an important
way forward in the future treatment of emesis.

In conclusion, (R)-2, a selective noradrenaline reuptake
inhibitor, has been demonstrated to effectively inhibit
emetic episodes caused by an emetogen, such as mor-
phine, in a well-characterized animal model. Its oral effi-
cacy in such a model suggests that compounds with this
mechanism of action may have clinical utility in the pre-
vention and treatment of PONYV, particularly in settings
where morphine is used for post-operative pain relief.
More extensive pharmacological studies on (R)-2,
including other validated animal models of emesis, will
be presented in due course.
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Abstract—The mechanism of action of the antifungal agent 3-(4-bromophenyl)-5-acyloxymethyl-2,5-dihydrofuran-2-one against
Candida albicans was investigated by flow cytometry, using propidium iodide, DiBACy4(3), and FUN-1 as the fluorescent dyes. A
related but less active agent, together with amphotericin B and fluconazole, was tested in parallel for comparison of the results.
The incrustoporine derivative was found to have a potent fungicidal activity on C. albicans, resulting in damage of cell membrane.

© 2006 Elsevier Ltd. All rights reserved.

The incidence of invasive fungal infections caused by
opportunistic pathogens, often characterized by high
mortality rates, has been increasing over the past two
decades, mainly due to the rise in the number of immu-
nocompromised human hosts. Although some new
drugs have recently been introduced to clinical practice,
the number of available preparations to treat systemic
fungal infections is still limited and more alternatives
are needed, particularly with improved efficacy against
emerging pathogens with limited susceptibility to the
available preparations.!-?

3-(Halogenated phenyl)-5-acyloxymethyl-2,5-dihydrof-
uranones represent a novel class of butenolide antimy-
cotics derived from (—)incrustoporine, a natural
compound isolated from the extract of fermentation of
the basidiomycete Incrustoporia carneola that was

Keywords: Incrustoporine; Furanones; Antifungal; Mechanism of

action; Flow cytometry; Candida.

* Corresponding author. Tel.: +420 495 067 363; fax: +420 495 518
002; e-mail: luisandrevale.silva@faf.cuni.cz

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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shown to have antifungal activity toward phytopatho-
genic molds.? Developments in the synthesis and tuning
of antifungal activity of these incrustoporine derivatives
have been reported over the last few years,* ¢ culminat-
ing in the recent publication of an extensive list of in vi-
tro susceptibility testing results for three of these
derivatives.” The compounds represent a promising
group of wide-spectrum antifungal agents with high
in vitro activities against a variety of relevant human
pathogenic opportunistic yeasts and molds. From the
clinical point of view, the significant activities found
against fluconazole-resistant Candida albicans strains,
Candida krusei, Candida glabrata, and Aspergillus
fumigatus,” for example, are especially valuable.

As the next step in the study of incrustoporine deriva-
tives, we have conducted preliminary investigations on
the mechanism of action of 3-(4-bromophenyl)-5-acyl-
oxymethyl-2,5-dihydrofuran-2-one (LNO18-22) (the
most potent derivative overall in the previous study)’
in comparison with 3-(4-bromophenyl)-5-hydroxymethyl-
2,5-dihydrofuran-2-one (LNOI18),> plus amphotericin
B and fluconazole as reference drugs with known
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mechanisms of action. We studied the influence of the
compounds on a C. albicans strain by flow cytometry
and simultaneous analysis of the kinetics of growth
inhibition.

Flow cytometry has been previously recognized to have
extremely valuable applications for such studies.® In this
work, flow cytometric techniques involved staining with
the fluorescent dyes PI (propidium iodide), DiBACy4(3)
[bis-(1,3-dibutylbarbituric acid) trimethine oxonol],
and FUN-1 [2-chloro-4-(2,3-dihydro-3-methyl-(benzo-
1,3-thiazol-2-yl)-methylidene)-1- phenylquinolinium io-
dide]. PI is an indicator of disturbance of plasmatic
membrane integrity, a membrane-impermeant dye that
only penetrates dead cells with porous membranes,
increasing the fluorescence detected by flow cytometry
after DNA intercalation.® DIiBAC4(3) is an indicator
of membrane potential that enters depolarized cells
(but not mitochondria) where it binds to intracellular
proteins or membranes and exhibits an enhancement
of fluorescence.'® Finally, FUN-1 is an indicator of
metabolic vitality in yeast cells, a membrane-permeant
fluorescent probe that is converted into orange/red
cylindrical intra-vacuolar structures (CIVS) in metabol-
ically active cells and remains in the cytoplasm as a
bright diffuse green/yellow fluorescent stain in cells with
impaired metabolism and/or disturbed plasma mem-
brane integrity.!!

The incrustoporine derivatives LNOI18 and LNO18-22
(Fig. 1) were synthesized according to a previously de-
scribed procedure.® Amphotericin B (Sigma) and fluco-
nazole (Pfizer, Groton, United States) were used as
standard antifungal drugs.'?

The American Type Culture Collection C. albicans
strain ATCC 90028 was used through the study and
stored in skim milk medium (Becton Dickinson) at
—40 °C before use. For each test the yeast strain was
grown in Sabouraud’s dextrose agar (Difco) for 24 h
at 37 °C. Suspensions were prepared in RPMI 1640
medium, with L-glutamine, without sodium bicarbonate
(Sevapharma, Prague, Czech Republic) and buffered to
pH 7.0 £ 0.1 with 0.165 M morpholinepropanesulfonic
acid (MOPS; Sigma), and determined microscopically
using a Biirker’'s chamber in order to have
(2.5%0.1) x 10° CFU/mL. Solutions of the four com-
pounds were added to the C. albicans suspensions in test
tubes in order to obtain final concentrations of 0.1, 1,
10, and 100 pg/mL in a total volume of 5 mL. The final
DMSO concentration in the test medium was 1% and all
the solutions were prepared immediately before the
tests. Growth control tubes containing drug-free cell

Br Br
| o | o o
OH OJ\

LNO18 LNO18-22

Figure 1. Structures of the incrustoporine derivatives LNO18 and
LNO18-22.

suspensions in the test medium were included. Because
of the expected formation of micelles by amphotericin
B at high concentrations,'? and the possibility of similar
insolubility of the incrustoporine derivatives, drug con-
trol tubes with 100.0 pg/mL of each compound without
cells were included. This allowed later flow cytometric
confirmation of the discrimination between cells and
the smaller compound micelles. All the tubes were later
incubated for 22 h at 35 °C in humid atmosphere with-
out agitation. The same samples were incubated in
parallel for the Bioscreen broth test.'* After the incuba-
tions, the cells were stained with the fluorescent dyes PI,
DiBAC,4(3), and FUN-1,'® and analyzed in a flow
cytometer.!”

In most cases, the kinetics of growth inhibition deter-
mined using the Bioscreen method (data not shown)
did not reveal any additional information with the
exception of the samples tested with a concentration of
I pg/mL of LNOI18-22. In this case, the compound
caused a delay of about 8-10 h in the beginning of log-
arithmic phase, an effect that would not be detected by
the isolated turbidimetric analysis of the growth inhibi-
tion at 24 h (Fig. 2).

Both the flow cytometric results (after staining with each
of the three fluorescent dyes) and the values of the per-
centages of growth inhibition at the end of the incuba-
tion time are shown for each antifungal agent in
Figure 3. Amphotericin B was the only agent to show
influence on the cell growth with the lowest concentra-
tion (0.1 pg/mL). At higher concentrations complete
growth inhibition was accompanied by cell death and
damage of cell membranes evidenced by PI positivity,
particularly at concentrations of 10 and 100 pg/mL
(Fig. 3). With fluconazole, growth inhibition was never
over 80% in comparison with the control and we ob-
served a persistence of PI negativity through the whole
range of concentrations, whereas the membrane poten-
tial and the metabolic activity were affected (Fig. 3).

Regarding the incrustoporine derivatives, the parental
compound LNOI8 only displayed total growth

0.7
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061 —o—0.1 pg/mL
= 05 ——1.0 pg/mL
g ’ —>—10 pg/mL
o 044 —&— 100 pg/mL
<
Qe
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o
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31717‘» Y UNTEN—A =y S S Ny /Ny Ny -, -y -\
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Figure 2. Growth curves of Candida albicans ATCC 90028 in control
samples (closed squares) and samples treated with 0.1 (open squares),
1.0 (closed diamonds), 10 (open diamonds), and 100 pg/mL (closed
triangles) of LNO18-22. Notes. Averages from a minimum of four
values for PI and DiBAC4(3), and two values for FUN-1 % standard
deviations. In some cases the standard deviation bars are smaller than
the symbols and thus not seen.
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Figure 3. Percentages of growth inhibition in relation to the controls (closed squares) and DiBACy4(3) (closed diamonds), PI (open squares), and
FUN-1 (open diamonds) positive cells after treatment of Candida albicans ATCC 90028 for 22 h with the logarithmic array of concentrations of
amphotericin B, fluconazole, LNO18, and LNO18-22. Notes. Averages from a minimum of four values for PI and DiBACy(3), and two values for
FUN-1 # standard deviations. In some cases the standard deviation bars are smaller than the symbols and thus not seen.

inhibition at the highest concentration (100 pg/mL)
(Fig. 3). At the same concentration the flow cytometric
results showed some degree of cell death (around 40%
of the analyzed cells), while there was a somewhat high-
er incidence of plasmatic membrane depolarization, evi-
denced by over 60% of DiBAC4(3) positivity. On the
other hand, LNO18-22 exhibited complete C. albicans
ATCC 90028 growth inhibition and high cell death, cell
membrane depolarization, and metabolic inactivity at
10 pg/mL. PI positivity closely correlated to the growth
inhibition results through the range of LNO18-22 tested
concentrations (Fig. 3).

The flow cytometric results obtained for amphotericin B
and fluconazole were in perfect agreement with the
expected findings according to the knowledge of their
mechanisms of action.!® The results obtained with
amphotericin B confirmed its typical fungicidal mecha-
nism of action through direct influence on the plasmatic
membrane, producing high levels of cell death and im-
paired membrane integrity. On the contrary, PI negativ-
ity of fluconazole evidenced its fungistatic activity.
Besides that, the fact that there was always at least
20% of growth in comparison to the controls, even for
samples of cells treated with inhibitory concentrations
of fluconazole, reflected its characteristic trailing effect.'®

The closely related compounds LNO18 and LNO18-22
were previously shown to have significantly distinct

antifungal activities.”> LNO18-22 is obtained from the
simple esterification of LNOI18 with a consequent rise
of lipophilicity, a characteristic that may have an impor-
tant role in the ability of the compounds to penetrate
fungal cells. LNO18-22 has a chiral center but there is
no significant difference in antifungal activity between
the enantiomers. The racemic mixture was even found
to be more potent.’ Previous studies of the effect of sub-
inhibitory concentrations of incrustoporin derivatives
(1/10 of the determined MICs) on the morphogenetic
transition in C. albicans revealed that other compounds
(particularly a 3,4-dichlorophenyl derivative which was
shown to have an activity comparable to that of ampho-
tericin B) could show more inhibition than LNO18-22,
which had just a slightly higher influence than fluconaz-
ole.” Although the analysis of the kinetics of growth
inhibition for LNO18-22 revealed the concentration of
1.0 pg/mL to cause the referred marked delay on the
beginning of the exponential phase of C. albicans ATCC
90028 (Fig. 2), this effect was not accompanied by any
physiological alterations detectable by our flow cytomet-
ric tests at the end of the incubation period. In fact, after
22 h of incubation the cells were already in full logarith-
mic phase and approaching the final cell density of con-
trol samples in stationary phase. No alterations of cell
membrane potential and integrity or metabolic activity
were detected at that concentration. At the concentra-
tions of 10 and 100 pg/mL growth inhibition was
accompanied by similarly high levels of cellular
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membrane integrity disruption and consequent loss of
viability as evidenced by PI positivity (Fig. 3). These
high percentages of PI positivity, comparable to the ones
found for amphotericin B, suggested a potent fungicidal
activity resulting in damage of cell membranes, either by
a direct interaction or by secondary results from metabol-
ic impairment, leading to ion channel or pore formation
and free diffusion of PI into the cytoplasm. On the con-
trary, a fungistatic mechanism would not be expected to
produce significant alterations of cell viability, as seen
with the results with fluconazole which maintained PI
negativity through the whole range of test concentrations.

In conclusion, these flow cytometric results revealed a po-
tent fungicidal activity for the incrustoporine derivative
LNO18-22, resulting in disruption of plasmatic mem-
brane integrity in C. albicans. Simultaneously, the known
physiological consequences of the activities of the fungi-
cidal amphotericin B and the fungistatic fluconazole were
confirmed by our results, thus supporting the results for
the experimental agent. More studies are required in
the future to add further in-depth knowledge to these
preliminary findings on the mechanism of action of this
class of promising wide-spectrum antifungal agents.
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Abstract—Novel oxazolidinone antibacterials containing N-hydroxyacetamidine moiety are synthesized with the diversity at C-5
terminus. These compounds have been evaluated against a panel of clinically relevant Gram-positive and Gram-negative pathogens.
Most of the analogs in this series displayed activity superior to Linezolid and in vivo efficacies of selected oxazolidinones are also

disclosed herein.
© 2006 Elsevier Ltd. All rights reserved.

The growing incidence of bacterial resistance to
antibiotics represents a serious medical and socio-eco-
nomical problem. Of particular concern are infections
caused by multidrug-resistant Gram-positive pathogens.
Principal players among these problematic organisms
are isolates of methicillin-resistant Staphylococcus
aureus (MRSA) and Staphylococcus epidermis (MRSE),!
vancomycin-resistant Enterococcus faecalis, and Entero-
coccus faecium (VREF)? and cephalosporin-resistant
Streptococcus pneumoniae.® These pathogens are respon-
sible for significant morbidity and mortality in both the
hospital* and community settings.’
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Oxazolidinones, typified by Linezolid (1) (marketed as
Zyvox'™) and Eperezolid (2), represent a new class of
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synthetic antibacterial agents with potent activity
against clinically important susceptible and resistant
Gram-positive pathogens.® The many attractive traits
of oxazolidinone series have encouraged further work
in this area, and also the literature reveals extensive
chemical programs exist.” In addition, this class of com-
pounds has a novel mechanism of action that shows
selective and unique binding to 50S ribosomal subunit,
inhibiting bacterial translation at initiation phase of
protein synthesis.® It is suggested that oxazolidinones
act by disrupting the processing of N-formylmethionyl
t-RNA by the ribosome.” However, some Linezolid-
resistant clinical isolates of VREF and S. aureus have
recently been reported.'® This unexpected early resis-
tance development emphasizes the need for further
exploration of features of oxazolidinone series to over-
come these issues.

We have implemented a research program to develop
second-generation oxazolidinones with a primary goal
of identifying compounds with increased potency
against Gram-positive as well as fastidious Gram-nega-
tive pathogens compared to Linezolid.!! To this end, we
have explored replacing hydroxyacetamido group of
Eperezolid (2) with N-hydroxyacetamidine moiety (as
shown in 3). We anticipated that such modification
would improve the solubility as N-hydroxyacetamidines
are polar in nature.'> A series of novel oxazolidinones
with various N- or O-linked groups at C-5 terminus
has been made. The synthesis and antibacterial activity
of these derivatives are disclosed herein.
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The key intermediates 4a, 4b, 5a, and 5b were conve-
niently prepared according to the reported procedure.'3
As depicted in Scheme 1, Boc group of 5a or 5b was
cleaved using TFA and the resulting amine was subject-
ed to base-promoted alkylation with bromoacetonitrile
in the presence of potassium carbonate to yield 6a or
6b. The transformation of azide to amine 7a or 7b was
readily achieved with PPh; in THF-H,O mixture.

As outlined in Scheme 2, the conversion of amine 7a
or 7b to acetamide 8a or 8b was carried out using
Ac,O and Et3N and, the latter was transformed into
9a or 9b by reacting with N-hydroxylamine. The car-
bamate derivative 8c or 8d was accessed by the treat-

M. Takhi et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2391-2395

methylchloroformate. Finally, the reaction of 8c or
8d with N-hydroxylamine afforded 9¢ or 9d. Acylation
of amine 7a or 7b with difluoroacetic acid in the pres-
ence of EDCI furnished difluoroacetamide 8e or 8f,
which was further reacted with N-hydroxylamine to
yield acetamidine derivative 9e or 9f. Sequential treat-
ment of amine 7a or 7b with ethyl dithioacetate and
then N-hydroxylamine gave rise to thioacetamide 9g
or 9h. The thiocarbamate 8i or 8j was smoothly ob-
tained by the reaction of amine 7a or 7b with trieth-
ylamine, carbon disulfide, and ethyl chloroformate to
produce the corresponding isothiocyanate, which in
turn reacted with excess methanol under reflux condi-
tions. Final transformation of 8i or 8j to the corre-

ment of 7a or 7b with triethylamine and sponding 9i or 9j was routine.
R’ o (i) MsClI, NEtg R 0
=Y CH,Cly, .t /\ Mo
BocN BocN N N
\/K/OH (i) NaNg, DMF - N
R? 90°C R2
4a: R'=F, R?=H 5a: R'=F, R?=H (80%)
4b: R'=R%=F 5b: R'=R?=F (82%)
(iii) TFA CH,Cl,
(IV) K2003, BI'CHQCN
DMF, rt
v) PPh3 THF-H,0 R' o)
/\ / ‘ C ~.7 N\ >\\O
V\/ NC™N N N
NH, / \/\/Ns
R2
7a: R1=F, R2=H (78%) 6a: R'=F, R?=H (80%)
7b: R'=R%=F (81%) 6b: R'=R2=F (74%)
Scheme 1.
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Scheme 2. Reagents and conditions: (A) Ac,O, Et;N, CH,Cl,, rt, yield 8a (78%) and 8b (91%); (B) NH,OH-HCI, Na,CO;, EtOH-H,O0, reflux; (C)
CICOOMe, DIPA, CH,Cl,, rt, yield 8c (61%) and 8d (87%); (D) CHF,COOH, EDCI'HCI, NMM, CH,Cl,, rt, yield 8e (55%) and 8f (54%); (E)
CH;C(S)SEt, Et;N, THF, rt, yield 8g (81%) and 8h (86%); (F) Et;N, CS,, CICOOEt then MeOH, reflux, yield 8i (62%) and 8j (66%).
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As described in Scheme 3, compound 4a or 4b was ex-
posed to Mitsunobu conditions using 3-hydroxy isoxaz-
ole as a nucleophile to yield 10a or 10b. The 7-Boc group
was cleaved by trifluoroacetic acid treatment and the
resulting amine was subjected to alkylation with bromo-
acetonitrile to produce 11a or 11b. The compound 11a
or 11b was advanced to the corresponding N-hydroxy-
acetamidine 9k or 91 uneventfully by reacting with
hydroxylamine hydrochloride.'*

The synthesized oxazolidinones 9a-1 were screened
against a panel of Gram-positive and Gram-negative
organisms such as Haemophilus influenzae and Moraxella
catarrhalis with Linezolid as a standard.' In a gratifying
result, many of these compounds exhibited good to excel-
lent in vitro antibacterial activity including against

PPh3;-DEAD

4aordb
THF, r.t

3-Hydroxy isoxazole

Gram-negative organisms. The results are summarized
in Table 1. Among the C-5 aminomethyl derivatives,
the compounds 9b, 9d, 9f, 9g, 9h, 9i, and 9j exhibited in vi-
tro antibacterial activity comparable or superior to that
of Linezolid, whereas analogs 9a, 9¢, and 9e were inferior.
In particular, thioacetamide 9h and thiocarbamate 9j
were 3- to 4-fold more active against most of the targeted
Gram-positive stains and Gram-negative M. catarrhalis,
and 1-fold better against H. influenzae compared to stan-
dard molecule. Difluoroacetamide 9f and thiocarbamate
9i were found to be 1- to 2-fold more active than standard
compound. Addition of two fluorines in C-5 acetamides
9a and 9b to produce corresponding difluoroacetamides
9e and 9f showed not much variation in their MIC values.
It is also evident from Table 1 that thiocarbonyl
compounds 9g, 9h, 9i, and 9j are more potent than the

R' o)
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Table 1. In vitro antibacterial activity (MIC (ug/mL)) of oxazolidinone derivatives 9a—-1

Compd Sa® Sa® Sa® Ef¢ Ef° Eff Mct Hi"
9a 16 4 4 8 2 8 8 8
9b 2 1 1 1 1 1 4 4
9c 8 16 16 4 4 16 >16 32
9d 2 1 1 1 1 2 2 8
9e 4 4 4 4 2 4 8 4
9f 2 1 1 1 0.5 1 2 4
9g 2 1 1 1 1 1 N.D 4
9h 1 0.25 0.25 0.5 0.5 0.25 0.5 4
9i 1 0.5 0.5 0.5 0.5 0.5 2 8
9j 0.5 0.25 0.25 0.25 0.25 0.25 0.5 4
9k 16 4 4 16 8 16 8 256
91 4 2 2 4 2 4 16 >32
LNZ 2 1 2 2 2 2 8 8

N.D., not determined.
LNZ, Linezolid.
MIC, minimum inhibitory concentration.

#8Sa, Staphylococcus aureus DRCC 035 (methicillin-susceptible S. aureus).

®Sa, Staphylococcus aureus DRCC 019 (methicillin-resistant S. aureus).

Sa, Staphylococcus aureus DRCC 446 (methicillin-resistant S. aureus, Ciprofloxacin-resistant).

4Ef, Enterococcus faecalis DRCC 034 (vancomycin-susceptible E. faecalis).
e_Ef, Enterococcus faecalis DRCC 153 (vancomycin-resistant E. faecalis).
PEf, Enterococcus faecium DRCC154 (vancomycin-resistant E. faecium).

& Mc, Moraxella catarrhalis DRCC 300 (B-lactamase —ve).
"Hi, Haemophilus influenzae DRCC 433 (B-lactamase —ve).
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Table 2. In vivo efficacy in a systemic mouse infection model by oral
route

Compd EDs, (mg/kg/day)
9d 32.2 (18.6-56.8)"
9%e 12.1 (8.0-18.4)
of 18.3 (12.5-26.8)
9h 22.1 (14.2-36.3)
9i 21.2 (15.1-29.6)
9j 32.2 (18.6-56.8)
Linezolid 5.3 (2.6-9.0)

# Numbers in parentheses are 95% confidence ranges.

corresponding oxocarbonyl derivatives 9a, 9b, 9¢, and 9d.
This can be attributed to the change in electronic charac-
ter and lipophilicity of the molecules.!® Among the two
O-linked analogs 9k and 91, the activity of 91 was compa-
rable to that of Linezolid against Gram-positive patho-
gens. In all the cases, compounds having difluoro
substitution on phenyl ring (9b, 9d, 9f, 9h, 9j, and 91)
showed enhanced activity compared to their monofluoro
congeners (9a, 9c, 9e, 9g, 9i and 9k).

Selected oxazolidinones 9d, 9e, 9f, 9h, 9i, and 9j
were evaluated for in vivo efficacy in a lethal sys-
temic mouse infection model by oral route, employ-
ing S. aureus ATCC 29213 as the infectious
organism (Table 2). These compounds protected the
mice from infection following oral administration,
however, at higher doses compared to Linezolid de-
spite their potent in vitro antibacterial profile. This
difference in in vivo efficacy may be due to the sub-
optimal pharmacokinetics.

In summary, introduction of N-hydroxyacetamidine
group to the oxazolidinones afforded a potent series
with in vitro antibacterial activity comparable or superi-
or to Linezolid against Gram-positive and clinically sig-
nificant Gram-negative bacteria. Some of the analogs
from this series also exhibited in vivo activity in a lethal
mouse infection model when administered orally, but
were less efficacious than Linezolid.
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Abstract—A series of benzylic piperazines (e.g., 4 and 5) attached to an ‘address element’, the dipeptide H-p-Tic-D-p-Cl-Phe-OH, 3
has been identified as ligands for the melanocortin subtype-4 receptor (MC4R). We describe herein the structure—activity relation-
ship (SAR) studies on the N-terminal residue of the ‘address element’. Several novel dipeptides and reduced dipeptides with high
MC4R binding affinities and selectivity emerged from this SAR study.

© 2005 Elsevier Ltd. All rights reserved.

The five melanocortin receptors (MCR) form a subfam-
ily of G-protein coupled receptors (GPCRs).!-?> The mel-
anocortins [e.g., adrenocorticotropic hormone (ACTH),
a-melanocyte-stimulating hormone (a-MSH), B-MSH,
and y-MSH] are agonist peptide ligands for these recep-
tors and they are derived from post-translational
processing of proopiomelanocortin (POMC).? The mel-
anocortins and their corresponding receptors support
diverse physiological functions including feeding behav-
ior and erectile function.*”’

Selective small molecule melanocortin agonists have
been reported by several research groups.”® We have
recently reported the identification of a series of novel
aryl and benzylic piperazines (e.g., 1 and 2), which have
potent and selective MC4R agonist activity.®!? These

Keywords: Melanocortin subtype-4 receptor ligands; MC4R.
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molecules can be described as being composed of a
GPCR privileged structure coupled to a dipeptide ‘ad-
dress element’ as shown in Figure 1. We have reported
structure—activity relationships regarding the privileged
structures utilizing a fixed H-p-Tic-D-p-Cl-Phe-OH
dipeptide address element.”!? While we have shown that
chemical modifications of the privileged structure can
provide significant dynamic range of biological activities
for these series, we wondered if modification of the ad-
dress element would provide additional opportunities
for increases in potency and modifications of overall
physicochemical properties.!! We herein report an effort
to develop new address elements focusing on the
replacements of the N-terminal residue.

Syntheses of N-terminal residues derived from (2,3-dihy-
dro-1H-isoindol-1-yl)-acetic acid are described in
Scheme 1. Commercially available 2-bromobenzylamine
hydrochloride was protected with Boc,O to give inter-
mediate 7, which was then subjected to a Heck reaction
with methyl acrylate in the presence of TEA and a cat-
alytic amount of dichlorobis (triphenylphosphine) palla-
dium (II) to yield 8. Deprotection of 8 allowed the
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L

X MC4R Ki (nM)

1Cl 10.5
2F 14.1

Figure 1. Disconnective analysis of MC4R active leads.
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Scheme 1. Reagents: (i) K,CO;, 7-Boc,O, THF/H,O (1:1); (ii)
CH,CHCOOMe (for 8) or CH3;CHCHCOOEt (for 9), TEA,
(Ph3P),PdCl,, DMF; (iii) TFA, CH,Cl,; (iv) NaHCO3, CH,Cly; (v)
DIEA, t-Boc,0, CH,Cl,; (vi) Chiralcel OD column; (vii) 1 N NaOH,
MeOH or KOSi(Me)s, THF; (viii) 37% aq HCOH, NaB(OAc);H, CH,Cl,.

compound to undergo an intramolecular Michael addi-
tion affording isoindoline 10 as a racemic mixture, which
was then protected with Boc,O providing 12. The race-
mic mixture was resolved efficiently by chiral chroma-
tography with a Chiralcel OD column (elution: 10/90,
IPA/heptane) to give enantiomers 12a (isomer 1, first
eluting isomer; 100% ee) and 12b (isomer 2, second
eluting isomer; 99.0% ee). The absolute configuration

N-Terminal Residue

. |
o
Oy N
oH Hl HN

H Dipeptide Address Element
() 3
N

Privileged Structure

4X=Cl
5X=F

of 12a or 12b was not elucidated; rather their identity
was tracked by their order of elution. Both enantiomers
12a and 12b were hydrolyzed with NaOH providing 13a
and 13b, respectively. Alternatively, enantiomers 12a
and 12b were each converted to the N-methyl derivatives
16a (isomer 1) and 16b (isomer 2), respectively, by
deprotection, reductive amination with formaldehyde,
and hydrolysis.

An example of a 1-methyl substituted isoindoline was
prepared in an analogous fashion starting from 7 and
ethyl crotonate. The racemic isoindoline 15 was then
coupled to p-p-Cl-Phe-OMe (26) as shown in Scheme
4. The resulting diastereomers were deprotected and sep-
arated by reversed-phase HPLC (elution: 90/10 to 65/35,
H,O/CH;CN over 30 min) to give 27a (isomer 1, first
eluting isomer) and 27b (isomer 2, second eluting
isomer). The diastereomers 27a and 27b were each pro-
tected and hydrolyzed to 28a and 28b, respectively.

Preparation of N-terminal residues containing a tetrahy-
droisoquinoline moiety started from commercially avail-
able (1,2,3,4-tetrahydroisoquinolin-1-yl)-acetic acid 17
as outlined in Scheme 2. Ester formation and nitrogen
protection afforded 18 in good yield. This material was
separated into enantiomers 18a (isomer 1, first eluting
isomer; 100% ee) and 18b (isomer 2, second eluting iso-
mer; 100% ee) on a Chiralcel OD column (elution: 20/80,
IPA/heptane). Each enantiomer was then hydrolyzed
with LiOH to give 19a and 19b, respectively.

o L o
R.
HO N 0 N
H boc
7 18,R=M
i [, 18R =Me

) 18a, 18b R = Me
v |:19a, 19b R = Li

Scheme 2. Reagents: (i) HCl, MeOH; (ii) #-Boc,O, THF; (iii) Chiralcel
OD column; (iv) LiOH, 1,4-dioxane/H,O.
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HO O'R i RO
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l iv
(0]
O,R
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. 20R=H
L 21 R=Et

24 R = Et
v [ 25Roy
Scheme 3. Reagents: (i) SOCl,, EtOH; (ii) acetone; (iii) Tf,O, TEA,
CH,Cly; (iv) H,, 5% Pd/C, acetone/toluene; (v) LiOH, H,O, THF.

A 1,1-dimethyl substituted tetrahydroisoquinoline was
prepared as outlined in Scheme 3. Esterification of m-ty-
rosine 20 in the presence of thionyl chloride and ethanol
gave the ester 21, which was heated under reflux in ace-
tone to generate intermediate 22. The phenol was con-
verted to the corresponding triflate 23 with triflic
anhydride. Deoxygenation of this intermediate was
achieved catalytically with hydrogen in the presence of
5% Pd/C at 50 psi affording the desired intermediate
24. Hydrolysis of 24 with LiOH gave the lithium salt
25. The racemic mixture 25 was then coupled to p-p-
CI-Phe-OMe (26). The resulting diastereomers 29 were
separated by flash chromatography (linear gradient,
40 ml/min 10-50% EtOAc/hexane for 25 min and 50%
EtOAc/hexane for 7 min) providing 29a (isomer 1, first
eluting isomer) and 29b (isomer 2, second eluting iso-
mer) as outlined in Scheme 4. Notable is the fact that
the nitrogen contained in these molecules is sufficiently
hindered as to preclude acylation under a variety of
standard conditions. Diastereomers 29a and 29b were
each hydrolyzed to 30a and 30b, respectively.

We also prepared an address element with an amine
linkage between the N-terminal residue and the
D-p-Cl-Phe instead of an amide linkage (Scheme 5).
Commercially available p-N-Boc-1,2,3,4-tetrahydro-iso-
quinoline-3-carboxylic acid 31 was converted to the
Weinreb amide 32 in the presence of EDC-HOBT. Lith-
ium aluminum hydride reduction gave the aldehyde 33,
which was then coupled to p-p-Cl-Phe-OMe (26) by
reductive amination. Hydrolysis of 34 with lithium
hydroxide provided the lithium salt 35, which was used
in the final peptide coupling without further protection
of the amino group.

Since the resolved o-chloro and o-fluoro substituted
privileged structures 4 and 5 provided compounds with
good MC4R binding affinity (Fig. 1), they were chosen
for use in this report.'%!? Final compounds were pre-
pared as described in Scheme 6. The racemic mixture 4
was coupled with Boc-D-p-Cl-Phe-OH 36 and deprotec-
ted to give a mixture of diastereomers 37, which was fur-
ther coupled with 13a providing 40. Reversed-phase

Cl

+

o HO
NH» N

~-0 boc

26 15

Cl

0
o} N N
o H R2
R"

|:27R1 Me, R®=H

27a, 27b R' = Me, R2 = H
v [ 28a, 28b R' = H, R? = boc

O .
\%NHZ : m -
-0

29 R =Me
29a, 29b R = Me

v , 30a, 30b R =Li

Scheme 4. Reagents: (i) EDC, HOBT; (ii) TFA, CH,Cl,; (iii) HPLC;
(iv) t-Boc,O, CH,Cl,; (v) LiOH, THF, H,O or NaOH, MeOH;
(vi) flash chromatography.

o *@@

31R=0H
32 R =N (CH3)OCH3

Cl
iii
O

NH,

_0
cl 26

o) Nﬁ/;@
H
50 boc

oC
. 34 R=Me
v [, 35RoLi
Scheme 5. Reagents: (i) NH(Me)(OMe)-HCl, EDC, HOBT, DIEA,

THF; (ii) LiAlH,4, THF; (iii) NaBH3CN, NaOAc, HOAc, MeOH; (iv)
LiOH, H,0/1,4-dioxane.
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Scheme 6. Reagents: (i) EDC, HOBT; (ii) TFA, CH,Cl,; (iii) HPLC.

HPLC separation of 40 (elution: 90/10 to 70/30, H,O/
CH;CN, 96 min) gave 40a (isomer 1, first eluting iso-
mer) and 40b (isomer 2, second eluting isomer). Similar-
ly, compounds 41a (isomer 1, first eluting isomer) and
41b (isomer 2, second eluting isomer) were prepared
from 13b and 37. Intermediate 38, generated from enan-
tiomer 4b (isomer 2)'2, was coupled to 19a and 19b sep-
arately to provide 42 and 43, respectively. The rest of the
final compounds were prepared using EDC/HOBT or
HATU coupling and then TFA deprotection conditions.
Thus, 13b and 39 gave 44; 16b and 39 gave 45; 19a and
39 gave 46; 39 and commercially available isoquinoline-
3-carboxylic acid gave 47; 28a and 5b (isomer 2) gave 48;
30b and 5b gave 49; 35 and 5 (racemate) gave 50.

Q. Shi et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2341-2346

The final compounds either as TFA salt or HCI salt were
tested in a radioligand binding assay to determine the
competitive inhibition of '*’I-NDP-a-MSH binding to
cloned human MC1, MC3, MC4, and MC5 receptors
using membranes from stably transfected HEK293
cells.” The specific data obtained from the MC4R bind-
ing assay are listed in Tables 1-3 as well as Figure 1.

We first chose to examine N-terminal modifications in
the 0-Cl series 4 (Table 1). Replacement of the N-termi-
nal tetrahydroisoquinoline with an isomeric isoindoline
provided diastereomeric pairs 40a-b (178, 18 nM) and
41a-b (107, 5nM). Consistent with previous observa-
tions, we found activity differences between privileged
structure antipodes.'® Comparing pairs 40a with 40b
and 41a with 41b demonstrates a 9- and 21-fold differ-
ence in affinity, respectively. It appears that the impact
on affinity of the N-terminal residue absolute configura-
tion was not as significant, evidenced by comparing 40b
(18 nM) with 41b (5nM). We also observed similar

Table 1. Chiral optimization on the N-terminal residue and privileged

structure
cl
_R
%N
»)
v
@\)\/N\/
(o]
Compound R MC4R K; (nM)"?
0
40a 177.8
HN
o)
40b 18.1
HN
o)
41a 107.4
HN
o]
41b 5.3
HN
0
42 N 30.2
HN
0
43 N 6.4
HN
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Table 2. SAR of the N-terminal residue

cl
R
%N
o)
e
©\)\/N\/
F
Compound R MC4R K; (nM)"?
o]
44 4 7.3
HN
o}
45 17.3
—N
(0]
46 N 10.4
HN
o}
47 W N 95.6
N~
48 o 73.7
HN
0
49 < 5.8
HN
50 - 40.6
HN

Table 3. Binding affinity at A(MCIR, hMC3R, hMC4R, and hMC5R"?
Compound MCIR MC3R MC4R MCS5R

K@M K @EM) K @EM) K (M)
44 6.0 3.4 0.0073 1.2
45 8.6 4.6 0.017 2.0
46 3.0 4.2 0.010 0.91
47 7.0 1.4 0.096 0.92
48 20 16 0.074 1.4
49 7.0 1.9 0.0058 0.42
50 5.8 7.0 0.041 0.95

results with the I-substituted tetrahydroisoquinoline
acetic acid N-terminus, which provided analogs 42
(30 nM) and 43 (6 nM). The above data suggest that
each pair of N-terminal enantiomers provided final com-
pounds with comparable MC4R binding affinity.

Further examination of the address element SAR using
the o-fluoro substituted privileged structure 5 is de-

scribed in Table 2. Only the most active diastereomers
(in terms of affinity) are listed. Replacements of
tetrahydroisoquinoline carboxylic acid with (2,3-dihy-
dro-1H-isoindol-1-yl)-acetic acid and (1,2,3,4-tetrahy-
dro-isoquinolin-1-yl)-acetic acid again proved to be
successful, yielding compounds 44 (7nM) and 46
(10 nM). a-Methylation of the isoindoline analog (48)
resulted in a 10-fold loss of MC4R binding affinity
relative to 44, which may indicate that steric bulk in this
position is not well tolerated. N-Methylation of (2,3-dihy-
dro-1H-isoindol-1-yl)-acetic acid (45) is tolerated provid-
ing an MC4R affinity of 17 nM, which is comparable to
that of the original tetrahydroisoquinoline analog 2.
Compound 49, possessing 1,1-dimethyl substitution on
the tetrahydroisoquinoline carboxylate residue, had good
MC4R binding affinity (6 nM). Replacing the tetrahydro-
isoquinoline moiety of 2 with isoquinoline gave
compound 47, which had reduced MC4R binding affinity
(96 nM). Reducing the amide linker of the dipeptide
address element found in 2 to the amine yielded 50, which
showed 40 nM binding affinity for MC4R.

All of the compounds listed in Table 2 showed good to
excellent selectivity for MC4R versus MCIR, MC3R,
and MC5R ranging from 10- to 1280-fold (Table 3).

In summary, we have demonstrated that it is possible to
synthesize a variety of address elements containing a basic
nitrogen. Replacement of the N-terminal residue with the
less basic isoquinoline moiety caused an erosion of activ-
ity, which may indicate that the basic center provides a
positive interaction. Interestingly, the amide linker con-
tained in the dipeptide address element of 3 may not be re-
quired for activity as demonstrated by compound 50.
Several pairs of N-terminal enantiomers generated final
compounds with comparable MC4R binding affinity,
which provided the flexibility of using both R and S enan-
tiomers and it may provide more opportunities to change
physicochemical properties of the final compounds. Iden-
tification of these additional address elements, each with
their own unique physicochemical properties, should
facilitate the optimization of our privileged structure
based melanocortin ligands.
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as reported.
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Abstract—Compounds 10a (ICsy 110 pM) and 21 (ICso 40 pM) are the most potent inhibitors of Eimeria tenella cGMP-dependent
protein kinase activity reported to date and are efficacious in the in vivo antiparasitic assay when administered to chickens at 12.5
and 6.25 ppm levels in the feed. However, both compounds are positive in the Ames microbial mutagenesis assay which precludes

them from further development as antiprotozoal agents in the absence of negative lifetime rodent carcinogenicity studies.

© 2006 Elsevier Ltd. All rights reserved.

Human diseases such as malaria and toxoplasmosis are
caused by the Apicomplexan parasites Plasmodium falci-
parum and Toxoplasma gondii, respectively. Coccidiosis
is caused by the related Apicomplexans, the Eimeria spe-
cies of parasites.! The intestinal pathology due to Eime-
ria infections in chickens is of major importance to the
poultry industry, leading to considerable economic loss-
es through morbidity and mortality. Polyether iono-
phore anticoccidials, discovered over thirty years ago,
have been successfully used as prophylactic agents to
combat coccidiosis. However, resistance to these and
other existing anticoccidials has been observed and
new therapeutic agents with novel mechanisms of action
are needed. Recently, we reported on a novel anticocci-
dial agent? with potent in vitro and in vivo activity
against Eimeria parasites. It was determined that inhibi-
tion of parasite growth by these compounds was due to
the inhibition of parasite specific ¢cGMP-dependent

Keywords:  Protein  kinase G; Antiprotozoan; Anticoccidial;
Imidazopyridine.

* Corresponding author. Tel.: +1 732 594 6514; e-mail: Tesfaye_
Biftu@merck.com

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

doi:10.1016/j.bmcl.2006.01.092

protein kinase (PKG), a serine and/or threonine protein
kinase.>*

In this paper, we describe the synthesis and structure—
activity relationships of very potent imidazopyridine
inhibitors of PKG activity, compounds which are more
active than our previously reported pyrrole analogs.’
Inhibition of native Eimeria tenella PKG enzyme activ-
ity was used as an initial screen for compound evalua-
tion. Second, compounds administered orally in feed
were ranked for anticoccidial activity using a seven
day in vivo efficacy model. A quantitative measure of
E. tenella and Eimeria acervulina oocyst shedding from
infected birds served as a measure of antiparasitic activ-
ity. Details of these procedures and rules of scoring have
been described.?

The synthesis of imidazopyridine analogs with various
substituents is outlined in Scheme 1. The ketone 3 was
made by coupling the anion generated from 4-methyl-2-
methylsulfanylpyrimidine 2 and lithium diisopropyla-
mide with methyl 4-fluorobenzoate in tetrahydrofuran.
The bromo ketone 4 was made by brominating ketone 3
with tetra-n-butylammonium tribromide in methylene
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Scheme 1.

chloride. The imidazopyridine 5 was made by cyclization
of bromo ketones 4 with 2-amino-4-hydroxymethylpyri-
dine in refluxing ethanol. The primary alcohol 5 was
easily converted to the mesylate 6 and displaced with
dimethylamine to yield tertiary amine 7. Removal of the

1
S Qf\

10a-f (A =NHR) o
11 (A =0OCH,)

methylthio group with Raney-nickel gave the pyrimidine
9. However, oxidation of 7 with hydrogen peroxide to the
sulfone 8 and displacement of the sulfone with ammonia
gave the amino pyrimidine 10a. Compounds 10b—f and
11, were made in a similar manner.
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A different method of preparing imidazopyridines is
shown in Scheme 2. Oxime 14, made from a-chloro ke-
tone 12, was cyclized with a pyridine analog 15 in the
presence of potassium tert-butoxide to afford imidazo-
pyridine 16. Acylation at the 3-position of 16 with acetic
acid—sulfuric acid yielded 17, which was treated with
DMF-DMA to form enone 18. Finally 18 was reacted
with guanidine and sodium methoxide to afford the core
structure 19. When R’ is 4-CBz protected piperidine,
deprotection of the CBZ group by hydrogenolysis gave
20, which was then alkylated with formaldehyde and
sodium cyanoborohydride to give the desired product

c c Br
/©:\Lo NH,OMe.HCI /@j\/o\ LiBr Sy-O
e _
F F
12 13

21. Analogs 22-24 were made in a similar manner. Con-
version of alcohol 24 to the corresponding mesylate and
displacement with ammonia or methyl amine gave 25
and 26, respectively.

The mutagenesis assays were conducted using a plate
incorporation protocol.>® The mixture containing bac-
terial cells (10%) in 2 mL molten agar, 0.1 mL of test arti-
cle in dimethylsulfoxide, and 0.5 mL cofactor/with or
without S9 mix was poured in triplicate onto plates con-
taining 25 mL of hardened agar. The liver S9 fraction
prepared from phenobarbital and B-naphthoflavone-

F
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Table 1.
R
“\*\“
NN TN
(> )
N
F
Compound7 R Ten_K Dose Et Ea
1Cso (ppm) score score
(nM)
9 H 1.9 25 0 0
10a NH, 12.5 3 3
0.11 625 2 2
10b NHMe 0.17 25 3 3
10c NMe, 2.5 25 0 0
10d NH-#nPr 0.13 12.5 3 3
10e NH-neopentyl 0.15 12.5 3 3
10f NH-Bn 0.081 25 3 3
11 OMe 2.6 25 0 0

induced male Sprague-Dawley rats was present at
50 uL/plate. The plates were incubated at 37 °C for
48 h prior to counting colonies in an automated colony
counter. The number of revertant colonies is given as
mean * standard deviation (n = 3).

The data presented in Table 1 summarize the effect of
substituents in the 2-position of the pyrimidine ring on
PKG activity and in vivo efficacy. Inhibition of PKG en-
zyme activity (the Ten_K assay) is reported as the
amount of compound required to inhibit activity by
50% (ICso—nM). The antiparasitic activity of com-
pounds administered to chickens (parts per million in
feed) against E. tenella (Et) and E. acervulina (Ea) is
graded based on percent oocyst reduction. Treatments

Table 2.
NH,
T
= N R
\ Q
N
E
Compound’ R Ten_K Dose Et Ea

ICso (MM) (ppm) score score

20 »—CN—H 0.05 25 0 0

625 3 3
21 '—CNf 0.04 25 2 2
2 cl 2.7 25 0 0
23 CN 11.3 25 0 0
24 CH,OH 2.7 25 0 0
25 CH,NH, 0.18 25 0 0
26 CH,NHMe  0.15 25 0 0

which provide >80% reduction in oocyst production
are scored with a ‘3°, 50-79% reduction are scored a
2°, and those treatments with <50% reduction are rated
‘0. In general, primary amines 10a and secondary
amines 10b in this position retain PKG activity (110
and 170 pM). By way of comparison, the tertiary amine
10c is an order of magnitude less potent. Since the neo-
pentyl 10e and benzyl 10f amines retain activity, steric
interaction is not very important in this position. How-
ever, hydrogen bonding could be quite important since
the hydrogen analog 9 and the methoxy analog 11 are
over an order of a magnitude less active as PKG inhib-
itors than the primary and secondary amines. As shown
in Table 2, a basic substituent in the 7-position of the
imidazopyridine is very important for PKG activity.

Table 3.
Compound ng/plate Number of revertants/plate Salmonella typhimurium E. coli WP2 uvrA
TA100 TA1535 TA97a TA98 pKMI01
10a 0 188.0 £ 19.7 19.2£4.1 315.8+£29.5 50.2 +8.2 224.0 £ 19.2
30 2233+ 18.6 18.7+3.5 350.7 £ 11.7 1247+ 9.3 233.3£12.6
100 241.7+ 335 19.7£5.1 401.7 £ 10.5 204.3 £ 4.0 265.3 +23.7
300 362.3+£25.1 18.7+2.9 4553 +8.7 353.0 = 42.0 254.3£23.5
1000 473.7 + 344 183+5.1 4950+ 174 573.7 £ 42.9 241.7+12.9
2-Aminoanthracene 1 634.3 £53.3 86.7 £7.1 750.7 £ 40.3 364.0 £ 65.8 4493+ 74
2 1428.0 + 78.0 188.0 + 7.2 1435.0 +51.3 1068.7 + 108.2 1450.0 + 78.6
21 0 1723+ 144 26055 252.1£279 374£6.6 152.8 £12.0
30 215.0+£22.3 23.0£2.0 294.7+£74 54.0+6.0 156.7 £ 4.6
100 2350+ 11.8 21.7£10.6 289.3+14.3 61.3£20.5 168.7 £ 26.0
300 363.0 = 33.8 23.7%3.5 298.0 £ 19.7 677178 162.7 £ 10.6
1000 562.0 = 42.8 23.0+4.0 333.0+£38.2 141.7 £ 38.1 145.0 £ 10.6
2-Aminoanthracene 1 383.7 £ 11.6 62.0 = 6.6 528.0 £53.2 278.0 £ 27.7 411.0 £ 51.2
2 7327423 112.0 £ 20.1 827.7+275 563.7 + 43.7 1122.7 + 37.9

Compounds 10a and 21 are positive in two of the bacterial strains (TA98 and TA100) that comprise the Ames microbial mutagenesis assay. A
twofold or greater increase in the number of revertants relative to the solvent control is considered positive (positive data points are highlighted in
bold font). All assays described in this table were conducted with an S9 protein fraction. Experimental compound 10a (as well as the S9-dependent
positive control 2-aminoanthracene) is not positive in the assay without metabolic activation provided by the S9 fraction, while compound 21 did give
a 2.0- to 2.1-fold increase in the number of revertants at 10-1000 mg/plate in the TA9S strain without S9 (data not included). Both compounds have
antibacterial activity at levels of 3000 and 6000 pg/plate (data not included).
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Substituents such as chlorine 22, cyano 23, or alcohol 24
are much less active as inhibitors of PKG activity than
the amines 20, 21, 25, and 26.

For active PKG inhibitors, the in vivo efficacy is deter-
mined by many factors (including absorption in both
host and parasites) that could be affected by the basicity
and lipophilicity of the compounds. In general, for com-
pounds listed in Tables 1 and 2, the in vivo activity
tracks with the PKG activity fairly well. Potent PKG
inhibitors 10a,b,d—f, and 21 are active in in vivo assays
when administered to birds in feed. The most potent
analogs are 10a and 21. These compounds are active
in feed at a level of 12.5 and 6.25 ppm, respectively.
Commercial coccidiostats such as salinomycin and am-
prol are active at 66 and 130 ppm, respectively. These
imidazopyridines are also active against other protozoan
parasites, including the causative agents of malaria and
toxoplasmosis (manuscripts in preparation). Due to
their potent in vivo anticoccidial activity, both 10a and
21 have been advanced for further evaluation. Unfortu-
nately both compounds are positive in the Ames micro-
bial mutagenesis assay (Table 3). A twofold or greater
increase in the number of revertants is reproducibly seen
for both compounds in two (TA98 and TA100) of the
five standard bacterial strains that comprise the full
Ames assay. Of note, both compounds are positive after
metabolic activation, whereas compound 21 was weakly
positive without S9 activation in the TA9S strain (data
not included). Due to the potential for genotoxicity pre-
dicted by the Ames assay, these compounds will not be
developed for human or animal use in the absence of
negative lifetime rodent carcinogenicity studies.

Novel imidazopyridine analogs were found to be potent
inhibitors of parasite PKG activity. The most potent
compounds are the dimethyl amine 10a and the
N-methyl piperidine 21 analogs. These compounds were

also fully active in in vivo assays as anticoccidial agents
at 6.25 to 12.5 ppm level in feed. However, the potential
genotoxicity of these compounds precludes them from
further development.
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Abstract—Radicicol and geldanamycin are potent inhibitors of the Hsp90 protein folding machinery, which is an emerging target
for the development of cancer chemotherapeutics. However, radicicol is inactive in vivo and geldanamycin suffers from its redox-
active behavior that produces toxicity unrelated to Hsp90 inhibition. It was proposed that a chimeric molecule containing the res-
orcinol ring of radicicol and the quinone of geldanamycin could provide an opportunity to elucidate structure—activity relationships
for both natural products and serve as a starting point for the development of more potent inhibitors. Synthesis of the macrocyclic
chimera named radanamycin is reported along with the biological activity exhibited by this compound in MCF-7 breast cancer cells.

© 2006 Elsevier Ltd. All rights reserved.

The 90 kDa heat shock proteins (Hsp90) represent a
promising target for the development of cancer chemo-
therapeutics as a result of their ability to fold nascent
oncogenic polypeptides into biologically active pro-
teins.!® Not surprisingly, the Hsp90 protein folding
process is dependent upon ATP-hydrolysis to provide
energy for the conformational maturation of nascent
polypeptides.* However, unlike most ATP-binding pro-
teins, Hsp90 binds ATP in a bent conformation that is
very unique and only eukaryotic enzymes MutL and his-
tidine kinase have been shown to bind nucleotides in a
similar manner.> Moreover, two natural products have
been identified as potent inhibitors of the Hsp90-medi-
ated protein folding process and there are currently
more than 20 clinical trials in progress based on
Hsp90-targeted drugs. All of these trials utilize deriva-
tives of geldanamycin (GDA, ICsy =49 nM, Fig. 1),
which has been shown to produce toxicity unrelated to
Hsp90 inhibition.® Another natural product inhibitor
of Hsp90 is radicicol (RDC, ICsq =23 nM), which pro-
duces the most potent inhibitory activity yet identified,
however, it has no activity in vivo because it is rapidly
metabolized into inactive compounds that have little
or no affinity for Hsp90.”

To circumvent problems associated with the natural
product inhibitors of Hsp90, several institutions have

Keywords: Hsp90; Inhibitors; Geldanamycin; Radicicol; Cancer.
* Corresponding author. Tel.: +1 785 864 2288; fax: +1 785 864
5326; e-mail: bblagg@ku.edu

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

doi:10.1016/j.bmcl.2006.01.086

developed small molecule antagonists of the Hsp90
molecular chaperone that are either based upon the pur-
ine skeleton (PU24FCl, ICso = 2 uM),® dihydroxyphenyl
pyrazoles (CCTO018159, ICsy=4.1 uM),° or more
recently novobiocin (ICsy ~ 700 pM).!? In an effort to
develop new Hsp90 inhibitors and to understand struc-
ture—activity relationships for the natural products, we
superimposed the co-crystal structures of GDA and
RDC bound to Hsp90.> As can be seen in Figure 2,
the resorcinol moiety of RDC occupies the same binding
region as the carbamate of GDA. Both of these moieties
provide similar interactions as those observed between
the adenine ring of ADP and Hsp90. In contrast, the
quinone ring of GDA extends toward the protein sur-
face in analogy to the macrocyclic ring and the epoxide
of RDC. Although the entire three-dimensional crystal
structure of Hsp90 has not been determined, experimen-
tal data and individual structures of the N- and middle
domains have supported contact between these two re-
gions, suggesting the region that binds to the quinone
and epoxide may not be solvent exposed.!'"!* To in-
crease interactions of each inhibitor with Hsp90, we pro-
posed that a molecule containing portions of each
natural product should be capable of producing effective
Hsp90 inhibitors that could be modified for increased
potency.

Originally, our proposed inhibitor was designed by com-
paring the co-crystal structure of each natural product
bound to Hsp90. As can be seen in Figure 2, both mol-
ecules adopt a bent conformation upon Hsp90 binding,
which is similar to that of the natural substrate, ADP.>
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Figure 2. Conformations of geldanamycin and radicicol bound to
yeast Hsp90 as well as the chimeric compound, radanamycin (1).

A simple disconnection across the apex of each natural
product, followed by hybridization of the RDC resor-
cinol moiety with the GDA quinone, afforded the
macrocyclic compound. Previously, we reported the

syntheses and inhibitory activities of the open chain chi-
meras of RDC and GDA (radester and radamide)'*'?
and based on their activities proposed that the conform-
ationally constrained macrocyclic analogue would be
more effective as entropic penalties would be minimized.
In this letter, we report the synthesis and evaluation of
radanamycin (1), a macrocyclic chimera of radicicol
and geldanamycin.

Synthesis of radanamycin began by modification of the
procedure used to prepare the seco-derivatives. The
TBS-protected resorcinolic methyl ester 3 was synthe-
sized from ester 2 by previously reported methods
(Scheme 1).'* The silyl groups were removed and the es-
ter dealkylated with the lithium anion of n-propylthiol
to furnish the corresponding acid, 4. DCC-mediated
coupling of the free acid with the MOM-protected pre-
cursor to the quinone ring (5)!° provided the ester prod-
uct 6, in good yield. Subsequent oxidation of the olefin
and conversion to the acid, gave 7 in high yield.

The nitro substituent was reduced without competitive
removal of the protecting groups by brief exposure to
palladium on carbon under hydrogen gas for a limited
time (Scheme 2).'¢ Prolonged exposure to these condi-
tions resulted in the accumulation of several undesired
products.

Macrolactamization was problematic at the onset, but
was finally achieved by treatment of the crude amino
acid 8, with HATU and HOBt to furnish the desired
macrocycle 9, in excellent yield. '"H NMR of 9 provided
evidence for a bent conformation similar to that ob-
served for the natural products bound to Hsp90 by vir-
tue of the upshield shift and anisotropy of several
aliphatic protons. In analogy to the method used for
the construction of the seco-agents, radester and rada-
mide,'#!> the MOM-protecting groups were removed

OMe
1. LiOH
o Ref.15 2.Lis"Pr.
83/oover
HO S OH TBSO OTBS 5 steps
= OMOM
OH DCC,
ol N OMe pmAP
o) S
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HO OH
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Scheme 1. Synthesis of 7.
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Figure 3. Western blot analyses of Her2, Akt, Hsp90, and actin.
Concentrations of radanamycin are listed above each lane in pM.
GDA was used as a positive control at 0.5 uM.

with in situ generated trimethylsilyl iodide to give hydro-
quinone 1.!7

With radanamycin in hand, we sought to determine its
ability to inhibit Hsp90 as determined by the degrada-
tion of Hsp90-dependent client proteins. When 1 was
incubated with MCF-7 breast cancer cells for 24 h, a
dramatic effect on Hsp90-dependent client proteins
(Her2 and Akt) was observed (Fig. 3). These Hsp90-de-
pendent substrates were readily degraded in the presence
of 1-5 uM of radanamycin, which correlated inversely
with Hsp90 levels. Actin is not an Hsp90-dependent sub-
strate and remains unaffected by Hsp90 inhibition,
thereby allowing a suitable control for comparing rela-
tive protein concentrations.

Consistent with the degradation of Hsp90-dependent
substrates, radanamycin exhibited anti-proliferative
activity with an ICsp=1.2+ 0.1 uM (Fig. 4), thereby
linking Hsp90 inhibition directly to the inhibition of cell
growth. The values obtained from these studies compare
well to those of previously identified inhibitors of the
Hsp90 protein folding machinery as noted earlier in this
letter 8-10-13.14

Results from these studies indicate that chimeric
compounds composed of RDC’s resorcinol ring and
GDA’s quinone ring produce potent Hsp90 inhibitors

120 +

% cells

0.01 0.1 1 10 100

Figure 4. Anti-proliferative activity of radanamycin in MCF-7 breast
cancer cells. Concentrations are reported on the x axis in pM.

and further derivatization of these molecules is likely
to afford analogues with increased activity and perhaps,
useful alternatives to the geldanamycin derivatives in
clinical trials. Additional studies with these chimeric spe-
cies are in progress and structure—activity relationships
for these agents will be reported in due course.
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added. The mixture was purged with argon before H, gas
was added. The heterogeneous mixture was stirred for 3 h
and then filtered through a plug of Celite. The eluent was
concentrated and the residue was redissolved in DMF
(10 mL) before slow addition to a mixture of HATU
(137 mg, 0.36 mmol), HOBt (49 mg, 0.36 mmol), and
diisopropyl ethyl amine (0.189 mL, 1.08 mmol) in DMF
(120 mL) over 4 h. Upon addition, the solution was heated
at 70 °C for 15 h. The solvent was removed by distillation
at reduced pressure. EtOAC (20 mL) was added to the
residue and the resulting solution was washed with
saturated aqueous NH4Cl (3x SmL), H,O (5mL), and
saturated aqueous NaCl (5 mL), dried (Na,SO,), filtered,
and concentrated. The residue was purified via chroma-
tography (SiO,, 20% hexanes in EtOAc) to afford 9
(48 mg, 76% yield, 2 steps) as a white solid: 'H NMR
(acetone-ds, 400 MHz) 6 9.73 (s, 1H, -OH), 9.15 (s, 1H,
-OH), 8.22 (s, 1H), 6.97 (s, 1H), 5.52 (m, 1H), 5.18 (dd,
J=6.6,24.1 Hz, 2H), 4.90 (dd, J = 6.6, 24.1 Hz, 2H), 4.06
(s, 3H), 3.53 (s, 3H), 3.48 (s, 3H), 3.19 (dt, J = 4.8,13.3 Hz,
1H,), 3.19 (dd, J=11.5, 13.2 Hz, 1H,), 3.06 (dd, J = 3.1,
13.2Hz, 1H), 2.68 (dt, J=4.0,13.3 Hz, 1H), 2.40 (dt,
J=309,13.1 Hz, 1H), 2.04 (m, 1H), 1.45 (d, J=6.3 Hz,
2H); *C NMR (acetone-ds, 125 MHz) 6 174.3, 168.7,
157.3,156.0, 148.9, 147.6, 147.1, 139.6, 126.9, 126.8, 115.6,
113.4,112.7, 102.4, 100.2, 95.8, 73.0, 60.8, 57.4, 56.0, 36.2,
31.8, 27.3, 20.9; IR (film) vyay 3301, 3119, 2929, 1651,

17.

1597, 1487, 1235, 1129, 1070 cm™'; HRMS (TOF-ES+)
found 626.1475 (M+H™), caled 626.1480 for Cp4HxoCl
NO]().

MOM-protected radanamycin 9 (76 mg, 0.144 mmol) was
dissolved in CH5CN (1.2 mL) and CH,Cl, (1.2 mL) before
Nal (216 mg, 1.44mmol) and TMSCl (0.182mL,
1.44 mmol) were added at rt. Upon addition, the solution
turned cloudy and yellow. After 20 min, a saturated
aqueous solution of Na,S,04 (2 mL) was added to the
mixture and stirred for 10 min. The aqueous phase was
extracted with EtOAc (3x 5mL) and the combined
organic layers were washed with H,O (2x 5 mL), saturated
aqueous NaCl (5mL), dried (Na,SO,), filtered, and
concentrated. The residue was purified via chromatogra-
phy (SiO,, 10% MeOH in CH,Cl,) to afford 1 (53 mg, 84%
yield) as a white solid: '"H NMR (acetone-dg, 400 MHz) &
7.82 (br s, 2H), 6.59 (s, 1H), 6.41 (s, 1H), 5.55 (m, 1H),
3.97 (s, 3H), 3.54 (dt, J=5.4, 13.3 Hz, 1H), 3.27 (dd,
J=11.6, 13.5Hz, 1H), 2.96 (dd, J=3.2, 13.5Hz, 1H),
2.77 (dt, J=3.6, 13.2Hz, 1H), 2.18 (m, 1H), 1.97 (dt,
J=5.4, 11.8 Hz, 1H), 1.41 (d, J = 6.3 Hz, 3H); °C NMR
(acetone-ds, 125 MHz) 6 174.1, 168.8, 158.0, 156.0, 146.8,
145.2,143.0, 139.8, 120.4, 120.0, 114.5, 112.7, 111.9, 102.0,
73.2,59.9, 35.7, 29.3, 27.1, 20.5; IR (film) viuax 3323, 3021,
1643, 1603, 1445, 1380, 1299, 1236, 1170 cm™'; HRMS
(TOF-ES+) found 438.0949 (M+H™), calcd 438.0956 for
C20H21C1 NOg
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Abstract—Natural saponin icogenin, namely 25(S)-22-O-methyl-furost-5-en-3f3,26-dio-3-0-o-L-rhamnopyranosyl-(1 — 2)-[B-D-
glucopyranosyl-(1 — 3)]-B-p-glucopyranoside, and one of its analogues, 25(5)-22-O-methyl-furost-5-en-3p,26-dio-3-0-a-L-rhamno-
pyranosyl-(1 — 2)-[B-p-glucopyranosyl-(1 — 3)]-a-D-glucopyranoside, were first synthesized via line strategy and convergent
approach, respectively. It was observed that icogenin and its analogue show potent antitumor activity in vitro.

© 2006 Elsevier Ltd. All rights reserved.

It was well known that natural products are an excellent
source of chemical structures with a broad range of
promising pharmaceutical properties, including antitu-
mor activity.! Saponins, a group of secondary metabo-
lites presented in a wide variety of plants, have been
opened as a new field of investigation of potential anti-
cancer compounds, for example, OSW-1.?

Icogenin, isolated from Dracaena draco, shows signifi-
cant cytotoxic effect on the growth of HL-60 with an
ICsp of 2.6 £ 0.9 pM.3 In order to further study the anti-
cancer activity of icogenin, icogenin and one designed
analogue were first synthesized.

Icogenin was synthesized from diosgenin via line strate-
gy as shown in Scheme 1. According to the reported
method,* 4 was synthesized in a facile way. Deprotection
of the benzylidene group from 4, followed by the se-
quence of oxidation with oxone and reduction, acetyla-
tion with Zn, KI, and HOAc-Ac,O, the diosgenyl
glycoside was transformed into 16,22-dione 5 within
one-pot. Treatment of 5 with hydrazine acetate in
CH,Cl,, then glycosylation with sugar donor 3° under
the promotion of NIS and a catalytic amount of
TMSOTY, trisaccharide 6 was provided in a yield of
74% over two steps. The reduction of the Ci4-ketone
in compound 6 with NaBH, in i-PrOH was executed,

Keywords: Saponin; Icogenin; Glycosylation; Cytotoxicity.
* Corresponding author. Tel.: +86 10 63165257; fax: +86 10
63017757; e-mail: lei@imm.ac.cn

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

doi:10.1016/j.bmcl.2006.01.074

and the newly generated secondary hydroxyl group cur-
rently cyclized with C;s-ketone to produce the hemiketal
7 in a yield of 42%. Methylation for the C»,—OH of 7 un-
der the condition of reflux in methanol for 36 h, then
deprotection of acetyl groups in the presence of MeO-
Na-MeOH, gave the target compound 1 in a yield of
41%. The spectral data of the synthesized saponin 1 were
identical to those of natural icogenin.?

During synthesis of the analogue of 11, TBDPS has been
used to protect diosgenin at rt by Cheng et al.® to give
the corresponding protected diosgenin. Herein, taking
cheaper TBDMSICl instead of TBDPSICI, the silyl ether
8 was synthesized at 50 °C in a yield of 95% within
15 min (Scheme 2). During the process of transforma-
tion of 8 into 10 in the presence of oxone and NaHCO;,
intermediate 9 was first provided in a yield of 98% with a
3:2 mixture of inseparable diastereomers which was con-
firmed by the data of '"H NMR. Because of the intercon-
version between the opening and closure of the E and F
rings,’” the epoxide hemiketal 10 was also as a mixture of
four compounds. Using Cheng’s method, only a trace of
11 was produced from 10. However, at the condition of
70 °C, 11 was provided in a yield of 65%. In the presence
of CAN, 12 was furnished in a yield of 86%.

In order to get the o isomer of icogenin, one trisaccha-
ride donor 19 was designed and synthesized as described
in Scheme 3. According to the method of Nicolaou,® 13
was selectively masked by TBDMS to give 14, which
was coupled with 15.° and disaccharide 16 was furnished
in a yield of 92%. In the presence of HF—pyridine, 16
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Scheme 1. Synthesis of icogenin (1). Reagents and conditions: (a) NIS-TMSOTT, 4 A MS, CH,Cl,, —15 °C to rt, 94%; (b) 1 mol/L MeONa-MeOH,
reflux, 92%; (c¢) PhnCH(OMe),, DMF, p-TsOH, 75%; (d) i—Ilevulinic acid, DCC, DMAP, CH,Cl,, rt, 73%; ii—NIS-TMSOTT, 4 A MS, CH,Cl,,
—30 °C to rt, 87%; (e) 80% HOAc, 70 °C, 82%; (f) oxone, NaHCO3, CH,Cl,—acetone-H,0, 24 h, rt and then Zn, KI, HOAc-Ac,0, 50 °C, 12 h, 63%;
(g) H,N-NH,-HOAc, CH,Cl,-MeOH, rt, 89%; (h) NIS-TMSOTT, 4 A MS, CH,Cl,, —10 °C to rt, 83%; (i) NaBHy, i-PrOH, rt, 36 h, 42%; (j) MeOH,

reflux, 36 h then 0.1 mol/L MeONa-MeOH, reflux, 12 h, 41%.

was converted into 17 in a yield of 93%. Under the pro-
motion of BF5Et,O, sugar receptor 17 was glycosylated
by donor 18'° to give trisaccharide 19. Because of the
steric hindrance of hydroxyl in 17, the yield of 19 was
51%.

With trisaccharide donor 19 and modified sapogenin 12
efficiently synthesized in hand, their union via an idoni-
um ion promoted glycosylation!! was executed. Treat-
ment of 12 and 19 with NIS-TMSOTf in mild
condition gave the desired trisaccharide saponin 20 in
a yield of 51%. The "H NMR analysis of 20 showed
the signals for the three anomeric protons at é 5.05 (d,
J=3.6Hz, H-1'), 520 (br s H-1”), and 5.52 (d,
J =17.6 Hz, H-1"), respectively. Contrasting these data
to those of diosgenyl 2,3,4-tri-O-benzoyl-o-L-rhamano-
pyranosyl-(1 — 2)-[2,3,4,6-tetra-O-acetyl-B-p-glucopyr-
anosyl-(1 — 3)-4,6-benzylidene-B-p-glucopyranoside'(d
4.68, d, J=28.0 Hz, H-1’), it was concluded that the
bond between the sugar and sapogenin in 20 is a form
of 1,2-cis but 1,2-trans. Treatment with 80% HOAc at
70 °C, then benzoylation, followed by reduction with
NaBH, in i-PrOH, 20 was transformed into hemiketal
21 in an overall yield of 38%. The designed target sapo-

nin 2 was eventually afforded by methoxylation at C,,
position and then deprotection of all of acyl groups in
a yield of 21% (Scheme 4).

The in vitro antitumor activities of the synthesized
icogenin (1) and the designed analogue (2) against
KETR3, PANC-1, PC-3M, H460, HCTS, BEL7402,
BGC-823, and A431 were evaluated by the standard
MTT assay.!> As shown in Table 1, both icogenin (1)
and the synthesized analogue (2) showed a broad spec-
trum of antitumor activities to the chosen cancer cells.
Though these two furostan saponins show potent antitu-
mor activity to PANC-1 with the ICs, values of 0.27 and
0.38 uM, respectively, analogue 2 having an o sugar
moiety was more potent than 1 against H460, BGC-
823 and A431 cell lines (Fig. 1).

In summary, the total synthesis of icogenin and one of
its analogue was carried out using line strategy and high-
ly convergent approach, respectively. The antitumor
activities of these two saponins were evaluated in vitro.
Antitumor activity tests of these compounds demon-
strated that the sugar moiety plays an important
role in the antitumor action. Further studies on the
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Scheme 2. Synthesis of modified saopgenin 12. Reagents and conditions: (a) TBDMSiCl, DMAP, imidazole, DMF, 95%; (b) NaHCOs3, oxone,
CH,Cly-acetone-H,0, 24 h, rt, 65%; (c) Zn, KI, HOAc-Ac,0, 54%; (d) CAN, CH,Cl,-MeOH, 86%.
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Scheme 3. Synthesis of trisaccharide donor (19). Reagents and conditions: (a) TBDMSiCl, DMAP, imidazole, DMF, 81%; (b) BF3-Et,0, CH,Cl,,
4 A MS, 92%; (c) HF—pyridine, THF, 93%; (d) BF5-Et,O, CH,Cl,, 4 A MS, 51%.
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Scheme 4. Synthesis of icogenin analogue 2. Reagents and conditions:
(a) TMSOT({-NIS, CH,Cl,, 4A MS, rt, 51%; (b) i—80% HOAc, 70 °C;
ii—pyridine, BzCl; iii—NaBHy, i-PrOH, 38% overall three steps; (c)
MeOH, reflux, 36 h then 0.1 mol/L MeONa-MeOH, reflux, 12 h, 21%.
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Icogenin: R=0i-L-rhamnopyranosyl-(1—2)-[3-D-glucopyranosyl(1—
3)]-B-D-glucopyranosyl (1);

The designed analogue of icogenin: R=c-L-rhamnopyranosyl-(1—2)-[B-
D-glucopyranosyl(1—3)]-o-D-glucopyranosyl (2);

Figure 1. Icogenin and its designed analogue.

structure—activity relationship of icogenin and its ana-
logue are in progess.
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Further reading

14. Selective data for the key intermediate: compound 5: 'H
NMR (400 MHz, CDCls), 8 5.38 (d, J = 4.8 Hz, 1 H, H-6),
5.29-5.23 (m, 3H, H-1", H-2", H-3"), 5.06 (t, J = 10.0 Hz,
1H, H-4'), 482 (t, J=9.6Hz, 1H, H-4"), 4.50 (d,
J=17.6Hz, 1H, H-1'), 440-4.36 (m, 1H, H-5"), 4.29-
4.24 (dd, J=4.8 Hz, 12.0 Hz, 1H, H-6)), 4.10-4.07 (dd,
J=1.8Hz, 12.0 Hz, 1H, H-6;), 3.94-3.90 (m, 1H, H-5),
3.83-3.77 (m, 1H, H-3'), 3.63-3.56 (m, 3H), 2.12 (s, 3H,
OAc), 2.09 (s, 3H, OAc), 2.04 (s, 3H, OAc), 2.02 (s, 3H,
OAc), 2.01 (s, 3H, OAc), 1.97 (s, 3H, OAc), 1.20 (d,

Table 1. Cytotoxicity activity of icogenin and its designed analogue against tumor cells®®

Compound ICso (WM)

KETR3 PANC-1 PC-3M H460 HCTS BEL7402 BGC-823 A431
1 5.15 0.270 4.35 1.45 0.75 >10 3.44
2 3.78 0.380 2.76 8.16 1.42 0.95 2.52 0.67

#The standard MTT assay was followed.
® All the cell lines come from ATCC.
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J=6.4Hz, 3H, H-6"), 1.06 (d, J = 6.4 Hz, 3H), 1.02 (s,
3H), 0.96 (d, J= 6.8 Hz, 3H), 0.92-0.84 (m, 6H), 0.79 (s,
3H). *C NMR (75 MHz, CDCl5): 217.90, 213.29, 171.27,
170.98, 170.69, 170.15 (2xC), 169.84, 140.38, 121.35,
99.64, 97.37,79.21, 76.30, 71.51, 71.34, 71.14, 69.54, 69.16,
69.00, 66.32, 66.13, 62.43, 51.17, 49.67, 43.32, 41.63, 39.67,
38.54, 38.44, 37.15, 36.78, 2.04, 31.55, 30.89, 29.52, 26.67,
22.77,20.94, 20.89, 20.79, 20.50, 20.12, 19.14, 17.21, 16.78,
15.35, 14.37, 14.08, 12.96, 11.36. ESI-MS: 1014.6
(M+Na)*.

Compound 7 '"H NMR (400 MHz, CDCls), d 8.01-7.30
(m, 20H, OBz), 6.04 (t, J=9.6 Hz, 1H, 1H, H-3"), 5.71
(dd, J=9.9,9.6 Hz, 1H, H-4""), 5.44-5.36 (m, 3H, H-6, H-
1”, H-2"), 5.33-5.29 (dd, J=3.3, 10.5Hz, 1H, H-3"),
5.16-5.04 (m, 2H, H-1", H-2""), 4.86 (t, J=9.9, 9.3 Hz,
IH, H-4"), 4.66-4.61 (dd, J=3.0, 12.3 Hz, 1H, H-6a"),
4.56-4.50 (dd, J = 4.8, 12.3 Hz, 1H, H-6b""), 4.43-4.38 (m,
2H, H-1/, H-5"), 4.25-4.19 (m, 1H), 4.17-4.00 (m, 2H),
3.69 (t, J=8.0 Hz, 1H), 3.48-3.33 (m, 3H), 2.18 (s, 3H,
OAc), 2.08 (s, 3H, OAc), 2.05 (s, 3H, OAc), 2.02 (s, 3H,
OAc), 2.03 (s, 3H, OAc), 1.90 (s, 3H, OAc), 1.23 (s, 3H),
1.08 (d, J=6.0Hz, 3H, H-6"), 1.01 (s, 3H), 0.97 gd,
J=6.6 Hz, 3H), 0.79 (d, J = 2.4 Hz, 3H), 0.78 (s, 3H). °C
NMR (75 MHz, CDCl): 170.84, 170.68, 170.17, 169.95,
169.34, 166.08, 165.44, 165.15, 165.09, 140.19, 133.32,
133.19, 132.99, 129.89, 129.79, 129.70, 129.60, 129.24,
129.08, 128.84, 128.44, 128.33, 128.19, 128.12, 121.96,
109.28, 99.22 (2x C), 96.58, 80.76, 80.23, 78.73, 76.10,
72.75,72.58,72.17,71.32, 71.07, 69.87, 66.76, 68.81, 68.15,
66.83, 66.54, 62.94, 62.43, 62.06, 56.44, 50.02, 41.59, 40.24,
39.70, 38.27, 37.11, 36.87, 32.07, 31.82, 31.39, 30.27, 29.67,
29.46, 28.78, 20.81, 20.75, 20.67, 19.26, 17.12, 16.27, 14.50.
ESI-MS: 1595.8(M+Na)*.

Compound 16: 'H NMR (400 MHz, CDCl5), § 8.07-7.23
(m, 20H, OBz), 5.81 (br s, 1H, H-2'), 5.78 (dd, J =3.2,

9.6 Hz, 1H, H-3'), 5.68 (s, 1H, H-1'), 5.60 (t, J = 10.0 Hz,
1H, H-4"), 5.46 (s, IH, PhCH), 4.93 (m, 1H, H-5), 4.65 (d,
J=9.6 Hz, 1H, H-1), 4.36 (dd, J = 4.4, 10.8 Hz, 1H, H-
6,), 4.10 (t, J = 8.0 Hz, 1H), 3.83 (t, /= 8.0 Hz, 1 H), 3.73
(t, J = 10.0 Hz, 1H), 3.55-3.44 (m, 2H), 2.87-2.80 (m, 2H),
1.40-1.30 (m, 6H, SCH,CHj3, H-6'), 0.65 (br s, 9H, CMe),
—0.01 (2s, 6H, SiMe,). ESI-MS: 910.2 (M+Na)*.
Compound 21: '"H NMR (400 MHz, CDCl;), 6 8.70-6.88
(m, 40H, OBz), 6.70 (dd, J = 2.4, 10.4 Hz, 1H, H-3"), 6.51
(br s, 1H, H-2"), 6.37 (d, J = 8.4 Hz, 1H, H-1""), 6.30 (t,
J=10.0 Hz, 1H, H-4"), 6.13 (t, J=9.2, 8.8 Hz, 1H), 5.99
(t, J=9.6 Hz, 1H), 5.78 (t, J = 9.6 Hz, 1H), 5.72 (br s, 1H,
H-1"), 5.64 (d, J=3.6 Hz, 1H, H-1'), 5.35 (dd, J=9.2,
9.6 Hz, 1H), 5.29 (br s, 1H, H-6), 4.96-4.87 (m, 10H),
4.82-475 (m, 2H), 4.70-4.59 (m, 3H), 4.37-4.34 (dd,
J=3.6,9.6 Hz, 1H), 4.12-4.08 (dd, J = 6.4, 10.8 Hz, 1H),
4.09-3.96 (dd, J = 6.4, 10.8 Hz, 1H), 3.87 (m, 1H), 2.92
(m, 1H), 2.77 (m, 1H), 2.29-2.24 (m, 2H), 2.00 (s, 3H,
COCHs), 1.59 (d, J = 7.0 Hz, 3H), 1.34 (d,J = 6.8 Hz, 3H,
H-6"), 1.09 (s, 3H), 0.95 (s, 3H), 0.92 (d, J = 6.4 Hz, 3H).
13C NMR (400 MHz, CDCl;): 169.60, 165.48, 165.15,
164.99, 164.91, 164.68, 164.57, 164.33, 139.13, 133.65,
133.36, 109.31, 99.41, 98.58, 96.05, 80.84, 79.98, 79.01,
74.43,72.20, 71.01, 70.68, 70.42, 70.14, 68.19, 67.35, 62.60,
55.45,49.06, 39.68, 39.50, 38.77, 35.83, 32.13, 31.31, 30.50,
29.30, 27.75, 27.05, 19.98, 19.56, 18.29, 17.04, 15.86, 15.32,
15.21. ESI-MS:1905 (M+Na+1)*(base).

Compound 2: '*C NMR (100 MHz, pyridine-ds): 140.71,
121.77, 109.22, 105.20, 101.79, 99.91, 81.94, 81.06,
78.46, 78.24, 78.04, 77.70, 77.25, 76.18, 74.93, 74.07,
7272, 7243, 71.14, 69.46, 66.82, 62.84, 62.01, 61.83,
56.58, 50.22, 41.92, 40.41, 39.80, 38.87, 37.44, 37.08,
32.26, 32.19, 31.79, 31.64, 30.57, 30.10, 29.96, 29.23,
21.06, 19.36, 18.64, 17.31, 16.31, 15.03. ESI-MS: 907
(M+Na—MeOH)".
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Low molecular weight indole fragments as IMPDH inhibitors
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Abstract—The study of non-oxazole containing indole fragments as inhibitors of inosine monophosphate dehydrogenase (IMPDH)
is described. The synthesis and in vitro inhibitory values for IMPDH II are discussed.

© 2006 Elsevier Ltd. All rights reserved.

Proliferation of T and B lymphocytes is dependent on
access to a large cellular pool of guanine nucleotides.
Within the de novo purine biosynthetic pathway a key
rate-limiting step is oxidation of inosine-5'-monophos-
phate to xanthosine-5’-monophosphate by the NAD-de-
pendent enzyme inosine monophosphate dehydrogenase
(IMPDH).! Two isoforms of the enzyme have been iden-
tified and designated type I and type I1.2 Of these it is
IMPDH type II that is upregulated in actively prolifer-
ating cell types.>* As a consequence inhibition of
IMPDH II has become an attractive immunology target
for the treatment of transplant rejection, psoriasis, sys-
temic lupus erythematosus and rheumatoid arthritis.”

Mycophenolic acid (MPA) is a potent uncompetitive
reversible inhibitor of both IMPDH I and II, which
has been approved for clinical utility in transplant rejec-
tion in the form of Cellcept® or mycophenolate mofetil
(MMF), an ester prodrug of MPA.®

Despite clinical efficacy of Cellcept® its use in other dis-
ease end points is compromised by dose-limiting gastro-
intestinal (GI) side effects and efforts have focused on
discovery of new IMPDH inhibitors with an improved
therapeutic window.” Towards this end Vertex and
BMS have reported N-[3-methoxy-4-(5-oxazolyl)phen-
yl-containing compounds, VX497% and BMS-337197°
as potent IMPDH II inhibitors.

Keywords: IMPDH; Inosine monophosphate dehydrogenase;
Fragment.
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From protein/inhibitor crystallographic studies a
binding model for VX497 complexed to IMPDH II
has been reported.® Key interactions include forma-
tion of H-bonds between the NH of Gly 326 and
the oxazole moiety, and carboxylate of Asp 274 with
the urea NH’s. In addition, favourable hydrophobic
interactions result from binding of the methoxy in a
pocket defined by the side chains of Asn 303 and
Arg 332, and m-stacking of the phenyl oxazole with
the bound nucleotide precursor. Based on this similar
binding interactions have been suggested for BMS-
337197 and used in the design of new IMPDH II
inhibitors.'°

H
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We have disclosed two new classes of oxazole-contain-
ing IMPDH II inhibitors.!"!? Further detailed investi-
gation of these series revealed the oxazole moiety as a
potential source of reactive metabolites. Recently, a
number of non-oxazole nitrile containing inhibitors
have been reported in VX148'3 and indole 1.'# This
report describes our preliminary efforts to discover
non-oxazole containing IMPDH II inhibitors using a
fragment optimisation approach.

H
‘Y, N\[I/O(\CN
RSNk
MeO N™ N
H H

VX-148

NC

<\/I j N7\
N N/l}\@ 1
/ H

In a fragment study, commercially available 3-cyanoin-
dole (2) has been reported to inhibit IMPDH II at
approximately 30 uM.'> GOLD'® docking of 2 using
an in-house crystal structure of IMPDH II was under-
taken to define potential binding modes. Interestingly,
the best fit predicts the indole NH forming a H-bond
to Asp 274 with the nitrile potentially forming a hydro-
gen bond with Gly 326 (Fig. 1).

To further explore this concept with a view to improv-
ing the potency of 2 for IMPDH 11, a series of indole
fragments containing hydrogen bond acceptor groups
at the 3-position were synthesised as described in
Schemes 1-4 or obtained from commercial sources.
A number of fragments substituted on the indole core
were also prepared, to establish precise structural
requirements and to assess potential sites for further
elaboration.

3-Formylindole (3) was commercially available. The 3-
carbamoyl derivative 4 was prepared directly from 2,
by reaction with hydrogen peroxide and sodium hydrox-
ide in methanol. A series of heteroaromatic derivatives
were also prepared. The 4-pyridyl indole 5 was synthe-
sised by dehydrogenation of a commercially available
precursor (Scheme 1). 1-Phenylsulfonylindol-3-yl boron-
ic acid was reacted with aromatic bromides to prepare,

Figure 1. Indole 2 docked into IMPDH II, with potential H-bonds.

N=<

H
N
%@H\
a
J
N
H

Scheme 1. Reagents and condition: (a) 1,1-Diphenylethylene, Pd/C,
250 °C (30%).

TZ NN\

5

HO\B’OH R!
O O
N N
0=8:0 H
Ph 6,7

Scheme 2. Reagents and condition: (a) R'-Br, Pd(PPhy),, Na,COs;,
DME, H,0, microwave, 120-150 °C (74-81%); (b) NaOH, dioxane,
reflux; or KOH, MeOH, reflux (86%).

Br
a, b 3
R%\/@RS 22, R R
N N
H 0:5=0
Ph

Ao — | ©
R3=NO
R3=NH§ : d

0:8:0 g
Ph
Jf S
O\Bo
R1 h, f
R J R® R 4 .
N N R
H 0=8=0
8-14 ph NI

Scheme 3. Reagents and conditions: (a) N-Bromosuccinimide, DCM,
rt (77-93%); (b) PhSO,CIl, TBAB, NaOH, toluene, H,O; or NaH,
THF; then PhSO,CI (84-100%); (c) LDA, THF, —40 °C; then Mel,
—40°C to —20 °C; (d) SnCl,, EtOH, H,0, reflux (37-83%); (e) R!-
B(OH),, Pd(PPh;3);, Na,CO;, DME, H,O, microwave, 120-150 °C
(75-90%); (f) NaOH, dioxane, reflux; or, KOH, MeOH, reflux (12—
86%); (g) bis(pinacolato)diboron, Pd(dppf)Cl,, KOAc, DME, 80 °C
(or THF, microwave, 150 °C) (46%); (h) R'-Br or R!-Cl, Pd(PPhs)s,
Na,CO;, DME, H,O, microwave, 120-150 °C (51-90%).

after basic hydrolysis of the indole protecting group, in-
doles 6 and 7 (Scheme 2). Using similar chemistry, a set
of related derivatives, additionally substituted on the in-
dole core, were prepared starting from 6- and 7-nitroin-
dole and 2-methylindole, (Scheme 3). The key step
employed either Suzuki reaction of bromoindoles I with
heteroaromatic boronic acids in the synthesis of 8, 10, 12
and 14, or Suzuki reaction of the pinacolboronate ester
II with heteroaromatic bromides (or chloride towards
11) in the synthesis of 9, 11 and 13. The 2-methyl group
of 14 was successfully introduced by deprotonation of
the bromo nitroindole I followed by methyl iodide
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Scheme 4. Reagents and conditions: (a) I, KOH, DMF, rt (quant.);
(b) NaH, THF; then PhSO,Cl (85%); (c) pyridin-4-ylboronic acid,
Pd(PPh;),, K3PO4, DME, H,O0, 80 °C (87%); (d) KOH, MeOH, reflux
(74%).

quench. In a variant of the above, 6-bromoindole was
iodinated at the 3-position, allowing for the chemoselec-
tive Suzuki reaction towards pyridylindole 15 (Scheme
4). Indoles 2, 7 and 15 were N-methylated by treatment
with potassium hydroxide and methyl iodide in acetone
at room temperature to provide indoles 16, 19 and 20,
respectively. 3-Formyl-1-methylindole (17) was com-
mercially available, and amide 18 was prepared from
the nitrile 16 as in the synthesis of 4 above.

The in vitro potencies are shown in Table 1. The first
observation is the sensitivity to variations of the cyano
group for other small H-bond accepting groups, the
aldehyde 3 conferring similar potency, while the primary
amide 4 was inactive. A number of heteroaromatic
replacements of the nitrile also showed activity, such

Table 1. SAR of indoles

as pyridine 5 and the five-membered furan 7, thiophene
8 and thiazole 9. With an ICsy of 1.15 pM, pyridine 5
demonstrated a significant improvement over 2. The
affinity was very sensitive to the position of heteroatom
in the pendant heterocycles, for example, the pyrid-3-
ylindole 6 was inactive, illustrating the importance of
this interaction with the enzyme. In the case of the 3-
(pyrid-4-yl)indoles, simple substitution was tolerated at
the indole 6- and 7-position (see 10, 12 and 15), with a
slight increase in affinity. Methylation at the 2-position
in 13 also gave an improvement in activity
(ICs0 = 343 nM), however, these benefits were not addi-
tive (compare 14 with 10 and 13). Substitution on the
pyridine, however, did not appear to be tolerated (com-
pare 11 and 10).

Indole nitrogen methylation had a dramatic effect on the
observed affinities of the fragments. Potency of the cya-
no and formylindoles was increased 3-fold on N-methyl-
ation (compare 16 and 17 with 2 and 3, respectively).
With five-membered heterocycles, illustrated with the
furan 19, potency was largely unaffected, but in the case
of 4-pyridylindoles, N-methylation reduced activity at
least 100-fold (compare 20 and 15).

We were interested in establishing whether our small
fragments were actually binding at the IMPDH active
site, rather than exerting their effects through an alloste-
ric interaction. Classical steady-state kinetic analysis
with the most potent fragment, pyridylindole 13, dem-
onstrated uncompetitive inhibition with respect to
NAD and IMP, analogous to the behaviour of MPA
and VX497,2 supporting binding at the active site at

R
7 R®
N
R?

Compound R! R? R? IMPDH II ICs,!7 (uM)

2 CN H H 20.9

3 CHO H H 22.7

4 CONH, H H IA*

5 Pyrid-4-yl H H 1.15

6 Pyrid-3-yl H H 1A

7 Furan-3-yl H H 5.84

8 Thiophen-3-yl H 6-NH, 2.32

9 Thiazol-5-yl H 6-NH, 27.9
10 Pyrid-4-yl H 6-NH, 0.637
11 2-Me-pyrid-4-yl H 6-NH, 1A*
12 Pyrid-4-yl H 7-NH, 0.524
13 Pyrid-4-yl H 2-Me 0.343
14 Pyrid-4-yl H 2-Me-6-NH, 0.419
15 Pyrid-4-yl H 6-Br 0.408
16 CN Me H 7.66
17 CHO Me H 6.84
18 CONH, Me H 50% at 50 pM
19 Furan-3-yl Me H 6.21
20 Pyrid-4-yl Me 6-Br 62% at 50 uM
21 — — — 8.20

# Inactive at 50 pM.
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Asp274

Figure 2. Docking of 16 (left) and 5 (right) in IMPDH II.

the same point in the enzymatic path as these known
inhibitors.

Further docking studies were performed to understand
the observed SAR, comparing the cyanoindoles 2 and
16 and looking at the pyridylindole 5. The results from
the docking of 2 and 16 suggest two different binding
modes: although a H-bond between cyano and the NH
of Gly 326 is a common feature, in the case of N-methy-
lindole 16 the loss of a H-bond to Asp 274, as suggested
for 2, is compensated by placing the methyl group in the
same hydrophobic region as the methoxy group of
VX497 (Figs. 1 and 2).

In the case of pyridylindole 5, H-bonds between both
the indole NH to Asp 274 and pyridine N to Gly 326
can be realized and a good contact with the active site
achieved, and it might be that this fragment can reach
a more favourable geometry than 2, resulting in the in-
creased potency observed (Fig. 2). Docking also predicts
the inactivity of an N-methyl-3-pyrid-4-ylindole, which
would result in a steric clash in the active site. Docking
studies also suggested the methyl group of 2-methylin-
dole 13 may be able to access the hydrophobic region
without disrupting the two H-bonds, which could ac-
count for the further increase in potency seen. Addition-
ally, this methyl substitution would affect the torsion
angle between pyridine and indole.

The most active fragments described here compare
favourably with 3-methoxy-4-(oxazol-5-yl)aniline (21)
from VX497 and BMS-337197 (ICso=8.2 uM). The
implications of the proposed binding modes are that
with the NH indoles, such as 2 and 5, a greater variety
of groups could be added to the carbocyclic ring without
the need for a H-bond donor to interact with Asp 274,
whereas with the N-methylindoles, such as 16, this
requirement still remains.

In conclusion, our fragment-based approach has deliv-
ered sub-micromolar, low molecular weight indole
inhibitors of IMPDH II, with a platform to develop into
new classes of IMPDH inhibitors. Our efforts to elabo-
rate these hits further are described in the following

paper.
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Abstract—Strictosidine synthase catalyzes a Pictet—Spengler reaction in the first step in the biosynthesis of terpene indole alkaloids
to generate strictosidine. The substrate requirements for strictosidine synthase are systematically and quantitatively examined and
the enzymatically generated compounds are processed by the second enzyme in this biosynthetic pathway.

© 2006 Elsevier Ltd. All rights reserved.

The terpene indole alkaloids are a structurally complex
class of alkaloids used for a variety of medicinal purpos-
es such as anti-cancer and anti-hypertensive agents.' In
the first committed step of the terpene indole alkaloid
biosynthetic pathway, tryptamine (1) and secologanin
(2) react to form strictosidine (3) by the enzyme strictos-
idine synthase through a stereoselective Pictet—Spengler
condensation (Scheme 1).>7 Strictosidine is further
modified by strictosidine glucosidase to yield an inter-
mediate that rearranges in vitro to form cathenamine
(Scheme 1).%7

Strictosidine synthase was first isolated thirty years ago,
and the enzyme has been cloned, heterologously ex-
pressed,>>#15 and structural analysis of this enzyme is
in progress.'® Although these biosynthetic enzymes
may provide an opportunity for production of novel
alkaloid derivatives, a firm understanding of the param-
eters involved in substrate recognition is needed to take
advantage of this complex pathway. A systematic and
quantitative analysis of strictosidine synthase substrate
specificity was therefore initiated.

Enzyme activity of strictosidine synthase (Catharanthus
roseus) was measured by HPLC, in which the amine
starting material disappearance and product formation
were monitored by UV. K, and k,, values were calcu-
lated for a selection of the most active amine substrates
using strictosidine synthase expressed in Escherichia coli.
This selection of substrates yielded a 40-fold variation in

Keywords: Alkaloids; Biosynthesis; Enzyme catalysis; Glycosidase;
Pictet-Spengler.

* Corresponding author. Tel.: +1 617 324 0180; fax: +1 617 324
0505; e-mail: soc@mit.edu
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Scheme 1. First committed steps of terpene indole alkaloid
biosynthesis.

kear and over 100-fold variation in K,,. In all cases, prod-
uct formation was assessed by the appearance of a new
peak on an HPLC chromatogram that co-eluted with a
chemically synthesized (mixture of diasterecomers) stan-
dard and displayed the correct molecular weight by
ESI mass spectrometry.'” Non-enzymatic reactions were
not observed during these assays, which were conducted
at neutral pH and micromolar to low millimolar sub-
strate concentrations.

Amine substrate specificity.'® Notably, strictosidine syn-
thase could synthesize alternative heterocyclic deriva-
tives, utilizing both the 3-(2-aminoethyl)-benzofuran
(4) and benzothiophene (5) analogs, though at a dimin-
ished rate relative to the tryptamine 1 substrate.
Although the low activity of the thiophene substrate
precluded a quantitative comparison of 4 and 5, the
rate of reaction of benzothiophene 5 is significantly
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slower than that of benzofuran 4. The benzofuran 4
exhibits a K, value close to that of tryptamine, but dis-
plays a significantly reduced k.., suggesting that the
electron-deficient nature of the benzofuran ring slows
catalysis (Table 2). N-Methyl tryptamine 6 (Table 1)
is not a competent substrate, suggesting that the en-
zyme tolerates only small steric perturbations at the in-
dole nitrogen.

To further explore the effect of electron density on catal-
ysis, the indole ring was substituted with electron-with-
drawing substituents (fluoro = F) at each of the indole
ring positions (Tables 1 and 2). Substitution with a flu-
oro moiety results in a decrease in k., in each case,
again suggesting that the enzymatic reaction is inherent-
ly dependent on the electron density of the amine sub-
strate. Although the k., /K,, ratios for all fluorinated
derivatives 7-10 are comparable, the K, for 4-fluoro-
substituted tryptamine 7 is approximately 3- to 5-fold
higher than the K, value for the other fluorinated deriv-
atives. However, the k., for the 4-fluoro derivative is
also significantly higher than those of the other fluoro-
tryptamine substrates, particularly those of the 5- and
6-fluoro derivatives (substrates 8 and 9). Interestingly,
the rate of the chemically catalyzed Pictet—Spengler
reaction between 4- or 7-fluorotryptamine (compounds
7 or 10) and secologanin 2 is significantly slower than
that of the same reaction with 6- or 5-fluorotryptamine
(compounds 8 or 9) (data not shown). Clearly, the posi-
tion of the electron-withdrawing group on the indole
ring has a significant effect on enzymatic catalysis, and
future experiments are directed at deciphering the rea-
sons behind this observation.

Early qualitative studies with several tryptamine deriva-
tives indicated that limited substitution on the indole
ring was tolerated.? To systematically quantify the effect
of indole ring substitution on K, and k,, each position
of the indole ring was substituted with a methyl group
(compounds 11-14, Table 1) and the kinetic parameters
of active substrates were measured (Table 2). Reactivity
of substrates with methyl substitutions in the 4 (com-
pound 11) and 7 (compound 14) indole positions was ac-
tive, while substrates with substitutions at the 5
(compound 12) and 6 (compound 13) positions (Tables
1 and 2) were not active (Fig. 1). The K, for the 4-
substituted tryptamine analog 11 was approximately 2-
fold lower than the K, for 7-substituted compound
14, while substrates with methyl moieties in the 5 and
6 positions—compounds 12 and 13—were completely
inactive. Substitution with a hydroxyl group in the
5 position (compound 15, Tables 1 and 2) did yield an
active substrate, though the K, was the highest mea-
sured in this series—a 60-fold increase compared to
the native substrate tryptamine. Therefore, strictosidine
synthase does not readily tolerate substitution at
positions 5 and 6 of tryptamine and is most tolerant
of substitutions at positions 4 and 7 (Fig. 1).

The 2-pyrrole-3-ethylamine analog (16) along with the
isosteric histamine (17) were not turned over by strictos-
idine synthase, indicating that the benzyl moiety is abso-
lutely required for recognition by the enzyme (Table 1).

Table 1. Substrates tested with strictosidine synthase

Unnatural substrate

s

Strictosidine analog

4X=
5X=
MeO,C
Q—\f\\NHZ No reaction
N
Me 6
R3 4R4
5
RO \\ NH.
7 N 7R4=F;R5 R6,R7=H
R’ H 8R5FR4 R6, R7 =H
9 R6=F; R4, R5, R7 =H
1

0R7FR4R5 R6 =H

; 11 R4 =Me; R7 = H

14 R7 =Me; R4 =
MeO,C
»Q—f\\ No reaction
12 R5 = Me; R6 =

13 R6=Me; R5 = H

HO,
;Y ; \E NH,
N
y 15

HO.

MeO,C
x{\\
NH .
& 3 ’ No reaction
N 16x=CH
17X=N
“NH,
N 18n= No reaction
N 19n=3
H
N
H 20
MeO,C
Mz No reaction
N
N2t
R
H_O ~
.0-Gle No reaction
O 22 R = tbutyl

X
MeO,C 23 R = butyl

H_O _
~O-Glc
0 O 24 R=ethyl
R X 25 R = alyl
o)

It was previously established that tryptophan, phenyl-
ethylamine, and tyramine are not accepted by strictosi-
dine synthase,” and since pyrrole substrates are also
not tolerated, we conclude that the basic indole
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framework is required for recognition by this enzyme.
Interestingly, the only other sequenced ‘Pictet—-Spengler-
ase’ (norcoclaurine synthase), which utilizes tyrosine
derived amine and aldehyde substrates, exhibits no
sequence homology to strictosidine synthase.'’

Strictosidine synthase proved to have stringent require-
ments for the side chain of tryptamine, as evidenced
by the lack of turnover exhibited by 3-methylamine-in-
dole (18) and 3-propylamine-indole (19) (Table 1).2°
However, 2-(1-methyl)-ethylaminoindole (%-o-methyl-
tryptamine, 20, Table 1) yielded a small amount of prod-
uct. No product formation was observed with the
bulkier a-di-methyltryptamine (21) (Table 1).

Aldehyde substrate specificity.?' To investigate the alde-
hyde substrate specificity of strictosidine synthase, two
of the key functional groups of the secologanin substrate
were modified and then utilized in enzyme assays.
A streamlined gram-scale isolation protocol of secolog-
anin from a local source of Lonicera tatarica enabled a
semisynthetic approach to yield secologanin deriva-
tives.??> Olefin cross-metathesis was used to introduce a
variety of alkyl groups at the vinyl position of secologa-
nin (i.e., compounds 22 and 23, Table 1). However,
these bulkier groups at the vinyl position completely
prevented turnover by strictosidine synthase (Table 1).
In contrast, trans-esterification at the methyl ester with
larger alkyl groups (compounds 24 and 25) gave sub-
strates that were turned over by the enzyme to yield
the corresponding strictosidine analogs, suggesting that
this is a more promising position for derivatization.

While these results suggest that strictosidine synthase
can produce a range of strictosidine analogs, it remained
to be established whether these intermediates can be
processed by the downstream terpene indole alkaloid
machinery to produce novel, biologically active
alkaloids. In the next step of the pathway, a dedicated
glucosidase hydrolyzes the glycosidic linkage of strictos-
idine which rearranges in vitro to form cathenamine
(Scheme 1).%723 Therefore, the first two enzymes con-
struct the basic 5-ring framework of the corynanthe
alkaloids. The corynanthe framework is an important
pharmaceutical scaffold,>*2¢ and derivatization of these
molecules with substitutions on the indole or secologa-
nin moieties may result in interesting new compounds
with useful biological properties.

Table 2. Kinetic parameters for the most highly active amine
strictosidine synthase substrates

Substrate K (M) ke (min™h) keadd Ky M™s™h
1 74 0.9 2030
4 7.7 0.023 50
7 42 0.35 139
8 7.1 0.043 101
9 8.9 0.056 105
10 13 0.11 141
11 80 0.19 40
14 198 0.29 24
15 1200 0.096 1.3

kear and K, were measured using a purified E. coli preparation of
strictosidine synthase.

/ . H O ~
0O-Glc

N
-0

/ ?( RO,C

Figure 1. Solid arrows highlight the positions most amenable to
substitution in the tryptamine and secologanin substrates for strictos-
idine synthase. Dashed arrows indicate positions for which compar-
atively weaker activity was observed.

All enzymatically generated strictosidine derivatives
(Table 1) were incubated with the second enzyme of
the pathway, strictosidine-B-glucosidase (C. roseus).
The disappearance of the strictosidine derivative (start-
ing material) peak by HPLC demonstrated that each
of the strictosidine derivatives was processed by strictos-
idine glucosidase. Additionally, when the 4-fluoro and
4-methyltryptamine substrates (compounds 7 and 11)
were incubated in the presence of secologanin 2 with
both enzymes, products correlating to the molecular
weight of cathenamine analogs were observed when ana-
lyzed by mass spectroscopy; cathenamine is the predict-
ed product of this deglycosylation reaction with
tryptamine and secologanin.?” While our data are con-
sistent with the formation of cathenamine analogs as is
reported in the literature,® isolation and spectroscopic
characterization of these deglycosylated strictosidine
analogs will provide further structural confirmation.
These results suggest that the substrate specificities of
strictosidine synthase and glucosidase are sufficiently
complementary to work in tandem to produce a variety
of terpene indole alkaloid intermediate analogs.

This study systematically and quantitatively probes the
substrate scope of the indole amine substrate for the first
committed step of the terpene indole alkaloid pathway.
This enzyme catalyzes a Pictet—Spengler condensation,
which, although widely utilized in alkaloid biosynthetic
pathways, remains a largely unexplored enzymatic reac-
tion. Semisynthetic efforts have also yielded secologanin
derivatives that are turned over by strictosidine syn-
thase. The dedicated glucosidase for this pathway is able
to turnover strictosidine analogs generated by strictosi-
dine synthase, suggesting that strictosidine synthase
and strictosidine glucosidase can work in concert to
utilize ‘unnatural’ substrates to generate analogs of
alkaloid intermediates.
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Abstract—Bradykinin (BK) is involved in a wide variety of pathophysiological processes. Potent BK peptide antagonists can be
developed introducing constrained unnatural amino acids, necessary to force the secondary structure of the molecule. In this paper,
we report a structure—activity relationship study of two peptide analogues of the potent B2 antagonist HOE 140 by replacing the
D-Tic-Oic dipeptide with conformationally constrained dipeptide mimetic B-turn inducers.

© 2006 Elsevier Ltd. All rights reserved.

Bradykinin (I, BK, Table 1) is an endogenous linear
nonapeptide generated by the proteolytic action of kal-
likreins on high molecular weight kininogen.! BK is in-
volved in a wide variety of pathophysiological processes,
such as pain, hyperalgesia, and inflammation.? Its bio-
logical activity is mediated by two subtypes of specific
G-protein-coupled receptors (GPCRs) termed Bl and
B2, which are expressed in many tissues. Because of its
remarkable activities, BK has been deeply studied, and
a lot of efforts were aimed at the development of thera-
peutic agents as competitive antagonists.

One of the most active peptide antagonists is HOE 140
(II, Icatibant, Table 1).*> The C-terminal hydrophobic
amino acids in HOE 140 play an important role for its
binding interaction to the B2 receptor. Historically,
more potent BK antagonists were developed by intro-
ducing bulky hydrophobic unnatural amino acids at
the C-terminus, forcing the resulting peptide in a B-turn
motif. In fact, it was hypothesized that the D-Tic’-Oic®

Keywords: Bradykinin; Antagonist; Constrained amino acid; f-Turn

inducer.
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Table 1. Peptide sequences of BK (I), HOE 140 (II), and of the HOE
140 analogues III and IV, respectively, containing at positions 7-8 the
dipeptide isosters 1a and 1b

Peptide sequence

1 H-Arg'-Pro®-Pro*-Gly*-Phe’-Ser®-Pro’-Phe®-Arg’-OH

II  H-pArg’Arg'-Pro*-Hyp’-Gly*-Thi>-Ser®-pTic’-Oic®-Arg’-OH
I H-pArg’-Arg!-Pro*-Hyp>-Gly*-Thi>-Ser®-1a”3-Arg’-OH

IV H-pArg’-Arg'-Pro*-Hyp’-Gly*-Thi>-Ser®-1b"3-Arg’-OH

dipeptide at the C-terminus in HOE 140 is crucial for
antagonist activity because of its B-turn conformation.*

Essential for the activity of HOE 140 is a pseudocyclic
conformation® involving a BII’-turn (positions 6-9)
and a BII-turn (positions 2-5) cross-linked by an addi-
tional hydrogen bond between the amide hydrogen of
Gly* and the carbonyl oxygen of D-Tic’.

Martinez et al.® reported that substitution of the D-Tic’-
Oic® dipeptide in HOE 140 with constrained mimetics
induced a potent B2 receptor agonist activity. More-
over, further modifications resulted in potent and selec-
tive BI antagonist activity.”

In order to increase structure—activity relationship data
of BK antagonists for the B2 receptor binding, we inves-
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1a

Figure 1. Structure of the dipeptide isosters 1a and 1b introduced at
positions 7-8 in HOE 140 as B-turn inducers.

tigated the biological activity of the HOE 140 analogues
III and IV (Table 1), in which the unnatural D-Tic’-Oic®
dipeptide is replaced by the constrained mimetics 1a and
1b, respectively (Fig. 1).

The design of the proline-derived structures 1a and 1b
was based on molecular mechanics calculations aimed
at evaluating: (a) propensity to induce a reverse turn;
(b) the effect of the configuration of the quaternary
stereocenter adjacent to the carbonyl group of the 7-
membered lactam ring; (c¢) the extent of similarity be-
tween the minimum energy conformations of 1a,b and
the D-Tic-Oic fragment of HOE 140. The 5-membered
spirocycle linked to proline should mimic the hydropho-
bic cyclohexyl moiety present in Oic. Molecular mechan-
ics calculations clearly indicated that the dipeptide
mimetic 1a could fulfill all the requirements described
above.® The epimeric compound 1b showed to be much
less effective in inducing turn-like conformations.

The solid-phase synthesis of peptides III and IV, follow-
ing the Fmoc/z-Bu strategy, required orthogonal protec-
tion of the dipeptide isomers 1a and 1b (Scheme 1). The
preparation of the methyl ester of the two dipeptide
mimetics 2a and 2b was performed as previously de-
scribed.® After saponification with LiOH of the methyl
esters 2a or 2b,” we obtained 3a (90%) and 3b (96%),
respectively. Protection of the amino function with
Fmoc-OSu in dioxane yielded 4a (74%) and 4b (82%).1°

The Fmoc-protected dipeptide mimetics 4a and 4b were
then used in the solid-phase peptide synthesis (SPPS) of
the two HOE 140 peptide analogues III and IV.'! The
Fmoc/t-Bu SPPSs were performed on the functionalized
Fmoc-Arg(Pbf)-Wang resin in a manual batch synthe-
sizer. Fmoc deprotection was obtained using 20% piper-
idine in DMF (2x 15 min). For each coupling step, the
resin was treated for 1 h with a solution of the Fmoc-
protected amino acid (4 equiv) in the presence of TBTU

Table 2. HPLC and ESIMS data for peptides III and IV
Peptide HPLC? (R) ESIMS®(mi/z)
I 7.7 min (25-65% B in 15 min) 1332.6 (1332.4)
v 10.6 min (20-60% B in 20 min) 1332.6 (1332.4)

#RP-HPLC: Phenomenex Aqua C18 column (150 x 2.0 mm), flow rate
200 pL/min, solvent system A: 0.1% TFA in H,0, B: 0.1% TFA in
CH;CN.

®Found and determined as [M+H]".

(4 equiv), HOBt (4 equiv), and NMM (8 equiv) in DMF.
Couplings were checked by the Kaiser test'? and a dou-
ble treatment of the amino acid was performed after a
positive test. The two dipeptide isomers 3a and 3b were
coupled as standard Fmoc-amino acids. After acidic
cleavage from the resin, the crude peptides III and IV
were purified by RP-HPLC and then characterized by
LC-ESIMS (Table 2).

Homologous and heterologous competition binding
curves'? for BK and for the peptides III and IV were
performed in membrane preparations from CHO cells
stably transfected with the human kinin B2 receptor
(Fig. 2, Table 3).

R=

R R
..§ 100 i ‘81!:' Feg. oMl pki7.00
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P= o BK pKi95
o
@ 50
S \ \ \
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log M [ligand]

Figure 2. Competition binding curves for BK, peptide III, and peptide
Iv.

Table 3. B2 receptor binding affinity and antagonist activity data for
the HOE 140 peptide analogues III and IV

Peptide hB2 (pKj)) B2 bioassay (pA2)
I 7.0 5.6

v 5.5 <5

HOE 140 10.6* 9.55

% As previously determined in Ref. 14.

Scheme 1. Synthesis of the dipeptide mimetics 4a and 4b protected for the Fmoc/z-Bu SPPS. Reagents and conditions: (i) LiOH, 56 °C; (ii) Fmoc-
OSu, 25 °C.

N —_— N
* COOMe * cO * COOH
Ph Ph OH Ph— (6]
NH,© NH, NH
Fmoc’
2a (*R) 3a (*R) 4a(*R)
2b (*S) 3b (*S) 4b (*S)
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Moreover, the peptides III and IV were tested as
antagonists in comparison with HOE 140, blocking
the BK induced concentration-dependent contractions
of the longitudinal smooth muscle of guinea pig ile-
um'4 (Table 3).

None of the peptides produced agonist effect, up to
10 uM concentration. Concentration—response curve to
BK could be significantly antagonized (rightward shift-
ed) only at the highest antagonist concentration tested
(10 uM), and the antagonist affinity was calculated as
pA2 value of 5.6 and <5 for IIl and IV, respectively
(Table 3). As expected by the molecular modeling
studies, III gave better results than IV in terms of
binding affinity to the B2 receptor, but both peptides
showed a decreased antagonist activity and binding
affinity for the B2 receptor, compared to HOE 140.

A detailed NMR investigation was undertaken in order
to correlate the biological activity profile of peptides IIT
and IV with their structural features. The solution con-
formational analysis was done in SDS micellar environ-
ment recording 1D and 2D '"H NMR spectra. Chemical
shift assignments'> of proton spectra were achieved via
the standard systematic application of DQF-COSY,'®
TOCSY,!” and NOESY'® experiments, using the SPAR-
KY' software package according to Wiithrich’s proce-
dure.?’ The NOESY spectra revealed the presence of a
consistent number of sequential and medium range
NOE effects that are suggestive of the presence of folded
ordered conformers. In particular, sequential NH-NH
effects are diffusively observable together with crucial
o-NH(,i + 2) or a-NH(i,i + 3) which are diagnostic of
turn folded structures.

On the basis of the reported NOE data, 3D structures of
III and IV were calculated by simulated annealing in
torsion angle space using DYANA software package.’!
The models of peptides III and IV demonstrated the
presence of the B-turn structure involving 2-5 and 6-9
residues. The main difference between the two analogues
II and IV concerns the NOE effects of the phenyl ring
of the dipeptide mimetics 1a and 1b. NOE data of III
suggest that the phenyl group is oriented toward the
structure of the dipeptide mimetic 1a, while in peptide
IV the different stereochemistry of 1b forces the phenyl
ring in a different conformational space.

Comparison of peptides III and IV with the HOE 140
structure, previously published by Kessler et al.,** allows
a structure-activity relationship analysis. Indeed, the
most active peptide III shows a better overlapping at
C-terminal level with HOE 140 (Fig. 3A).

On the other hand, peptide 1V is forced to extend the
dipeptide mimetic 1b in a region significantly different
than that occupied by the Oic residue of HOE 140
(Fig. 3B). Therefore, the activity is strictly related to
the secondary structure adopted by the HOE 140 ana-
logues III and IV.

In conclusion, the constrained dipeptide mimetics 4a
and 4b, introduced at positions 7-8 of the potent B2

Figure 3. Low energy conformer of peptide III (green, panel A) and of
peptide IV (red, panel B) overlapped with HOE 140* (blue),
C-terminus in the BII’-turn conformation.

antagonist HOE 140, induced p-turn structures in
the two resulting peptides III and IV. The structure—
activity relationship study performed for III and IV
further demonstrated how critical is conformation in
the selective interaction of antagonists with BK
receptors.
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23.6 (CH,), 28.2 (CH,), 32.3 (CH,), 32.5 (CH,), 37.6
(CH,), 38.3 (CH,), 38.8 (CH,), 46.9 (CH,), 52.8 (CH),
53.4 (CH), 55.1 (C), 55.7 (C), 56.7 (C), 62.9 (CH), 64.4
(CH), 65.1 (CH), 66.1 (C), 67.0 (C), 67.7 (C), 67.9 (O),
127.3 (CHarom), 128.2 (CHurom), 128.7 (CHarom), 130.3
(CHarom)v 130.6 (CHarom)a 130.8 (CHarom)v 133.7 (Carom)a
168.6 (CON), 176.2 (COOH); ESIMS (m/z): caled for
[M+H]" 357.23, found 357.21; Anal. Calcd for
C, HsN>,O5: C, 70.76; H, 7.92; N, 7.86. Found: C,
70.64; H, 8.03; N, 7.71. Compound 3b: IR (DMSO-dy):
3439.5, 2251.4, 21258, 1661.3, 1057.0, 1028.6,
1008.4 cm™!; '"H NMR (400 MHz, DMSO-dj): 0.98-1.69
(m, 17H, 14 after exchange with D,O), 1.73 (dd, 1H,
J=28.8,12.7Hz), 1.94 (dd, 1H, J=7.8, 11.7 Hz), 2.94 (d,
1H, J = 13.6 Hz), 3.01 (d, 1H, J = 13.6 Hz), 4.22 (dd, 1H,
J=138, 8.8 Hz), 4.33 (d, 1H, J=10.7 Hz), 7.08-7.33 (m,
5H); >*C NMR (75 MHz, CDCls): 24.2 (CH>), 25.3 (CH>),
25.9 (CH,), 30.1 (CHy), 32.3 (CH,), 34.2 (CH,), 38.1
(CH,), 39.8 (CH,), 49.6 (CH,), 51.3 (CH), 53.6 (C), 61.9
(C), 65.4 (CH), 127.6 (CHarom), 129.1 (CHarom), 132.0
(CH.rom), 135.5 (Carom), 171.9(CON), 176.3 (COOH);
ESIMS (m/z): caled for 357.23 [M+H]*, found 357.21;
Anal. Calcd for C,;HosN>O5: C, 70.76; H, 7.92; N, 7.86.
Found: C, 70.61; H, 8.08; N, 7.79.

To a stirred solution of 3a (360 mg, 1 mmol) in dioxane
(3 mL) was added a 10% aqueous solution of Na,COs up
to pH 9. The reaction mixture was cooled at 0 °C and
Fmoc-OSu (534 mg, 1.6 mmol) was added in small
portions, and the whole mixture was stirred at rt for 8 h.
The solution was then concentrated to dryness and the
resulting oily residue was dissolved in EtOAc (10 mL),
washed with 3% NH4CI (2x 5 mL), H,O (5 mL), and brine
(5mL), and dried over Na,SO4. Recrystallization from
EtOAc/hexane yielded the product 4a (470 mg, 82%) as a
white powder. The same procedure, applied to 3b (480 mg,
1.35 mmol), afforded 4b (580 mg, 74%) as a white powder.
Compound 4a: IR (CDCl;): 3371.4, 3066.4, 3030.4,
1715.0, 1631.8cm™'; 'H NMR (400 MHz, CDCls):

11.

12.

13.

14.

15.
16.

17.
. Jeener, J.; Meyer, B. H.; Bachman, P.; Ernst, R. R.

19.
20.

21.

1.40-1.53 (m, 3H), 1.60-1.81 (m, 6H), 1.84-2.02 (m,
3H), 2.41 (m, 2H), 3.37 (d, 1H, J=13.7 Hz), 3.67 (d, 1H,
J=13.7Hz), 3.88 (d, 1H, J = 8.0 Hz), 4.04-4.30 (m, 3H),
4.15 (dd, 1H, J=13.7, 6.8 Hz), 4.23 (dd, 1H, J=13.7,
6.8 Hz), 4.33-4.45 (m, 1H), 4.48-4.62 (m, 1H), 6.62 (br s,
exchanges with D,O, 1H), 6.93-7.06 (m, 2H), 7.10-7.34
(m, 5H), 7.40 (t, 2H, J=13.7, 6.8 Hz), 7.54 (d, 1H,
J=68Hz), 7.62 (d, 1H, J=6.8Hz), 7.77 (d, 2H,
J=6.8Hz); *C NMR (100 MHz, CDCl;): 21.5 (CH),
24.0 (CH,), 24.4 (CH,), 29.5 (CH,), 33.3 (CH,), 37.8
(CH,), 39.4 (CH,), 47.7 (CH), 54.3 (C), 61.3 (CH), 65.1
(CH), 66.9 (CH,), 120.3 (CH,;om), 125.8 (CH,rom), 127.3
(CH.rom), 127.5 (CHarom), 128.0 (CHurom), 128.8
(CHarom), 130.1 (CHurom), 136.5 (Carom), 141.7 (Cyrom),
144.5 (Curom), 1549 (OCON), 171.8 (CON), 177.1
(COOH); ESIMS (m/z): caled for 579.3 [M+H]", found
579.4. 4b: IR (CDCl3): 3338.4, 3066.1, 2952.6, 1740.8,
1638.7 cm™!; "TH NMR (400 MHz, CDCl5): 1.57-1.70 (m,
6 H), 1.78-1.87 (m, 4H), 1.89-1.98 (m, 2H), 2.52-2.62 (m,
2H), 3.53 (d, 2H, J=13.7 Hz), 3.86 (bd, 1H, J= 6.8 Hz),
4.06 (d, 1H, J = 5.9 Hz), 4.24 (pt, 1H, J = 6.8 Hz), 4.35 (d,
1H, J=7.8 Hz), 4.39 (d, 1H, J=9.0 Hz), 4.59 (d, 1H,
J=6.8 Hz), 5.14 (br s, exchanges with D,O, 1H), 6.90—
6.96 (m, 2H), 7.19-7.26 (m, 3H), 7.30-7.49 (m, 4H), 7.60
(d, 2H, J = 6.8 Hz), 7.64 (d, 2H,J = 6.8 Hz), 7.73-7.86 (m,
2H); 3*C NMR (100 MHz, CDCls): 22.5 (CH), 23.7 (CH,),
24.6 (CH,), 28.7 (CH,), 33.1 (CH,), 37.9 (CH,), 39.2
(CH,), 46.8 (CH), 53.8 (C), 60.6 (CH), 65.5 (CH), 66.4
(CH,), 120.6 (CHurom), 125.2 (CH,pom), 125.6 (CH,rom),
127.5 (CHarom), 127.9 (CHgurom), 128.6 (CHgpom), 132.0
(CHarom)’ 137.1 (Carom)a 141.7 (Carom)a 142.3 (Carom)s
154.7 (OCON), 169.0 (CON), 176.1 (COOH); ESIMS
(miz): caled for 579.3 [M+H]", found 579.5.

The synthesis of the peptides III and IV was performed
according to the SPPS protocol described in Galoppini,
C.; Meini, S.; Tancredi, M.; Di Fenza, A.; Triolo, A.;
Quartara, L.; Maggi, C. A.; Formaggio, F.; Toniolo, C.;
Mazzucco, S.; Papini, A. M.; Rovero, P. J. Med. Chem.
1999, 42, 409.
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Abstract—The cytotoxic plant alkaloid palmatine was found to bind strongly by partial intercalation to single stranded poly(A)
structure with binding affinity (K,) of (8.36 + 0.26) x 10° M~!. The binding of palmatine was characterized to be exothermic and
enthalpy driven with one palmatine for every two adenine residues. On the other hand, the binding to the double stranded poly(A)
has been found to be significantly weak. This study identifies poly(A) as a potential bio-target for the alkaloid palmatine and its use

as a lead compound in antitumor drug screening.
© 2006 Elsevier Ltd. All rights reserved.

RNAs are versatile molecules that can fold into diverse
structures and conformation, and these structures can
serve as receptors for specific drug recognition sites.!-?
The complex diversity of RNA molecules has hindered
the development of small molecules that can specifically
target RNA molecules. Given the essential role played
by RNA in many biological processes and ever since
the knowledge that several serious diseases like HIV,
AIDS, hepatitis C, etc. are indeed caused by RNA virus-
es, concerted effort has now been directed in designing
RNA targeted new class of therapeutics.>” A rational
design of RNA binding compounds, however, requires
a detailed knowledge of their mode and mechanism of
action. New drugs developed must be able to bind to un-
ique structural regions in mRNA to regulate gene
expression. Invariably all mRNAs in eukaryotic cells
have a polyadenylic acid [poly(A)] chain of about
200-250 bases (~70-90 in yeast) at the 3’-end that essen-
tially confers them the stability and influence translation
and transcription process.® Catalyzed by the enzyme
poly(A) polymerse (PAP), polyadenylation of mRNA
is a critical cellular event in the maturation of all eukary-
otic mRNAs. Very recently it has been identified that
Neo-poly(A) polymerse (PAP), a human PAP, is signif-
icantly over expressed in human cancer cells and may be
a potential tumor target.>'® Further, poly(A) has the
unique distinction to exist in single stranded partially

Keywords: Palmatine; RNA; Poly(A); Binding; Spectroscopy; ITC.
* Corresponding author. Tel.: +91 33 2472 4049; fax: +91 33 2473
5197/2472 3967; e-mail: gskumar@iicb.res.in

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

doi:10.1016/j.bmcl.2006.01.124

stacked helical or double stranded parallel helix depend-
ing on a narrow pH range.!!"!? Thus, molecules capable
of recognizing and binding to poly(A) tail of mRNA
could switch off protein synthesis and would represent
a new class of potential therapeutic agents.

In contrast to extensive studies on the interaction of
drugs to double stranded DNA, little is known about
small molecules binding to adenine-rich single stranded
RNAs. It appears that very few drugs bind to single
stranded nucleic acids. Our laboratory was the first to
report that berberine, an isoquinoline alkaloid with anti-
tumor activity, selectively targets single stranded (ss)
poly(A) for binding.!? Palmatine (Fig. 1) is a protoberb-
erine alkaloid and a close structural analog of berberine
that has been shown to exhibit significant antitumor
activity against HL-60 leukemic cells.!* Inhibition of re-
verse transcriptase has been suggested to be one of the
many reasons for the antitumor activity of palmatine.'

OCH,

OCH,4

Figure 1. Chemical structure of palmatine.
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Binding studies of palmatine to nucleic acids have been
scanty.'®!7 In our ongoing investigation elucidating the
structure—activity relationship of isoquinoline alkaloids,
we report here from a multifaceted spectroscopic and
thermodynamic study that the plant alkaloid palmatine
can specifically and strongly bind to ss poly(A)
sequences.

Figure 2 shows the results from spectrofluorimetric titra-
tion of seven different nucleic acid samples with palma-
tine in 10 mM citrate—phosphate buffer, pH 7.1.'%
Palmatine has a weak intrinsic fluorescence with maxi-
mum around 525nm when excited at 350 nm that
enhances on binding with nucleic acids. The striking re-
sult that emerges from this experiment is the pro-
nounced enhancement of the fluorescence intensity of
palmatine on binding to ss poly(A). The fluorescence
enhancement of palmatine by double stranded (ds)
DNA and t-RNA was significantly lower compared to
ss poly(A) and negligible with other ss RNAs like
poly(U), poly(C), and ds poly(A), and ds RNA like
poly(C)-poly(G). This study clearly underscores the
higher affinity of palmatine to ss poly(A) structure.
The binding of palmatine to ss poly(A) was further
examined by absorption spectral studies,!® the result of
which is presented in Figure 3. Hypochromic and bath-
ochromic effects were observed in both the visible
absorption bands of palmatine with three sharp isos-
bestic points (shown by arrows in Fig. 3) indicating
clearly equilibrium between free and bound alkaloid
molecules in the binding process The bathochromic
and hypochromic effects of palmatine—ss poly(A) com-

Relative Fluorescence
Intensity (525 nm)

0 4 8 12
Polynucleotide/Palmatine

Figure 2. Increase of steady state fluorescence intensity of palmatine
(10.5 uM) at 525 nm in presence of increasing concentration of (Q—Q)
ss poly(A); (e—e) Herring testis DNA; (A—aA) t-RNA; (V-V)
poly(C)-poly(G); (O-) ss poly(U); (m—m) ss poly(C) in citrate-
phosphate buffer, pH 7.1 and (A-A) ds poly(A) in 10 mM citrate-
phosphate buffer pH 4.5 at 20 °C, excited at 350 nm. Each point was an
average of four sets of experiment.
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Figure 3. Absorption spectral changes of palmatine in presence of ss
poly(A). Curves (1-7) denote absorption spectrum of palmatine (7.5
uM) treated with 0, 7.50, 15.0, 22.50, 33.75, 41.25 and 48.75 uM of ss
poly(A) respectively in 10 mM citrate-phosphate buffer, pH 7.1 at
20 °C. Inset: Scatchard plot of binding of palmatine to ss poly(A). The
solid line is the non-linear least square best fit of the experimental
points to the McGhee-von Hippel equation?' within the regions of the
Scatchard plot ranging from 30% (lower limit) and 90% (upper limit).

plex were similar to those observed for intercalative li-
gand-DNA complexation and are suggestive of strong
intermolecular interaction involving effective overlap
of the m electron cloud of palmatine with the adenine
bases. Additionally, polarity effects of the polymer and
electron transfer from the bases may also contribute to
this effect on the absorption spectrum, although to a
minor extent.? The binding affinity of the alkaloid esti-
mated from Scatchard plots fitting McGhee and von
Hippel analysis?! using SCATPLOT program (inset in
Fig. 3) yielded an intrinsic binding constant (K) of
(6.40 £0.25)x 10° M~ (Table 1). On the other hand,
with the ds poly(A), no absorption spectral changes
were manifested indicating the lack of affinity of palma-
tine to the ds conformation. The binding affinity
from fluorescence analysis yielded a K value of
(6.90 £ 0.20) x 10° M ! in excellent agreement with the
spectrophotometric data. It may be noted that the bind-
ing affinity of palmatine to ss poly(A) reported here is
much high and almost about fifty times higher than
the value of 1.36x10*M™' reported by Hirakawa
et al. for its binding to ds calf thymus DNA under iden-
tical [Na*] concentrations.!”

The effect of ionic strength on the ss poly(A)-palmatine
complexation was studied using absorbance and fluores-
cence spectroscopy at four different [Na*] ion concentra-
tions between 4 and 50 mM. It was observed that the
extent of hypochromic and bathochromic effects in the
absorption spectra and the enhancement of fluorescence
intensity decreased as the ionic strength increased. The
variation of the intrinsic binding constant (K) with
[Na™] ion concentration obtained from both absorption
and fluorescence data varies linearly and falls by about
six times on increasing the [Na*] ion concentration from
4 to 50 mM. Palmatine is a polycondensate molecule
with a positive charge in the C ring. It is therefore
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Table 1. Comparative binding and thermodynamic parameters for palmatine-ss poly(A) complexation obtained from spectrophotometric,
spectrofluorimetric, and isothermal titration calorimetric (ITC) study in citrate-phosphate buffer of 10 mM [Na*] molarity at pH 7.1

—AG® (kcal/mol) —AH® (kcal/mol) —AS° (cal deg™! mol™!)

Technique T (°C) Kx10° (M™1)y? n®
Spectrophotometry 20 6.40 £ 0.25 2.96 +0.02
Spectrofluorimetry 20 6.90 + 0.20 2.65+0.03
ITC 20 8.36 £0.26 —

7.83 £1.05 — —
7.87£1.65 — —
7.99 £1.20 8.61 £1.40 2.27%1.50

# Average of four determinations. Here K stands for K the intrinsic binding constant from spectroscopic analysis or K, the binding affinity from ITC.

® Number of occluded sites from McGhee—von Hippel analysis.

reasonable to assume that electrostatic attraction be-
tween the positive charge on the alkaloid and the nega-
tive charge on the phosphate group contributes to the
affinity of palmatine to ss poly(A) interaction.

The characteristic circular dichroic (CD) spectrum of
the ss poly(A) was remarkably perturbed in the presence
of palmatine (Fig. 4) resulting in rapid decrease of the
266 and 210 nm positive, and the 220 nm negative
bands.?? Interestingly, concomitant with the changes in
the intrinsic CD in the UV region, there appeared a con-
servative induced CD spectrum in the 300-400 nm re-
gion for the bound alkaloid molecules, the ellipticity of
which increased as the binding progressed. It is pertinent
to note that palmatine is an optically inactive compound
with no intrinsic CD spectrum but acquires induced CD
due to its strong association on the helical organization
of poly(A). On the other hand, the CD spectrum of the
ds poly(A) was only marginally affected with increasing
concentration of palmatine. Significantly, no induced
CD bands were observed for the bound palmatine mol-
ecules in the presence of ds conformation, reiterating the
strong association of palmatine to the ss poly(A) confor-
mation. Temperature dependent CD experiments on
palmatine-ss complex indicated that the bound palma-
tine significantly affected the denaturation and renatur-
ation path of ss helical poly(A) confirming the strong
association of palmatine.

The mode of binding of palmatine to helical ss poly(A)
structure was investigated from viscosity measure-
ments.”'%23 Hydrodynamic measurements are sensitive
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Figure 4. CD spectral changes of ss poly(A) on interaction with
palmatine. Curves (1-8) denote 62.12 uM ss poly(A) treated with 0,
3.11, 6.21, 12.42, 18.64, 24.85, 31.06 and 37.27 uM of palmatine
respectively in 10 mM CP buffer, pH 7.1 at 20 °C.

to length changes and are regarded as the most critical
test for elucidating the binding mode to nucleic acids
in solution.>* The relative specific viscosity of the
poly(A)-palmatine complex increased as the palma-
tine/poly(A) ratio increased and leveled of at a [drug]/
[polynucleotide] > 0.5, suggesting an intercalation type
of insertion of the alkaloid into the helical ss poly(A)
structures. No viscosity enhancement was, however, ob-
served in ds poly(A). These data unequivocally estab-
lished that palmatine formed a partial intercalation
complex with ss poly(A).

Isothermal titration calorimetry (ITC) was used to ther-
modynamically characterize the binding of palmatine to
ss poly(A) under identical buffer conditions. Figure 5
shows the representative raw ITC profile resulting from
a typical ITC experiment in which palmatine was titrat-
ed into the ss poly(A) solution.?® To extract the binding
and thermodynamic parameters of palmatine—ss poly(A)
interaction, the thermogram was fitted to a single site
model (inset) using Origin Software and the thermody-
namic parameters have been estimated from the best
fit to the observed heat release. The data were analyzed
with several different initial guess and the resulting
fits gave consistent values of the parameters,
K,=836%026x10°M"', AH°=-8.61 % 1.40 kcal/
mol; AS® = —2.27 + 1.50 cal deg~' mol~! and a binding
site size of ~1.57 nucleotides (1/n) (Table 1). The small
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Figure 5. Representative ITC profile for the binding of palmatine to ss
poly(A) at a 20 °C in 10 mM citrate-phosphate buffer, pH 7.1. Each
peak shows the raw data for sequential (10 pL of 150 uM) injection of
palmatine into ss poly(A) solution (10 pM). Inset: the plot of heat
evolved (kcal) per mole of palmatine added, corrected for the heat of
palmatine solution dilution against the molar ratio of palmatine to ss
poly(A). The data (filled rectangle) was fitted to a single set of identical
sites model and the solid line represent the best fit of the data.
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entropy term (TAS° = —0.665 K cal mol™') suggested
the binding of palmatine to poly(A) to be predominantly
enthalpy driven. A binding free energy of —7.83 and
—7.87 kcal/mol, respectively, was determined from spec-
trophotometric and spectrofluorimetric data using the
standard equation AG = —RTInK. The binding of palm-
atine to ss poly(A) is an exothermic process and the
binding free energy arises from the large negative enthal-
py. It is significant to observe that there is close similar-
ity between the binding constant evaluated by the
spectroscopic and calorimetric techniques. Recently, a
study by Xing et al.?® also proposed enthalpy driven
binding of coralyne to ss poly(A), while Maiti and co-
workers previously reported'® the binding of berberine
to poly(A) to be endothermic and entropy driven. It is
likely that the interaction of palmatine likewise coralyne
may involve a variety of non-covalent interactions each
of which may contribute to the negative enthalpy.
Although palmatine is structurally closer to berberine,
the energetics of its interaction to poly(A) appears to
be different from that of berberine. The single stranded
poly(A) helix is stabilized by pairwise stacking of the
adenine residues, while in the double stranded helix
the adenines base pair through C6-NH,---N7 and two
C6-NH,- - -~ O,P=hydrogen bonds, and the phosphate
interacts electrostatically with the proton bound to the
N1 of adenine in the opposite chain. The resulting dou-
ble stranded structure has two parallel strands and a sin-
gle groove that is stabilized by the partial protonation of
the base pairs.!!"!2 It is likely that the positively charged
palmatine molecules are unable to bind to the protonat-
ed ds poly(A) structure due to the repulsion of the pro-
tonated adenine residues.

In summary, this study has demonstrated that the natu-
ral product and isoquinoline alkaloid, palmatine strong-
ly bound to ss poly(A) molecules and assumed a helical
arrangement after complexation. The binding process
is exothermic and enthalpy driven. As ss poly(A) plays
significant role in control of eukaryotic cell processes,
these results suggest a potential mechanism by which
the alkaloid can inhibit the process of gene expression
and gene transcription leading to its usefulness as a
therapeutic agent.
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fluorescence spectra are reported. For reference, see Ray,
A.; Maiti, M. Biochemistry 1996, 35, 7394.

. A Shimadzu PharmaSpec 1700 unit (Shimadzu Corpora-

tion, Japan) was used for absorption spectral measure-
ments in matched quartz cells of 1cm path length.
Titrations were performed by keeping a constant concen-
tration of palmatine and varying the poly(A) concentra-
tion. For reference, see (a) Nandi, R.; Debnath, D.; Maiti,
M. Biochem. Biophys. Acta 1990, 1049, 339; (b) Ray, A.;
Kumar, G. S.; Maiti, M. J. Biomol. Struct. Dyn. 2003,
21, 141.

(a) Bloomfield, V. A.; Crothers, D. M.; Tinoco, 1., Jr. In
Nucleic Acids Structures, Properties and Functions; Uni-
versity Science Books: CA, USA, 2004; (b) Joseph, J.;
Kuruvilla, E.; Achuthan, A. T.; Ramaiah, D.; Schuster, G.
B. Bioconjug. Chem. 2004, 15, 1230.

Binding parameters (K and n) were derived from the
excluded site model by non-linear curve fitting to the
equation HCe=K(1 — nn)[(1 — nr)l{l — (n — Dr}]® Y
where K is the intrinsic binding constant to an isolated
binding site and » is the number of nucleotides occluded
by the binding of a single alkaloid molecule. Binding data
were analyzed using the computer program SCATPLOT
version 1.2 that works on an algorithm that determines the
best-fit parameters to the equation. The solid lines
represent the best fit to the experimental points. For
reference, see (a) McGhee, J. D.; von Hippel, P. H. J. Mol
Biol. 1974, 86, 469; (b) Ray, A.; Maiti, M.; Nandy, A.
Comput. Biol. Med. 1996, 26, 497.

Circular dichroism (CD) spectra were recorded on a Jasco
J 720 spectropolarimeter interfaced to a Compaq PC and
equipped with a thermoelectrically controlled cell holder
in a rectangular quartz cell of 1 cm path length. The
temperature was controlled by a Jasco temperature
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controller and thermal programmer (PTC343). The
reported spectra are averages of four successive scans
measured under condition of stirring and are base line
corrected and smoothed. For reference, see Ray, A.;
Kumar, G. S.; Das, S.; Maiti, M. Biochemistry 1999, 38,
6239.

A Cannon-Manning semimicrodilution viscometer (Type
75) mounted vertically in a constant temperature bath
(Cannon Instruments Co., State College, PA, USA) main-
tained at 20 £ 0.5 °C was used for flow time measurements.
Flow times of sample alone and sample with different ratios
of alkaloid were measured in triplicate by an electronic
stopwatch model HS-30 W (Casio Computer Co. Ltd,
Japan) with an accuracy of 0.01 s. Viscosity experiments
were carried out with 430 and 340 pM of ss and ds poly(A)
sample, respectively. For reference, see Maiti, M.; Nandi,
R.; Chaudhuri, K. FEBS Lett. 1982, 142, 280.
Satyanarayana, S.; Dabrowiak, J. C.; Chaires, J. B.
Biochemistry 1993, 32, 2573.

Isothermal titration calorimetric (ITC) experiments were
performed at 20°C using a MicroCal VP-ITC unit
(MicroCal, Inc.; Northampton, MA, USA) interfaced to
a PC. Origin 7.0 software, supplied by the manufacturer,

26.

was used for data acquisition. In a typical experiment,
10 pL aliquots of a 150 pM palmatine were injected from a
250 uL rotating syringe (290 rpm) into the isothermal
sample chamber containing 1.4235mL of ss poly(A)
solution of 10 uM concentration. Corresponding control
experiments to determine the heat of dilution were
performed by injecting 10 pL aliquots of 150 uM alkaloid
into a solution of buffer alone. Before use, all the solutions
were degassed under vacuum (140 mbar, 8 min) on the
Thermovac to eliminate air bubbles. The duration of each
injection was 10s and the delay time between each
injection was 300s. The initial delay before the first
injection was 60 s. Each injection generated a heat burst
curve (microcalories per second vs time). The area under
each peak was determined by integration using the Origin
software to give the measure of the heat associated with
the injection. The heat associated with each alkaloid-buffer
was subtracted from the corresponding heat associated
with each alkaloid-RNA injection to give the heat of
alkaloid binding for that injection. The heat of dilution for
injecting RNA into buffer was observed to be negligible.
Xing, F.; Song, G.; Ren, J.; Chaires, J. B.; Qu, X. FEBS
Lett. 2005, 579, 5035.
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Abstract—Two new diterpenoids, designated cespitulactones A (1) and B (2), were isolated from a sample of the soft coral Cespit-
ularia taeniata collected in Taiwan. Compound 1 possesses a novel structure with a bond cleavage between C-10 and C-11, and hav-
ing a 14-membered lactone ring junction between C-10 and C-12. Their structures were elucidated on the basis of extensive
spectroscopic analysis and chemical derivatization. The isolated compounds were also evaluated for cytotoxicity toward human can-

cer cell lines.
© 2006 Elsevier Ltd. All rights reserved.

Cespitularins are rare diterpenoids known only from
soft corals, especially members of the genus Cespitu-
laria."> These marine organisms produce very inter-
esting secondary metabolites, whose structures and
biological activities are similar to those of taxane dit-
erpenoids in the terrestrial plant genus Taxus.>* Of
particular interest is the recent discovery of a series
of norditerpenes, which appear to be biogenically de-
rived from geranylgeranyl pyrophosphate and 1S-ver-
ticillene via loss of a methyl unit.> The southern
coast of Taiwan has long been a habitat of soft cor-
als. Among them, specimens of Cespitularia are occa-
sionally encountered and have different color variants
similar to species of Xenia. The polyps of Cespitular-
ia are like those of Xenmia, but are not restricted to
the branch ends. In the search for bioactive constit-
uents from Taiwanese marine soft corals,® a novel
diterpenoid designated cespitulactone A (1) with an
unusual bond cleavage between C-10 and C-11, and
having a 14-membered lactone ring connection be-
tween C-10 and C-12 has been isolated from Cespit-
ularia taeniata. In addition, a new compound,
cespitulactone B (2), together with cespitularin F
(3), 6-O-acetylcespitularin F (4), cespitularine D (5),
and flaccidoxide-13-acetate (6) was also isolated
and characterized. In this paper, we describe the

Keywords: Cespitulactones; Cespitularia taeniata; Cytotoxicity.
* Corresponding author. Tel.: +886 7 5252000x5058; fax: +886 7
5255020; e-mail: ycshen@mail.nsysu.edu.tw

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

doi:10.1016/j.bmcl.2006.01.118

isolation, structure elucidation, presumed biogenetic
pathway, and cytotoxicity of these new marine
metabolites.

The soft coral (GSCII-14, wet wt 1.1 kg) collected in
December, 2003, at a depth of 25 m was extracted with
a mixture of CH,Cl, and MeOH, and the extract was
partitioned between EtOAc and H,O (1:1). The
EtOAc-soluble fraction (6 g) was subjected to an Si gel
column (n-hexane/EtOAc, 1:0-0:1) and HPLC (Si gel,
n-hexane/EtOAc, 3:2; RP-Ci3, MeOH/H,0, 8:2) to fur-
nish cespitulactones A (1, 32 mg), B (2, 20 mg), cespitul-
arin F (3, 520 mg),? 6-O-acetylcespitularin F (4, 7 mg),
cespitularin D (5, 16 mg),> and flaccidoxide-13-acetate
(6, 35 mg).°

Cespitulactone A (1),'° [o¢] —122° (CH,Cl,), was ob-
tained as an amorphous powder and had the molecu-
lar formula Ci9H»30,, as derived from its HRESIMS
data indicating six degrees of unsaturation. The pres-
ence of hydroxyl, carbonyl, and lactonyl functions
was evidenced by IR absorptions at 3442, 1737, and
1715cm™". The 'H NMR, '*C NMR spectra (Table
1), and DEPT revealed that 1 contained a ketone car-
bonyl (6 211.1), an ester (¢ 169.7), a trisubstituted
olefin, a 1,1-disubstituted olefin, one aliphatic quater-
nary carbon (0c 47.5), two oxygenated methine
carbons (dc 68.7 and 72.2), six methylene carbons
(6c 20.4, 26.3, 28.9, 33.4, 44.3, and 46.3), and three
methyl groups (6c 16.9, 23.1, and 27.7; oy 1.71,
1.21, and 1.14). The corresponding proton and carbon
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assignments were further determined by COSY and
HMQC experiments. The COSY spectrum revealed
the presence of a simple continuous spin-system
including correlations of H-9a (0 2.84, d,
J=13.5Hz)/H-9B (6 3.21, d, J=13.5 Hz)/Me-19/H-7/
H-6 (0 4.45, td, J=28.7, 2.4 Hz)/H-18/H-5/H-3/ H-2/
H-1 and H-12/H-13/H-14/H-1. This partial structure
was verified by HMBC data, which confirmed the con-
nectivities of Me-16/C-1, C-15 and Me-17/C-1, C-15
and H-18/C-3, C-4, C-5 as well as H-6/C-4, C-5, C-
7, C-8 (Table 1). The above findings account for 4
of the 6 degrees of unsaturation, indicating two more
rings in structure 1. Benzoylation of 1 yielded a mono-
benzoate, in which H-6 and C-6 were shifted to 6 5.75
and & 72.0, respectively, as shown in the 'H and '*C

Table 1. 'H and '*C NMR data, HMBC and COSY correlations of 1*

NMR spectra of 7.!' The location of an ester carboxyl
at C-10 and the assignment of a ketone at C-11
together with the connection between C-10 and the
C-12 oxygen atom were assigned on the basis of
HMBC correlations of H,-9/C-10, H-12/C-10, H-12/
C-11, Me-16/C-11, Me-17/C-11, and H-1/C-11, indicat-
ing that compound 1 possesses an unusual bicyclic
norditerpenoid system. The relative stereochemistry
of cespitulactone A (1) was determined by analyses
of NOESY correlations. Assuming that 1 has the same
absolute configuration at C-1 as other naturally
occurring cespitularines and taxoids,>!> A NOESY
experiment was performed to ascertain the relative
stereochemistry of C-12, Me-16, Me-17, and C-6.
The presence of mutual correlations between H-1,
Me-16, Me-17, and H-12 agreed with all B-configura-
tion, while H-6 was o-configuration. The NOESY
correlation is summarized in Figure 1. The configura-
tion of the hydroxyl at C-6 was further determined by
Mosher’s reactions'3 to yield compounds 10 and 11.'4
The results, illustrated in Figure 2, suggested that the

Figure 1. Key NOESY correlations and relative stereochemistry of 1
and 7.

Position Sy (mult, J, Hz) dc HMBC 'H-13C COSY 'H-'H
1 1.85 (m) 43.0 11, 15 2, 14
2 1.56 (m), 1.65 (m) 28.9 1 1,3
3 1.80 (m), 1.95 (m) 33.4 2

4 146.2

5 2.28 (m), 2.47 (m) 443 3,4,18 6

6 445 (td, 8.7, 2.4) 68.7 4,5,7,8 57
7 5.38 (d, 8.7) 134.3 6,19
8 130.3

90t 2.84 (d, 13.5) 46.3 7,8, 10, 19 98
9B 3.21 (d, 13.5) 9o
10 169.7

11 211.1

12 5.06 (dd, 5.7, 3.9) 7.2 10, 11, 13, 14 13
13 2.40 (m), 1.85 (m) 26.3 11 12, 14
14 1.90 (m), 1.60 (m) 20.4 1,13
15 475

16 1.21 (s) 27.7 1,11, 15, 17

17 1.14 (s) 23.1 1,11, 15, 16

18 4.83 (s), 4.85 (s) 112.2 3,4,5 3,5
19 1.71 (s) 16.9 9 7

#Data were recorded in CDCl; on 300 MHz; chemical shifts (6) and coupling constant are given in parts per million and hertz, respectively.
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-0.03
-0.06

10, R = R-MPTA
11,R = S-MPTA

Figure 2. ds-d0r values (ppm) for Mosher’s reaction products 10
and 11.

Figure 3. Computer-generated perspective model for 1 using MM2
force field calculation.

H

Cespitularin E

1

Scheme 1. Plausible biogenetic pathway of 1.

C-6 has the S-configuration. Thus, the absolute stereo-
chemistry of 1 was proposed as shown. A computer-
modeled structure of 1 was generated by CS Chem
3D version 9.0 using MM2 force field calculation for
energy minimization as shown in Figure 3.

Compound 2 possesses the molecular formula
C,1H;3004, as deduced from the HRESIMS data, indi-
cating 7 degrees of unsaturation.'”> The UV and IR
spectra of 2 showed the presence of o,B-unsaturated
lactone and hydroxy functionalities, respectively. The
'"H NMR spectrum of 2 exhibited characteristic sig-
nals including a doublet at § 5.51, two singlets at ¢
4.83 and 6 4.85, and a multiplet at § 4.37. The "*C
NMR spectrum of 2 showed signals of a conjugated
ester carbon (6 172.1), three methyl carbons (6 33.7,
24.5, 17.1), and two quaternary carbons at ¢ 111.0
(C-10) and 37.5 (C-15). The proton and carbon
assignments were determined by the COSY and
HMQC. Detailed comparison of the 'H and '"*C
NMR spectral data with those of cespitularins re-
vealed that compound 2 is a close analog of cespitul-
arin D, different in the additional methoxyl group (6
3.28 and ¢ 50.8). Further, the HMBC experiment re-
vealed correlation of MeO/C-10 and H-9/C-10, indi-
cating that the methoxy group was located at C-10.
The cross peaks between the methoxy and Me-16
observed in the NOESY established the relative
configurations of 2.

A plausible biogenetic pathway of 1 was proposed as
shown in Scheme 1 based on biosynthesis of taxane
diterpenes and recently published norditerpenes such
as cespitularin E.2 Compound 1 might be derived from
the norditerpenoid, cespitularine E, via epoxidation,
hydration, oxidation, and lactonization that involves
bond cleavage between C-10 and C-11, and subse-

o)

oH — . OH

Epoxidation

Hydration

O,
Ho HO \O

OH 12

Oxidation &

H

Lactonization
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quent attack of the C-12 hydroxy on the carbonyl at
C-10.

This paper describes the first isolation of the novel dit-
erpenoid 1 from Cespitularia taeniata, which belongs to
the family Xeniidae. To study the structure activity
relationship of compound 1, two additional derivatives
cespitulactone A monoacetate (8)'® and cespitulactone
A 4-chlorobenzoate (9)!7 were prepared for antitumor
testing. Human cancer cell lines were chosen to test
compounds 1-9 for in vitro cytotoxicity. As a result,
compound 1 exhibited significant cytotoxicity against
human cervical epitheloid carcinoma (HeLa) and colon
adenocarcinoma (DLD-1) cancer cells with ICs, of 3.69
and 9.98 pg/mL, respectively. Flaccidoxide-13-acetate
(6) showed mild activity against human medulloblasto-
ma (Daoy) and colon (WiDr) cancer cells at 16.9 and
13.8 pg/mL, respectively. The other derivatives were
inactive (>20 pg/mL), suggesting that the hydroxyl at
C-6 in 1 is critical in cytotoxicity.

Cytotoxicity assay. The bioassay used against human
cervical epitheloid carcinoma (HeLa), colon adenocar-
cinoma (DLD-1, WiDr), and medullocarcinoma
(Daoy) cancer cells was based on a MTT assay meth-
od. The assay procedure was carried out as previously
described.'®
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Abstract—The antioxidant activity of natural ulvan and its derivatives (acetylated and benzoylated ulvans) in vitro was determined,
including scavenging activity against superoxide and hydroxyl radicals, reducing power, and chelating ability. Obvious differences in
antioxidant activity between natural ulvan and its derivatives were observed, moreover, the antioxidant activity of acetylated and

benzoylated ulvans was stronger than that of natural ulvan.
© 2006 Elsevier Ltd. All rights reserved.

A vast amount of circumstantial evidence implicates
oxygen-derived free radicals (especially superoxide and
hydroxyl radicals) as mediators of inflammation, shock,
and ischemia/reperfusion injury. Furthermore the radi-
cals also play a role in the process of aging and carcino-
genesis.! In order to reduce damage of free radicals,
synthetic antioxidants such as butylated hydroxyanisole
(BHA), butylated hydroxytoluene (BHT), propyl gallate
(PG), and tert-butylhydroquinone (TBHQ) are used.
However, BHA and BHT have been suspected of being
responsible for liver damage and carcinogenesis.” Thus,
it is essential to develop and utilize effective and natural
antioxidants so that they can protect the human body
from free radicals and retard the progress of many
chronic diseases.? In the search of new natural antioxi-
dants, exploration of aquatic habitats has led to the dis-
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covery that marine plants also contain antioxidants.
Marine plants characteristically contain sulfated poly-
saccharides that are not found in land plants. In recent
years, sulfated polysaccharides from marine algae have
been reported to have antioxidant activity. Hu et al.*
found that sulfated polysaccharides from Laminaria
Jjaponica and Ecklonia kurome showed free radical scav-
enging activities; sulfated polysaccharides from Ulva
pertusa were also demonstrated to have antioxidant
activity including scavenging activity against superoxide
and hydroxyl radicals, chelating ability, and reducing
power.’

The green alga, U. pertusa, is distributed in China in
the intertidal zone of the Yellow Sea and the Bohai
Sea. U. pertusa is nutritious with low calorie and abun-
dant vitamins, trace elements, and dietary fibers.® The
polysaccharide extracted from U. pertusa is a group
of sulfated heteropolysaccharides and the main disac-
charide units are [B-D-Glcp A-(1 — 4)-a-L-Rhap 3s]
and [o-L-Idop A-(1 — 4)-a-L-Rhap 3s] (Fig. 1).” For
simplicity, the sulfated polysaccharide is referred to
as ulvan in this paper. In our previous study, ulvan
showed antioxidant activity, but the activity was
weak.> The activity of polysaccharide depends on
several structural parameters such as the degree of
sulfation (DS), the molecular weight, the sulfation
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Figure 1. The structure of ulvan, the main disaccharide units [B-D-
Glep A-(1 — 4)-0-L-Rhap 3s] and [o-L-Idop A-(1 — 4)-a-L-Rhap 3s],
G: (1 — 4)-linked B-p-glucuronic acid; R: (1 — 4)-linked a-L-rham-
nose-3-sulfate (linked with B-p-glucuronic acid); I: (1 — 4)-linked o-L-
iduronic acid; R": (1 — 4)-linked a-L-rhamnose-3-sulfate (linked with
o-L-iduronic acid).

position, type of sugar, and glycosidic branching.®
Thus, chemical modifications of polysaccharides pro-
vided an opportunity to obtain new agents with possi-
ble therapeutic uses.” In the present study, acetylated
and benzoylated derivatives of ulvan were prepared
and their antioxidant activity in vitro was determined.
To our knowledge, the preparation and antioxidant
activity of acetylated and benzoylated ulvans have
not been reported.

Ulva pertusa was collected on the coast of Qingdao
China. Algae were washed, air-dried, and kept in plas-
tic bags at room temperature before using. Ulvans were
obtained according to the method of Yu et al.'® The
acetylated ulvan was prepared by the method of Tosh
et al.!' with minor modification. Briefly, a mixture of
ulvan (8g) and DMAc (N,N-dimethylacetamide)
(300 mL) was heated to 150 °C for 26 min. Then, LiCl
(lithium chloride) (6.5 g) was added and the mixture
was heated to 166 °C for 8 min. And then the reaction
mixture was cooled to room temperature and stirred
overnight for dissolution. The ulvan solution prepared
above was diluted to 1% by further addition of DMAc
solvent. To 100 mL of 1% ulvan solution, 7.0 g of p-
TsCl (p-toluenesulfonyl chloride) was added, followed
by dropwise addition of 30 mL of Ac,O (acetic anhy-
dride). After reaction for 10 h at 60 °C, the mixture
was terminated by pouring 50 mL of distilled water,
cooled to room temperature, and precipitated with
85% ethanol for 24 h. The precipitate was filtered off
and washed three times with ethanol, and then dis-
solved in 100 mL distilled water. The solution was dia-
lyzed against tap water for 48 h and distilled water for
48 h using 3600 Da Mw cutoff dialysis membranes. The
product was then concentrated and lyophilized to give
acetylated ulvan (yield, 75.6%). The benzoylated ulvan
was prepared according to a similar procedure, except
that Ac,O was replaced with phthalic acid anhydride
(yield, 65.3%). Infrared spectra were recorded from
polysaccharide powders in KBr pellet on a Nicolet-
360 FTIR spectrometer. The symbols and IR spectrum
data of natural ulvan and its derivatives are shown in
Table 1. The peaks at 1747 and 1716 cm™' were as-
signed to the characteristic absorbance of C=0 (ester)
stretching vibration, which showed that the acetylated
and benzoylated ulvans were obtained.'®!" Both the
derivatives of ulvan (AU and BU) gave broad signals
in the '"H NMR and '>C NMR spectra recorded in
D,O with poor resolution. The substituted positions
needs to be further studied.

Table 1. The symbols and IR spectrum data of natural ulvan and its
derivatives

Samples IR (KBr) (cm™)

U? 1641, 1260, 850

AU® 1747 (C=0)", 1626, 1246, 835

BU® 3028 (=C-H)*, 1716 (C=0)", 1621, 1568 (C=C)', 1447
(C=0C)', 1264, 845

#Ulvan, the natural polysaccharide extracted from Ulva pertusa.
® Acetylated ulvan.

¢ Benzoylated ulvan.

4C=0 of ester.

¢=C-H of phenyl group.

fC=C of phenyl group.

The superoxide radical scavenging ability of natural ul-
van and its derivatives was assessed by the method of
Nishimiki et al.!? The reaction mixture, containing sam-
ples (0.006-0.2 mg/mL), Tris-HCl (16 mM, pH 8.0),
NADH (338 uM), NBT (72 uM), and PMS (30 uM),
was incubated at room temperature for 5 min and the
absorbance was read at 560 nm against a blank. The
capability of scavenging superoxide radical was calculat-
ed using the following equation:

SCﬂVeHging effect (%) = (1 - AsampleSéO nm/Acomrol 560 nm)
x 100,

where Acontrol 560 nm 18 the absorbance of the control
(Tris—HCl buffer, instead of sample).

According to the reference,'? the reaction mixture, total
volume 4.5 mL, containing the samples (0.25-1.52 mg/
mL), EDTA-Fe?* (220 uM), safranine O (0.23 uM),
and H,0, (60 uM) in potassium phosphate buffer
(150 mM, pH 7.4), was incubated for 30 min at 37 °C
and the absorbance was read at 520 nm against a blank.
Hydroxyl radical bleached the safranine O, so decreased
absorbance of the reaction mixture indicated a decrease
in hydroxyl radical scavenging ability. The capability of
scavenging hydroxyl radical was calculated using the
following equation:

Scavenging effect (%) = [(Asample 520 nm

- Ablank 520 nm)/(Acomrol 520 nm
— Ablank 520 nm)] X 100,

where Aplank 520 nm 18 the absorbance of the blank (dis-
tilled water, instead of the samples) and Aconerol 520 nm
is the absorbance of the control (phosphate buffer, in-
stead of H,0»).

The reducing power of natural ulvan and its derivatives
was quantified by the method described earlier by Yam-
aguchi et al.'* with minor modification. Briefly, 4 mL of
reaction mixture, containing different concentration of
samples (0.39-1.01 mg/mL) in phosphate buffer
(0.2 M, pH 6.6), was incubated with potassium ferricy-
anide (1% w/v) at 50 °C for 20 min. The reaction was
terminated by TCA solution (10% w/v). And then the
solution was mixed with distilled water and ferric chlo-
ride (0.1% w/v) solution and the absorbance was mea-
sured at 700 nm. Reducing power was expressed as a
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percentage of the activity shown by a 1 mM solution of
Vitamin C.

The ferrous ion chelating ability of natural ulvan and
its derivatives was investigated according to the meth-
od of Lopes et al.!> Briefly, the reaction mixture, con-
taining samples (0.25-1.90 mg/mL), FeCl, (0.1 mL,
2mM), and ferroizine (0.4 mL, 5mM), was shaken
well and incubated for 10 min at room temperature.
The absorbance of the mixture was measured at
562 nm against a blank. The ability of all samples to
chelated ferrous ion was calculated using the following
equation:

Chelating ability (%) = (4control 562
- Asample 562 ) /Acontrol 562 X 1007

where Aconirol 562 18 the absorbance of the control (dis-
tilled water, instead of sample).

The data presented are means £SD of three determina-
tions and followed by Student’s ¢ test. Differences were
considered to be statistically significant if P < 0.05.

Superoxide radical was generated in a PMS/NADH sys-
tem for being assayed in the reduction of NBT. Figure
2a depicts the inhibitory effect on the superoxide radical
of U, AU, and BU. The inhibitory effect of all samples
was marked and concentration related. As shown in Fig-
ure 2a, for U, AU, and BU, at the concentration below
0.05 mg/mL, the scavenging effect significantly increased
with increasing concentration, at the concentration
higher than 0.08 mg/mL, the scavenging effect was about
90% and increased slowly. On the other hand, at the
concentration below 0.03 mg/mL, U showed stronger
scavenging activity against superoxide radicals than
AU and BU. At the concentration over 0.08 mg/mL,
scavenging activity of U was weaker than that of AU
and BU, but the difference was not significant. The
ICsy values of U, AU, and BU were 9.17, 12.1, and
22.7 ug/mL, respectively. We also studied the scavenging
activity of Vitamin C against superoxide radical using
the above-mentioned model. As shown in Figure 2b,
the ICsg value of Vitamin C was 1.6 mg/mL. Compared
with this result, natural ulvan and its derivatives showed
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stronger scavenging activity for superoxide radicals than
Vitamin C (P < 0.05). Although superoxide is a relative-
ly weak oxidant, it decomposes to form stronger, reac-
tive oxidative species, such as singlet oxygen and
hydroxyl radicals, which initiate peroxidation of lipids.
Furthermore, superoxides are also known to indirectly
initiate lipid peroxidation as a result of H>O, formation,
creating precursors of hydroxyl radicals.'® These results
clearly suggested that the antioxidant activities of all
samples were related to their abilities to scavenge
superoxides.

The hydroxyl radicals, generated by the Fenton reaction
in the system, were scavenged by natural ulvan and its
derivatives. The scavenging effects of all samples and
Vitamin C are shown in Figure 3. Among the three sam-
ples and Vitamin C, AU exhibited the strongest scaveng-
ing activity against hydroxyl radical. Moreover, the
three samples showed higher scavenging activity against
hydroxyl radical than Vitamin C, and that the scaveng-
ing effect of all samples and Vitamin C increased with
increasing the concentration. At a concentration of
0.25-1.52 mg/mL, the scavenging effect was 3.3-37%
for U, 30.8-70.2% for AU, 10.4-46.9% for BU, and
2.7-36.2% for Vitamin C. The ICsy value of AU was
0.88 mg/mL, however, the ICs, values of U, BU, and
Vitamin C could not be read in Figure 3.
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Figure 3. Scavenging effect of natural ulvan, its derivatives and
Vitamin C on hydroxyl radicals. Values are means £ SD (n = 3).
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Figure 2. (a) Scavenging effect of natural ulvan and its derivatives on superoxide radicals. Values are means * SD (n = 3). (b) Scavenging effect of

Vitamin C on superoxide radicals. Values are means + SD (n = 3)
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For hydroxyl radical, there are two types of antioxida-
tion mechanism; one suppresses the generation of the
hydroxyl radical, and the other scavenges the hydroxyl
radicals generated. In the former, the antioxidant activ-
ity may ligate to the metal ions which react with H,O, to
give the metal complexes. The metal complexes thus
formed cannot further react with H,O, to give hydroxyl
radicals.!” In this study, in another assay system, we
demonstrated the iron chelating ability of all samples.
U and BU samples exhibited weak chelating ability. It
was likely that both of the two mechanisms might be
responsible for the inhibition of hydroxyl radical. How-
ever, AU showed strong chelating ability. It was likely
that the radical scavenging activity of AU might be
attributed to the chelating ability. The mechanism of
natural ulvan and its derivatives on the hydroxyl
radicals need to be further investigated.

In the reducing power assay, the yellow color of test
solution changes into various shades of green and blue
colors depending on the reducing power of antioxidant
samples. The reducing capacity of a compound may
serve as a significant indicator of its potential
antioxidant activity. The presence of reductants such
as antioxidant substances in the antioxidant samples
causes the reduction of the Fe®*/ferricyanide complex
to the ferrous form. Therefore, Fe?* can be monitored
by measuring the formation of Perl’s Prussian blue at
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Figure 4. Reducing power of natural ulvan and its derivatives. Values
are means £ SD (n = 3). Reducing power was expressed as a percent-
age of the activity shown by a 1 mM solution of Vitamin C.
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700 nm.'® Figure 4 depicts the reducing power of U,
AU, and BU. The reducing power of AU and BU corre-
lated well with increasing concentration. In addition, the
reducing power of ulvan derivatives was more pro-
nounced than that of natural ulvan, and that of BU
was the most pronounced (P <0.05, compared with
U). The orders of reducing power were BU > AU > U.
However, for all the samples, the reducing power was
weaker than that of Vitamin C. Tanaka et al.'® reported
that the antioxidant activity was concomitant with the
reducing power. Our data on the reducing power of all
samples, especially AU and BU, suggested that it was
likely to contribute toward the observed antioxidant
effect.

Among the transition metals, iron is known as the most
important lipid oxidation pro-oxidant due to its high
reactivity. The ferrous state of iron accelerates lipid oxi-
dation by breaking down hydrogen and lipid peroxidase
to reactive free radicals via the Fenton type reaction
(Fe** + H,0, — Fe’* + OH™ + OH’). Fe’* jon also
produces radicals from peroxides, although the rate is
tenfold less than that of Fe** ion.2° Fe** ion is the most
powerful pro-oxidant among various species of metal
ions.?! Ferrozine can quantitatively form complexes
with Fe?*. In the presence of other chelating agents,
the complex formation is disrupted with the result that
the red color of the complexes decreases. Measurement
of color reduction therefore allows estimating the metal
chelating activity.?>?* Figure 5a shows that the ferrous
ion chelating ability of AU was concentration related
and that of U and BU was not concentration dependent.
The chelating ability of U and BU was weak. At a con-
centration of 0.31-1.88 mg/mL, the chelating ability ran-
ged from 10% to 20% for U and BU. AU showed the
strongest chelating ability among the three samples. At
a concentration of 0.31-1.88 mg/mL, the chelating abil-
ity ranged from 37% to 78% for AU. However, as shown
in Figure 5b, compared with EDTA, the chelating abil-
ity of all samples, especially U and BU on ferrous ion,
was weaker. Gordon reported that chelating agents,
which form ¢ bonds with a metal, are effective as
secondary antioxidants because they reduce the redox
potential, thereby stabilizing the oxidized form of the
metal ion.?* In addition, it was reported that the
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Figure 5. (a) Chelating ability of natural ulvan and its derivatives. Values are means + SD (n = 3). (b) Chelating ability of EDTA. Values are

means * SD (n = 3).
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compounds with structures containing two or more of
the following functional groups: ~-OH, —SH, ~-COOH,
-PO3;H,, C=0, -NR,, -S—, and —O- in a favorable
structure—function configuration can show metal chela-
ting activity.?>-2°

The acetylated and benzoylated ulvans exhibited higher
antioxidant activity than natural ulvan in certain antiox-
idant systems in vitro, which indicated that the chemical
modification of ulvan could enhance their antioxidant
activity. In our previous study, different sulfate content
ulvans showed different antioxidant activity, further-
more, high sulfate content ulvans showed stronger anti-
oxidant activity than natural ulvan.’> In addition, the
acetylated ulvan (AU) exhibited stronger chelating abil-
ity compared with high sulfate ulvan (HUS, sulfate con-
tent 32.8%). At a concentration of 1.85mg/mL, the
chelating ability was 36% and 75%, for HUS5 and AU,
respectively. Yuan et al.?’ reported that oversulfated
and acetylated k-carrageenan oligosaccharides showed
higher scavenging activity on superoxide radical than
k-carrageenan oligosaccharides. These results proved
that chemical structure modification of polysaccharide
could enhance their antioxidant activity.

According to previous studies, the addition of electron-
donating substituents to a heterocyclic ring increased
radical scavenging activity as a result of increasing elec-
tron density at carbon atoms in the heterocyclic ring. In
contrast, the presence of electron-withdrawing substitu-
ents decreases electron density around the heterocyclic
ring, hence decreasing its ability to scavenge free radi-
cals.?®?° However, Yanagimoto et al.3® reported that
addition of electron-withdrawing groups (acetyl) to the
pyrrole enhanced antioxidant activity. This suggests that
only the electron density of carbon atoms on a heterocy-
clic ring may not determine the strength of antioxidant
activity. Other properties of the compounds, such as
polarity, may also be involved in their antioxidant activ-
ity. Thus, further investigation is necessary to clarify this
point.3® One of the mechanisms involved in antioxidant
activity is the ability of a molecule to donate a hydrogen
atom to a radical and the propensity of hydrogen dona-
tion is the critical factor that involves free radical scav-
enging.>! In our opinion, the antioxidant activity may
have originated from their hydrogen atom-donating
capacity. The acetyl and benzoyl groups, which might
substitute in C-2 and (or) C-3 of ulvan, could activate
the hydrogen atom of the anomeric carbon. The higher
activated capacity of the group, the stronger hydrogen
atom-donating capacity the derivatives have. The acety-
lated and benzoylated ulvans appear to function as good
hydrogen atom donors and therefore should be able to
terminate radical chain reactions by converting free rad-
icals to more stale products. Hence, acetylated and ben-
zoylated ulvans showed more pronounced antioxidant
activity than natural ulvan.

In conclusion, the antioxidant activity of natural ulvan,
acetylated and benzoylated ulvans in vitro was deter-
mined, including scavenging activity against superoxide
and hydroxyl radicals, reducing power, and chelating
ability. Among the three samples, acetylated ulvan

showed the strongest scavenging activity against
hydroxyl radical and chelating ability, however, benzoy-
lated ulvan exhibited the strongest reducing power.
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Abstract—Various bis(2-hydroxy-3-chloropropyl)alkylamines were synthesized by coupling primary amine with epichlorohydrin
and utilized as a monomer to react with ethylenediamine (EDA), N,N'-dimethylethylenediamine (DMEDA), or tetramethylethylen-
ediamine (TMEDA) to generate a series of lipopolyhydroxylalkyleneamines. The number- and weight-average molecular weight (M,
and M,,) and polydispersity index (M,,/M,,) of the lipopolyhydroxylalkyleneamines were dependent on reactant solvent and reaction
temperature. The compounds with EDA as backbone have better transfection activity and lower toxicity than those with DMEDA

and TMEDA as backbone.
© 2006 Elsevier Ltd. All rights reserved.

Synthetic compounds such as cationic lipids'> and

polycations* 7 have been considered as potential carriers
for gene therapy due to their being easy to make and
highly flexible in delivering transgene of various sizes.
When mixing with plasmid DNA, these cationic com-
pounds form stable complexes in which DNA is tightly
condensed and protected from enzymatic degradation.
Previous studies have shown that various cationic lipids
and polycations are active in mediating gene transfer
into cells in culture and in animals.> However, success
in applying these synthetic compounds to human gene
therapy has been limited primarily due to their poor
delivery efficiency compared to that of virus-based deliv-
ery systems. In addition, recent studies have demonstrat-
ed that polyethyleneimine (PEI), the most studied
polycation for gene delivery, is toxic to cells at higher
doses due to its high charge density and lack of biode-
gradability.?° Clearly, more efforts are needed to devel-
op new synthetic gene carriers and to improve activity of
existing compounds. Our ongoing research has focused
on the development of new synthetic compounds. In
the current study, we report the design, synthesis, and
gene transfer activity of lipopolyhydroxylalkyleneam-
ines, a novel class of compounds that bear the structural
features of cationic lipid and polycation.

Keyword: Gene delivery.
* Corresponding author. Tel.: +1 412 648 8553; fax: +1 412 383
7436; e-mail: dliu@pitt.edu

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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Lipopolyhydroxylalkyleneamine ~ compounds  were
synthesized in two steps: preparation of various
bis(2-hydroxy-3-chloropropyl)alkylamine monomers'®
and polymerization of monomers into lipopolyam-
ines.!" The procedures of Kim et al.!”> were modified
to synthesize monomers 2a-2e (Scheme 1). Bis(2-hy-
droxy-3-chloropropyl)dodecylamine 2a, bis(2-hydroxy-
3-chloropropyl)dodecylaniline 2b, and bis(2-hydroxy-
3-chloropropyl)octadecylamine 2d were prepared by
reaction of epichlorohydrin 1 with dodecylamine, dod-
ecylaniline or octadecylamine, respectively. The same
strategy was used for synthesis of 2¢ and 2e using hex-
ylamine or methylamine to react with epichlorohydrin.
Monomers 2¢ and 2e were not stable at room temper-
ature and self-polymerization of 2e was detected by
'"H NMR with a peak at 4.2-4.9 ppm. Thus, mono-
mers 2c¢ and 2e were immediately used without further
purification. The yields of monomer synthesis are
summarized in Table 1.

Assembly of various bis(2-hydroxy-3-chloropropyl)
alkylamines into final product of lipopolyhydroxylalkyl-
encamines (3a-3i) is outlined in Scheme 2. Reaction of
monomers of 2a, 2b, 2¢, 2d or 2e with ethylenediamine
(EDA) afforded compounds 3a, 3b, 3¢, 3d, and 3g.
Combination of 2e with N,N'-dimethylethylenediamine
(DMEDA) generated compound 3i. Compounds 3e,
3f, and 3h were produced by mixing N,N,N',N’'-tetra-
methylethylenediamine (TMEDA) with 2a, 2¢ or 2e,
respectively. The reaction of monomers of 2a, 2b, 2c,
or 2d with ethylenediamine in methanol/water at 40 °C
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RNH2

s: ethanol

2a:R = (CH2)11CH3
2¢: R = (CH,)sCH3

2e: R =CH;

Scheme 1. Synthesis of monomers 2a—2e.

Table 1. Synthetic yield of monomers

Monomer R Yield® (%)
2a Dodecyl 86.5

2b 4-Dodecylphenyl 91.5

2¢ Hexyl 92

2d Octadecyl 77

2e Methyl 96

?Yield after column chromatography and based on the starting
primary amine.

for 3 days afforded a mixture that contains the desired
product, some oligomers (MW 600-750, 3-4 units),
unreacted monomers, and partially decomposed
compounds.

For compounds 3a-3f, copolymerization in n-butanol/
water at 90-95 °C for 1-2 days resulted in compounds
with an average molecular weight of approximately
2000 as the major product, which was easily dissolved
in water with the exception of compound 3d. Metha-
nol/water mixture served as an ideal solvent for synthe-
sis of compounds 3g-3i. When butanol was used as
solvent for the reaction carried out with stirring at 85—
95°C for 1h, a lot of solid was seen, which may be
either chloride salt of product with a low MW, or ethy-
lenediamine. If a mixture of methanol/water or butanol/
water (2:1 or 1:1) was used as reaction solvent, pale yel-
low and viscous slurry was always seen during polymer-

o AN A
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OH R OH

Cl

2a-e
2b:R = p-C(,H./r(CHz)] ]CH3
2d: R = (CH2)17CH3

around 2000 at an initial monomer concentration [M],
of 6 M. Polydispersity index (M, /M,) was 1.31-1.61
(Table 2), implying a well-controlled reaction. Structural
features of compounds 3a-3i are summarized in Table 2.

The chemical structures of the synthesized compounds
were confirmed by 'H and '*C NMR and data are sum-
marized in Refs. 10 and 11. Figure 1 is a representative
'"H NMR spectrum of lipopolyhydroxylalkyleneamine
using compound 3a as an example. It shows resonance
signal at 3.75-4.22 ppm due to the protons of CH-
OH. The single peak at 3.25 ppm corresponds to the
protons of hydroxyl group OH of polymers. A broad
multiple peak at 3.20-2.30 ppm corresponds to N-CH,
of the structural unit. The peak at 1.72-1.41 ppm is as-
signed to the N-CH,CH, of dodecyl chain unit. Reso-
nance signals corresponding to the remaining protons
on methylene groups of the dodecyl chain appear at
1.29 ppm. The signal at 0.871 ppm is assigned to the
methyl group of the dodecyl chain unit. The '"H NMR
results indicate that the compounds with NH, as an
end group are the overwhelming product.

Biological activities of the new compounds were evaluat-
ed using murine melanoma BL-6 cells according to an
established procedure.’® In brief, 5x 10° cells/well in
48-well plates were seeded 24 h prior to transfection.
DNA/lipopolyamine complexes were prepared by mix-
ing various amounts of lipopolyhydroxylalkyleneamine

ization. The molecular weight of new compounds was in serum-free medium with a reporter plasmid
R1
I
OH R OH R2 Ny A R R
l 2
CI\)\/N \)K/CI — R o \ [N
8595 °C, 24-48 h N/\/\'\L R2
s: water/alcohol OH OH R n
2a-e 3a-i
Scheme 2. Synthesis of lipopolyhydroxylalkyleneamines.
Table 2. Structural features of lipopolyhydroxylalkyleneamine
Compound Monomer used R R! R? M, M, M, IM, n
3a 2a Dodecyl H H 1831 2536 1.39 7
3b 2b 4-Dodecylphenyl H H 1630 2168 1.33 5
3c 2¢ Hexyl H H 2072 2736 1.32 10
3d 2d Octadecyl H H 1690 2265 1.34 5
3e 2a Dodecyl CH; CH; 1943 2736 1.41 6
3f 2¢ Hexyl CH; CHj; 1419 2404 1.69 7
3g 2e Methyl H H 1500 2158 1.44 10
3h 2e Methyl CHj; CHj; 1247 1783 1.43 6
3i 2e Methyl CH; H 1396 1829 1.31 7
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Figure 1. "H NMR spectrum in (D,0) of lipopolyhydroxylalkyleneamine 3a.

(pCMV-Luc) at the final DNA concentration of 4
pg/ml. The mixture was incubated at room temperature
for 15 min and then added to each well (1 pg of DNA/
well in 250 pl) after removal of the culture medium. Five
hour after transfection, 27.9 pl of fetal bovine serum
(FBS) was added to each well and incubation proceeded
for additional 19 h. Transfection medium was then re-
placed with fresh medium and cells were lysed 24 h later
with lysis buffer. Total proteins and luciferase activity in
cell lysates were determined. Figure 2 (left panel) shows
that transfection activity was much better for com-
pounds 3a, 3c, 3g, and 3h than for the rest of
compounds. Compounds with a secondary amine (com-
pound 3g), or quaternary amine (compound 3h),

10114
109
1074
1054
103

1014

Luciferase Activity (RLUimg)

101

Profein (pglwell)

2004

1504

o
=
L

v
(=1
f

exhibited similar transfection activity. Longer R groups
in compounds 3b, 3d-3f appeared less active compared
to that of compound 3g with R = CHj3. The lowest activ-
ity was seen in compound 3f with R = (CH,)s—CHj3 and
a quaternary amine. Compounds 3a and 3c showed sig-
nificant cytotoxicity, as reflected by decreased amount of
proteins recovered from each well of transfected cells
(Fig. 2, right panel). Overall, compound 3g (R = CHj,
R = R, = H) has the structure exhibiting the best trans-
fection activity with relatively low toxicity.

In summary, a series of new lipopolyamines containing
hydroxyl, different amine groups (secondary, tertiary or
quaternary), and various alkyl groups were synthesized

——a
—4—3h
—3c
- 3d
--0-- e
--0-- 3f
—— g
-4 3h
- 3

Amount of Compound (nmole)

Figure 2. Transfection activity (left) and cytotoxicity (right) of lipopolyhydroxylalkyleneamine 3a-3i. Cells (5 x 10° cells/well) were seeded in a 48-
well plate 24 h before the addition of DNA/compound complexes (1 ug DNA and various amounts of compounds). The level of luciferase gene
expression is expressed as mean of relative light units (RLU) per milligram of extracted protein. Cytotoxicity was indicated by the total amount of
proteins recovered from each well. Data represent means + SD (n = 3).
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and characterized by NMR. Under our experimental
conditions, the number-average molecular weights
(M,) of the compounds ranged from 1396 to 2072,
and the weight-average molecular weights (M,,) ranged
from 1783 to 2736. Biological tests in BL6 cells revealed
excellent but variable biological activities in gene deliv-
ery, depending on the backbone structure and the chain
length of the hydrophobic moiety. The detailed investi-
gations on structure—activity relation of these com-
pounds in vivo are in progress.
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Addition of monomer 2e to EDA/TMEDA/DMEDA
was accomplished using a 1:1 mixture of water/methanol
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as solvent at 85-95°C (Table 2) for 48h to give
compounds 3g, 3h, and 3i which are hygroscopic white
solid. The compounds formed were purified as described
above.

Compound 3g: 'H NMR (H,0) & 4.18-3.96 (m, 2H),
3.10-2.45 (m, 17H).

Compound 3h: 'H NMR (H,0) & 4.48-4.31 (m, 1H),
4.26-4.14 (m, 0.5H), 4.10-3.91 (m, 1H), 3.68-3.14 (m, 15H),

12.

13.

3.10-2.65 (m, 2H), 2.65-2.42 (m, 4H), 2.40-2.30 (m, 3H),
2.28 (s, 1H).

Compound 3i: 'H NMR (H,0) 6 4.24-4.00 (m, 2H), 3.06—
2.62 (m, 15H), 2.60-2.40 (m, 8H), 2.29 (s, 3H).

Kim, T. S.; Kida, T.; Nakatsuji, Y.; Ikeda, 1. Langmuir
1996, 12, 6304.

Ren, T.; Zhang, G.; Liu, F.; Liu, D. Bioorg. Med. Chem.
Lett. 2000, 10, 891.
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Abstract—The synthesis, evaluation, and structure—activity relationships of a series of succinoyl lactam inhibitors of the Alzheimer’s
disease y-secretase are described. Beginning with a screening hit with broad proteinase activity, optimization provided compounds
with both high selectivity for inhibition of y-secretase and high potency in cellular assays of A reduction. The SAR and early in vivo

properties of this series of inhibitors will be presented.
© 2006 Elsevier Ltd. All rights reserved.

Alzheimer’s disease (AD) is the leading cause of
dementia and is currently believed to affect 4 million
Americans and up to 30 million people worldwide.
In addition to the devastating burden of the disease
on patients and their families, estimates of the finan-
cial cost of the disease range up to $100 billion annu-
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ally.? Current treatments include acetylcholinesterase
inhibitors and the NMDA blocker memantine; howev-
er, these therapies treat disease symptoms and do not
significantly affect the underlying progression of the
disease. AD pathology is characterized by the accumu-
lation in the brain of extracellular amyloid plaques
composed largely of the B-amyloid peptide (AB) and
intracellular neurofibrillary tangles composed of
hyperphosphorylated Tau protein. Most strategies to
develop disease-modifying treatments center on inhib-
iting the formation of these lesions. Genetic evidence
obtained from familial forms of AD suggests that
increased production of the 42 amino acid form of
AP has a primary role in the disease.!

The AP peptides are generated by successive cleavages
of the amyloid precursor protein (APP) by B- and
y-secretases which have emerged as strong therapeutic
targets for AD intervention.> B-Secretase (typically re-
ferred to as BACEI) is a novel membrane-embedded
aspartyl proteinase whose characterization was reported
by a number of groups in late 1999.10 y-Secretase is
now known to consist of a complex of four proteins:
presenilin 1 or 2, nicastrin, Pen-2, and Aph-1, with
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presenilin considered to be the likely catalytic compo-
nent.!'"!3  Pharmacological blockade of y-secretase
inhibits the production of AP in transgenic models of
Alzheimer’s disease.!*!3

Based on the therapeutic potential of inhibiting AP
production, we initiated a program designed to identify
novel inhibitors of the secretases. High-throughput
screening using a cellular assay'® for inhibition of AP
production revealed several hydroxamic acid-based
inhibitors with promising activity (Table 1). The most
potent hit identified was SR973 (1), an aminocaprolac-
tam succinate derivative which blocks AP formation
with an ICsy = 0.2 uM. A small set of related derivatives
were also evaluated, with the parent benzyl caprolactam
(Table 1, compound 2) some 30 times less potent. The
more polar 4-nitro and 4-amino substituted compounds
were inactive. This early SAR suggested that the nature
of the caprolactam N-substituent was an important con-
tributor to activity, with preference for a fairly large
hydrophobic substituent at this position.

In order to gain basic SAR in this series, a flexible
solid-phase synthesis was designed. Attachment of inter-
mediates such as 9 (Scheme 2) to resin through the
hydroxamic acid provided a straightforward way to
modify the caprolactam N-substituent. As commercially
available trityl hydroxylamine resin is cleaved with mild
acid, we chose to block the second carboxylate of the suc-
cinate as the orthogonal 9-fluorenylmethyl (Fm) ester.

The synthesis of anti-succinate 6 (Scheme 1) with good
diastereocontrol has been reported.!” Reduction of the
allyl group, protection of the free carboxylate as the
Fm ester, and deprotection of the 7-butyl ester produced
the protected succinate 8 (Scheme 1). As a first set of tar-

Table 1. Succinyl hydroxamate AP production inhibitor leads

Compound Structure ICso"
(nM)

Nv©\o/© 200
o)

H

1(SR973) porN N
H

2T

SER

# Activity assayed in CHO N9 cells according to Ref. 16.

t-BuOOC OH HOOC : OF

Y Y

Scheme 1. Reagents and conditions (Fm = 9-fluorenylmethyl): (a) 5%
Pd/C, H,; (b) FmOH, DCC, DMAP, DCM, rt; (c) 50% TFA/DCM, rt.

m

) ]
O O O‘NH2 @ HOOCK/U\OFm
O 8 \(

11-23

Scheme 2. Reagents and conditions (Fm = 9-fluorenylmethyl): (a)
HATU, DIEA, DMF, rt; (b) 25% piperidine in DMF, repeat; (c)
caprolactam, PyBOP, DIEA, DMF, rt, repeat; (d) Boronic acid,
Pd(PPhs),, THF, 2 M Na,CO3, 60 °C, 16 h; (e) 50% TFA/DCM, rt.

gets, the SAR of the caprolactam amine substituent was
explored by preparing a set of 3-substituted biaryl deriv-
atives, which probed the space of the aryloxy substituent
with a more rigid framework. This strategy required the
synthesis of 3-iodobenzyl aminocaprolactam, which was
simply prepared by deprotonation of (S)-N-boc-aminoc-
aprolactam with LDA followed by alkylation with 3-
iodobenzyl bromide and deprotection.

Solid-phase synthesis of substituted biaryls was carried
out according to the procedure in Scheme 2. Fmoc-pro-
tected trityl hydroxamate resin was deprotected and
acylated with succinate 8. Deprotection of the Fm ester
and spectrophotometric quantitation allowed accurate
determination of the succinate loading level. Subsequent
coupling with the substituted aminocaprolactam provid-
ed the precursor 9 for biaryl formation via a Suzuki cou-
pling protocol.!® Cleavage from the resin with TFA and
purification on a short silica plug returned 6-13 mg
(14-60%) of each compound with no optimization of
the sequence. The compounds were isolated in high puri-
ty, however the yields varied due to cleavage from the
solid support during the Suzuki coupling.

Examination of the SAR in this series (Table 2) showed
that truncation of the 3-substituent to the parent 3-iodo
compound 11 caused a 6-fold reduction in potency rela-
tive to the phenyl ether 2 (500 nM, see Table 4). Biaryls
with a single substituent in the 4-position had potencies
in the 250-500 nM range. Potency was not particularly
sensitive to electronic effects (compare compounds 13
and 15). Substituents at the 2- and 3-position gave
potencies in the same range with a trend toward 3-halo
substituents being preferred. The polar 3-acetamido
group was not tolerated. The 4-fluoro-3-chloro-substi-
tuted analog 17 was the most potent in the series
at 100 nM, a modest 5-fold improvement relative to
compound 2.
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Table 2. Activity of selected biaryl succinyl hydroxamates 11-23

Compound  Substituent 1Cs5¢* (nM)
11 Parent 3- iodobenzyl (Cleavage of 9) 3,000
12 2.,4-Dichloro 350
13 4-Fluoro 470
14 4-Methyl 260
15 4-Methoxy 470
16 3-Methyl 510
17 4-Fluoro, 3-chloro 100
18 4-Trifluoro methyl 230
19 3-Methoxy 600
20 3-Acetamido >10,000
21 3-Fluoro 180
22 2-Methoxy 300
23 2-(1-Naphthyl) 250

# Activity assayed in HEK 293 cells according to Ref. 16.

Concurrent work examined the role of the hydroxamic
acid in this series. The original lead, SR973 (1), had
previously been profiled as an inhibitor of the ADAM
(a disintegrin and metalloproteinase) family of enzymes
as part of a program targeting inhibitors of both MMPs
and the tumor necrosis factor o-converting enzyme
(TACE, or ADAM 17).1°2! SR973 is a potent, broad
spectrum MMP inhibitor, with nanomolar activity
against MMPs and TACE (Table 3). This observation
raised the possibility that y-secretase might be a related
metalloproteinase, which could make achieving selectiv-
ity versus the other MMPs difficult. We therefore ex-
plored this hypothesis structurally by modification of
the carboxy-terminal group on the molecule.

The requisite carboxylic acid 24 was constructed by cou-
pling the alkylated caprolactam to succinate 6 (PyBOP,
DIEA, and DMF) followed by hydrogenation of the al-
lyl group and TFA-mediated cleavage of the z-butyl es-
ter. As is shown in Table 4, O- or N-methylation of the
hydroxamic acid caused a 10-fold loss in affinity. While
significant, this potency loss is not as severe as might be
expected for disrupting the interaction of a hydroxamic
acid binding to a zinc metalloproteinase.?? Similar re-
sults were obtained for other small groups including
the methyl amide and methyl ester.?® Surprisingly, the
primary amide 30 (RE987, ICs5y = 50 nM) was 10-fold
more potent than the hydroxamate 1 and was inactive
against a panel of MMPs and several serine proteases
(data not shown). Taken together, these results are
inconsistent with the target of these compounds being
a metalloproteinase. Recent data suggest that the pre-
senilins are the catalytic component of the y-secretase

Table 3. SR973 potency at metalloproteinases

Enzyme K; (nM)
MMP-1 21
MMP-2 7
MMP-7 660
MMP-9 5
MMP-10 190
MMP-13 10
MMP-14 1200
TACE 4

Table 4. Succinyl carboxylate modifications

(0]
2, 24-30
Compound  Substituent (X group, structure xx)  ICs* (nM)
1 (SR973) NH-OH 500
24 OH >3000
25 NH-OCH 5000
26 N(Me)OCH3; 5000
27 NHCH; 5000
28 OCHj; 6000
29 NHNH, 1600
30 (RE987) NH, 50

# Activity assayed in HEK 293 cells according to Ref. 16.

complex. These proteins contain two membrane-embed-
ded aspartyl residues that are essential to catalytic func-
tion.?32¢ Homology between the putative active site of
the presenilins and the bacterial type-4 prepilin pepti-
dases, which are also aspartyl proteases, provides addi-
tional support for this hypothesis.?’

Based on the potency of the primary amide 30, addition-
al amide variants were tested. This was accomplished by
reductively loading amines onto BAL?® resin followed
by coupling to acid 24. Cleavage from the washed solid
support provided clean products in excellent yields. Of
24 analogs, the 4 most potent compounds had modest
activity (in the 3-6 uM range, Table 5), demonstrating
that high potency in this series requires the primary
succinamide.

Several compounds with modifications to the succinate
region of the molecule were then prepared (Table 6).
These included truncation of each group on the disubsti-
tuted succinate in order to explore the hydrophobic
requirements of the binding site and to probe the active
conformation. Deletion of either substituent of the suc-
cinate resulted in complete loss of activity. Anti-disubsti-
tuted succinates are known to adopt an extended,
staggered conformation,?® and this architecture ap-
peared to be required. This interpretation was supported

Table 5. Selected secondary succinyl amides

31-34
Compound Substituent (R group) 1C5* (nM)
31 n-Butyl 5000
32 2-Furylmethyl 3000
33 Cyclopentyl 6000
34 4-Phenyl-2-butenyl 3000

Activity assayed according to Ref. 17.

# Activity assayed in CHO N9 cells according to Ref. 16.
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Table 6. Succinate modifications

Compound  Substituent (R group, structure xx)  ICs* (nM)
(0]
HZN\”/\)J\ ,
35 T N >10,000
% Y
(@)
36 HOHN N}‘L >10,000
o) H
37 >10,000
38 226

# Activity assayed in HEK 293 cells according to Ref. 16.

by the activity of compound 38, which had both stereo-
centers inverted but still maintained good potency. Pyr-
rolidinone 37 was prepared by constraining the propyl
side chain onto the primary amide, but this modification
also proved inactive.?°

With requirements for the trans-disubstituted succinyl
primary amide established, the SAR of this series was
explored using solid-phase chemistry similar to that used
in the hydroxamate series, but linking through PAL res-
in (in analogy to Scheme 2). Substitution at the 4-posi-
tion was also examined in this series by using the
caprolactam prepared from 4-bromobenzyl bromide.
Loading levels of the support-bound caprolactam ha-
lides were determined by cleavage and were 80-90% of
theory. Overall yields from this procedure ranged from
5% to 15%, as the amount of cleavage from the resin
during the Suzuki coupling step was quite high under
the conditions we employed. Nevertheless, each com-
pound was obtained in high purity.

As capropactam N-substituents were varied, the in-
creased potency of the amide series was maintained rel-
ative to the hydroxamate series (Table 7). A limited
comparison (compounds 44 and 45) suggests that the
3-substituted biaryls are more potent than the 4-substi-
tuted biaryls. In the 3-substituted series, small lipophilic
substituents on the 4-position tended to be more potent,
as evidenced by the 4-methoxy and 4-trifluoromethyl
compounds 42 and 44 (~10 nM activity). An attempt
to install masked polarity in this position with the 2-tet-
razole group resulted in a dramatic loss in affinity.
Unfortunately, the simple 4-substituted derivatives
including the potent derivatives 42 and 44 were poorly
soluble, and we observed precipitation of compound
from DMSO stocks upon long-term storage. The 4-fluo-
ro-3-chloro derivative 43 (RF978) provided the best
compromise between potency and maintained solubility

Table 7. Activity of selected biaryl succinyl amides

(0]

39-50
Compound Biaryl Substituent 1C50* (nM)

(R group, structure 10)

39 3 2,4-Dichloro 14
40 3 4-Fluoro 191
41 3 4-Methyl 40
42 3 4-Methoxy 8
43 (RF978) 3 4-Fluoro, 3-chloro 17
44 3 4-Trifluoromethyl 10
45 4 4-Trifluoromethyl 90
46 3 3-Methoxy 150
47 3 3-Fluoro 300
48 3 2-Methoxy 30
49 3 2-Naphthyl 18
50 3 2-Tetrazolyl 1800
51 3 C(O)phenyl 100

# Activity assayed in HEK 293 cells according to Ref. 16.

in DMSO, although the aqueous solubility of this ana-
log is also very poor (<1 pg/mL, see Table 10).

In an attempt to increase the solubility of this series,
related compounds were prepared utilizing a 3-pyridyl
biaryl group (Scheme 3). Alkylation of Boc-caprolactam
using NaHMDS with the free base of 3-bromo-5-(chlo-
romethyl)pyridine’! proceeded smoothly (Scheme 3).
The palladium-mediated coupling reaction was carried
out at the stage of compound 54, as all attempts to cou-
ple aryl halides with the succinyl primary amide already
installed were unsuccessful. As is shown in Table 8,
activity in the pyridyl series was roughly equivalent to
activity in the biaryl series, although the 4-fluoro-3-chlo-

52

N
A e
NH
a Z Br BocHN
O s3
l a-c

54

55-60

Scheme 3. Reagents and conditions: (a) 53, NaHMDS, —78 to 0 °C,
then 52; (b) 50% TFA/DCM, rt; (c) 7, HATU, NMM, DMEF, 50 °C,
48 h; (d) boronic acid, Pd(PPhs),, 9:1 toluene/MeOH, 2 M Na,COs;,
reflux, 16 h; (e) 50% TFA/DCM, rt; (f) HATU, NMM, NH;; (g),
DMF, rt.
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Table 8. Activity of pyridyl biaryl succinyl amides

Table 10. Pharmacokinetics of compounds 30, 43, and 60

Compound Biaryl Substituent 1C50* (nM)
(R group, structure 10)

55 3 4-Trifluoro methyl 17

56 3 4-Methoxy 32

57 3 4-Fluoro, 3-chloro 4

58 3 2-Pyridyl 8800

59 3 3-Pyridyl 2200

# Activity assayed in HEK 293 cells according to Ref. 16.

ro derivative 57 appeared slightly more potent than the
best biaryls with an ICso =4 nM. These compounds,
however, remained poorly soluble.?’

Further improvements in solubility of the biaryl series
were difficult due to the lack of tolerance for polarity
at the distal end of the caprolactam substituent binding
pocket. In the linker position, however, synthesis of the
biaryl amine corresponding to the biaryl ether 30
through Buchwald/Hartwig amination®® of the iodophe-
nyl intermediate provided compound 60, which served
as the lead for a series of aryl amines (Table 9).

In this series, 3-substitution was preferred over 4-substi-
tution, however none of the substituted derivatives
proved more potent than the parent aniline 60. A variety
of non-aryl amines were also synthesized, with piperi-
dine 69 showing modest activity (74 nM). Other non-ar-
yl derivatives, or amines with more polar substituents,
were prepared but were less potent than compound 69
(data not shown).

A preliminary in vivo profile of compounds 30, 43, and
60 was collected in the beagle dog. Compounds were
dosed in cassette format with up to nine other com-
pounds. Doses were kept low (0.25 mg/kg iv and 0.5
or 1.0 mg/kg po) to help minimize potential compound
interactions. Pharmacokinetic parameters for the com-
pounds are presented in Table 10. In the dog, compound
30 had low oral bioavailability, poor overall exposure,

Table 9. Biarylamines

(0]

60-69
Compound Substituent (NR |, R») 1Cs¢* (nM)
60 NHphenyl 15
61 NH(2-chlorophenyl) 29
62 NH(3-methylphenyl) 17
63 NH(3-methoxyphenyl) 54
64 NH(3,4-methylenedioxyphenyl) 152
65 NH(4-fluoro, 3-chlorophenyl) 17
66 NH(4-methoxyphenyl) 160
67 NH(4-trifluoromethylphenyl) 30
68 NH(3,4-methylenedioxyphenyl) 150
69 1-Piperidyl 74

# Activity assayed in CHO N9 cells according to Ref. 16.

Parameter Compound 30 Compound 43 Compound
po at 0.5 po at 1.0- 60 po at 0.5
mg/kg mg/kg mg/kg

Solubility pH 7.4 0.001 0.0001 n.d.

(mg/mL)

Fu* (%, dog) 0.4 bql 1.5

CI (1/h/kg) 1.9 0.4 0.6

Vs (1/kg) 1.3 0.8 0.4/1.1°

t12 (h) 0.5 1.3 1.0

Chnax (01M) 25 116 17/73¢

F° (%) 8 25 3/21¢

2bql, below quantifiable limit of assay.
® Fraction unbound bioavailability.
°Two numbers represent data from two different animals.

and was rapidly cleared. Compound 43 had an im-
proved profile, with substantially lower clearance and
moderate bioavailability and half-life leading to some-
what higher overall exposure. Compound 60 had a high
level of variability between the two animals, but had a
moderate to poor overall exposure. Taken together,
these data suggested that further improvements to the
caprolactam succinamide series were needed.

In addition to cleavage of APP, it has been shown that
y-secretase also functions to cleave the Notch receptor,
and inhibition of y-secretase leads to defects in Notch
function.??>3* In adult animals, disruption of Notch sig-
naling through y-secretase blockade has been shown to
cause intestinal goblet cell hyperplasia, a process that
leads to the formation of intestinal lesions.?> 38 Thus,
the development of y-secretase inhibitors as therapeutic
agents will likely require selectivity for inhibition of
brain AP production versus peripheral Notch function.
These three representative compounds were therefore
profiled for their ability to block y-secretase-mediated
Notch signaling. As is shown in Table 11, all three com-
pounds are inhibitors of Notch signaling with cellular
potencies similar to their potency as inhibitors of Ap
production.

In summary, a series of succinoyl-caprolactam y-secre-
tase inhibitors was synthesized to follow the lead struc-
ture SR973 (1), which was identified from a screening
campaign. Optimization of the series using efficient par-
allel synthesis led to the identification of inhibitors with
<10 nM cellular potency for AB production inhibition.
This series also provided reagents which enabled exam-
ination of aspects of y-secretase biology. Compound 51
(IC50 = 100 nM) with a 3-linked benzophenone substitu-
ent was designed as a potential photoaffinity probe.
Reduction of the related allyl precursor with tritium
provided a ligand that was used to identify presenilins
1 and 2 as the molecular targets of these small-molecule

Table 11. Notch inhibition of compounds 30, 43, and 60

Parameter Compound 30 Compound 43 Compound 60

ABICs (nM) 50 17 15
Notch ICs, (nM) 82 + 22 18£15 64 + 33

Activity assayed in murine 3T3 cells using murine Notch AE (see Ref.
42 for full experimental details).
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production inhibitors. Similarly, reduction of an al-

lyl precursor of amide 30 (RE987) provided a radioli-
gand which enabled the construction of a binding
assay which has been used to examine the potency of
presenilin inhibitors under cell-free conditions.? These
results and the SAR described in this work provided

the groundwork for the production of other series of
y-secretase inhibitors which will be reported in due
course.
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All new compounds reported herein gave satisfactory
analytical data including parent mass, proton NMR
spectral integrity, and high purity by HPLC characteriza-
tion. Compounds characterized in vivo also gave satisfac-
tory combustion analysis data.

Notch signaling assay: NIH3T3 cells were maintained in
growth media (Dulbecco’s modified Eagle’s medium
(DMEM; Gibco-BRL) containing 10% calf serum (Gib-

co-BRL), Penicillin/Streptomycin (Gibco-BRL), 2 mM L-
glutamine (Gibco-BRL), and 1 mM pyruvate (Cellgro))
and were treated with compounds in defined media
(DMEM, 2mM Lr-glutamine, penicillin/streptomycin,
1 mM pyruvate, and 0.0125% BSA (Sigma)). The mouse
Notch-1 AE construct was generated essentially as
described.?**® The CBFl-luciferase reporter construct
consists of four tandem repeats of the CBF1 binding
element in the pGL3-Promoter vector (Promega). NIH
3T3 cells were transiently transfected using Effectere
(Qiagen) according to the manufacturer’s directions.
Cells were transfected in batch with a combination of
Notch AE, vector DNA, and the CBFI-luciferase reporter
construct for 24 h. Following transfection, cells were
replated in 96-well plates in the presence of defined media
and treated with compound serial dilutions for 20 h.
Luciferase activity was measured using Luc Screen
(Tropix) according to the manufacturer’s directions.
Dose-response curves were analyzed using GraphPad
Prism (GraphPad Software) and nonlinear regression
analysis.





		Synthesis and evaluation of succinoyl-caprolactam   gamma -secretase inhibitors

		References and notes






ELSEVIER

Available online at www.sciencedirect.com

science (hoinzer:

Bioorganic &
Medicinal
Chemistry
Letters

Bioorganic & Medicinal Chemistry Letters 16 (2006) 2423-2427

Identification of cytotoxic, T-cell-selective
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Abstract—A family of 1,4-benzodiazepine-2,5-diones (BZDs) has been synthesized and evaluated against transformed B- and T-cells
for lymphotoxic members. A large aromatic group on the C3 position is critical for cytotoxicity. When the C3 moiety contains an
electron-rich heterocycle, the resulting BZDs have sub-micromolar potency and are selective for T-cells. Cell death is consistent with
apoptosis and does not result from inhibition of the mitochondrial F,F;-ATPase, which is the molecular target of recently reported
cytotoxic 1,4-benzodiazepines. Collectively, these studies begin to characterize some of the structural elements required for the activ-

ity of a novel family of T-cell-selective lymphotoxic agents.
© 2006 Elsevier Ltd. All rights reserved.

Certain autoimmune diseases and hematological malig-
nancies are associated with aberrant survival and
expansion of B- or T-cell populations.! Current thera-
pies for these disorders generally include cytotoxic
drugs whose mechanisms of action frequently involve
DNA damage.? Hence, selectivity of these drugs relies
on the differential ability of diseased and healthy cells
to tolerate and repair drug-induced DNA damage and
is often limited.

Bz-423 is a pro-apoptotic 1,4-benzodiazepine with po-
tent activity in two clinically relevant animal models of
systemic lupus erythematosus (Fig. 1).>* Bz-423 binds
to the oligomycin sensitivity conferring protein compo-
nent of the mitochondrial F F,-ATPase.> Bz-423 inhib-
its the enzyme, which produces a state 3 to state 4
transition within the mitochondrial respiratory chain
(MRC), ultimately resulting in production of superoxide
(O;7) from MRC complex III. This reactive oxygen spe-
cies acts as an upstream signal initiating a tightly regu-
lated apoptotic process.® Previous studies revealed that

Keywords:  Apoptosis; Autoimmunity benzodiazepine; Cancer;

Mitochondria.
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Figure 1. Structure of Bz-423 and 14,-benzodiazepine-2,5-diones.

a hydrophobic aromatic substituent at C3 along with
the phenolic hydroxyl group is required for the cytotoxic
activity of Bz-423.°

As part of efforts to further define the elements of Bz-
423 required for inhibiting the F,F;-ATPase, a series
of 1,4-benzodiazepine-2,5-diones (BZDs) with aromatic
substitution at C3 were synthesized (Fig. 1; Table 1).
Despite the absence of a phenolic hydroxyl group, most
of these compounds were quite cytotoxic. BZD-induced
cytotoxicity is characterized by cell shrinkage, cytoplas-
mic vacuolization, membrane blebbing, and DNA frag-
mentation (i.e., appearance of hypodiploid DNA)
consistent with apoptosis (Supplementary Figure 1).
Many of these compounds displayed greater lymphotox-
ic activity against Jurkat T-cells (a transformed T-lym-
phoblast line derived from peripheral blood leukemia)
compared to Ramos B-cells (a B-lymphoblast line
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Table 1. Potency of BZDs with substitution at the C3 position

\

) 0O
N~ R AcOH ~ N73R
gl
0] 0 o
Cl

Cl

Compound R ECso (uM)
Ramos B-cells Jurkat T-cells

1 7% 10.7 3.0

4
2 12.6 205
H

3 /ﬂl@ 9.2 26.2

4 W@ >100 >80

5 §_\_<i> >100 >80

O~

8 %r@J_. 16.2 8.2

18.6 17.6

10 O / O 50.3 7.5
T

Cell death was measured by propidium iodide (PI) staining as descri-
bed previously.* Data are means of three experiments with a standard
deviation of +3%.

derived from Burkitt’s lymphoma; Table 1). By contrast,
the ECsy of Bz-423 for Ramos B- and Jurkat T-cells is
quite similar (~7.0 uM).

Based on these properties, we synthesized a series of deriv-
atives to probe the structural elements necessary for T-
cell-selective cytotoxicity by condensing N-methyl 5-chlo-
roisatoic anhydride with glycine derivatives in refluxing
acetic acid (Table 1; '"H NMR and MS data for all com-
pounds are presented as Supplementary Data). ’

First, the naphthyl moiety was replaced with other
hydrophobic groups of comparable size (2,3), but which
are oriented differently. Compared to 1, these substitu-
tions had relatively small effects on activity in Ramos
B-cells, but greatly increased the ECs, in Jurkat T-cells.
In addition, reducing the size of the C3 substituent (4,5)

resulted in a dramatic decrease in activity against both
cell types. Substitution with a p-biphenyl moiety (6) im-
proved activity in both cell types, whereas substitution
with m-biphenyl (7) or p-phenyl tert-butyl (8) moieties
or incorporation of carbon linkers between the two rings
(9,10) failed to improve activity or selectivity. These
data reveal that the size of the C3 substituent is critical
for the increase in T-cell-selective cytotoxicity relative to
1. Moreover, they suggest that it may be possible to
optimize potency and selectivity by further substitution
of the p-biphenyl or 2-naphthylene C3 side chains.

To further explore the structural and electronic require-
ments of the p-biphenyl substituent (6) at C3, a range of
substituted biphenyls were prepared by Suzuki coupling
of aryl halides with commercially available boronic
acids (Table 2).78 In the first group of derivatives (11—
16), a methyl group or chlorine atom was substituted
at the 2/, 3’, or 4’ positions. Although selectivity was
lost, the data indicated that certain substitutions at the
3’ position improve potency (12,15).

Substitution of a bromine atom (17,18) at the 3’ or 4’
positions decreased activity and selectivity relative to
6. Placement of a trifluoromethyl group (19,20) at the
same positions resulted in moderate, equipotent cyto-
toxicity against B- and T-cells. Substitution of an elec-
tron-withdrawing nitro group at the 3’ position (22)
improved potency against Jurkat T-cells while maintain-
ing 3-fold selectivity over Ramos B cells. Substitution of
a nitro group at the 4’ position (23) afforded activity and
selectivity similar to 1, whereas 2’ substitution (21)
ablated activity in both cell lines.

The improvement in potency with retention of selectivity
that was achieved by substitution of either the 3’ or 4’
positions prompted incorporation of hydroxyl (24,25)
and carboxyl groups (26,27) at these positions. While
the hydroxyl analogs both displayed significant T-cell
cytotoxicity and selectivity similar to those of 6, the car-
boxyl substituents greatly diminished activity against
both cell types. Because of the improved potency and
selectivity observed with the electron-rich hydroxyl sub-
stitutions, pyridine (28,29) and furan (30) analogs were
prepared. Both pyridines achieved sub-micromolar
potency against Jurkat T-cells, and selectivity was max-
imized when the nitrogen was in the 3’ position. Finally,
substitution of the terminal phenyl ring with a furan
produced the most potent compound 30, albeit with
slightly diminished selectivity relative to pyridine 28.

Given the similarity between the structures of the cyto-
toxic BZDs reported here and compounds like Bz-423,
we determined if the pyridine-substituted BZDs
(28,29) inhibit the F F;-ATPase or generate O, similar
to Bz-423. The pyridine-substituted analogs (28,29)
were selected as representative because they are among
the most potent and T-cell-selective BZDs. Neither 28
nor 29 inhibited the ATP synthase activity of the
F,F-ATPase nor induced a cellular O, response
(Fig. 2). This indicates that these BZDs have a different
molecular target and apoptotic mechanism than the Bz-
423 family of benzodiazepines. In support of this
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Table 2. Activity of BZDs with various R' groups

o
@\‘(NH | Pd(dppf) 2C|2, @\“NH

o o) NaQCO3

Compound R! ECso (LM) Selectivity

Ramos B-cells Jurkat T-cells

1 E@ 6.7 54 12
12 p O 2.8 3.1 0.9
13 ;-@- 6.9 3.6 1.9

14 ; @ 10.3 8.3 1.2
15 EO 1.5 2.0 0.8
16 »EOG 6.5 6.5 1.0

17 : _@ 9.2 438 1.9
18 -gOBr >20 9.8 >2

CF3
19 4.0 45 0.9
4
20 '§OCF3 48 52 0.9
O,N
21 ;C) >20 >20 n/a
NO,
2 42 1.5 28
4
23 -E«i}NO2 10.0 3.8 2.6
OH

24 4.0 1.5 27
4
25 »%—@—OH 6.0 15 4.0

26 ;f\@)LOH >20 >20 n/a
27 ;@-«O 318 15.1 2.1
OH . . .

28 6.0 0.6 10.0

(continued on next page)
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Table 2 (continued)

Compound R! ECso (UM) Selectivity
Ramos B-cells Jurkat T-cells

29 =N 3.0 0.5 6.0

30 +Cb 2.0 0.3 6.5

Cell death was measured by propidium iodide (PI) staining as described previously.* Data are means of three experiments with a standard deviation
of +3%. Selectivity is defined as Ramos ECsq/Jurkat ECsg, and is listed as not applicable (n/a) when ECs, values for both cell types are >20 uM.

20 4

% ATP Synthase Activity »

Conc [uM]

=

% DHE+

Conc [uM]

Figure 2. (A) Bovine sub-mitochondrial particles were treated with Bz-
423 (closed squares), 28 (open squares), or 29 (open triangles) and rates
of ATP synthesis were determined using an NADP*-coupled assay as
described previously.5 (B) Jurkat T-cells incubated with Bz-423 (closed
squares), 28 (open squares), 29 (open triangles), or clonazepam (a
benzodiazepine that does not produce O, ; closed triangles) for 1 h
and O, production was measured by flow cytometric analysis of
dihydroethidium (DHE) fluorescence as described previously.*

hypothesis, pretreatment with the antioxidants manga-
nese(IID)tetrakis (4-benzoic acid)porphyrin chloride
and vitamin E, which prevent Bz-423-induced cell death,
failed to block apoptosis induced by 28 and 29 (data not
shown).

The benzodiazepine-dione core has been widely used for
preparation of biologically active molecules; for exam-
ple, endothelin receptor antagonists,” inhibitors of plate-
let aggregation,! and p53-HDM2 antagonists.'!
Although the BZDs described here share a similar
scaffold and biological activity with p53-HDM?2 antago-
nists, several lines of evidence indicate that they are not
expected to induce apoptosis by blocking p53-HDM?2

binding. First, the SAR of the critical C3 side chains dif-
fers between the two classes of compounds.!! Second, in
Ramos B-cells one copy of the p53 gene is deleted and
the remaining allele encodes a mutant protein incapable
of activating transcription or mediating apoptosis.'?

T-cell activation and proliferation is dependent on cyto-
kines and cell-cell interactions. As such, experimental
therapies for T-cell-mediated disease typically use either
soluble receptor decoys or monoclonal antibodies to
neutralize these interactions and prevent pathogenic
activation and cellular proliferation.'3 In addition, small
molecule inhibitors of purine nucleoside phosphorylase
(PNP), an enzyme that catalyzes degradation of deoxy-
guanosine, selectively kill T-cells relative to other lym-
phoid subsets.!* We have presented a preliminary
structure—activity study for a family of new 1,4-benzodi-
azepine-2,5-diones, which like PNP inhibitors are
selectively cytotoxic against transformed T-cells. Since
these BZDs are structurally unrelated to the PNP antag-
onists, it is unlikely that they have the same molecular
mechanism and target. Therefore, these BZDs are prom-
ising leads that in a forward chemical genetics fashion
may help to identify a new molecular target and mecha-
nism for treatment of T-cell diseases. As such, current
efforts focus on improving the potency of this series of
compounds as well as identifying the physiologically
relevant target and mechanism underlying the T-cell
selectivity.
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Abstract—Two novel axially substituted phthalocyanines, namely bis(4-(4-acetylpiperazine)phenoxy)phthalocyaninatosilicon (IV)
(1) and its N-methylated derivative 2, have been synthesized. The dicationic phthalocyanine 2 is non-aggregated in water and exhib-
its good photophysical properties. The non-covalent BSA conjugates of these compounds have also been prepared. Compound 2
and the conjugate 2-BSA show extremely high photodynamic activities toward B16 melanoma cancer cell lines. The corresponding

50% growth-inhibitory (ICs,) ratios are 33 and 38 nM, respectively.

© 2006 Elsevier Ltd. All rights reserved.

Phthalocyanines represent a unique class of macrocyclic
compounds which have been extensively studied as func-
tional materials for various applications.?> One of their
most important applications is functioning as photosen-
sitizers for photodynamic therapy (PDT).>* Due to the
intense absorption in the red visible region, high efficien-
cy to generate reactive oxygen species (such as singlet
oxygen), and low dark toxicity, phthalocyanines have
been used in this avenue for the treatment of various
cancers and photoinactivation of viruses.”> It has been
established that non-aggregated and hydrophilic pht-
halocyanines are extremely important and potentially
useful for this application.® Molecular aggregation of
phthalocyanines, which is an intrinsic property of these
large m-conjugated systems, provides an efficient non-
radiative energy relaxation pathway, thereby shortening
the excited state lifetimes and greatly reducing the
photosensitizing efficiency.” Although considerable
efforts have been devoted to improve the water-solubil-
ity and avoid aggregation of these macrocycles, only a

Keywords: Phthalocyanines; Silicon; Albumin; Photodynamic therapy;

Photosensitizers.

* Corresponding author. Tel.: +86 591 87893457; fax: +86 591
83722113; e-mail: jdhuang@fzu.edu.cn

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

doi:10.1016/j.bmcl.2006.01.075

few phthalocyanines have been reported so far which ex-
ist mainly in monomeric form in aqueous media in the
absence of surfactants or other disaggregating
agents.>>%810 We report herein the preparation and
in vitro photodynamic activities of two novel silicon
(IV) phthalocyanines 1 and 2, which are axially linked
to the 4-(4-acetylpiperazine)phenoxy group or its
N-methylated derivative, and their bovine serum albu-
min (BSA) conjugates. By introducing two piperazine-
containing substituents at the axial positions of a silicon
phthalocyanine, we hope to increase the hydrophilicity
and inhibit the self-aggregation of these compounds.
Silicon (IV) phthalocyanines are promising photosensi-
tizers for PDT.3 10 Apart from their desirable photo-
physical properties, these compounds can have axial
substituents to prevent aggregation and impact desirable
characterizations to the molecules. Piperazine has been
used as an active group of many kinds of drugs.!' It
would also be interesting to evaluate whether this func-
tionality has beneficial effects on the photodynamic
process.

The synthesis of compounds 1 and 2 is shown in
Scheme 1. Treatment of the readily available silicon
(IV) phthalocyanine dichloride with 1-acetyl-4-(4-hydroxy-
phenyl)piperazine in the presence of NaH in toluene led
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Scheme 1. Synthesis of 1 and 2. Reagents and conditions: (i) 1-acetyl-4-(4-hydroxyphenyl)piperazine, NaH, toluene, reflux 12 h. (ii) CH3I, CHCl;,

reflux 2 h followed by stirring at rt for 12 h.

to the formation of the disubstituted product 1 in 86%
yield. Reaction of 1 with a large excess of iodomethane
in CHCIj; gave the dicationic compound 2 in 73% yield.
The new compounds 1 and 2 were fully characterized
by 'H NMR, MS, and FT-IR spectroscoplc method
together with elemental analysis.!?

The electronic absorption spectra of 1 and 2 in N,N-di-
methylformamide (DMF) were typical for non-aggre-
gated phthalocyanines, showing a Q-band at 680 nm
(for 1) (Fig. 1) or 685 nm (for 2) (Fl% 2) both with a
molar extinction coefficient of 2.3 x 10 "em™'. With
the addition of 0.5% DMF, 1 could become soluble in
water. As shown in Figure 1, the absorption spectrum
in water shows a broad signal peaking at ca. 710 nm,
indicating that it is highly aggregated in this system.
The dicationic analogue 2 was readily soluble in water
and exhibited a strong and sharp Q-band at 690 nm
(Fig. 2). This absorption obeyed the Lambert—Beer law
(inset of Fig. 2) showing that the compound is essential-
ly free from aggregation in water. The axial cationic
groups are therefore very effective to inhibit aggregation
of the macrocycle.

Upon excitation at 610 nm, compound 1, either in DMF

or water (with 0.5% DMF), showed a weak fluorescence
emission at 681-683 nm with a fluorescence quantum

0.8+

Absorbance

300 400 500 600 700 800
Wavelength (nm)

Figure 1. Electronic absorption spectra of 3 uM of 1 (---) in DMF,

1-BSA (—) in water, and 1 (------ ) in water with 0.5% DMF.

0.8
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Figure 2. Electronic absorption spectra of 3 uM of 2 (---) in DMF,
2-BSA (—), and 2 (----- ) in water. The inset shows the plot of the
Q-band absorbance against the concentration for 2 in water.

yield (@) of 0.01-0.02. By contrast, the dicationic deriv-
ative 2 gave a strong fluorescence emission either in
DMF (@ =0.22) or in H,O (@ = 0.28). The data are
summarized in Table 1. To evaluate the photosensitizing
efficiency of these phthalocyanines, their singlet oxygen
quantum vyields (®,) were also determined by a stea-
dy-state method with 1,3-diphenylisobenzofuran as the
scavenger.'® It was found that 2 is an excellent singlet-
oxygen generator with a @, value of 0.49, which is about
three times higher than that of 1. It is likely that the ami-
no groups in compound 1 reductively quench the singlet
excited state, resulting in a weaker fluorescence emission
and lower efficiency to generate singlet oxygen,'* while
N-methylation removes the electron-donating centers,
leading to higher values of @ and @,,.

With the goal of enhancing the biocompatibility and
selectivity, compounds 1 and 2 were complexed with
BSA. BSA is a common protein carrier for anticancer
drugs to improve their passive targeting properties,'>
but its use for targeted delivery of phthalocyanine-based
photosensitizers remains little studied.'®'” We first
investigated the interactions of 1 and 2 with BSA by a
fluorescence quenching method.® Figure 3 shows the
change in the fluorescence spectrum of BSA in a Tris—
HCI buffer solution (pH 7.4) upon titration with 2.'8
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Compound Solvent Amax (M) e (x10° M 'em™) Aem (nm)* PP P ,°
1 DMF 680 2.3 681 0.02 0.15
2 DMF 685 2.3 690 0.22 0.49
1 Water? 680-750 (br) . 692 0.01 -
2 Water 690 1.9 696 0.28 —
1-BSA Water 680-750 (br) — 691 0.01 —
2-BSA Water 690 1.8 691 0.30 —

# Excited at 610 nm.

b Using unsubstituted zinc(II) phthalocyanine (ZnPc) in DMF as the reference (9g = 0.28).%

¢ Using ZnPc in DMF as the reference (&, = 0.56)."
4 Contained 0.5% (v/v) DMF.

40000 -

4 8 12 16
[2]/ [BSA]
20000 -

Relative Fluorescence Intensity

440

400
Wavelength (nm)

320 360

Figure 3. Change in fluorescence spectrum of BSA (2 uM, excited at
280 nm) in a Tris—-HCI buffer upon titration 2. The inset shows the
corresponding Stern—Volmer plot.

The emission band at 340 nm decreases in intensity and
shifts gradually to 338 nm. The quenching data follow
the Stern—Volmer equation as shown in the inset of Fig-
ure 3, giving a quenching constant Kgy of 1.2 x 10°M .
Compound 1 behaved similarly and the corresponding
Kgv value was found to be 1.6x10°M~'. The high
Kgy values suggest that there are strong interactions be-
tween the two phthalocyanines and the protein.

In view of the strong interactions between these phthalo-
cyanines and BSA, attempts were made to prepare their
non-covalent conjugates according to the literature pro-
cedure.® The conjugates were obtained by stirring a mix-
ture of 1 (or 2) and BSA (with a molar ratio of 6) in a
Tris—HCI buffer at ambient temperature overnight, fol-
lowed by gel chromatography on a G-100 Sephadex col-
umn using a 20 mM aqueous NH4HCO; (pH 8.3) as
eluent. The conjugates collected as the first blue fraction
were then lyophilized to remove NH;HCO; and water.
The protein content in the conjugates was determined
with the Bio-Rad protein assay kit using BSA as stan-
dard, while the phthalocyanine concentration was calcu-
lated from the Q-band absorbance in a diluted DMF
solution with reference to the corresponding molar
absorptivity (Table 1). The molar ratio of phthalocya-
nine to BSA was found to be 2:1 for both 1-BSA and
2-BSA conjugates. The corresponding ratio by weight
was found to be 2.9% for 1-BSA and 3.8% for 2-BSA,
respectively.

These two conjugates were readily soluble in water.
Their spectroscopic properties in water were similar to
those of the corresponding non-complexed counterparts
(Table 1). As shown in Figures 1 and 2, the absorption
spectra of 1 and 1-BSA, as well as for 2 and 2-BSA, are
similar except for the stronger absorption at ca. 280 nm
in the spectra of the conjugates, which is the typical
absorption of BSA. In both conjugates, one BSA mole-
cule binds to two phthalocyanine molecules. It is likely
that the two phthalocyanine molecules of 1 are quite
close to each other in the position cavity. The aggrega-
tion leads to a rather broad Q-band, peaking at ca.
710 nm. By contrast, the two phthalocyanine molecules
of 2 bind to BSA in different sites. Each of them is
encapsulated in the site giving a sharp Q-band typical
for non-aggregated phthalocyanines.

The photodynamic activities of phthalocyanines 1 and 2,
and their albumin conjugates were investigated against
B16 melanoma cell line using the procedure described
earlier.!® Figure 4 shows the dose-dependent survival
curves for 2 and 2-BSA. It can be seen that both systems
are not cytotoxic in the absence of light, but exhibit a very
high photocytotoxicity; about 0.1 uM photosensitizer is
sufficient to kill virtually all the cells. The I1Cs, values,
defined as the photosensitizer concentration required to
kill 50% of the cells, were calculated to be 33 nM for 2
and 38 nm for 2-BSA, respectively. The comparable

120
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Figure 4. Effects of 2 (squares) and 2-BSA (triangles) on B16 cells in
the absence (closed symbols) and presence (open symbols) of light. For
the latter, the cells were illuminated with a red light (4> 610 nm,
50 mW cm 2, 60 J cm~2). Date are expressed as means *+ SD (1 = 3).
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ICso values suggest that conjugation with BSA still
retains the high in vitro photodynamic activity of 2.

By contrast, 1 and 1-BSA conjugate did not show signif-
icant photocytotoxicity (up to 2.5 uM of 1) toward B16
cells. When 2.5 uM of phthalocyanine was used, the cell
viability was found to be 95.8+28% for 1 and
90.0 + 5.6% for 1-BSA, respectively. This might be relat-
ed to their higher aggregation tendency and lower effi-
ciency to generate singlet oxygen.

In summary, we have prepared and characterized two
new axially substituted silicon (IV) phthalocyanines
and their BSA conjugates. The water-soluble dicationic
compound 2 has a well-defined structure, good photo-
physical properties, a non-aggregated nature in water,
and a very high photodynamic activity, and is therefore
a highly promising new photosensitizer for PDT. Its
BSA conjugate also exhibits a high in vitro potency
and may serve as a good candidate for targeted PDT
for cancer cells with macrophage origin, such as mam-
mary carcinoma, which have a high affinity for albumin
by receptor-mediated endocytosis.?’ Further studies of
these systems are in progress.
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Abstract—A new structurally simple series of potent lipophilic aza-retinoids RXR agonists has been developed. SAR studies for the
N-alkyl-azadienoic acids described here demonstrate that the RXR activity profile is sensitive to the N-alkyl chain length. Further,
we have expanded the work to include azadienoic acids, which exhibited many accessible conformations leading to a better under-

standing of the SAR around the series.
© 2005 Elsevier Ltd. All rights reserved.

The nuclear receptors are members of a superfamily of
eukaryotic transcription factors which regulate gene
expression.! The retinoid receptors, which belong to this
superfamily, are divided into three retinoic acid receptor
(RARa, B, and y) and three retinoid X receptor (RXRa,
B, and 7y) subtypes, distinguished by differences in amino
acid sequences, responsiveness toward natural and syn-
thetic ligands, and ability to modulate the expression
of various target genes.” These receptors function as
ligand-activated transcription regulators, transducing
the pleiotropic effects of various retinoids on morpho-
genesis, differentiation, and homeostasis during develop-
ment of the embryo and postnatal life.> The RARs are
activated by both endogenous all-zrans-retinoic acid 1
and 9-cis-retinoic acid 2, while the RXRs are activated
by 9-cis-RA.* ATRA 1, 13-cis-retinoic acid 4, and etret-
inate 5 are RAR selective agonists currently marketed
for dermatological applications.> Widespread use of
these agents has been limited because of undesirable side
effects such as headaches and mucocutaneous toxicity.°
It is hoped that the discovery of selective modulators
of the RXRs will open new opportunities for the devel-
opment of novel retinoids with an enhanced therapeutic
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profile. The potential utility of selective RXR activators
may evolve from their ability to induce apoptosis’ or
possibly from regulation through heterodimer forma-
tion with RARs,® peroxisome proliferator-activated
receptors (PPARS),? thyroid hormone receptor (TR),!°
and vitamin Dj receptor (VDR).!!

R!
|\\\\ ‘\\
2
R AN
X

1R' = CO,H, R2 = H; (ATRA) COzH

4R'=H, R? = CO,H; (13-cis-RA) 29-cis-RA
SoQe W
COoH MeO
3 (Targretin) 5 (Etretinate)

Recently, benzoic acids such as 3 (Targretin) have been
reported as selective synthetic ligands for the RXRs.!?
Two retinoids, 2 and 3, are currently in clinical trials
for the treatment of a variety of cancers.!> Most report-
ed RXR sclective activators, such as Targretin 3,
LG100268, 6a'* and SR11237 6b,'5 are retinoids with
an aromatic acid motif. Vuligonda et al.' reported that
cyclopropyl dienoic acid 7 is a potent RXR selective
agonist. More recently, potent RXR selective retinoids
with 6-7 locked trienoic acids'’ and 9-cis isosteres'®
were reported by us. An interesting trienoic acid replace-
ment 8 was also published by Michellys et al.!® which
exhibited good RXR selectivity.
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6a

R =Me;
X =CHy;
n=0;

7
Y =N
(LGD100268)

The RAR and RXR activation and binding abilities
of representative RXR compounds are compiled in
Table 1.

In efforts to explore the medicinal chemistry and biology
of novel retinoids, we have discovered and wish to re-
port on a new class of structurally simple lipophilic
aza-retinoids which exhibited a potent RXR selective
agonist profile and displayed novel conformational fea-
tures. Thus, in the search for novel isosteres for the tet-
raenoic acid chain and the cyclohexyl moiety in ATRA 1
and 9-cis-RA 2, we investigated the introduction of a
nitrogen atom between a variety of aromatic or bicyclic
groups and side chain bearing a dienoic acid moiety.
The SAR studies consisted of a systematic variation
of the aryl or bicyclic moieties; the N-alkyl groups and
the dienoic acid spacer group. These studies resulted in
the discovery of the substituted indane-derived N-propyl
dienoic acid 9 as a potent and highly selective RXR ago-
nist. In addition, we have found that the dienoic acid
chain flexibility, coupled with the appropriate N-substi-
tuent, provides compounds which expand the definition
of the RXR agonist pharmacophore.

The simple and efficient preparation of these N-alkyl ret-
inoids was achieved by either the formation of an amide
bond or by reductive amination of an aldehyde. The
amine substrates 12a—c were prepared by Friedel-Crafts
alkylation of the appropriately substituted benzene rings
10a—c with 2,5-dichloro-2,5-dimethyl hexanes to give
tetrahydro naphthalenes 11a—c in good yields (Scheme
1). Nitration of 11a—c followed by palladium catalyzed
hydrogenation afforded the desired bicyclic amines
12a—c in good yields.

2353

3,5-Di-tert-butyl benzoic acid 13 was treated with meth-
yllithium to give the corresponding ketone 14, which
was sequentially reacted with hydroxylamine hydrochlo-
ride in ethanol, and the resulting oxime was converted to
the corresponding N-acyl aniline 15 through a Beckman
rearrangement. Deacetylation to the primary amine 16
was accomplished by acid hydrolysis in ethanol in 85%
yield (Scheme 2).

Aminoindane 20 was prepared starting from zerz-butyl-
benzene 17, which was treated with isoprene in the pres-
ence of AICI; to give the corresponding indane 18 in
50% yield.2° The latter was acylated under standard Fri-
edel-Crafts conditions to give methyl ketone 19 in 62%
yield. In a sequence similar to that described above, ke-
tone 19 was transformed into amine 20 in two steps and
81% overall yield (Scheme 3).

The dienoic acid moiety was prepared from readily
available ethyl 3-methyl-4-oxocrotonate 21, which upon
treatment with triphenylphosphoranylacetaldehyde in
refluxing benzene gave trans-trans-aldehyde 22 in 47%
yield (Scheme 4). Jones oxidation of 22 afforded ethyl
6-mono-carboxylic acid dienoate 23. Both aldehyde 22
and carboxylic acid 23 served as coupling fragments
leading to the desired retinoids.

Amines 12a—c, 16, and 20 were coupled with carboxylic
acid 23 in a standard DCC amide coupling to give the
corresponding amides 24a—c, which were subjected to
N-alkylation conditions followed by saponification to
give the corresponding retinoid-like N-alkyl-amidocarb-
oxylic acids of type 25 in good overall yields (Scheme 5).
Alternatively, the amines were coupled via reductive
amination with aldehyde 22! to give allylic amines of
type 26 in generally good yields. Alkylation with a vari-
ety of alkyl halides under standard conditions gave the
corresponding N,N-dialkyl retinoates, which were
saponified to the desired carboxylic acid of type 27.

The proline-based retinoids, 48 and 49, were prepared
from the bromotetrahydronaphthalene 282? according
to Scheme 6. Aromatic amination of the aryl bromide
with (R)- or (S)-prolinol in the presence of potassium
carbonate and copper oxide in DMF produced the cor-
responding naphthyl prolinol intermediate 29. The pri-
mary alcohol was oxidized under Swern conditions
with oxalyl chloride/DMSO to afford the aldehyde,
which was used directly without further purification.

Table 1. Cotransfection data in CV-1 cells* and binding data for known retinoids

Compound ECso (n1M)/Ky (nM)

RARa RARSB RARY RXRa RXRp RXRYy
1 388/15 87/17 21117 997/53 1240/306 1100/306
2 208/93 31/97 50/148 219/8 131/15 150/14
3 NA NA NA 28/36 25/21 20/29
7 NA NA NA 4.5/3 3.0/3 4.0/3.0
8 NA NA NA 1.5/1.5 2.0/2.5 1.0/1.8

NA, not active.

2 ECs values were determined from a full dose—response curve ranging from 10~'% to 107! M. Retinoid activity was normalized relative to that of
ATRA and is expressed as potency (ECsg), which is the concentration of retinoid required to produce 50% of the maximal observed response.
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NH.
O — 2
R R R

10a; R=H 11a; R=H 12a; R=H
10b; R=Me 11b; R=Me .

! R= ' R_ 12b; R=Me
10c; R=OH 11c; R=OH 12¢; R=OMe"

Scheme 1. Reagents and conditions: (a) 2,5-Dichloro-2,5-dimethyl-
hexanes, AICl;, CH,Cl, (40-83%); (b) HNO; (60-99%); (c) H,, Pd/C,
EtOH (quant.). *Nitronaphthol 11¢ was O-methylated (K,CO3, Mel,
acetone) prior to reduction.

/k £ ,COZH )@* /L £
14 X=0 16
o
15 X=NOH
Scheme 2. Reagents and conditions: (a) MeLi (2.2 equiv), THF,

—78 °C (62%); (b) NH,OH-HCI, Py, EtOH (98%): (c) SOCL,, DCM
(62%); (d) HCI, EtOH, reflux (98%).

o

17 18RH
9 R=C(O;

Scheme 3. Reagents and conditions: (a) Isoprene, AICl;, CH3NO,
(50%); (b) AcCl, AlCl;, DCM (62%); (c) NH,OH-HCI, Py, EtOH;
(d) SOCl,, DCM; then (e) HCI, EtOH, reflux (81% three steps).

a /\)\/002&
OHC\(\COZEt X

21 22; X=CHO
b <

23; X=CO,H

Scheme 4. Reagents and conditions: (a) Ph;CHCHO, PhH, cat.
benzoic acid, reflux (38%); (b) Jones oxidation (98%).

Horner—-Wadsworth-Emmons olefination of the alde-
hyde with 3-ethoxycarbonyl-2-methyl-2-enyl phospho-
nate in THF/DMPU mixture gave the dienoate ester,
which was hydrolyzed under standard conditions to give
the corresponding aza-retinoids 48 and 49.

Cotransfection potency?® (ECsy, nM) and binding affin-
ity?* (K;, nM) for the described aza-retinoids (9, 30-49)
on each of the RXR isoforms (o, B, and y) are compiled
in Table 2. The new aza-retinoids are RXR-specific ago-
nists, thus RAR data are not shown for clarity. All of
the reported compounds shown in Table 2 have RAR-
binding affinities >1000 nM. The secondary amide 30
and various N-alkylated dienoic amides (N-methyl,
-benzyl, -heptyl, etc.); some data shown, such as 34,
did not bind to or activate the retinoid X receptors; with
the exception of N-propyl amide 32, which displayed
moderate RXR-binding affinity (K; = 299-644 nM) and

N CO,Et b R CO,Et
Ar” NN 2 Ar” NN 2

o o
24 25

Hv\)vco gt _d ﬁv\)vco Et
Ar” NN 2 Ar” NN 2

26 27

X Mcoga

i :I :[ )<9/ NH,
12a; R=H 22;X=H

o)
12b; R=Me we
12¢; R=OMe 20 23; X=OH

Ar-NH,

Ar-NH,

Scheme 5. Reagents and conditions: (a) DCC, DCM, DMAP cat. 23
(78-90%); (b) NaH, THF, RX then KOH, MeOH (30-83% two steps);
(¢) NaCNBH;, ZnCl,, MeOH, 22 (50-94%); (d) K,CO3;, DMA, RX

then KOH, MeOH (73-90% two steps).

COZH

48 (R)
49 (S)

Scheme 6. Reagents and conditions: (a) K,COs3, (R) or (S)-prolinol,
CuO, DMF, reflux (23%); (b) oxalyl chloride, DMSO, DCM, TEA;
(c) 3-ethoxycarbonyl-2-methylpropenylphosphonate, n-BulLi, THF/
DMPU (1:1), =78 °C (35% two steps); (d) 2 M LiOH, EtOH, 60 °C
(82%).

variable activation of the RXRs (ECso=151-
1000 nM). The initial results prompted us to examine
the n-alkyl series of compounds further. It is clear that
the presence of the amide carbonyl is either not tolerated
in the binding pocket of these receptors or does not
allow for sufficient chain flexibility of the ligand. We
reasoned that the reduction of the amide carbonyl group
would create a more flexible dienoic acid chain which
could adopt a favourable conformation. We prepared
secondary and tertiary N-alkyl aminoretinoids-derived
from 3,5-di-tert-butyl aniline 16. The biological results
for six selected compounds 33-38 in this series are dis-
played in Table 2. While we investigated many N alkyl
groups (some data not shown), the N-propyl retinoid
36 displayed the most potent RXR-specific profile with
K;=17-383nM and ECs,=63-99nM in the three
RXRs. In this series, activation of RXRs is sensitive
to N-alkyl chain length, with the three-carbon chain
being the best. Elaboration with longer alkyl chains
resulted in analogues with only weak RXR binding. We
also investigated the effects of aromatic group variation,
maintaining the N-alkyl chain length at 2-5 carbons
long. A series of 6-tert-butyl-1,1-dimethylindane-based
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Table 2. Cotransfection potency and binding affinity data for amido- and aza-retinoids

Structure Compound R ECso (nM); K; (nM)
RXRa RXRB RXRy
R
NMCOZH 30 H NA; NA NA; NA NA; NA
o 31 CH2Ph (benzyl) NA; NA NA; NA NA; NA
32 C3H7 (n-propyl) 1000; 644 151; 605 669; 299

33 H

R 34 CH
N\/\)\/CO H ;
02 35 C,H;
36 C5H; (n-propyl) 99; 17 69; 34 63; 38
37 CH,Ph (benzyl) NA; 121 NA; 238 NA; 207

38 C8H17 (n-octyl)

NA; 529
378; 37 95; 88
221; 31 235; 24

NA; NA NA; NA
322; 131

231; 35

NA; 122 NA; 126 35; 221

R

NN\/COZH 9 C3H; (n-propyl) 22; 8 21; 12 19; 10
39 C4Hy (n-butyl) 53; 21 52; 60 50; 31
40 C5H; (iso-propyl) 252; 67 216; 301 262; 121
41 C4H7 (methylcyclopropyl) 123; 63 98; 105 100; 150
2 CsHg (prenyl) NA; 254 NA; 327 NA; 309

R\/\)\/

N XXy COH 43 C,Hs; R1=H 216; 103 239; 185 128; 162

ij@[ 44 C,Hs; R1 =CHj3; 64; 42 117; 152 125; 99

R' 45 C;H,; R1=H 152; 47 206; 72 170; 110
46 C,H,; R1 = CH, 231; 18 212; 161 223; 211
47 C;H7; R1=0CH; 400; 257 169; 721 NA; 576

N
— 48 (R)- H
R — 49 (S)-
CO,H

NA; 103 1291; 188
179; 21 161; 63

1263; 202
147; 100

compound were prepared; the biological results on
the most active analogues (9, 39-42), are compiled in
Table 2.

Our results show that the substituted indane is a suitable
isosteric replacement for the dialkylaryl group. N-Alkyl
substituent modification is again a significant element
for retaining RXR activity, with N-propyl indane
9 and N-butyl indane 39 being the most potent
compounds of the series. Chain branching from N-iso-
propyl 40, N-methylcyclopropyl 41 to N-prenyl 42
resulted in a systematic decrease in receptor activation
and binding affinity. It appears that the N-propyl substi-
tution, as exemplified by indane-based retinoid 9, com-
bines the best structural elements in terms of
pharmacophore requirements for potent activation of
the RXRs. Further variation of the aromatic moiety uti-
lizing the classic 3-substituted 5,5,8,8-tetramethyl-tetra-
hydronaphthyl group gave compounds 43-47, which
display overall diminished RXR activity when com-
pared to retinoid 9. This class of compounds, however,
showed less dependence on N-alkyl substitution for
RXR activity with both N-ethyl 44 and N-propyl 46
analogues displaying moderate activities. The proline-
derived cycloazaretinoids 48 and 49 were synthesized
to evaluate the configurational restrictions for RXR
activity.

The (R)-proline analogue has very little activity on
the retinoid receptors, while the (S)-proline-derived

analogue has moderate RXR activity (ECsy = 147-
179 nM, K; = 21-100 nM). In light of previously report-
ed variations of RXR activity for cyclopropane-based
retinoids 7 and its enantiomer by Vuligonda et al.'¢,
and for the diastereomeric pairs of cyclopentane-based
retinoids reported by us,?® these results strongly suggest
that the chirality of prolines 48 and 49 played a role in
the 7- to 9-fold discrepancy in potency for RXRs ob-
served. These analogues confirm that the receptor spec-
ificity is dependent on the spatial configuration of the
dienoic acid chain. Based on new insights into the role
of helix H12 in hRXR B-LG268 complex?® and the spec-
ificity for retinoid X receptor, structural information on
complex with the ligand binding domain of hRXRp
with retinoids such as 9 and 49 would certainly be infor-
mative to further improve RXR selectivity and activity
of these novel modulators.

In conclusion, we have developed a new and structurally
simple series of lipophilic aza-retinoids. The 6-tert-
butyl-1,1-dimethylindanyl-N-propylazadienoic acid 9
exhibits a potent RXR-specific profile. Other N-alkyl
chain substituents (longer alkyl, branched and unsatu-
rated alkyl, benzyl, etc.) on this indanyl series do not re-
tain potent RXR agonist profiles. The RXR-specific
agonist activity can also be extended to the other classes
of azadienoic retinoids prepared in this study (for exam-
ple, compounds 36 and 44). The SAR studies for the
N-alkyl chain length (small alkyl, i.e., ethyl and propyl,
being the best). Further, we have expanded the RXR
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agonist pharmacophore model and redefined it by
including azadienoic acids which exhibit many accessible
conformations.
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Abstract—(—)-Deoxypseudophrynaminol 1 possesses 43-fold greater antibacterial potency than the racemate toward Staphylococcus
aureus, indicating that the (—)-enantiomer is the biologically active isomer in this assay. Comparison of the percent growth inhibi-
tion by derivatives of 1 indicates that prenylation of N® and replacement of N'-methyl by methyl carbamate are detrimental to
antibacterial potency. (—)-1 is a promising lead structure for the development of the novel hexahydropyrrolo[2,3-b]indole class

of antibacterial agents.
© 2006 Elsevier Ltd. All rights reserved.

(¥)-Deoxypseudophrynaminol 1 (Fig. 1) is a known
antibacterial agent with MIC of 2040 pg/mL versus
vancomycin-resistant Enterococci and methicillin-resis-
tant Staphylococcus aureus." However, the antibacterial
activity of the individual enantiomers of 1 is unreported.
Other hexahydropyrrolo[2,3-b]indoles, natural products
isolated from the marine bryozoan Flustra foliacea, also
display antibacterial activity.? To improve our under-
standing of the structural requirements for antibacterial
activity among the hexahydropyrrolo[2,3-b]indoles, we
decided to obtain (—)-1 via resolution of (%)-1, to pre-
pare two derivatives of (%)-1, and to perform a colony
count based assessment of antibacterial potency versus
S. aureus.

(*)-1 was prepared by a three-step synthesis from trypt-
amine 2 (Scheme 1). Acylation of 2 with methyl chloro-
formate furnished carbamate 3 in 81% yield. Reduction
of 3 with 10 eq lithium aluminum hydride under reflux
followed a literature procedure * with the important
modification of simple extraction with ethyl acetate to
increase the yield of 4 from 50% to 79%. Alkylative
cyclization of the indolyl Grignard of 4 with prenyl bro-
mide provided (£)-1 in 25% yield.* When we attempted
to resolve (%)-1 by combining it with equimolar
dibenzoyl-p-tartaric acid to form solid diastereomeric

Keywords: Indoles; Hexahydropyrrolo[2,3-blindoles; Antibacterial;
Deoxypseudophrynaminol; Debromoflustramine.
* Corresponding author. E-mail: momitchell@salisbury.edu

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

doi:10.1016/j.bmcl.2006.01.093

Figure 1. (+)-Deoxypseudophrynaminol.
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Scheme 1. Reagents and conditions: (a) CICO,Me, DIEA, THF
(81%); (b) LiAlIH4 (10 equiv), THF, reflux (79%); (c) MeMgBr, then
prenyl bromide, Et,O (25%); (d) dibenzoyl-p-tartaric acid then flash
chromatography.

salts of differing solubility, as per a known method for
resolving hexahydropyrrolo[2,3-bJindoles,” only an
intractable oil resulted in all tested solvents (hexanes,
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THF, CH,Cl,, CHCI;, acetone, CH;CN, and Et,0). To
our surprise, the diastereomeric salts separated cleanly
by flash chromatography (2:1 EtOAc/CH,Cl, to remove
the dibenzoyl-p-tartrate salt of (+)-1, followed by meth-
anol to isolate the dibenzoyl-p-tartrate salt of (—)-1).
Unfortunately, the less polar dibenzoyl-D-tartrate salt
of (+)-1 was missed during UV monitoring of collected
fractions due to extensive dilution by band broadening.
The dibenzoyl-p-tartrate salt in the more polar metha-
nolic fractions was concentrated in vacuo, basified with
10% NaOH (a% and extracted with ethyl acetate to
obtain (—)-1 o], —32.3 (¢ 0. 0296 CHCI5) spectroscop-
ically identical to its racemate.* "H NMR spectra of the
(R)-MTPA amide® of (—)-1 versus that of (+)-1 showed
that (—)-1 was homochiral (>95% ee). The absolute con-
figuration assigned to (—)-1 is consistent with that of all
known (—)-hexahydropyrrolo[2,3-blindoles.?>7°

From 3, two derivatives of (*)-1 were also prepared
(Scheme 2). Alkylative cyclization of 3 to furnish (+)-5
was based on a quinine (35% yield) or quinidine (53%
yield) modification of Ganesan’s original approach with
DIEA,'? which did not work in our hands. Reduction of
(¥)-5 with 10equiv of lithium aluminum hydride
produced racemic debromoflustramine B,'° (+)-6, in
68-74% yield. As expected at room temperature, even
though quinine and quinidine are homochiral amines,

N
H <302c:H3 H CH3

\ l
@S @6

Scheme 2. Reagents and conditions: (a) prenyl bromide, BuyNI,
Zn(OTf),, quinine (35%) or quinidine (53%), toluene; (b) LiAlH,4
(10 equiv), THF, reflux (68-74%).

there was little enantiopreference (ca. 4% ee by optical
rotation®), so 6 was nearly racemic.

Figure 2 illustrates the effectiveness of each compound,
averaging the data (see Table 1 in Supplementary Mate-
rial). (£)-6 has modest activity, reducing bacteria growth
over 30 percent at 40 pg/mL. Carbamate (+)-5 had no
antibacterial effect. (+)-1 had good antibacterial potency,
reducing growth by almost 85 percent at 40 pg/mL but
failed to have any significant effect at 10 pg/mL. (—)-1
produced the most promising results, with over 99%
reduction of bacteria at 40 pg/mL and 50% reduction
at 10 pg/mL. Note that the micromolar concentration
range for these different molecular weight compounds
is narrow (0.113-0.165 uM at 40 mg/mL) and unlikely
to contribute to the dramatic effects observed.

In this study, (*)-1 produced moderate inhibition of the
growth of S. aureus, while (—)-1 gave an impressive 43-
fold greater inhibition (see Table 2 in Supplementary
Material). (—)-1 is the eutomer. For antlbacterlal poten-
¢y, hydrophobic substitutions at N! appear to be pre-
ferred over hydrophilic ones, both in this study and in
previous work.!? In contrast, much greater antibacterial
potency was obtained when N® was unsubstituted (a
hydrogen bond donor/acceptor). Future studies should
also explore the relevance of substitutions on the ben-
zene ring, the effect of different substituents at 3a, hu-
man cell toxicity, and the scope of antibacterial activity.
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Abstract—A series of structurally novel aminothiazole based small molecule inhibitors of Itk were prepared to elucidate their struc-
ture—activity relationships (SARs), selectivity and cell activity in inhibiting IL-2 secretion in a Jurkat T-cell assay. Compound 2 is
identified as a potent and selective Itk inhibitor which inhibits anti-TCR antibody induced IL-2 production in mice in vivo.

© 2006 Elsevier Ltd. All rights reserved.

Mammalian immunity relies on the activation of T
cells upon antigen presentation. Following the engage-
ment of the T-cell antigen receptor (TCR), T-cell acti-
vation is initiated by sequential activation of three
distinct classes of non-receptor protein tyrosine Kki-
nases, namely the Src family kinases (Lck and Lyn),
the Syk family kinases (ZAP-70 and Syk), and the
Tec family kinases (Itk, Txk, and Tec).! Inhibition
of any of these kinases will impede the initiation sig-
nals and block the T-cell activation following antigen
presentation.

Itk (interleukin-2-inducible T-cell kinases), also known
as Emt or Tsk, is expressed mainly in T-, natural killer,
and mast cells. Itk is tyrosine phosphorylated and acti-
vated in response to cross linking of TCR, CD28 or
CD2, and has been implicated in thymocyte develop-
ment and activation of T cells through TCR and
CD28 engagement. Within the cell, Itk is regulated by
membrane recruitment, followed by Lck phosphoryla-
tion, and then autophosphorylation.”? Gene knockout
studies have revealed that mice lacking Itk have fewer
number of T cells, especially CD4+ T cells, and matured
T cells isolated from these mice exhibit defective TCR
mediated responses such as calcium mobilization, IL.-2

Keywords: Selective Itk inhibitors; Thiazoles.
* Corresponding authors. Tel.: +1 609 252 5068; fax: +1 609 252
6804; e-mail: jagabandhu.das@bms.com

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

doi:10.1016/j.bmcl.2006.01.115

secretion, and proliferation.? In addition, Itk-deficient
mice are unable to establish functional Th2 cells result-
ing in their inability to clear parasitic infections depen-
dent upon a Th2 response.* These studies suggest that
a selective Itk inhibitor should be useful as an immuno-
suppressive and/or anti-inflammatory agent and may be
an attractive modulator of dysregulated allergic path-
ways mediated by Th2 cells.’

Directed screening of our internal compound libraries®3
using an HTRF assay identified the aminothiazole 1 as a
selective ATP-competitive Itk inhibitor.” In this report,
we outline our initial efforts in optimizing this series
leading to compound 2 as a potent and selective Itk
inhibitor in vitro with excellent activity in reducing
IL-2 production, and T cell proliferation in both human
and mouse cells (Figure 1). In addition, 2 is shown to
suppress anti-TCR antibody induced IL-2 production
in mice in vivo.

The synthesis of these compounds follows a general syn-
thetic route that is illustrated with the preparation of 2
in Scheme 1. Accordingly, 2-amino-4-thiocyanatothiaz-
ole® was treated with 2 equiv of sodium borohydride in
ethanol at 0-5 °C for 2 h and then reacted with methyl
5-chloromethyl-2,3-dimethylbenzoate® at rt for 16 h to
form a methyl ester, which was saponified with aq. sodi-
um hydroxide solution in methanol under reflux to form
acid 3 in 72% overall yield.
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Figure 1. Itk inhibitory activity of aminothiazoles 1 and 2.
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Scheme 1. Reagents and conditions: (a) NaBH,, EtOH, methyl 5-chloromethyl-2,3-dimethylbenzoate, 87%; (b) MeOH, 1 N aq. NaOH, A, 86%; (c)
N-acetylpiperazine, BOP reagent, 4-methylmorpholine, DMF, 60 °C, 88%; (d) 4-chloromethylbenzoyl chloride, Py, CH,Cl,; (e) 3,3-dimethyl-2-

butanamine, DMF, 55 °C, 30% overall yield in two steps.

Reaction of acid 3 with N-acetylpiperazine in DMF in
the presence of BOP reagent and 4-methylmorpholine
at 50 °C for 5 h afforded compound 4 (88% yield), which
was treated with 4-chloromethylbenzoyl chloride in
dichloromethane in the presence of pyridine at rt for
16 h to form benzamide 5. Benzamide 5 was heated with

Table 1. SAR for thiazole ring modification

o o
z
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I
Me [¢]

Itk inhibition ICsy®* (uM)

Compound V4

1 +

N_ _Me

1a —|—</ 9 >50
S
N Ph

1b HSL 39
le ) >50
2
N~
1d +< JN>< >50
le Q\\l >50
N
1 LAy >50

1g {{Z]@X >50

#Values throughout are means of three independent experiments,
standard deviation +10%.

6 equiv. of 3,3-dimethyl-2-butanamine in DMF at 55 °C
for 16 h to form 2 (BMS-488516) in 30% overall yield in
two steps.

Aminothiazole 1 and its analogs were tested for their
ability to inhibit the phosphorylation of an exogenous

Table 2. SAR for linker modification
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Table 3. SAR for amide modification
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Compound Z Itk inhibition ICs,® (uM)
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Table 4. SAR for thioaryl modification
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Compound R Itk inhibition ICso® (M)
1 H 1.0
1x 2-Me 37
1y 4-Me 0.38
1z 5-Me 0.26
laa 6-Me 15
1ab 5-NO, 13
lac 5-NH, 0.54
lad 5-NHAc 14
lae 4-NH, 0.73
laf 4-NHAc 242
lag 4-NO, 1.09
1ah 4-Cl 1.03
lai 4-OMe 0.35
1aj 5-OMe 0.35
lak 5-Cl 0.72
1al 4,5-Di-Me 0.30

Table 5. SAR for amide modification
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Compound R Itk inhibition Jurkat IL-2
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#Values are means of three independent experiments, standard devi-
ation £20%.

substrate (GST-fused SLP-76)° using a recombinant Itk
kinase domain as source of the enzyme (ICsq, Tables 1-5).

Table 1 outlines the SAR observed with the thiazole ring
modification. Introduction of a substituent in the 4-po-
sition of the thiazole (1a and 1b) resulted in a significant
loss of potency. Replacement of the thiazole ring with
isosteric five-membered ring heterocycles (lc and 1d)
or six-membered ring systems (le and 1f) or a benzo-
thiazole ring (1g) was equally unsuccessful thereby
indicating that the thiazole ring system was optimal
for Itk inhibitory activity.

Table 2 summarizes relevant SAR for the thioalkylaryl
linker. Oxidation of the thioether linkage to its sulfoxide
(1h) resulted in complete loss of potency. Replacement
of the thioether moiety with an olefin (1i) or substitution
of the aryl ring with an olefin (1j) led to an approximate-
ly 5-fold loss in activity. The phenyl ring can be replaced
with several 5-membered heterocycles (1k—1n) without
any loss of Itk inhibitory potency.

To optimize the potency, we next turned to the modifi-
cation of the N-acetyl-piperazine amide moiety (Table
3). Replacement with benzamide (10) or N,N-dimethyl
amide (1v) groups significantly attenuated the potency.
Substitution of the piperazine ring with an 2-acetami-
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Table 6. Enzyme selectivity of selected Itk inhibitors

Compound Itk ICs® (nM) B Btk* Tec* Txk?* Lck?® Syk* Cdk2?*
2 96 >500 >500 >500 >500 270 >500 33
laq 35 1000 >1400 325 90 90 >1400 300
#Selectivity ratio: ICs¢/ICsq (Itk).
doethylenediamine side chain (1q) was also not tolerat- 4000 & 11
ed. Replacement of the N-acetylpiperazine with a piper- - 112
idine group (1p) also significantly reduced the potency. 5 30001 10 o
However, the piperazine ring can be replaced with a & r 8 =
homopiperazine (Is) or a morpholine moiety (1t) with- = 2000 1s &
out any loss of potency. Finally substitution of the ace- 2 2
e . . . . . t?) 1000 | 4
tyl group attached to the piperazine ring with either a R
tetrazole (1w), a pyrimidine ring (1u) or hydroxyethyl i 1°
0 0

group (1r) was tolerated.

Introduction of substituents on the central phenyl ring
had a significant effect on Itk inhibitory activity of this
series of analogs (Table 4). A methyl group scan demon-
strated that such substitution at either C4- or C5-posi-
tion (ly and 1z) led to a 3- and 4-fold increase in
potency, respectively. However, such substitution at
C2 (1x) or C6 (1aa) was detrimental to activity. A gen-
eral SAR trend was observed regarding substituents at
the C4- and C5-positions. The nature and size of the
substituents at C4 had a minor effect on potency. In con-
trast, Itk inhibitory activity was more sensitive with re-
gard to substituents at C5. An electron-deficient
function (1ab) or a large group (1ad) was not tolerated.
A small alkyl substituent (1ly and 1z), or electron-rich
groups (lac, lae, 1ai, and 1aj) at C4 and CS5 led to the
more potent analogs in this series. 4,5-Dimethyl-substi-
tuted analog (1al) was also identified as a potent Itk
inhibitor.

Because of its excellent potency, further optimization
was focused on the 4,5-it di-Me analog (1al). We con-
centrated on SAR studies at the thiazole 2-carboxamide
functionality (Table 5). Replacement of the N,N-di-Me
group at the para position of the benzamide with a
piperazine ring (1am) resulted in a 7-fold increase in en-
zyme activity in vitro. Despite its excellent in vitro
potency compound lam was 7-fold less potent than
compound 1al in a Jurkat cell-based IL-2 production
inhibition assay. Similarly the corresponding benzyl
alcohol analog (1an) was 3-fold less potent in the Jurkat
cell assay, despite being equipotent to compound lan
against Itk. A pronounced increase in biochemical and
cellular potency was observed on introduction of a large
hydrophobic aminomethyl moiety at the para position
of the benzamide group. Compound 2 was identified
as a potent Itk inhibitor (ICso = 90 nM) with a Jurkat
T-cell IL-2 ICsq value of 700 nM. Furthermore, replace-
ment of the benzamide group in 1al with a pyrrolo-2-
carboxamide group (lap) retained both biochemical
and cell potencies of the parent analog. Introduction
of a large hydrophobic aminomethyl group at the C5-
position of the pyrrole ring led to analog laq, which
was equipotent with 2 in both biochemical and cell-
based assays. Compounds laq and 2 were thus selected
for further characterization.

(o] 25 50 75 100
Compound 2, mg/kg

Figure 2. Dose-dependent inhibition of anti-CD3 antibody induced
serum IL-2 production in mice (data in black). Serum concentrations
of 2 (data in red).

Compounds laq and 2 were tested for their selectivity
over a panel of kinases (Table 6). Compound 2 showed
a better selectivity profile than 1aq with respect to other
Tec family kinases. It was >500-fold selective against all
Tec family kinases and showed at least 30-fold selectiv-
ity against all other protein kinases tested. Furthermore,
2 also exhibited competitive kinetics with respect to ATP
in its inhibition of Itk.°

Based on its potent enzyme activity and selectivity, 2
was selected for further evaluation. Compound 2 inhib-
ited anti-CD3-antibody induced IL-2 secretion both in
human Jurkat T-cells (ICsq=0.70 = 0.18 uM), PBMC
(IC50=10.65%0.14 uM), and in murine EL4 cells
(IC50=0.25 %+ 0.07 pM) and splenocytes (IC5o = 1.36 £
0.40 uM). Compound 2 was also tested for its ability
to inhibit IL-2 production in vivo in mice following
intravenous injection of anti-CD3 antibody. Analog 2
dose dependently suppressed 1L-2 production in serum
(50 and 100 mpk, sc) in line with its serum drug concen-
trations (Figure 2).

In summary, starting from a screening lead 1 with mod-
est biochemical and cell potency we identified a series of
potent and selective Itk inhibitors as exemplified by 2
through a systematic SAR approach. We also demon-
strated the potency of this analog in an in vivo mouse
model. To our knowledge, 2 is one of the first examples
of a potent and selective small molecule Itk inhibitor
reported to date and should serve as a useful tool in
investigating the role of Itk in T cell signaling.
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Abstract—The inhibition of the cytosolic isoenzyme BCAT that is expressed specifically in neuronal tissue is likely to be useful for
the treatment of neurodegenerative and other neurological disorders where glutamatergic mechanisms are implicated. Compound 2
exhibited an ICso of 0.8 uM in the hBCATCc assays; it is an active and selective inhibitor. Inhibitor 2 also blocked calcium influx into
neuronal cells following inhibition of glutamate uptake, and demonstrated neuroprotective efficacy in vivo. SAR, pharmacology,
and the crystal structure of hBCATc with inhibitor 2 are described.

© 2005 Elsevier Ltd. All rights reserved.

The cytosolic form of branched-chain aminotransferase
(BCATc), expressed in neuronal tissue, catalyzes the
transfer of an amino group from branched chain amino
acids (Leu, Ile, and Val) to a-ketoglutarate forming glu-
tamate. This appears to be a major neuronal biosynthet-
ic pathway for the de novo synthesis of glutamate.! It
has been reported that leucine contributes ~25% of
the nitrogen used for glutamate synthesis in the CNS.?
BCATc is highly expressed in the CNS and its expres-
sion is regulated.! Therefore, inhibition of BCATc offers
an opportunity to slow glutamate synthesis and reduce
the amount of glutamate released during excitation in
neuronal tissues.>? The inhibition of BCATc is likely
to be useful for the treatment of a wide variety of neuro-
degenerative and behavioral disorders where glutama-
tergic mechanisms have been implicated.>? The
mitochondrial isoenzyme, BCATm, is more ubiquitous-

* Corresponding author. E-mail: Lain-Yen.Hu@pfizer.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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ly expressed and is found in muscle, heart, and other
peripheral tissues. BCATm is also expressed in brain
but only probably in glia.? In brain its activity is only
about 1/4 that of BCATc. We have developed a series
of sulfonyl hydrazides, which were derived from a
high-throughput screen (HTS) hit (1). In this report,
the synthesis and SAR of these analogs and their ability
to block BCATc are described (see Fig. 1).

s &
o
1
CF, ﬂ o)
Iy
N
S =
2\

Figure 1. Inhibitors 1 and 2.
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Compound 1 exhibited a moderate ability to inhibit
hBCATc (ICsyp=2.35uM)* and moderate selectivity
for hBCATc versus hBCATm. We, therefore, designed
a series of analogs, aimed at improving selectivity and
solubility for in vivo proof-of-concept studies. An
SAR study of ring A of inhibitor 1 was conducted veri-
fying the effect of simple substitution. Among the Me-
substituted derivatives, ortho- (3) and meta- (4) substitu-
tion is active while para-substitution (5) is not. The CI-
substituted analogs are less potent than their methyl
counterparts, with the 2-Cl derivative (6) being more po-
tent than the 3-Cl (7) or 4-C1 (8) compound (see Tables 1
and 2).

Further modification of compound 1 focused on replac-
ing the dibenzofuran ring with smaller ring systems to
improve potency and solubility for in vivo studies. We
truncated the 4-dibenzofuran moiety by eliminating
one of the benzene rings, which yielded the 2-benzofuran
(9) with decreased hBCATc activity (ICsq = 18 uM). To
improve the solubility of 1, we modified the 2-benzofu-
ran with the nitrogen-containing derivatives (2-indole
(10), 3-quinoline (11), and 7-quinoline (12)). These
nitrogen-containing molecules showed lower hBCATc
activity. Modeling a series of analogs in the active site
with SYBYL!%? suggested that smaller substituents at
the 2-benzofuran 5-position could fill a depression in
the active-site surface. Therefore, the 5-bromo-2-benzo-
furanyl (13), 5-chloro-2-benzofuranyl (14), and 5-meth-
oxy-2-benzofuranyl (15) analogs were compared. The
5-bromo and 5-chloro derivatives were the preferred
inhibitors with similar potency to the 4-dibenzofuran
analog (1). In the 2-indole series, the 5-bromo-2-indole
(16) was more potent than the 5-methoxy-2-indole (17)
(see Table 3).

With the above findings, we considered that both the
solubility and activity of our BCATc inhibitors were
critical to the in vivo proof-of-concept study. We select-
ed 5-chloro-2-benzofuran as the preferred group for the
B-ring. We incorporated 2-Me-, 3-Me-, 2-Cl-, and 2-
CF;-phenyls as the A ring and constructed inhibitors
18-20 and 2.° Among the four of them, the CF5 analog
(2) with an IC5y 0.81 pM, was the most potent inhibitor
in this series.

Table 1. SAR of the A ring of compound 1

Arin 9 H i
(6]
(6]
Compound A ring hBCATc ICsy, M (n =2-4)
1 Phenyl 2.3510.01
3 2-Me-Phenyl 3.2%0.02
4 3-Me-Phenyl 2.8 £0.15
5 4-Me-Phenyl 51.0£10.8
6 2-Cl-Phenyl 129+0.9
7 3-Cl-Phenyl >35
8 4-Cl-Phenyl 37.2+£39

Table 2. SAR of the B ring of compound 1
o)

I
S, R
1N

HBCATC ICsy, uM (n = 2-4)

pzdin

Compound A ring

1 4-Dibenzofuran 2.3510.01
9 m 183£5.0
o
10 \(i@ 36422
N
X
1 m 333+83
N
X
12 \©\/j 133425
N
Br
13 \(i@ 254007
o
cl
14 \(/i©/ 424045
o
OMe
15 \(i@ 128+28
o
Br
16 \(i@ 15427
N
OMe
17 \(i@ 56.8 +0.7
N

Table 3. BACTc inhibitors

= 0]

XN T
(0] o cl

hBCATc ICSO,

ZT

Compound X RLMT1/2 (min)

UM (n =2-4)
18 2-Me 1.16 £ 0.23 5
19 3-Me 1.2+£0.2 6.7
20 2-Cl 57+1.3 10
2 2-CF3 0.8 £0.05 14

An X-ray crystal structure was determined for the com-
plex of hBCATc with inhibitor 2 (Fig. 2). The ligand sits
immediately adjacent to the PLP with the linker forming
several hydrogen bonds: the sulfonyl and carbonyl oxy-
gens with Ala 332 and both hydrozide NH’s with Thr
258. Substituents at position 4 of ring A encounter steric
interference from Tyr 88. Position 3 tolerates small sub-
stituents, probably with some rotation of the A-ring.
Substituents at position 2 are not sterically restricted.
Fluorines of the 2-CF;5 substituent lie 3.1 A from the
phenoxyl oxygen of Tyr 159, which accept a hydrogen
bond from Arg 161 (not shown). A hydrogen bond to
the CF; fluorine may stabilize the complex. The B ring
lies against a hydrophobic side of the pocket and mainly
interacts with Met 259. The furanyl oxygen may accept a
hydrogen bond from the thiol of Cys 333. The 5-chloro
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Figure 2. X-ray crystal structure of compound 2 bound to human
cystosolic BCAT.!?®

substituent contacts an amide NH from Gln 242 (not
shown).

Inhibitor 2 showed a favorable in vitro profile (potency,
selectivity). To insure that the compound’s selectivity for
the cystosolic enzyme in rat, inhibitor 2 was tested in a
recombinant rat BCATc assay and a crude rat BCATm?
assay. The ICsg at rat BCATc was 0.2 uM + 0.02 (rn = 2)
vs 3.0 uM + 0.5 (n = 5) at rat BCATm. This selectivity
of approximately 15-fold justified further evaluation in
in vitro and in vivo assays. Inhibitor 2 was tested in a
neuronal cell culture model, which measures *’[Ca] in-
flux into neurons following treatment with the gluta-
mate uptake inhibitor, 1-pyrrolidine dicarboxylic acid.
This assay was specifically developed to evaluate
BCATCc inhibitors assuming that reducing the source
of glutamate would reduce the downstream effects of
glutamate, such as calcium influx and cell death®.

40
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204

104

Rotorod
Latency to Fall (sec)

3-NP +
Vehicle

3-NP +
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Vehicle +
Cmpd 2

Compound 2 decreased calcium influx in neuronal cul-
tures with an IC5o=4.8 £ 1.2 uM (n = 4).

Following a 30 mg/kg subcutaneous injection to Lewis
rats, inhibitor 2 reached a peak plasma concentration
(Cmax) of 8.28 pg/ml at 0.5 h (#,.x). The mean plasma
exposure (AUC) value was 19.9 pg h/ml, and the mean
terminal half-life ranged from 12 to 15h, indicating
favorable PK parameters of inhibitor 2. Since BCATc
is involved in the synthesis of glutamate, a model of slow
neurodegeneration was selected for the in vivo evalua-
tion of inhibitor 2. Daily administration of the mito-
chondrial neurotoxin, 3-nitroproprionic acid’ (3-NP),
has been shown to produce striatal lesions, which leads
to motor deficits. Figures 3A and B illustrate the deficits
in rotorod and beam walking performance and demon-
strate that inhibitor 2 (administered for 9 days) was able
to almost completely reverse the effects of 3-NP%. In
addition, histological examination of the brains from
these animals demonstrated significant reduction in the
number of sections with degenerating neurons using a
silver degeneration stain'! (Fig. 4).

In summary, a series of potent and selective inhibitors of
BCATc has been developed and the X-ray crystal struc-
ture with inhibitor 2 bound to BCATc was obtained.
Using inhibitor 2 as a prototype, neuroprotection has

25+
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Figure 4. Histology following 3-NP administration and inhibitor 2.
Asterisks indicate p < 0.05 versus 3-NP plus vehicle treatment.
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Figure 3. Effect of Inhibitor 2 on (A) rotorod performance and (B) beam walking in animals treated for 9 days with the 3-NP. Means = SEM.

Asterisks indicate p < 0.05 versus 3-NP plus vehicle treatment.
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been demonstrated both in vitro and in vivo. This sug-
gests that inhibitors of BCATc may represent a novel
therapeutic strategy for the treatment of neurological
disorders, where glutamate toxicity has been implicated.
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Abstract—A systematic investigation of the S; sub-pocket activity requirements was conducted. It was observed that linear and ste-
rically small side chain substituents are preferred in the S; sub-pocket for optimal renin inhibition. Polar groups in the S;-sub-pocket
were not well tolerated and caused a reduction in renin inhibitory activity. Further, compounds with clog P’s < 3 demonstrated a

dramatic reduction in CYP3A4 inhibitory activity.
© 2006 Elsevier Ltd. All rights reserved.

Hypertension is a leading risk factor for cardiovascular
disease, such as congestive heart failure, stroke, myocar-
dial infarction, and is the leading cause of death in the
western world.! The renin angiotensin system (RAS) is
well established as an endocrine system involved in
blood pressure (BP) and fluid electrolyte balance
(Fig. 1). Renin cleaves the naturally occurring plasma
glycoprotein, angiotensinogen, in the rate-limiting step
of the RAS to produce the hemodynamically inactive
angiotensin I (AI). Angiotensin converting enzyme
(ACE) then converts Al to the hemodynamically active
angiotensin II (AII) (Fig. 1), which is believed to act by
causing the constriction of blood vessels and the release
of the sodium-retaining hormone aldosterone from the
adrenal gland. It has been proposed that stopping the
detrimental effects of the RAS at the most upstream
point of the cascade, via renin inhibition, will offer
advantages such as enhanced efficacy, improved end or-
gan protection, and fewer side effects than the existing
therapies that target downstream events.” Thus, renin
inhibitors represent a prime therapeutic target for the
treatment of hypertension.’

Keywords: Renin inhibitor; Hypertension; Ketopiperazine; CYP3A4.
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3909; e-mail: Daniel. Holsworth@pfizer.com

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

doi:10.1016/j.bmcl.2006.01.084

Angiotensinogen

Renin ﬂ

Angiotensin |
Bradykinin
ACE ﬂ ? Chymase
Inactives
Angiotensin Il

J

AT, AT,y AT,
Receptors

AN

Blood Volume Peripheral Resistance

Aldosterone release Vasoconstriction
Sodium re-absorption Central pressor activation
Thirst Baroreceptor blunting

Enhanced transmittor release
Figure 1. Renin angiotensin system (RAS).
Recently, the first series of small molecule renin inhibi-

tors based on a weakly active trans-disubstituted oxo-
aryl piperidine scaffold was reported.* We have utilized
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Scheme 1. Modification of the “C” ring of A to create analogs that
address the S3 sub-pocket of renin for increased potency, as exempli-
fied by compound 1.%%°

this scaffold to design novel non-peptidic ketopiper-
azine-based renin inhibitors, typified by Compound A
(Scheme 1).> Compound A possesses moderate affinity

Table 1. “C” Ring SAR of compound A

for renin, and when administered orally, lowers BP in
a hypertensive double transgenic (human renin and
angiotensinogen) mouse model.>® It has also been shown
that replacement of the “C” ring naphthyl of A with

N-[2-(7-methyl-3,4-dihydro-2 H-quinoline-1-yl)-ethyl]-
acetamide moiety resulted in a marked increase in poten-
cy (1, ICso = 0.29 nM, Scheme 1, Table 1).°* Based on
literature X-ray crystal structures, we believe the acetam-
ide moiety penetrates the Sz sub-pocket of renin, provid-
ing the increased affinity.* Our earlier structure—activity
relationship results indicated that the A, B, and D-ring
portions of compound A were required for good renin
inhibition activity, whereas the C-ring portion was
amenable to variation.

Therefore, a structure-based design approach of 1, guid-
ed by literature precedence,* was initiated. Compounds
2-10 (Table 1) were designed to probe the steric and
electronic requirements of the S; sub-pocket of renin.
In addition, the compounds were evaluated for their

Compound R side chain Renin ICs, (nM)Se clogP CYP3A4 1Cs, (BFC, nM)7 % Inhibition of CYP 3A4 at 3 uM
H
1 */\/Nm/ 0.29 5.47 82 92
0
I
2 */\/Nm/ 40 6.03 18 N/D
0
3 N 606 5.86 42 N/D
o}
Nl/\o
4 N W( >1000 6.08 3790 N/D
o}
*/\/O
5 i 0.42 6.4 N/D 87
0
. o}
6 TN 90 6.97 N/D 96
0
7 */\/Om)\ 550 7.28 54 92
o}
8 Y 3.2 6.59 12 96
9 «>"0H 37 5.84 455 71
1 /
10 450 3.70 10,000 N/D
~,

N/D, not determined. *, designates point of attachment.
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propensity to inhibit the cytochrome P450 3A4 isozyme
(CYP3A4).6

Previous reports had indicated that the presence of at
least one hydrogen-bond acceptor in the tetrahydro-
quinoline nitrogen substituent that extended into the
S5 subpocket was required for increased renin potency.*
However, a hydrogen-bond donating NH group was
present in all of the published examples, raising the pos-
sibility that a dual hydrogen-bond acceptor/donating
motif played a large role in the increase in renin potency.
Our early work seemed to confirm this, as methylation
of the acetamide of 1 resulted in a 14-fold loss of activity
(2, IC59p = 4 nM). Inclusion of the amide functionality
into a cyclic lactam or oxazolidone ring also resulted
in a significant loss of activity (analogs 3 and 4). Surpris-
ingly, replacement of the amide NH with an O atom
resulted in similar subnanomolar potency (5,
ICs50 = 0.42 nM), indicating that the increase in renin
potency by binding in the S; subpocket observed in pre-
vious reports and current work is driven largely by the
presence of the hydrogen-bond accepting carbonyl
group. We believe that the loss in activity observed in
analogs 24 is due largely to steric hindrance of the
bulkier N-methyl or cyclic amides with the narrow S;
subpocket, and not simply to the loss of hydrogen-bond
donating capability. The more sterically hindered ester
analogs 6 and 7 exhibit drastic reductions in renin
potency, again presumably due to steric hindrance with
the S3 sub-pocket.

Since sterically small chains with a hydrogen-bond
acceptor moiety seemed to prefer to bind in the S3 sub-
pocket, we investigated changing from a metabolically
labile acetate to a propyl methyl ether side chain (8,
ICs0 = 3.2 nM), which caused a 10-fold loss of activity.
Substitution of the propyl methyl ether side chain with
a propyl alcohol resulted in an additional 10-fold loss
of affinity (9, ICso = 37 nM). X-ray co-crystallographic
analysis of 9 in the renin active site (flap open conforma-
tion) showed the hydrogen of the hydroxyl group form-
ing a hydrogen bond with a water molecule at the
bottom of the S; sub-pocket (Fig. 2). This observation
may additionally explain why compounds 1 and 5 are
potent. X-ray analysis of compounds similar to 1 (flap
open conformation), which contain the N-[2-(7-methyl-
3,4-dihydro-2 H-quinoline-1-yl)-ethyl]-acetamide moie-
ty, is devoid of a water molecule at the base of the S;
sub-pocket (results not shown). It is rationalized that
the carbonyl of the acetamide moiety of 1 may form a
hydrogen bond to TYR-14 NH and the methyl group
of the acetamide moiety displaces the water molecule
at the base of the S3 sub-pocket, causing an increase in
potency. While the O atom of the propyl methyl ether
analog 8 is capable of forming the same hydrogen-bond
to the TYR-14 NH group, it is unable to fully displace
the water molecule at the base of the S; sub-pocket,
resulting in 10-fold lower activity.

During this investigation, we observed that most of the
analogs were potent inhibitors of CYP3A4, as measured
by ICs, or single-point % inhibition at 3 pM. However,
compounds containing more polar functionalities in the

THR-AZ'T8,

Figure 2. The co-crystallized X-ray structure of 9 is depicted in
green.>®® The ligand forms H-bonds to the nitrogen of TYR-14 and a
water molecule around the S; sub-pocket, while maintaining H-bonds
to the aspartic acid residues 32 and 215.

S; side chain showed significant reduction in the
CYP3A4 inhibition profile (i.e., analogs 4 and 9). While
the 3-hydroxypropyl analog 9 showed relatively modest
renin potency, we were encouraged to see that the intro-
duction of a polar hydroxyl group resulted in a >10-fold
ratio between CYP3A4 and renin ICs, for the first time.
Motivated by this favorable renin activity, clogP and
CYP3A4 profile of 9, compound 10 was designed to
introduce an additional hydrogen-bond accepting
carbonyl group. Compound 10, with a clogP of 3.7,
did not inhibit CYP 3A4. However, 10 exhibited only
modest affinity toward renin (ICsq = 450 nM).

In summary, investigations around the acetamide
template (1) revealed that linear and sterically small side
chain substituents are preferred in the S; sub-pocket for
renin inhibition, while polar functionalities such as
hydroxyl or carboxylic acids provided reduced CYP3A4
inhibition.

Next, heterocycles that have reduced electron density
and hydrophobicity relative to the tetrahydroquinoline
framework (Table 2) were installed. These analogs were
evaluated for their renin and CYP3A4 inhibition.

Replacement of the tetrahydroquinoline with a 3,4-dihy-
droquinolin-2(1 H)-one ring gave a slight twofold de-
crease in activity (11, ICso = 7.0 nM) relative to analog
8, while reducing the electron density of the aryl ring.
Incorporation of an additional oxygen atom to form
a 1,4-benzoxazin-3-one ring yielded a fivefold increase
in binding affinity to sub-nanomolar levels (12,
IC50 = 0.68 nM) relative to 8. Changing the linkage
from oxygen to sulfur yielded an additional fourfold in-
crease in binding affinity (13, ICsy = 0.18 nM). Modeling
of 13 in the renin active site was performed to determine
how the 6-sulfanyl-4H-benzo[l,4]-oxazin-3-one ring
contributed to significantly enhance renin inhibition
activity (Fig. 3). Surprisingly, additional hydrogen bond
contacts were not observed between the S; sub-pocket
and the 6-sulfanyl-4H-benzo[l,4Joxazin-3-one ring. In-
stead, we believe that the 6-sulfanyl-4 H-benzo[1,4]oxa-
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Table 2. SAR of the “C” ring

H
N
L]
(o) N >

_O
o ~_0

Compound R, side chain Renin ICsy (nM)>®

clogP

CYP3A4 ICs (BFC, nM)’ % Inhibition of CYP 3A4 at 3 uM

11 j\ 7 5.05
12 \H 0.68 4.90

13 \H 0.18 5.34

o)
Hon
14 364 2.06

HOJ\\
15 .g Nfo 1200 2.50
o)

35 92
N/D 95
14 95
25,000 N/D
15,000 N/D

These heterocycles were designed to have reduced electron density and reduced hydrophobicity relative to the tetrahydroquinoline framework.
Compounds 11-13 contained the 3-methoxy propyl side chain due to ease of synthesis and the association with good renin potency (see
compound 8). Compound 14 was designed to exhibit a low clog P for reduced CYP 3A4 activity. N/D, not determined. * designates point of

attachment.

zin-3-one is a better overall electronic match for the
hydrophobic S; sub-pocket, and the increase in C-S
bond lengths results in better van der Waals contacts
with the protein.

Compound 13, however, was also a potent CYP3A4
inhibitor (ICso (BFC) = 14 nM). Since carboxylic acids
in the S; sub-pocket were shown to reduce CYP inhibi-
tory activity (along with renin inhibition activity), the
oxygen and sulfur analogs (14 and 15, respectively) of
the 4H-benzo[1,4]oxazin-3-one ring system were evalu-
ated. Interestingly, compound 14 (renin ICsy = 364 nM)
was more active than 15 (renin 1Csq = 1200 nM) against
renin. Both were devoid of activity against CYP3A4.

Compound 1 is a potent renin and CYP3A4 inhibitor.
SAR studies based on the “C” ring of the ketopiperazine
framework yielded compounds that were modest renin
inhibitors devoid of CYP3A4 inhibitory activity. It
was shown that linear and sterically small side chain
substituents are preferred in the S3 sub-pocket for renin
inhibition. Compounds with lower clog P values, prefer-
ably, less than 3, show reduced CYP3A4 inhibition.
Also, polar groups in the S; sub-pocket (which were
used to reduce the clog P) are not well tolerated, causing
a drastic reduction in the renin inhibitory activity. Fu-
ture work will be focused on compounds with increased
hydrophilicity, reduced CYP3A4 inhibitory activity, and
increased renin inhibitory activity.
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ASP32 & ASP215 l

4

53 sub-pocket

Figure 3. An open-flap X-ray structure of renin was used for docking
of molecules 8 (green) and 13 (pink). Random conformations of these
ligands were generated using CONCORD and ultimately docked with
GOLD? software (default parameters were employed) to carryout all
the structure-based modeling of this series. The piperazine nitrogen
forms two hydrogen bonds to Aspartic acids 32 and 215 within the
active site of the renin enzyme.
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Abstract—A series of dipeptidyl nitriles as inhibitors of cathepsin K have been explored starting from lead structure 1 (Cbz-Leu-—
NH-CH,-CN, ICs, = 39 nM). Attachment of non-natural amino acid side chains in P1 and modification of the P3 subunit led to
inhibitors with higher potency and improved pharmacokinetic properties.

© 2006 Elsevier Ltd. All rights reserved.

Bone remodeling is a complex and important process in
the physiology of the skeleton. It is a tightly coupled
process which is based on a precisely tuned interplay be-
tween bone resorbing osteoclasts and bone forming
osteoblasts.!> An imbalance in bone remodeling due
to increased bone resorption will lead to reduced bone
mass and disturbed microarchitecture causing bone fra-
gility and fractures. Therapeutic inhibition of excessive
bone resorption can be achieved in multiple ways. One
possibility is to modulate the resorptive activity of the
osteoclasts without affecting bone formation. Bone
resorption by osteoclasts occurs in two distinct steps
namely by first demineralization of the bone matrix
via acid secretion and in a second phase by degradation
of the organic bone matrix via proteolytic enzymes.
Cathepsin K is the major osteoclastic protease® and
has been proposed to play a central role in the degrada-
tion of type I collagen and other important components
of the bone matrix.* Thus, specific inhibition of cathep-
sin K should substantially decrease bone resorption and
therefore may offer an efficacious treatment for diseases
characterized by excessive bone loss such as
osteoporosis.

As part of our efforts to identify potent and reversible
inhibitors of cathepsin K, we have explored a series of
dipeptide nitriles starting from our lead structure 1
(Cbz-L-Leu-NH-CH,-CN, 1ICsq cathepsin K =
39 nM).> Peptide nitriles as covalent, reversible inhibi-
tors of papain were first described by Hanzlik and

* Corresponding author. Tel.: +41 61 696 1227; fax: +41 61 696
6071; e-mail: eva.altmann@novartis.com

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

doi:10.1016/j.bmcl.2006.01.104

co-workers.® Three recent reports on peptidic nitrile
inhibitors for cathepsins S7, B,® and K° now prompt
us to disclose our results in this area.

[ ] [0}
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O\CI)I/N\E')LH/\\\N

1

Our initial studies aimed at exploring the effects of
attaching an extended Pl-substituent on potency and
on the metabolic stability. These experiments were
driven on the assumption that non-natural amino acid
side chains in Pl would increase metabolic stability
without negatively impacting the inhibitory potency.
In a second round of optimization, we investigated
the influence of the replacement of the P3 benzyloxy-
carbonyl group by different acyl moieties on potency,
on the selectivity profile, and on physico-chemical
properties. Finally, in vitro metabolism and pharmaco-
kinetic properties of the most potent inhibitors were
assessed to have an integral understanding of the
drug-like properties of this series.

The synthesis of Cbz-protected dipeptide nitrile cathep-
sin K inhibitors is outlined in Schemes 1-3. Depending
on the commercial availability of the amino acid
precursors, different approaches were followed. Dipep-
tide nitriles 5a, S5b, and 5e were prepared starting from
the Boc-protected amino acids 2a, 2b and 2e (Scheme
1). The mixed anhydride of the Boc-protected amino
acids 2a, 2b, and 2e with isobutyl-chloroformate was
quenched with aqueous NH; to provide the amide
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Scheme 1. Reagents and conditions: (a) 1—Isobutyl-chloroformate,
N-methylmorpholine, THF, —15°C, 15 min, 2—NHj; (aq), 88-96%;
(b) 4 N HCl/dioxane, rt, 6 h, 88-93%; (c) Cbz-Leu-OSu, DIEA,
CH,Cl,, rt, 16 h, 65-88%; (d) (CF5CO),0, Et;N, THF, —15°C, 2 h,
61-78%.

R
R H 9
a (o] N\)L [oNQ b
(o] —_— T H N —_—
HN > o 3/” o

[¢]
6d, 6f-g 7d, 7f-g
R R
@\/ N i - @\/ N i
—_——

OYN\)LN NH, OYN\:)LN S
: H : H N

(o] Y o (o]

8d, 8f-g 5d, 5f-g

Scheme 2. Reagents and conditions: (a) Cbz-Leu-OSu, DIEA,
CH,Cl,, rt, 16 h, 92-100%; (b) NH3/MeOH, rt, 18 h, 61-84%; (c)
(CF3C0),0, Et;N, THF, —15°C, 2 h, 52-78%.
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Scheme 3. Reagents and conditions: (a) I—TMSIiCl, DIEA, CH,Cl,,
rt, 1 h, 2—Cbz-Leu-OSu, DIEA, rt, 6 h, 50-63%; (b) 1—Isobutyl-
chloroformate, N-methylmorpholine, THF, —15 °C, 15 min, 2—NHj3;
(aq), 62-96%; (c) (CF3CO),0, Et;N, THF, —15 °C, 2 h, 42-55%.

derivatives which upon removal of the Boc group (4 N
HCl in dioxane), gave the amines 3a, 3b, and 3e. Subse-
quent reaction with the N-hydroxysuccinimide ester of
Cbz-Leu (Cbz-Leu-OSu) yielded the dipeptide amides
4a, 4b, and 4e. Conversion to the target nitriles 5a, 5b,
and 5e was achieved by (CF3CO),0-mediated dehydra-
tion!” of 4a, 4b, and 4e. Scheme 2 summarizes the syn-
thesis of 5d and 5f-g. The dipeptides 7d, 7f-g were
obtained by coupling of Cbz-Leu-OSu with amino acid
esters 6d, 6f-g. Treatment of the methylester with
ammonia afforded amides 8d, 8f-g, which were dehy-
drated with (CF3CO),0 to produce the nitriles 5d, 5f-g.

The preparation of 5S¢ and 5h is depicted in Scheme 3.
The dipeptides 10¢, 10h were synthesized according to

a method originally described by Kricheldorf,!! involv-
ing the in situ silylation of the C-terminal amino acids
9¢c, 9h and subsequent reaction with Cbz-Leu—OSu.
The conversion to the target nitriles 5S¢, Sh was carried
out utilizing the same strategy as depicted in Scheme 1.

Preparation of compounds 16a-h starts with the in situ
silylation of O-benzyl-L-serine 9h, followed by reaction
with Boc—Leu-OSu to yield dipeptide 12. The mixed
anhydride of the Boc-protected dipeptide 12 with isobu-
tyl-chloroformate was quenched with aqueous NHj to
furnish the amide derivative 13, which was converted
to the nitrile compound 14 by (CF3;CO),O-mediated
dehydration.'® Removal of the Boc group was carried
out with neat HCOOH and the resulting amine 15 was
coupled with the appropriate carboxylic acid to yield
the target dipeptide nitriles 16a—h (Scheme 4).

We first investigated the effects of attaching a P1-substi-
tuent to the a-position of the C-terminal Gly-nitrile moi-
ety of our lead 1 on potency and selectivity for cathepsin
K inhibition. In an attempt to exploit hydrophobic
interactions within the lipophilic S1 subsite of cathepsin
K, a series of compounds containing phenylalanine-de-
rived P1 side chains were investigated. The biological
activity of these analogs is summarized in Table 1. A
4-substituent on the phenyl ring proved favorable in
terms of potency against cathepsin K and also had a po-
sitive effect on the specificity profile of the inhibitors.
Compounds 5a and 5f incorporating a 4-methyl or a
4-trifluoromethyl-phenylalanine moiety were the most
potent and selective inhibitors of cathepsin K within

)
oh 12
o (o} d
w 0 _° . w0 _e .
o__N NH o__N
>f7f N ? >fT Ny
N
o 1" o )
13 14
BN RV N
H,N R__N
HEEAN b TN Yy
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15 16a-h

Scheme 4. Reagents and conditions: (a) 1—TMSICl, DIEA, THF, rt,
1 h, 2—Boc-Leu-OSu, DIEA, rt, 6 h, 96%; (b) 1—Isobutyl-chloro-
formate, N-methylmorpholine, THF, —15°C, 15 min, 2—NH3; (aq),
97%; (c) (CF5CO),0, Et;N, THF, —15 °C, 2 h, 70%; (d) HCOOH, rt,
18 h, 54%; (e) RCOOH, (benzotriazol-1-yloxy)-tris-(dimethylamin)-
phosphonium-hexafluorophosphate (BOP), DIEA, CH,CL,, rt, 16 h,
41-87%.
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Table 1. Inhibition of homologous cathepsins by compounds 5a-h

Y

IC50 (HM)
Cat K* CatL® CatS®

Compound R

5a /©/ 48 9900 >10,000
sb /@ 120 7700 2300
o
sc /@( ~ 63 1100 700
o
sd /@( < 398 1400 >10,000
Se /@0\/© >1000 > 10,000 >10,000
fr
s /©)<F e 8000 >10,000
5g /°7< 240 2800 900
Sh p 9 1700 969
/0

#Inhibition of recombinant human (rh) cathepsin K activity in a
fluorescence assay using 48 pM Cbz—Phe-Arg-AMC as substrate in
100 mM NaH,PO4, 1 mM EDTA, 20 uM Tween 20, and 2 mM
DTT, pH 7.

® Inhibition of rh cathepsin L activity using 3 pM Cbz—Phe-Arg-AMC
as substrate in 100 mM NaOAc, 1 mM EDTA, 0.005% Brig 35, and
I mM DTT, pH 5.5.

¢ Inhibition of rh cathepsin S activity using 11 pM Cbz-Leu-Leu-Arg—
AMC as substrate in 100 mM NaOAc, 1 mM EDTA, 0.01% Triton
X-100, ] mM DTT, pH 5.5. Data represent means of two experi-
ments performed in duplicate, individual data points in each exper-
iment were within a 3-fold range of each other.

the phenylalanine series. However, increasing the steric
bulk of the 4-substituent led to a gradual loss in potency
for compounds 5a — 5S¢ — 5d — Se. A 3-substituent
resulted in a less potent analog 5a — 5b. Compounds
5g and 5h are inhibitors incorporating O-protected L-
serine derivatives as Pl-subunit. Whereas the O-tert-
butyl-ether derivative 5g is not very active, compound
5h, incorporating an O-benzyl serine P1 moiety, is the
most potent inhibitor investigated within the Cbz-pro-
tected dipeptide nitrile series. In addition, Sh exhibits
good specificity for cathepsin K over the two highly
homologous cathepsins L (K/L = 190) and S (K/S = 107).

Based on the most potent inhibitor Sh we embarked on a
second round of optimization that involved replacement
of the benzyloxycarbonyl group by different acyl moie-
ties. The S3 subsite of cathepsin K is rather hydrophilic

in nature and therefore polar substituents should be tol-
erated as part of the P3 subunit, which might in fact al-
low to fine-tune the physico-chemical properties of our
inhibitors. As illustrated by the data summarized in
Table 2 this strategy afforded several highly potent
cathepsin K inhibitors (16¢, 16e, and 16f). Replacement
of the benzyloxycarbonyl group by a 4-phenyl-piperi-
din-1-yl)-acetyl moiety led to a loss in potency
(5h — 16a). The introduction of a 4-pyridin-4-yl-pipera-
zin-1-yl)-acetyl moiety resulted in a 9 nM inhibitor, but
16b is significantly less specific for cathepsin K than

Table 2. Inhibition of homologous cathepsins by compounds 16a-h

J's

Y

ICso (nM)
Cat K* CatL® CatS®

Compound R

s
16a 83 1200 140

16b N 9 330 180

Cl
16¢ \©\ <1 <30 52
el
Cl
16d \©\ 430 190 41
S

16e ij <1 154 29
N
H

16f Q1< <1 83 47
i

16g S 24 110 130
\=N
16h 7 e 190 660 240

=N

#Inhibition of recombinant human (rh) cathepsin K activity in a
fluorescence assay using 48 pM Cbz-Phe-Arg-AMC as substrate in
100 mM NaH,PO4, 1 mM EDTA, 20 uM Tween 20, and 2 mM
DTT, pH 7.

® Inhibition of rh cathepsin L activity using 3 uM Cbz—Phe-Arg-AMC
as substrate in 100 mM NaOAc, 1 mM EDTA, 0.005% Brig 35, and
1 mM DTT, pH 5.5.

¢ Inhibition of rh cathepsin S activity using 11 pM Cbz-Leu-Leu-Arg-
AMC as substrate in 100 mM NaOAc, 1 mM EDTA, 0.01% Triton
X-100, and 1 mM DTT, pH 5.5. Data represent means of two
experiments performed in duplicate, individual data points in each
experiment were within a 3-fold range of each other.
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compound 5h. A 4-chlorophenoxy-2-methyl-propionyl
P3 group afforded the sub-nanomolar inhibitor 16c.
However, this compound features a poor specificity pro-
file. Surprisingly, compound 16d, which differs from 16¢
only by the replacement of the phenoxy- by a phenyla-
mino moiety, shows a reversed selectivity profile in favor
of cathepsin S. An unsubstituted and 1-methyl-indolyl
moiety provide analogs 16e and 16f, both of which show
also sub-nanomolar potency. These two compounds
exhibit moderate specificity, in particular with regard
to cathepsin S.!2

The two imidazolyl-acetyl-based analogs 16g and 16h
are essentially non-specific with a maximal specificity
ratio of 5-fold in favor of cathepsin K.

One of the main challenges in the optimization of pep-
tidic lead structures is to generate compounds with good
pharmacokinetic properties, in order to allow for oral

E. Altmann et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2549-2554

administration of a potential drug candidate. Com-
pounds with promising in vitro potencies were thus
evaluated in in vitro metabolism assays and their phar-
macokinetic properties were determined in a cassette
dosing experiment. The focus of these studies was to
reveal potential weak points within the series to guide
further modifications.

Metabolic stability of compounds 5h, 16b, 16¢, 16f, and
16g was assessed in vitro in rat or human liver micro-
somes as well as in rat plasma. Capillary HPLC/MS-
MS was used to determine remaining parent compound
and characterize potential metabolites.'* Figure 1 shows
the selected ion chromatogram of 5h after 1 h incubation
with rat liver microsomes.

The metabolism of all five compounds investigated
followed a similar pattern which is exemplified in
Figure 1 for compound 5h. In all cases, O-debenzylation

»”
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QOYHJ’LN .

H H N

o

>/
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o >/ Hi
5h B H@Af ml, m2
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Qa1 L
P,
o =
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£
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ml| * L
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Figure 1. Proposed metabolic pathways of 5h and selected ion chromatogram over M+NH," of 5h (m/z 441), m4/m5 (m/z 457), m3 (m/z 351), and
ml/m2 (m/z 367), 1 h after incubation of 5h in rat liver microsomes (* peaks are not related to 5h).
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of the serine side chain was observed (pathway a) and
for 16b this was the only transformation detected. For
5h, 16c¢, 16f, and 16g additional metabolites were formed
through hydroxylation of the isobutyl side chain of leu-
cine (pathway b; benzyl group still intact). A metabolite
arising from both debenzylation and leucine hydroxyl-
ation was only observed for 5h (pathways c or d).
Metabolite patterns were similar between microsomes
from rat and human.

In addition to liver metabolism, plasma stability plays
an important role in drug discovery, as compounds with
insufficient plasma stability tend to exhibit rapid clear-
ance and short half-lives, which are associated with poor
in vivo performance. We have thus investigated the sta-
bility of compounds 1, 5h, 16b, 16¢, 16f, and 16g in
freshly prepared rat plasma.'* Lead compound 1 was
degraded to a significant extent after 1 h (>50%).!> In
contrast, the optimized inhibitors proved to be com-
pletely stable, which validates our initial working
hypothesis about the beneficial effects of extended
P1-substituents on metabolic stability.

Pharmacokinetic profiles in rats were determined in a
cassette dosing experiment with six different com-
pounds, including 1, which had been previously tested
separately in a discrete dosing experiment, thus serving
as a reference compound (no significant difference in F
and other pharmacokinetic parameters between cassette
and discrete dosing was observed). Pharmacokinetic
data obtained in the cassette dosing experiment!® are
summarized in Table 3. The highly soluble compounds
16b and 16g are extremely rapidly cleared from blood
after iv administration and exhibit very low oral bio-
availability (3.5% and 4.6%, respectively). We assume
that after po dosing, due to their high solubility in the
acidic gastric environment, 16b and 16g may be partially
degraded by proteolytic enzymes already in the stomach
and upper gastrointestinal tract. Data on blood levels
and the resulting very low Cp., po for 16g are shown
in comparison to Sh in Figure 2. High total clearance
and low oral bioavailability are also observed for the
less soluble compound 16¢, however, in contrast to
16b and 16g, this might occur via first-pass metabolism.
A distinct reduction in total clearance resulted in a
significant prolongation of terminal half-lives for inhib-
itors Sh and 16f. This, probably together with improved

Table 3. Rat pharmacokinetic data for compounds 1, 5h, 16b-¢c, and 16f-g

o)
wn
W
(98]

~
o
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r0.15
60.0 -
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40.0 19

30.0

20.04 r 0.05

blood levels of parent compound (uM)

blood levels of parent compound (ng-mL“)

O— \9 L 0.00

3060 120 180 240 360 480 1440

time (min)

Figure 2. Blood levels of unchanged 5Sh (®) and 16g (O) after po
administration (3.0 mg kg™') to conscious rats (n = 4). Dosing was in a
cassette format together with four other compounds.

absorption and a reduced first-pass effect, also led to a
substantial improvement in oral bioavailability for these
two compounds (F=26.4% and 30.1%, respectively),
compared to our lead 1 (F = 5%).

In summary, we have identified a series of potent dipep-
tide nitrile inhibitors of cathepsin K with considerable
metabolic stability. Starting from lead structure 1 varia-
tions in the P1 and P3 substituents led to new analogs,
which proved to be highly potent enzyme inhibitors.
For several of these compounds, their in vitro metabolism
was assessed in liver microsomes and in plasma, and the
major metabolites were identified by HPLC/MS-MS.
All optimized compounds proved to be completely stable
in rat plasma. The pharmacokinetic properties of the best
analogs were determined and for 16f oral bioavailability
was improved to 30% up from 5% for our initial lead
structure 1. The data presented in this study set the stage
for additional medicinal chemistry efforts on dipeptide ni-
trile inhibitors of cathepsin K, and also other cathepsins,
with even further enhanced properties.
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Compound CL* (mL min~'kg™") Ve (Lkg™) 11 term’ () Crnax® po (nM) F° (%)

1 243 £27 3.5%05 0.2 £ 0.03 54%25 52%29
5h 45+ 12 46+1.4 22+04 443+ 120 264+ 127
16b 320 £ 78 180+12 1.0£0.1 25%0.6 35409
16¢ 141 26 13.6+3.0 3.1+05 3.5%1.0 10.1+52
16f 82+ 37 7.7£3.0 14+04 51.1 £26.1 30.1£9.5
16g 396 + 94 43%0.9 0.2+0.1 11320 46+1.6

#Total clearance.

®Volume of distribution at steady state.

¢ Terminal half life for elimination (non-compartmental estimate).
9 Maximal blood concentration (dose-normalized to 1 mg kg™?).

¢ Oral bioavailability.
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phosphate buffer (pH 7.4) at 37 °C. The metabolic reaction
was initiated by the addition of NADPH regenerating
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After centrifugation, the supernatant was diluted 1:5 with
H,0/0.1% HCOOH and the samples were submitted for
HPLC/MS-MS analysis.
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S5uM in freshly prepared rat plasma for 1h at 37°C.
Incubation was stopped by addition of 500 pL chilled
CH;CN. After centrifugation, the supernatant was diluted
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our experimental conditions.
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in conscious, fed, permanently cannulated rats kept under
standard conditions. For iv bolus administration, all
compounds were dissolved in N-methyl-2-pyrrolidone/
PEG200 (30:70, v/v; 0.5 mL kg™") and dosed at 1 mg kg~".
For oral administration compounds were dissolved/sus-
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(2.5mLkg™") and administered at 3mgkg~'. Blood
samples were collected from the femoral artery for 24 h
after iv and after oral dosing. Iv and po administration
was carried out in the same animals with a 48 h washout
period between administrations. After acetonitrile precip-
itation of plasma samples, parent drug concentrations in
extracts were measured using a specific HPLC/MS
method.
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Abstract—A new series of 10-methyl-6-0x0-5-arylazo-6,7-dihydro-5H-[1,3]azaphospholo[1,5-d][1,4]benzodiazepin-2-phospha-3-eth-
oxycarbonyl-1-phosphorus dichlorides 11a—p has been synthesized and evaluated as antimicrobial agents. Structures of all the syn-
thesized compounds were established on the basis of elemental analysis and spectroscopic data. Quantitative structure—activity
relationship (QSAR) investigations were applied to find out the correlation between the experimentally evaluated activity with var-
ious parameters of the compounds studied. QSAR equations showed that the molecular refractivity correlates significantly with the

antimicrobial activity.
© 2006 Elsevier Ltd. All rights reserved.

Benzodiazepines (BDZs) and their derivatives are well
known to the chemists mainly because of the broad-
spectrum biological properties exhibited by this class
of compounds.'™> Interest in the chemistry, synthesis
and biology of this pharmacophore continues to be
fuelled by their activity against a variety of CNS disor-
ders as well as due to wide biological properties such as
antianxiety, anticonvulsant, sedative/hypnotic, muscle
relaxing and tranquilizing.®® Many drugs incorporat-
ing BDZ core nucleus which extensively binds to plas-
ma and tissue proteins have been developed over the
past two decades and they became the most commonly
prescribed group of psychotherapeutic drugs world-
wide.>1? After the discovery of benzodiazepine recep-
tors in the CNS and peripheral tissues'!''> many
attempts have also been made to correlate the molecu-
lar structure with the biological activity of these com-
pounds.13 In an attempt to prepare even more potent
drugs, the ability of BDZ analogues to adjoin with
another four- or five-membered ring has been investi-
gated.'* 16 It has been reported that the introduction

Keywords: 1,4-Benzodiazepine; Azaphohole; Intramolecular cyclocon-

densation; Antimicrobial activity; QSAR; Molecular refractive index

(MR).

*Corresponding ~ author.  Tel: +91 731
drashoksharma2001@yahoo.com

2460208; e-mail:

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

doi:10.1016/j.bmcl.2006.01.080

of an additional five-membered heterocyclic ring to sev-
en-membered azepine nucleus tends to exert profound
influence in conferring novel biological activities in
these molecules.!” The attachment of a five-membered
ring often produces potent anti-HIV active com-
pounds.!'"13 These compounds exert their biological
activity by covalently binding to the N-2 of guanine
in the minor groove of DNA through the imine or
equivalent functionality at N10-C11 of the BDZ. The
aminal linkage thus interferes with DNA function.'®
Furthermore, these molecules have been shown to
interact with DNA in a sequence-selective manner as
a result they may have the potential to inactivate par-
ticular genes.'”

Hence, in view of the variegated importance associated
with the five-membered phosphole ring system, we
decided to link up this moiety with the benzodiazepine
nucleus in order to frame the novel molecular architec-
ture of annulated heterophospholobenzodiazepines.
Keeping this in mind and in continuation of our endur-
ing research on the synthesis of biologically significant
compounds,”®?> we have attempted the synthesis of
hitherto unknown, 10-methyl-6-ox0-5-arylazo-6,7-dihydro-
SH-[1,3]azaphospholo[1,5-d][1,4]benzodiazepin-2-phos-
pha-3-ethoxycarbonyl-1-phosphorus dichlorides 11a—p
with fascinating structural features.
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Moreover, to find a role of this nucleus against the prob-
lem of multidrug-resistant pathogens, the constructed
molecules were screened for their antimicrobial activity.

Additionally, the systematic quantitative structure—ac-
tivity relationship (QSAR) studies have also been car-
ried out to reach a thorough understanding of the
effect of substituents on the observed activities of the
synthesized compounds.

The synthetic route to the desired target molecule 10-
methyl-6-ox0-5-arylazo-6,7-dihydro-5H-[1,3]azaphos-
pholo[1,5-d|[1,4]benzodiazepin-2-phospha-3-ethoxycar-
bonyl-1-phosphorus dichlorides 1la—p includes the
cyclization (3 — 4) (Scheme 1) to generate the imine
moiety of the B-ring. The approach involves the initial
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Where R = COOC,H;
R'= as reported in Table 1
Scheme 1. Reagents and conditions: (i) 1,4-di-oxan, CICH,COCI, 3 N

NHOH, CH2C12, 30 mln, (ll) NH3/CH3OH, (lll) RC6H4NH2, NaNO2/
HClI, 0-5 °C; (iv) CICH,COOC,H;s, THF, 36 h.

preparation of precursor, viz., chloroacetamidoacetoph-
enone’® 3 as the representative of B-ring fragment. Sub-
sequently, this was allowed to reflux in ammonia/
methanol for 24 h, which leads to cyclization to give
5,7-dimethyl-1, 3-dihydro-2H-1, 4-benzodiazepin-2-one
4 in an excellent yield (80%). Moreover, stereochemical
asymmetry at Clla of 5a—p was accessible by introduc-
ing a diazonium fragment in an electrophilic substitu-
tion mode which resulted in the formation of
compound (395)-3-arylazo-5,7-dimethyl-1,3-dihydro-
2H-1,4-benzodiazepin-2-one 5a—p.?” This in turn was al-
lowed to react with an equimolar quantity of a pertinent
alkyl halide in THF and stirred for 36 h at room temper-
ature to give the N-alkylated product 6a—p in good
yield.?®

Condensation of 6a—p with phosphors trichloride
(2 equiv) in the presence of triethylamine (3 equiv.) in
toluene yielded intermediate synthesis of 5-bis(dic-
hlorophosphino)-ylidene-(3S)-N-ethoxycarbonyl-7-
methyl-3-arylazo-2-o0xo0-1,2,3,5-tetrahydro-5H-1,4-ben-
zodiazepine 9a-p.”° The initially formed mono
dichlorophosphino derivative 7a—p is highly activated
and undergoes instantaneous substitution by phosphorus
trichloride to provide the bis(dichlorophosphino) deriva-
tive 9a—p. Further, the absence of any '"H NMR signal at 6
6.00 ppm, which is characteristic of a C-5 methine pro-
ton, also supports the formation of 9a—p. This was cyc-
lized to give 10a—p on heating with an additional
amount of triethylamine in acetonitrile (Scheme 2).

The polarity of the solvent influences the progress of the
above reaction. In non-polar solvents such as toluene
and xylene, the reaction stops at stage 9a—p, whereas
in polar solvents, viz., acetonitrile, ethylacetate the ini-
tially formed bis(dichlorophosphino) derivative 9a—p
undergoes intramolecular cyclocondensation to form
speciesl0a—p and finally 10-methyl-6-oxo0-5-arylazo-6,
7-dihydro-5H-[1,3]azaphospholo[1,5-d][1,4]benzodiaze-
pin-2-phospha-3-ethoxycarbonyl-1-phosphorus dichlo-
rides 11a—p.3°

Structures of all the newly obtained compounds have
been ascertained on the basis of their consistent IR,
NMR and mass spectral assignments.3!-34

The newly obtained derivatives were evaluated for
in vitro antibacterial activity against Escherichia coli
ATCC 6633, Bacillus subtilis ATCC 16404 and anti-
fungal activity against Aspergillus niger ATCC 16404
and Candida albicans ATCC 10231. Nutrient agar and
saboured dextrose agar were employed for bacterial
and fungal growth, respectively. Minimum inhibitory
concentrations (MIC) were determined by means of
standard 2-fold serial dilution method using agar med-
ia.?> Stock solutions of test compounds were prepared
in DMSO at a concentration of 1 mg/mL. Suspension
containing approximately 10’ CFUs/mL of bacteria
and 10° CFUs/mL of fungi was prepared from broth
cultures. Bacterial and fungal plates were made in tripli-
cate and incubated at 37 °C for 16-47 h for bacteria and
48-72 h for fungi. Ampicillin trihydrate and clotrima-
zole were also screened under similar conditions as
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40 min.

reference drugs, respectively. The screening results re-
veal that reported compounds showed a remarkable
effect on the bactericidal potency. However, these com-
pounds have been found to show least to moderate
activity on the growth of C. albicans. The deduced
pattern followed by tested compounds is in the order
E. coli > B. subtilis > A. niger > C. albicans.

In order to identify substituent effect on the antimicrobial
activity, quantitative structure—activity relationship
(QSAR)*¢ studies of title compounds were preformed.
Biological activity data (MIC) were calibrated to their
logarithmic values (—log MIC) and are listed in Table 1.
The congener series possesses the substitution on the aro-
matic ring system at 3’ and 4’ positions. QSAR studies
were performed by multiple regression analysis (MRA)
approach. The calculated parameters used in present
studies include molar refractivity (MR), vander Waals
volume (VDW), Connolly accessible area (CAA),
Connolly molecular area (CMA), Connolly Solvent
Excluded Area (CSEV), and partition coefficient (log P).
These parameters were calculated by using Chem 3D 6.0
Software.?” Further, electronic parameters like HOMO

and LUMO energies were calculated by semiempirical
PM338 studies using MOPAC 6.0 package.?® Energy min-
imized geometry of the parent molecule 11a is shown in
Figure 1. The Hammett substituent constant (¢) values
were obtained from the literature.®®

A correlation analysis was performed on all the descrip-
tors, depending on the inter-correlation among the inde-
pendent descriptors and also their individual correlation
with biological activity. Different possible combinations
of parameters were subjected to multiple regression
analyses. Calculated parameters and correlation matrix
needed for regression analysis are elicited in Tables 2
and 3, respectively.

It has been observed that molar refractivity (MR) tends
to correlate with biological activity exclusively. The sta-
tistical quality of the resulting models, as depicted in
Egs. 1-4, is determined by r (coefficient of correlation),
s (standard error of estimate) and F (F-statistics) values.
It is noteworthy that all these equations were derived
using entire data set of compounds (n = 16) and no out-
liers were identified.
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Table 1. The in vitro antimicrobial activity of substituted [1,3]Jazaphospholo-[1,5-d][1.4]benzodiazepin-3-ethoxycarbonyl-1-phosphorus dichlorides

Compound R! —logMIC (ug/mL)

Gram positive bacteria Gram negative bacteria Fungi

Escherichia coli Bacillus subtilis Aspergillus niger Candida albicans

ATCC 445 ATCC 6633 ATCC 16404 ATCC 10231
11a H 4.05 4.05 4.12 4.10
11b 3-CH; 422 4.25 4.31 4.17
11c 3-COOH 4.36 4.37 4.48 4.32
11d 4-C,Hs 4.58 4.64 4.64 4.52
11e 3-Cl 4.54 4.46 4.68 4.47
11f 4-OC,H; 4.74 4.83 4.74 4.59
11g 3-NO, 4.73 4.55 4.56 4.50
11h 3-OCH; 4.30 4.28 4.56 4.39
11i 4-OCH; 4.26 4.29 4.39 4.24
11j 4-Cl 4.39 4.41 4.51 4.36
11k 4-OH 4.11 417 4.18 4.06
111 3-OC,Hs 5.04 4.96 4.89 4.78
11m 3-C,H; 4.88 4.68 4.82 4.61
11n 4-CH; 4.17 422 422 4.09
110 3-OH 4.20 422 4.25 4.11
11p 4-NO, 4.61 4.52 4.45 4.32
A — 4.60 4.61 — —
C — — — 3.23 3.13

A, ampicillin; C, clotrimazole.

Figure 1. The ORTEP drawing (PM3 optimized geometry) of 10-
methyl-6-ox0-5-phenylazo-6,7-dihydro-5H-[1,3]azaphospholo[1,5-d]-
[1,4]benzodiazepin-2-phospha-3-ethoxycarbonyl-1-phosphorus dichlo-
ride 11a with atom numbering.

QSAR model for activity against E. coli

—log BA =[3.91423(£0.217073)]
+ MR[0.756708(-:0.280636)]

n=16, r=0841, s =0.163, F =33.921 (1)

QSAR model for activity against B. subtilis

— log BA = [3.93497(+0.143867)]
+ MR[0.702574(+£0.185994)]

n=16, r=0908, s=0.108, F = 66.572 (2)

QSAR model for activity against A. niger

—log BA = 4.04209(+0.148464))]
+ MR[0.630564(+0.191937)]

n=16, r=0.884,5 =0.112, F =50.355 (3)
QSAR model for activity against C. albicans
—log BA = [3.94185(40.141714)]
+ MR[0.580462(+0.18321)]
n=16, r=0.877, s =0.106, F =46.833 (4)

The F-value obtained in Eqs. 1-4 is found statistically
significant at 99% level since all the calculated F values
are higher as compared to tabulated values. Similarly,
cross validation of the obtained equations was subse-
quently checked by employing the leave-one-out
(LOO) method*® and on the basis of related cross-vali-
dation parameters viz. PRESS (predicted residual sum
of squares), Sprgss (uncertainty of prediction), SDEP
(standard error of prediction), 7%, (cross-validated cor-
relation coefficient) and rﬁsp (bootstrapping r*). The cal-
culated and predicted activities of the synthesized
compounds were in good accordance with the observed
activities as shown in Figures 2 and 3.

PRESS is a good estimate of the real prediction error
of the model. Its value less than SSY indicate that
the proposed model has good predictive power. Thus,
in view of this, all the four models proposed by us
(Eqs. 1-4) are statistically significant. Further, to be
a reasonable QSAR model, PRESS/SSY ratio should
be lesser than 0.4. The data presented in Table 4 indi-
cate that for all the four proposed models this ratio is
<0.38 there by suggesting all of them to be good mod-
els. Moreover, the values of bootstrapping r* are
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Table 2. Physicochemical parameters data for the compounds 11a—p
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Compound HOMO LUMO VDW o log P CSEV CMA CAA MR
11a —9.238 —1.223 12.468 0 2.868 379.232 413.253 722.538 0.103
11b —9.237 —1.118 12.485 —0.07 6.090 404.848 433.343 743.104 0.565
11c —9.408 —1.225 11.219 0.37 2.867 393.415 427.675 745.492 0.693
11d —9.234 —1.148 11.219 —0.15 2.867 417.372 447.339 769.975 1.030
11e -9.266 —1.273 11.860 0.37 3.152 398.187 423.807 730.163 0.603
11f —9.292 —0.873 11.219 —0.24 2.867 424.025 458.399 794.785 1.247
11g —11.256 —5.006 10.009 0.71 —-0.234 254.775 306.438 578.755 0.736
11h —9.263 —1.243 15.086 0.12 3.152 403.284 439.247 753.337 0.787
11i —9.205 —1.203 13.366 -0.27 3.152 401.887 439.183 753.337 0.787
11j -9.292 —1.271 12.468 0.23 2.868 393.397 427.66 745.483 0.603
11k —9.228 —1.215 11.219 —-0.37 2.868 393.415 427.675 745.492 0.285
11 —9.275 —1.177 11.219 0.1 2.867 382.741 418.023 731.697 1.247
11m —9.243 —1.154 11.219 -0.07 2.867 415.268 446.336 743.104 1.03
11n —9.228 —1.110 11.219 —0.17 2.868 404.503 433.523 740.377 0.565
110 —9.284 —1.260 11.219 0.12 2.868 379.232 413.253 722.538 0.285
11p —11.095 —4.870 16.520 0.78 —0.423 392.361 426.51 744.605 0.736
Table 3. Correlation matrix of molecular descriptors calculated for 11a—p
EC BS AN CA HOMO LUMO VDW 4 LOGP CSEV CMA CAA MR
EC 1
BS 0.962 1
AN 0.921 0.915 1
CA 0.946 0.938 0.980 1
HOMO 0.309 0.174 0.049 0.126 1
LUMO 0.271 0.126 0.012 0.087 0.995 1
VDW 0.174 0.204 0.13 0.168 0.226 0.268 1
g 0.303 0.147 0.179 0.211 0.790 0.787 0.274 1
log P 0.352 0.244 0.126 0.201 0.835 0.834 0.158 0.658 1
CSEV 0.138 0.013 0.066 0.049 0.707 0.704 0.284 0.581 0.570 1
CMA 0.123 0.033 0.081 0.031 0.696 0.695 0.302 0.595 0.546 0.996 1
CAA 0.130 0.055 0.065 0.032 0.661 0.667 0.312 0.570 0.502 0.975 0.985 1
MR 0.841 0.909 0.885 0.877 0.044 0.005 0.065 0.026 0.090 0.181 0.216 0.221 1
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Figure 2. Plots of observed versus calculated and observed versus predicted activity of compounds 11a—p screened against Escherichia coli (Eq. 1).

further in support of the predictive power of these
explaining models (Egs. 1-4).

Biological activity was found to have a good correlation
with molar refractivity (MR). The positive contribution
of molar refractivity towards the activity is possible due

to steric interaction in polar spaces. All the synthesized
compounds bearing substituents 3'-NO,, 3’-Cl and 3'-
OH have been found to be more active than 4’-NO,,
4'-Cl, indicating that compounds having electron-at-
tracting groups on the para position of the ring decrease
the activity, whereas, if they are present on the meta





A. Kumar et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2484-2491

5.0

a9l
a8l
a7
asl

45

OBSERVED

44
43}

42

41

4.0 4.1 4.2 4.3 4.4 4.5 4.6 4.7 4.8 4.9

CALCULATED

OBSERVED

4.9
48]
47
4.6—-
4.5-
4.4—-
43
42
4.1 -

40—

2489

— T T 77
4.4 4.5 4.6 4.7 4.8 4.9

PREDICTED

4.1 4.2 4.3 5.0

Figure 3. Plots of observed versus calculated and observed versus predicted activity of compounds 11a—p screened against Aspergillus niger (Eq. 3).

Table 4. Cross-validation parameters

Equation Compound PRESS SSY PRESS/SSY SPRESS SDEP rﬁsp

Eq. 1 16 0.273 0.909 0.300 0.184 0.172 0.700
Eq. 16 0.208 0.785 0.264 0.122 0.114 0.814
Eq. 3 16 0.214 0.632 0.338 0.124 0.116 0.765
Eq. 4 16 0.206 0.535 0.385 0.121 0.113 0.768

position they tend to increase the activity to a greater
extent. In general, it has been concluded that the antimi-
crobial results follow the pattern:

111> 11m > 11g > 11e > 11h > 11c > 11b > 110 > 11a >
11f>11d > 11p > 11j > 11i > 11n > 11k

Thus, we have successfully constructed a tricyclic het-
erocyclic system comprising of benzodiazepine and het-
erophosphole nuclei in an unprecedented manner. All
the synthesized compounds have shown the remarkable
in vitro inhibitory activity on the growth of tested bac-
terial and fungal strains. Further, the QSAR studies
using the conventional Hansch approach have revealed
that the antimicrobial activity exhibited by these mole-
cules is mainly governed by the polarizability parameter,
that is, MR. Since molar refractive index represents the
influence of size and polarity of the group, the com-
pounds with different substituent in the newly generated
nucleus will be designed, synthesized and will subse-
quently be tested for their potential as antimicrobial
agents.
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Experimental: Analytical grade chemicals and solvents
were always employed. Solvents were distilled under
nitrogen atmosphere prior to use. Standard syringe and
separation techniques were used for transferring the
reactants and the product mixture. All reactions were
carried out under nitrogen atmosphere. The product
mixtures were analyzed by thin-layer chromatography
(TLC) on silica gel sheets (Merck silica gel-G). IR spectra
(in cm ™) were recorded on Perkin Elmer 377 spectropho-
tometer. "H NMR and *'P NMR spectra were recorded
on JEOL EX400 and on Bruker DRX 300 MHz spec-
trometers, respectively in DMSO-dg or CDCIl; chemical
shifts are given in 6 ppm using TMS (for '"H NMR) as an
internal standard and 85% H3PO, (for *'P NMR) as an
external standard. Mass spectral analysis was performed
using FAB technique. General procedure for the synthesis
of (35)-3-arylazo-5,7-dimethyl-1,3-dihydro-2H-1, 4-ben-
zodiazepin-2-one (Sa-p): To a stirred, cooled (10 °C)
solution of 0.1 M of the 2-aminoacetophenone in 40 mL
of 1,4-dioxan, 0.13 M of chloroacetylchloride and an
equivalent amount of 3 N sodium hydroxide solution was
added in small portions. The reactants were introduced
alternatively at such a rate as to keep the temperature
below 10 °C and the mixture neutral or slightly alkaline.
The reaction was completed after 30 min. The neutral
mixture was diluted with ice and water, and extracted with
methylene chloride. The extract was washed with water,
filtered, dried concentrated in vacuum, and the residue
crystallized. Thus, obtained chloroacetamidoacetophe-
none 2 (0.01 M) in 200 mL of a 20% (w/v) solution of
ammonia in methanol was stirred for 24 h at room
temperature. The methanolic ammonia filtrate obtained
after the separation of 3 was concentrated to dryness in
vacuum, and residue recrystallized to give cyclized ben-
zodiazepin-2-one nucleus 4, which was further, allowed to
react with benzene diazonium chloride (0.01 M) under
thorough stirring for 3-4 h to obtain 5a—p.

General procedure for the synthesis of N-ethoxycarbonyl-
5,7-dimethyl-2-ox0-3-arylazo-2,3-dihydro-1H-1,4-benzo-
diazepinium chlorides (6a—p): In a 250 mL round bottom
flask to a solution of alkyl halide (0.1 M) in tetrahydrofu-
ron (50 mL), (35)-3-arylazo-5,7-dimethyl-1,3-dihydro-2 H-
1,4-benzodiazepin-2-one Sa—p (0.01 M) was added and
reaction mixture was stirred for 24-48 h at room temper-
ature. The white precipitate obtained was filtered, washed
with diethyl ether (30 mL), dried in vacuum and were used
without further purification.

General procedure for the synthesis of 5-bis(dic-
hlorophosphino)-ylidene-(3.S)- N-ethoxycarbonyl-7-meth-
yl-3-arylazo-2-oxo0-1,2,3,5-tetrahydro-5H-1,4-benzodiaze-
pine (9a—p): In a closed vessel containing compound 6a—p
(0.01 M) in 40 mL toluene, triethylamine (2.02 mL) was
added at room temperature and the reaction mixture was
stirred for 1-2 h. To this mixture a solution of PCl; (1.37 g,
0.01 M) was added slowly and allowed to stir further for
24 h. The solvent was thereafter removed in vacuum and

30.

31.

32.

33.

34.

residue was concentrated to 25 mL and left in refrigerator
overnight, when yellow to reddish yellow coloured solid was
deposited which was filtered and dried in vacuum.

General procedure for the synthesis of 10-methyl-6-0x0-5-
arylazo-6,7-dihydro-5H-[1,3]azaphospholo[1,5-d][1,4]ben-

zodiazepin-2-phospha-3-ethoxycarbonyl-1-phosphorus

dichlorides (11a—p): To 5-bis(dichlorophosphino)-ylidene-
(35)-N-ethoxycarbonyl-7-methyl-3-arylazo-2-oxo-1,2,3,5-

tetrahydro-5H-1,4-benzodiazepine (0.01 M), which was
cooled to 0-5 °C under stirring acetonitrile (40 mL) was
added. To this a solution of triethylamine (4.04 g, 0.04 M)
was also added slowly to the reaction mixture till the
development of yellow colour. After stirring for 30 min a
solution of PCl; (1.37 g, 0.01 M) was added drop wise till
the reaction mixture turns pale yellow to brown. The
reaction mixture was allowed to attain the room temper-
ature and stirring was continued for 10 h. Now the solvent
was evaporated in vacuum and the white shiny crystals of
11a-p were obtained.

Analytical data of compound 5b: mp 151-152 (°C), yield
72%:; IR KBr (v cm™") 3350 (N-H), 3050 (C-H, sp?), 2850
(C-H, sp*), 2020 (N=N), 1710 (C=0), 1620 (C=C/C=N),
1580, 1490, 1450 (C==-C, ring str), 920, 850, 740 (sub
phenyl), 'H NMR (8) ppm 0.92 (s, 3H, CHa, azepine ring),
1.11 (q, 2H, —-CH,CH3), 2.35 (s, 3H, CH3-¢), 2.52 (s, CH,
azepine ring), 3.41 (t, 3H, -CH,CH;), 3.82 (s, 2H, CH,-
N), 7.12 (d, Hg), 7.25 (s, Hg), 7.42 (d, Hy), 7.59 (s, SH,
C¢Hs), 8.20 (s, NH), MS (FAB): M+H" peak at m/z 305.
Elemental analyses, found (calcd) (%) C, 70.57 (70.66); H,
5.92 (6.05); N, 18.29 (18.32).

Analytical data of compound 6a: mp 162-163 (°C), yield
78%:;IR KBr (v cm™!) 3350 (N-H), 3050 (C-H, sp?), 2850
(C-H, sp?), 2020 (N=N), 1710 (C=0), 1620 (C=C/C=N),
1580, 1490, 1450 (C===C, ring str), 920, 850, 740 (sub
phenyl), "H NMR (8) ppm 1.05 (s, 3H, CH3, azepine ring),
1.21 (q, 2H, —-CH,CH3), 2.25 (s, 3H, CH3-¢), 2.63 (s, CH,
azepine ring), 3.30 (t, 3H, -CH,CH;), 3.94 (s, 2H, CH,-
N), 7.09 (d, Hg), 7.30 (s, He), 7.46 (d, Hy), 7.75 (s, SH,
C¢Hs), 8.05 (s, NH), MS (FAB): M+H" peak at m/z 290.
Elemental analyses, found (calcd) (%) C, 66.47 (66.59); H,
6.11 (6.18); N, 14.77 (14.85).

Analytical data of compound 9a: mp (°C) 146147, yield
68%; IR KBr (v cm™") 3330 (N-H), 3050 (C-H, sp?, 2840
(C-H, sp*), 1980 (N=N), 1710 (C=0), 1630 (C=C/C=N),
1580, 1490, 1470 (C==C, ring str), 1430 (C-P), 930, 820,
710 (sub. phenyl), 570 (P-Cl), '"H NMR (8) ppm 1.12 (t,
3H, -CH,CH3), 2.25 (s, 3H, CH3-0), 3.40 (s, CH, azepine
ring), 4.05 (s, 2H, CH,-N), 4.60 (q, 2H, -CH,CHs;), 6.85
(d, Hg), 7.20 (s, 4H, C4H,), 7.30 (d, Hg), 7.60 (d, Hy), 9.5
(s, NH), *'P NMR 145.6 (6P4), MS (FAB): M+H" peak at
m/z 595. Elemental analyses, found (calcd) (%) C, 57.01
(57.13); H, 5.47 (5.51); N, 12.66 (12.78).

(a) Analytical data of compound 11a: mp (°C) 256-257,
yield 72%; IR KBr (v cm ™) 3274 (N-H), 3010 (C-H, sp?),
2118 (C-Hugym, sp”), 2852 (C-Hgym, sp’), 1735 (C-0,
ester), 1710 (C=0), 1555 (N=N), 1500, 1464, 1377
(C===C, ring str), 1308 (C-P), 722, 700 (sub phenyl), 550
(P-C1),'"'H NMR (9) ppm 1.42 (t, 3H, CH3), 2.30 (s, 3H,
CHs-¢), 4.76 (q, 2H, CH,), 7.33 (m, 3H, Ar-H), 7.49 (s,
5H, C¢Hs), 9.50 (s, NH), *'P NMR 36.5 (6P,) 166.7 (6Pp),
MS (FAB): M+H" peak at m/z 506. Elemental analyses,
found (calcd) (%) C, 49.72 (49.85); H, 3.58 (3.60); N, 11.05
(11.13).; (b) Analytical data of compound 11b: mp (°C)
232-233, yield 82%; IR KBr (v cm™ ") 3250 (N-H), 3040
(C-H, sp?), 2920, (C—Hasym, sp”), 2852 (C—Hgym, sp™), 1735

str), 1540 (N=N), 1118 (C-P), 909, 736 (sub phenyl), 649
(P—CI), "H NMR (5) ppm 1.12 (t, 3H, -CH,CH5), 2.15 (s,
3H, CH;-¢), 3.15 (s, CH, azepine ring), 4.36 (q, 2H,





A. Kumar et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2484-2491 2491

—-CH,CH3), 6.90 (d, 1H, Hg), 7.35 (s, SH, C¢Hs), 7.65 (d, 37. Chem 3D 6.0, CambridgeSoft Corporation, 100 Cam-

Hg), 7.95 (s, Ho), 9.51 (s, NH), >'P NMR 41.3 (6P») 173.8 bridge Park, MA 02140- 2317, USA www.

(6Pg), MS (FAB): M+H" peak at m/z 520. Elemental cambridgesoft.com.

analyses, found (calcd) (%) C, 50.69 (50.72); H, 3.87 (3.96); 38. Stewart, J. J. P. J Comput. Chem. 1989, 10, 209.

N, 10.75 (10.88). 39. Hansch, C.; Leo, A.; Hoekman, D. In Exploring QSAR:
35. Muray, P. R.; Baron, E. J.; Faller, M. A_; Tenoveer, F. C.; Hydrophobic, Electronic and Steric Constants, ACS:

Yolke, R. H. Manual of Clincal Microbiolgy, 6th ed.; Washington, DC, 1995.

ASM: Washington, 1995. 40. Tetko, I. V.; Tanchuk, V. Y.; Villa, A. E. J. Chem. Inf.

36. Hansch, C.; Fujita, T. J. Am. Chem. Soc. 1964, 86, 1616. Comput. Sci. 2001, 41, 1407.



http://www.cambridgesoft.com

http://www.cambridgesoft.com



		Studies on synthesis and evaluation of quantitative structure - activity relationship of 10-methyl-6-oxo-5-arylazo-6, 7-dihydro-5H-[1,3]azaphospholo[1,5-d][1,4]benzodiazepin- 2-phospha-3-ethoxycarbonyl-1-ph

		References and notes






ELSEVIER

Available online at www.sciencedirect.com

sc.ENcE@D.“m

Bioorganic &
Medicinal
Chemistry
Letters

Bioorganic & Medicinal Chemistry Letters 16 (2006) 2446-2449

Taxoid from the needles of the Himalayan yew Taxus
wallichiana with cytotoxic and immunomodulatory activities™

Sunil K. Chattopadhyay,** Anirban Pal,* Prakas R. Maulik,® Tanpreet Kaur,*
Ankur Garg® and Suman Preet S. Khanuja®

&Central Institute of Medicinal and Aromatic Plants, PO CIMAP, Lucknow 221005, India
YCentral Drug Research Institute, Lucknow 226001, India

Received 24 October 2005; revised 9 January 2006; accepted 24 January 2006
Available online 9 February 2006

Abstract—The needles of Taxus wallichiana gave a taxoid 1-hydroxy- 2-deacetoxy-5-decinnamoyl-taxinine j, whose structure has
been established by spectroscopic data and confirmed by X-ray crystallography. The taxoid possesses significant cytotoxic and

immunomodulatory activity.
© 2006 Elsevier Ltd. All rights reserved.

The Himalayan yew (Taxus wallichiana) is a small medi-
um-sized evergreen tree growing in the temperate Hima-
layas at an altitude of 1800-3300 m and in the Khasia
hills at altitudes of 1500 m.!

Genus Taxus is the most extensively investigated genus
for its taxoids content. Almost all its species have been
chemically investigated in the search for paclitaxel, its
important precursor 10-deacetyl baccatin-III, and other
taxoids with the hope of finding additional taxoids with
better activity profile than paclitaxel. Over 300 taxoids
have been isolated from the genus 7Taxus and excellent
reviews have appeared on this important class of mole-
cules.>? The needles,*3>° stem bark,”” heartwood,!?
roots,'! and seeds!? of Taxus wallichiana were separately
investigated yielding several structurally unique taxoids.

As part of an ongoing research program on the isolation
of paclitaxel analogues/precursors from the Himalayan
yew T. wallichiana, we have isolated a taxoid from the
needles of this plant. This paper describes the isolation
and characterization of the taxoid 1 which has been
identified as 1-hydroxy-2-deacetoxy-5-decinnamoyl-tax-
inine j with the help of detailed spectroscopic analysis
and confirmed by its X-ray analysis.

Keywords: Taxus wallichiana; Taxaceae; Taxoid; Structure determina-

tion; X-ray analysis; Cytotoxic; Immunomodulatory.
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The anticancer and immunomodulatory properties of
the taxoid are also reported in this paper.

Taxoid 1, [oz]lz)3 +170° (¢ 0.1, MeOH), was isolated as a
crystalline material in 0.00315% yield (dry plant materi-
al) from the chloroform-soluble fraction of the methanol
extract of the needles of T. wallichiana. Elemental anal-
ysis, ESI-MS m/z: 559 (M+Na)*, and *C NMR of the
compound established its molecular formula as
CasHyoO10.

The "H NMR of the compound showed characteristic
taxoid signals for four methyl groups, four acetoxy
groups, and C-4(20) exo-cyclic methylene group.* 'H
and *C NMR of the compound 1 was very much simi-
lar to 2-deacetoxy-5-decinnamoyl-taxinine j,> the main
difference being the disappearance of the H-1 multiplet
at 61.78 and the downfield shift of C-1 Ad (36 ppm) in
1 as compared to 2-deacetoxy-5-decinnamoyl-taxinine
j. Full assignment of 'H and '*C NMR sPectrum of
1'* was made by a combination of 'H-'"H COSY,
DEPT, HMQC, and HMBC techniques. The results
show that the taxoid 1 is I-hydroxy-2-deacetoxy-5-
decinnamoyl-taxinine j, related to 2-deacetoxy-5-decin-
namoyl-taxinine j having one extra hydroxyl group at
C-1.° Search in the literature revealed that a taxoid of
molecular weight of 536 was previously isolated from
the leaves of the Himalayan yew T. wallichiana and it
was wrongly characterized as 7,13-diacetyl-7-debenzoyl
brevifoliol.* In a later publication, the structures of
brevifoliol and its four other derivatives were revised.!?
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However, the structure of the taxoid of molecular
weight 536 was never characterized unambiguously.
Therefore, we have grown crystals of the above
taxoid 1 suitable for X-ray crystallography. Final confir-
mation of the structure 1 was achieved by single
crystal X-ray analysis'? of the taxoid 1 and it was charac-
terized as 1-hydroxy-2-deacetoxy-5-decinnamoyl-taxi-
nine j unambiguously.

OAc

Figure 1 shows the molecular structure and conforma-
tion of 1 with the atomic numbering scheme. The mole-
cule contains a fused three-ring system A/B/C with
transfused B/C junction due to the trans-axial disposi-

Figure 1. ORTEP diagram showing a view of the molecule 1.
Displacement ellipsoids are drawn at the 30% probability. Hydrogen
and solvent water atoms are omitted for clarity.

tions of C9 at C8 and H3 at C3, the ring A being in a
syn conformation with respect to ring C. Thus, the mol-
ecule as a whole adopts folded cage-type conformation.
The eight-membered B ring is puckered to form sofa like
conformation [the deviations of atoms C1, C8, C9, and
C10 are —0.756(6), 1.256(6), 1.402(6) and 2.041(5) A,
respectively, from the least-squares plane through atoms
C2, C3, Cl11, and C15]. The six-membered ring A is in a
boat conformation, while ring B adopts a chair
conformation.

The molecular packing in the crystal shows that both the
hydroxyl groups are involved in intermolecular hydro-
gen bonding of the type O-H:--O [O1-H1---O4: 2.821
(5 A, HI1---04: 201A, Ol-HI-04: 170° O2-
H2---011: 2.800(5) A, H2-O11: 2.00 A, O2-H2-O11:
165.5°. In addition, the crystal packing further reveals
the O-H---O hydrogen bonding by the solvent water
molecule [O11-H11.--O1: 2915(6) A and Ol11-
H11B---02: 2.859(5) A, respectively].

Taxoid 1 was found to possess dose-dependent cytotoxic
activity against five human cancer cell lines as deter-
mined by MTT!® and clonogenic assays (Table 1). How-
ever, it was found to be nontoxic on normal hepatocytes
of mice even at 50 pg/ml. The compound displayed near-
ly similar cytotoxic potency with ICs, values equal to or
even better than those of the controls which are clinical-
ly used drugs vincristine and vinblastine sulfates.

The immunomodulating activity of the cytotoxic com-
pound 1 was evaluated using human lymphocytes. It
was observed that the taxoid 1 exhibited negligible
proliferative response in the absence of mitogen (con-
canavaline A). However, in the presence of optimal
dose of ConA (5pg/ml), taxoid 1 showed maximum
proliferation at a concentration of 1.0 pg/ml. Cyclo-
phosphamide represented suppression of lymphocytes
to 0.04 which was significantly enhanced many fold
when cotreated with lpg/ml of ConA and taxoid 1
independently. Hence it can be said that taxoid 1 rep-
resents similar immunomodulant properties as shown
by ConA (Fig. 2).

At present, the mechanism of tumor reduction and the
process responsible for immunomodulation are not
known. Although taxoid 1 was cytotoxic on cancer

Table 1. Cytotoxicity of taxoid 1 against human tumor cell lines by MTT and clonogenic assays

Compound 1Cs values (pg/ml)
MCF-7 WRL-68 KB PA-1 Colo-320DM
Taxoid 1 0.18 £ 0.020 1.65 £ 0.050 0.04 = 0.002 0.01 £0.0025 0.23 £0.0035
(8.42) £ 1.150 (12.8) £ 0.100 (1.23) £ 0.050 (0.85) £ 0.0062 (1.82) £0.050
Vincristine 0.05 = 0.002 1.42 +0.040 0.02 = 0.004 0.01 £ 0.004 0.46 = 0.002
(0.15) £ 0.005 (8.5) £ 0.540 (0.25) £ 0.005 (1.0) £ 0.06 (1.5) £ 0.040
Vinblastine 0.02 +0.002 1.45 +0.080 0.046 £ 0.004 0.025 £ 0.0028 0.52 £ 0.010
(0.22) £ 0.050 (2.6) £ 0.050 (0.46) + 0.068 (1.15) £ 0.240 (1.60) £ 0.080

Values in parentheses indicate ICs, values (ng/ml) of respective compounds as determined by clonogenic assay. Each result is the mean = SD

(Standard Deviation).
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Figure 2. Estimation of lymphocytes proliferation by taxiod 1 in presence of mitogen (ConA 5 pg/ml). * Indicates maximum proliferation found as

compared to control (only mitogen).

S.No | Optical Density Compounds/combinations

1 0.12 Without Mitogen

2 0.45 Only Mitogen (Concavaline)

3 0.47 Mitogen + 0.01 (Taxoid)

4 0.6 Mitogen + 0.1 (Taxoid)

5 0.62 Mitogen + 1.0 (Taxoid)

6 0.625 Mitogen + 2.0 (Taxoid)

7 0.5 Mitogen + 10 (Taxoid)

8 0.325 Mitogen + CPM (Cyclophosphamide)
9 0.25 Taxoid (1ug/ml)+ CPM (Cyclophosphamide)
10 0.04 Only (Cyclophosphamide)

12.

cells, it was not toxic on normal primary cultured
hepatocyte cells used. Therefore, the probable mecha-
nism of action of taxoid 1 may be through the stimu-
lation of effector cells that retard/destroy the tumor
cells.

10.

11.
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(m, 1H, 20-H), 1.85 (m, 1H, 23-H), 3.16 (d, J =4.89 Hz,
1H, 3-H), 4.32 (br s, 1H, 5-H), 2.13 (m, 1H, 6a-H), 2.0 (m,
1H, 6B-H), 5.66 (dd, J=11.3 and 5.0 Hz, 1H, 7-H), 5.83
(d, J=11Hz, 1H, 9-H), 6.27 (d, J =11 Hz, 1H, 10-H),
5.90 (distorted dd, 1H, 13-H), 1.56 (m, 1H, 14a-H), 2.70
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X-Ray crystallography data of (I):CygH40010. H,O, Mol.
Wt. = 554.62, orthorhombic, space group P2,2,2;, a=
9.030 (1), b = 18.051(2), ¢ = 18.374(2) A, V' =2995.0(6) A°,
Z=4, D.=1283gcm >, F(000)=1240, p(Mo-K,)=
0.098 mm~', rectangular transparent block. A single
crystal of approximate dimensions 0.325x 0.25 x
0.25 mm was used for all X-ray measurements. Total
reflections read = 3813 (R;, =0.022) of which 3605
Unique. Conventional R = 0.0520 [(4/6)max = 000)] on F
values of 2114 reflections with 7> 2a(I), S = 1.028 for all
data and 371 parameters. The unit cell determination and
intensity data collection (20 = 49.98°) of all unique reflec-
tions were performed on a Bruker P4 diffractometer at
273 K. There was no significant intensity decay. Structure
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solutions were performed by direct methods and refine-
ments by full-matrix least-squares method on F2. All the
non-hydrogen atoms were generated in the ideal positions
and the parameters were constrained during the refine-
ments. Programs: XSCANS [(Siemens Analytical X-ray
Instrument Inc.: Madison, Wisconsin, USA, 1997) used
for data collection and data processing] and SHELXTL-
NT [(Bruker AXS: Madison, Wisconsin, USA, 1997) used
for structure determination, refinements, and molecular
graphics]. CCDC (Deposit No: 294564) contains the
supplementary crystallographic data. These data can be
obtained free of charge from www.ccdc.cam.uk/conts/
retrieving.html or from the Cambridge crystallographic
data Centre, 12, Union road, Cambridge, CB2 1EZ, U K;
Fax (internat.): +44 1223 336 033; E-mail:
deposit@ccdc.cam.ac.uk.

Mosmann, T. J. Immunol. Methods 1983, 65, 55.
Beekman, A. C.; Barentsen, A. R. W.; Woerdenbag, H. J.;
Uden, W. V.; Pras, N. J. Nat. Prod. 1997, 60, 325Cyto-
toxicity Bioassay. MTT Assay: 1Csy values were deter-
mined and the cell survival was measured by using the
MTT-microculture tetrazolium assay described by Mos-
mann.'® Briefly, 0.5 or 1x 10’ cells/ml cells at the expo-
nential growth phase were taken in a flat-bottomed 96-well
polystyrene-coated plate and were incubated for 24 h in
CO, incubator at 5% CO, and 37 °C. Compound 1 was
added in concentrations of 100, 10, 1 0.1, 0.01, and
0.001 pg/ml medium. After 48 h incubation, 10 pl/well
MTT (stock solution 5 mg/ml PBS) was added for 4 h and
formazan crystals so formed were dissolved in 100 pl
DMSO. The plates were read immediately in a microplate
reader (Spectramex, 190 Molecular Devices Inc., USA)
operating at 570 nm. Wells with complete medium,
compound, and MTT, but without cells were used as
blanks. ICsy values were expressed as micrograms of
compound concentration per milliliter that caused a 50%
inhibition of growth compared with controls. Vincristine

18.
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sulfate (Sigma) and Vinblastine (Sigma) were used as
positive controls in every experiment; Clonogenic Assay:
Taxoid 1 along with the positive controls representing
potential activity in MTT was confirmed by Soft Agar
Colony-Forming Assay as described by Beekman et al.!”
for their cytotoxicity. Briefly, cells embedded in soft agar
were mixed with test compound in different doses and were
incubated at 37 °C, 5% CO,, 95% atmosphere for 15 days.
The colonies consisting of more than 40 cells were scored
on day 14 using dissecting microscope and were stained
with methylene blue. Taking untreated cells as control the
inhibition was calculated as ICsy values of the compound,
that is, 50% inhibition concentration and was calculated as
results of three assays in triplicate with at least five
concentrations.

Nakamura, A.; Nagai, K.; Suzuki, S.; Ando, K.; Tamura,
G. J. Antibiot. 1986, 39 Lymphocyte proliferation assay
for immunomodulation: Peripheral blood lymphocytes
were isolated using the protocol of Nakamura et al.'®
and were suspended in RPMI 1640 medium with 10%
fetal bovine serum. The cell titer was adjusted to
1 x 10° cells/ml in growth medium. Studies were carried
out to evaluate the effects of taxoid 1 on the prolife ration
of human lymphocytes under various conditions, in the
presence of sub-optimal doses of ConA (0.3 pg/ml,
optimal doses of ConA (5 pg/ml) and 1 pg/ml of cyclo-
phosphamide (immunosuppressant drug) or without
mitogens. The lymphocytes were incubated for 72 h at
37°C in 5% CO, incubator in 95% humidified CO,
incubator with serially diluted compounds starting from
100pg/ml up to 107> pg/ml in triplicate wells. Cell
activation and proliferation were carried out using the
MTT tetrazolium assay as described above; Statistical
analysis: Student’s ¢ test was used to evaluate the presence
of significant difference between control and treated test.
Differences with P values <0.05 were considered to be
statistically significant.
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Abstract—Fluorescent analogs were synthesized of the potent PI 3-kinase inhibitors, wortmannin and demethoxyviridin. The ester-
ification of 11-deacetylwortmannin, 17-hydroxywortmannin, and demethoxyviridin with the fluorescent carboxylic acids NBD-sar-
cosine and 7-dimethylaminocoumarin-4-acetic acid generated six novel fluorescent esters. Potent inhibition of PI 3-kinase-o was
observed for the derivatives of 11-desacetylwortmannin and demethoxyviridin.

© 2006 Elsevier Ltd. All rights reserved.

The steroidal fungal metabolites wortmannin (1)!-?
and demethoxyviridin (2)> are potent inhibitors of
phosphatidylinositol 3-kinase,*’ a protein involved
in cellular signal transduction pathways,® to which
they bind covalently through the reaction of their elec-
trophilic furan moieties.” Fluorescent derivatives of
these substances would be useful in detecting this en-
zyme by sensitive methods such as fluorescence
microscopy or fluorescence activated cytometry and
would enable experiments with fluorescent energy
transfer.

A number of considerations went into the design of
these fluorescent probes. Covalent attachment of the
fluorophores was most conveniently accomplished by
esterification of the kinase inhibitors with fluorescent
carboxylic acids. However, because it has no free
hydroxyl groups, wortmannin (1) itself could not be
used directly as a substrate for esterification, and
two of its chemical derivatives, 11-deacetylwortmannin

Keywords: Enzyme inhibitors; Fluorescent probes; Phosphoinositol

3-kinase; Steroidal drugs.
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(3) and 17-hydroxywortmannin (4),!° were used
instead (Fig. 1). Because the appended functionality
might interfere with enzyme binding, fluorophores
were selected that were small in size, but still pos-
sessed favorable fluorescence properties.!! Two suit-
able fluorescent carboxylic acids were chosen, the
green fluorescent NBD-sarcosinate (5, Abs 465 nm,
Em 535nm)'? and the blue fluorescent 7-dimethylami-
nocoumarin-4-acetic acid (DMACA, 6, Abs 370 nm,
Em 460 nm)."3

The esterifications were carried out on a 12 pmol scale in
1.5 ml dichloromethane, using 3 molar equivalents of
the fluorescent acid, 34 equiv 1-(3-dimethylaminopro-
pyl)-3-ethylcarbodiimide hydrochloride as the coupling
reagent, and 0.3 equiv p-dimethylaminopyridine. After
24 h. at room temperature, the reaction mixtures were
applied directly to preparative silica gel TLC plates
and developed with ethyl acetate. The isolated yields
for the NBD-sarcosinates were good (7= 62%;
8 =60%; 9=67%). However, the reactions for the
DMACA derivatives gave significantly lower yields,
(10 = 24%; 11 = 3%; 12 = 30%). The reaction products
were thoroughly characterized by HRMS'# and NMR
(Table 1). Evaluation by the oxidative burst bioassay!’
using guinea pig neutrophils'®!” demonstrated wort-
mannin-like bioactivity for the new compounds (data
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Figure 2. Inhibition of PI 3-kinase a by fluorescent derivatives 7-12.

not shown). Enzymatic assay of the fluorescent
inhibitors using recombinant PI 3-kinase pl110a/p85a
complex'® indicated lower activity for the derivatives
of 17-hydroxywortmannin (Fig. 2, 9 and 12), while the
remaining compounds (7, 8, 10, and 11) were found to
have potencies rivaling that of wortmannin (1), which
has an ICsy of 1.2 nM in this assay.!® These results are
consistent with experiments in which extension at posi-
tion-11 and -17 of wortmannin led to the retention
and loss of bioactivity, respectively.?>-?! The bioactivity
trends are also consistent with crystallographic data that
show substituents at position-1 and -11 point out into

Concentration (nM)

Concentration (nM)

the solvent, while position-17 is deep in the binding
pocket.® Of the fluorescent derivatives prepared here,
wortmannin 11-NBD-sarcosinate (7) possesses a num-
ber of favorable properties: it can be prepared in good
yield, it fluoresces at a higher wavelength and is excited
in the visible range, and it is a very potent binder to PI 3-
kinase (ICso = 0.7 nM). After this synthesis was com-
pleted, fluorescent analogs of wortmannin bearing
BODIPY and rhodamine fluorophores at position-11
were reported.?> 2> The potency of these other deriva-
tives is significantly lower than wortmannin or not

reported.
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Table 1. 600 MHz 'H and 151 MHz '*C NMR assignments (CDCl;)

7 8 9 10 11 12
507d7.1 5.54 dd 5.4,10.5 4.76 dd 1.7, 7.0 4.73 dd 1.4,6.8 5.46 dd 5.4,10.7 4.75 dd 1.6,7.0
1 88.8 74.6 88.8 88.6 73.9 88.9
353dd 1.1,11.5 320 dd 54,183 344dd 1.611.2  343dd 14,11.5  3.17 dd 5.4,18.3, 3.45dd 1.6,11.0
3.02dd 7.1,11.6  3.04dd 10.7,183  2.98dd 7.1,11.2  292dd 7.0,11.3 291 dd 10.7,18.1 3.01-2.95m
2 73.5 42.6 72.9 73.1 425 72.9
3 157.4 186.7 157.6 157.4 187.0 157.6
4 1142 122.8 1143 1142 122.8 1143
5 142.6 141.5 142.8 142.6 141.6 142.7
6 144.8° 146.5 1449 144.8 146.5 144.9
7 172.4 1727 1727 1723 1727 1727
8 141.2 130.2 140.9 141.1 130.0 141.1
9 1485 152.9 1487 148.7 152.8 148.6
10 40.9 40.6 40.7 40.7 40.5 40.7
6.05 ddd
6.18 dt 2.5,8.4 8.08d 8.2 3.1,7.1,9.6 6.19 dt 2.3,7.8 7.46 d 8.1 6.03 dt 3.1,7.4
11 7.3 126.9 70.2 7.1 126.7 70.2
2.66 dd 7.6,12.9 237dd 7.1,11.7 246 dd 7.4,13.2 2.41 dd 7.3,12.0
1.69 dd 8.8,12.7  8.14d 8.2 1.44 dd 9.6,11.7 1.52dd 8.2,132  7.38d8.1 1.48 dd 10.1,11.8
12 36.2 127.8 39.9 36.0 127.3 40.1
13 49.1 138.0 44.7 49.2 137.7 4.8
2.92 ddd 2.60 ddd 2.80 ddd 2.60 ddd
2.5,5.9,12.7 3.0.7.1,12.3 2.2,5.9,12.6 2.8,6.8,12.4
14 44.2 158.4 439 43.9 158.2 44.0
3233.16 m 2.83-2.73 2.88-2.80 m 3.13-3.05m 2.79-2.86 m
2.06 t£ 9.2,12.9 m (2H) 1.81-1.71 m 2.10-2.01 m 2.77-2.67 m (2H) 1.77-1.68 m
15 22.9 36.3 24.7 22.9 36.2 24.7
3.85 ddd 3.79 ddd
5.1,6.4,19.7 4.3,7.4,19.6
2.60 dd 8.5,19.4  3.73 ddd 2.26-2.36 m 2.55dd 8.7,19.5  3.67 ddd 2.33-2.25m
2.28 dt 19.5,9.2 4.8,7.0,19.7 1.69-1.61 m 2.18 dt 19.5,9.2 4.0,7.6,19.6 1.64-1.54 m
16 35.6 28.6 275 35.7 285 274
4.84 dd 7.8,8.8 4.87 dd 7.8,9.2
17 215.6 205.7 81.9 215.9 205.6 81.0
0.94 (3H) 0.87 s (3H) 0.92 (3H) 0.77 s (3H)
18 14.5 129 14.9 12.7
1.79 s (3H) 1.81 s (3H) 1.72 s (3H) 1.73 s 3H) 1.65 s (3H) 1.71 s (3H)
19 26.4 26.5 26.6 26.4 26.2 26.6
8.29 s 8.27 s 8.22s 8.25s 8.25s 8.22s
20 150.2 1483 149.8 150.1 148.2 149.8
2 161.4 161.3 161.6
3! 6.02's 110.9 6.19's 111.1 6.06 s 110.8
4 145.0° 144.8° 145.2° 147.1 107.9 148.2
6.31d 8.8 6.32d 8.8 6.25d 8.8 7.34d 9.0 741d88 7.39.d 8.8
s’ 102.7 102.9 102.4 1249 125.1 125.1
8.51d 8.8 8.50 d 8.8 8.51d 8.8 6.64 dd 2.5,9.0 6.63 dd 2.5.8.8 6.67 dd 2.6,9.0
6 135.0 134.9 135.0 109.3 109.4 109.1
7 1248 1249 1245 1532 1535 153.1
6.53 s 6.65d2.5 6.55d 2.5
8/ 144.8° 144.7° 144.9° 98.5 98.6 98.5
9/ 1445 1445 144.5° 156.0 156.3 156.0
10/ 108.0 147.0 108.3
5.05d 18.8 538 d 18.6 3.83d 158 3.92d15.2
4.89d 18.8 5.05d 18.6 4.92 br s (2H) 3.72d 158 3.86d15.2 3.71s 2H)
CH,CO, 572 575 57.3 38.2 39.2 38.4
CH,CO, 1678 167.3 168.3 168.2 167.2 169.1
2.13 s 3H) 2.13 s 3H)
MeCO, 21.0 21.1
MeCO, 169.5 169.4
3.45s (3H) 3.47s 3H) 3.46 br s (3H) 3.08 s (6H) 3.12's (6H) 3.09 s (6H)
NMe 42.1 42.1 22 40.1 40.2 40.1
3.27 s 3H) 3.17 s (3H) 3.22's 3H) 3.19's 3H)
OMe 59.6 59.4 59.7 59.4

All 'H signals are 1 H unless specified otherwise, the coupling constants are given in Hz, and all 1*C data are in boldface. The assignments were
determined by HSQC and HMBC 2-D NMR experiments. Signals that could not be securely assigned are marked with an asterisk.
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Abstract—A series of imidazole-dioxolane compounds, which we hypothesize should bind to heme and thus interfere with heme
catabolism in the parasite, were assayed for inhibitory activity in Plasmodium falciparum cultures and the results were compared
to those obtained with Chinese hamster ovary (CHO) cells. The majority of the compounds displayed a similar ratio of inhibitory
activity in the two culture systems; however, a number of the compounds tested showed promising anti- Plasmodium activity. The
mechanism of action of these compounds remains unclear, however their inability to act synergistically with chloroquine suggests
that, if they are inhibiting heme detoxification, they do so in a manner that does not complement the action of chloroquine.

© 2006 Elsevier Ltd. All rights reserved.

Malaria accounts for an estimated 300-500 million cases
and up to 2.7 million deaths annually,! particularly
among young children.?>* Despite optimistic predictions
of the eventual control and eradication of malaria made
in the past, the spread of drug-resistant parasites, partic-
ularly those resistant to chloroquine, has led to a resur-
gence of the disease.’® Plasmodium falciparum, the
species responsible for the majority of malaria-related
deaths in humans, digests the hemoglobin present in
an erythrocyte, and while it is able to safely export a
majority of the liberated amino acids'® this process also
creates a source of heme that must be detoxified to pre-
vent the destabilization of membranes and inhibition of
enzymes that will lead to parasite death.!' The degrada-
tion of hemoglobin liberates free heme (or hemin)'?
which can be oxidized to hematin (ferriprotoporphyrin
IX). Free hematin is toxic to the parasite and can inter-
fere with cellular metabolism by enzyme inhibition,
membrane peroxidation, and also through the genera-
tion of oxidative free radicals.!®> Despite the lack of a
parasite-encoded heme oxygenase enzyme (HO, EC
1.14.99.3),'415 other methods of heme catabolism in

Keywords: Antimalarial; Plasmodium falciparum; Imidazole—dioxolane
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P. falciparum are utilized in this parasite. Through the
formation of a complex with malarial histidine-rich pro-
tein (HRP), some (30-50%) of the free hematin in the
food vacuoles of plasmodial species is sequestered into
the non-toxic crystal hemozoin.® In this process, several
units of hematin are linked via carboxylate—Fe(III) and
carboxylic acid—carboxylic acid interactions forming an
insoluble aggregate. The remaining free heme can also
be efficiently decomposed by complexation with reduced
glutathione (GSH) once it passes through the membrane
of food vacuoles and into the parasite cytosol.'®!” The
aggregation into hemozoin is a primary method of
detoxification and has been used as a target for drug
therapy.!®2° Many antimalarial compounds such as
quinine, chloroquine, and other 4-aminoquinolines
work by stabilizing (associating with) hematin or a
hematin derivative (a p-oxo-dimer), thus suppressing
the hematin aggregation process which forms
hemozoin.?!

Antifungal agents such as econazole, ketoconazole,
miconazole, and clotrimazole have been reported®? to
inhibit the growth of P. falciparum through an interac-
tion with hematin. Each of these compounds is a
I-substituted imidazole; ketoconazole also incorporates
a 1,3-dioxolane ring. In detailed studies,?? it was deter-
mined that the axial coordination of the imidazole moi-
eties of two clotrimazole molecules to the heme iron
formed a stable heme—(clotrimazole), complex which
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prevents heme association into hemozoin by HRP, in
addition to inhibiting completely GSH-dependent heme
degradation. Under the assumption that other 1-substi-
tuted imidazole compounds should bind to heme and
thus also interfere with heme catabolism in the parasite,
we have studied a series of imidazole-dioxolane com-
pounds with respect to anti-Plasmodium activity in P.
falciparum cultures. A number of compounds tested
showed good anti-Plasmodium activity, however the
mechanism involved in their action remains to be
defined.

The synthesis of compounds QC-1, -3, -4-7, -9-12, -14,
and -16-24 has been described previously;>* the synthe-
sis of compounds QC-34-37 is reported here (see
Scheme 1),%° and the synthesis of the remaining com-
pounds will be reported separately. The racemic alcohol
4-(4-chlorophenyl)-1-(1 H-imidazol-1-yl)butan-2-ol (A)
was prepared from 4-chlorobenzyl chloride?® and the
tosylate (2R,4S)-2-[2-(4-chlorophenyl)ethyl]-2-[(1 H-imi-
dazol-1-yl)methyl]-4-[(p-toluenesulfonyloxy)methyl]-1,3-
dioxolane (B) was prepared as previously reported.?*
Both QC-34 and QC-35 were prepared from tosylate
B; the nucleophilic displacement reaction with 4-mer-
captophenol afforded QC-34, whereas the complete
reduction of tosylate B using an excess of LiAIH, gave
QC-35. QC-36 was prepared by the nucleophilic
ring opening of 1,2-epoxybutane with imidazole,
followed by acid-catalyzed transesterification of the
resulting alcohol with ethyl acetate; the ring opening
of 1,2-epoxybutane gave preponderately 1-(1H-imidazol-
I-yl)butan-2-ol. QC-37 was prepared simply by the
alkylation of the racemic alcohol A with 4-fluorobenzyl
chloride. All compounds were isolated/characterized as
hydrochloride salts, with the exception of compounds
QC-o0, -16, -17, -21, -34, and -36.

The antimalarial activity of the QC compounds was
determined in quadruplicate using P. falciparum cul-
tures,?” whereas the general toxicity of the QC com-
pounds was determined also in quadruplicate using
Chinese hamster ovary (CHO) cell cultures.?® The 1Cs
values of the compounds listed in Table 1 were deter-
mined, and a selectivity index was calculated by dividing
the ICsqgvalues obtained in CHO cell cultures by the ICs,

e
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é

»
.0 1 c

NN

OH }/ -
24 e WK O/\/v O
Cl QC-37

values obtained in P. falciparum cultures. A ratio that
was greater than unity indicates that a compound was
preferentially toxic to P. falciparum parasites (Table
1). Further, the relative toxicity of these compounds
was compared graphically by plotting the ICsy values
obtained in P. falciparum cultures versus the values ob-
tained in CHO cell cultures (Fig. 1). The majority of the
data points in Figure 1 appear to fall parallel to and
about 1 log-unit above a diagonal line that represents
unity, suggesting that there is a common toxicity to both
CHO and P. falciparum cultures. The data points for six
of the compounds fell significantly above the diagonal
(about 2 log-units), indicating that the compounds were
preferentially toxic to P. falciparum cultures. Examina-
tion of P. falciparum cultures exposed to inhibitory con-
centrations of compounds QC-5, -18, -34, -35, and -36
indicated that the parasites present in the cultures had
formed compacted structures that lacked hemozoin
and had not progressed beyond the ring stage of devel-
opment (the results from QC-5 are shown in Fig. 2). We
hypothesized that 1-substituted imidazole compounds
should bind to heme and therefore interfere with heme
catabolism in the parasite. This mechanism of action is
similar to that of chloroquine,?! hence the effects of
the four most selective QC compounds (QC-34, -35,
-36, and -5) in the presence of chloroquine were investi-
gated. The presence of varying amounts of the QC com-
pounds had an additive rather than synergistic effect on
the action of chloroquine (results for QC-34 are shown
in Fig. 3), suggesting that, if these compounds inhibited
heme detoxification, they did not do so by inhibiting a
biochemical process that complements the action of
chloroquine (see also Ref. 29).

Virtually all of the compounds tested were found to be
selectively toxic to Plasmodium, however, only a few
were highly selective for P. falciparum. 1t is recognized
that five of these compounds do not contain the 1,3-
dioxolane ring. Interestingly, QC-9, -10, and -33 were
least potent against P. falciparum cultures, and QC-37
was only modestly selective. In contrast, QC-36 proved
to be highly selective for P. falciparum cultures. These
compounds, that lack the dioxolane moiety, provide
other avenues worthy of investigation and will be the
subject of a separate study. Most of the compounds

OTs
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Scheme 1. Reagents and conditions: (a) Cs,COs, acetone, reflux, 8.5 h; (b) LiAlH,, THF, reflux, 9 h; (c) imidazole, NaH, DMF, 130 °C, 1 h;

(d) EtOAc, HCI, heat; (e) NaH, THF, reflux, 1.5 h.
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Table 1. Inhibitory activity of imidazole-dioxolane compounds in CHO cell and Plasmodium falciparum cultures

Structure 1Cs0 (LM) 1Cso CHO/ICs
P. falciparum CHO cells P. falciparum

0.8 £0.1 13+5 16.3
1.2+0.2 9t1 7.5
0.6£0.1 6x1 10
0.67 £0.05 7t1 10.4
1.3£0.1 374 £ 49 287.7
1.2+£0.2 3.8+£09 3.2

0.3£0.1 18+ 6 60
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Table 1 (continued)
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Structure 1Csp (M) 1C5o CHO/ICs
P. falciparum CHO cells P. falciparum
N
0.8%0.1 155 18.8
pr ’
Cl
QC-8
o —N
NQ HCI
25%2 168 £ 13 6.7
Cl
QC-9
OH —N
D
70 £ 19 314 £ 36 4.5
Hel
Cl
QC-10
HN
3.9+0.5 16+2 4.1
71 51£3 73
2.00.7 10£4 5
9+2 84+9 93

Cl

(continued on next page)
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Table 1 (continued)

Structure 1Cs0 (ULM) 1Cso CHO/ICs
P. falciparum CHO cells P. falciparum

29+%0.2 8x2 2.8

2.8%0.2 13£3 4.6

¥

C

B .
N Hol 30408 254 + 34 84.7
JO R
C

Ho! 33406 6.6%0.1 2

2
<i<o

C

25%03 9.2%0.7 3.7

1.9+0.3 57+04 3
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Table 1 (continued)
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Structure 1Cso (LM) 1Cso CHO/ICs
P. falciparum CHO cells P. falciparum
HoN
$/S
2 HCI 23%03 111 4.8
\\\/S
Loy —N NH,
N° ,\D 1.20.1 9+ 1 75
“u N 2HCI
Cl
QC-23
2.7%0.6 6+2 2.2
411204 39+ 7 9.5
QC-25
182 82x16 4.6
23+4 102 £ 25 4.4
33+0.3 7+4 21

(continued on next page)
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Table 1 (continued)

Structure ICSO (HM) ICSO CHO/ICSO
P. falciparum CHO cells P. falciparum
S N
/_( @
—N
o o [\ 2o 49403 27+ 12 5.5
iy, AN 4
c QC-32
oH  —N
)
ol 816 116 % 66 3.1
HaCO
0.06 % 0.03 109425 181.6
0.34 £ 0.02 668 + 378 22267
/Y
N
\/K/O\[( 83+0.8 1848 + 437 227
o)
QC-36
F
5 __N  Hal
[~ 0.820.1 5.3£0.5 6.6
VY
942 27+ 14 252
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Table 1 (continued)
Structure 1Cso (LM) 1Cso CHO/ICs
P. falciparum CHO cells P. falciparum

—N
[\ 13402 141 108

QJ{%

09+0.2 12+ 3 13.3
HCI
231+0.6 25+ 6 10.9
1.1+£0.1 09+03 0.8
20+ 3 24+ 4 1.2
35102 3.7+0.5 1.1
QC-48 C
Hel 25203 33+04 1.3
’////
c QC-49

Values represent means of four independent determinations with the standard deviation indicated.
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Figure 1. log—log plot of the ICs values obtained for the compounds
in Plasmodium falciparum cultures (X axis) versus CHO cell cultures
(Y axis). Points above the diagonal represent compounds that
selectively inhibit Plasmodium falciparum cultures.

® gy

Figure 2. The inhibition of Plasmodium falciparum cultures with
chloroquine or QC-5. Plasmodium falciparum line ItG was cultured
and used for viability assays as described in the text. Untreated
parasite cultures (left panel) developed normally and produced visible
hemozoin crystals. Cultures were treated with either 250 nM chloro-
quine (center panel) or 15 uM QC-5 (right panel) and incubated for
48 h. Treated cultures failed to develop past the ring stage of their
intra-erythrocytic cycle.

were active in both cultures in the low micromolar range
and therefore show low selectivity. Selectivity comes
about either because of low inhibitory activity in CHO
cell cultures, as for example in the case of QC-5, QC-
18, and QC-36, or alternatively because of increased
potency in P. falciparum cultures, as for example in
the case of QC-34 and QC-35. The overall examination
of the results in Table 1 clearly suggests that the combi-
nation of 1,3-dioxolane and imidazole moieties has the
potential to bestow significant anti-P. falciparum
activity. Indeed, QC-35 displayed both high potency in
P. falciparum cultures (<1 uM) and low CHO cell
inhibitory activity (>100 uM).

The mechanism by which these agents kill P. falciparum
cultures is not immediately clear. The importance of the
stereochemistry of the compounds, for instance, as in
QC-1 versus QC-18, and the morphology of the para-
sites present in treated cultures (Fig. 2) are consistent
with the hypothesis that some aspect of an enzymatic
heme detoxification process is being targeted. However,
if heme detoxicification is being inhibited or the heme-
dependent hemolysis is being enhanced?® it would be
expected that these agents might display either additive
or synergistic behavior with chloroquine. For example,
Srivastava et al.>” have suggested that inhibiting alterna-
tive pathways of heme detoxification!>!® or export3°
might have a synergistic effect with chloroquine since
this would increase the amount of heme in the chloro-
quine-sensitive pathway. The linear relationship be-
tween the concentration of QC-34 and the 1Cy, for
chloroquine shown in the isobologram in Figure 3
demonstrates the apparent lack of synergy between
chloroquine and the QC compounds studied. This
observation suggests that the QC compounds cannot
be used to potentiate the effects of chloroquine by pro-
moting the effects of oxidative stress present in a parasit-
ized erythrocyte.?® An initial determination of the effect

0.40
v T oo
. @ 200
0.35 1 g 150
g g 100
o o 50
g 5
® 0.30 - 0 200 400 600 800 1000
8 [QC-34] (nM)
c
©
2 0.25 1
o
]
o
<
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o g
0.15 \ T \
1 10 100 1000 10000

[chloroquine] (nM)

Figure 3. The interaction of chloroquine and QC-34 in Plasmodium falciparum cultures. The effect of increasing concentrations of compound QC-34
in the presence of varying amounts of chloroquine was determined. Varying concentrations of QC-34 (700 nM @, 600 nM O, 500 nM M, 400 nM [,
300 nM A, 200 nM A, 100 nM V, and 0 nM V) were added and the corresponding ICy, values for chloroquine were calculated. An isobologram
(inset) plotted for 90% inhibition supports a lack of synergy between the two compounds.





J. Z. Vlahakis et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2396-2406 2405

of QC-34 and QC-35 on chloroquine, and mefloquine-
resistant P. falciparum cultures suggests that these
compounds have similar activities in these lines.

It should be noted that most of the compounds in Table 1
have been found?* to display inhibitory activity against
heme oxygenase, an enzyme that is not present in P. fal-
ciparum.'*13-31 Consequently, their use as antimalarials
might be viewed with caution since infection of the host
with Plasmodium leads to several conditions in which
an active heme oxygenase may be a potential benefit.3%33
Thus, the incorporation of selectivity is a target for the
future design of useful antimalarial compounds.
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2H), 6.74 (d, J = 8.8 Hz, 2H), 6.91 (s, 1H), 7.08 (s, 1H),
7.14 (d, J = 8.4 Hz, 2H), 7.24 (d, J = 8.4 Hz, 2H), 7.26 (d,
J=8.8Hz, 2H), 7.59 (s, 1H); '*C NMR (100 MHz,
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C»,H»4CIN,O5S: 431.1196. Found: 431.1198; Anal. Calcd
for C22H23C1N203SZ C, 6131, H, 538, N, 6.50. Found: C,
61.10; H, 5.34; N, 6.66. 1-Acetoxy-2-(1 H-imidazol-1-yl)bu-
tane (QC-36) and 1-(1H-imidazol-1-yl)butan-2-ol hydro-
chloride. To a suspension of NaH (1.33 g, 55.47 mmol) in
DMF (20 mL) was added imidazole (3.77 g, 55.47 mmol).
After the evolution of gas had subsided, 1,2-epoxybutane
(3.50 g, 48.5 mmol) was added dropwise, and the reaction
mixture was stirred at rt for one week and then at 130 °C
for 1h. The mixture was concentrated and the brown
residue was washed with Et,O (3x). The residue was then
dissolved in boiling acetone and the mixture filtered hot,
and the filtrate concentrated. The residue was treated with
boiling acidic (HCl) EtOAc for a few minutes, and the
mixture was then cooled in the freezer. The mixture was
filtered and the filtrate was concentrated to an impure
dark oil (2.25 g) which was fractionated by flash column
chromatography on silica gel (EtOAc) giving preponder-
ately 1-(1H-imidazol-1-yl)butan-2-ol (R;=0.16) and also
370 mg (2.03 mmol, 4%) of l-acetoxy-2-(1H-imidazol-1-
yl)butane (QC-36) as a clear oil: Ry=0.22 (EtOAc); 'H
NMR (400 MHz, D,0O): ¢ 0.87 (t, J= 7.4 Hz, 3H), 1.44—
1.63 (m, 2H), 1.99 (s, 3H), 4.08 (dd, J = 14.8, 8.0 Hz, 1H),
4.22 (dd, J = 14.8, 2.8 Hz, 1H), 4.95-5.02 (m, 1H), 6.94 (s,
1H), 7.10 (s, 1H), 7.61 (s, 1H); '*C NMR (100 MHz,
D,O + CD;0D): 6 9.7, 21.2, 25.1, 50.3, 76.1, 121.8, 128.7,
139.3, 174.3; HRMS (ES) [M+H]" Calcd for CoH,sN,O,:
183.1133. Found: 183.1138. All of the 1-(1 H-imidazol-1-
yl)butan-2-ol isolated above was dissolved in EtOH
(5mL) and to this solution was added a solution of 37%
aqueous HCI dropwise until the pH of the solution was
acidic. The solution was concentrated, and the residue was
dried under high vacuum and recrystallized from acetone
to give 1.41 g (7.98 mmol, 16%) of 1-(1H-imidazol-1-
yl)butan-2-ol hydrochloride as a hygroscopic white solid:
R¢=0.45 (EtOH); '"H NMR (400 MHz, D,0): § 0.98 (t,
J=74Hz, 3H), 1.42-1.54 (m, 1H), 1.55-1.66 (m, 1H),
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3.87-3.96 (m, 1H), 4.15 (dd, J=14.2, 8.2 Hz, 1H), 4.38
(dd, J=14.0, 2.8 Hz, 1H), 7.48 (s, 1H), 7.52 (s, 1H), 8.73
(s, 1H); '3C NMR (100 MHz, D,0): § 9.3, 26.7, 54.6, 71.4,
119.8, 122.8, 135.3; HRMS (ES) [M+H]" Calcd for
C,;H3N>0: 141.1027. Found: 141.1022; Anal. Calcd for
C;H5CIN,O: C, 47.60; H, 7.42; N, 15.86. Found: C,
47.54; H, 7.21; N, 16.02. (2R,4R)-2-(2-Phenylethyl)-2-
[(1H-imidazol-1-yl)methyl]-4-methyl-1,3-dioxolane hydro-
chloride (QC-35). To a solution of tosylate B** (215 mg,
0.45 mmol) in THF (4 mL) was added powdered lithium
aluminum hydride (102 mg, 2.69 mmol). The mixture was
heated at reflux temperature for 9 h and then carefully
quenched with H,O. The mixture was extracted with
EtOAc (3x) and the combined organic extracts were
washed sequentially with a saturated aqueous solution of
Na,COs;, and H,O, and then dried (MgSO,). The solution
was concentrated to a yellow oil, which was purified by
flash chromatography on silica gel (EtOAc) to give the free
base (90 mg, 0.33 mmol) as an oil (Ry = 0.22, EtOAc). To a
solution of this oil in hot 2-propanol (1 mL) was added a
solution of 37% aqueous HCI (40 mg, 0.41 mmol) in 2-
propanol (2 mL). The mixture was concentrated and dried
under high vacuum. The residue was recrystallized from 2-
propanol-Et,0 to give 90 mg (0.29 mmol,64%) of QC-35
as a white solid: Ry = 0.02 (EtOAc); mp 163-164 °C; [0
—17.0° (¢ 0.83, CD;0D); 'H NMR (400 MHz, CD;0D): §
1.25(d, J=6.0 Hz, 3H), 1.91-2.00 (m, 2H), 2.70-2.82 (m,
2H), 3.48 (t, J = 8.4 Hz, 1H), 3.62-3.70 (m, 1H), 4.04 (dd,
J=28.0, 5.6 Hz, 1H), 4.41 (s, 2H), 7.15-7.29 (m, 5H), 7.52
(s, 1H), 7.59 (s, 1H), 8.83 (s, 1H); '>*C NMR (100 MHz,
CD;0D): 6 18.1, 30.5, 39.7, 55.0, 73.0, 75.3, 109.3, 120.5,
125.1, 127.1, 129.3, 129.6, 137.7, 142.7; HRMS (ES)
[M+H]* Caled for C;¢H, N0, 273.1603. Found:
273.1609; Anal. Calcd for C;4H,;CIN,O»: N, 9.07. Found:
N, 8.81. 4-(4-Chlorophenyl)-2-(4-fluorobenzyloxy)-1-(1 H-
imidazol-1-yl)butane hydrochloride (QC-37). To a solution
of alcohol A%® (70 mg, 0.28 mmol) in THF (2 mL) was
added a suspension of NaH (12 mg, 0.50 mmol) in THF
(1 mL). The mixture was stirred at rt for 1 h and then a
solution of 4-fluorobenzyl chloride (44 mg, 0.30 mmol) in
THF (1 mL) was added. The mixture was stirred at rt for
24 h, heated at reflux temperature for 1.5h, and then
concentrated. After dilution with H,O, the mixture was
extracted with EtOAc (3x) and the combined organic
extracts were washed once with H,O, dried (MgSO,), and
concentrated. The resulting residue was purified by flash
column chromatography on silica gel (EtOAc) to give the
free base (50 mg, 0.14 mmol) as an oil (Ry=~ 0.2, EtOAc).
To a solution of this oil in hot 2-propanol (1 mL) was
added a solution of 37% aqueous HCI (16 mg, 0.16 mmol)
in 2-propanol (1 mL). The mixture was concentrated and
dried under high vacuum. The residue was recrystallized
from 2-propanol-Et,0 to give 40 mg (0.10 mmol, 36%) of
QC-37 as a white solid: Ry=0.18 (EtOAc); mp 125-
127 °C; '"H NMR (400 MHz, CD;0OD): 6 1.80-1.94 (m,
2H), 2.74 (t, J = 7.8 Hz, 2H), 3.76-3.82 (m, 1H), 4.29 (dd,
J=144,7.6 Hz, 1H), 4.38 (d, /= 11.6 Hz, 1H), 4.48-4.53
(m, 1H), 4.54 (d, J=11.6 Hz, 1H), 7.00-7.06 (m, 2H),
7.17-7.23 (m, 4H), 7.28 (d, J = 8.4 Hz, 2H), 7.51 (s, 1H),
7.56 (s, 1H), 8.85 (s, 1H); '*C NMR (100 MHz, CD;0D):
0 31.3, 34.2, 53.2, 71.8, 77.4, 116.2 (d, Jcg =21.6 Hz),
120.9, 124.1, 129.6, 131.0, 131.2 (d, Jcr=8.2 Hz),
132.9,135.1 (d, Jcp=3.0Hz), 137.1, 141.5, 163.9 (d,
Jop =2452Hz); HRMS (ES) [M+H]" Caled for
CyoH»CIFN,O: 359.1326. Found: 359.1330; Anal. Calcd
for C,oH»;CIL,FN,O: N, 7.09. Found: N, 6.93.
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In vitro P. falciparum activity assay: P. falciparum cultures
were grown in A+ blood obtained by venipuncture of
volunteers. Cultures of the laboratory line ItG were
maintained by the method of Trager and Jensen™ using
RPMI 1640 supplemented with 10% human serum and
50 uM hypoxanthine (RPMI-A). In vitro P. falciparum
susceptibility testing was performed using an LDH
enzyme assay specific to LDH found in Plasmodium
(pLDH).>*>7 Briefly, compounds to be tested were
dissolved in DMSO at a final concentration of 10 mg/
mL and were then serially diluted in duplicate in a 96-well
plate to produce a compound gradient with twofold
dilutions. Fifty microliters of parasite culture (5% hemat-
ocrit, 2% parasitemia from non-synchronous cultures)
were added to each well and the plates were then
incubated at 37 °C in an atmosphere of 95% N,, 3%
CO,, and 2% O, for 72 h. The contents of the wells were
then resuspended in 100 pL of tissue culture media and a
15-pL sample was removed and added to 100 pL of pLDH
enzyme assay mixture.’” After 1 h, the absorbance of the
wells at 540 nm was determined using a microplate reader
(BioRad, Mississauga, ON). The ICs, values of individual
compounds were determined using a non-linear regression
analysis of the data®® using the computer program
SigmaPlot (Jandel Scientific). The ICso values represent
means * standard deviation of four independent assays.
In vitro CHO cell activity assay: CHO cells were grown in
RPMI-1640 supplemented with 10% fetal bovine serum
(Sigma, St. Louis, MO), 25 mM HEPES, and gentamicin.
Cells were grown to 50% confluency in 96-well plates prior
to the addition of individual samples in DMSO. After
24 h, the viability of the cells was determined by adding
1 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT, Sigma, St. Louis, MO) in
100 pL of culture media. The plates were incubated for a
further 30 min and then the media were removed and
100 uL of DMSO were added and the absorbance at
540 nm was read.>® The ICs, values of individual com-
pounds were determined using a non-linear regression
analysis of the data as in Ref. 27.
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Abstract—A series of carboxylate bioisosteres of structures related to gabapentin 1 have been prepared. When the carboxylate was
replaced by a tetrazole, this group was recognized by the 0,,-6 protein. Further characterization of o,-8 binding compounds 14a and
14b revealed a similar pattern of functional in vitro and in vivo activity to gabapentin 1.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Gabapentin 1 has been approved as an add-on therapy
for epilepsy and as a treatment for postherpetic neural-
gia.! More recently, pregabalin 2 has shown more potent
and robust activity for these indications® and has been
approved for use in some jurisdictions. Both compounds
bind with high affinity to the o,-3 subunit of voltage-
gated calcium channels.> Binding to o,-8 appears to
allosterically modulate neuronal calcium channels,
reducing calcium influx into activated neurons.* This
attenuation of calcium currents in synaptic terminals
leads, in turn, to a reduction in the release of neuro-
transmitters, including norepinephrine, substance P,
and glutamate.>’ Such a reduction in neurotransmitter
release is thought to underlie the in vivo anxiolytic,
anticonvulsant, and antihyperalgesic effects observed
with pregabalin and gabapentin. Studies of analogs of
1 and 2 have, in fact, shown a correlation between
affinity for -8 and in vivo activity.®?

Keywords: Gabapentin; o,-3 subunit.
* Corresponding author. Tel.: +1 734 6222580; fax: +1 734 6225165;
e-mail: jacob.schwarz@pfizer.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.05.016

COH CO,H

NH; /k/(/NHQ

1 2

Carboxylic acid replacements are an important area of
investigation in medicinal chemistry.!® Phosphinates,'!
sulfinates,'? sulfonates,!? and tetrazoles'* have been used
successfully as replacements for the carboxylate function-
ality. In this communication, we detail studies of these
carboxylate isosteres in the context of gabapentin 1.

2. Chemistry

Various acidic groups have been shown to be suitable
replacements for the carboxylate functionality in various
GABAergic compounds.'”>!> To determine if these
replacements would also be recognized by the ,-3 pro-
tein, phosphinate and sulfonate analogs of gabapentin
were prepared.

The sulfinic acid derivative was prepared from 1-(ami-
nomethyl)-cyclohexanemethanol 3'® according to the
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Schering—Plough precedent.!?> Hence, amine protection,

followed by Mitsunobu displacement of the hydroxyl
group with benzothiazole-2-thiol, proceeded smoothly
to provide 4 (Scheme 1). Oxidation at sulfur, followed
by reductive benzothiazole cleavage, afforded the free
sulfinic acid 5. The Boc group was removed unevent-
fully, yielding the desired amino sulfinic acid 6. The
sulfonic acid variant 7 was prepared, as described
prev10usly, by Satzinger et al.'” from amino alcohol 3
via conversion to the hydrogen sulfate derivative and
treatment with sodium sulfite.

The phosphinate analog was prepared according to the
method developed by Krogsgaard-Larsen and co-work-
ers.!>¢ Hence, 1m1doaldehyde 8, readily available from
amino alcohol 3 via protection and oxidation, under-
went addition of ethyl diethoxymethylphosphinate in
the presence of triethylamine to give hydroxyimide 9
(Scheme 2). Acylation and subsequent deoxygenation
of 10, followed by hydrolysis, furnished the desired
aminophosphinic acid 11.

Next, we decided to examine the effect of replacing the
carboxylate function with a tetrazole (Scheme 3). Typi-
cally the approach commenced with Knoevenagel con-
densation of the appropriate cyclic ketone 12, followed
by cyanide addition and decarboxylation in the same
pot to afford 13. Tetrazole formation was effected with
azidotrimethylsilane in the presence of tributyltin oxide,
and subsequent nitrile reduction gave the desired y-ami-
no tetrazoles 14a—c. Unlike the y-amino acids, no unde-
sired lactam formation was possible with the tetrazole
replacements.

Next, the effect of eliminating the acidic tetrazole hydro-
gen on 0,-6 binding was examined (Scheme 4). Hence,
1,5-dimethyltetrazole was lithiated'® and added to nitro-
olefin 15, affording adduct 16 in moderate yield. To
our knowledge, the addition of metalated 5-alkyl-tetra-
zoles to nitroolefins is unprecedented. Hydrogenation
of the resultant nitrotetrazole furnished the desired
N-1-methylated derivative 17.

Finally, a synthesis of the tetrazole replacement of
pregabalin 2 was undertaken (Scheme 5). Starting with
N-Boc pregabalin 18,%° formation of the mixed anhy-
dride was followed by amidation with 3-aminopropio-

S
a,b S_<\N:© C

NHBoc
4
SO.H SO,H
d,e
NHBoc NH»
6

Scheme 1. Reagents and conditions: (a) Boc,O, THF, 77%; (b)
benzothiazole-2-thiol, DEAD, THF, 62%; (c) m-CPBA, NaHCO;,
CH,Cl,, 64%; (d) NaBHy4, EtOH, 47%; (¢) 4 M HCI, Et,0, ~100%.

OEt

‘.?
CHO HO. OEt b
NPhth —
NPhth
8
(0] o) OEt
Il PO,H
© O. P\/LOEt c, d ?
MeO OEt — > NH,
NPhth
10 1

Scheme 2. Reagents and conditions: (a) (EtO)HP(O)CH(OE),, Et;N,
41%,; (b) methyl oxalyl chloride, DMAP, CH;CN, 87%; (c) Bu3SnH,
AIBN, toluene, reflux, 29%; (d) 4 M HCI, Et,0, dioxane.

HN’N
S /
a, b
CN —
12a-c 13a-c 14a-c

Scheme 3. Reagents and conditions: (a) ethyl cyanoacetate, NH4OAc,
toluene, reflux, 87%; (b) KCN, EtOH, H,0, reflux, 69%; (c) TMSN3,
BusSnO, toluene, reflux, 70%; (d) H,/PtO,, MeOH, recrystallization
from MeOH/EtOAc, 39% (yields reflect preparation of 14a, i.e., n = 1).

Me

NN N-N
N
a . b N4
ZNO, ——~ N = N
NO, NH,
15 16 17

Scheme 4. Reagents and conditions: (a) 1,5-dimethyl-1H-tetrazole,
n-BuLi, THF, —78 °C to rt, 43%; (b) H,, Pd/C, MeOH/THF, 44%.

nitrile to yield 19. Tetrazole formation, according to
the du Pont Pharma protocol,?' proceeded smoothly
at ambient temperature to furnish 20. Sequential

deprotection of the tetrazole and amine moieties was

~_CN
CO,H HN
/k/(/NHBoc /k/é
NHBoc
18
NC\/\N—‘N\ HN——[\\]\
N :N c.d */C\NIN
N
NHBoc NH;
20 21

Scheme 5. Reagents and conditions: (a) i = BuCOCI, 3-aminopropi-
onitrile fumarate, 71%; (b) TMSN;, DEAD, Ph;P; (c) 2 N NaOH,
THF, 57% (2 steps); (d) HCI, dioxane (89%).
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effected with base and acid, respectively, and the resul-
tant tetrazole 21 was determined to be >99% ee fol-
lowing derivatization with Marfey’s reagent?” and
HPLC analysis.

3. Results and discussion

The sulfinate 6, sulfonate 7, and phosphinate 11 analogs
of gabapentin 1 did not bind to the a,-d subunit, as evi-
denced by their inability to displace [*H]gabapentin
from pig brain membranes (Table 1).> However, the
tetrazole analog 14a displayed affinity for o,-6 similar
to that of gabapentin. The N-methyl analog 17 was inac-
tive, suggesting the importance of acidic functionality
toward achieving affinity for o,-6 as observed for 14a.

When the ring size was varied on the aminotetrazole
backbone, nearly equal potency was observed for the
six-membered ring 14a and the homolog 14b (Table 2).
However, expanding the ring by one more carbon re-
sulted in marked decrease in a,-0 binding affinity (cf.
14c). Similarly, when the acyclic pregabalin derivative
21 was examined, no appreciable affinity for o,-3 was
observed. These differences in affinity at -0 were mani-

Table 1. Affinity for o,-0 of a series of gabapentin carboxylate
replacements

A
NH,

Compound A -8 binding ICsy (nM)*

1 CO,H 70 (£2)

6 SO,H >10,000

7 SO;H >10,000
11 PO,H >10,000
14a tetrazole 100 (£23)
17 N-1-Me-tetrazole >10,000

#ICs is the concentration (nM) producing half-maximal inhibition of
the specific binding of [*H]gabapentin binding to pig brain mem-
branes (see Ref. 3).

Table 2. o,-6 Binding and anticonvulsant activity of a series of
y-amino tetrazoles

HN-N

N

N
NH,

n

Compound n a,-0 binding ICso (nM)*  DBA/2 seizure %

protection®
14a 1 108 80
14b 2 100 100
14c 3 2357 0
21 — 1587 0

#1Csq is the concentration (nM) producing half-maximal inhibition of
the specific binding of [*H]gabapentin binding to pig brain mem-
branes, see Ref. 3.

®0/4 protection is the fraction of DBA/2 mice (N = 5 animals) protected
from audiogenically induced tonic seizures by a 30 mg/kg p.o. dose of
the test compound.

fested in the ability of the compounds to prevent audio-
genic seizures in DBA/2 mice.?* For instance, while o-8
ligands 14a and 14b demonstrated robust anticonvulsant
activity, compounds 14c and 21 displaying weak (uM)
affinity for o,-8 did not show any protective effects.
Hence, the direct tetrazole replacement strategy that
was successful for gabapentin 1 was not as promising
for pregabalin 2.

Compound 14b was further characterized in in vitro and
in vivo assays. Previously, gabapentin and pregabalin
have been shown to decrease K *-evoked [*H]norepineph-
rine release from superfused rat neocortical slices, and
this inhibitory effect is considered to be a functional con-
sequence of 0,-8 binding.> Using the same assay
conditions® and as shown in Figure 1, tetrazole 14b pro-
duced a submaximal, concentration-dependent decrease
of norepinephrine release with an ICsy [95% CI] = 5.7
[2.6-12.3] uM, being of similar potency to gabapentin
(ICsp = 8.9 [2.9-27.5] uM).

A dose-response study of compound 14b in the DBA/2
mouse anticonvulsant model was also carried out. Com-
pound 14b showed greater potency than gabapentin in
this assay (EDsp = 3.1 mg/kg for 14b vs 12.5 mg/kg for
1) (see Fig. 2).

50
[ o Compound 14b o
40 e Gabapentin
& 300
c
K]
5
E 20
10r
o
% s 4 3 2
log [Drug] (M)

Figure 1. Inhibition of K*-evoked [*H]norepinephrine release from rat
neocortical slices by gabapentin 1 and compound 14b.

100+

v
w
2 80 /
3 /
° Compound 14b (2 hr) / Gabapentin (2 hr)
(7] EDsp=2.7 mgl/kg [1.9 to 3.8] /  EDsg=12.5mglkg [8.8 to 17.6]
L 60+ N
c
o /
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s /
S 40 /
° /
3 /
[
o 20 / v
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01 1 10 100
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Figure 2. Comparison of gabapentin 1 and tetrazole 14b in the DBA/2
mouse anticonvulsant assay.
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Table 3. Rat pharmacokinetic parameters for gabapentin 1 and
tetrazole 14b

Parameter Gabapentin 1 Tetrazole 14b
Bioavailability (%F) 76 85

Clearance (mL/min/kg) 6.0 10.6

Plasma half-life (/) 1.5 1.0

AUC? (ug h/mL) 8.6 5.2

vd® (L/kg) 0.65 0.38

# Area under the concentration versus time curve.
®Volume of distribution.

A comparison of rat pharmacokinetic data for
compound 14b and gabapentin 1 is outlined in Table
3. Like gabapentin, compound 14b had good oral
bioavailability. However, the tetrazole 14b was more
rapidly cleared from plasma and as a consequence had
a shorter plasma half-life than gabapentin.

4. Conclusion

Bioisosteric replacements have been commonly used in
drug discovery to optimize drug-like properties such as
solubility, absorption, distribution, and/or clearance.
Attempts to introduce a traditional carboxylic acid
replacement to gabapentin 1 such as sulfinate, phosphi-
nate, or sulfonate were unsuccessful, in that binding of
these analogs to the o,-8 protein was abolished. How-
ever, when a tetrazole group was employed as the
isostere, affinity for a,-6 was retained, as demonstrated
by 14a. In addition, comparable efficacy against seizures
was observed in vivo for 14a and 14b compared to pre-
gabalin 2. However, when the acidic tetrazole proton
was replaced by N-Me (cf. 17), no binding to o,-6 was
observed, underscoring the importance of the acidic
functionality for activity. Similarly, acyclic tetrazole 21
had approximately 16-fold weaker affinity for a,-6 than
14b. Further characterization of compound 14b revealed
it had similar in vitro and in vivo potency, as well as
bioavailability when compared to gabapentin 1.
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Abstract—Anilinoalkynylpyrimidines were prepared and evaluated as dual EGFR/ErbB2 kinase inhibitors. A preference was found
for substituted phenyl and heteroaromatic rings attached to the alkyne. In addition, the presence of a potential hydrogen bond
donor appended to this ring was favored. Selected molecules in the series demonstrated some activity against human tumor cell lines.

© 2006 Elsevier Ltd. All rights reserved.

Protein tyrosine kinase inhibitors are a source of tremen-
dous interest due to their promise as therapeutic agents
for the treatment of a variety of disease states, particularly
cancer.! One of the first kinases to be successfully targeted
is the epidermal growth factor receptor (EGFR), with
some inhibitors already demonstrating clinical benefit.?
EGFR is one of a family of four related kinases, collec-
tively called the ErbB family, that also includes ErbB2
(Her2/neu), kinase inactive ErbB3, and ErbB4.? Inhibi-
tion of multiple kinases within this family has emerged
as a promising strategy for cancer treatment.”®>* A wide
range of structural classes has been employed as kinase
inhibitors.! The most commonly utilized template in inhi-
bition of the ErbB family is the anilinoquinazoline.

Examples include the launched molecules gefitinib (1)
and erlotinib (2),° as well as the clinical candidate lapat-
inib (3) (GW572016)7 (Fig. 1). While gefitinib and erloti-
nib are selective inhibitors of EGFR over ErbB2,
lapatinib is a potent inhibitor of both.”

In this paper, dual EGFR/ErbB2 inhibitors based upon
truncated quinazolines, specifically the pyrimidine sub-
structure, are described. It appeared that attaching an

Keywords: Receptor tyrosine kinase; Kinase inhibition; EGFR; ErbB2;
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Figure 1. Examples of clinical ErbB family inhibitors.

alkyne to the 5 position of the pyrimidine nucleus would
place functional groups into a similar orientation as the
substituted furan of lapatinib (Fig. 2). In initial studies,
the fluorobenzyloxy-chloroaniline present in lapatinib
was conserved in order to further maximize the chances
of identifying dual inhibitors.®

Alkynyl pyrimidyl derivatives were synthesized accord-
ing to the sequence outlined in Scheme 1. Treatment
of pyrimidone 4 with sodium hydroxide and iodine
was followed by chlorination with POCI; to give iodo-
chloropyrimidine 5. Displacement of the chloride with
the appropriate aniline was performed in isopropanol
in the presence of catalytic acid to give 6. Analogs were
constructed from this key intermediate in two ways.
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Figure 2. Overlay of anilinoquinazoline nucleus (gray) with ani-
linoalkynylpyrimidine (green).

(0] cl F/@\/OJ@\
N ab N7 I c
k\):l] - I\)T Cl NH
N
4

—
S [
N
5 Q)j/
F/@\/O
cl NH R AT NH
Z =z
N f N7
lN/ - KN/
8 7

Ar = 3-chloro-4-(3-fluorobenzyloxy)aniline

Scheme 1. General synthetic route. Reagents and conditions: (a)
NaOH, I,, 64%; (b) POCl;, 88%; (c) ArNH,, i-PrOH, cat HCI, 90 °C,
86%; (d) trimethylsilyl acetylene, PdCl,(PPhs),, Cul, Et;N, THF,
65 °C, 83%; (e) TBAF, THF, 0 °C, 94%; (f) RBr, PdCL,(PPhj;),, Cul,
Et;N, THF, 65 °C, 20-75%; (g) R-alkyne, PdCl,(PPhs),, Cul, Et;N,
THF, 65 °C, 19-78%.

Alkyne 7 was obtained by a Sonogashira coupling with
trimethylsilyl acetylene, followed by removal of the silyl
group with TBAF. A second Sonogashira coupling was
then employed to introduce desired substituents. Alter-
natively, derivatives could be directly constructed from
iodide 6 using an appropriately substituted alkyne. In
some cases, additional functionality was introduced
using known chemical transformations (vida infra).

The potency of several aryl ring derivatives is reported
in Table 1. EGFR and ErbB2 enzyme inhibition values
were obtained as previously described.” For compari-
son, lapatinib shows 10 nM potency against EGFR
and 9 nM potency against ErbB2. Compounds in the
alkynyl pyrimidine series that exhibit 20 nM or better
potency on both kinases were desired. The parent anili-
nopyrimidine (des-iodo 6) showed only modest inhibi-
tion of EGFR (0.32 uM) and was 21 uM against
ErbB2. Unfunctionalized alkyne 7 showed a 4-fold
improvement in EGFR potency, but was still only
3.8 uM against ErbB2. Placing a phenyl ring on the al-
kyne gave 8a, with sub-micromolar potency on both en-
zymes. ortho-, meta-, and para-Amino phenyl analogs
(8b—d) were prepared and were found to have a 9- to
20-fold increase in ErbB2 potency compared with the

Table 1. Substituted anilinoalkynylpyrimidines and selected other
compounds

Compound R EGFR 1Csy* ErbB2 ICsy®
3 — 0.010 0.009
Des-iodo 6 — 0.320 21.0
7 H 0.085° 3.80
8a —Ph 0.079° 0.78°
8b 2-Aminophenyl 0.063° 0.091°
8c 3-Aminophenyl 0.042° 0.044°
8d 4-Aminophenyl 0.030 0.036
PO
8e S N 0.012 0.013
H
§
8f e 25.1 1.82
y o
08 ‘
8g 5 N,gé\ 0.11° 0.045

H
H
8h XQ(N\ 0.079 0.032
(0]

HY 0.060° 0.052°
o
PO
8 . SN o 0.050 0.032
H O o)

(0] (0]
8k QHWO/ 0.031 0.029

#Mean values in micromolar, at least two determinations, standard
deviation less than 0.025.

®One determination.

¢ Deviation <0.030.

parent unsubstituted analog 8a. Acetamide analogs were
also prepared by acylation with acetic anhydride and
demonstrated striking SAR. The para-acetamide 8f
was greater than 1 puM, while the meta-acetamide 8e
had a further 3-fold increase in dual EGFR/ErbB2
potency compared with 8c, resulting in ICs,’s approach-
ing 10 nM for both enzymes. Based on homology mod-
eling, the meta-acetamide may occupy roughly the same
physical space as the amine in lapatinib. It is possible
that a heteroatom in this position is important for suc-
cessful dual kinase inhibition in these compounds. It is
speculated that the acetamide may be functioning as a
hydrogen bond donor, interacting with Asp808 of
ErbB2. In an attempt to optimize the character of this
functionality, the simple acetamide was replaced with
a number of related functional groups, including sulfon-
amide 8g and reversed amide 8h. Neither of these com-
pounds improved potency. Analog 8i, bearing an
additional methylene unit between the aryl ring and
the acetamide, was constructed by performing the
Sonogashira coupling reaction with N-[(3-iodophe-
nyl)methyl]acetamide, which was constructed from
3-iodobenzyl amine. This homolog likewise had
decreased activity compared to 8e. Amides 8j and k,
bearing extended alkyl chains, were generated by
reacting 8c with acyl chlorides. Both amides had
EGFR/ErbB2 dual potencies lower than 8e.
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In addition to phenyl-substituted alkynes, heterocyclic
analogs were also evaluated (Table 2). The 3-pyridyl
analog 8l is similar to 8a against EGFR and 5-fold bet-
ter against ErbB2. The 2-pyridyl compound 8m exhibit-
ed very good affinity for EGFR and also demonstrated a
>10-fold improvement in ErbB2 potency compared with
the phenyl derivative 8a. Pyrimidine and pyrazole
groups (8n and 8o, respectively) were also synthesized
and, despite similar ErbB2 potencies to 8m, were less po-
tent on EGFR than the pyridyl compound 8m. In the
phenyl series, the presence of a putative hydrogen bond
donor in the meta position was important. Several het-
erocycles with small hydrogen bond donating substitu-
tions were evaluated to determine if this was also
important with the heterocyclic analogs. The aminopyr-
imidine 8p demonstrated 4-fold improved activity
against ErbB2 compared with 8m. However, the pyridyl
meta-acetamide 8q was less effective in contrast to the
phenyl series. The hydrogen bonding potential of the
acetamide may be compromised due to the lower elec-
tron density of the pyridyl ring or by the proximity of
the heterocyclic nitrogen’s lone pair of electrons. Other
heterocylic derivatives likewise met with mixed success.
The hydroxymethyl thiazole 8r showed reduced activity
toward both kinases when compared to 8m, while the
hydroxymethyl furan 8s demonstrated ErbB2 potency
similar to that of 8m. Placing the hydroxymethyl moiety

Table 2. Heteroarylalkynylpyrimidines

Compound R EGFR 1Csy* ErbB2 ICs)*
8l 3-Pyridyl 0.074° 0.14
8m 2-Pyridyl 0.017 0.055°
8n 2-Pyrimidyl 0.077¢ 0.060
80 3-Pyrazolyl 0.042° 0.066°
AN
8p /C | 0.032 0.012
N7 NH,
=z | 0
8q SN 0.091 0.059
H
S
8 S 0.076 0.16
« N oH
8s ﬂ—\ 0.033 0.047
v O oH
=
8t Jo 1 on 0.040 0.013
N
=z
8u NG 0.021 0.038°
N 2
/| H H
8v Sy NN 0.023 0.069
o
8 SIS oo 0.009
W \N I\S/ . .
T

#Mean values in micromolar, at least two determinations, standard
deviation less than 0.025.

®One determination.

¢ Deviation <0.050.

onto a 2-pyridinyl ring with analog 8t enhanced potency
against ErbB2 with a 4-fold improvement over 8m. A
number of different functional groups were found to
be tolerated in the pseudo-benzylic pyridyl position.
The primary amine 8u'® was a 21 nM EGFR inhibitor
with 38 nM potency against ErbB2. Methyl urea 8v
was also a good EGFR inhibitor, with potency similar
to that of 8m, but fell somewhat short against ErbB2.
Adding tethered functionality resulted in sulfone analog
8w, with an IC5y, <15 nM in both the EGFR and ErbB2
enzyme assays.

It seems that having a potential hydrogen bond donor in
the meta position of an aromatic ring can be important
for ErbB2 inhibition. However, it appears that the effec-
tiveness of the putative hydrogen bond can be affected
by its electronic environment, whether via substitution
around the donor or by changing the nature of the aro-
matic ring. Although no X-ray co-crystal structure yet
exists for these compounds in ErbB2, a homology model
(Fig. 3) suggests that the molecule binds in the same
fashion as lapatinib, making a hinge contact at
Met801. The aniline portion should extend past the
Thr798 ‘gatekeeper’ residue deep into a large hydropho-
bic pocket. This binding model places the potential
hydrogen bond donor substituents in the proximity of
Asp808 of ErbB2. We expect similar binding in EGFR.

Some of the more interesting compounds have been fur-
ther profiled. Compounds 8e, k, s, t, and w were greater
than 100-fold selective against a panel of non-ErbB fam-
ily kinases, including CDK2, GSK3, SRC, and
VEGFR2.

These same compounds were also tested in cellular pro-
liferation assays (Table 3).!! Most of the inhibitors did
not exhibit the level of cellular potency predicted by
their enzyme activity. A number of potential explana-
tions exist for this phenomenon. One possibility is a lack
of cell penetration. Further investigation revealed that
8e did not inhibit kinase activity in a cellular autophos-
phorylation assay (data not shown), possibly suggesting

Thr798 A |‘£
IS,
P4
~ o=y

Met801 =

L

Asp863

Asp808

Figure 3. Acetamide 8e docked into an ErbB2 homology model.
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Table 3. Inhibition of cellular proliferation by dual inhibitors

Compound HNS I(:s()"l BT474 I(:s()"l HFF ICS()“l
8e 13.7 21.6 >30.0
8k 3.47 4.24 224
8s 0.93 2.04 15.8
8t 4.89 5.79 >30.0
8w 0.77 0.84 >30.0

% Mean values in micromolar, at least two determinations.

a lack of cell penetration. Compound 8e also exhibited a
very poor permeation rate of <3 nm/s in an artificial
membrane permeation assay.'? Two compounds, 8s
and w, did exhibit sub-micromolar cell activity in both
the cellular proliferation assays (Table 3) and in our
autophosphorylation assay, with 8w active against both
EGFR- and ErbB2-driven cell lines. For reference,
lapatinib (3) has an ICsy of approximately 25 nM on
both HNS and BT474 cell lines.

In summary, anilinoalkynylpyrimidines have been ex-
plored as dual EGFR/ErbB2 kinase inhibitors. The best
examples showed very good inhibition in enzyme assays,
with ICsos approaching 10 nM. The most active dual
inhibitors have polar functional groups attached to an
aromatic ring that might act as hydrogen bond donors
at physiological pH. This work suggests that this substi-
tution can be important for successful dual inhibition
within this series. In addition, while some compounds
may have been limited by poor cell penetration, other
compounds were found to be sub-micromolar inhibitors
of kinase-driven cellular proliferation.
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Abstract—Novel piperazinyl, morpholino and piperidyl derivatives of the pyrazole-based Hsp90 inhibitor CCT018159 are
described. Structure—activity relationships have been elucidated by X-ray co-crystal analysis of the new compounds bound to the
N-terminal domain of human Hsp90. Key features of the binding mode are essentially identical to the recently reported potent
analogue VER-49009. The most potent of the new compounds has a methylsulfonylbenzyl substituent appended to the piperazine
nitrogen, possesses an ICsq of less than 600 nM binding against the enzyme and demonstrates low micromolar inhibition of tumour

cell proliferation.
© 2006 Elsevier Ltd. All rights reserved.

Exposure of cells to stress, such as heat shock or oxida-
tive stress, results in the accumulation of molecular
chaperones, commonly known as heat shock proteins
(Hsps). Hsp90 has emerged over the last few years as
being of particular interest because of its role in the evo-
lution, development and disease pathology of cancer.!-?
Hsp90 is an ATP-dependent chaperone essential for the
maturation and activity of a varied group of proteins in-
volved in signal transduction, cell cycle regulation and
apoptosis.>* Although weak, the ATPase activity can
be measured and is selectively inhibited by the ansamy-
cin natural product geldanamycin and its synthetic
derivatives 17-AAG and 17-DMAG (Fig. 1).>° In vivo
and clinical data with 17-AAG support the hypothesis
that the Hsp90 family may be an appropriate target
for anti-cancer drug development.”” The chaperone
has therefore been the focus of several recent investiga-
tions'® and amongst these, aryl pyrazoles have been
reported in the literature as potent small molecule
inhibitors.!!

Our own efforts in this area revealed the 3,4-diaryl pyr-
azole CCTO018159 (1), a small molecule inhibitor of

Keywords: Hsp90; Cancer; Structure-based drug design; Pyrazole;

X-ray crystallography.
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Me OCONH,
R=
17-DMAG  -NHCH,CH,NMe,
17-AAG -NHCH,CH=CH,

Geldanamycin -OCH,4

Figure 1. Ansamycin natural product Hsp90 inhibitors.

Hsp90 ATPase activity.!”? Subsequently, discoveries
were made in this series which led to VER-49009.'3 This
potent compound was found to display useful levels of
inhibition of tumour cell proliferation.

Cl o—

HO N{ N\ o
H HN
VER-49009

CCT018159 (1)
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Herein, we describe further developments in this area,
revealing a novel series of 3-aryl, 4-aminopyrazoles
and characterisation of their binding mode by X-ray
co-crystallography.

Optimisation of the screening hit 1 initially focused on
improving potency and identifying areas for the intro-
duction of groups to enhance solubility, through the
use of the co-crystal structure of 1 and its analogues
bound to Hsp90.!>"'> The pyrazole 4-position bearing
the 1,4-benzodioxane does not appear to make impor-
tant interactions with protein.

We have previously shown that the para-position of
this phenyl ring may be substituted with a large fluo-
rescent group to provide a useful assay probe.!> There-
fore, we surmised that a solubilising group could be
placed at the 4-position of the pyrazole ring with min-
imal impact on potency. Considering requirements for
potency, novelty and synthetic access, we determined
through modelling studies that cyclic amines were
desirable targets.

Indeed when the novel piperazine 2 was prepared, we
were delighted to find that ATPase enzyme activity
was maintained with only a small loss in growth inhibi-
tion against HCT116 colon tumour cells. Binding activ-
ity in the FP assay!> was reduced by nearly 10-fold but
this did not affect the functional (ATPase) activity.

From the co-crystal structure of 2 (Fig. 2), key interac-
tions between the resorcinol and the Asp93-water net-
work at the base of the pocket are identical to those
observed for 1.17°14 Pleasingly, the new piperazine group
4'N overlays closely with the 4’C of the aryl of 1 with no
effect on the conformation of the resorcinol-pyrazole
system.

Figure 2. Binding mode of 2 to Hsp90.>' The dotted lines indicate
polar interactions between the ligand, the protein and interstitial water
molecules.

This 4'N is clearly important since morpholine 3 looses
nearly an order of magnitude of potency. The presence
of an acid centre in the vicinity of this position
(Asp54) may explain the preference for basic groups.

Alkylation with small lipophiles (4 and 5) does not alter
potency but further exploration, particularly with benzyl
systems, such as 7 and methylsulfonylbenzyl 6, resulted
in significant potency gains of nearly 10-fold.

An inspection of the X-ray co-crystal of 6 bound to
Hsp90 reveals that the sulfone moiety makes a direct
hydrogen bond with Ser50 (Fig. 3). Furthermore, the
steric bulk of the benzylic group forces Asp54 to change
its conformation, bringing it closer to the 4'N atom of 6,
thus inducing the formation of a salt bridge. Gratifying-
ly, cellular potency had also improved.

Increasing the spacer length between the piperazine and
phenyl rings results in loss of potency (8), as does
exchanging the phenyl for an amide (9). Alkylation of
the pyrazole nitrogen (either isomer) abolished activity
due to clash with the residues forming the binding site
(Gly97, Thr184 and an interstitial water molecule).!”-!8

In the quest for further potency, we focused on the 5'-
position of the resorcinol ring. Ethyl and chloro groups
have been reported in the 3,4-diaryl pyrazole series to
enhance potency over hydrogen.'>!3 Development of
this position by extension into a lipophilic pocket was
achieved from bromo 10, which itself had a similar
profile to 2. This lipophilic pocket does not exist in the
native conformation of Hsp90, but we found that it
appeared as a result of a conformational change induced
by the binding of PU3.!7 Phenethyl 11 induced the same
conformational change and bound slightly better to the
enzyme but had similar ATPase inhibition.

Figure 3. Binding mode of 6 to Hsp90.>! The conformation of Asp54
in the Hsp90-2 complex is provided for comparison (orange residue).
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Deletion of the ethyl linker to give phenyl 12 had no
effect on ATPase or cell activity. These results led to
combinations of R' and R? (where X =N, see Table
1). Alkylating the bromo compound 10 with the
sulfonylbenzyl group from 6 gave 13, which was 10-fold
more active than 10 as expected. However, when 11 was
similarly treated, the resulting 14 was less active than
either 11 or 6. Clearly these groups are influencing each
other. We believe that these aromatic rings stack against
each other, forming a conformation incompatible with
binding to Hsp90. The loss of activity could then be
explained on the basis of an internal energy penalty.

Attention then turned to the 5-position of the pyrazole.
As previously reported, an ethyl amide improves poten-
cy by at least an order of magnitude in the 3,4-diaryl
series.!? In the piperazine series, however, such SAR is
not seen. Methyl 15 was similar to 2 and hydroxyl meth-
yl 16 greater than 10-fold less potent. Unfortunately,
ethyl amide 17 was no better or worse than 2. Overlay
of the co-crystal structure of 17 with the structure of 2
bound to Hsp90 shows the binding modes to be virtually
identical (Fig. 4). The new amide in 17 even makes the
desired hydrogen bond with Gly97.

This disappointing result is explained by the fact that,
unlike the analogous 4-phenyl compounds, the confor-
mation observed in the co-crystal structure does not
correspond to a global minimum in aqueous solution.

Table 1. Hsp90 inhibitors and their activity'®

Phel38

Figure 4. Overlay of X-ray structures of 17 (grey) and 2 (green) bound
to Hsp90.?!

As can be seen in Table 2, compounds such as 17 have
to pay a significant internal energy penalty to be able
to bind to Hsp90, either in their neutral (2.4 kcal/mol)
or protonated form (0.4 kcal/mol). The preference for
the syn conformation is due to the formation of an inter-

R
R' (X 0..0
S
HO Nj A Q/ ~
T D>—r
OH N-p

H
Compound R! XR? R? FP ICs0? (uM) ATPase ICs,° (uM) HCT116 Gls, (uM)
17-AAG 1.54 (0.5) 17.7 (1.7) 0.17 (0.07)
1 0.148 (0.016) 6.3 (2.9) 5.8 (1.2)
2 Cl NH H 2.0 (0.76) 8.2 (2.6) 23.4 (4.8)
3 Cl o) H 21.7 (3.3) 68.7 (3.0) >80
4 Cl NMe H 8.8 (4.2) n/d >80
5 Cl NEt H 43 (1.8) 11.7 (5.0) 13.8 (4.6)
6 Cl N-A H 0.74 (0.2) 1.3 (0.4) 3.1 (0.63)
7 Cl NBn H 0.6 (0.2) 2.5(2.3) 6.5 (1.7)
8 Cl N(CH,),Ph H 4.4 (0.42) 15.5 (2.1) 14.1 (1.6)
9 Cl NCH,CONH, H 32.6 (14.4) 101 (92) >80
10 Br NH H 9.7 (0.0) n/d 69.9 (5.2)
11 PhCH,CH, NH H 2.4 (1.6) 9.6 (0.3) 31.6 (4.5)
12 Ph NH H 8.5(3.4) 9.6 (2.5) >80
13 Br N-A H 0.6 (0.2) 3.0 (1.7) 8.1 (1.9)
14 PhCH,CH, N-A H 522.7) 31.8 (7.6) 7.9 (0.9)
15 Cl NH Me 3.0 (0.25) 28.3 (2.8) 29.9 (0.3)
16 Cl NH CH,OH 25.1 (4.1) 121.7 (20) >80
17 Cl NH CONHEt 9.5 (0.1) 6.3 (1.2) 34.4 (3.5)
18 Br CHOH H 21.2 (8.9) 96.9 (19.6) >80
19 Br CHNH-A H 13.9 (2.6) 40.3 (11.6) 73.2 (6.0)
20 Br CHNHEt H 5.6 (0.1) 26.1 (5.3) 54.4 (5.2)

FP, fluorescence polarization; all results shown with their standard deviation from at least 2 determinations. n/d, not determined.
#ICs¢’s are obtained from 22 different inhibitor concentrations, Z’ typically >0.9.
°ICs determined from 10 different inhibitor concentrations at 2-fold dilutions, Z’ typically >0.75.
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Table 2. Relative QM energies (in kcal/mol) of 5-amide pyrazoles in aqueous solution (italics) and in vacuo (parentheses)

Compound X X H X H X
o Res o Res N Res N Res
\\ 7 \N \\ 7 \N
NNy NN o Ny o N
H H H H
X = @ 0.0 (0.0) 5.5(8.9) 2.1 (4.4) 2.7 (14)
H
N
X = [ j 2.4 (2.6) 6.4 (8.6) 0.1(5.1) 0.0 (0.0)
N
H\+/H
N
X [ j 0.4 (0.0) 4.7 (11.4) 0.1 (0.0) 0.0 (15.1)
N

The first two columns correspond to the anti conformation observed in the X-ray structures. The two rightmost columns correspond to the syn
conformation, which is incompatible with formation of a hydrogen bond with Gly97. Res, resorcinol.

nal hydrogen bond between NH of the 5-amide and N1
of the piperazine. The fact that, for this type of mole-
cule, both tautomers are isoenergetic may also have an
impact on the binding affinity.

Piperidine analogues 18-20 were all less potent than the
corresponding piperazines.

Piperazine 2 was prepared from commercially available
chloro resorcinol. Friedel-Crafts acylation and O-ben-
zyl protection of the hydroxyls, followed by bromina-
tion of the acyl group, gave key bromomethyl ketone
intermediate in moderate overall yield (Scheme 1). Dis-
placement of the bromide was carried out with a range
of amine nucleophiles, such as morpholine, which ulti-
mately gives 3, or protected piperazine (Step d). Homol-
ogation with DMF dimethylacetal gives an enamine
intermediate which can be cyclised with hydrazine in

Cc
—_—
58% 90% 50%

OBn O

cl Cl
BnO d BnO e
—_— —_—
Br 81% N a0%
OBn O OBn O K/NBoc
NBoc R
/7 j gorh HO Nj
2% N \
OBn N‘N OH N~u OH N\N

Scheme 1. Synthesis of 3-(5'-chloro)aryl-4-piperazinyl pyrazoles.
Reagents and conditions: (a) AcOH, BF;-OEt,, 90 °C, 3.5 h; (b) BnBr,
K>COs;, MeCN, reflux, 6 h then rt o/n; (c) PhMesN"Br;~, THF, rt, 2 h;
(d) Boc-piperazine, Cs,CO3;, DMF, rt, 2 h; (¢) i—DMF DMA, reflux,
7 h; ii—hydrazine, EtOH, microwave, 120 °C, 5 min; (f) BCl3, CH,Cl,,
0°C to rt, 1 h; (g RCHO, NaBH(OACc)3;, AcOH, CH,Cl,, rt, 3 h; (h)
RBr, Cs,CO;, DMF, rt, 3 d.

ethanol in one pot, giving the skeleton of the target mol-
ecule. Total deprotection may be accomplished with
boron trichloride in DCM to give 2 in 52% yield. Substi-
tution of the piperazine nitrogen to give 4-9 is accom-
plished via either reductive amination or alkylation.

Synthesis of a variety of lipophilic substituents appended
to the 5’-position of the resorcinol started from 2,4-dihy-
droxy acetophenone (Scheme 2). Di-O-benzyl protection
was followed by selective bromination of the acyl group
with phenyltrimethylammonium tribromide. Further
bromination with N-bromosuccinimide yielded the de-
sired dibromo intermediate which could be elaborated
as described in Scheme 1 to furnish 10. Alkylation of 10
with methylsulfonylbenzyl chloride gave 14. Pd-catalysed
Suzuki coupling to 10 with aryl boronates yielded 12
and Heck coupling with styrene followed by hydrogena-
tion gave 11. Alkyation of these coupled products
proceeded smoothly to give the more complex derivative
14 (Scheme 3).

Exploring the pyrazole 5-position was achieved with a
directed lithiation procedure, quenching with a suitable
electrophile such as ethyl isocyanate to give ethyl amide
17. Primary alcohol 16 was prepared by reduction of an
intermediary tert-butyl ester.

Piperidines 18-20 were prepared as for Scheme 1, substi-
tuting 4-piperidone for N-Boc piperazine in step d. The
resulting ketone was reduced to give alcohol 18 and
reductively aminated with methylsulfonyl benzylamine
and ethylamine to give 19 and 20, respectively.

N-terminal human Hsp90a his-tagged protein was co-
crystallised in complex with compounds 2, 6 and 17 as
previously described.!” Data were collected on all three
co-crystals and the structures subsequently solved by
molecular replacement using the previously solved na-
tive Hsp90ao structure!” (PDB code: 1UY1). All three
co-crystals diffracted in space group 1222 to resolutions
of 1.8, 2.5 and 2.3 A for 2, 6 and 17, respectively. The
previously reported flexible loop region of Hsp90
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Scheme 2. Synthesis of 5’-analogues of 3-aryl,4-piperazinyl pyrazoles. Reagents and conditions: (a) BnBr, K;CO3, MeCN, rt, o/n; (b) PhMe;N*Br; ™,
THF, rt, 2 h; (c) NBS, DMF, rt, o/n; (d) A-Cl, Cs,COj3, DMF, rt, o/n; (e) ArB(OH), or ArCH=CH,, PdCl,[((0-tolyl);P), (2 mol%), 'Pr,NEt, nBuOH,
reflux, 15 h; (f) Hy, 10% Pd/C, EtOAc, rt, 1 h; (g) A-Cl, Et;N, DMF, rt, o/n.

NBoc

cl a
BnO (Nj a BnO
—_—
B 77%

OBn N-NTs

0Bn N-
H

NBoc cl NBoc
(/7 b BnO (/7

N > N
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OBn N-NTs

H
cl (N
c,d HO Nj 15R = Me

—_— 16 R = CH,OH
| N 17 R = CONHEt
OH N-pN
H

Scheme 3. Synthesis of 5-analogues of 3-aryl,4-piperazinyl pyrazoles. Reagents and conditions: (a) TsCl, pyr, CH,Cl,, rt, o/n; (b) i—n-BuLi, THF,
—78°C, 10 min; ii—Mel (R = Me) or ‘BuOCOCI (R = CO,'Bu) or EtNCO (R = CONHELt), warm to rt; (c¢) BCl;, CH,Cl,, 0°C to rt; (d)

(R = CH,OH only) LAH, Et,0, t, 2 h.

(residues 108—114) is in a ‘closed’ conformation® in all of
these structures. The binding mode of the resorcinol and
pyrazole rings is as previously described.!* All quantum-
mechanical calculations were carried out using GA-
MESS.! All molecules in Table 2 were fully minimized,
in vacuo and using the PCM model?° to simulate aque-
ous solution. In both cases, the minimization started
either from the crystallographic structure (anti) or a
rotation of 180° of the amide (syn). The level of calcula-
tion was HF/6-31G(d).

To support the fact that the cellular growth inhibition of
the more active compounds 2, 6, 7 and 13 was through
Hsp90 inhibition, the ability of these compounds to
modulate the Hsp90 specific cellular markers Raf-1
and Hsp70 was determined. All four compounds down-
regulate Raf-1 at doses between 1 and 2 times the cellu-
lar Gl5 level and upregulate Hsp70 (as measured by an
Hsp70 specific ELISA) at 1-times the GIlso (Fig. 5).

o
@ 2 6 7 13
a 1 2 05 1 2 1 1
Raf-1 -“ e — - -— —
Hsp70 44 12 15 20 8
Induction

Figure 5. Western blot showing the depletion of Raf-1 levels and
induction of Hsp70 (as measured by a Hsp70 specific ELISA) in
HCT116 cells following exposure to either 0.5, 1 or 2 times GIs, of 2, 6,
7 or 13 for 48 h.

These results are in agreement with those seen for the
published Hsp90 inhibitors 17-AAG and VER-49009.'!

In summary, we have discovered novel and soluble 4-
amino analogues of the 3-aryl pyrazole series of Hsp90
inhibitors. Crystal structures of the new compounds
bound to the enzyme help to explain the observed
SAR and suggest further compounds which may be of
interest for future studies.

References and notes

1. Jolly, C.; Morimoto, R. 1. J. Natl. Cancer Inst. 2000, 92,
1564.

2. Maloney, A.; Workman, P. Expert Opin. Biol. Ther. 2002,
2, 3.

3. Workman, P. Curr. Cancer Drug Targets 2003, 3, 297.

4. Isaacs, J. S.; Xu, W.; Neckers, L. Cancer Cell 2003, 3, 213.

5. Stebbins, C. E.; Russo, A. A.; Schneider, C.; Rosen, N.;
Hartl, F. U.; Pavletich, N. P. Cell ( Cambridge, MA) 1997,
89, 239.

6. Jez, J. M.; Chen, J. H.; Rastelli, G.; Stroud, R. M.; Santi,
D. V. Chem. Biol. 2003, 10, 361.

7. Banjeri, U.; Judson, I.; Workman, P. Curr. Cancer Drug
Targets 2003, 3, 385.

8. Erlichman, C.; Toft, D.; Reid, J.; Sloan, J.; Atherton, P.;
Adjei, A.; Ames, M.; Croghan, G. Proced. Am. Assoc.
Cancer Res. 2001, 42, 833.

9. Munster, P. N.; Tong, L.; Schwartz, L.; Larson, S.;
Kenneson, K.; De La Cruz, A.; Rosen, N.; Scher, H.
Proced. Am. Soc. Clin. Oncol. 2001, 20, 83a.





2548

10.
11.

12.

13.

14.

15.

16.

X. Barril et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2543-2548

Yanin, Y. L. J. Med. Chem. 2005, 48, 7504.

Tomura, A.; Odanaka, J.; Takashio, K.; Kuramochi, H.
Preparation of pyrazoles as HSp90 inhibitors and their use
as antitumor agents. Jpn Kokai Tokkyo Koho IJP
2005225787, 2005.

Cheung, K.-M.; Matthews, T. P.; James, K.; Rowlands,
M. G.; Boxall, K. J.; Sharp, S. Y.; Maloney, A.; Roe, S.
M.; Prodromou, C.; Pearl, L. H.; Aherne, G. W,
McDonald, E.; Workman, P. Bioorg. Med. Chem. Lett.
2005, 15, 3338.

Dymock, B. W.; Barril, X.; Brough, P. A.; Cansfield, J. E.;
Massey, A.; McDonald, E.; Hubbard, R. E.; Surgenor, A.;
Roughley, S. D.; Webb, P.; Workman, P.; Wright, L.;
Drysdale, M. J. J. Med. Chem. 2005, 48, 4212.

Kreusch, A.; Han, S.; Brinker, A.; Zhou, V.; Choi, H.-a.;
Yun, H.; Lesley, S. A.; Caldwell, J.; Gu, X. J. Bioorg.
Med. Chem. Lett. 2005, 15, 1475.

Howes, R.; Barril, X.; Dymock, B. W.; Grant, K.
Northfield, C. J.; Robertson, A. G.; Surgenor, A.; Wayne,
J.; Wright, L.; James, K.; Matthews, T.; Cheung, J.;
McDonald, E.; Workman, P.; Drysdale, M. J. Anal
Biochem 2006, doi:10.1016/j.ab.2005.12.023.

The values obtained for the ATPase and the FP assay
differ between compounds as they measure different
aspects of compound activities. The ATPase assay mea-
sures a compound’s ability to inhibit ATPase functionality

17.

18.

19.

20.
. Atomic coordinates have been deposited with the Protein

of yeast Hsp90. In comparison, the FP assay measures the
ability of a compound to compete with a small molecule
for binding to human Hsp90. Therefore, some compounds
may compete for binding to Hsp90 with this small
molecule poorly due to their kinetic properties (e.g., fast-
on, fast-off) but may still retain the ability to inhibit the
ATPase activity.

Wright, L.; Barril, X.; Dymock, B.; Sheridan, L.; Surg-
enor, A.; Beswick, M.; Drysdale, M.; Collier, A.; Massey,
A.; Davies, N.; Fink, A.; Fromont, C.; Aherne, W.;
Boxall, K.; Sharp, S.; Workman, P.; Hubbard, R. E.
Chem. Biol. 2004, 11, 775.

Data not shown. Compounds were prepared by alkylation
with Cs,COj; and alkyl halide. Regioisomers were sepa-
rated by preparative HPLC-MS and regiochemistry was
determined by NOE spectroscopy.

Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S.
T.; Gordon, M. S.; Jensen, J. J.; Koseki, S.; Matsunaga,
N.; Nguyen, K. A.; Su, S.; Windus, T. L.; Dupuis, M.;
Montgomery, J. A. J. Comput. Chem. 1999, 14, 1347.
Tomasi, J.; Persico, M. Chem. Rev. 1994, 94, 2027.

Data Bank at Rutgers University (http:/rscb.rutgers.edu/
pdb/index.html). PDB id codes for 2, 6 and 17 co-
crystallised with Hsp90 are 2CCS, 2CCU and 2CCT,
respectively.



http://rscb.rutgers.edu/pdb/index.html

http://rscb.rutgers.edu/pdb/index.html



		4-Amino derivatives of the Hsp90 inhibitor CCT018159

		References and notes






ELSEVIER

Bioorganic &
Medicinal
Chemistry
Letters

Bioorganic & Medicinal Chemistry Letters Vol. 16, No. 9, 2006

Special Section
David W. Robertson Memorial Issue

Guest Editor: Albert Robichaud

Chemical and Screening Sciences, Wyeth Research, Princeton, NJ 08543, USA

Contents

David W. Robertson, In Memoriam

SPECIAL SECTION COMMUNICATIONS

Heteroaromatic side-chain analogs of pregabalin

Robert M. Schelkun, Po-wai Yuen,” David J. Wustrow, Jack Kinsora,
Ti-Zhi Su and Mark G. Vartanian

CO,H CO,H
Ar = furan,
NH,  Ar NH, thiophene

1 2

pp 2327-2328

pp 2329-2332

As part of a program to identify the scope of substituents recognized by the a,-8 protein, a series of heteroaromatic analogs, 2, of
pregabalin, 1, has been identified that possess anticonvulsant activity in the DBA/2 mouse model. The methods of synthesis and

preliminary pharmacology are discussed herein.

Carboxylate bioisosteres of gabapentin

Carmen E. Burgos-Lepley, Lisa R. Thompson, Clare O. Kneen, Simon A. Osborne,
Justin S. Bryans, Thomas Capiris, Nirmala Suman-Chauhan, David J. Dooley,
Cindy M. Donovan, Mark J. Field, Mark G. Vartanian, Jack J. Kinsora,

Susan M. Lotarski, Ayman El-Kattan, Karen Walters, Madhu Cherukury,

Charles P. Taylor, David J. Wustrow and Jacob B. Schwarz” CO.H
2

Ring expansion and acid replacement with tetrazole furnished a NH,
compound with a similar pattern of activity to gabapentin.

Gabapentin 1

pp 2333-2336

— N

14b

2313
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The design and synthesis of human branched-chain amino acid aminotransferase inhibitors pp 2337-2340
for treatment of neurodegenerative diseases

Lain-Yen Hu," Peter A. Boxer, Suzanne R. Kesten, Huangshu J. Lei,

David J. Wustrow, David W. Moreland, Liming Zhang, Kay Ahn, Todd R. Ryder,

Xiaohong Liu, John R. Rubin, Kelly Fahnoe, Richard T. Carroll, Satavisha Dutta,

Douglass C. Fahnoe, Albert W. Probert, Robin L. Roof, Michael F. Rafferty, CF3 0
Catherine R. Kostlan, Jeffrey D. Scholten, Molly Hood, Xiao-Dan Ren, ©i /H\
Gerald P. Schielke, Ti-Zhi Su, Charles P. Taylor, Anil Mistry, Patrick McConnell, //S\\ N -
Charles Hasemann and Jeffrey Ohren " o o cl
The SAR and pharmacological profile of a series of BCATc inhibitors is described.
Synthesis and structure—activity relationships of novel dipeptides and reduced dipeptides pp 2341-2346
as ligands for melanocortin subtype-4 receptor
Qing Shi,* Paul L. Ornstein, Karin Briner, Timothy I. Richardson, Macklin B. Arnold,
Ryan T. Backer, Jennifer L. Buckmaster, Emily J. Canada, Christopher W. Doecke, N-Terminal Residue
Larry W. Hertel, Nick Honigschmidt, Hansen M. Hsiung, Saba Husain, Steve L. Kuklish, Vs
Michael J. Martinelli, Jeffrey T. Mullaney, Thomas P. O’Brien, Matt R. Reinhard, cl
Roger Rothhaar, Jikesh Shah, Zhipei Wu, Chaoyu Xie, o
John M. Zgombick and Matthew J. Fisher O N N

N, H H
The synthesis and SAR studies on the N-terminal residue of the ‘address element’ are reported. [N] %

L

X

Advances toward new antidepressants beyond SSRIs: Part 5 pp 2347-2351

1-Aryloxy-3-piperidinylpropan-2-ols with dual 5-HT, receptor antagonism/SSRI activities
Kumiko Takeuchi,* Todd J. Kohn, Nicholas A. Honigschmidt, Vincent P. Rocco,
Patrick G. Spinazze, Susan K. Hemrick-Luecke, Linda K. Thompson, David C. Evans,
Kurt Rasmussen, Deanna Koger, David Lodge, Laura J. Martin, Janice Shaw,

Penny G. Threlkeld and David T. Wong

A series of 1-aryloxy-3-piperidinylpropan-2-ols possessing potent dual 5-HT;, receptor OH
antagonism and serotonin reuptake inhibition was discovered. 1-(1H-Indol-4-yloxy)-3-(4- 0
benzo[b]thiophen-2-ylpiperidinyl)propan-2-ols exhibited selective and high affinities at the

5-HT;5 receptor and serotonin reuptake site in vitro. In vivo evaluation of this series of /
compounds demonstrated elevated extracellular serotonin levels from the basal and quick
recovery of neuron firing that was presumably suppressed by the initial acute activation of
5-HT; 5 somatodendritic autoreceptors.

Aza-retinoids as novel retinoid X receptor-specific agonists pp 2352-2356

Luc J. Farmer,” Kristen S. Marron, Stacie S. Canan Koch, C. K. Hwang, E Adam Kallel,
Lin Zhi, Alex M. Nadzan, Dave W. Robertson and Youssef L. Bennani*

NM\J\VCOZH

A new structurally simple series of potent lipophilic aza-retinoid RXR agonists has been developed. SAR studies for the N-alkyl-
azadienoic acids described here demonstrate that the RXR activity profile is sensitive to the N-alkyl chain length. Further, we have
expanded the work to include azadienoic acids, which exhibited many accessible conformations leading to a better understanding of
the SAR around the series.
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Synthesis and evaluation of succinoyl-caprolactam y-secretase inhibitors pp 2357-2363

Lorin A. Thompson,” Ann Y. Liauw, Mercy M. Ramanjulu,

Padmaja Kasireddy-Polam, Stephen E. Mercer, Thomas P. Maduskuie,
Marcie Glicksman, Arthur H. Roach, Jere E. Meredith, Rui-Qin Liu,
Andrew P. Combs, Jeffrey N. Higaki, Barbara Cordell, Dietmar Seiffert,
Robert C. Zaczek, David W. Robertson and Richard E. Olson

- N\ XK

The synthesis, evaluation, and structure—activity relationships of a series of succinoyl lactam inhibitors of the Alzheimer’s disease
y-secretase are described.

REGULAR COMMUNICATIONS

RNA specific molecules: Cytotoxic plant alkaloid palmatine binds strongly to poly(A) pp 2364-2368
Prabal Giri, Maidul Hossain and Gopinatha Suresh Kumar*

OCH;Z

OCH;
O + helical poly(A) ~—%  palmatine- poly(A)
N partial intercalative

HiCO A complex

OCH,

Palmatine, the plant alkaloid, binds strongly to single stranded (ss) poly(A) by mechanism of partial intercalation, leading to its
usefulness in inhibition of gene expression in eukaryotic cells.

Cespitulactones A and B, new diterpenoids from Cespitularia taeniata pp 2369-2372
Ya-Ching Shen,” Ching-Jen Ho, Yao-Haur Kuo and Yun-Sheng Lin

Two new diterpenoids, designated cespitulactones A (1) and B, were isolated from Cespitularia taeniata collected in Taiwan.

Synthesis of phospholipase A, inhibitory biflavonoids pp 2373-2375
Jianjun Chen, Hyeun Wook Chang,” Hyun Pyo Kim and Haeil Park™

A series of C—C biflavones was designed to investigate the relationship between structural array
of a different flavone—flavone subunit linkage and the inhibitory activity against phospholipase
A, (PLA2). Among six classes of C-C biflavones designed, four classes of C-C biflavones,
which have flavone—flavone subunit linkages at A ring—A ring, A ring-B ring, B ring-B ring,
and B ring—C ring, were synthesized. The synthetic biflavones exhibited somewhat different
inhibitory activities against sSPLA,-IIA. Among them, the biflavone a having a C-C 4'-4’
linkage showed comparable inhibitory activity with that of the natural biflavonoid, o a ICs=3uM
ochnaflavone, and 7-fold stronger activity than that of amentoflavone. Further chemical

modification is being carried out in order to obtain the chemically optimized biflavonoids.
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Hispidin analogs from the mushroom Inonotus xeranticus and their free radical scavenging activity pp 2376-2379
In-Kyoung Lee and Bong-Sik Yun®

Three new free radical scavengers (1, 2, and 4) were isolated from the methanolic extract of the fruiting bodies of Inonotus xeranticus
(Hymenochaetaceae), along with the known compound davallialactone (3). Their structures were established as hispidin analogs by
extensive NMR spectral data. Compounds 3 and 4 displayed significant scavenging activity against the superoxide radical anion,
ABTS radical cation, and DPPH radical, while 1 and 2 exhibited potent antioxidant effect only against ABTS radical cation.

Design and synthesis of potent f-secretase (BACE1) inhibitors with P| carboxylic acid bioisosteres pp 2380-2386

Tooru Kimura, Yoshio Hamada, Monika Stochaj, Hayato Ikari, Ayaka Nagamine,
Hamdy Abdel-Rahman, Naoto Igawa, Koushi Hidaka, Jeffrey-Tri Nguyen,
Kazuki Saito, Yoshio Hayashi and Yoshiaki Kiso*
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Bradykinin antagonists modified with dipeptide mimetic p-turn inducers pp 2387-2390

Maria C. Alcaro, Valerio Vinci, Anna M. D’Ursi, Mario Scrima,
Mario Chelli, Sandro Giuliani, Stefania Meini, Marcello Di Giacomo,
Lino Colombo and Anna Maria Papini*

Ph
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A
TUNAGT OHgp? OThS N N
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A structure-activity relationship study of Icatibant analogues modified with dipeptide mimetic B-turn inducers is +
reported. @

Synthesis and antibacterial activity of novel oxazolidinones bearing N-hydroxyacetamidine substituent pp 2391-2395

Mohamed Takhi,* C. Murugan, M. Munikumar, K. M. Bhaskarreddy, Gurpreet Singh,
K. Sreenivas, M. Sitaramkumar, N. Selvakumar, J. Das, Sanjay Trehan and Javed Iqbal

F 3\
HoN / \ 0

z NN/\N N‘@N%R R = N or O linkage
HO™ (H)F

The synthesis of oxazolidinones possessing N-hydroxyacetamidine group on piperazine scaffold and their in vitro antibacterial
activity profile are disclosed herein.
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Anti-Plasmodium activity of imidazole—dioxolane compounds

Jason Z. Vlahakis, Robert T. Kinobe, Kanji Nakatsu, Walter A. Szarek™ and Ian E. Crandall”*

R

pp 2396-2406

A series of imidazole-dioxolane compounds were assayed for inhibitory activity in Plasmodium falciparum cultures.

Rapid high-throughput detection of peroxide with an acridinium-9-carboxamide:
A homogeneous chemiluminescent assay for plasma choline

Maciej Adamczyk,” R. Jeffrey Brashear and Phillip G. Mattingly
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pp 2407-2410

Discovery and SAR of 2-amino-5-[(thiomethyl)aryl|thiazoles as potent and selective Itk inhibitors

Jagabandhu Das,” Chunjian Liu,” Robert V. Moquin, James Lin, Joseph A. Furch,
Steven H. Spergel, Kim W. Mclntyre, David J. Shuster, Kathleen D. O’Day,
Becky Penhallow, Chen-Yi Hung, Steven B. Kanner, Tai-An Lin, John H. Dodd,

Joel C. Barrish and John Wityak
4/
/\N Me

Me
Me

Itk 1cin 96 1M
Jurkat IL-2 Iy = 700 nM

pp 2411-2415

A series of structurally novel aminothiazole based small molecule inhibitors of Itk were prepared to elucidate their structure—activity
relationships (SARs), selectivity, and cell activity in inhibiting IL-2 secretion in a Jurkat T-cell assay. Compound 2 is identified as a

potent and selective Itk inhibitor which inhibits anti-TCR antibody induced IL-2 production in mice in vivo.

N®-Ethyl-2-alkynyl NECAs, selective human A3 adenosine receptor agonists
Ran Zhu, Cynthia R. Frazier, Joel Linden and Timothy L. Macdonald*

OMe
OH OH

ZR1121

pp 2416-2418

A new adenosine analogue ZR1121 is reported. Compared with currently widely used hA; agonists IB MECA and CI-IB MECA,

this compound has similar activity and about 100 times higher hAs/hA; selectivity.






2318 Contents | Bioorg. Med. Chem. Lett. 16 (2006) 2313-2326

Alkynyl pyrimidines as dual EGFR/ErbB2 kinase inhibitors pp 2419-2422
Alex G. Waterson,” Kirk L. Stevens, Michael J. Reno, Yue-Mei Zhang,

Eric E. Boros, Frederic Bouvier, Abdullah Rastagar, David E. Uehling,

Scott H. Dickerson, Bryan Reep, Octerloney B. McDonald, Edgar R. Wood,

David W. Rusnak, Krystal J. Alligood and Sharon K. Rudolph

Anilinoalkynylpyrimidines were prepared and evaluated as dual EGFR/ErbB2 kinase /©\/o

inhibitors. A preference was found for substituted phenyl and heteroaromatic rings attached F J@\

to the alkyne. In addition, the presence of a potential hydrogen bond donor appended to this al NH R
ring was favored. Selected molecules in the series demonstrated some activity against human 4
tumor cell lines. N|)j/
Identification of cytotoxic, T-cell-selective 1,4-benzodiazepine-2,5-diones pp 2423-2427

Tasha M. Francis, Thomas B. Sundberg, Joanne Cleary, Todd Groendyke,
Anthony W. Opipari, Jr. and Gary D. Glick™

R
e N
ZNH )
Cl i—@
A 1,4-benzodiazepine-2,5-dione (BZD) library was evaluated for lymphotoxic members. When the C3 substituent @+
contains an electron-rich heterocycle, the resulting BZDs have sub-micromolar potency and are selective for T-cells.

Synthesis of lipopolyhydroxylalkyleneamines for gene delivery pp 2428-2432
Qun Li, Guisheng Zhang, Joie Marhefka, Marina V. Kameneva and Dexi Liu*

R! Fu‘1
“ NN
I R2
OH OH R? n

R',R”=Hor CHj;
R = Methyl, Hexyl, Octadecyl, Dodecyl, 4-Dodecylphenyl
n=>5-10

A series of new lipopolyhydroxylalkyleneamines was synthesized and their activity in gene delivery was characterized.

Synthesis of a bis-azido analogue of acromelic acid for radioisotope-free photoaffinity labeling pp 2433-2436
and biochemical studies

Pi Sun, Guang Xing Wang,* Kyoji Furuta and Masaaki Suzuki
Detecting group by anchoring
of a detectable tag through

taudinger”CBertozzi ti
Photoaffinity Staudinger"CBertozzi reactiol
binding group \ : i\Na
3

Q. SSCOOH

'COOH

A novel bis-azido-containing acromelic acid analogue with the aromatic N3 acting as a photoaffinity group and the alkyl N5 group

acting as a detecting group was designed and synthesized as a potential radioisotope-free biochemical probe for studies on kainoid
receptors.
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o-Methylated derivatives of 2-arachidonoyl glycerol: Synthesis, pp 2437-2440
CBI receptor activity, and enzymatic stability

Teija Parkkari,” Mikko Myllyméki, Juha R. Savinainen, Susanna M. Saario,
Joel A. Castillo-Meléndez, Jarmo T. Laitinen, Tapio Nevalainen,

Ari M.P. Koskinen and Tomi Jidrvinen
o
. I R
o
CX}OY .

1a R=(R)-methyl, R=R"=OH

1b R=(S)-methyl, R=R"=OH

2a R=(R)-methyl, R'=OH, R"=F
R'=F

2b R=(S)-methyl, R'=0
3a R=(R)-methyl, R'=R'
3b R=(S)-methyl, R'=R"

In vitro antioxidant activity of acetylated and benzoylated derivatives of polysaccharide extracted pp 2441-2445

from Ulva pertusa (Chlorophyta)
Huimin Qi, Quanbin Zhang,” Tingting Zhao, Rugui Hu, Kun Zhang and Zhien Li

HO! . HO )
OH bsos 1 o L HOSC OH 0505 Ly )
G R

I

Acetylated and benzoylated ulvans were prepared and their in vitro antioxidant activities were determined.

pp 2446-2449

Taxoid from the needles of the Himalayan yew Taxus

wallichiana with cytotoxic and immunomodulatory activities

Sunil K. Chattopadhyay,” Anirban Pal, Prakas R. Maulik, Tanpreet Kaur,

Ankur Garg and Suman Preet S. Khanuja on
(]

From the needles of Taxus wallichiana, a taxoid was isolated, characterized and
its cytotoxic and immunomodulatory activities were evaluated.

Preparation and in vitro photodynamic activities of novel axially substituted silicon (IV) pp 2450-2453
phthalocyanines and their bovine serum albumin conjugates \
Xiong-Jie Jiang, Jian-Dong Huang,” Yu-Jiao Zhu, Fen-Xiang Tang, (\N/C§o
Dennis K. P. Ng and Jian-Cheng Sun \nf;\)
The new silicon (IV) phthalocyanine 2 was found to be essentially non-aggregated and strongly —_—N /?
fluorescent in water. The compound and its non-covalent bovine serum albumin conjugate N\ N\S",N\ N
(2-BSA) exhibited extremely high photodynamic activities toward B16 melanoma cancer ; N’yl:N “
cell line with ICs, values down to 33 and 38 nM, respectively. /N
(o]
- 53
(N~
o NV 2
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Synthesis and antitumor activity of icogenin and its analogue pp 2454-2458
Shujie Hou, Peng Xu, Liang Zhou, Dequan Yu and Pingsheng Lei*

OMe
OH

RO

Icogenin: R = a-L-rhamnopyranosyl-(1 — 2)-[ B-p-glucopyranosyl(l — 3)]-B-p-glucopyranosyl (1). The designed analogue of
icogenin: R = a-L-rhamnopyranosyl-(1 — 2)-[B-p-glucopyranosyl(l — 3)]-a-D-glucopyranosyl (2).

Radanamycin, a macrocyclic chimera of radicicol and geldanamycin pp 2459-2462
Mingwen Wang, Gang Shen and Brian S. J. Blagg”

OH Q
OMe
HN OMe
O
HO f—— +
O
Cl .
° ?
HO OH
OWNHZ
Radanamycin Radicicol o Geldanamycin

A chimera of radicicol and geldanamycin has been prepared and evaluated against MCF-7 breast cancer cells.

A practical and green approach towards synthesis of dihydropyrimidinones: pp 2463-2466
Using heteropoly acids as efficient catalysts

Ezzat Rafiee* and Hadi Jafari

o X

o 0 h HPA
PO NNEREE J\ . NH
- H,N” NH, CH,CN, 80°C, 1h | /k

N
Me H X

One-pot synthesis of dihydropyrimidones catalyzed by heteropoly acids as efficient, inexpensive, easily available and
environmentally friendly catalysts. High to excellent yields, short reaction times and compatibility with various functional groups
are features of this new procedure.

Structure-activity relationship of thiopyrimidines as mGluRS antagonists pp 2467-2469

Lance G. Hammerland, Martin Johansson, Jonas Malmstréom, Jan P. Mattsson,
Alexander B. E. Minidis,” Karolina Nilsson, Alecia Peterson, David Wensbo,
Andreas Willberg* and Krister Osterlund

Structure-activity relationship investigation of thiopyrimidines as mGluRS5 antagonists.
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Caged gene-inducer spatially and temporally controls gene expression and plant development in pp 2470-2474
transgenic Arabidopsis plant

Ken-ichiro Hayashi,” Kazuya Hashimoto, Naoyuki Kusaka, Atsushi Yamazoe,
Hidehiro Fukaki, Masao Tasaka and Hiroshi Nozaki*

HO

Two caged steroids were synthesized as caged gene-inducers and applied to transgenic plants harboring steroid-inducible gene
activation systems. Light could control the spatial and temporal expression of transgene and plant development.

Substrate specificity of strictosidine synthase pp 2475-2478
Elizabeth McCoy, M. Carmen Galan and Sarah E. O’Connor*

0@ 3

i | —

\ NH, A
Strictosidine A\

R " Synthase N X

% R' <o
NH¢ Strictosidine /' OH
( .O’G‘C’Gh{ccﬁdase 7 ’{\_N: g\
o ) "
f2 e )

The substrate requirements for strictosidine synthase are systematically and quantitatively examined and the ®+
enzymatically generated compounds are processed by the second enzyme in this natural product biosynthetic pathway.

Synthesis and SAR studies of very potent imidazopyridine antiprotozoal agents pp 2479-2483
Tesfaye Biftu,” Dennis Feng, Michael Fisher, Gui-Bai Liang, Xiaoxia Qian,
Andrew Scribner, Richard Dennis, Shuliang Lee, Paul A. Liberator, Chris Brown,

Anne Gurnett, Penny S. Leavitt, Donald Thompson, John Mathew, Andrew Misura, ﬁz

Samantha Samaras, Tamas Tamas, Joseph F. Sina, Kathleen A. McNulty, NZ IN — N—
Crystal G. McKnight, Dennis M. Schmatz and Matthew Wyvratt = | NQ/G
Compounds 10a (ICsq 110 pM) and 21 (ICsy 40 pM) are the most potent inhibitors of Eimeria N

tenella cGMP-dependent protein kinase activity reported to date and are efficacious in the in F

vivo antiparasitic assay when administered to chickens at 12.5 and 6.25 ppm levels in the feed. 21

However, both compounds are positive in the Ames microbial mutagenesis assay which
precludes them from further development as antiprotozoal agents in the absence of negative
lifetime rodent carcinogenicity studies.

Studies on synthesis and evaluation of quantitative structure—activity relationship of 10-methyl-6-oxo-  pp 2484-2491
5-arylazo-6,7-dihydro-5 H-[1,3]azaphospholo[1,5-d][1,4]benzodiazepin-2-phospha-3-ethoxycarbonyl-1-

phosphorus dichlorides

Ashok Kumar,* Pratibha Sharma, V. K. Gurram and Nilesh Rane

A series of [1,3]Jazaphospholo [1,5-d][1,4] benzodiazepin-3-ethoxycarbonyl-1-phos-
phorus dichlorides have been synthesized. Their chemical structures are confirmed
by spectral and elemental analysis data. These synthesized compounds are subjected
to antimicrobial activity using ampicillin and clotrimazole as reference antibiotic
drugs. Quantitative structure-activity relationship (QSAR) investigations are \o—ta
applied to find the correlation between evaluated biological activities and f C/>3_cooc2|-|5
physicochemical descriptors. Significant correlations are obtained between biologi-
cal activity and the polarizability parameter (MR) of the compounds studied.

14 15 Rl

16
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Investigation of the mechanism of action of 3-(4-bromophenyl)-5-acyloxymethyl-2,5- pp 2492-2495
dihydrofuran-2-one against Candida albicans by flow cytometry

Luis A. Vale-Silva,” Vladimir Buchta, Doris Vokurkova and Milan Pour
Br.

Preliminary investigations on the mechanism of action of 3-(4-bromophenyl)-5-acyloxymethyl- (o]

2,5-dihydrofuran-2-one against Candida albicans by flow cytometry, using PI, DiBAC, (3), and o

FUN-1, and determination of the kinetics of growth inhibition are reported. | 9 J\
(0]

Three-dimensional solution structure of EM703 with potent promoting

activity of monocyte-to-macrophage differentiation

Hiroaki Gouda,” Toshiaki Sunazuka, Kiminari Yoshida, Akihiro Sugawara,
Yusuke Sakoh, Satoshi mura and Shuichi Hirono

pp 2496-2499

‘\\OH
The three-dimensional structural features of EM703, which might be important
for its potent promoting activity of monocyte-to-macrophage differentiation, hc "
"
are reported. *
Chy
O—CH,
ch\\"‘ g
O,
OH
Ketopiperazine-based renin inhibitors: Optimization of the “C” ring pp 2500-2504

Daniel D. Holsworth,” Cuiman Cai, Xue-Min Cheng, Wayne L. Cody, Dennis M. Downing,
Noe Erasga, Chitase Lee, Noel A. Powell, Jeremy J. Edmunds, Michael Stier, Mehran Jalaie,
Erli Zhang, Pat McConnell, Michael J. Ryan, John Bryant, Tingsheng Li, Aparna Kasani, Eric Hall,

Rajendra Subedi, Mohammad Rahim and Samarendra Maiti 1 \
NH (o]

A series of ketopiperazine-based renin inhibitors designed to interact ): ). S
in the S; sub-pocket of the renin protein were evaluated for renin oy '/°\©/\CJ LN] ,/s

XNJ ,/o@ v

inhibitory activity. The investigation revealed that linear and
sterically small side chain substituents are preferred in the S; sub- O\/\/O\/@
pocket for optimal renin inhibition. Polar groups in the S3 sub-pocket OM OMe
were not well tolerated and caused a reduction in renin inhibitory 1 1 14
activity. Further, compounds with clogP’s 3 demonstrated a Renin (Gso: 029 Renin (G 0-18 1M Henin (Gsg: 364 1M

; X . o . CYP3A4 (BFC) ICs;: 82 nM CYP3A4 (BFC) ICsq: 14 1M CYP3A4 (BFC) ICso: 25,000 nM
dramatic reduction in CYP3A4 inhibitory activity. cLogP: 5.47 clogP:5.34 clogP:2.06
Identification of potent phenyl imidazoles as opioid receptor agonists pp 2505-2508

Henry J. Breslin,” Chaozhong Cai, Tamara A. Miskowski, Santosh V. Coutinho,

Sui-Po Zhang, Pamela Hornby and Wei He
%o e

NH
X 2

%«—“ 4x R=CHg R'=H; A=Ph, X=CONH,

Initial SAR 4y R=CHg R'=H; A= ---, X=CONH,
Explorations
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The spermicidal and antitrichomonas activities of SSRI antidepressants pp 2509-2512

V. S. Kiran Kumar S. T., Vishnu Lal Sharma,” Pratibha Tiwari, Divya Singh,
Jagdamba Prasad Maikhuri, Gopal Gupta and Man Mohan Singh

The study investigated spermicidal and antitrichomonas activities of selective serotonin CHg
reuptake inhibitor (SSRI) antidepressants with a view to generate new lead for development of NH
dual-function spermicidal microbicides, which is an urgent global need. Fluoxetine-HCl (1) was

found to be most promising among the SSRIs studied.

o]
jol
FsC
Development of siRNA for therapeutics: Efficient synthesis of pp 2513-2517

phosphorothioate RNA utilizing phenylacetyl disulfide (PADS)
Vasulinga T. Ravikumar,” Mark Andrade, Recaldo L. Carty, Amy Dan and Steve Barone

DMTO. DMTO. B o.
Base o 2= Base
Deprotection
o omeoms ___ PADS oreoms _oeeeeon b b
%*OCHz(:HzCN CHgCN /Pyridine S=P—OCHCHCN 'S—F}):O
] O. o.
ase Base Base
o o 0
Q  Oteous O OTBDMS & S

e whe ke

Efficient synthesis of phosphorothioate RNA (PS-RNA) is demonstrated by using phenylacetyl disulfide (PADS) in a mixture of
pyridine and acetonitrile (1:1, v/v) for 3 min. Sulfurization is achieved with >99.8% stepwise efficiency. This reagent also performs
well during synthesis of RNA containing PS:PO mixed backbone.

Synthesis of fluorescent derivatives of wortmannin and pp 2518-2521
demethoxyviridin as probes for phosphatidylinositol 3-kinase

José-Luis Giner,” Karen A Kehbein, James A. Cook, Michele C. Smith,
Chris J. Vlahos and John A. Badwey

Antibacterial activity of (—)-deoxypseudophrynaminol versus its racemate and derivatives pp 2522-2524
Andrew V. Dix, Carly M. Meseck, Adam J. Lowe and Miguel O. Mitchell*

O

(-)-(3aS,8aS)-Deoxypseudophrynaminol (R' = CH;, R? = H) has 43-fold greater antibacterial potency than the
racemate at 40 pg/mL against Staphylococcus aureus. When R' = CO,CH; and R? = prenyl, there is no antibacterial ®+
activity, but there is weak antibacterial activity when R' = CH; and R? = prenyl.
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The synthesis of highly potent, selective, and water-soluble agonists at the human adenosine Aj receptor pp 2525-2527
Michael P. DeNinno,” Hiroko Masamune, Lois K. Chenard, Kenneth J. DiRico, Cynthia Eller,

John B. Etienne, Jeanene E. Tickner, Scott P. Kennedy, Delvin R. Knight, Jimmy Kong,
Joseph J. Oleynek, W. Ross Tracey and Roger J. Hill

NH
o) N
o)
HN
N D
N
o) ¢ IL) cl
Me N N/
H
HN  OH

®+

Substituted coumarins as potent 5-lipoxygenase inhibitors

Erich L. Grimm,” Christine Brideau, Nathalie Chauret, Chi-Chung Chan, Daniel Delorme,
Yves Ducharme, Diane Ethier, Jean-Pierre Falgueyret, Richard W. Friesen, Jocelyne Guay,
Pierre Hamel, Denis Riendeau, Chantal Soucy-Breau, Philip Tagari and Yves Girard

A novel series of substituted coumarin derivatives has been synthesized. SAR studies in this
series led to the identification of inhibitor 1.

pp 2528-2531

Design and synthesis of 2,3,4,9-tetrahydro-1H-carbazole and 1,2,3,4-tetrahydro-cyclopenta[blindole pp 2532-2534
derivatives as non-nucleoside inhibitors of hepatitis C virus NS5B RNA-dependent RNA polymerase

Ariamala Gopalsamy,” Mengxiao Shi, Gregory Ciszewski, Kaapjoo Park,
John W. Ellingboe, Mark Orlowski, Boris Feld and Anita Y. M. Howe

ol
N CooH

Iz

Cl

A novel class of HCV NS5B RNA dependent RNA polymerase inhibitors containing 2,3,4,9-tetrahydro-1H-carbazole and 1,2,3,4-

tetrahydro-cyclopenta[b]indole scaffolds and their structure—activity relationship are described.

Low molecular weight indole fragments as IMPDH inhibitors

Rebekah E. Beevers, George M. Buckley, Natasha Davies, Joanne L. Fraser,
Francis C. Galvin, Duncan R. Hannah,” Alan F. Haughan, Kerry Jenkins,
Stephen R. Mack, William R. Pitt, Andrew J. Ratcliffe, Marianna D. Richard,
Verity Sabin, Andrew Sharpe and Sophie C. Williams

The study of non-oxazole containing indole fragments as inhibitors of inosine monophosphate

dehydrogenase (IMPDH) is described. The synthesis and in vitro inhibitory values for IMPDH \

IT are discussed.

IZ NN\

pp 2535-2538

5, IMPDHII ICy, 1.15 uM
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Novel indole inhibitors of IMPDH from fragments: Synthesis and initial structure-activity relationships pp 2539-2542
Rebekah E. Beevers, George M. Buckley, Natasha Davies, Joanne L. Fraser, Francis C. Galvin,

Duncan R. Hannah,* Alan F. Haughan, Kerry Jenkins, Stephen R. Mack, William R. Pitt,

Andrew J. Ratcliffe, Marianna D. Richard, Verity Sabin, Andrew Sharpe and Sophie C. Williams

N=

W
J o)
N N)LNM Ph
th N (Me)

22, IMPDHII ICy, 84 nM

The elaboration of previously reported indole fragments as inhibitors of inosine monophosphate dehydrogenase (IMPDH) is
described. The synthesis, in vitro inhibitory values for IMPDH II, PBMC proliferation and physicochemical properties are
discussed.

4-Amino derivatives of the Hsp90 inhibitor CCT018159 pp 2543-2548

Xavier Barril, Mandy C. Beswick, Adam Collier, Martin J. Drysdale,”
Brian W. Dymock, Alexandra Fink, Kate Grant, Robert Howes, Allan M. Jordan,
Andrew Massey, Allan Surgenor, Joanne Wayne, Paul Workman and Lisa Wright

Novel piperazinyl, morpholino and piperidyl derivatives of the pyrazole-based Hsp90 inhibitor R
CCTO018159 have been prepared and the observed SAR explained by X-ray co-crystallography R' (x
with Human Hsp90. The most potent of the new compounds has an ICsg of less than 600 nM HO N )
against the enzyme and demonstrates low micromolar inhibition of tumour cell proliferation.

N Rr®

OH NI\N

H

Dipeptide nitrile inhibitors of cathepsin K pp 2549-2554

Eva Altmann,” Reiner Aichholz, Claudia Betschart, Thomas Buhl, Jonathan Green,
René Lattmann and Martin Missbach

A series of dipeptidyl nitriles as inhibitors of cathepsin K have been explored starting from lead structure 1 (Cbz-Leu-NH-CH,—
CN, ICso = 39 nM). Attachment of non-natural amino acid side chains in P1 and modification of the P3 subunit led to inhibitors
with higher potency and improved pharmacokinetic properties.

(R)-Sila-venlafaxine: A selective noradrenaline reuptake inhibitor for the treatment of emesis pp 2555-2558

Graham A. Showell,” Matthew J. Barnes, Jiirgen O. Daiss, John S. Mills,
John G. Montana, Reinhold Tacke and Julie B. H. Warneck

NM92

+
The in vitro profile and in vivo anti-emetic activity of the selective noradrenaline reuptake inhibitor (R)-2 are reported. @
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Design and synthesis of potent pB-secretase (BACE1) inhibitors
with P," carboxylic acid bioisosteres

Tooru Kimura,” Yoshio Hamada,* Monika Stochaj,” Hayato Ikari," Ayaka Nagamine,®
Hamdy Abdel-Rahman,* Naoto Igawa,” Koushi Hidaka,* Jeffrey-Tri Nguyen,*
Kazuki Saito,® Yoshio Hayashi* and Yoshiaki Kiso™*

2Department of Medicinal Chemistry, Center for Frontier Research in Medicinal Science and 21st Century COE Program,
Kyoto Pharmaceutical University, Yamashina-ku, Kyoto 607-8412, Japan
bLaboraz‘ory of Proteomic Sciences, 21st Century COE Program, Kyoto Pharmaceutical University,
Yamashina-ku, Kyoto 607-8412, Japan
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Abstract—Recently, we reported potent and small-sized B-secretase (BACEL) inhibitors KMI-420 and KMI-429 in which we
replaced the Glu residue at the P4 position of KMI-260 and KMI-360, respectively, with a 1 H-tetrazole-5-carbonyl DAP (L-a,B-dia-
minopropionic acid) residue. At the P," position, these compounds contain one or two carboxylic acid groups, which are unfavor-
able for crossing the blood-brain barrier. Herein, we report BACEI1 inhibitors with P;" carboxylic acid bioisosteres in order to
develop practical anti-Alzheimer’s disease drugs. Among them, tetrazole ring-containing compounds, KMI-570 (ICso = 4.8 nM)
and KMI-684 (ICso = 1.2 nM), exhibited significantly potent BACEI inhibitory activities.

© 2006 Elsevier Ltd. All rights reserved.

Proteolytic processing of amyloid precursor protein
(APP)!? leads to the formation of amyloid B peptide
(AP), which is the main component of senile plaques
found in the brains of Alzheimer’s disease (AD) patients.>
According to the amyloid hypothesis,* BACEI (B-site
APP cleaving enzyme, B-secretase) is considered as a
molecular target for therapeutic intervention in AD,>®
because BACEI triggers AP formation by cleaving at
the N-terminus of the AP domain.”"'> Recently, we
reported potent and small-sized BACEI inhibitors,
KMI-420 (3) and KMI-429 (4),'3 that contained phenyl-
norstatine [Pns: (2R,3S)-3-amino-2-hydroxy-4-phen-
ylbutyric acid] as a substrate transition-state mimic.'*!3
From KMI-260 (1) and KMI-360 (2),'¢ KMI-420 and
KMI-429 were designed with a tetrazole ring as a carbox-
ylic acid bioisostere!” at the P4 position (Fig. 1). Accord-
ing to structure-activity relationship (SAR) studies of
KMI-compounds, we found that the acidic moieties at
the P, and P,’ positions were important for improving

Keywords:  Alzheimer’s disease; BACEL inhibitor; p-Secretase;
Bioisostere.
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9900; e-mail: kiso@mb.kyoto-phu.ac.jp
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BACEI] inhibitory activity. However, acidic moieties,
such as carboxylic groups, often possess low membrane
permeability across the blood-brain barrier. Herein, we
replaced one or two carboxylic acid groups at the P, posi-
tion of KMI-compounds with some carboxylic acid bio-
isosteres in order to develop practical anti-AD drugs.
Naka and co-workers reported some bioisosteres of a tet-
razole ring and their applications in angiotensin II recep-
tor antagonists.'® Using tetrazole rings or acidic
heterocycles as carboxylic acid bioisosteres at the P, po-
sition of KMI-420 and KMI-429, we designed and synthe-
sized novel potent BACEI inhibitors, KMI-570 (24) and
KMI-684 (25), that do not possess carboxylic acid.

The synthesis of aniline derivatives 6, 8-10, 12, and 13,
which correspond to residues at the P’ position of
KMI-compounds, is shown in Scheme 1. 3,5-Bis(1 H-tet-
razol-5-yl)-aniline 6a was synthesized from nitrile 5a by
cyclization using sodium azide and subsequent reduc-
tion using tin in hydrochloric acid. Aniline derivatives
8-10 were synthesized from amidoxime 7, which was
prepared by addition of hydroxylamine to the corre-
sponding nitrile 5b, according to Naka’s method.'®
Compounds 12 and 13 were synthesized from benzoate
11 by cyclization using carbon disulfide!® and methyl
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Figure 1. Structure of BACEI inhibitors containing 3-aminobenzoic
acid derivatives at the P,’ position.

isothiocyanate,?” respectively, and subsequent deprotec-
tion. BACEI inhibitors 18-22, 26, and 27 were synthe-
sized by traditional solution-phase peptide methods

5a R=NO,, X=CN
5b R =Boc-NH, X =H

5b
i ¢
Boc-N : T/N‘OH
H

NH,
7

2381

(Scheme 2) from aniline derivatives 8-10, 12, and 13,
respectively. Peptidic bonds were formed by 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide-HC1 (EDC-HCI)
in the presence of 1-hydroxybenzotriazole (HOBt) as
coupling reagents. Protection groups Boc and Fmoc
(9-fluorenylmethoxycarbonyl) were removed using 4 M
HCl in dioxane and 20% diethylamine in DMF, respec-
tively. The final Boc deprotection was performed with
4 M HCI in dioxane and anisole. Subsequent purifica-
tion by preparative RP-HPLC afforded the desired
inhibitors 18-22, 26, and 27.

N
\

N,

N~ COOH ab
Boc—DAP(Fmoc)—OH

(KMI-696)

a,c

Boc—Val—OH

a,b

Boc—Leu—OH

a,b

Boc—Pns—OH ab

8

Scheme 2. Reagents: (a) EDC-HCI, HOBt, DMF; (b) anisole, 4 M
HCl/dioxane; (c) 20% Et,NH/DMF.

NN

6a NN
d,e,f N
> H2N = \O
HN
M Oy
N
H2N = \S

N
CHs ﬂs
13

Scheme 1. Reagents and conditions: (a) NaN3, n-BuOH-AcOH, reflux; (b) Sn, concd HCI; (¢) NH,OH-HCI, Et;N, DMSO, 75 °C; (d) pyridine,
2-ethylhexyl chloroformate, THF, 0 °C; (e) xylene, reflux; (f) anisole, 4 M HCl/dioxane; (g) TCDI, THF; (h) BF;-OEt,, THF; (i) TCDI, DBU,
MeCN; (j) NH,NH,-H,0, EtOH, reflux; (k) CS,, KOH, EtOH; (1) MeNCS, THF.
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BACE]1 inhibitors 14, 16, 17, and 23-25 were synthe-
sized by Fmoc-based solid-phase peptide synthesis
methods using previously reported procedures.!3* As
an example, the synthesis of inhibitors 14, 24 and 25 is
outlined in Scheme 3. Namely, N-Fmoc-3-aminobenzoic
acid was attached to the deprotected Rink amide resin
using diisopropylcarbodiimide (DIPCDI) in DMF. N-
Fmoc-protected compounds, which were obtained from
tetrazole derivatives (6a and 6b) by treatment with
Fmoc-OSu [N-(9-fluorenylmethyloxycarbonyl)succini-
mide] in THF-water, were attached to 2-chlorotrityl
chloride resin using diisopropylethylamine (DIPEA) in
dichloromethane (DCM). The Fmoc group was
removed with 20% piperidine in DMF and peptide
bonds were formed using DIPCDI in the presence of
HOBLt as coupling reagents. After elongation of the pep-
tide chain, cleavage from the resin was achieved using
trifluoroacetic acid (TFA) in the presence of m-cresol
and thioanisole. The crude peptide was purified by pre-
parative RP-HPLC. BACE] inhibitor 15 was synthe-
sized from compound 18 by catalytic hydrogenation
(Scheme 4) and purified by preparative RP-HPLC.

Fmoc—” : COOH

To evaluate carboxylic acid bioisosteres on BACE]1 inhi-
bition, we selected inhibitor 1 (KMI-260), containing a
Glu residue at the P4 position, as the reference com-
pound and replaced its carboxylic acid functional group
at the P, position with different moieties. The inhibitory
activity against BACE1 for the compounds 14-22 is
summarized in Table 1. In inhibitors 14 and 15, the car-
boxamide and amidine functional groups, similar in size
to that of a carboxylic acid, induced low BACE]1 inhib-
itory activities, suggesting that the acidic property of the
P/’ side chain is essential for improving BACEI inhibito-
ry activity. On the other hand, inhibitors 16-21, which
contained one or two tetrazole rings, or acidic heterocy-
cles (5-ox0-1,2,4-oxadiazole, 5-ox0-1,2,4-thiadiazole,
and 2-thioxo-1,3,4-oxadiazole)!®!° at P, position,
respectively, showed significantly higher BACEI inhibi-
tory activities than their lead compound 1. This finding
supported the fact that acidic heterocycles'® act as bio-
isosteres of carboxylic acid, as well as tetrazole ring.
However inhibitor 22, which contained N-methyl
heterocycle (4-methyl-3-thioxo-1,2,4-triazole)?®® at P’
position, possessed low BACEI] inhibitory activity,

H
. N% )
Fmoc—H

o]
(b,c) x4 “Q
EEEE—— Fmoc—GIu(OtBu)—VaI—Leuans~H
o]
b,d
> 14 (KMI-409) < O = Rink Amide resin )
X X
HoN N, — e oot N,
2 N N i ,Nv
N=N N=N
N-
6aX= — /EH
=
6b X =H X
(b,c) x 4 N
— Boc-DAP(Fmoc)-Val-Leu-Pns—N = \NU
N:N'
X

-
HN
N
0" 7 NH
=N
d 24 (KMI-570) X = H

Ny
25 (KMI-684) X = — |
n=N

e
Boc—N
b,g e \;/KVaI—Leu—Pns—N N,
H H N

< 0 = 2-chlorotrityl resin )

H

Scheme 3. Reagents and conditions: (a) deprotected Rink amide resin, DIPCDI, DMF; (b) 20% piperidine/DMF; (¢) Fmoc-AA-OH, DIPCDI,
HOBt, DMF; (d) TFA, m-cresol, thioanisole; (¢) Fmoc-OSu, K,CO;, THF-H,O (1:1); (f) 2-chlorotrityl chloride resin, DIPEA, DCM; (g)

1 H-tetrazole-5-carboxylic acid, DIPCDI, HOBt, DMF.
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N
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H HN—
18 (KMI-596) 0
a NH
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H
NH,
15 (KMI-654)
Scheme 4. Reagents: (a) H,, Pd/C, MeOH.
Table 1. BACE] inhibitory activity of P, glutamic compounds
Y
HQN\:)J\H N\)LH o «
:L o X OH
O~ "OH
Compound (KMI No.) X Y BACEI inhibition (%) ICs¢ (nM)
at 2 uM at 0.2 uM
14 (KM1I-409) CONH, H 62.1 — —
NH
15 (KMI-654) L H 29.2 — -
NH,
N=N
16 (KMI-569) « NH H 92.2 73.7 —
SN
N:N N:N
17 (KMI-597) NH NH 99.7 94.0 6.4
WAy Ay
N-O
18 (KMI-596) K/(N/&O H 94.4 66.3 _
H
-S
19 (KMI-683) E/(N)Qo H 91.9 632 _
H
N-O
20 (KMI-879) K/QN\A\S H 94.5 68.4 _
H
N—NH
- / _
21 (KMI-666) ,71*0/&3 H 92.0 72.3
l}lMNH
22 (KMI-686) Z{QNXS H 74.2 — —
CHs
1 (KMI-260) COOH H 83.7 44.4 —
2 (KMI-360) COOH COOH 98.3 84.3 55

suggesting that the N-methyl group might prevent
hydrogen bond formation to the S,’ site of BACEI.

Previously, we reported that replacing the carboxylic
acid at the P, position with a tetrazole ring enhanced
inhibitory activity against BACE1.!3 In the current re-
port, we wanted to observe if such enhancements would

be preserved for non-carboxylic acid P,’ residues. Con-
sequently, we synthesized compounds possessing a P,
tetrazole ring while replacing P,’ carboxylic acid in 3
(KMI-420) and 4 (KMI-429) with a carboxamide, one
or two tetrazole rings, 5-o0x0-1,2,4-oxadiazole or
5-thioxo-1,2,4-oxadiazole. As shown in Table 2,
BACE] inhibitors possessing a P4 tetrazole ring 23-27
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Table 2. BACE] inhibitory activity of P, tetrazole compounds

Y
e LML ALL,
= = ~ H
SNH (0] : (0]
N
S VT
N:N/
Compound (KMI No.) X Y BACE] inhibition (%) I1Cs (nM)
at 2 uM at 0.2 uM
23 (KMI-419) CONH, H 97.3 78.1 —
N=N
24 (KMI-570) E/Q\N"NH H 100 98.1 4.8
N:N N:N
25 (KMI-684) I&./Q\N"NH is,/k\N’\NH 100 100 1.2
N-O
26 (KMI-696) K/QN\A\O H 100 94.2 6.6
H
-0
27 (KMI-808) K/QN\A\S H 99.8 97.2 6.4
H
3 (KMI-420) COOH H 99.1 87.1 8.2
4 (KMI-429) COOH COOH 100 98.1 3.9

demonstrated vastly greater inhibitory activities in com-
parison with inhibitors possessing at P4 carboxylic acid
14-21. In particular compounds containing tetrazole
rings at P, position, 24 (ICso=4.8nM) and 25
(ICso=1.2nM) exhibited highest BACE1 inhibitory
activities.

Computer-assisted simulated docking experiments were
carried out in a BACE] enzyme (PDB ID: 1FKN),?!
in order to correlate affinity with activity. In all com-
pounds listed in Tables 1 and 2, the most energy-favored
conformations assumed similar poses with excellent
hydrogen bond interactions between the inhibitor’s
Pns anchor and BACE1’s Asp32 and Asp228. More-
over, the inhibitor is firmly secured throughout its back-
bone by strong hydrogen bond interactions coming
from Glyl1, Thr232, Gly230, GIn73, and Thr72, which
coincided with the previously reported modeling study
of KMI-429 (4).13% As an example, the results for
KMI-684 (25) is shown in Figure 2A. Previously, we
predicted that the tetrazole carbonyl group at the P4 po-
sition of KMI-429 (4) formed hydrogen bonds to both
Arg235 and Arg307 residues to explain its enhanced
BACE]1 inhibitory activity upon replacing the P, car-
boxylic acid with a tetrazole ring.!> However, docking
simulation to BACE1 enzyme (PDB ID: 1FKN) showed
that the tetrazole carbonyl group at P4 position formed
hydrogen bonds to Arg307, Gly264, and Asn233 as
shown in Figure 2A. The inhibitor which was used to
co-crystallize this BACEl enzyme contained a hydro-

philic side chain group at the P, position (Asn). Howev-
er, our compounds contained a hydrophobic amino acid
(Leu) at the same position. Hence, we repeated the
docking simulation study using another structure of
the BACE1 enzyme (PDB ID: 1W51) in which the li-
gand had a hydrophobic group (benzene ring) at the
P, position. For the case of the IFKN BACEI enzyme,
Arg235 formed hydrogen bonds with GIn326 and the
co-crystallized ligand’s P, Asn side chain. On the other
hand, for the case of the 1W51 BACEl enzyme,
Arg235 assumed a different orientation to repel the co-
crystallized inhibitor’s P, benzene ring and had hydro-
gen bond interaction with Asn233. As shown in Figure
2B, docking simulation study to BACE1 enzyme (PDB
ID: 1W51) gave a similar result to our previous repor-
t.132 These findings suggested that the docking simula-
tion which absolutized crystal structures by X-ray
diffraction method might have given irrelevant output,
because enzymes often changed their three-dimensional
structure depending on the nature of the ligands.

Docking simulation using two structures of BACEI en-
zyme (PDB ID: 1FKN and 1W51) gave similar results at
the P’ position. Alpha sphere pharmacophore predic-
tions suggest that an anionic group or hydrogen-bond
acceptor at the P, carboxylic acid’s coordinates in the
S\’ pocket would improve inhibitor—site interactions.
Carboxylic acids are excellent hydrogen-bond acceptors;
carboxamides have partial hydrogen-bond-accepting
and -donating properties; while amidines are mainly
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£-6ly230 Arg235

v L—GInT3
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Thr72 Thr329
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JThr232
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Gly230.’.;,- s

Figure 2. 3D Views of docked inhibitor KMI-684. (A) Docking simulation of 25 (KMI-684, white line) in BACE1 enzyme (PDB ID: 1FKN, red
lines). (B) Docking simulation of 25 (KMI-684, white line) in BACE1 enzyme (PDB ID: 1W51, red lines). In both A and B, three stable conformers of
inhibitor 25 were superimposed. White dashed lines depict hydrogen bond interactions. Two docking simulations using |FKN and 1W51 gave similar

results at the lower omitted part in B.

hydrogen-bond donors. As a result, the observed
inhibitory potency trend can be correlated with the
hydrogen-bond-accepting ability of the functional
group. The nature of tetrazole rings and other acidic
heterocycles, which are slightly larger than a carboxylic
acid and possessed a delocalized negative charge around
the rings,?? is thought to favor the binding to hydrogen-
bond donors. Moreover, the partially hydrophobic
regions above and below these heterocycles may interact
favorably with the partially hydrophobic inner walls of
the S, pocket, which consists of Tyr71, Pro70, Tyr198,
Ile126, Ser35 (a- and B-carbons), Thr329, Ile226, and
Val332.

BACE] inhibitors bearing tetrazole ring and acidic het-
erocycle bioisosteres were synthesized and some inhibi-
tors demonstrated more potent enzyme inhibitory

activity than their carboxylic acid counterparts and
may also be more efficient in crossing the blood-brain
barrier. 5-Oxo0-1,2,4-oxadiazole and its sulfur-substitut-
ed derivatives have been reported to be converted meta-
bolically to their corresponding amidoximes, which
released NO by cytochrome 450 isoenzymes.>? The use
of these acidic heterocycles in drug development might
become an issue in point of the formation of NO,
although this problem had not exposed in the case of
the antihypertensive agents, angiotensin II receptor
antagonists,'® that served a common bioactivity to
blood pressure.

In conclusion, novel series of BACE]1 inhibitors were de-
signed and synthesized using bioisosteres of carboxylic
acid at the P,’ position. In particular, compounds 24
(KMI-570) and 25 (KMI-684), which contained
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tetrazole rings, demonstrated significantly more potent
BACEL! inhibitory activities. These modifications are
expected to enhance blood-brain barrier permeability,
which is one of the greatest challenges to overcome dur-
ing the development of drug against AD.
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Abstract—Two new types of caged gene-inducers, caged 17f3-estradiol and caged dexamethazone, were synthesized. Caged gene-in-
ducers were applied to transgenic Arabidopsis plants carrying a steroid hormone-inducible transactivation system. Light uncaged
caged gene-inducers and controlled spatial and temporal expression of transgene in the transgenic plant. Furthermore, caged

gene-inducers enabled the control of root development by light.

© 2006 Elsevier Ltd. All rights reserved.

In multicellular organisms, the expression of individual
genes is temporally and spatially regulated to maintain
proper biological processes. The control of specific gene
expression in transgenic organism is a powerful technol-
ogy to assess the biological function of specific proteins,
which have greatly contributed to biology. Chemical-in-
ducible gene expression systems have been widely used
to control temporal expression of the transgene by
chemicals.!> The spatial control of gene expression
was partially achieved using tissue-specific promoter to
activate the transgene expression.>> However, the reso-
lution of the spatial control and the expression level
depend on the nature of each native promoter.

Caged compounds are inactivated bioactive molecules
with the functional group blocked by a photo-remov-
able protecting group (caging group). The original bio-
logical activity of a caged compound can be readily
recovered by photo-irradiation (normally 350-360 nm,
ultraviolet light). In previous studies, caged macromole-
cules related to transcription machinery, such as caged
DNA.° caged mRNA,” and caged GAL4/VP16 (transac-
tivator protein),® were developed as a direct approach to
control the temporal and spatial expression of specific
protein. These caged macromolecules were activated

Keywords: Caged hormone; Gene expression; Light.
* Corresponding authors. Tel.: +81 86 256 9661; fax: +81 86 256 9559
(K.H.); e-mail: hayashi@dbc.ous.ac.jp
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by photo-irradiation and allowed the temporal and
spatial control of specific protein expression, because
light is easily controllable in terms of time, area, and
intensity. However, these approaches require complicat-
ed experimental manipulations, such as caging the target
molecules and incorporating them into cells, in order to
study the protein of interest.

An alternative approach is the combination of caged
chemical-inducer and chemical-inducible gene expression
system, namely a caged chemical gene-inducer system. In
transgenic cell harboring a chemical-inducible transgene,
a caged chemical-inducer like caged steroid hormone can
be uncaged by a light irradiation and the uncaged inducer
can then drive transgene expression within the irradiated
area. Previous studies demonstrated that caged estrogen
agonist/antagonists,”!® caged B-ecdyson,'! and caged
thyroid hormone agonists!? can control the reporter gene
expression in mammal cell culture upon their uncaging by
light. These studies demonstrate the feasibility of the sys-
tem in transiently transfected mammal cell cultures.
However, there is no report on the spatial and temporal
control of gene expression at the level of individual organ-
isms. In such caged chemical-inducer systems, the design
of the caged inducer is crucial for the control of spatial
and temporal gene expression, because the chemical and
biological properties, such as solubility, stability inside
cell, and cell permeability, depend on the nature of caged
molecules.
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We have designed new caged steroid hormones, caged
17-B-estradiol and caged dexamethazone, as caged
gene-inducers with carbonate linker and applied them
to transgenic Arabidopsis plants carrying two types of
chemical-inducible transactivation system. Arabidopsis
plants are ideal transgenic organisms for caged gene-in-
ducer system, since UV light could easily penetrate plant
tissues and two chemical-inducible systems have been
widely used for the molecular biological studies in Ara-
bidopsis. Furthermore, in contrast to mammal cell, ste-
roid hormones do not appear to affect plant growth.

In this letter, we describe the spatial and temporal con-
trol of gene expression by light at individual organism
level and demonstrate light-regulated developmental
process in transgenic Arabidopsis plant.

To cage the 17-B-estradiol (ER) or dexamethazone
(DEX) with 1-(2-nitrophenyl)ethyl carbonate group,
we used the 1-(2-nitrophenyl)ethylcarbonyl imidazole
(4). This activated caging reagent is easy to be synthe-
sized and handled in comparison with a conventional
chlorocarbonate-caging reagent, because toxic phosgene
is usually used for the synthesis of chlorocarbonate from
the corresponding alcohol. 2-Nitrophenylacetophenone
was reduced with NaBH, to yield a 1-(2-nitrophen-
yl)ethanol. This alcohol was reacted with 1,1’-carbon-
yldiimidazole to give a caging reagent (4).!3 This
activated caging reagent was mixed with cesium carbon-
ate and ER or DEX at room temperature for an hour to
afford a caged ER (1) or caged DEX (3), respectively.'*
Caged steroids (1) and (3) were a mixture of C-7’ epi-
mers in caging moiety. We used caged steroids as a mix-
ture of epimers for further studies because the two
epimers could not be separated even by HPLC. The po-
sition of 2-nitrophenylethyl carbonate was confirmed to
be C-17 position of ER and C-22 position of DEX by
the HMBC correlations (H-17/C-9’ carbonyl carbon in
1 and H-22/C-9’ carbonyl carbon in 3) and downfield
shifts of proton signals (H-17 éy 3.71 for ER; dy 3.73

for 2; oy 4.54 for 1, H-22 6y 4.51 for DEX; oy 4.86
for 3) attributable to carbonate linkage in 'H NMR
spectrum. Previously reported caged ER (2) was synthe-
sized according to the literature.’

To confirm the release of original hormones from caged
hormones 1 and 3 by UV light in vitro, UV-irradiated
solutions of 1 or 3 were analyzed by HPLC.'> After
I-min irradiation by a 6 W-UV lamp, the release of
ER and DEX was detected. A time course study indicat-
ed that UV-irradiation caused the reduction of caged
steroids and consequently released the original steroids
in a time-dependent manner. After 40-min exposure,
the yields for the release of original steroids from the
caged compounds were 45% for the caged ER (1) and
56% for the caged DEX (3), respectively. The quantum
yield (¢ eactant) Of caged ER (1) and DEX (3) was deter-
mined to be 0.19 and 0.16, respectively.! In addition,
caged steroids 1 and 3 were stable in dark after 24-h
incubation in a medium at 20 uM (data not shown).
These results indicate that caged steroids were uncaged
by UV light and the original hormones were released
in a light-intense-dependent manner, suggesting that
the release of hormones could be controlled by light
intensity (Fig. 1).

To assess the spatial and temporal control of gene
expression by light in vivo, we applied caged ERs 1
and 2 to transgenic Arabidopsis pERS::GFP line.! This
transgenic line strongly expresses a GFP reporter gene
under the control of the estrogen-inducible XVE trans-
activation system.! In this system, the expression of the
transgene can be tightly regulated by estrogen in a dose-
dependent manner. Six-day-old pERS::GFP plants were
immersed in a medium containing 20 uM caged ERs 1
or 2 for 30 min and seedlings were then washed three
times with a medium lacking caged ERs. The irradia-
tion of UV light was carried out with a fluorescent
microscope.'® GFP expression could not be observed
without light irradiation (Figs. 2B and C, 1st panel).
By contrast, uniform GFP fluorescence was observed
in the whole root when light was irradiated over the
root after treatment with 1 or 2 (Figs. 2B and C, 2nd
panel). UV light was then irradiated as a spot in the
middle or the end region of a root (Figs. 2A-C). Figure
2C shows that spot illumination on a root failed to elic-
it spatial control of GFP expression, when transgenic
plants were treated with previously reported caged ER
(2). GFP fluorescence was uniformly observed over
the whole root, even when light was irradiated as a
spot. This might be due to the transport of ER from
2 that was bounded to the cell wall after washing.
Namely, 2 could not be washed out from the cell wall
after loading of 2 into cells. In addition to the photol-
ysis of intracellular 2, the absorbed 2 on the cell wall
was also uncaged by light. The released ER outside cell
would then diffuse through the entire root via transport
system such as the vessel and sieve tube. In contrast to
2, spot illumination after the incorporation of our
caged ER (1) induced spatial GFP expression at only
the irradiated area of a root (Fig. 2B), suggesting 1
can be used to control in vivo temporal and spatial
expression of transgene by light.
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Figure 1. Light uncages caged gene-inducers in a time-dependent
manner. Solutions of caged compound were irradiated by UV light and
released hormones were analyzed by HPLC. (A) Closed square, caged
ER (1); closed circle, ER. (B) Closed square, caged DEX (3); closed
circle, DEX. Relative amounts (%) for ER and DEX indicate released
rates from the original caged compounds.

We have applied caged dexamethazone (DEX) to anoth-
er chemical-inducible gene expression system in vivo.
In the absence of an appropriate steroid hormone, the
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glucocorticoid receptor binds with heat shock proteins
(HSPs) through its hormone binding domain located
at the carboxy-terminus of glucocorticoid receptor
(GR) to form an inactive heterodimeric complex in cyto-
plasm.!” The steroid hormone, DEX, dissociates HSPs
from the heterodimeric complex and allows the gluco-
corticoid receptor anchored in the cytosol to translocate
into the nucleus. Similarly, the fusion protein of a tran-
scription factor and GR is also inactivated by its
interaction with HSPs in the absence of steroid and
can be activated in the presence of steroid hormone.!8:1°
This GR-fusion system has been shown to work in
plants and has been widely applied to studies for
functions of plant transcription factor.?%?! Arabidopsis
plAAI4::GFP-mIAA14-GR line expresses the transla-
tionally fused protein, a mutated /4414 fused with
GFP and GR at the N- and C-termini, respectively, un-
der the control of pIAAIl4 promoter.”> IAAI14/SLR is
primary auxin-responsive gene that encodes short-lived
nuclear repressor regulating the development of lateral
root and root hair.?* Gain-of-function mutation of
IAAI4/SLR confers the resistance of repressor protein
to degradation via the ubiquitin—proteasome pathway
and consequently the development of root hair and lat-
eral root is repressed in the mutant.??> Previous report
demonstrated that the treatment of this line with DEX
causes the accumulation of the fusion protein in
nuclei and blocked root hair development as shown in
Figure 3B.?? In wild-type plants, treatment with DEX
or 3 with/without light did not affect root hair formation
(Fig. 3A).!% In the transgenic line, treatment of caged
DEX (3) without light irradiation showed the same root
hair formation as observed in control (Fig. 3B). By con-
trast, no root hair was formed in the presence of 3 when
the root was irradiated by UV light (Fig. 3B). In addi-
tion, the UV-light irradiation enhanced GFP fluores-

. 4

Spot Spot
irradiation irradiation

Figure 2. Spatial and temporal control of GFP reporter gene expression by light in root of Arabidopsis pERS::GFP plant. (A) UV light was
irradiated as a spot on roots by fluorescent microscopy for 3 s. Bar represents 1 mm. ER (1 pM) was used as a positive control. (B and C) Light-
activated GFP expression by caged ER (1) or previously reported caged ER (2). In the second panel, UV light was irradiated on the whole root. In
the third and fourth panels, UV light was irradiated as a spot. Arrow indicates the irradiated point. Bar represents 1 mm.
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A wild type (Col)

Mock (3) (3) DEX
- light + light
Figure 3. Developmental control of root hair by light in

plAAI4::GFP-mIAA14-GR Arabidopsis transgenic plants. (A and B)
Wild-type (Col) or transgenic seedlings were treated with 0 or 50 uM of
caged DEX (3) for 30 min. DEX (10 pM) was used as a positive
control. UV light was irradiated on the indicated part for 3s. (C)
Accumulation of mIAA14 repressor fused with GFP and GR in nuclei
by light. The root tip of the seedling was irradiated by UV light for 3 s.
DEX (10 uM) was used as a positive control.

cence in nuclei (Fig. 3C).!¢ These observations indicate 3
was uncaged in vivo by light leading to the control of
root developmental process by activating the GR-fused
repressor.

Here, we demonstrate the spatial and temporal control
of gene expression by light at the organism level. This
study also shows that light-activated caged gene-induc-
ers can be used to control developmental process in Ara-
bidopsis plants. Our caged gene-inducers are potentially
powerful tools to assess protein functions at specific cells
and at specific developmental stage in plants.
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. Synthesis of 1 and 3. 17B-Estradiol (50 mg, 0.18 mmol) or
dexamethazone (50 mg, 0.13 mmol), CsCOj; (2 equiv), and
4 (1 equiv) were dissolved in THF and stirred for an hour
at room temperature in darkness. The reaction mixture
was extracted with EtOAc after the addition of brine. The
organic layer was evaporated. The mixture was subjected
to silica gel column and eluted with mixture solvents
(CHClj/acetone 6:1 for 1 and CHCls/acetone 4:1 for 3) to
yield epimeric mixture of 1 as a light yellow powder
(62 mg, 72%) and epimeric mixture of 3 as light yellow
powder (54 mg, 73%).

Compound 1 (7’-epimeric mixture): UV A, (MeOH)
nm (log &): 202 (4.47), 257 (3.56); IR (KBr) Vyax 3400,
2947, 1750 cm™'; '"H NMR (CDCl;): 6 0.80/0.81 (3 H, s,
CH;-18), 1.18-2.32 (13H, m), 1.69/1.71 (3H, d, J=6.5,
CH,-8'), 2.49 (2H, m), 4.54 (1H, t, J=7.5Hz, H-17),
4.85 (1H, br s, OH), 6.22 (1H, q, J = 6.5 Hz, H-7'), 6.55
(1H, s, H-4), 6.61 (1H, d, J=28.7 Hz, H-2), 7.12 (1H, d,
J=8.7Hz, H-1), 7.46 (1H, dd, J=7.2, 7.1 Hz, H-4"),
7.67 (1H, dd, J=7.1, 8.0Hz, H-5), 7.72 (IH, d,
J=8.0Hz, H-6"), 7.98 (IH, d, J=7.2Hz H-3"); 3C
NMR (CDCls): § 11.90/11.97, 22.05/22.17, 23.01/23.03,
26.08/26.11, 27.05, 27.22/27.30, 29.51, 36.71/36.78, 38.47,
42.99/43.02, 43.65, 49.53, 71.59, 86.53/86.60 (C-17),
112.66, 115.20, 124.52/124.55, 126.50/125.54, 126.91/
127.0, 128.47/128.50, 132.43, 133.78/133.78, 137.97,
138.13, 147.48/147.51, 153.31, 154.13; HRFABMS mi/z
488.2029 (calcd for C,7H3,04Na, 488.2049).

Compound 3 (7’-epimeric mixture): UV Ap,.. (MeOH)
nm (log &): 205 (4.08), 240 (4.06); IR (KBr) Vpyax 3200,
2932, 1743 em™!; '"H NMR (CDCl5): d 0.84/1.03 (3H, s,
CHs-18), 0.87/0.89 (3H, d, J=17.3 Hz, CH5-20), 1.21
(1H, m), 1.53/1.54 (3H, s, CH3-19), 1.55 (2H, m), 1.71/
1.72 (3H, d, J=6.4Hz, CH;-8), 1.72 (1H, m), 1.78
(1H, m), 2.05 (1H, m), 2.32 (3H, m), 2.58 (1H, m), 3.05/
3.08, (1H, m, H-16), 4.19 (1H, br s, H-11), 4.86 (2H, s,
H-22), 6.08 (1H, s, H-4), 6.23, (1H, q, J = 6.4 Hz, H-7'),
6.31 (1H, d, J=10.0 Hz, H-2), 7.21 (1H, d, J=10.0 Hz,
H-1), 7.46 (1H, dd, J=7.2, 7.3 Hz, H-4'), 7.71 (1H, dd,
J =172, 7.3Hz, H-5), 7.82 (1H, dd, J=7.3 Hz, H-6'),
7.95 (1H, dd, J=17.3Hz, H-3'); '*C NMR(CDCl):
14.58, 16.17/16.39, 21.82/21.93, 22.83/22.88, 27.31, 32.08,
34.01/34.16 (d, Jccr = 19 Hz), 35.99/36.08, 36.31/36.40,
43.93, 48.15/48.33 (d, Jccr = 23 Hz), 48.45, 48.47, 71.16,
71.73/72.03 (d, Jccr = 38 Hz), 72.30 (C-22), 91.05/91.12,
99.47/100.87 (d, Jcg=175Hz), 124.27/124.41, 124.93,
127.21/127.26, 128.16/128.71, 129.62, 133.95/133.96,
136.99/137.04, 147.71, 152.44, 154.05, 171.22, 186.73,





2474

16.

204.40/204.46; HRFABMS m/z 608.2247 (caled for
C51H36FNOgNa, 608.2272).

. Photo-conversion of caged steroid hormones to steroid

hormones. Fifty micromolar solution (50% aqueous
MeOH) of caged steroid hormones was irradiated by a
6 W UV lamp equipped with a band pass filter (350—
400 nm) at a distance of 10cm from solution. The
irradiated solution was analyzed by HPLC at regular
intervals (rg = 8.84 min for ER, 16.49 min for 1: ODS-80T
200 mm x 4.6 mm, MeOH/H,O 9:1, flow rate 0.5 ml/min.
UV detection at 210nm. 7g =14.31 min for DEX,
43.93 min for 3: ODS-80T, MeOH/H,O 75:25, flow rate
0.5 ml/min. UV detection at 210 nm). The quantum yield
of caged compounds was determined by a direct compar-
ison with that of caged benzonate, 2-nitrophenylethyl
benzoate, in same photolysis condition. 2-Nitrophenyleth-
yl benzoate was synthesized and used as a standard. The
photochemical properties and quantum yield of 2-nitro-
phenylethyl benzoate have been well characterized by Zhu
et al.** Caged compound solution (50% aqueous MeOH)
was irradiated by UV light (365 nm) with a fluoropho-
tometer (Shimadzu RF-1500). The residual amount of
caged compound in the photolyzed solution was analyzed
by HPLC. The molecular extinction coefficient of 1 and 3
at 365 nm was determined to be 182 and 188 (Mf1 cm™ ),
respectively.

Light-regulation of gene expression and development in
transgenic plants. Arabidopsis transgenic seedlings with
PERS::GFP or plAAIl4.:GFP-mIAAI4-GR were grown
for 5 days on vertically oriented germination medium
agar plates (GM, 0.5x Murashige and Skoog salts
[Gibco-BRL, Gaithersburg, MD], 1% sucrose, 1x B5
vitamins, and 0.2 g/l 2-(4-morpholino)-ethane sulfonic
acid (Mes), pH 5.8). The seedlings were immersed in a

17.

18.

19.

20.

21.

22.

23.

24.

K. Hayashi et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2470-2474

liquid GM containing 20 uM caged ERs (1 or 2) or
50 uM of caged DEX (3) for 30 min. After washing with
a fresh GM, the seedlings were placed on GM agar
solidified over slide glass. The UV light was irradiated to
root on a spot for 3s by a fluorescent microscope
(Olympus BX50) with a UV-band pass filter (360-
370 nm). The irradiated seedlings were transferred to a
GM agar plates and then incubated vertically for an
additional 12 h in darkness. For control treatment, 5-
day-old transgenic or wild-type seedlings were transferred
to GM agar plate containing 0, 1 uM ER or 10 uM DEX
and grown vertically for 12 h. The GFP expression was
monitored by a fluorescent microscope (Olympus SZX12
or Olympus BX50: Ex 460-490 nm, Em > 510 nm) and
recorded with a digital camera.
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