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Abstract—The inhibition of the metalloenzyme carbonic anhydrase (CA, EC 4.2.1.1) with three phenols was investigated. Phenol
was an effective CA I–IV, IX, XII and XIV inhibitor (KIs of 2.7–11.5 lM) and a less effective one against the other isoforms,
CA VA, VB, VI, VII, and XIII (KIs of 208–710 lM). 3,5-Difluorophenol was an effective inhibitor of CA III, IV, IX, and XIV
(KIs of 0.71–10.7 lM) being a weaker one for CA I, II, VA, VB, VI, VII, XII, and XIII (KIs of 33.9–163 lM). Clioquinol (5-
chloro-7-iodo-8-quinolinol) was the best phenol inhibitor against all isozymes, with inhibition constants in the range of 3.3–
16.0 lM. These data prove that the phenol OH moiety can be considered as a new ‘zinc–water binding group’ for the design of
CA inhibitors possessing a different inhibition mechanism as compared to the classical sulfonamide inhibitors that bind the metal
ion within the active site cavity.
� 2008 Elsevier Ltd. All rights reserved.

Phenol was shown to be the only competitive inhibitor
with CO2 as substrate for the main isoform of carbonic
anhydrase (CA, EC 4.2.1.1), that is, human CA II (hCA
II) by Lindskog’s group.1 Indeed, the other two major
classes of CA inhibitors (CAIs), the metal-complexing
anions, and the unsubstituted sulfonamides and their
bioisosteres (i.e., the sulfamates, sulfamides, and related
compounds), bind to the Zn(II) ion of these enzymes
either by substituting the non-protein zinc ligand to gen-
erate a tetrahedral adduct or by addition to the metal
coordination sphere, generating trigonal-bipyramidal
species, and are non-competitive inhibitors with CO2


as substrate (Fig. 1A and B).2–7 As CO2 is a very simple,
small, and gaseous molecule, it is rather difficult to de-
sign transition state analogues or alternative substrates
for understanding the binding mode of the physiologic
substrate—CO2—within the active sites of these ubiqui-
tous enzymes, which catalyze one of the simplest physi-
ological reaction, the interconversion between carbon
dioxide and bicarbonate.1–7 Cyanamide (H2NCN, or
HN@C@NH), a molecule isostructural and isoelec-
tronic with CO2 was investigated by spectroscopy and
X-ray crystallography as a CAI, being shown that it acts
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as a suicide inhibitor, leading to the formation of ureate
(H2NCONH�) by hydration with the zinc-bound water
molecule/hydroxide ion from the enzyme active site,
which remains thereafter steadily bound to the metal
ion within the enzyme cavity.8 A subsequent cryo-crys-
tallographic X-ray study9 (done at �80 �C for slowing
down the hydration of cyanamide to urea) evidenced
the transition state for cyanamide hydration by CA II,
with the substrate/inhibitor molecule (H2NCN), being
found in the neighborhood of the metal ion, probably
in a position slightly different, but mimicking the bind-
ing of carbon dioxide.9 In a very elegant study, Chris-
tianson’s group also reported the X-ray structure for
the adduct of hCA II with phenol,10 showing indeed this
inhibitor to bind in a completely unprecedented manner,
with its OH moiety hydrogen-bonded to the zinc-bound
water/hydroxide ion of the enzyme (the experiments
were performed at pH 10) as well as to the NH amide
of Thr199 (an amino acid conserved in all a-CAs). Fur-
thermore, the phenyl moiety of phenol was found to lay
in the hydrophobic part of the hCA II active site, where
it is presumed that CO2 binds in the precatalytic com-
plex (Fig. 1C), explaining thus the behavior of unique
CO2 competitive inhibitor of this compound.10


Sulfonamide CAIs, such as acetazolamide 1, methazola-
mide 2, and ethoxzolamide 3 among others, are clinically
used drugs as diuretics, antiglaucoma, or anticonvulsant
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Figure 1. Schematic representation for interactions of CAIs with the


CA active site: (A) sulfonamide inhibitors; (B) inorganic anion


inhibitor (thiocyanate); (C) phenol. The interaction in which phenol


participates when bound to the hCA II active site is shown in detail


(figures represent distances in Å; hydrogen bonds are represented as


dashed lines).
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agents for a long period,2–7 whereas more recent drug de-
sign studies evidenced some other CAIs belonging to the
sulfonamide or sulfamate classes as molecules of interest
for developing novel therapies for obesity11 and can-
cer2,5,12–15 based on selective inhibition of CA isozymes
involved in such pathologies, among the 16 presently
known a-CAs in vertebrates.2–7,11–15 Thus, in the search
of non-sulfonamide CAIs belonging to different classes
of compounds, and possibly showing selectivity for iso-
zymes of medicinal chemistry interest,2–7 we decided to
reexamine phenols as CAIs, for at least two reasons: (i)
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phenol 4 has been investigated only for the inhibition of
isozyme II by Lindskog et al.1 (and obviously subse-
quently by Christianson’s group).10 Thus, all other iso-
forms discovered after 1982, that is, CA III–CA XIV
(but also CA I, known at that time), have not been studied
for their interaction with this class of inhibitor, which
shows a binding mechanism completely different from
that of the sulfonamide and inorganic anion inhibitors
(see Fig. 1); (ii) various phenols, such as for example clio-
quinol (5-chloro-7-iodo-8-quinolinol), have applications
as pharmacological agents.16–20 Indeed, clioquinol was
used already in the 1960s as an intestinal disinfectant,16


for the treatment of Entamoeba histolytica infection,16


as an antifungal17 or antiviral agent.18 However, a sensory
neuropathy with peculiar clinical and histopathological
features which began to appear in Japan around 1960,
denominated thereafter subacute myelo-optico-neuropa-
thy (SMON), was demonstrated to be provoked by the
wide use of high dosages of clioquinol.19 This led to the
withdrawal of the drug from wide clinical use as an anti-
biotic,19 but more recently, interest in this phenol has been
greatly revived by the report of its potential use to treat
Alzheimer’s20 and Huntington’s disease21 (at concentra-
tions much lower than those provoking SMON).20,21 Fur-
thermore, there are also literature data suggesting an
antitumor effect of this drug.22 The mechanisms by which
the drug acts as an anti-Alzheimer’s/Huntington’s dis-
eases agent seem to be related to its ability to act as a zinc
and copper ions chelator that can dissolve amyloid depos-
its and show a net clinical benefit in the treatment of these
degenerative diseases.20,21 On the other hand, it has been
demonstrated that clioquinol increases functional hypox-
ia-inducible factor 1-a (HIF-1a) protein, leading to in-
creased expression of its target genes, such as vascular
endothelial growth factors, erythropoietin, and the tu-
mor-associated CA isoforms CA IX and XII.5a,22c,23 All
these recent developments prompted us to investigate
the interactions of three phenols, that is, the simple phenol
4, its 3,5-difluoro analogue 5 as well as clioquinol 6, with
all the catalytically active mammalian a-CA isozymes,
that is, CA I, II, III, IV, VA, VB, VI, VII, IX, XII, XIII,
and XIV.


Inhibition data against the above mentioned CA iso-
zymes with phenols 4–6 (as well as sulfonamides 1–3,
as standards, for comparison), are shown in Table 1,
and they were obtained at pH 7.4 in 10 mM Hepes buf-
fer, at 25 �C by a stopped-flow assay monitoring the
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Table 1. Inhibition data with the clinically used sulfonamides aceta-


zolamide 1, methazolamide 2, ethoxzolamide 3, as well as phenol 4,


3,5-difluorophenol 5, and clioquinol 6, against CA isozymes I–XIV by


a stopped-flow technique monitoring the CO2 hydration reaction, at


25 �C and pH 7.424


Isozyme* KI
** (lM)


1 2 3 4a 5a 6a


hCA Ib 0.250 0.050 0.025 10.2 38.8 6.6


hCA IIb 0.012 0.014 0.008 5.5 33.9 6.5


hCA IIIb 200 710 1100 2.7 0.71 3.3


hCA IVb 0.074 6.20 0.093 9.5 10.7 5.4


hCA VAb 0.063 0.065 0.025 218 65.0 8.3


hCA VBb 0.054 0.062 0.019 543 98.4 nt


hCA VIb 0.011 0.010 0.043 208 82.6 5.3


hCA VIIb 0.0025 0.0021 0.0008 710 163 16.0


hCA IXc 0.025 0.027 0.034 8.8 9.4 5.6


hCA XIIc 0.0057 0.0034 0.022 9.2 70.2 8.1


mCA XIIIb 0.017 0.019 0.050a 697 84.2 4.9


hCA XIVb 0.041 0.043 0.025 11.5 10.6 5.0


a New data reported here for the first time.
b Full length, recombinant enzyme.
c Catalytic domain.
* h, human; m, murine isozyme; nt, not tested.
** Errors in the range of ±5% of the reported data from three different


assays.
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CO2 hydration reaction.24 The following should be
noted regarding the inhibition of these mammalian a-
CA isozymes with phenols 4–6: (i) phenol 4 acts as an
effective, low micromolar inhibitor of isozymes hCA I,
II, III, IV, IX, XII, and XIV, with inhibition constants
in the range of 2.7–11.5 lM, being a less effective inhib-
itor (in the millimolar range) of hCA VA, VB, VI, VII,
and mCA XIII (KIs of 208–710 lM). It should be men-
tioned that Lindskog’s group reported a KI of 10 mM
for the inhibition of hCA II with phenol, but their mea-
surements were done at pH 9 and in the presence of
50 mM of 1,2-dimethylimidazole as buffer.1 However,
it is now known that imidazoles and related compounds
are inappropriate to be used as buffers in CA assays, as
they act as potent activators of many CA isoforms (such
as CA I, II, IV, VA, VB, VI, VII, XII, and XIV among
others),25–27 intervening in the proton transfer processes
between the active site and the reaction medium.28,29


Such processes lead to a competition between the bind-
ing of the inhibitor (in this case phenol) and the activa-
tor (imidazole derivative) within the enzyme active site,
and explain the much higher KI obtained in the preced-
ing study1 as compared to this one, in which a non-acti-
vating buffer, which does not bind within the enzyme
active site (i.e., Hepes)24 has been employed; (ii) 3,5-
difluorophenol 5, which is more acidic than the unsub-
stituted derivative 4, has been investigated as a CAI in
order to understand whether the pKa of the OH phenolic
moiety is an important parameter for the binding of
such an inhibitor to the enzyme active site. In fact, sul-
fonamides (and their isosteres) bind to CA in deproto-
nated form, as anions (as also shown in Fig. 1A),
whereas the protonation state of phenol 4 bound to
hCA II (as reported by Nair et al.)10 is less clear. Appar-
ently the inhibitor 4 is bound in neutral form to the
enzyme, as represented schematically in Figure 1B. This
seems to be confirmed also by the inhibition data of

Table 1, which show 5 to be a potent inhibitor of iso-
zymes hCA III, IV, IX and XIV (inhibition constants
in the range of 0.71–10.7 lM), a weaker one against
hCA I, II, VA and XII (KIs in the range of 33.9–
70.2 lM), and an even weaker one against hCA VB,
VI, VII and mCA XIII (KIs in the range of 82.6–
163 lM). In fact, there are isozymes (such as hCA I,
II, IX and XII), for which 4 is a better CAI as compared
to 5, whereas for the remaining ones (i.e., hCA III, IV,
VA, VB, VI, VII, XIII and XIV), the difluoro substi-
tuted derivative 5 is a better inhibitor as compared to
4. This represents an indirect proof that the protonation
state of the phenol moiety is not such a relevant param-
eter for the binding of the inhibitor within the enzyme
cavity; (iii) clioquinol 6 is the most potent inhibitor
among the three phenols investigated here, acting as a
low micromolar inhibitor (KIs in the range of 3.3–
16.0 lM) against all the investigated isozymes. Probably
the bicyclic ring system and various heteroatoms (io-
dine, chlorine and nitrogen) present in 6 assures better
hydrophobic interactions with amino acid residues in
the hCA–6 complex as compared to the corresponding
complexes of the monocyclic, less bulky derivatives 4
and 5, whereas the OH moiety of all these compounds
is assumed to bind as depicted in Figure 1C; (iv) it
should be noted that all three phenols 4–6 are generally
orders of magnitude less effective CAIs as compared to
the sulfonamides 1–3, except for isozyme hCA III, a sul-
fonamide resistant isoform,30 case in which the phenols
are low micromolar (or even submicromolar inhibitors)
whereas the sulfonamides 1–3 are millimolar inhibitors
(Table 1). This is in fact the first time that so effective
CA III inhibitors are detected, and it would be of great
interest to resolve the X-ray crystal structure of a hCA
III–phenol adduct in order to understand the structural
basis for this higher affinity of these CAIs for this poorly
understood CA isoform;30 (v) there are important differ-
ences of affinity of the various CA isozymes for this class
of CAI, similarly with what observed earlier for sulfon-
amide/sulfamate/sulfamide CAIs,2–6 or various classes
of CA activators.25–29 This clearly demonstrates that
(a) the phenol OH moiety can be considered as a new
‘zinc–water binding group’ for the design of CAIs pos-
sessing a different inhibition mechanism as compared
to the classical inhibitors that bind the metal ion; and
(b) by varying the ring system/scaffold and moieties
substituting it, we hypothesize that much stronger, even-
tually nanomolar inhibitors belonging to this class can
be detected, with potential to use as selective CAIs for
various such enzymes with medicinal chemistry applica-
tions. For example, the present study and the X-ray data
from Christianson’s10 group allow us to speculate that
phenols possessing a mono- or bicyclic aromatic/hetero-
cyclic ring system, possibly substituted with various
moieties in the 2-, 3-, and/or 4-positions of the benzene
ring (as in derivatives 4 and 5, but with the option to
incorporate bulkier moieties bound to the aromatic ring
system) or in various positions of the bicyclic ring sys-
tem (as in 6, but also with much more options regarding
the number and the nature of the incorporated moieties
as well as the substitution pattern) may lead to much
more potent CAIs belonging to this class of derivatives.
Work is in progress in our laboratory for the validation
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of this hypothesis and for resolving the X-ray crystal
structure of some other CA–phenol complexes, such as
for example the derivatives 5 and 6 investigated in the
present study.


In conclusion, we investigated the binding of three phe-
nols to the twelve mammalian, catalytically active CA
isozymes. Phenol acts as an effective CA I–IV, IX, XII
and XIV inhibitor (KIs of 2.7–11.5 lM) and is less effec-
tive against the other isoforms, that is, CA VA, VB, VI,
VII and XIII (KIs of 208–710 lM). 3,5-Difluorophenol
is an effective inhibitor of CA III, IV, IX and XIV
(KIs of 0.71–10.7 lM) being a weaker one for CA I, II,
VA, VB, VI, VII, XII and XIII (KIs of 33.9–163 lM).
Clioquinol (5-chloro-7-iodo-8-quinolinol) was the best
inhibitor against all isozymes, with inhibition constants
in the range of 3.3–16.0 lM. These data prove that the
phenol OH moiety can be considered as a new ‘zinc–
water binding group’ for the design of CAIs possessing
a different inhibition mechanism as compared to the
classical sulfonamide inhibitors that bind the metal ion
within the active site cavity.
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Abstract—Hsp90 is an attractive chemotherapeutic target because it is essential to maturation of multiple oncogenes. We describe
the conformational significance of EH21A1–A4, phenolic derivatives of geldanamycin isolated from Streptomyces sp. Their native
free structures are similar to the active form of geldanamycin bound to Hsp90 protein. Their conformational character is a probable
reason for their high-affinity binding. Lack of toxic benzoquinone in EH21A1–A4 also adds to their potential as lead compounds for
anti-tumor drugs.
� 2008 Elsevier Ltd. All rights reserved.

Heat Shock Protein 90 (Hsp90) is an essential molecular
chaperone required for conformational stability and
function of multiple growth regulatory signaling pro-
teins. Inhibiting the function of Hsp90 leads to subse-
quent simultaneous degradation of the client proteins
via the ubiquitination-proteosome system.1 Since the cli-
ent proteins cover the six hallmarks of cancer,2 Hsp90
inhibitors are attractive as chemotherapeutic agents.3


A first-in-class drug, 17-allylamino-17-demethoxygel-
danamycin (17-AAG, 2), a derivative of geldanamycin
(1), has provided proof of concept for Hsp90 inhibition
in clinical trials. However, 2 showed significant hepato-
toxicity probably due to the redox-active benzoquinone
moiety, and was difficult to administer because of its
poor solubility profile.4 Our aim, therefore, was to find
more potent inhibitors with less toxicity and higher
solubility.


For screening, we established a dissociation-enhanced
lanthanide fluoroimmunoassay (DELFIA) using biotin-
ylated radicicol5 as a probe because radicicol (8), another
natural Hsp90 inhibitor, shares the common N-terminal
ATP binding pocket in Hsp90 with a higher affinity than

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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1. In the course of screening, we found that an actinomy-
cete Streptomyces sp., isolated from Indonesian soil (see
Supplementary data), produced polar inhibitors together
with 1. Jar fermentation culture of the strain (62.7 L),
followed by repetitive activity-guided column chroma-
tography, provided four inhibitors; tentatively named
EH21A1–A4 (3–6) with the following yields: 128.9,
34.9, 29.8, and 8.4 mg, respectively (see Supplementary
data).


The structures of 3–6 were spectroscopically revealed as
analogous to 1 with a unique phenol structure rather
than the benzoquinone moiety of 1. The distinctive
reduction in C-4/C-5 was also a common feature of 3–
6. NMR signals for a methyl group adjacent to C-2 were
not observed in 6. Collectively, 3 was identical to
reblastatin,6 and the structures of 4–6 were elucidated
as 17-demethoxy, 17-O-demethyl,6 and 17-demethoxy-
2-demethyl derivatives of 3, respectively (Fig. 1).
Although production of 4 and 6 has been reported as
KOSN1806 and KOSN1559, respectively, in the actino-
mycetes genetically engineered,7 the present report
would be their first isolation as natural products.


In vitro affinities for a purified Hsp90 protein were com-
pared by compound concentration sufficient to inhibit
50% binding of the probe (EC50) in DELFIA assay
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Figure 1. Structures of Hsp90 inhibitors.
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(Table 1). Surprisingly, 3–5 exhibited 10- to 25-fold low-
er EC50 values than 1. This indicates that 3–5 are the
most potent Hsp90 binders of the ansamycins. Lowering
affinity of 6 relative to 4 indicates a partial contribution
of 2-methyl moiety for the binding to Hsp90. Then,
Hsp90 inhibition of the compounds in cells was assessed
by immunoblotting of client proteins to detect depletion.
Forty hour treatment of KPL-4, a human breast cancer
cell line, with 3–6 clearly led to specific depletion of cli-

Table 1. Hsp90 inhibitory activities of 3–8 in comparison with the


known inhibitors, 1 and 2a


Compound In vitro


affinity


EC50
b (nM)


Client protein


depletion


MEC (lM)


Induction of


K562 differentiation


ErbB2 Raf-1 EC50 (lM)


1 57.0 (19.3) 0.11 0.33 n.d.


2 n.d.c 0.03 0.03 n.d.


3 2.3 (0.9) 0.33 0.33 0.76


4 2.2 (0.8) 1.0 1.0 1.9


5 6.0 (0.3) 10 10 21


6 14.7 (2.1) 3.3 3.3 11


7 20.8 (3.0) 0.33 0.11 0.23


8 0.8 (0.5) n.d. n.d. n.d.


a See Supplementary data for details.
b Values are means of three experiments; standard deviation is given in


parentheses.
c Not determined.


Table 2. Growth inhibitory activity of 1–8 against various cancer cell lines e


Compound HCT116 (colon) DLD-1 (co


1 0.021 (0.001) 0.037 (0.00


2 n.d.b n.d.


3 0.50 (0.03) 2.08 (0.58)


4 0.78 (0.05) 2.35 (0.52)


5 8.91 (0.25) 9.40 (0.13)


6 >10 >10


7 0.61 (0.03) 3.52 (0.95)


8 0.058 (0.031) 0.076 (0.03


a Values are means of at least three experiments; standard deviation is given
b Not determined.

ent proteins such as Raf-1 and ErbB2 (see Supplemen-
tary data) with minimal effective concentrations
(MEC) corresponding to growth inhibitory activities
against the cells (Tables 1 and 2). Furthermore, 3–6 in-
duced the erythroid differentiation of K562, a human
chronic myelogenous leukemia cell line, through proba-
ble destabilization of p210Bcr-Abl, also an Hsp90 client
protein (Table 1).8 These functional evaluations demon-
strate that a class of ansamycins, with a phenol moiety,
is a valid Hsp90 inhibitor.


Subsequently, we carried out crystallization of 3 from
DMSO solution to determine stereostructure. The qual-
ity of the single crystal obtained was sufficiently high,
with a Flack parameter of x = 0.0(2), for determination
of the absolute configuration of 3 without introducing a
heavy atom. X-ray crystallographic analysis proved that
stereochemistry of 3 was identical to reblastatin: enanti-
oselectively synthesized by the Panek group including
absolute configuration.9 Analysis also revealed that the
free native state of 3 has a C-clamp conformation in
which the benzene ring is almost parallel to lower half
of the ansa ring, and the amide bond is in cis configura-
tion (Fig. 2). This native state conformation of 3 is sig-
nificantly different from that of the benzoquinone-type

xpressed in GI50
a (lM)


lon) A549 (lung) KPL-4 (breast)


4) 0.064 (0.012) 0.059 (0.022)


n.d. 0.007 (0.001)


2.72 (1.53) 0.45 (0.01)


2.73 (1.34) 0.73 (0.04)


10.3 (0.45) 4.33 (0.26)


>10 3.39 (0.33)


3.55 (1.97) 0.18 (0.02)


3) 0.110 (0.016) n.d.


in parentheses.


Figure 2. The crystal structure of 3 showing non-hydrogen atoms as


20% probability displacement ellipsoids. H atoms are indicated as


circles of arbitrary radii.







Figure 3. Superimposed structures of 3 in a free native crystalline state


(magenta) and 1 in a cocrystal with Hsp90 protein (cyan, PDB ID;


1A4H).
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ansamycins such as 1 and 2 whose native conformations
are in an extended planar shape with trans-amide.10


NOE correlations observed in NOESY spectra demon-
strated that the shape of 3–6 were also kinked in
solution. For example, correlations among H-3, H-6,
H-10, and CH3-25 in 3 indicated these protons gathered
inside the macro ansa ring. In addition, correlations
between H-21 and CH3-28 as well as CH3-25 and
OCH3-29, bound to C-17, were evident for close prox-
imity of respective protons (see Supplementary data).


The ATP binding motif of Hsp90 in the N-terminal re-
gion is characteristic since its natural ligand, ATP, needs
to have a bent conformation for binding.11 As to 1, a
rotation of C–N amide bonds as well as flipping of the
ansa ring over the benzoquinone, which results in the
compact cis-form, occurs during docking to the pock-
et.10b,c Interestingly, the native crystal structure of 3
was in good agreement with ‘the active form’ of 1
(Fig. 3).12 Since the overall energy barrier for the
trans–cis isomerization of 1 was estimated as high, a cat-
alytic role for Hsp90 would be required.10b,c In contrast,
3–6 are able to bind in their native conformation, sug-
gesting that they have an advantage for binding. This
simple binding mode of 3–6 is similar to that of 8,11a


which exhibits 70-fold higher affinity to Hsp90 than 1
(Table 1).


We believe that two chemical features, an elimination of
a hydrogen bond between H-amide and ketone oxygen
of C-21, and a reduction in C-4/C-5 position, may allow
3–6 to increase their conformational flexibility and form
the kinked shape in a native state. Ab initio quantum
chemical calculation indicates that the C-clamp form
with cis-amide of 3 is more stable than the planar
trans-amide form with an enthalpy difference of
3.56 kcal/mol. In addition, with regard to 1, NMR anal-
ysis of molecular flexibility in solution suggests that the
most populated conformer of 1 is in a cis-amide (22%),
while the other conformations are a trans-amide
(>70%).13 A hydroxy group at C-18 in 3–6 may addi-
tionally contribute to their high affinity because a hydro-
gen bond donor group in the region, originally bound to
the triphosphate moiety of ATP, is important for dock-
ing.14 We conclude this is the reason why 3–6 exert high
affinity for Hsp90 in vitro.


Growth inhibition of 3–6 against various cancer cells,
however, was no greater than expected from in vitro

affinity (Table 2). Although chemical properties of 3–6
were thought to be similar to 1 and 2, their polarities
were relatively high judging from chromatographic
behaviors. Therefore, we derivatized and evaluated the
activity of 7, an 18-O-acetyl derivative of 3. The client
depletion activity of 7 increased slightly in spite of de-
creased affinity. Membrane permeability of 3–6 is a pos-
sible reason for modest growth inhibitory activity. Some
Hsp90 inhibitors, such as 2, are reported to accumulate
in cancer cells and tissues.15 Differences in accumulation
may, therefore, provide another reason.


Based on molecular dynamics simulations and energetic
analysis, Jez et al.10b thought that an ansamycin analog
with a constrained cis-amide bond in the ground state
would greatly increase in affinity because the remainder
of the molecule would adopt the C-like conformation
and bind to Hsp90 without the large energy loss re-
quired for conformational change. We believe 3–6 are
consistent with their findings.


It was recently established that 2 is reduced to its dihy-
droquinone by cellular enzyme DT-diaphorase,16 and
the resulting dihydroquinone exerts more potent inhibi-
tion than the quinone itself.17 Although a protracted Koff


rate of the dihydroquinone has been reported,18 the rea-
son for the potent inhibition is unknown. We believe
energetic advantage may explain this since the confor-
mational properties of 3–6 presented here may be
adapted to the dihydroquinone. Furthermore, unlike
the dihydroquinone, a phenol moiety is not easily
oxidized to benzoquinone, a possible toxicophore.19


Therefore, 3–6 can be promising lead compounds for
anti-tumor drugs targeting Hsp90 inhibition.
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Abstract—We describe the SAR, in terms of heterocyclic replacements, for a series of pyrazole EP1 receptor antagonists. This study
led to the identification of several aromatic heterocyclic replacements for the pyrazole in the original compound. Investigation of
replacements for the methylene linker uncovered disparate SAR in the thiazole and pyridine series.
� 2008 Elsevier Ltd. All rights reserved.
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Pain is symptomatic of many diseases. In particular,
inflammatory pain is associated with chronic disease
states such as rheumatoid arthritis (RA) and osteoar-
thritis (OA).1 Non-steroidal anti-inflammatory drugs
(NSAIDs) and more recently inhibitors of (COX-2)
have demonstrated efficacy in the treatment of chronic
inflammatory pain,2 however, both medicaments have
been found to elicit undesirable side effects which hinder
chronic dosing and therefore hamper their use for the
treatment of chronic inflammatory pain.3 Thus, there
exists an opportunity for novel pain treatments devoid
of side effects. The identification of selective EP1 recep-
tor antagonists, which block the action of the proinflam-
matory mediator PGE2 at one of its four receptor
subtypes, is therefore of interest for the treatment of
inflammatory pain4 as they have shown efficacy in pre-
clinical models of inflammatory pain.5–7


We have described the cyclopentene (1)8 and pyrrole
analogues (2 and 3)5a (Fig. 1). Optimisation of the cyclo-
pentene derivative (1) led to the identification of
GW848687X (4).6 In addition, we have recently de-
scribed a further novel series of pyrazole derivatives
exemplified by 57 (Fig. 1).
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We were intrigued by the methylene-linked pyrazole ser-
ies, such as 5, due to its considerably lower lipophilicity
than compounds from our previous biaryl series, as
demonstrated by the measured logD9 values of com-
pounds 1–4 all (log D P 2.5) compared to compound 5
(log D 1.2) (Fig. 1).

4: GW848687X
EP1 binding pIC50 8.6
logD 2.6


5: EP1 binding pIC50 8.2
logD 1.2


Figure 1. A selection of GSK EP1 receptor antagonists.
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Table 1. SAR for compounds 1, 2, 4, 5 and new analogues 6a–r


O


Cl
ringA


B


Compound Ring Binding pIC50
a logDb


1 n/a 7.9 ± 0.4 3.0


2 n/a 8.1 ± 0.4 2.5


4 n/a 8.6 ± 0.1 2.6


5 n/a 8.2 ± 0.0 1.2


6a
N


N CO2Na
8.0 ± 0.2 1.0


6b
N


N CO2Na 7.1 ± 0.0 0.7


6c
N CO2H


6.8 ± 0.1 3.0


6d
S


N CO2Na
8.2 ± 0.1 1.2


6e
O


N CO2Na
7.7 ± 0.1 0.5


6f
S


N CO2Na
7.6 ± 0.1 1.1


6g
N


S CO2Na
6.2 ± 0.3 0.9


6h N
H


N CO2H


.HCl
<6 0.6


6i
N


N CO2H


.HCl
6.5 ± 0.1 0.7


6j
N


N CO2H


.HCl


<6 0.7


6k
O CO2Na 8.2 ± 0.1 1.5


6l
O CO2Na


8.0 ± 0.1 1.8


6m
S CO2Na 7.3 ± 0.0 2.3


(continued on next page)
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In this paper, we detail our investigation into aromatic
heterocyclic replacements for the pyrazole moiety in
the methylene-linked series and the effect this had on
lipophilicity. We present data that show that the methy-
lene-linked series has intrinsically lower lipophilicity
than the cyclopentene or pyrrole series and that the
replacement of the central biaryl ring by a methylene lin-
ker was not accountable alone for the decreased
lipophilicity.


We also investigated whether the SAR in the methylene-
linked series was similar to the biaryl series in terms of
SAR of the aromatic carboxylic acid moiety. Finally,
we probed the feasibility of replacing the methylene lin-
ker with isosteric groups.


Initial analogues were prepared with the benzyloxy mo-
tif on the A-ring (Table 1). Compounds were tested in
[3H]-PGE2 binding assay, and most were also profiled
in a functional assay (FLIPR, data shown for key
compounds).10


Replacement of the Br-atom (ring A) in compound 5 by
a Cl-atom (6a) had little effect on affinity (Table 1).
However, deletion of the methyl group from the 5-posi-
tion of pyrazole 6a, to give 6b, led to a 10-fold decrease
in affinity and a moderate decrease in lipophilicity.
Replacement of the pyrazole N-atom in the ortho-posi-
tion to the carboxylic acid of 6a by CH to give the cor-
responding pyrrole 6c also resulted in a marked, �16-
fold, decrease in affinity, implying that a heteroatom
in the ortho-position to the carboxylic acid may be
important for activity. This result is in line with initial
SAR in this series.7 It is noteworthy that the pyrrole
6c is 100-fold more lipophilic than the corresponding
pyrazole 6a, logD 3.0 versus logD 1.0, respectively.9


Further investigation of heterocycles with the N-atom at
the ortho-position to the carboxylic acid led to the iden-
tification of several high affinity derivatives such as thi-
azole 6d, oxazole 6e (FLIPR pKi 8.8) and regioisomeric
thiazole 6f. Interestingly, the other regioisomeric thia-
zole (6g) displayed considerably lower affinity (30- to
100-fold) than its analogues. It was also found that
not all heterocycles with a N-atom in the ortho-position
to the carboxylic acid were active, and that more basic
compounds such as the imidazoles (6h–j) displayed
much weaker activity. It is not clear whether this
marked decrease in activity was due to the increased ba-
sicity of the imidazole, relative to the pyrazole, thiazole
and oxazole ring systems, or whether it is due to elec-
tronic factors.


Replacement of the N-atom by other heteroatoms was
also investigated. Furan 6k (FLIPR pKi 8.7) displayed
10-fold higher affinity than the pyrazole 6b but addition
of a methyl group to give 6l (FLIPR pKi 8.7) had no ef-
fect on affinity or functional activity. Thus furan 6l is
essentially equipotent with the methyl pyrazole analogue
derivative 6a. It is not clear why the methyl group is so
important in the pyrazole case but has no effect in the
case of the furan. The thiophenes 6m (FLIPR pKi 7.8)
and 6n were also found to have activity, albeit 6m dis-







Table 1 (continued)


Compound Ring Binding pIC50
a logDb


6n
S


CO2Na
7.4 ± 0.1 2.8


6o
CO2Na


6.5 ± 0.1 3.0


6p
N CO2H


6.8 ± 0.2 2.2


6q
N


CO2Na
6.2 ± 0.3 1.4


6r
N


CO2Na
<6 1.1


a See note 10.
b See note 9.
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played approximately 10-fold weaker affinity than the
analogous furan 6k. Surprisingly, the isomeric thio-
phene (6n) was active, despite not having a heteroatom
in the ortho-position to the carboxylic acid (Table 1).


Despite the activity of the thiophenes 6m and 6n, the
phenyl derivative 6o was considerably weaker in terms
of binding affinity. This result is surprising considering
the activity of the phenyl derivatives in related biaryl
series, for example, compounds 1–35,8 and shows a dis-
parity in SAR between the two series.


Adding a N-atom in the ortho-position to the carboxylic
acid of compound 6o to give the picolinic acid derivative
6p improved affinity only slightly. Nicotinic acid deriva-
tive 6q had considerably weaker binding affinity and
isonicotinic acid derivative 6r was devoid of activity (Ta-
ble 1).


The fact that a benzoic acid (compound 6o) was not
well-tolerated in the methylene-linked series can be par-
tially rationalized by molecular overlays (Figs. 2 and

Figure 2. Molecular overlay (flexible alignment) of cyclopentene


derivative 1 (pink) with methylene-linked benzoic acid derivative 6o


(turquoise).

3).11 The methylene linker is considerably shorter than
the cyclopentene and pyrrole linkers and results in a
suboptimal overlay of the benzoic acid moieties in com-
pounds 1 and 6o (Fig. 2).


Five-membered heterocyclic acids such as 6a correct for
this change in geometry and location caused by the
methylene linker (Fig. 3). However, the fact that not
all five-membered aromatic heterocycles demonstrate
activity must be accounted for by electronic factors in
addition to the potential HBA interactions of the addi-
tional heteroatoms, although the latter are not possible
for all of the ring systems.


Results in Table 1 show that some relatively hydrophilic
ring systems can be incorporated in the methylene-
linked series which is in contrast to the biaryl series we
reported previously, where lipophilic rings such as ben-
zene and pyrrole were preferred. For example, the mea-
sured logD values for compounds 2 and 4 are 2.5 and
2.6, respectively, whereas data from the current series
show that it is possible to achieve high affinity with
much less lipophilic compounds such as 6a (log D 1.0),
6d (log D 1.2), 6e (log D 0.5) and 6f (log D 1.1). There
is no correlation between binding affinity and lipophilic-
ity (Fig. 4).


Investigation of the alkoxy group on the A-ring showed
that the benzyloxy group could be replaced by an iso-
butoxy group (Table 2) as found in the pyrrole series.5a


The isobutoxy derivatives generally displayed affinity
similar to their benzyl analogues, with the exception of
picolinic acid derivative 7d which showed markedly
higher affinity. Compounds 7a, 7c and 7d demonstrated
antagonism in a functional assay, 7a FLIPR pKi 9.1, 7c
FLIPR pKi 9.5, and 7d FLIPR pKi 6.8.


Next we sought to investigate alternatives to the methy-
lene linker (Table 3). Thiazole 6d was used for this exer-
cise as it represented a good starting point in terms of
in vitro affinity and because it allowed the methylene
group to be replaced by an amino group. Thus, replace-

Figure 3. Molecular overlay (flexible alignment) of cyclopentene


derivative 1 (pink) with methylene-linked pyrazole acid derivative 6a


(turquoise).







logD versus binding pIC50 for compounds 6a-r
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Figure 4. Plot of measured logD (Y-axis) versus binding pIC50 (X-axis)


for compounds 6a–r.


Table 2. SAR for isobutoxy analogues 7a–d


O


Cl
ring


Compound Ring Binding pIC50
a


3 n/a 8.3 ± 0.1


7a
N


N CO2Na
8.0 ± 0.0


7b
S


N CO2Na
8.1 ± 0.0


7c
O CO2Na 8.5 ± 0.1


7d
N CO2H


7.4 ± 0.1


a See note 10.


Table 3. SAR for compounds 8a–e


O


Cl ring


Compound Ring Binding pIC50
a


3 n/a 8.3 ± 0.1


6d
S


N CO2Na
8.2 ± 0.1


8a


S


NN
H


CO2Na 7.6 ± 0.1


8b
S


N CO2Na
6.2 ± 0.2


8c
S


N
CO2Na 7.3 ± 0.1


6a
N


N CO2Na
8.0 ± 0.2


8d
N


N CO2Na <6


8e
S


N
CO2Na <6


a See note 10.


Table 4. SAR for compounds 9a and b


NA


O


X CO2H


Compound A X Binding pIC50
a


6p CH2 Cl 6.8 ± 0.2


9a NH H <6


9b O Cl 6.1 ± 0.4


a See note 10.
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ment of the methylene group of compound 6d with an
amino linker to give 8a (FLIPR pKi 8.4) was well-toler-
ated (�3-fold decrease in affinity). Removal of this lin-
ker (8b) led to a marked decrease in activity. However,
reinsertion of the methylene group to give the thiazole
acetic acid derivative (8c) restored affinity to some de-
gree. A similar modification in the pyrazole series (com-
pare 6a with 8d) was not tolerated, highlighting a
surprising divergence in SAR between the thiazole and
pyrazole series (Table 3). Retaining the original methy-
lene linker and but converting these compounds to ace-
tic acid derivatives (8e) was again found to be
detrimental (Table 3).


Finally, investigation of alternative linkers in the picoli-
nic acid series proved much less fruitful (Table 4).
Replacement of the methylene group by either an amino
linker (9a) or an oxygen linker (9b) was not beneficial.


Thus, these investigations show that the methylene lin-
ker is optimal.

Compounds were synthesized according to literature
procedures or as outlined in Schemes 1–9. Full experi-
mental details and characterizing data for key com-
pounds have been described.12–15


Pyrazole derivatives 6a and 6b were prepared by alkyl-
ation with the requisite benzyl bromide as described
previously.7,12


Pyrrole derivative 6c was prepared from 5-chlorosali-
cylamide 10 (Scheme 1) by alkylation of the phenolic
group followed by amide reduction to give 11. Ethyl
4-oxopentanoate (13) was converted to the corre-
sponding dimethyl acetal (14) which underwent aldol
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reaction with ethyl formate and subsequent ketal
hydrolysis to give 12. Paal–Knorr condensation of
keto-aldehyde 12 with benzylic amine 11 followed by
ester hydrolysis gave compound 6c (Scheme 1).


Acetophenone derivative 15 was transformed to the
homologated ethyl ester 1616 which was then hydro-
lyzed, converted to the amide and subsequently the thi-
oamide 17. Reaction of the thioamide 17 with
ethylbromo pyruvate and subsequent hydrolysis deliv-
ered compound 6d (Scheme 2)

The synthesis of oxazole 6e is described in Scheme 3.
Selective benzylation of 18 gave 19, which was con-
verted to 20. The nitrile group was then transformed
to the intermediate imino ether which underwent







A. Hall et al. / Bioorg. Med. Chem. Lett. 18 (2008) 1592–1597 1597

reaction with serine methyl ester to give 21. Oxida-
tion furnished oxazole 6e upon ester hydrolysis
(Scheme 3)


Previously described boronic acid 225a was reacted with
thiazole derivative 25 under Suzuki conditions, to give
6g upon ester hydrolysis (Scheme 4). Thiazole 25 was
prepared by condensation of 1,3-dibromoacetone and
ethyl thiooxamate as shown (Scheme 4). Phenyl deriv-
ative 6o was prepared by reaction of 22 with 26
(Scheme 4).


Benzylic alcohol 19 was converted to bromide 27 which
underwent in situ reaction with zinc and subsequent
Negishi coupling with thiazole 28 or thiophene 29 to
give 6f and 6m, respectively, upon ester hydrolysis
(Scheme 5). Picolinate 6p and pyridyl isomers 6q and
6r were prepared in a similar manner.15


Imidazole 6h was prepared from nitrile derivative 20, via
amidoxime 34 (Scheme 6). The methyl imidazoles were
prepared via alkylation of 35 followed by ester hydroly-
sis (Scheme 6).


Furan 6k was prepared by Friedel–Crafts alkylation of
4-chloro anisole (36) (Scheme 7). Selective demethyla-
tion of the phenolic ether 37 followed by alkylation
and ester hydrolysis delivered the final acids. Furan 6l
was prepared in an analogous fashion.


Wittig reaction with 5-chlorosalicyaldehyde (38) fol-
lowed by benzylation of the phenolic hydroxyl, double
bond and ester reduction then oxidation of the alco-
hol gave aldehyde 39 (Scheme 8). Gewald reaction17


with ethyl cyanoacetate and sulfur in the presence of
triethylamine gave aminothiophene 40 which under-
went deamination and ester hydrolysis to give thio-
phene 6n (Scheme 8).


Commercially available amino thiazole 41 underwent
deprotection and re-esterification to give phenol 42
which was alkylated with benzyl bromide (Scheme 9).
Ester hydrolysis delivered aminothiazole 9a (Scheme 9)


In summary, we have explored several aromatic het-
erocycles as replacements for the original pyrazole
lead (6a). The SAR generated has shown that the pyr-
azole, thiazole and furan derivatives demonstrated the
highest EP1 affinity and therefore merit further
investigation.

Acknowledgments


We thank Helen Price, Thomas Hayhow, Edward Mil-
ton and Anne-Marie D’Souza for the synthesis of se-
lected compounds.

References and notes


1. Chadwick, D. J.; Goode, J. Osteoarthritic Joint Pain;
Wiley Interscience, 2004.

2. (a) Camu, F.; Shi, L.; Vanlersberghe, C. Drugs 2003, 63, 1;
(b) Bianchi, M.; Broggini, M. Drugs 2003, 63, 37; (c) Jeger,
R. V.; Greenberg, J. D.; Ramanathan, K.; Farkouh, M. E.
Exp. Rev. Clin. Immunol. 2005, 1, 37; (d) Lee, Y.;
Rodriguez, C.; Dionne, R. A. Curr. Pharm. Des. 2005,
11, 1737.


3. (a) Hawkey, C. J.; Jackson, L.; Harper, S. E.; Simon, T. J.;
Mortensen, E.; Lines, C. R. Aliment. Pharmacol. Ther. 2001,
15, 1; (b) Silverstein, F. E.; Faich, G.; Goldstein, J. L.;
Simon, L. S.; Pincus, T.; Whelton, A.; Makuch, R.; Eisen,
G.; Agrawal, N. M.; Stenson, W. F.; Burr, A. M.; Zhao, W.
W.; Kent, J. D.; Lefkowith, J. B.; Verburg, K. M.; Geis, G.
S. J. Am. Med. Assoc. (JAMA) 2000, 284, 1247.


4. Hall, A.; Billinton, A.; Giblin, G. M. P. Curr. Opin. Drug
Discov. Devel. 2007, 10, 597.


5. (a) Hall, A.; Atkinson, S. A.; Brown, S. H.; Chessell, I. P.;
Chowdhury, A.; Coleman, T.; Giblin, G. M. P.; Gleave,
R. J.; Hammond, B.; Healy, M. P.; Johnson, M. R.;
Michel, A. D.; Naylor, A.; Novelli, R.; Spalding, D. J.;
Tang, S. P. Bioorg. Med. Chem. Lett. 2006, 16, 3657; (b)
Hall, A.; Brown, S. H.; Chessell, I. P.; Chowdhury, A.;
Clayton, N. M.; Coleman, T.; Giblin, G. M. P.; Ham-
mond, B.; Healy, M. P.; Johnson, M. R.; Metcalf, A.;
Michel, A. D.; Naylor, A.; Novelli, R.; Spalding, D. J.;
Sweeting, J.; Winyard, L. Bioorg. Med. Chem. Lett. 2007,
17, 732; (c) Hall, A.; Brown, S. H.; Chessell, I. P.;
Chowdhury, A.; Clayton, N. M.; Coleman, T.; Giblin, G.
M. P.; Hammond, B.; Healy, M. P.; Johnson, M. R.;
Metcalf, A.; Michel, A. D.; Naylor, A.; Novelli, R.;
Spalding, D. J.; Sweeting, J.; Winyard, L. Bioorg. Med.
Chem. Lett. 2007, 17, 916.


6. Giblin, G. M. P.; Bit, R. A.; Brown, S. H.; Chaignot, H.
M.; Chowdhury, A.; Chessell, I. P.; Clayton, N. M.;
Coleman, T.; Hall, A.; Hammond, B.; Hurst, D. N.;
Michel, A. D.; Naylor, A.; Novelli, R.; Spalding, D. J.;
Tang, S. P.; Wilson, A. W.; Wilson, R. Bioorg. Med.
Chem. Lett. 2007, 17, 385.


7. McKeown, S. C.; Hall, A.; Giblin, G. M. P.; Lorthioir, O.;
Blunt, R.; Lewell, X. Q.; Wilson, R. J.; Brown, S. H.;
Chowdhury, A.; Coleman, T.; Watson, S. P.; Chessell, I.
P.; Pipe, A.; Clayton, N. M.; Goldsmith, P. Bioorg. Med.
Chem. Lett. 2006, 16, 4767.


8. Hall, A.; Bit, R. A.; Brown, S. H.; Chaignot, H. M.;
Chessell, I. P.; Coleman, T.; Giblin, G. M. P.; Hurst, D. N.;
Kilford, I. R.; Lewell, X. Q.; Michel, A. D.; Mohamed, S.;
Naylor, A.; Novelli, R.; Skinner, L.; Spalding, D. J.; Tang,
S. P.; Wilson, R. J. Bioorg. Med. Chem. Lett. 2006, 16, 2666.


9. Logarithm (base 10) of the distribution coefficient
(D), where D is the ratio of equilibrium concentrations
of all species of a compound between n-octanol and water
(buffered to pH 7.4). All values are measured.


10. Active compounds behaved as antagonists in a functional
assay (FLIPR). For assay details, see Ref. 8.


11. Molecular overlays conducted using MOE (Molecular
Operating Environment), Chemical Computing Group
Inc., 2006. Available form: www.chemcomp.com.


12. Giblin, G. M. P.; Hall, A.; Hurst, D. N.; Lewell, X. Q.;
Lorthioir, O. E.; McKeown, S. C.; Scoccitti, T.; Watson,
S. P. 2005, WO2005/040128A1.


13. Bit, R. A.; Hall, A.; Hurst, D. N.; Scoccitti, T. 2006,
WO2006/114274A1.


14. Bit, R. A.; Giblin, G. M. P.; Hall, A.; Hurst, D.
N.; Kilford, I. R.; Scoccitti, T. 2006, WO2006/
114272A1.


15. Giblin, G. M. P.; Hall, A.; Hurst, D. N.; Rawlings, D. A.;
Scoccitti, T. 2006, WO2006/066968A1.


16. Higgins, S. D.; Thomas, C. B. J. Chem. Soc., Perkin Trans.
1 1982, 235.


17. Gewald, K. Chem. Ber. 1965, 98, 3571.



http://www.chemcomp.com



		Novel methylene-linked heterocyclic EP1 receptor antagonists

		Acknowledgments

		References and notes








Available online at www.sciencedirect.com

Bioorganic & Medicinal Chemistry Letters 18 (2008) 1598–1602

Use of the X-ray structure of the Beta2-adrenergic
receptor for drug discovery


Sid Topiol* and Michael Sabio


Department of Computational Chemistry, Lundbeck Research USA, 215 College Road, Paramus, NJ 07652-1431, USA


Received 21 December 2007; revised 15 January 2008; accepted 16 January 2008


Available online 19 January 2008

Abstract—The recently reported X-ray structure of the Beta2-adrenergic receptor, the first reported crystal structure of a ligand-
mediated GPCR, is used to explore its utility in computer-aided drug design. Validations were conducted with known beta blockers.
This was followed by high-throughput docking studies with proprietary and commercial databases to further validate the X-ray
structure’s usefulness as a design tool and to explore the potential for discovery of novel chemical classes acting as Beta2 inhibitors.
Our results include the finding of ligands with traditional beta-blocker motifs as well as new motifs, thereby serving to both validate
the approach and project its usefulness in the finding and design of novel compounds.
� 2008 Elsevier Ltd. All rights reserved.

The use of X-ray structures in drug discovery is now well
established as a powerful means to design and/or screen
for new leads and drugs. To date, these approaches have
predominantly been applied to soluble proteins whose
crystal structures are more amenable to isolation, purifi-
cation, and crystallization. In contrast to this, while
GPCRs play a pervasive role in pharmaceuticals and
represent the largest single class of targets for drug dis-
covery and >30% of marketed drugs, the generation of
X-ray structures for ligand-mediated GPCRs has eluded
investigators for many years. Indeed, the best available
X-ray structure of GPCRs, until recently, was that of
bovine Rhodopsin.1,2 Rhodopsin is, however, a light-
activated (as opposed to ligand-mediated) GPCR. Thus,
while this representative of a Class I GPCR protein pro-
vided the opportunity for significant advancements in
GPCR homology modeling, there remained the inherent
limitations of Rhodopsin in drug discovery: (1) a non-li-
gand-mediated template and (2) the need for homology
models. Such limitations have been difficult to assess.
The recent report of the high-resolution crystal structure
of the Beta2-adrenergic receptor3–5 now affords the
opportunity for evaluating an actual ligand-mediated
GPCR in structure-based design without the above lim-
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itations. As discussed by Kobilka and coworkers,3–5


there are indeed notable differences in the structural fea-
tures and conformation of the Beta2 receptor compared
to that of Rhodopsin as well as unexpected features. For
example, there is an alpha helix in the second extracellu-
lar loop, ECL2, which was not predicted by models
based on Rhodopsin. Compared to Rhodopsin, the
Beta2 receptor’s extracellular regions of helices I and
III sit more outwardly of the ligand-binding site, and
other changes are observed in helices I, V, and VI. We
also note that the interactions of Corazolol with the pro-
tein differ from those of previous homology models for
antagonist binding using Beta2 homology models.6,7


Thus, while both the amino and the hydroxyl groups
of the Corazolol side chain each bind to both Asp113
and Asn293, Freddolino et al.6,7 predict that the hydro-
xyl of Propranolol interacts with Ser203 and Ser204, and
for Butoxamine, a methyl ether oxygen atom on the phe-
nyl ring interacts with Asn293. In the present study, we
embark on computational studies using the X-ray struc-
ture of the Beta2 receptor for the initiation of drug
discovery.


The X-ray structure of the Beta2 receptor includes the
cocrystallized ligand Corazolol (Fig. 1), a high affinity
inverse agonist (see Fig. 2a). As an initial validation,
docking models of the protein were prepared using stan-
dard protocols.8 We used the Glide-XP and GOLD-
GoldScore docking tools to dock the S isomer of
Corazolol into the Beta2 models. The S isomer is the
more potent isomer as well as the one used to solve
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Figure 1. Structures of potent Beta2 ligands.
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the X-ray structure. Figure 2b shows these docked struc-
tures compared to the X-ray structure, in what are pre-
dicted to be the most favored binding modes. Both the
Glide and GOLD approaches produce Corazolol bind-
ing poses that have striking overlaps with the ligand in
the X-ray structure. The key hydrogen bonds and salt
bridges are maintained, where the amine and hydroxyl
groups are interacting with Asp113 and Asn293. Also,
the aromatic carbazole group overlaps strikingly well
with its X-ray counterpart. Finally, the isopropyl side
chains sit in the same location with both docking proto-
cols. We note that we found a very similar binding
mode, having the same interactions, for the R isomer
of Corazolol, which is slightly more favored by the
Glide-XP docking protocol, but the R isomer’s ab initio
energy is 2 kcal/mol higher than the S isomer when both
are frozen in their binding structures. Below, we contin-
ued with Glide and will be conducting a similar study
with GOLD.

Figure 2. (a) X-ray structure of Corazolol in the Beta2-adrenergic binding sit


brown) compared to the docked structures of Glide (left) and GOLD (right

While the ability to reproduce the binding mode ob-
served in the X-ray structure is a necessary validation
step, we are also concerned that the model be validated
with other known ligands. To further assess the use of
the X-ray model for docking, we therefore studied six
known beta blockers (i.e., Propranolol, Timolol, Butox-
amine, Dichloroisoprenaline, Celiprolol, and Carvedi-
lol) to ensure that they bind in a reasonable manner.
Figure 3 depicts our predicted binding mode for each
of these ligands using Glide-XP. For each of these li-
gands, the binding mode is very compelling when com-
pared to that of Corazolol. In each case, the amino-
ethyl-hydroxyl segments overlap well. The aromatic/
hydrophobic regions overlap well with that of the carba-
zole group of Corazolol. The overall hydrophobic nat-
ure of this region is clear from these overlaps. In the
case of Celiprolol, the phenyl ring rotates away from
what would be the topologically corresponding ring of
Corazolol, thereby having the acetyl portion, instead
of the more hydrophobic N,N-diethylurea group, over-
lap with the rest of the carbazole moiety. It is clear from
the X-ray structure that, were the phenyl group of Cel-
iprolol to be positioned by a topology corresponding
to Corazolol, the para position of the phenyl ring would
be close to the backbone of Ser203 and Ser204 of helix 6,
thereby colliding with the N,N-diethylurea group. From
examination of the X-ray structure, we also note that the
carbazole NH of Corazolol, which is 3.3 Å from the OH
of S203 in the X-ray structure, is not represented by a
corresponding NH in these analogs, suggesting that this
proton-donating interaction is not required. As seen in
the Timolol structure, the Corazolol-carbazole counter-
part need not be purely aromatic. Finally, each of these
examples overlaps nicely on Corazolol’s isopropyl moi-
ety with the corresponding hydrophobic tail. Taken to-
gether, the results for these known ligands support the
use of this X-ray-based model for drug discovery.


The above examples illustrate the ability of the model to
explain the binding modes of known ligands when stud-
ied individually. A valuable approach in drug discovery
where X-ray structures are available is the use of the
protein structure for in silico screening of large libraries

e. (b) Overlap of the X-ray structure of Corazolol in the binding site (in


).







Figure 3. Overlap of docking results with the X-ray structure of bound Corazolol with docked structures of Dichloroisoprenaline, Propranolol,


Butoxamine, Timolol, Celiprolol, and Carvedilol.
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of compounds via high-throughput docking (HTD). The
Beta2 X-ray structure now opens the door to the use of
these same approaches for this GPCR target without
having to employ a homology model. We performed a
test study of this approach using a library of approxi-
mately four million commercially available compounds
(see below). We first conducted a similar study, as a pre-
liminary test, using a tenfold smaller selection from an
in-house compound collection. The test of the effective-
ness of an HTD approach lies in its ability to provide
effective ranking of active ligands in a large database
of compounds. In the top 30 (0.008%) scoring com-
pounds of the proprietary database resulting from the
present HTD study using Glide, both Corazolol and
Carvedilol (see Fig. 1) were found. Indeed, in the top
100 compounds there were 11 compounds which were
either known beta blockers or very closely related
structures.


An important advantage for the role of structure-based
design studies is the potential to find new chemical clas-
ses for a given target. With the above results supporting
the ability of the HTD to identify active compounds, we
now explore the ability of the model to provide chemical
leads that are structurally different from the traditional
motif. In a preliminary analysis of this, we show in Fig-
ure 4a the overlapped structures of the top 100 scoring
ligands in the HTD of the proprietary database. These
100 structures have highly similar docking scores, which
suggest that the predicted binding abilities of the 100
structures are not distinguishable. In Figure 4a, we see
that many of these top scorers significantly overlap with
the ligand, Corazolol, in the X-ray structure. We also see
that a significant number of the ligands occupy a space
complementary to that of Corazolol. As traditional beta
blockers were found in the absence of X-ray structures,
the beta blockers evolved around a common motif. It is
therefore likely that they do not sample and/or capture
all of the binding opportunities offered by the protein.

To help understand the potential of finding ligands that
probe these other regions of the protein, we extracted
from the 100 structures those ligands that have the ami-
no-alkyl-hydroxyl motif; see Figure 4b. We see that a
significant number of the residual compounds still occu-
py the same region of space. This suggests that new
chemical classes could be found which interact with
the same region as traditional inhibitors. To further as-
sess how critical is the occupancy of this region and how
divergent new chemical classes can be, in Figure 4c, we
also removed all compounds (by visual inspection) with
significant structural overlap with this region (40 com-
pounds). Strikingly, we find that removal of those com-
pounds that do not have any significant overlap with the
amino-alkyl-hydroxyl moiety leaves approximately half
of the compounds. In the inverted U-shaped overlaps
of Figure 4c, the lower right-hand side corresponds to
the carbazole portion of Corazolol, while the lower left
portion corresponds to the isopropyl chain of Corazolol.
In addition to these 2 hydrophobic regions, there is a
densely populated region, as shown at the top of Figure
4c. Figure 4d and e shows these same overlaps with the
7TM region represented by a ribbon diagram. It is clear
that this upper region provides interactions with the
extracellular loops ECL2 and ECL3. For GPCRs which
bind endogenous peptides, this extracellular region is
where the primary binding is believed to occur. It is
therefore quite reasonable to find that binding in this re-
gion can play an important role. The observation that a
good fraction of the top-scoring ligands bind in this EC
region and the 2 hydrophobic pockets described above,
but without occupying the amino-ethyl-hydroxyl core,
demonstrates that some of the top-scorers represent very
different chemical classes compared to the traditional
beta blockers. This observation may provide a source
for novel compounds.


We have repeated the above HTD study using a data-
base of compounds that is approximately an order of







Figure 4. (a) Overlay of the top 100 Glide docking hits from a database of proprietary compounds and Corazolol from the X-ray structure. The gray


surface is that of Corazolol. (b) Same as (a) after removal of compounds with the traditional beta blocker alkyl motif. (c) Same as (b) after removal of


all compounds with atoms in the region of the traditional beta blocker alkyl motif. (d and e) Same as (c) showing a ribbon diagram of the protein. (d


and e) Rotated 90� around the vertical axis with respect to each other.
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magnitude larger, that is, 4 million compounds. This
serves as a more stringent evaluation of the potential
for extracting ligands that are expected to bind well to
the Beta2 receptor based on historical data. This is also
an opportunity to sample a more diverse space to iden-
tify novel compounds. A comparison of the overlapping
of the top-scoring compounds (not shown) is similar to
that depicted in Figure 4 for the smaller, proprietary
database. In these hits as well, we find structures that
are both different from traditional beta blockers and di-
verse with respect to each other. Thus, here too, the
examples span different binding motifs. While we do
not expect all of the compounds in the top-scoring few
hundred compounds, to be potent inhibitors, the results
do indicate that promising new directions are made
available through the use of the recently published X-
ray structure. Testing of these compounds is planned
and will be reported separately.


The long-awaited, first X-ray structure of the ligand-
mediated GPCR, the Beta2-adrenergic receptor, has re-
cently become available. We have examined herein the
viability of its use for computer-aided drug design. Val-
idation of the docking model has been provided by the
ability to (i) reproduce the binding mode of the cocrys-
tallized ligand, Corazolol, (ii) predict compelling bind-
ing modes for known antagonists, and (iii) extract
known antagonists from HTD studies. Analyses of the

hits from HTD studies indicate the ability to find diverse
chemical leads that differ from historic beta-antagonist
motifs. Moreover, it appears that the recently published,
high-accuracy structure of the Beta2-adrenergic receptor
has ushered in the era of structure-based drug design for
GPCRs.
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Abstract—Complement activation has been implicated in disease states such as hereditary angioedema, ischemia-reperfusion injury,
acute respiratory distress syndrome, and acute transplant rejection. Even though the complement cascade provides several protein
targets for potential therapeutic intervention only two complement inhibitors have been approved so far for clinical use including
anti-C5 antibodies for the treatment of paroxysmal nocturnal hemoglobinuria and purified C1-esterase inhibitor replacement ther-
apy for the control of hereditary angioedema flares. In the present study, optimization of potency and physicochemical properties of
a series of thiophene amidine-based C1s inhibitors with potential utility as intravenous agents for the inhibition of the classical path-
way of complement is described.
� 2008 Elsevier Ltd. All rights reserved.

The complement cascade is a major component of the
innate immune system in mammals and other vertebrate
species.1 It plays a major role in the destruction of
invading microorganisms and the clearance of immune
complexes. However, unregulated complement activa-
tion leading to acute inflammation and tissue damage
has been implicated in the pathology of many disease
states.2 Activation of the classical pathway has been
implicated in humorally-mediated graft rejection,3 ische-
mia-reperfusion injury (IRI),4 hereditary angioedema
(HAE),5 vascular leak syndrome,6 and acute respiratory
distress syndrome (ARDS).7 C1-esterase inhibitor (C1-
Inh) has been used for many years as a replacement ther-
apy for patients with hereditary angioedema caused by a
deficiency of C1-Inh.8 Although C1 esterase inhibitor
has been the only complement inhibitor approved
for clinical use, a humanized monoclonal antibody
(eculizumab) against terminal complement protein C5
has recently been approved for the treatment of patients
with paroxysmal nocturnal hemoglobinuria (PNH).9
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Small-molecule complement inhibitors have yet to enter
the marketplace. Compstatin, a synthetic 13 amino acid
cyclic peptide that blocks all three known complement
activation pathways, is currently undergoing clinical
development for the treatment of age-related macular
degeneration (ARMD).10 We have previously reported
the discovery of a novel series of arylsulfonylthioph-
ene-2-carboxamidine inhibitors11 of the complement
component C1s, a trypsin-like serine protease that is
present as a proenzyme within the first component of
complement in the classical pathway.12 We have contin-
ued to optimize the potency and physicochemical prop-
erties of these compounds in order to identify a
candidate compound suitable for dosing as an intrave-
nous agent for the treatment of acute complement med-
iated diseases such as IRI and ARDS.

1


S


HN NH2


MeS
S


O O
Br


Our previous work identified compound 1, which has a
K of 0.36 lM for C1s.11 Further substitution at the 3-
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position of the phenyl ring provided compound 3 with
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Table 1. SAR from Suzuki coupling library
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Compound Z R1 R2 Ki
a (nM)


3 C H H 260


4 C 2-OCH3 H 610


5 C 3-OCH3 H 490


6 C 4-OCH3 H 350


7 C 2-CH3 H 30


8 C 3-CH3 H 1850


9 C 4-CH3 H 250


10 C 2-OH H 460


11 C 3-OH H 150


12 C 4-OH H 190


13 C 2-CH2OH H 120


14 C 2-Cl H 40


15 C 2-CHCH2 H 140


16 C 2-CH3 6-CH2OH 50


17 C 2-CH3 6-CO2H 150


18 C 2-CH3 NH2 20


19 N 2-CH3 — 40


a Ki values were determined as described in Ref. 11. Between-run


coefficient of variation was <24%.
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Scheme 1. Reagents and conditions: (a) R3B(OH)2, Pd(PPh3)4, 2 M


Na2CO3, EtOH, toluene, 80 �C, 12 h or R3ZnBr, Pd(PPh3)4, THF,


80 �C, 1 h; (b) 50% TFA/DCM.
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a Ki of 0.26 lM. This observation led to more extensive
exploration of the structure–activity relationship (SAR)
at the 3-position of the phenyl ring. Molecular modeling
studies using the published C1s structure13,14 suggested
two possible binding modes for substituents originating
from the 3-position of the phenyl ring A (Fig. 1). To fur-
ther explore the SAR at this position, a small library of
biaryl compounds was synthesized via parallel synthesis
(Table 1).15 Compound 1 was treated with tert-butyl-
oxycarbonyl anhydride in THF to protect the amidine
moiety. The protected amidine 2 (Scheme 1) was cou-
pled to a series of aryl and heteroaryl boronic acids
using Suzuki coupling conditions to give compounds
3–18.16 Compound 19 was prepared by treating com-
pound 1 with 3-methyl-2-pyridylzinc bromide. Replace-
ment of bromo with phenyl to give compound 3
provides only a marginal improvement in activity. Fur-
ther substitution on compound 3 involving the introduc-
tion of small hydrophobic or hydrophilic groups at the
3-position (5, 8, 11) or the 4-position (6, 9, 12) of the dis-
tal aryl ring (ring B) did not have a significant effect on
activity. However, addition of small hydrophobic
groups at the 2-position of ring B generated compounds
with significantly improved potency. For example, as
shown in Table 1, when R1 is 2-methyl (7) or 2-chloro
(14) there is approximately 9- and 7-fold enhancement
in activity, respectively, in comparison to compound 3.


Molecular modeling suggests a preference for binding
conformations in which ring B is orthogonal to the
proximal aryl ring (ring A), and this applies to both pos-
sible binding modes (Fig. 1). The improved potency ob-
served with compounds 7 and 14 is likely due to both a
conformational effect and enhanced binding contacts.
Having a substituent at the ortho position of ring B (4,
7, 10, 13, and 14) can result in the biphenyl dihedral
being closer to the predicted bound conformation than
in the unsubstituted case, 3. In either of the plausible
binding modes the ortho substituent could be directed
toward the protein surface, or away from it and out to-
ward solvent (Fig. 1). Modeling studies also suggested
that a small hydrophobic residue at the 2-position can

Figure 1. Binding models of 2 in the active site of C1s. These models


are derived from the crystal structure of an analog of 2 bound to a C1s


homolog (unpublished results), which shows that the thiophene


amidine occupies the S1 subsite. The C1s crystal structure14 is depicted


with a Connolly surface19 (cyan) and the two binding models with


green and magenta carbons, respectively. The figure was prepared with


PyMOL.20

make a favorable interaction with the protein surface
and this is consistent with the improved potency ob-
served with compounds 7 and 14, compared to the
unsubstituted compound 3. However, larger hydropho-
bic residues would make this an unfavorable binding
conformation due to steric-clash with the protein sur-
face. Introducing larger hydrophobic residues (4 and
15) or hydrophilic residues (10 and 13) at this position
has little effect on activity, fully consistent with a bind-
ing mode in which these substituents can be directed to-
ward the solvent.


Compounds 3–15 did not have sufficient aqueous solu-
bility at physiological pH to be evaluated as potential
intravenous agents. To mitigate the poor aqueous solu-
bility of compound 7, the most potent in the series, a
pyridyl ring was introduced instead of the phenyl ring
to give compound 19. While compound 19 had the re-
quired solubility properties, it had poor pharmacoki-
netic properties, a poor in vitro safety profile,17 and
potent hERG K channel blocking in the patch-clamp as-
say18 (Table 2). In an alternative approach, 7 was
further substituted with hydrophilic residues at the







Table 2. Amine substituted derivatives of compound 18: potency, solubility, and in vitro safety


Compound R5 Z Ki
a (nM) Aqueous


solubility (lM)


Activity in SEP (% inhibition at 10 lM)b Inhibition of hERG


(% inhibition at 10 lM)18


19 H N 45 22 A = 69; B = 74; C = 95; D = 76; E = 83 66.0


30
N
H


O O


OH4*
C 42 40 A = 2; B = 1; C = 9; D = 11; E = 17 0.5


31
H
N


O


OH
5


O


H
N* C 22 39 A = 0; B = 15; C = 0; D = 26; E = 5 5.8


32
H
N


2
O


H
N*


N
NH


NN


C 64 — A = 7; B = 5; C = 9; D = 21; E = 11 1.0


33
N
H


O
S


*


O
O


C 12 43 A = 23; B = 47; C = 31; D = 51; E = 73 0.9


34
N
H


O
S


*


O
O


3
C 14 35 A = 9; B = 28; C = 40; D = 54; E = 53 18.0


NovaScreen uses a criteria of 50% inhibition or greater to qualify a compound as active. A = adrenergic, alpha 1, non-selective; B = dopamine


transporter; C = muscarinic, non-selective, peripheral; D = opiate, non-selective; E = sodium, site 2.
a Ki values were determined as described in Ref. 11. Between-run coefficient of variation was <24%.
b Compounds were tested in the NovaScreen General Side Effect Profile (SEP).17
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6-position of the phenyl ring B. Since the 6-position ap-
peared to be solvent-exposed this was a reasonable strat-
egy to follow. While introduction of 6-hydroxymethyl
(16) and 6-carboxy (17) groups reduced potency 2- and
6-fold, respectively, 6-amino (18) substitution did not
change potency. The 6-amino group was further substi-
tuted with a series of hydrophilic groups (Table 2) with
the hope of improving solubility as well as the pharma-
cologic side-effect profile.


The tert-butyloxycarbonyl-protected scaffold, 20 was
synthesized according to Scheme 1 and functionalized
according to Scheme 2 to give compounds 30–34.15


Compound 20 was treated with 5-chlorocarbonyl-penta-
noic acid methyl ester in the presence of base to give the
ester 21. The ester 21 was hydrolyzed to give the acid 26
which was deprotected with 50% TFA in DCM to give
the final amidine 30. Compound 20 was treated with
6-isocyanato-hexanoic acid ethyl ester in the presence

S


N
H


HN


S S
O O


O


O


t-Bu


NH2


20


a, b, c, 
d or e


   21
   22


   23


   24
   25
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-CH2Br
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-(CH2)4CO2H
-HN(CH2)5CO2H


-HN(CH2)2


-CH2S(O)2Me
N NH


NN


f
g


h


i


   26
   27


   28


   29


R4R4


Scheme 2. Reagents and conditions: (a) MeO2C(CH2)4COCl, DIEA;


(b) EtO2C(CH2)5NCO, TEA, DCM, 3 h; (c) i—p-nitrophenyl chloro-


formate, pyridine, DCM, 4 h; ii—NC(CH2)3NH2, DCM, 48 h; (d)


BrCH2COBr, DIEA, CHCl3; (e) CH3(O)2S(CH2)3COCl, DIEA; (f)


LiOH, 60 �C, 12 h; (g) 1 N NaOH, 2 h; (h) (CH3)3SiN3, dibutyltin


oxide, toluene, 70 �C, 16 h, 80 �C 4 h; (i) CH3SO2Na, EtOH, 16 h.

of base to give 22. The ester 22 was hydrolyzed to the
acid 27, which was deprotected with TFA to give tar-
geted compound 31. Compound 20 was treated with 4-
nitrophenyl chloroformate and pyridine to give the 4-
nitrophenyl carbamate which was reacted with 3-amino-
propionitrile to give the urea 23. Compound 23 was
treated with azidotrimethylsilane and dibutyltin oxide
to give the tetrazole 28, which was converted to the ami-
dine 32 with TFA. Compound 20 was reacted with bro-
moacetylbromide to give the amide 24, which was
treated with sodium methanesulfinate to give the sulfone
29. The sulfone 29 was deprotected with TFA to give the
amidine 33. Compound 20 was treated with 4-methane-
sulfonyl-butyrylchloride to give the sulfone 25, which
was converted to the amidine 34 with TFA.


Incorporating either the carboxylic acid or the sulfone
moiety (30, 31, 33, and 34) provided compounds with
acceptable aqueous solubility. Compound 19 was tested
in a ‘side-effect’ profile panel of 54 target assays from
NovaScreen.17 The compound showed significant activ-
ity at 5 receptor targets (Table 2). In contrast, com-
pounds 30, 31, and 32 proved to be completely inactive
in these assays. Incorporating sulfone moieties provided
compounds that had some activity in 2 out of 54 assays.
Compounds 30–33 were completely devoid of any hERG
activity, while compound 34 had weak potency.


Compounds 19, 31, and 34 were dosed intravenously in
rat pharmacokinetic studies and proved to have very
high clearances (2- to 4-fold rat hepatic blood flow)
and short half-lives (Table 3).


In summary, we have discovered a novel series of potent
and selective C1s inhibitors. These are among the most
potent compounds reported to date. More lipophilic
compounds in this series such as 19 exhibit significant
hERG channel binding activity while more hydrophilic







Table 3. Rat pharmacokinetic properties for selected compoundsa


Compound T1/2 (h) Vd (L/kg) Cl (mL/min/kg)


19 2.0 15 283.0


31 0.2 2.65 228.5


34 1.8 2.03 129.6


a Three animals were used for each dosing group. The rats were dosed


2 mg/kg intravenous.


1606 J. M. Travins et al. / Bioorg. Med. Chem. Lett. 18 (2008) 1603–1606

compounds such as 30 are devoid of significant hERG
activity. Incorporating hydrophilic residues also im-
proved selectivity against the NovaScreen SEP panel.
However, these compounds have poor in vivo pharma-
cokinetic properties. Further structural modifications
to improve in vivo pharmacokinetic properties are in
progress.
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Abstract—Ethambutol is one of the front-line agents recommended by the World Health Organization for the treatment of tuber-
culosis. In an effort to develop more potent therapies to treat tuberculosis, novel unsymmetrical ethambutol analogues were success-
fully synthesized by a new route utilizing novel building blocks synthesized using Ellman’s sulfinyl chemistry. The resulting
analogues were tested for anti-tuberculosis activity yielding compounds with comparable anti-tuberculosis activity to ethambutol
and increased lipophilicity that may instill better tissue penetration and serum half-life.
� 2008 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of ethambutol and its analogues.

Isoniazid, rifampin, pyrazinamide, and ethambutol are
the front-line agents that are recommended by World
Health Organization (WHO) for the treatment of tuber-
culosis (TB).1 The problems with the current TB treat-
ment regimens are complex and include: a prolonged
standard course regimen of 6 months, which often re-
sults in patient non-compliance; the emergence of exten-
sively drug-resistant tuberculosis strains2 (XDRTB);
and the lack of effective drugs against the latent state.
One approach to decrease the treatment time is to im-
prove the potency of currently used anti-tuberculosis
drugs. Wilkinson and coworkers from Lederle laborato-
ries first reported the synthesis and activity of ethambu-
tol (EMB) (1) (Fig. 1) in 1961.3,4 EMB is primarily a
bacteriostatic anti-tuberculosis agent. EMB targets the
arabinosyl transferases responsible for arabinogalactan
biosynthesis, a key component of the unique mycobacte-
rial cell wall.5–7 Despite modest anti-tuberculosis activ-
ity, EMB is used in combination with other front-line
anti-tuberculosis agents mainly owing to its synergy
with the other drugs and low toxicity. EMB is a simple
diamine molecule that was synthesized by reacting 1,2-
dihaloethane with chirally pure (S)-2- amino 1-buta-
nol.3,4 Based on the early SAR study it appears that
the distance between the two nitrogens, the presence of
two hydroxyl groups, and small side chains are the key
pharmacophoric elements.8 The chirality of the molecule
is also very crucial in determining the activity, as EMB,
the (S,S) isomer is approximately 500 times more potent
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than the (R,R) isomer.8 Recently, novel EMB analogues
2, 3, and 4 were found to be active against Mycobacte-
rium smegmatis but the corresponding anti-tuberculosis
activity was not reported for these compounds.9 Lee
et al. recently synthesized a large library of asymmetrical
1, 2 diamines using combinatorial chemistry to explore
the SAR around the diamine pharmacophore. In this
process SQ 109 (5) was identified as the most active com-
pound possessing 35-fold improved activity when com-
pared to EMB.10 SQ109 has recently advanced into
clinical trials for the treatment of tuberculosis, though
it appears that SQ109 does not have the same target
as EMB as originally intended.11


In this study we further expand the SAR of unsymmet-
rical EMB derivatives by taking advantage of new chem-
istries and building blocks that were not previously
available to synthesize asymmetric and constrained
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analogues. Accordingly, novel EMB analogues were
synthesized and tested with an aim not only to improve
the anti-tuberculosis activity but also with a view toward
improving the pharmacokinetic profile of the emerging
compounds. Initially, EMB hydrobromide salt 6, and
its symmetrical analogues 7,12,13 and 814 were synthe-
sized by reacting amino alcohols with 1, 2-dihaloe-

. 2HCl


NH2
HO


N
H


TBDPSO


O


Cl
a, b


d


9 10


12 a-d
12a: R = dimethyl 
12b: R = cyclopentyl
12c: R = hydroxyl methyl
12d: R = (S)-phenyl


NH
HO


H
N


OH
R


Scheme 1. Reagents and conditions: (a) TBDPSiCl, imidazole, CH2Cl2, rt, 1


amino alcohols, DIPEA, DMF, 70 �C, 14 h, 63–90%; (d) i—LiAlH4, THF, refl


45% yields.


S


O


N
OTBS


S


O


N
H


OT


N
H


TBDPSO


O
H
N


OH
H


a


d


13 14


16


Scheme 2. Reagents and conditions: (a) Allyl magnesium bromide, toluene,


91%; (c) 10, DIPEA, DMF, 70 �C, 14 h, 87%; (d) i—LiAlH4, THF, reflux, 1


S


O


N
OTBS


a


18
19a, b


21a, b


19a = All
19b = Et


21a = Allyl
21b = Ethyl


d


S


O


N
H


N
H


TBDPSO
H
N


OH


O


R


HO
N
H


H
N


OH
R


23a = Allyl


.2HCl


Scheme 3. Reagents and conditions: (a) AllylMgBr, or EtMgCl, toluene, �7


solution, rt, 1 h; ii—Et3N, rt, 1 h (c) 10, DIPEA, DMF, 70 �C, 14 h, 45% (2


hydrogen chloride–methanol solution, 19% yield from 21a to 23a.

thanes.3 These compounds were synthesized as
standards and the activities of these compounds were
compared with the novel unsymmetrical derivatives de-
scribed below.


To evaluate the structural importance of the side chains
and to explore non-commercially available amino alco-

c
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hol building blocks, seven unsymmetrical EMB ana-
logues 12a–d, 17, 22b, and 23a were synthesized. Synthe-
sis of 12a–d was achieved by a novel synthetic route as
depicted in Scheme 1. In the first step alcohol 9 was pro-
tected using TBDPSiCl in the presence of imidazole in
DCM to afford silyl-protected intermediate in 97%
yield.15 N-acylation of this intermediate was achieved
using chloroacetylchloride in the presence of DIPEA
in DCM to give a-halo amide 10 in 51% yield.16 This
was subsequently reacted with a variety of commercially
available amino alcohols in the presence of DIPEA in
DMF at 70 �C for 14 h to afford respective amides
11a–d in 63–90% yields.10 TBDPS deprotection and
amide reduction were achieved in a single step using
an excess of LiAlH4 at reflux temperatures for 16 h to

Table 1. Structures of ethambutol analogues and their anti-tuberculosis acti


No. Structures


6 EMB . 2 HBrN
H


HO
H
N


OH


7 N
H


HO
H
N


OH . 2 HCl


8 N
H


HO
H
N


OH. 2 HCl


12a
. 2 HClN


H


HO
H
N


OH


12b . 2 HClN
H


HO
H
N


OH


12c . 2 HClN
H


HO
H
N


OH


OH


12d
N
H


HO
H
N


OH . 2 HCl


17 . 2 HClN
H


HO NH
OH


22b N
H


HO NH
OH


23a . 2 HClN
H


HO NH
OH


a CLogP was calculated using the ChemDraw Ultra, version 7, software by

yield free amino alcohols, which were subsequently con-
verted into hydrochloride salts 12a–d in 11–45% yields.20


The synthesis of S-amino alcohol 17 was performed as
described by Ellman and co-workers17 as depicted in
Scheme 2. (S)-tert-butanesulfinamide18 was reacted with
(tert-butyldimethylsilyloxy) acetaldehyde in the presence
of CuSO4 in DCM at room temperature for 24 h to yield
aldimine 13.19 Aldimine 13 was reacted with 1.0 M allyl
magnesium bromide diethyl ether solution in THF at
�78 �C for 3 h to give intermediate 14 in 67% yield. N
and O deprotection was achieved using HCl dioxan
solution to afford 2(S)-2-amino-pent-4-en-1-ol hydro-
chloride 15 in 91% yield.17 This was converted into 16
by reacting with intermediate 10 and subsequent reac-

vity


M. tb H37Rv MIC90 lg/mL21 CLogPa


0.8 0.11


3.12 1.36


6.25 �0.14


1.6 �0.01


1.6 0.74


3.12 �0.75


50 0.84


25 0.16


3.12 0.51


6.25 0.56


Cambridge Soft.
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tions were performed as described in Scheme 2 to afford
compound 17.


To evaluate the effect of b,b-disubstitution of the amino
alcohol unit for anti-tuberculosis activity, compounds
23a and 22b20 were synthesized by applying Ellman’s
sulfinyl chemistry as depicted in Scheme 3. (R)-tert-
butanesulfinamide18 was reacted with 1-{[tert-butyl(di-
methyl)silyl] oxy}acetone in the presence of Ti(OEt)4


in THF at 70 �C to give ketamine 18,19 which was sub-
sequently treated with allyl magnesium bromide and
ethyl magnesium chloride to give intermediate 19a
(46% yield) and 19b (48% yield). N and O deprotection
was achieved using HCl dioxan solution to yield 20a and
20b.17 Final products 23a and 22b were obtained by
reacting amino alcohols 20a and 20b with intermediate
10 and performing subsequent reactions as described
in Scheme 3.


To establish the structure–activity relationship (SAR) of
EMB, compounds in Table 1 were tested for their anti-
tuberculosis MIC90 activity against M. tuberculosis
H37Rv.21 Our resynthesized EMB standard (6) had an
MIC of 0.8 lg/mL. Symmetrical compounds with cyclo-
pentyl side chain (7) and dimethyl (8) side chain were
less active than that of the EMB salt (6) which is consis-
tent with previous reports.


Unsymmetrical compounds in which one-half of the
ethyl side chain of EMB was replaced with smaller di-
methyl (12a), cyclopentyl (12b), and hydroxy methyl
(12c) side chains, resulted in MIC values in between
EMB and the corresponding symmetrical derivatives (8
and 7). Replacement of the ethyl side chain with larger
(S) allyl (17) and (S) phenyl (12d) side chains had a large
detrimental effect on activity. Interestingly, the replace-
ment of hydrogen at the chiral carbon of the amino alco-
hol section of (17) with a methyl group (23a) resulted in
increased anti-tuberculosis activity. However, the analo-
gous substitution to the chiral center of EMB (6) re-
duced anti-tuberculosis activity (22b). The tight SAR
observed for the compounds in this study is consistent
with previous reports for ethambutol analogues in the
literature.8,9 Therefore, careful attention must be paid
when designing new potential EMB analogues. Cur-
rently we believe that modifications that also seek to im-
prove the pharmacokinetic properties of EMB rather
than simply the improve the anti-tuberculosis activity
may be a more productive approach. The CLog P values
for the compounds in this study were estimated using
ChemDraw Ultra and are reported in Table 1. Most
of the synthesized novel compounds had higher CLogP
values than that of EMB indicating that they may have
better pharmacokinetic profiles leading to an increase in
cerebrospinal fluid (CSF) penetration, serum binding
and serum half-life. EMB analogues with these proper-
ties may be more useful the treatment of CSF infections
than EMB, which has limited application due to moder-
ate penetration into the CSF.


In summary we have developed a new route for the
synthesis of novel EMB analogues. In future, using this
new synthetic route many more side chain modifica-

tions can be explored in detail. Even though none of
the molecules that were synthesized in this study im-
proved upon the activity of EMB, some of these mol-
ecules did have comparable in vitro activity. These
compounds now require further in vivo testing. If these
compounds retain their activity in vivo and have better
pharmacokinetic properties such as better absorption
and half-life than that of EMB then they can be con-
sidered as an alternative for replacement of EMB in
anti-tuberculosis drug therapy.
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Abstract—On the basis of potent and selective A3 adenosine receptor (AR) antagonist, 2-chloro-N6-(3-iodobenzyl)-4 0-thioadeno-
sine-5 0-N,N-dimethyluronamide, structure–activity relationships were studied for a series of 5 0-N,N-dialkyluronamide derivatives,
synthesized from DD-gulonic c-lactone. From this study, it was revealed that removal of the hydrogen bond-donating ability of
the 5 0-uronamide was essential for the pure A3AR antagonism. 5 0-N,N-Dimethyluronamide derivatives exhibited higher binding
affinity than larger 5 0-N,N-dialkyl or 5 0-N,N-cycloalkylamide derivatives, indicating that steric factors are crucial in binding to
the human A3AR. A N6-(3-bromobenzyl) derivative 6c (Ki = 9.32 nM) exhibited the highest binding affinity at the human A3AR
with very low binding affinities to other AR subtypes.
� 2008 Elsevier Ltd. All rights reserved.

Adenosine (1) regulates many physiological functions
through four subtypes (A1, A2a, A2b, and A3) of adeno-
sine receptors (AR).1 Among these subtypes, activation
of the A3AR inhibits adenylate cyclase to lower the level
of cAMP.1 Also, activation of the A3AR stimulates
phospholipase C (PLC) through the b, c subunit of
the G protein, to increase levels of inositol 1,4,5-tris-
phosphate (IP3). Control of A3AR is thought to be rel-
evant to experimental treatment modalities for a variety
of disorders related to these signal transduction
pathways, such as cancer, cerebral or cardiac ischemia,
glaucoma, allergic conditions, and inflammation.1,2


On the basis of the structure of adenosine (1), worldwide
efforts have been made to discover potent and selective
human A3AR agonists and antagonists.2,3 Modification
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on the N6- and/or 4 0-hydroxymethyl group of 1 resulted
in 2 (Cl-IB-MECA) as a potent and selective human
A3AR full agonist4 (Chart 1). Bioisosteric replacement
of the furanose oxygen of 2 with a sulfur atom produced
another potent and selective human A3AR full agonist 3
(LJ-529).5 However, until recently it has been difficult to
discover potent and selective human A3AR full antago-
nists with a nucleoside skeleton because of the tendency
of derivatives of adenosine (1) to act as full agonists.
Thus, most of the potent and selective antagonists for
the human A3AR belong to the category of nonpurine
heterocyclic compounds,6–10 which act competitively
with adenosine derivatives at the orthosteric binding site
of the A3AR. However, these nonpurine heterocyclic
compounds showed weak binding affinity at the rat
A3AR11,12 and were unsuitable for efficacy evaluation
in small animal models and thus not optimal for further
drug development. Therefore, it has been highly desir-
able to discover potent and selective A3AR full antago-
nists of which the affinity and selectivity are independent
of species. Since it was reported that antagonists with a
nucleoside skeleton13 could be species-independent, po-
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tent, and selective A3AR full antagonists, we searched
for novel nucleoside analogues, among which appending
an additional methyl group to the 5 0-uronamide nitro-
gen of compounds 2 and 3 converted these A3AR full
agonists into the potent and selective A3AR full antago-
nists 4 and 5.14 4 0-Thionucleoside analogue 5 was found
to be a more potent and selective antagonist than the
corresponding 4 0-oxonucleoside analogue 4.14 Thus, on
the basis of these findings, we modified the N6- and 4 0-
hydroxymethyl groups of 4 0-thionucleoside analogue 5
in order to search for potent and selective A3AR full
antagonists. Herein, we report the structure–activity
relationship (SAR) study of 2-chloro-N6-substituted-4 0-
thioadenosine-5 0-N,N-dialkylamides at the human
A3AR.


Synthesis of the key intermediates 11a–j started from DD-
gulonic c-lactone (7), as shown in Scheme 1.


DD-Gulonic c-lactone (7) was converted to the glycosyl
donor 8, using our previously published procedure.5,15


Pummerer-type condensation of 8 with 2,6-dichloropu-
rine in the presence of TMSOTf and Et3N afforded the
desired nucleoside 95,15 as a single diastereomer.


Treatment of 2,6-dichloropurine derivative 9 with vari-
ous alkyl or arylalkyl amines gave N6-substituted ana-
logues 10a–j. Because of the difficulty in removing the
isopropylidene group at the final step, the isopropyli-
dene intermediates 10a–j were converted to the TBS
derivatives by treatment with 80% acetic acid followed
by reprotection with TBSOTf. The resulting compounds
were treated with sodium methoxide to give the key
intermediates 11a–j.


Conversion of 11a–j to the target nucleosides 6a–r is
illustrated in Scheme 2. The primary hydroxyl groups

of 11a–j were oxidized by treatment with PDC in
DMF to the carboxylic acids 12a–j, which were con-
verted to various tertiary amides 6a–r16 by coupling
the acids 12a–j with various dialkyl or cycloalkyl amines
in the presence of EDC and HOBt.







N


N


N


N


NHR1


Cl
S


OTBSTBSO


HO N


N


N


N


NHR1


Cl
S


OTBSTBSO


HO
O


11a (R1 = 3-iodobenzyl)
11b (R1 = 3-fluorobenzyl)
11c (R1 = 3-chlorobenzyl)
11d (R1 = 3-bromobenzyl)
11e (R1 = dimethyl)*
11f (R1 = 2-methoxymethyl)
11g (R1 = cyclopropyl)
11h (R1 = cyclopropylmethyl)
11i (R1 = cyclobutyl)
11j (R1 = cyclopentyl)


12a (R1 = 3-iodobenzyl)
12b (R1 = 3-fluorobenzyl)
12c (R1 = 3-chlorobenzyl)
12d (R1 = 3-bromobenzyl)
12e (R1 = dimethyl)*
12f (R1 = 2-methoxymethyl)
12g (R1 = cyclopropyl)
12h (R1 = cyclopropylmethyl)
12i (R1 = cyclobutyl)
12j (R1 = cyclopentyl)


PDC


 DMF
N


N


N


N


NHR1


Cl
S


OHHO


N
OR2


R3


5 (R1 = 3-iodobenzyl, R2 = R3 = Me) (64%)
6a (R1 = 3-fluorobenzyl, R2 = R3 = Me) (58%)
6b (R1 = 3-chlorobenzyl, R2 = R3 = Me) (60%)
6c (R1 = 3-bromobenzyl, R2 = R3 = Me) (67%)
6d (R1 = dimethyl, R2 = R3 = Me) (51%)*
6e (R1 = 2-methoxyethyl, R2 = R3 = Me (48%) 
6f (R1 = cyclopropyl, R2 = R3 = Me) (68%) 
6g (R1 = cyclopropylmethyl, R2 = R3 = Me) (59%)
6h (R1 = cyclobutyl, R2 = R3 = Me) (66%)
6i (R1 = cyclopentyl, R2 = R3 = Me) (66%)
6j (R1 = 3-iodobenzyl, R2 = Me, R3 = propyl) (48%) 
6k (R1 = 3-iodobenzyl, R2 = Me, R3 = CH2CH2OH) (45%) 
6l (R1 = 3-iodobenzyl, R2 = Et, R3 = phenyl) (50%) 
6m (R1 = 3-iodobenzyl, R2 = R3 = piperidine) (63%) 
6n (R1 = 3-iodobenzyl, R2 = R3 = 4-methylpiperzine) (42%) 
6o (R1 = 3-iodobenzyl, R2 = R3 = azetidine) (55%)
6p (R1 = 3-iodobenzyl, R2 = R3 = pyrrolidine) (61%)
6q (R1 = 3-iodobenzyl, R2 = R3 = 4-hydroxypiperidine) (48%)
6r (R1 = 3-iodobenzyl, R2 = R3 = thiomorpholine) (64%)


2) TBAF, THF


1) R2R3NH, EDC, 
    HOBt, DIPEA,
    CH2Cl2


Scheme 2. *N6 (CH3)2.


1614 L. S. Jeong et al. / Bioorg. Med. Chem. Lett. 18 (2008) 1612–1616

Binding assays were carried out using standard radioli-
gands in Chinese hamster ovary (CHO) cells stably
expressing a human AR subtype,14,17 and binding affin-
ities of the final nucleosides 6a–r at the three subtypes of
human ARs are shown in Table 1. In general, 5 0-N,N-
dimethylamide derivatives exhibited higher binding
affinity than larger 5 0-N,N-dialkyl or 5 0-N,N-cyclo-
alkylamide derivatives indicating that steric factors are
crucial in binding to human A3AR. The effects on the
binding affinity of various N6-substituted analogues also
having a 5 0-N,N-dimethyl group at the 5 0-uronamide po-
sition were examined. The N6-(3-halobenzyl) series gen-
erally showed better binding affinity at the human
A3AR than the N6-dialkyl or N6-cycloalkyl series. With-
in the N6-(3-halobenzyl) series, the rank order of binding
affinity at the human A3AR was 3-bromobenzyl > 3-
iodobenzyl > 3-chlorobenzyl > 3-fluorobenzyl. This re-
sult indicated that the human A3AR prefers bromo as
an optimal size of 3-halo substitution, and larger (I) or
smaller (F) substitution reduced binding affinity. Among
compounds tested, compound 6c (Ki = 9.32 nM)
exhibited the highest binding affinity at the human
A3AR with very low binding affinities to other AR
subtypes.


The functional efficacy of compounds 514 and 6c showed
that high binding affinity at human A3AR was deter-
mined by inhibition of forskolin-stimulated cAMP pro-
duction in AR-transfected CHO cells and measured at a
concentration of 10 lM, in comparison to the maximal
effect of a full agonist, N-ethyl-5 0-N-ethylcarboxamido-
adenosine (NECA), at 10 lM. In these functional as-
says, A3AR agonism was absent in these compounds,
indicating that these analogues are pure A3AR antago-

nists, while the concentration–response curve for Cl-
IB-MECA (2) indicated full agonism, as previously re-
ported,4 with an EC50 of 1.2 nM at the human A3AR.
To probe species differences, the affinity of N,N-5 0-dim-
ethylamide derivative 5 was also measured at the rat
A3AR. Although the affinity decreased with respect to
the affinity at the human A3AR, this compound showed
moderate affinity (Ki = 321 ± 74 nM) at the rat A3AR.14


Molecular modeling of the A3AR indicated that the
hydrogen bond-donating ability of the 5 0-uronamide is
responsible for the conformational change needed for
receptor activation.18,19 Because the synthesized 5 0-
N,N-dialkyl derivatives which removed the hydrogen
bond-donating ability of the 5 0-uronamide could not
lead to the conformational change, resulting in the loss
of ability to activate the A3AR, the 5 0-N,N-dialkyl series
of compounds act as pure antagonists.


In summary, on the basis of potent and selective human
A3AR antagonism of the dimethyl derivative 5, we
carried out structure–activity relationship studies of
2-chloro-N6-substituted-4 0-thioadenosine-5 0-N,N-dial-
kylamides. From this study, we identified compound 6c
as a highly potent and selective human A3AR antago-
nist, in which removal of the hydrogen bond-donating
ability of the 5 0-uronamide was essential for the pure
A3AR antagonism. 5 0-N,N-dimethyluronamide deriva-
tives generally exhibited higher binding affinity than lar-
ger 5 0-N,N-dialkyl or 5 0-N,N-dicycloalkylamide
derivatives, indicating that steric factors in the 5 0 region
are important in binding of nucleosides to the human
A3AR. The newly synthesized A3AR antagonists stud-
ied here could be evaluated in models of a number of







Table 1. Potency of 2-chloro-40-thioadenosine-50-dialkylamide derivatives in binding at human A1, A2A, and A3ARs expressed in CHO cells


S


OH OH


N


NN


N
NHR1


ClON
R2


R3


Compound No. (R1,R2,R3) Ki (nM ± SEM) or % inhibition at 10 lMa


hA1ARb hA2AARb hA3ARb


2c 222 ± 22 5360 ± 2470 1.4 ± 0.3


3c 193 ± 46 223 ± 36 0.38 ± 0.07


4d 5870 ± 930 >10,000 29.0 ± 4.9


5d (3-iodobenzyl, Me, Me) 6220 ± 640 >10,000 15.5 ± 3.1


6a (3-fluorobenzyl, Me, Me) (16 ± 4%) (1%) 121 ± 11


6b (3-chlorobenzyl, Me, Me) (10 ± 8%) (�1%) 21.3 ± 2.1


6c (3-bromobenzyl, Me, Me) (37 ± 2%) (7%) 9.32 ± 3.20


6d (Me2, Me, Me)e (8 ± 2%) (�2%) 136


6e (2-methoxyethyl, Me, Me) (�7 ± 7%) (1%) 425


6f (cyclopropyl, Me, Me) (7 ± 16%) (�8 ± 4%) 109 ± 16


6g (cyclopropylmethyl, Me, Me) 404 ± 120 (0 ± 6%) 30.7 ± 9.4


6h (cyclobutyl, Me, Me) 345 ± 152 (10%) 115 ± 50


6i (cyclopentyl, Me, Me) (18 ± 21%) (4 ± 27%) 837


6j (3-iodobenzyl, Me, Propyl) (50 ± 1%) (5%) 727


6k (3-iodobenzyl, Me, CH2CH2OH) 237 ± 6 (13%) 126 ± 17


6l (3-iodobenzyl, Et, phenyl) (18 ± 5%) (8%) 398


6m (3-iodobenzyl, piperidine) (27 ± 5%) (7%) 565


6n (3-iodobenzyl, 4-methylpiperazine) (19 ± 5%) (�7%) 667


6o (3-iodobenzyl, azetidine) (8 ± 6%) (12%) 43.4 ± 2.6


6p (3-iodobenzyl, pyrrolidine) (20 ± 3%) (14%) 117 ± 31


6q (3-iodobenzyl, 4-hydroxypiperidine) (16 ± 7%) (10%) 1530


6r (3-iodobenzyl, thiomorpholine) (19 ± 9%) (15%) 867


a All experiments were done on CHO cells stably expressing one of three subtypes of human ARs. The binding affinity for A1, A2A, and A3ARs was


expressed as Ki values and was determined by using agonist radioligands ([3H]CCPA), ([3H]CGS21680), [125I]I-AB-MECA, respectively. Values in


parentheses are for weak binding, corresponding to an IC50 P 10 lM. Data are expressed as means ± standard error.
b Ki in binding, unless noted.
c Ki values from Ref. 5.
d Ki values from Ref. 14.
e N6 (CH3)2.
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disorders related to the A3AR, such as glaucoma,
inflammation, and asthma.
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Abstract—Type-2 diabetes (T2D) is a complex metabolic disease characterized by insulin resistance in the liver and peripheral tissues
accompanied by a defect in pancreatic b-cell. Since their discovery three subtypes of Peroxisomes Proliferators Activated Receptors
were identified namely PPARa, PPARc and PPARb/(d). We were interested in designing novel PPARc selective agonists and/or
dual PPARa/c agonists. Based on the typical topology of synthetic PPAR agonists, we focused our design approach on 4,4-
dimethyl-1,2,3,4-tetrahydroquinoline as novel cyclic tail.
� 2008 Elsevier Ltd. All rights reserved.

Type-2 diabetes (T2D) is a complex metabolic disease
characterized by insulin resistance in the liver and
peripheral tissues accompanied by a defect in pancreatic
b-cell.1 Because of excessive food intake and lack of
physical activity that characterize the western life style,
T2D is assumed to reach epidemic proportions.2


According to the WHO, currently more than 151 million
people suffer from diabetes worldwide and this number
is expected to exceed 333 million by 2025.


At present, the treatment of T2D is directed toward the
reduction of hyperglycemia by improving insulin secre-
tion or reducing the insulin resistance of peripheral tis-
sues. Most of these commonly used therapies have
been developed through ignorance of any therapeutic
target. Thus, considerable efforts were made to get bet-
ter understanding of the disease’s pathogenesis in order
to identify more suitable therapeutic strategies.3
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Since their discovery in 1990 by Isseman and Green4


three subtypes of Peroxisomes Proliferators Activated
Receptors were identified namely PPARa, PPARc and
PPARb/(d). PPARs belong to the family of nuclear
receptors and act as ligand-activated transcription fac-
tors that govern numerous biological processes5 includ-
ing energy metabolism,6 cell proliferation, skin
development and inflammation.


Once the receptors of thiazolidinedione class of agents
(TZD, e.g., Rosiglitazone, Fig. 1) and fibrates (e.g.,
Fenofibrate, Fig. 1) were identified, respectively, as
PPARc and PPARa, extensive studies were initiated to
develop compounds that activate these receptors.7


The goals consisted in identifying second generation li-
gands that were more efficacious and that could poten-
tially offer additional benefits to the patients. Thus
dual-acting PPARa/c agonists (e.g., Tesaglitazar,
Fig. 1) were considered in this past few years as very
attractive option in the treatment of dyslipidemic type-
2 diabetes.7,8


As shown in Scheme 1, the ligand–protein interactions
of typical PPAR agonists could be represented by a sim-
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Scheme 1. General structure of typical synthetic PPAR agonist.
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plified topological representation.9 The acidic head
group, known as carboxylic acid or 2,4-thiazolidinedi-
ones, is involved in up to four hydrogen bounds with
the receptor. This part is crucial for PPAR activation.
The central aromatic moiety is located in a hydrophobic
pocket while the cyclic tail tolerates more polar
substituents.


In this course, we were interested in designing novel
PPARc selective agonists and/or dual PPARa/c ago-
nists. Based on the typical topology of synthetic PPAR
agonists, we focused our design approach on 4,4-di-
methyl-1,2,3,4-tetrahydroquinoline as novel cyclic tail10


(general formula A, Fig. 1). In this paper, we report
the synthesis and the biological evaluation of the first
derivatives we obtained: the malonate series which is a
selective PPARc agonist and the dual-acting PPARa/c
agonists which show the required a-ethoxy-b-phenyl-
propionic acid moiety.


The 4,4-dimethyl-1,2,3,4-tetrahydroquinoline was pre-
pared according to the synthetic sequence outlined in
Scheme 2. Aniline was treated with 3,3-dimethyl-acry-
loyl chloride to give amide 1 which was cyclized under
the Friedel–Crafts conditions. The best conditions for
this key step were identified by using AlCl3 (4 equiv)

and the reaction performed in dry dichloromethane.
The reduction of the lactam 2 using BH3ÆTHF complex
finally afforded the desired moiety 3 which is globally
obtained in 87% yield.


All conditions tested for classical N-alkylation of sec-
ondary amine 3 were unsuccessful and led us to carry
out the introduction of bromoethyl chain in two steps.
Treatment of 3 with bromoacetyl bromide provided
an intermediate bromo-amide which was directly re-
duced with BH3ÆTHF complex and yielded 4 in 75%.
Benzoylation of 4 using classical Friedel–Crafts condi-
tions finally afforded 5 as a central building block. Prep-
aration of the lead structures 8–9 consisted in the
functionalization of this key intermediate as described
in Scheme 3. The first step was the alkylation of 4-hy-
droxy-benzaldehyde in the presence of potassium car-
bonate. The Knoevenagel condensation of dimethyl
malonate on the resulting aldehyde 6 followed by the
reduction of double bound yielded the first desired com-
pound 8. Treatment with hydroxylamine hydrochloride
in pyridine finally gave the oxime analog 9 in mixture
50/50 Z/E isomers.


The synthesis of the a-ethoxy-b-phenyl-propionic acid
derivatives was based on the same general strategy and
required the preparation of the corresponding phenol
13.


Scheme 4 describes the pathway followed for the race-
mic preparation of this key synthon. This synthesis
was based on the regioselective reduction of the epoxide
10 obtained after treatment of commercially available 4-
benzyloxy-benzaldehyde under the Darzens reaction
conditions. According to the procedure described by
Hutchins et al.,11 the reduction of the epoxide 10 was
performed by NaBH3CN in the presence of a catalytic
amount of BF3:Et2O in THF. In this condition, the a-
hydroxy-ester 11 was synthesized in 67% yield. The ether
formation of the secondary alcohol 11 with ethyl iodide
was more challenging because of favored formation of
the elimination by-product. Therefore, a study conduced
on the nature of base, solvent and on the temperature of
the formation of intermediary ethanolate was carried
out. The best conditions were identified by using sodium
hydride in DMF at �50 �C. In this condition, the prod-
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uct 12 was obtained in 82% yield, that is, to say 18% of
residual by-product. Finally, hydrogenation of the ben-
zyl protecting group yielded quantitatively the desired
racemic phenol 13.


The challenge to carry out the preparation of 13 enanti-
omers lie in effecting complete control of inversion or
retention of the stereogenic center under conditions that
do not induce any epimerization. According to the well-
known procedure of conversion of a-aminoacids into
the corresponding a-hydroxy-acids,12 we based our first
enantioselective strategy on the conversion of the com-
mercially available O-benzyl-tyrosines. As described in
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NH2 BnO


a


O- benzyl-L-tyrosine
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14
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d
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Scheme 5. Reagents and conditions: (a) i-C5H11ONO, AcOH/CHCl3, 85–87%


57–60%; (d) H2, Pd/C, EtOH, 100%.

Scheme 5, treatment with isoamylnitrite in a mixture
of acetic acid and chloroform provided the correspond-
ing acetates 14 and 15 in good yield. Saponification
using an aqueous solution of lithium hydroxyde gener-
ated quantitatively a-hydroxy-acids 16 and 17. The pre-
viously established conditions of etherification were then
applied to form the ester–ether 18 and 19. Both of them
were finally hydrogenated in order to provide both de-
sired enantiomers 20 and 21. The enantiomeric purity
of 20 and 21 was evaluated by capillary electrophoresis.
Unfortunately, both enantiomers showed only 60%
enantiomeric excess.


In order to avoid epimerization potentially due to the
hard basic conditions of etherification,13 we then revised
this step in neutral medium. As described in Scheme 6,
classical esterification of 16 generated the hydroxy ester
which was then alkylated using the procedure of halo-
genophile-assisted glycosilation.14 Also treatment with
ethyliodide and silver oxide (I) at reflux of Et2O pro-
vides the supposed 18 in excellent yield.


Enantiomeric excess was then determinated by capillary
electrophoresis15 and was estimated at 60% again. To
confirm the retention of stereogenic center under the
conditions of conversion of O-benzyl-tyrosines, we fur-
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ther examinated the enantiomeric purity of 16 and 17.
We were disappointed to obtain the same result of
60% ee. In conclusion, conversion of O-benzyl-tyrosines
into corresponding a-hydroxy-acids led to an 80/20 mix-
ture of enantiomers but the alkylation under both basic
and neutral conditions retained the configuration. In the
sight of the disappointing results and in order to obtain
enantiomerically pure 16 (S), we decided to follow the
literature by reducing the 4-hydroxyphenyl pyruvic acid
with (+)-DIP-Cl to afford 22 in 98% ee and 92% chemi-
cal yield. Selective protection of the phenol could be
accomplished by reacting 22 with benzyl chloride in eth-
anol in the presence of K2CO3 during 18 h. The resulting
compound was immediately treated with aqueous
NaOH to effect hydrolysis of benzyl ester. Acidification
of the reaction mixture induced precipitation of the
product which was isolated by filtration. This latter
was recrystallized in isopropanol to give the desired
product 23 in 98% ee and 76% overall yield. The final
ester–ether was then obtained in 3 steps under
previous conditions in 98% ee and 60% chemical yield
(Scheme 7).13


Lead structures were finally synthesized according to the
sequence outlined in Scheme 8. Phenols 13, 20, 21 and
24 coupled the key intermediates 5 using potassium car-
bonate in DMF. Treatment of the resulting benzophe-
nones 25, 26, 27 and 28 with the hydroxylamine
hydrochloride or methoxylamine hydrochloride gener-
ated the corresponding oximes in good yield. The sapon-
ification of the ester by an aqueous solution of lithium
hydroxide in THF finally afforded the desired acids 34,
35, 36 and 37.16


Compounds were characterized by determining the
binding affinity to human PPARc using a competitive
binding assay with [3H]Rosiglitazone, appropriate radi-
oligand for PPARc. The binding profiles of compounds
were compared to the profiles of two references, Rosig-
litazone and Tesaglitazar. Functional activity was
measured in a transient transfection assay using
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Scheme 7. Reagents and conditions: (a) (+)-DIP-Cl, THF/Et3N, 92%; (b) i) B
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pGAL4hPPARa and pGAL4hPPARc. The results are
given in Table 1.


Compounds 8 and 9 (dimethyl malonate) were poorly
PPARa agonists. The oxime analog 9 shows a partial
PPARc activation (74% against 140% 8). No binding
was observed on PPARc LBD radiolabeled with
Rosiglitazone.


An ether–ester substituent replacing the diester function
leads to the very partial PPARa agonists without lost
PPARc agonist property. No difference on efficacy was
observed between the oxime and oxime–ether com-
pounds (29 and 30). Paradoxically, the compound 31
did not show amelioration of their efficacy or their po-
tency on human PPARc gene reporter. Moreover, no
change on PPARa and PPARc activation was shown
with the acid-ether compound 34. The (S)-37
(ee = 98%) compound presented a 10-fold decrease on
their PPARa efficacy compared to racemic compound
34. A decrease of 10-fold on PPARc activation was ob-
tained with enantiomer 36 without any significant differ-
ence for PPARa activation.
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Table 1. Activity of compounds in cell-based transactivation assay


against human PPAR


Compound Binding PPARc
Ki (nM)


Transactivation EC50
a


(nM) (% activity)b


hPPARa hPPARc


Rosiglitazone 8 10,000 (15) 4 (100)


Tesaglitazar 18 414 (89) 37 (76)


8 10,000 Na 152 (140)


9 10,000 Na 195 (74)


29 618 189 (33) 48 (100)


30 10,000 30 (45) 19 (113)


31 10,000 29 (66) 14 (185)


34 48 12 (53) 11 (167)


35 >10,000 29 (66) 14 (185)


36 89 194 (52) 65 (107)


(S)-37 18 114 (63) 7.85 (95)


a Values are means of three experiments (na, not active).
b Refer to maximal activity obtained with each compound expressed in


percentage of maximal activity of Rosiglitazone at 10�6 M for


PPARc and of WY 14,64317 at 10�5 M for PPARa.


C. Parmenon et al. / Bioorg. Med. Chem. Lett. 18 (2008) 1617–1622 1621

It is noteworthy that no correlation between EC50 values
obtained from transactivation PPARc tests and Ki val-
ues from binding tests, could suggest that these deriva-
tives have a binding site different from the
Rosiglitazone binding site.


The partial PPARc gene reporter response of compound
9 (74%) suggests a different capacity for this derivative
to induce recruitment on the co-activator/co-repressor
on PPARc, as compared to those observed with Rosig-
litazone. Complementary experiments, especially in vivo
assay, are ongoing to study with more precision, the im-
pact of these new partial PPARc agonist compounds in
animal model of type-2 diabetes and metabolic syn-
drome, mainly in terms of anti-diabetic properties and
potential side effects like edema formation and weight
gain.


The 4,4-dimethyl-1,2,3,4-tetrahydroquinoline-based com-
pounds are effective PPARc selective agonists and
dual-acting agonists of PPARa and PPARc. Their phar-
macological profiles translate very well into activity in
human cells in vitro in terms of transactivation.


Finally, structural variations of the lead derivatives 9
(as PPARc partial agonist) and 37 (as PPARa/c dual
agonist) are under investigations. That way we wish to
modulate activity especially toward more potent
PPARc partial agonist with potentially PPARa resid-
ual agonist.
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Abstract—Tricyclic 6,7-dihydro-4H-pyrazolo[1,5-a]pyrrolo[3,4-d]pyrimidine-5,8-dione was identified as a novel scaffold for Aurora
kinase A inhibition through virtual screening. SAR exploration coupled with molecular modeling of 8a reveals the minimum phar-
macophore requirements for Aurora kinase A inhibition.
� 2008 Elsevier Ltd. All rights reserved.

Inhibition of Aurora kinase, a member of serine/threo-
nine kinase involved in the regulation of cell division is
emerging as a new molecular targeted cancer treatment
option.1–4 Three isoforms of Aurora kinase, A, B, and
C are known, all of which have a conserved ATP bind-
ing site, but differ in amino acid length and sequence at
the N-terminal domain.3,5 Aurora A localizes on centro-
somes from early S phase and is involved in centrosome
maturation and separation, bi-polar spindle assembly,
mitotic entry, and exit. Aurora B is a chromosome pas-
senger protein, which localizes to the kinetochores from
prophase to metaphase and to the central spindle and
midbody during cytokinesis. It is essential for accurate
chromosomal segregation, protein localization to the
centromere and kinetochore, and for proper cytokinesis
to take place. Aurora C co-localizes and complements
the functions of Aurora B.3,5


More importantly, both Aurora A and B are overex-
pressed in many human cancers and are linked to chro-
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mosome instability, oncogenic transformation, tumor
progression, and development of chemoresistance.6,7


Inhibitors of Aurora kinase, regardless of their Aurora
isoform specificity have shown to promote cancer cell
death by induction of apoptosis and mitotic catastro-
phe. A handful of Aurora inhibitors are in various
stages of development,4 among them MK-0457/VX-
6808–10 (1), AZD115211,12 (2), and PHA-73935813 (3)
are in clinical development (Fig. 1). VX-680 is a potent
inhibitor of all three Aurora kinases with Ki values of
0.6, 1.8, and 4.6 nM for A, B, and C isoforms, respec-
tively.9 It is undergoing clinical trials for solid tumors
and hematological malignancies. AZD1152 is a quinaz-
oline prodrug with selective Aurora kinase B/C inhibi-
tion profile. PHA-739358 is a non-selective agent like
VX-680, with IC50 values of 13, 79, and 61 nM for Aur-
ora A, B, and C, respectively.13


Based on the current success of Aurora kinase inhibitors
in the development of kinase-based cancer therapy, we
have initiated a virtual screening program for the identi-
fication of Aurora kinase inhibitors. Through virtual
screening14 of around 60,000 compound library,15 we
have identified a few potential hits with high priority
scores. These compounds were purchased and assayed
for Aurora kinase A inhibition. The most promising
hit in terms of activity and novelty in structure,
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Figure 1. Aurora kinase inhibitors.
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CSV1A1957S0 (8a) had a low micromolar Aurora A
inhibition profiles with 90% inhibition at 50 lM concen-
tration. Literature search showed that the 6,7-dihydro-
4H-pyrazolo[1,5-a]pyrrolo[3,4-d]pyrimidine-5,8-dione
scaffold was reported as inhibitor of acyl CoA: choles-
terol acetyl transferase,16 but as such was unreported
as inhibitor for any protein kinases. Considering this
fact, the development of this new Aurora inhibitor could
reveal interesting insight into the binding modes of 8a to
Aurora kinase A. This paper describes the SAR studies
and molecular modeling of 6-benzyl-2-(furan-2-yl)-6,7-
dihydro-4H-pyrazolo[1,5-a]pyrrolo[3,4-d]pyrimidine-5,8-
dione 8a for Aurora kinase A inhibition.


The general synthetic method16 for the preparation of
the fused tricyclic compounds is shown in Scheme 1.
Commercially available amines 4 were alkylated with
ethyl acrylate in absolute ethanol by stirring at RT to
give the intermediate amines 5. In the case of aniline
(for 8h compound), refluxing for 24 h is required for
the completion of reaction. Intermediate amines 5
formed were cyclized in-situ to the pyrrolidinones 6
using diethyl oxalate and sodium ethoxide in refluxing
ethanol. Condensation of pyrrolidinones 6 with various
substituted pyrazoles 7 in refluxing glacial acetic acid
gave the final tricyclic compounds 8a–e, h–u in 20–25%
overall yields after crystallizing from methanol–DMSO
mixture. Compounds 8f–g were synthesized from 8a by

R1 NH2


N
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O
N
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N N
R2R1


4
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O
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HN N
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Scheme 1. Reagents and conditions: (i) ethyl acrylate, ethanol, rt, 12 h; (ii) d


reflux, 2 h; (iv) methyl iodide or 4-(2-chloroethyl)-morpholine hydrochloride

alkylating with methyl iodide or 4-(2-chloroethyl)-mor-
pholine hydrochloride using potassium carbonate. The
structures of all the synthesized compounds were con-
firmed by 1H NMR and LC–MS analysis.


Aurora kinase A inhibition assay17 was performed at
two compound concentrations of 50 and 10 lM. For
compounds with a good activity profile, IC50 was also
determined. The original virtual screening hit 8a,
showed an IC50 of about 15 lM for Aurora A inhibition
(Table 1). Initial attempts were focused on the replace-
ment of furan ring (R2 group), but either a thiophene
(8b) or phenyl ring (8c) led to a decrease in activity.
Complete removal of furanyl group (8e) or replacement
with methyl group (8d) led to a dramatic loss of enzyme
inhibition activity. This SAR trend clearly shows that
presence of heterocyclic group (R2 group) is essential
for maintaining contact with the Aurora kinase. In the
central ring NH group, substitution with either methyl
(8f) or 4-ethyl morpoline group (8g) led to complete loss
of kinase inhibition, suggesting the importance of free
NH group for binding to Aurora kinase.


Next, we turned our attention to the pyrrolidinone ring
substitution (R1 group; Table 2). Decreasing the linker
length that separates the phenyl ring from the tricyclic
core by one-carbon (8h) or increasing the length to
two- (8i) or three-carbon (8j) led to decreased activity.
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Table 1. Inhibition of Aurora kinase A by compounds 8a–g


N


O


O
N


N N
R2


R3


Compound R2 R3 % inhibition of Aurora


kinase Aa


at 50 lM at 10 lM


8a
O


H 90.2 35.6


(IC50 15.1 lM)


8b
S


H 72.3 29.4


8c H 47.2 25.9


8d CH3 H 20.8 1.8


8e H H 14.5 1.6


8f
O


CH3 3.4 2.3


8g
O


N O 1.1 0.0


a Values are expressed as the mean of three independent determina-


tions and are within ±15%.


Table 2. Inhibition of Aurora kinase A by compounds 8h–u


N


O


O
N
H


N N
R1


O


Compound R1 % inhibition of


Aurora kinase Aa


IC50


(lM)


at 50 lM at 10 lM


8a 90.2 35.6 15.1


8h 73.7 7.6 —


8i 83.9 19.6 —


8j 84.4 16.4 —


8k
N


79.2 21.6 —


8l 79.9 30.4 —


8m
OCH3


88.2 42.4 8.0


8n
OCH3


90.0 29.3 15.2


8o


H3CO


95.1 51.6 5.6


8p


OCH3


OCH3


75.3 10.1 —


8q


OCH3


OCH3


70.8 7.8 —


8r
O


O
75.2 12.3 —


8s
F


89.8 24.0 —


8t NH


O


87.8 35.8 18.3


8u N
O


10.7 0.9 —


a Values are expressed as the mean of three independent determina-


tions and are within ±15%.


M. S. Coumar et al. / Bioorg. Med. Chem. Lett. 18 (2008) 1623–1627 1625

Changing the phenyl ring to pyridyl (8k) or naphthyl
ring (8l) system also has no positive effect on activity.
As benzyl group was found optimal, the effects of sub-
stituents on the phenyl ring were investigated. Introduc-
tion of electron-donating substitution such as a methoxy
group at three different positions (8m–o) of the phenyl
ring led to the retention of activity. Of particular interest
was the ortho substituted compound 8o, which showed
an enhanced activity with almost threefold improve-
ments in IC50 of about 5 lM when compared to the
unsubstituted lead compound 8a. The meta substituted
compound 8n showed the lowest activity among the
three compounds. When an additional methoxy substi-
tuent was introduced the activity level declined as in
the case of 8p and 8q. Also, when a dimethoxy equiva-
lent methylene dioxy group (8r) was introduced the
activity level declined. On the other hand, introduction
of electron-withdrawing substituent such as a fluoro
substitution at para position (8s) led to a decreased
activity; while acetamido group (8t) in the meta position
retained the activity. In contrast to all of the above mod-
ifications, when the hydrophobic benzyl group of 8a was
replaced with a hydrophilic 4-ethyl morpholine group,
the resulting compound 8u completely lost the activity,
showing that the binding region for this part is hydro-
phobic in nature and hydrophilic substitution may not
be tolerated. Additionally, the two-carbon linker be-
tween the morpholine group and the tricyclic core could
have contributed to the complete loss of activity, as one-
carbon linker was found to be optimal (8a vs 8i).


In order to understand the observed SAR trend and to
study the possible binding modes of this class of com-
pounds to Aurora kinase A, docking studies were car-







Figure 2. Docking model of 8a in Aurora A protein.


Figure 3. Superposition of the docking model of 8a (magenta) with 8o


(green) in Aurora A protein.
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ried out. Compound 8a was first docked into the active
site/ATP binding site of the Aurora kinase A by Gold
3.0 (CCDC Software Limited, Cambridge, UK) and
then subjected to extensive docking by Glide 4.5 (Schro-
dinger, L.L.C., New York, USA) using the structure of
Aurora A (PDB code: 1MQ4) as the template. The
docking model (Fig. 2) showed the tricyclic ring fitted
into the hinge region where the free NH group in the
central ring formed the H-bond with the carbonyl group
of Ala213 and the pyrrolidine ring carbonyl group ‘O’
atom formed the other H-bond with the NH on the
main chain of Ala213. The important H-bond interac-
tions of tricyclic ring with the hinge region could give
the explanation for the loss of Aurora activity in 8f
and 8g, where the central ring free NH group is substi-
tuted with methyl and 4-ethyl morpoline groups, respec-
tively, which could interrupt in the hinge binding.
Moreover, the tricyclic ring made hydrophobic interac-
tions with the residues Leu139, Gly216, and Leu263.
The furanyl ring formed a H-bond with Arg137 and
had close contacts with Arg 220. In addition, there
would be cation-p interactions between the furanyl aro-
matic ring and these two Arg residues.18 The removal of
furanyl ring, as seen in 8c–8e, might loose these interac-
tions with the protein thus resulting in the loss of activ-
ity. Finally, the phenyl ring of compound 8a extended
into the hydrophobic pocket next to the hinge region
and formed hydrophobic interactions with Val147,
Leu194, Leu210, Leu263, Ala273, and Asp274. Also,
the docking pose of 8a was compared with that of a
known pyrimidine Aurora inhibitor (PDB code:
2NP8). It was found that both of them form two H-
bonds with the hinge residue Ala213, and one H-bond
with Arg137, while their phenyl groups orient differently
in the hydrophobic region of the Aurora kinase.


To understand the improved potency of compound 8o
with an ortho methoxy substituent in the phenyl ring,
docking was done following the same procedure as de-
scribed for compound 8a. As shown in Figure 3, the tri-
cyclic ring and the furanyl ring of 8o superimposed well

with those of 8a. The phenyl ring substituted with the
methoxy group extended deeper into the hydrophobic
pocket as compared with 8a and the methoxy group
had interactions with Lys162, Leu194, and Leu210.
The protein–ligand intramolecular energy calculated
by InsightII 2000.1 (Accelrys Inc., San Diego, USA)
are �67.3 (kcal/mol) and �70.8 (kcal/mol) for com-
pounds 8a and 8o, respectively, suggesting that the bind-
ing of 8o with Aurora A is more energetically favorable
and consequently leads to the improved potency of 8o.


In conclusion, from virtual screening we have identified
a novel tricyclic ring system showing micromolar Aur-
ora kinase A inhibition. Since it is important and critical
to develop Aurora kinase inhibitors possessing novel
core structure, development of 6,7-dihydro-4H-pyrazol-
o[1,5-a]pyrrolo[3,4-d]pyrimidine-5,8-dione scaffold,
which is unprecedented in the kinase domain is worth-
while and interesting. Molecular modeling of 8a and
8o reveals the tricyclic core made the important H-bond-
ing interactions with the hinge region while the furanyl
ring and the phenyl ring provided additional H-bond
and hydrophobic interactions with the protein. More-
over, the modeling study is consistent with the SAR ob-
served in this series of compounds and gives reasons for
the improved potency of 8o. Further skillful manipula-
tion of the substituents around the central tricyclic core
for lead optimization is intensively undergoing.
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Abstract—Based on the structural features of Indoprofen and PIB, a series of isoindol-1,3-diones 1a–k and isoindol-1-ones 2a–l were
designed and synthesized. These 23 compounds were evaluated by competitive binding assay against aggregated Ab42 fibrils using
[125I]TZDM. All the isoindolone derivatives showed very good binding affinities with Ki values in the subnanomolar range (0.42–
0.94 nM). Among them, isoindol-1,3-diones 1i and 1k and isoindol-1-ones 2c and 2i exhibited excellent binding affinities (Ki = 0.42–
0.44 and 0.46–0.49 nM) than those of Indoprofen (Ki = 0.52 nM) and PIB (Ki = 0.70 nM). These results suggest that isoindolones
could be served as a scaffold for potential AD diagnostic probes to monitor Ab fibrils.
� 2008 Elsevier Ltd. All rights reserved.

Alzheimer’s disease (AD) is a progressive neuro degen-
erative disease that is characterized by the presence of
extracellular amyloid plaques and intraneuronal neuro-
fibrillary tangles in the brain of AD patients.1–3 Fibrillar
b-amyloid (Ab), which is one of the main components of
senile plaques, is cleaved from b-amyloid precursor pro-
tein (APP) by secretase to produce Ab40 and Ab42,
resulting in neurotoxic activity both in vitro and it
in vivo.4,5


It has suggested that the chronic use of non-steroidal
anti-inflammatory drugs (NSAIDs) from epidemiologi-
cal studies reduces the relative risk6–8 or delays the
onset of AD.9 Since then, 2-(1-{6-[(2-[18F]fluoro ethyl)
(methyl)amino]-2-naphthyl}ethylidene)malono nitrile
([18F]FDDNP) as a molecular imaging probe was devel-
oped for detection of senile plaques and neurofibrillary
tangles in the living brain of AD patients using positron
emission tomography (PET).10 Recently, N-methyl-
[11C]2-(40-methylaminophenyl)-6-hydroxy benzothiazole
([11C]PIB)11,12 as an in vivo PET b-sheet imaging agent
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exhibited high affinity for Ab, good brain entry and
clearance. For early diagnosis or monitoring of b-amy-
loid formation and aggregation in AD brain, a variety
of radiolabeled compounds as imaging probes have been
developed.13–18 The development of ligands specifically
binding to b-amyloid aggregates is very important for
labeling agents as in vivo diagnostic tools.


In an effort to develop the small molecules with high
affinity to Ab aggregates, isoindolones based on the
structural combination of Indoprofen as a NSAID and
PIB were designed as shown in Figure 1. We report here
the synthesis and evaluation of a series of isoindol-1,3-
dione and isoindol-1-one derivatives with high affinities
for b-amyloid fibrils.


The synthesis of isoindol-1,3-dione derivatives 1a–k was
outlined in Scheme 1. Phthalic acids 3a and 3b with thio-
nyl chloride in the presence of 1,4-diazabicy-
clo[2.2.0]octane gave phthalic anhydrides 4a and 4b
(4c–e, commercially available), which were then treated
with aminobenzene compounds 7 to afford the corre-
sponding 1a–k, respectively. Compounds 7b–d (7a, com-
mercially available) were obtained in good yields by first
reductive amination of nitrobenzenes 5b–d with p-form-
aldehyde and sodium cyanoborohydride19,20 and subse-
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quent reduction of nitro group with tin chloride21


(Scheme 2).


Isoindol-1-one derivatives 2a–l were prepared in three
steps using benzoic acids 8a–h as starting materials

8a: R1=MeO, R2=H
8b: R1=H, R2=H
8c: R1=F, R2=H
8d: R1=Cl, R2=H
8e: R1=Br, R2=H
8f: R1=H, R2=Me
8g: R1=H, R2=F
8h: R1=H, R2=Cl
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acid, reflux, 3–4 h, 46–99% (for 1a–k).

(Scheme 3). Conversion of 8a–e, 8g and 8h to ester com-
pounds 9a–e, 9g and 9h followed by bromination with
N-bromosuccinimide provided bromomethylbenzoic es-
ters 10a–e, 10g and 10h, which were transformed into
the corresponding 2a–l, respectively.22 Compound 9f,
which was prepared by bromination of 8f with N-bro-
mosuccinimide in the presence of benzoyl peroxide,
was esterified to give 10f for the synthesis of 2f.


Table 1 shows the in vitro binding affinities (Ki values)
of isoindol-1,3-diones 1a–k and isoindol-1-ones
2a–l against aggregated Ab42 fibrils together with
those of Indoprofen and PIB as reference compounds.
All the synthesized compounds were evaluated by com-
petitive binding assays against Ab42 fibrils using
[125I]TZDM.23


Binding affinities of the evaluated isoindolones ranged
from 0.42 to 0.94 nM, and 13 compounds displayed
higher affinity (lower Ki values) to Ab42 fibrils than that
of PIB (Ki = 0.70 nM). Especially, isoindol-1,3-diones 1i
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Table 1. In vitro binding affinities of isoindol-1,3-diones 1a–k and isoindol-1-ones 2a–l against Ab42 fibrils using [125I]TZDM


Compound A R1 R2 R3 R4 Ki
a (nM)


1a CO NMe2 H NMe2 H 0.70


1b CO MeO H NMe2 H 0.71


1c CO Me H NMe2 H 0.50


1d CO H H NMe2 H 0.69


1e CO F H NMe2 H 0.56


1f CO H H NMe2 MeO 0.66


1g CO F H NMe2 MeO 0.78


1h CO Cl H NMe2 MeO 0.70


1i25 CO Br H NMe2 MeO 0.42


1j CO H H H NMe2 0.46


1k25 CO H H MeO NMe2 0.44


2a CH2 MeO H NMe2 H 0.94


2b CH2 H H NMe2 H 0.58


2c25 CH2 F H NMe2 H 0.49


2d CH2 Cl H NMe2 H 0.76


2e CH2 Br H NMe2 H 0.81


2f CH2 H Me NMe2 H 0.76


2g CH2 H F NMe2 H 0.93


2h CH2 H Cl NMe2 H 0.50


2i25 CH2 H Me NMe2 MeO 0.46


2j CH2 H H NMe2 MeO 0.90


2k CH2 H H H NMe2 0.57


2l CH2 H H MeO NMe2 0.65


Indoprofen — — — — — 0.52


PIB — — — — — 0.70


a Ki was calculated by the Cheng–Prusoff equation (Ki = IC50/(1 = [L]/Kd)24 using Graphpad Prism software.
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and 1k and isoindol-1-ones 2c and 2i exhibited excellent
binding affinities (Ki = 0.42–0.44 and 0.46–0.49 nM,
respectively) compared to reference compounds. In gen-
eral, isoindol-1,3-diones 1 showed slightly better po-
tency in binding to Ab42 fibrils than isoindol-1-ones 2.
Positional effect according to R1 and R2 substituents
and modification of electron-donating groups to elec-
tron withdrawing groups at isoindolone nucleus did
not make any significant difference of binding affinity.
Compounds 1d, 1f and 2b, 2i having NMe2, OMe at
R3, R4 positions possessed slightly lower affinities as
compared to compounds 1j, 1k and 2k, 2l with OMe,
NMe2 at R3, R4 positions, respectively.


In conclusion, all the isoindolone derivatives based on
the structural features of Indoprofen and PIB exhibited
very good binding affinities to aggregated Ab42 fibrils.
These isoindolones with high affinity provide the possi-
bility of a scaffold for potential molecular imaging
agents to monitor Ab fibrils in the brain of AD patients.
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Converting Enzyme (TACE).
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Carbonic anhydrase inhibitors: Interactions of phenols with the 12 catalytically
active mammalian isoforms (CA I–XIV)


pp 1583–1587


Alessio Innocenti, Daniela Vullo, Andrea Scozzafava and Claudiu T. Supuran*
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Conformational significance of EH21A1–A4, phenolic derivatives of geldanamycin,
for Hsp90 inhibitory activity


pp 1588–1591


Hideyuki Onodera, Masami Kaneko, Yuichi Takahashi, Yumiko Uochi,
Jun Funahashi, Takayuki Nakashima, Shiro Soga, Makoto Suzuki,
Shunichi Ikeda, Yoshinori Yamashita, Endang S. Rahayu, Yutaka Kanda and Michio Ichimura*


EH21A1–A4, phenolic derivatives of


geldanamycin were isolated from Strepto-


myces sp. Their native structures are similar


to the active form of geldanamycin. The


conformational character is a probable


reason for their high affinity to Hsp90


protein.


Novel methylene-linked heterocyclic EP1 receptor antagonists pp 1592–1597


Adrian Hall,* Rino A. Bit, Susan H. Brown, Anita Chowdhury, Gerard M. P. Giblin,
David N. Hurst, Ian R. Kilford, Xiao Lewell, Alan Naylor and Tiziana Scoccitti
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The synthesis and biological activity of a series of novel methylene-linked heterocyclic EP1 receptor antagonists is described.


Use of the X-ray structure of the Beta2-adrenergic receptor for drug discovery pp 1598–1602


Sid Topiol* and Michael Sabio


We explore the utility of the Beta2-adrenergic


receptor�s X-ray structure in drug design includ-


ing high-throughput docking. Results validate the


approach and project its usefulness in finding and


designing novel compounds.
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Biphenylsulfonyl-thiophene-carboxamidine inhibitors of the complement component C1s pp 1603–1606


Jeremy M. Travins, Farah Ali, Hui Huang, Shelley K. Ballentine, Ehab Khalil, Heather R. Hufnagel,
Wenxi Pan, Joan Gushue, Kristi Leonard, Roger F. Bone, Richard M. Soll, Renee L. DesJarlais,
Carl S. Crysler, Nisha Ninan, Jennifer Kirkpatrick, Maxwell D. Cummings, Norman Huebert,
Christopher J. Molloy, Michael Gaul, Bruce E. Tomczuk and Nalin L. Subasinghe*
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Design, synthesis, and evaluation of novel ethambutol analogues pp 1607–1611


Raghunandan Yendapally and Richard E. Lee*
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The synthesis, biological evaluation and structure–activity relationships of novel ethambutol analogues as anti-tuberculosis agents


are reported.


Structure–activity relationships of 2-chloro-N6-substituted-40-thioadenosine-50-N,N-dialkyluronamides
as human A3 adenosine receptor antagonists


pp 1612–1616


Lak Shin Jeong,* Hyuk Woo Lee, Hea Ok Kim, Dilip K. Tosh, Shantanu Pal,
Won Jun Choi, Zhan-Guo Gao, Amit R. Patel, Wanda Williams,
Kenneth A. Jacobson and Hee-Doo Kim


N


N


N


N


NHR1


Cl
S


OHHO


N
OR2


R3


6a-r
(R1 = alkyl, cyloalkyl, or arylalkyl;


R2, R3 = alkyl or cycloalkyl)


Potent and selective A3 adenosine receptor (AR) full antagonists with a nucleoside


skeleton, of which the affinity and selectivity are independent of species, were


discovered. Steric factors in the 50 region were important in binding of nucleosides to


the human A3AR.


4,4-Dimethyl-1,2,3,4-tetrahydroquinoline-based PPARa/c agonists. Part I:
Synthesis and pharmacological evaluation


pp 1617–1622


Cécile Parmenon, Jérôme Guillard, Daniel-Henri Caignard, Nathalie Hennuyer, Bart Staels, Valérie Audinot-Bouchez,
Jean-Albert Boutin, Catherine Dacquet, Alain Ktorza and Marie-Claude Viaud-Massuard*


Type-2 diabetes (T2D) is a complex metabolic disease characterized by insulin


resistance in the liver and peripheral tissues accompanied by a defect in


pancreatic b-cell. Since their discovery three subtypes of Peroxisomes


Proliferators Activated Receptors were identified namely PPARa, PPARc
and PPARb/(d). In this course, we were interested in designing novel PPARc
selective agonists and/or dual PPARa/c agonists. Based on the typical topology


of synthetic PPAR agonists, we focused our design approach on 4,4-dimethyl-


1,2,3,4-tetrahydroquinoline as novel cyclic tail.
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Aurora kinase A inhibitors: Identification, SAR exploration and molecular modeling
of 6,7-dihydro-4H-pyrazolo-[1,5-a]pyrrolo[3,4-d]pyrimidine-5,8-dione scaffold


pp 1623–1627


Mohane Selvaraj Coumar, Jian-Sung Wu, Jiun-Shyang Leou,
Uan-Kang Tan, Chung-Yu Chang, Teng-Yuan Chang,
Wen-Hsing Lin, John T.-A. Hsu, Yu-Sheng Chao,
Su-Ying Wu* and Hsing-Pang Hsieh*
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Isoindol-1,3-dione and isoindol-1-one derivatives with high binding affinity to b-amyloid fibrils pp 1628–1631


Hyu Ji Lee, Soo Jeong Lim, Seung Jun Oh, Dae Hyuk Moon, Dong Jin Kim, Jinsung Tae and Kyung Ho Yoo*
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Based on the structural features of Indoprofen and PIB, a series of isoindol-1,3-diones 1a–k and isoindol-1-ones 2a–l were designed


and synthesized. All the isoindolone derivatives showed very good binding affinities with Ki values in the subnanomolar range (0.42–


0.94 nM) against aggregated Ab42 fibrils. Among them, several compounds exhibited excellent binding affinities (Ki = 0.42–


0.49 nM) than those of Indoprofen (Ki = 0.52 nM) and PIB (Ki = 0.70 nM).


A cell-penetrating peptidic GRP78 ligand for tumor cell-specific prodrug therapy pp 1632–1636


Yoshiyuki Yoneda, Sebastian C. J. Steiniger, Kateřina Čapková, Jenny M. Mee,
Ying Liu, Gunnar F. Kaufmann and Kim D. Janda*


Synthesis of hybrid acetogenins, a,b-unsaturated-c-lactone-free nitrogen-containing
heterocyclic analogues, and their cytotoxicity against human cancer cell lines


pp 1637–1641


Naoto Kojima, Tetsuya Fushimi, Naoyoshi Maezaki, Tetsuaki Tanaka* and Takao Yamori
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A series of nitrogen-containing heterocyclic analogues of solamin, a natural mono-THF acetogenin, have been synthesized and


investigated for their cytotoxicity against 39 tumor cell lines.
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Discovery of novel FMS kinase inhibitors as anti-inflammatory agents pp 1642–1648


Carl R. Illig, Jinsheng Chen, Mark J. Wall, Kenneth J. Wilson, Shelley K. Ballentine,
M. Jonathan Rudolph, Renee L. DesJarlais, Yanmin Chen, Carsten Schubert, Ioanna Petrounia,
Carl S. Crysler, Christopher J. Molloy, Margery A. Chaikin, Carl L. Manthey,
Mark R. Player, Bruce E. Tomczuk and Sanath K. Meegalla*
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Discovery of a series of novel 2,4-disubstituted arylamides as potential anti-inflammatory agents is described. Compound 8 was


utilized in an in vivo CIA model to evaluate the therapeutic potential of FMS inhibition.


BACE1 inhibitors: Optimization by replacing the P1
0 residue with non-acidic moiety pp 1649–1653


Yoshio Hamada, Hamdy Abdel-Rahman, Abdellah Yamani,
Jeffrey-Tri Nguyen, Monika Stochaj, Koushi Hidaka, Tooru Kimura,
Yoshio Hayashi, Kazuki Saito, Shoichi Ishiura and Yoshiaki Kiso*
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Novel non-peptidic and small-sized BACE1 inhibitors pp 1654–1658


Yoshio Hamada, Hiroko Ohta, Naoko Miyamoto, Ryoji Yamaguchi, Abdellah Yamani, Koushi Hidaka,
Tooru Kimura, Kazuki Saito, Yoshio Hayashi, Shoichi Ishiura and Yoshiaki Kiso*
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KMI-1036 IC50 = 96 nM


KMI-1027 IC50 = 50 nM


Synthesis and biological evaluation of novel 8-aminomethylated oroxylin A analogues
as a-glucosidase inhibitors


pp 1659–1662


T. Hari Babu, V. Rama Subba Rao, Ashok K. Tiwari,
K. Suresh Babu, P. V. Srinivas, Amtul Z. Ali
and J. Madhusudana Rao*


A series of 8-aminomethylated derivatives of


oroxylin A were prepared by Mannich reaction


and their a-glucosidase inhibition activities were


studied.
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1a. R = Morpholinyl
1b. R = N-methyl piperzinyl
1c. R = Benzylamino
1d. R = 1-Boc piperzinyl
1e. R = N-methyl furfuryl amino


1f.  R = Methyl benzyl amino
1g. R = n-butyl amino
1h. R = Di phenyl amino
1i.  R =  Piperidinyl
1j.  R = Pyrroldinyl
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Synthesis and antioxidant activities of 3,5-dialkoxy-4-hydroxycinnamamides pp 1663–1667


Tae-Souk Kang, Hyang-Ok Jo, Woo-Kyu Park, Jong-Pyung Kim, Yasuo Konishi,
Jae-Yang Kong, No-Sang Park and Young-Sik Jung*
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Tri- and tetra-substituted naphthalene diimides as potent G-quadruplex ligands pp 1668–1673


Francisco Cuenca, Olga Greciano, Mekala Gunaratnam, Shozeb Haider,
Deeksha Munnur, Rupesh Nanjunda, W. David Wilson and Stephen Neidle*


In vitro and in vivo evaluation of O-alkyl derivatives of tramadol pp 1674–1680


Liming Shao,* Michael Hewitt, Thomas P. Jerussi, Frank Wu, Scott Malcolm, Paul Grover, Kevin Fang,
Patrick Koch, Chris Senanayake, Nandkumar Bhongle, Seth Ribe, Roger Bakale and Mark Currie
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Thiol-based angiotensin-converting enzyme 2 inhibitors:
P10 modifications for the exploration of the S10 subsite


pp 1681–1687


David N. Deaton,* Kevin P. Graham, Jeffrey W. Gross and Aaron B. Miller
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Explorations of the S10 subsite of ACE2 via modifications of the P10 methylene biphenyl moiety of thiol-based


metalloprotease inhibitors led to improvements in ACE2 selectivity versus ACE and NEP, while maintaining potent


ACE2 inhibition.
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Constraining the amide bond in N-Sulfonylated dipeptide VLA-4 antagonists pp 1688–1691


Linda L. Chang,* Ginger X. Yang, Ermengilda McCauley, Richard A. Mumford,
John A. Schmidt and William K. Hagmann
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Synthesis of potent pyrrolidine influenza neuraminidase inhibitors pp 1692–1695


A. Chris Krueger,* Yibo Xu, Warren M. Kati, Dale J. Kempf, Clarence J. Maring,
Keith F. McDaniel, Akhteruzzaman Molla, Debra Montgomery and William E. Kohlbrenner
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Imidazopyridines: A novel class of hNav1.7 channel blockers pp 1696–1701


Clare London,* Scott B. Hoyt, William H. Parsons, Brande S. Williams,
Vivien A. Warren, Richard Tschirret-Guth, McHardy M. Smith, Birgit T. Priest,
Erin McGowan, William J. Martin, Kathryn A. Lyons, Xiaohua Li,
Bindhu V. Karanam, Nina Jochnowitz, Maria L. Garcia, John P. Felix,
Brian Dean, Catherine Abbadie, Gregory J. Kaczorowski and Joseph L. Duffy
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A series of imidazopyridines were evaluated as hNav1.7 blockers.


2-(1H-Imidazol-4-yl)ethanamine and 2-(1H-pyrazol-1-yl)ethanamine side chain variants
of the IGF-1R inhibitor BMS-536924


pp 1702–1707


Mark G. Saulnier,* David B. Frennesson, Mark D. Wittman, Kurt Zimmermann, Upender Velaparthi,
David R. Langley, Charles Struzynski, Xiaopeng Sang, Joan Carboni, Aixin Li, Ann Greer, Zheng Yang,
Praveen Balimane, Marco Gottardis, Ricardo Attar and Dolatrai Vyas
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17f


A series of IGF-1R inhibitors is disclosed, wherein the (m-chlorophenyl)-


ethanol side chain of BMS-536924 (1) is replaced with a series of 2-(1H-


imidazol-4-yl)ethanamine and 2-(1H-pyrazol-1-yl)ethanamine side chains.


Some analogs show improved IGF-1R potency and oral exposure. Analogs


from both series, 16a and 17f, show in vivo activity comparable to 1 in our


constitutively activated IGF-1R Sal tumor model. This may be the due to the


improved protein binding in human and mouse serum for imidazole 16a and


the excellent oral exposure of pyrazole 17f.


1546 Contents / Bioorg. Med. Chem. Lett. 18 (2008) 1539–1549







Thiosemicarbazones active against Clostridium difficile pp 1708–1711


Cait Costello, Tarja Karpanen, Peter A. Lambert, Preena Mistry, Katy J. Parker,
Daniel L. Rathbone,* Jiangmeng Ren, Laura Wheeldon and Tony Worthington
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The synthesis and screening of a set of antimicrobial thiosemicarbazones is reported.


Transkarbams with terminal branching as transdermal permeation enhancers pp 1712–1715


Jana Klimentová, Petr Kosák, Kateřina Vávrová,* Tomáš Holas, Jakub Novotný and Alexandr Hrabálek


Series of Transkarbam 12 derivatives with terminal methyl or ethyl branching was prepared and their permeation-


enhancing activity was compared to that of their linear analogues.


A potential new prodrug for the treatment of cystinosis: Design, synthesis and in-vitro evaluation pp 1716–1719


Bridgeen McCaughan, Graeme Kay, Rachel M. Knott and Donald Cairns*
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Prodrug 3a has been shown to deplete levels of lysosomal cystine with negligible toxicity to cultured cells.


An efficient route into synthetically challenging bridged achiral 1,2,4,5-tetraoxanes
with antimalarial activity


pp 1720–1724


Gemma L. Ellis, Richard Amewu, Charlotte Hall, Karen Rimmer, Steven A. Ward and Paul M. O�Neill*


Here we present an efficient route into the synthetically


challenging bridged 1,2,4,5-tetraoxanes. These achiral


derivatives display nanomolar antimalarial activity


(IC50 = 40–100 nM). O O
OO


X


X = F, CF3, CO2Me
O O
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X = H, F, CF3, CN,
CO2Me, SO2Me
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Arylsulfonamide CB2 receptor agonists: SAR and optimization of CB2 selectivity pp 1725–1729


Monika Ermann,* Doris Riether,* Edward R. Walker, Innocent F. Mushi,
James E. Jenkins, Beatriz Noya-Marino, Mark L. Brewer, Malcolm G. Taylor,
Patricia Amouzegh, Stephen P. East, Brian W. Dymock, Mark J. Gemkow,
Andreas F. Kahrs, Andreas Ebneth, Sabine Löbbe, Kathy O�Shea,
Daw-Tsun Shih and David Thomson
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A high-throughput screening campaign resulted in the discovery of a


highly potent dual cannabinoid receptor 1 (CB1) and 2 (CB2) agonist.


Following a thorough SAR exploration, a series of selective CB2 full


agonists were identified.


2-Aminotetralones: Novel inhibitors of MurA and MurZ pp 1730–1734


Colin J. Dunsmore, Keith Miller, Katy L. Blake, Simon G. Patching, Peter J. F. Henderson,
James A. Garnett, William J. Stubbings, Simon E. V. Phillips, Deborah J. Palestrant,
Joseph De Los Angeles, Jennifer A. Leeds, Ian Chopra and Colin W. G. Fishwick*
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A new series of inhibitors of Escherichia coli MurA and Staphylococcus aureus


MurA and MurZ having useful antibacterial properties are reported.


Separate synthesis and evaluation of glucitol bis-phosphate and mannitol bis-phosphate,
as competitive inhibitors of fructose bis-phosphate aldolases


pp 1735–1737


Charles-Gabin Mabiala-Bassiloua, Magdalena Zwolinska, Helene Therisod,
Jurgen Sygusch and Michel Therisod*


Glucitol and mannitol-1,6-bis-phosphate were separately synthesized and evaluated as inhibitors of various fructose


bis-phosphate aldolases.
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Abstract—Tumor targeting peptides are promising vehicles for site-directed cancer therapy. Pep42, a cyclic 13-mer oligopeptide that
specifically binds to glucose-regulated protein 78 (GRP78) and internalized into cancer cells, represents an excellent vehicle for
tumor cell-specific chemotherapy. Here, we report the synthesis and evaluation of Pep42-prodrug conjugates that contain a cathep-
sin B-cleavable linker, resulting in the traceless release of drug inside the cancer cells.
� 2008 Elsevier Ltd. All rights reserved.

Chemotherapy remains an important treatment option
for cancer patients. However, its success is limited by
such drawbacks as insufficient intratumor drug concen-
trations and systemic toxicity due to lack of target spec-
ificity. Restricting the action of a cytotoxic drug to the
tumor site would greatly alleviate systemic toxicity and
improve therapeutic efficacy. Tumor targeting peptides
are promising vehicles for site-directed cancer therapy.
Recently, we have reported the selection and character-
ization of Pep42, a cyclic 13-mer oligopeptide,
CTVALPGGYVRVC, that specifically binds to glu-
cose-regulated protein 78 (GRP78).1 Furthermore, we
have also demonstrated the internalization of Pep42 into
a number of cancer cell lines.2 In cancer cells, the over-
expression of GRP78, an intracellular chaperone and
member of the heat shock protein 70 (HSP70) family,
provides a protective cellular response against stress
conditions. Indeed, GRP78 overexpression also repre-
sents an attractive target as it results in the specific pres-
ence of GRP78 molecules on the cancer cell surface.
Normal GRP78 expression is maintained at low levels
but is upregulated in stress environments and induced
in tumor environments. GPR78 overexpression has been

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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demonstrated in a variety of tumors, such as prostate,
colon, skin, and breast cancers.3 In human cancers, ele-
vated GRP78 level generally correlates with higher path-
ologic grade, recurrence, and poor patient survival in
breast, liver, prostate, and colon cancers.4,5


For a drug deliverable release strategy, we focused on a
proteolytically cleavable linker as we have shown that
Pep42 will be internalized through the GRP78 receptor,
endocytosed and trafficked to the lysosomes that con-
tain proteases, such as cathepsin B.6 In terms of prote-
ases, cathepsin B is a ubiquitously expressed cysteine
protease located in the lysosomes.7 It is confined strictly
to the lysosomes and not found extracellularly, except in
pathological conditions such as cancer or rheumatoid
arthritis.8 Therefore Pep42-drug conjugates containing
cathepsin B-cleavable linkers are likely to be stable in
circulation and selectively release their drug specifically
in the targeted tissue.


For our linker release strategy, we decided to employ the
Val-Cit motif that is rapidly cleaved by cathepsin B, but is
very stable in plasma.9 The cytotoxic drugs of choice were
the two well characterized and widely used anti-tumor
agents, paclitaxel (Taxol) and doxorubicin (Fig. 1).1,10


Thus, Pep42 was linked through an amidic bond to p-
aminobenzylalcohol, a commonly used self-immolative
spacer, attached to paclitaxel through a carbonate and
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Figure 1. Potent anticancer drugs Taxol and Doxorubicin.
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to doxorubicin through a carbamate functionality
(Fig. 2).11,12 The enzymatic cleavage triggers a 1,6-elim-
ination reaction, resulting in the unmodified drug, car-
bon dioxide and the remnants of the spacer being
released (Fig. 3).13


The general synthetic strategy involved coupling of the
Pep42-Val-Cit (7) fragment with an appropriately func-
tionalized derivative of paclitaxel or doxorubicin (6a–b)
(Scheme 1). The starting Val-Cit-PABOH (2) was read-
ily obtained using a previously described procedure.14

Figure 2. Conjugates of Pep 42 with taxol (1a) and doxorubicin (1b). Amino

Subsequent protection of the amino group (3) and treat-
ment with bis-PNPC afforded the carbonate (4), which
was converted to the corresponding paclitaxel (5a) and
doxorubicin (5b) derivatives. Deprotection with tetra-
zole in TFE (6a–b), followed by coupling with Pep 42-
Val-Cit (7), synthesized by standard Fmoc/DIC/HOBt
protocols, gave the desired conjugates (1a) and (1b) in
good yields (Scheme 1).


The cytotoxicity of the Pep42-prodrug conjugates on
SJSA-1 osteosarcoma cells, a GRP78-expressing cell

acids are described with the appropriate one-letter codes.







Figure 3. Release cascade of the drug.


Scheme 1. Synthesis of the Pep 42 conjugates.
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line, was studied in vitro by using an MTT assay. SJSA-
1 cells (5 · 103) were plated in each well of a 96-well tis-
sue culture plate. Medium supplemented with 10% FBS
was added, and cells were allowed to adhere for 24 h.
Cells were then incubated with serial dilutions of Tax-

ol-Pep42 and doxorubicin-Pep42 for 6 h in triplicate,
and a MTT assay was performed (Figs. 4 and 5).18 As
shown in Figure 4, Taxol-Pep42 showed greater cytotox-
icity than free Taxol alone against SJSA-1 cells. At the
Taxol equivalent concentration of 10�3 lM, cell viabil-







Figure 4. Viability of cells incubated with serial dilutions of Taxol and


Taxol-Pep42 by MTT assays.


Figure 5. Viability of cells incubated with serial dilutions of Doxoru-


bicin and Doxorubicin-Pep42 by MTT assay.
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ity was about 40% for Taxol-Pep42 treated cells, while
the viability of Taxol treated cells decreased to only
80%. The IC50 values for Taxol were 3.2 and 1.1 nM
for Taxol-Pep42 (Fig. 4).


The doxorubicin-Pep42 conjugate also demonstrated en-
hanced cytotoxicity against SJSA-1 cells (Fig. 4). For
unconjugated doxorubicin, the IC50 was 6.2 nM, while
cells treated with doxorubicin-Pep42 showed a viability
of 50% at 1.7 nM (Fig. 5). These results are consistent
with or superior to previously reported analogous stud-
ies.15,16 When employing the same activation-release
cascade, antibody conjugates have demonstrated a high-
er increase in cytotoxic activity.17 However, here one
must also consider that the payload exceeds more than
one toxin molecule per antibody molecule, while the
coupling ratio of prodrug to Pep42 was 1:1.


In summary, we have demonstrated that the peptidic
GRP78 ligand Pep42 can be utilized to efficiently deliver
two well characterized cytotoxic drugs frequently used
in current cancer therapy treatment regimes into cancer
cells. Based on our previously reported data we
exploited Pep42’s translocation into the lysosomal com-
partment to design prodrug conjugates that specifically
release the drugs upon entering the cells. Gratifyingly,

this resulted in an increase in cytotoxicity as Pep42 facil-
itates the uptake of Taxol and doxorubicin into cells and
thus, delivers its toxic payload directly into the cancer
cell.
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Pep42, Pep42-prodrug conjugate as well as doxorubicin
and paclitaxel were prepared in cell culture medium in a
separate plate. The medium of the plate containing the
cells were taken out and replaced with medium con-
taining the Pep42-prodrug conjugate dilutions, followed
by an incubation period of 6 h at 37 �C. The MTT

reagent was then added to individual wells and allowed
to further incubate for 1 h at 37 �C. Samples were
assayed in triplicate and the absorbance was measured
at 490 nm. Cells incubated with PBS were used as
untreated control cells and cell culture medium was a
background control.
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Abstract—A series of a,b-unsaturated-c-lactone-free nitrogen-containing heterocyclic analogues of solamin, a natural mono-THF
acetogenin, have been synthesized and their cytotoxicity was investigated against 39 tumor cell lines. One of them, 1-meth-
ylpyrazol-5-yl derivative, showed selective increase of cytotoxicity against NCI-H23 with 80 times higher potency than solamin.
� 2008 Elsevier Ltd. All rights reserved.
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Annonaceous acetogenins are polyketides featuring one
to three tetrahydrofuran (THF) ring(s) connected an
a,b-unsaturated-c-lactone ring via a long hydrocarbon
chain. More than 400 acetogenins have been isolated
from Annonaceous species. They exhibit a broad range
of biological activities, including cytotoxic, antitumor,
immunosuppressive, pesticidal, antifeedant, and antima-
larial activities.1 Some acetogenins inhibit multidrug-
resistant cancer cells with the ATP-driven transport sys-
tem.2 Many researchers are engaged in the synthesis of
acetogenins3 and their analogues4 due to their attractive
biological activities. The mechanism of action is consid-
ered to involve the inhibition of mitochondrial NADH
ubiquinone oxidoreductase (complex I). The inhibition
suppresses ATP production, leading to apoptosis of can-
cer cells.5 McLaughlin and co-workers suggested that
the hydrophilic THF moiety localizes at the surface of
the inner membrane of mitochondria while the c-lactone
moiety interacts with the active site of the membrane.6


Recently, Koert and co-workers showed that analogues
whose c-lactone moiety was replaced with a quinone ex-
ert inhibitory activities against mitochondrial complex
I.7 Furthermore, Miyoshi’s group reported acetogenin-
type complex I inhibitors possessing alkyl tails instead
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of a c-lactone ring.8 Thus, the role of the c-lactone moi-
ety of acetogenins has not been clarified yet.


There are a number of pesticides targeting mitochon-
drial complex I, the prime example of which is
tebufenpyrad. Those pesticides have a nitrogen-contain-
ing heterocycle, such as pyrazole or pyrimidine, and a
hydrophobic chain. We were interested in the synthesis
of hybrid molecules featuring nitrogen-containing het-
erocycles and the THF-ring moiety of acetogenins, and
their possible use as antitumor agents (Fig. 1).

Nitrogen-containing Heterocyclic Acetogenins
HO


O
OHn


heterocycles


Figure 1. Design of nitrogen-containing heterocyclic analogues of


Annonaceous acetogenins.
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8b: Ar = 1-methylpyrazol-4-yl (86%)
8c: Ar = pyrimidin-2-yl (98%)
8d: Ar = pyrimidin-5-yl (89%)
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9a: Ar = 1-methylpyrazol-5-yl (82%)
9b: Ar = 1-methylpyrazol-4-yl (76%)
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9d: Ar = pyrimidin-5-yl (55%)
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Scheme 3. Reagents and conditions: (i) Ar–X (X = Br or I), Pd(PPh3)4,


CuI, Et2NH, 50 �C; (ii) Ar–Br, Pd(PPh3)2Cl2, CuI, Et3N, rt; (iii) 10%


Pd–C, H2 (3 atm), EtOAc, rt; (iv) 48% HF aq, THF/CH3CN, rt.
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Recently, Duval et al. reported the semisynthesis of the
heterocyclic analogues of squamocin, a natural bis-
THF-ring acetogenin, and the inhibitory activities of
the analogues, such as the imidazole derivative, against
mitochondrial complex I.9 However, they did not men-
tion the cytotoxicity of the compounds. Herein, we de-
scribe the synthesis of nitrogen-containing heterocyclic
analogues of acetogenin based on our stereodivergent
THF-ring formation reaction10 and the evaluation of
their cytotoxicity against 39 tumor cell lines.


We adopted solamin (1),11 a simple mono-THF acetog-
enin, as the lead compound, and designed the synthesis
of a,b-unsaturated-c-lactone-free nitrogen-containing
heterocyclic analogues of solamin (Scheme 1). Nitro-
gen-containing heterocyclic analogues (2) can be pre-
pared by asymmetric alkynylation of THF-ring moiety
(3) with diyne segment (4), followed by Sonogashira
coupling with nitrogen-containing heterocyclic halide
(5).


THF-ring moiety (6) was prepared with our newly devel-
oped stereodivergent THF-ring formation reaction with
high stereoselectivity (Scheme 2).12 Reagent-controlled
asymmetric alkynylation13 of aldehyde (6) with 1,11-
dodecadiyne (4) gave propargyl alcohol (7) with high
stereoselectivity.14


With key intermediate (7) in hand, we examined the
introduction of nitrogen-containing heterocycles. Sono-
gashira coupling15 of 7 with 5-iodo-1-methylpyrazole
was carried out to give coupling product 8a in good
yield (Scheme 3). Next, hydrogenation of diyne was car-
ried out with 10% Pd–C in EtOAc, giving compound 9a
in 82% yield. Finally, deprotection of the TBS group
using aq HF in THF–CH3CN afforded target analogue
(10a) with the 1-methylpyrazol-5-yl moiety in high yield.
On the other hand, other analogues (10b: 1-meth-
ylpyrazol-4-yl, 10c: pyrimidin-2-yl, 10d: pyrimidin-5-yl,
and 10e: 2-aminopyrimidin-5-yl) were also synthesized
from 7 using the same procedure as that for 10a.
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Scheme 1. Retrosynthesis of a,b-unsaturated-c-lactone-free nitrogen-


containing heterocyclic analogues of Annonaceous acetogenins.

Synthetic nitrogen-containing heterocyclic compounds
(10a–e) and solamin16 were tested for in vitro antiprolif-
erative activity against a panel of 39 human cancer cell
lines.17 Table 1 shows the 50% growth-inhibitory con-
centration relative to control (GI50). Among 10a–e,
two analogues (10a and 10d, MG-MID (mean GI50 va-
lue in all cell lines tested) = 42 and 31 lM, respectively)
exhibited almost two times higher growth inhibition
than solamin (MG-MID = 76 lM), although the activi-
ties of other derivatives (10b, 10c, and 10e) were almost
the same as that of solamin (60–71 lM). Pyrazole deriv-
atives (10a and 10b, range (differences in logGI50 value
between the most sensitive cells and the MG-MID va-
lue) = 2.26 and 1.68, respectively) displayed more selec-
tive cytotoxicity than pyrimidine derivatives (10c–e,
range = 0.93, 1.39, and 1.32, respectively). However,
the two pyrazole derivatives, 10a and 10b, showed differ-
ent selectivities. For example, 10a exhibited 14.3 times
higher cytotoxicity against NCI-H23 than 10b. Next,
we compared closely nitrogen-containing heterocyclic
analogues (10a and 10d) and solamin (Fig. 2).







Table 1. GI50 values of nitrogen-containing heterocyclic acetogenins (10a–e) against 39 human cancer cell lines


Human tumor cell line Compound/cytotoxicity (GI50
a in lM)


10a 10b 10c 10d 10e Solamin


Breast


HBC-4 >100 >100 >100 56 >100 >100


BSY-1 32 >100 >100 34 >100 >100


HBC-5 69 >100 50 17 >100 >100


MCF-7 27 >100 79 34 >100 71


MDA-MB-231 32 >100 >100 >100 >100 >100


CNS


U251 >100 >100 >100 61 >100 >100


SF-268 >100 >100 >100 49 >100 >100


SF-295 24 24 >100 25 56 40


SF-539 37 37 41 28 62 >100


SNB-75 >100 23 32 28 27 >100


SNB-78 >100 81 >100 52 >100 >100


Colon


HCC2998 80 >100 >100 28 89 >100


KM-12 71 >100 >100 36 >100 >100


HT-29 76 >100 >100 33 90 >100


HCT-15 >100 >100 >100 47 >100 >100


HCT-116 9.2 70 >100 28 >100 >100


Lung


NCI-H23 0.91 13 28 11 36 73


NCI-H226 52 56 30 22 44 >100


NCI-H522 3.8 12 17 13 22 58


NCI-H460 >100 >100 >100 40 >100 >100


A549 31 >100 >100 42 >100 >100


DMS273 49 >100 92 28 >100 >100


DMS114 0.55 2.1 16 4.1 4.8 4.3


Melanoma


LOX-IMVI >100 9.5 12 16 58 29


Ovarian


OVCAR-3 >100 >100 >100 29 >100 >100


OVCAR-4 37 >100 38 22 >100 >100


OVCAR-5 >100 >100 >100 >100 >100 >100


OVCAR-8 >100 >100 >100 29 90 >100


SK-OV-3 77 >100 74 33 56 >100


Renal


RXF-631L >100 >100 >100 43 >100 >100


ACHN 88 >100 >100 40 >100 >100


Stomach


St-4 65 >100 >100 39 >100 >100


MKN1 >100 >100 >100 32 >100 >100


MKN7 6.2 5.4 27 6.1 9.4 13


MKN28 4.4 19 48 13 40 14


MKN45 >100 >100 >100 50 >100 >100


MKN74 23 >100 69 38 >100 >100


Prostate


DU-145 >100 >100 >100 90 >100 >100


PC-3 >100 >100 68 35 >100 >100


MG-MIDb 42 60 68 31 71 76


Deltac 1.88 1.45 0.76 0.88 1.17 1.24


Ranged 2.26 1.68 0.93 1.39 1.32 1.36


a Concentration for 50% inhibition of cell growth relative to control. Cell growth was determined according to the sulforhodamine B assay.
b Mean GI50 value in all cell lines tested.
c Differences in log GI50 value between the most sensitive cells and the MG-MID value.
d Differences in log GI50 value between the most and least sensitive cells.
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Figure 2. Differences between logGI50 of 10a and 10d tested against 39


cancer cell lines and those of solamin. The x axis represents dD
(logGI50 of solamin—logGI50 of 10a or 10d), respectively.
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Figure 2 shows that the inhibitory activities of 10d
against almost all cancer cell lines were higher than
those of solamin. 10a showed selective increases of cyto-
toxicity against human lung cancer cell lines. In particu-
lar, 10a displayed strong cytotoxicity against NCI-H23
and NCI-H522 with potencies that were 80.2 and 15.3
times, respectively, than those of solamin. Using COM-
PARE analysis,18 we compared the fingerprint of 10a
(Fig. 2) with those of more than 60 standard anticancer
drugs currently in use, and found that the fingerprint of
10a did not show any significant correlation with those
of standard anticancer drugs, suggesting that 10a had
a unique mechanism of action. Thus, we confirmed that
the unstable c-lactone moiety19 can be replaced with
nitrogen-containing heterocycles and found two com-
pounds with unique profiles. Further synthesis of other
nitrogen-containing heterocyclic analogues and investi-
gation of their cytotoxicity are under way.
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Abstract—The optimization of the arylamide lead 2 resulted in identification of a highly potent series of 2,4-disubstituted aryla-
mides. Compound 8 (FMS kinase IC50 = 0.0008 lM) served as a proof-of-concept candidate in a collagen-induced model of arthritis
in mice.
� 2008 Elsevier Ltd. All rights reserved.

The colony stimulating factor-1 receptor (CSF-1R, also
known as M-CSFR, or FMS) is the exclusive receptor
for its ligand, colony stimulating factor-1 (CSF-1 or
macrophage colony stimulating factor, M-CSF). The
binding of CSF-1 to the extracellular domain of FMS
induces the dimerization and trans-autophosphorylation
of several cytoplasmic tyrosine residues. These phos-
phorylated sites function as binding sites for Src homol-
ogy-2 (SH2) domain-containing signaling proteins
which promote gene expression and proliferation. High
expression of FMS is limited principally to monocyte/
macrophages, oocytes, trophoblasts, mammary epithe-
lium (during lactation), and to cells of the macrophage
lineage, while CSF is the predominant growth factor
for macrophage lineage cells including osteoclasts.1,2


Recent studies have demonstrated a direct correlation
between tumor-associated macrophage numbers and tu-
mor progression3 and between synovial macrophage
numbers and disease severity in rheumatoid arthritis.4


Further, osteoclasts mediate bone erosions leading to
pain and fracture in metastatic bone disease and defor-
mity in rheumatoid arthritis.

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2008.01.059


Keywords: FMS; CSF-1R; M-CSF; Colony stimulating factor-1;


Macrophages; Anti-inflammatory activity.
* Corresponding author. Tel.: +1 610 458 8959; fax +1 610 458 8249;


e-mail: smeegall@prdus.jnj.com

Hence the inhibition of FMS appears to be of therapeu-
tic value in treating diseases such as rheumatoid arthritis
and metastatic cancer to the bone where osteoclasts and
macrophages are pathogenic. This hypothesis is also
well-supported by the biological studies conducted with
CSF-1 deficient mice.5–7


A recent publication8 describes the identification of
arylamides (1 and 2) as FMS inhibitors. Herein we de-
scribe the results of further investigation of the SAR
of this chemotype and the identification of a potent
FMS inhibitor suitable for in vivo studies (See Fig. 1).


In addition to the lead-like properties of the 5-hydroxy-
methyl compound 2, it also stabilized an engineered
form of the FMS kinase domain9 and thereby provided
X-ray crystallographic information to guide optimiza-
tion efforts. It was immediately apparent from the
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Figure 1. FMS high-throughput screening hit 1 and the lead


compound 2.
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Scheme 1. Synthesis of 2,4-disubstituted arylamides. Reagents and


conditions: (a) 4-methylpiperidine/ rt; (b) R1R2NH, THF, reflux 2 h;


(c) H2, Pd/C, EtOH, rt, 1 h; (d) 5-cyanofuran-2-carbonyl chloride,


DCM, Et3N, rt, 3 h.
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co-crystal structure of FMS and 2 that there was insuf-
ficient space at the 6-position of the benzene ring to al-
low substitution without significant disruption of key
binding interactions. Initial efforts geared toward
exploring the C-5 position did not lead to further
improvement in potency of the lead compound (data
not shown). The co-crystal structure of the kinase do-
main of FMS and 28 revealed the C-4 position to be a
promising site for further elaboration, and optimization
efforts began at this site.


The synthesis of compound 7 in Scheme 1 illustrates the
general chemistry involved in the synthesis of the 2,4-

Table 1. FMS enzyme inhibitory activity10 for 8–23
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disubstituted arylamide chemotype. The initial focus
was the introduction of amine substituents at the 2-
and 4-positions as the ease of sequential SNAr reactions
on dihalonitrobenzenes permitted rapid analoging for
SAR development. Two consecutive SNAr reactions of
2,4-dichloronitrobenzene 3 (X = Cl) with 4-methylpiper-
idine and a primary or secondary amine in refluxing
THF, respectively, installed the desired C-2 and C-4
substituents in high yields. The reduction of the nitro
group to the aniline followed by standard amide bond
formation with 5-cyanofuran-2-carbonyl chloride affor-
ded the desired final product 7. Compound 16 was pre-
pared using thiomorpholine as the second nucleophile
followed by oxidation prior to acid chloride coupling.
Compounds 15 and 20 were prepared employing
methylamine as the second nucleophile followed by acyl-
ation and sulfonylation prior to the amide bond forma-
tion. Compound 19 was made in the same fashion using
NH3 in place of methylamine. Compound 21 was made
substituting amine R1R2NH with sodium ethoxide.
Compound 22 was synthesized by the Sonogashira cou-
pling of propargyl alcohol with intermediate 4 where
X = Br, followed by Pd-catalyzed hydrogenation, mesy-
lation and substitution of the mesylate with methylethyl-
amine followed by acylation of the resulting aniline.


First, the SAR at the C-4 position (Table 1, A) was ex-
plored with a variety of N-substitutions, including both
saturated and unsaturated N-containing heterocycles.
As we have previously reported that both 5-cyanofuran
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Table 1 (continued)
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aFor assay information see Ref. 10.


1644 C. R. Illig et al. / Bioorg. Med. Chem. Lett. 18 (2008) 1642–1648

and 4-cyanopyrrole analogues8 at the C-1 position
exhibited essentially equal potency, a fair activity com-
parison can be made between cyanofuran and cyanopyr-
role analogues.


The biological activities of the analogues revealed that
the piperazine is a preferred substituent at the C-4 posi-
tion (8–12). The addition of a methyl group to the
4-piperazine (9 vs. 8) had no effect. Introduction of elec-
tron-withdrawing substituents to attenuate the basicity
of the piperazine nitrogen also did not have a significant
effect on the activity as observed in compounds (10–12).
Replacement of basic piperazine at C-4 was detrimental,
as seen in morpholine 13, piperidine 14, and pyrazole 17.
The replacement of piperazine with imidazole 18 re-
tained activity, though 3-fold less potent than the piper-
azine analogue 8. The insertion of an amide linker in
between the central core and piperazine 15 also exerted
a negative effect in the FMS inhibitory activity. The
introduction of halides, alkyl and alkoxy substituents
and sulfonamides (22, 21, 23, 19 and 20, respectively) re-
sulted in a loss of potency. These results indicate not

only the need for a basic group at the 4-position but a
steric requirement that these smaller groups do not
fulfill.


The chemistry shown in Scheme 1 was utilized to per-
form a limited exploration of six-membered N-contain-
ing heterocycles at the C-2 position (Table 2, B). The
compounds were evaluated in an in vitro FMS assay
as well as in a cell-based FMS activity assay (bone-mar-
row derived macrophage (BMDM) proliferation as-
say).10 The data in the Table suggest that small
lipophilic groups are tolerated on the piperidine (24–
27). The replacement of piperidine with morpholine 29
and piperidinone 28 showed a significant decrease in
activity. As reported previously8 both 5-cyanofuran
and 4-cyanopyrrole analogues at the C-1 position (24
vs 25) exhibited essentially equal potency.


The SAR development in the central ring was carried
out by the replacement of the benzenoid ring with vari-
ous azaheteroaromatic rings. The synthetic routes em-
ployed in the preparation of these analogues are







Table 2. FMS inhibitory activity for 24–29
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shown in Scheme 2. The common synthetic features in-
clude two nucleophilic substitutions employing 4-meth-
ylpiperidine and 4-methylpiperazine as the nucleophiles
with various dichloronitroazaheterocycles (30, 36, 41,
and 46) and conversion of the nitro functions to amines
followed by acylation with 5-cyanofuran-2-carbonyl
chloride. The synthesis of the pyrazine analogue 35
was carried out by mono-substitution of 2,6-dichloro-
pyrazine with 4-methylpiperidine followed by nitration
of the resulting product to obtain the intermediate 32.
The yield of the formation of this compound was poor
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Scheme 2. Synthesis of heterocyclic core analogues. Reagents and cond


methylpiperazine, THF; (d) Pd/C, EtOH, H2 (10 psi); (e) 5-cyanofuran-2-car

(8%) due to the rapid formation of bisnitro compound.
Although the preparation of two pyridyl analogues (40
and 51) and the pyrimidine analogue 45 was more
straightforward, the synthesis of compound 51 required
the preparation of 3,5-dichloro-2-nitropyridine 47. This
compound was prepared in 60% yield by the oxidation
of the corresponding amine 46 with Caro’s acid,
K2S2O8, in concd H2SO4. Finally the displacement of
the 3-chloro substituent of 47 with 4-methylpiperidine
was complicated by the competitive displacement of
the 2-nitro group.
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Table 3. FMS inhibitory activity10 for heterocyclic core analogues
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26 X = Y = Z = CAH, 100 0.001


35 X = Z = N, Y = CAH, 8 —


40 X = N, Y = Z = CAH, 97 0.01


45 X = Y = N, Z = CAH, 2 —


51 X = Y = CAH, Z = N 69 0.72


a For assay information see Ref. 10.
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The FMS inhibition data10 for these aza analogues are
shown in Table 3. All the heterocyclic core analogues
were less active than the corresponding benzenoid coun-
terpart 26. The presence of a single N in the ring was
better tolerated than two and the preferred position of
the N appeared be the 3-position between the two exo-
cyclic nitrogens. However, the most active compound
40 was 10-fold less active than the corresponding benze-
noid compound while its regioisomer 51 exhibited 700-
fold less potency. The pyrazine and pyrimidine ana-
logues 35 and 45 showed negligible inhibition of FMS
at 2 lM.


Binding models for the interaction of FMS kinase with
4-substituted analogues could readily be built from the
published crystal structure of FMS with 2, PDB ID
2i0y.9 Figure 2 shows the model of 26 with FMS. Key
interactions include a hydrogen bond between the amide
carbonyl and the backbone NH of Cys666 of FMS, an
internal hydrogen bond between the amide NH and
the O of the furan, and hydrophobic interactions for
both the 2- and 4-substituents. The 2-substituent binds
in a hydrophobic region made up of the glycine-rich
loop on one wall and the side chain of Leu785 on the
other. The 4-substituent binds in a relatively hydropho-
bic region extending out from the ATP-binding site to-
ward solution. The major interaction with the protein
is a hydrophobic interaction along the left wall of the
site in the lower graphic of Figure 2. The SAR supports
this binding mode. We believe that the equivalent po-
tency of the furan and pyrrole groups can be explained
by a trade-off of interactions. The furan can accept an
internal hydrogen bond from the amide NH, stabilizing
the necessary planar conformation, while the pyrrole in-
stead can make an additional hydrogen bond between
the pyrrole NH and the backbone carbonyl of FMS res-
idue Glu664. The 2-position has a tight steric fit with
only a small amount of room at the 4 0 site, explaining
the loss in activity for substitution at the 2 0- or 3 0-posi-
tions. Hydrophilic substitution at the 4 0-position is also
not tolerated. At the 4-position, hydrophilic groups
placed close to the central ring such as the amide 15,
pyrazole 17, imidazole 18 or sulfone (19 and 20) all dra-
matically decrease activity. However, polarity is well-
tolerated at the 4 0-position of the C-4 substituent. This

is quite solvent exposed and does not interfere with
the hydrophobic interactions of the ring. Acyclic substit-
uents at C-4 are also less active, presumably because
they cannot adequately fill the site.


Having successfully achieved good in vitro potency, the
pharmacokinetic profiles of several of the more potent
compounds (24, 26, and 8) were evaluated. The pharma-
cokinetic parameters for these compounds are shown in
Table 4. All compounds showed good oral bioavailabil-
ity in mice ranging from 32% to 45%. However, cyano-
pyrrole 8 was clearly superior having a longer t1/2 of
244 min, lower clearance, and moderate volume of dis-
tribution; thus it was chosen for further study.


Table 5 shows the kinase selectivity of 8. Although this
compound was highly potent against FMS, it also inhib-
ited the receptor tyrosine kinases Kit, Axl, TrkA, and
Flt-3 and IRK-b at concentrations less than 0.1 lM.
However, all other 89 kinases tested were inhibited only
at much higher concentrations.


The therapeutic potential of 8 was then evaluated in a
murine collagen-induced model of arthritis (CIA). Oral







Table 4. Pharmacokinetic parameters for 24, 26 and 8


Compound t1/2 (IV) (min) Cmax (ng/ml) Vss (ml/kg) Cl F (%) (ml/min/kg)


24a 62 386 7970 107 32


26b 98 454 11370 42 39


8b 244 853 5635 16 45


Male CD-1 mice dosed 2 mg/kg iv and 10 mg/kg po.
a 10% DMSO in PEG 400.
b 20% HP-b-CD.


Table 5. Kinase selectivity of 8


Kinase IC50
a (lM)


FMS 0.00078


Kit 0.0035


Axl 0.0064


TrkA 0.011


Flt3 0.018


IRKb 0.083


a IC50 values were determined at the respective ATP Km of each


kinase.
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Figure 3. Clinical scores for suppression of CIA by 8.
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twice-daily dosing of 30 and 5 mg/kg reduced the overall
progression of clinical scores by 65% and 35%, respec-
tively, as shown in Figure 3.

Table 6. Impact of 8 on histopathology of collagen-induced arthritis13


Inflammation mean (SE) Cartilage damage mean


Disease-free 0 0


CIA, Vehicle 3.28 (0.25) 3.16 (0.28)


CIA, 5 mg/kg 2.01 (0.24)a 1.87 (0.20)a


CIA, 30 mg/kg 1.54 (0.22)a 1.44 (0.21)a


a p < 0.05.


Figure 4. Selective depletion of macrophages in CIA model by 8. Paws w


macrophages. Note the markedly reduced level of F4/80 positive macrophag

The therapeutic potential of 8 was then evaluated in a
murine collagen-induced model of arthritis (CIA). Oral
twice-daily dosing of 30 and 5 mg/kg reduced the overall
progression of clinical scores by 65% and 35%, respec-
tively, as shown in Figure 3.


Consistent with the clinical scores, histological examina-
tion (Table 6) revealed a reduction of pannus formation
and a reduction in the destruction of bone and cartilage.
Importantly, pannus growth and bone destruction were
reduced by 80%, a level of efficacy comparable to anti-
TNF strategies in CIA models.12 We were also able to
show that macrophages were a cellular target of 8 as
these cells were depleted from the joints of treated mice
(Fig. 4).


In conclusion, optimization of the original lead 2 led
to the discovery of a series of potent, orally active,
and novel small-molecule FMS kinase inhibitors. One
of these, 8, was employed in an in vivo efficacy study
to demonstrate their potential benefit in the treatment
of arthritis. These data from the collagen-induced
arthritis model in mice showed that the evaluated
FMS inhibitor was efficacious in reducing bone erosion,
pannus invasion, cartilage damage and inflammation.


In light of the literature precedent for the involvement of
macrophages and cells of the macrophage lineage in
inflammation, metastatic bone disease, and arthritis,
these agents may have good utility for the treatment
of these diseases.

(SE) Pannus invasion mean (SE) Bone erosion mean (SE)


0 0


1.82 (0.25) 1.82 (0.25)


0.75 (0.12)a 0.75 (0.12)a


0.40(0.10)a 0.37(0.11)a


ere fixed, decalcified, and sectioned, and stained for F4/80 positive


es in the paw of the compound 8-treated mouse (30 mg/kg).
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scale.
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Abstract—Recently, we reported potent BACE1 inhibitors KMI-429, -684, and -574 possessing a hydroxymethylcarbonyl isostere as
a substrate transition-state mimic. These inhibitors showed potent inhibitory activities in enzymatic and cell assays, especially, KMI-
429 was confirmed to significantly inhibit Ab production in vivo. However, acidic moieties at the P4 and P1


0 positions of KMI-com-
pounds were thought to be unfavorable for membrane permeability across the blood–brain barrier. Herein, we replaced acidic moi-
eties at the P4 position with other hydrogen bond acceptor groups, and these inhibitors exhibited improved BACE1 inhibitory
activities in cultured cells. In this study, we replaced the acidic moieties at the P1


0 position with non-acidic and low molecular sized
moieties.
� 2008 Elsevier Ltd. All rights reserved.
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b-Secretase, also called BACE1 [b-site APP (amyloid
precursor protein) cleaving enzyme], is a molecular tar-
get for developing drugs against Alzheimer’s disease
(AD),1–5 because BACE1 triggers amyloid b (Ab) pep-
tide formation by cleaving APP at the N-terminus of
the Ab domain.6–11 Recently, we reported potent
BACE1 inhibitors12–15 KMI-420, -429, and -684
(Fig. 1) possessing phenylnorstatine [Pns: (2R,3S)-3-
amino-2-hydroxy-4-phenylbutyric acid] as a substrate
transition-state mimic.16 Specifically, KMI-429 exhib-
ited effective inhibition of BACE1 activity in cultured
cells, and significant reduction of Ab production
in vivo (APP transgenic and wild-type mice).13b Accord-
ing to structure-activity relationships studies on KMI-
compounds, an acidic moiety at the P4 and P1


0 positions
is required for improving BACE1 inhibitory activity.
However, acidic moieties at the P4 and P1


0 positions
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Figure 1. BACE1 inhibitors consisting of penta-peptides.
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were thought to be unfavorable for membrane perme-
ability across the blood–brain barrier. In order to im-
prove membrane permeability of KMI-compounds, we
replaced the acidic moieties at the P4 position with other
hydrogen bond acceptor groups, and these inhibitors
(e.g., KMI-574 in Fig. 1) exhibited improved BACE1
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Scheme 1. Reagents: (a) EDCÆHCl, HOBt/DMF; (b) anisole, 4 N HCl/


dioxane; (c) 20% diethylamine/DMF; (d) p-anisaldehyde dimethyl


acetal, pyridinium p-toluenesulfonate/toluene, reflux; (e) NH2SO2CF3,


EDCÆHCl, DMAP/DMF.


O


CF3


O


CF3O2N
O


CF3H2N
a b


N
H


COOHBoc


23 24


25


H2N CONHSO2CF3


c,d
HCl
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HCl/dioxane.

inhibitory activities in cultured cells.15 This paper de-
scribes the BACE1 inhibitors, in which the acidic moie-
ties at the P1


0 position were replaced with non-acidic and
low molecular-sized moieties. In the subsequent paper,
we report the small-sized BACE1 inhibitors, in which
the P2 residue was replaced with non-peptidic aromatic
moieties.


BACE1 inhibitors 1–19 were synthesized by traditional
solution-phase peptide synthesis methods in a similar
manner as previously reported procedures,13a as shown
in Scheme 1. From amines corresponding to the P1


0 res-
idue of the inhibitors as starting materials and N-pro-
tected amino acids, peptide bonds were formed
sequentially using 1-ethyl-3-(3-dimethylaminopro-
pyl)carbodiimideÆHCl (EDCÆHCl) in the presence of
1-hydroxybenzotriazole (HOBt) as coupling agents.
Aromatic amines 24 and 25 were synthesized from triflu-
oroacetophenone and 3-(N-tert-butyloxy)aminobenzoic
acid, respectively, as illustrated in Scheme 2. Other
amines were commercially available. Previously, we re-
ported that N-protected a-hydroxy-b-amino acids, such
as Boc–Pns-OH, induced the corresponding homobis-
lactones by dimerization of acids via a condensation
reaction with a poor-nucleophilic amine.17 From this
observation, inhibitors 11, 18, and 19 were synthesized
according to the procedure shown in Scheme 1B.
Namely, after the hydroxyl group of Boc–Pns-OH was
protected by an introduced 1,3-oxazolidine ring,18 an
amide bond was formed using EDCÆHCl in the presence
of 4-dimethylaminopyridine (DMAP) or 1-ethoxycar-
bonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ) as a
coupling agent. Inhibitor 4 was synthesized from ethyl
2-amino-4-methylthiazole-5-carboxylate corresponding
to the P1


0 moiety as starting material, followed by a sub-
sequent alkaline hydrolysis. In the case of inhibitors
1–12, Boc–Glu(O-tert-butyl)-OH were used as an N-ter-
minal amino acid moiety. After the elongation of the
peptide chain, all inhibitors were synthesized by depro-
tection using 4 N HCl in dioxane and purified by
preparative RP-HPLC.


BACE1 inhibitory activity of the inhibitors was deter-
mined by enzymatic assay using a recombinant human
BACE1 and FRET (fluorescence resonance energy
transfer) substrate as previously reported.4 Recently,
we reported from a computer-assisted docking simula-
tion study of inhibitor KMI-684 docked in BACE1
study14 that the two P1


0 tetrazole rings were found near
the hydrophobic amino acids of BACE1, and that the
hydrophobic regions above and below these tetrazole
rings might interact favorable with the partially hydro-
phobic inner wall of the S1


0 pocket, which consisted of
Tyr71, Pro70, Tyr198, Ile126, Ser35 (a and b-carbons),
Thr329, Ile226, and Val332. Hence, we considered
replacing the P1


0 acidic moieties with hydrophobic
groups, that could interact with the hydrophobic regions
of BACE1. To screen for non-acidic P1


0 moiety, we se-
lected previously reported inhibitor KMI-260 (see Table
1) containing a P4 glutamic acid residue as the reference
compound, and replaced its P1


0-containing carboxylic
acid group with diverse moieties listed in Table 1. Com-
pounds 1–3, in which the P1


0 carboxylic acid groups







Table 1. Modification at the P1
0 position of BACE1 inhibitor KMI-


260 possessing P4 glutamic acid
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were removed or replaced by a phenolic hydroxyl group,
exhibited low BACE1 inhibitory activity. Replacing the
P1
0 benzene ring with other aromatic ring, 4 possessing a


carboxylic acid group exhibited potent BACE1 inhibi-
tory activity, although 5 with no acidic P1


0 moiety exhib-
ited low activity. Second, we introduced hydrophobic
groups (halogen or nitro group) on the P1


0 benzene ring.
Compounds 6–8 and 10 exhibited higher BACE1 inhib-
itory activity. However, 9 and 11, which possessed an
elongated side chain or two nitro groups at the P1


0 ben-
zene ring, respectively, exhibited moderate BACE1

Table 2. Modification at the P1
0 position of BACE1 inhibitors KMI-


420 and KMI-429
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Figure 3. Stereoscopic view of superimposed inhibitors 13 (KMI-758,


yellow lines) and KMI-684 (red lines) in BACE1 (PDB ID: 1W51).
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Figure 4. Stereo view of docked inhibitor 19 (KMI-880, colored ball-


and-stick model) in BACE1 (PDB ID: 1W51, colored skeleton model).
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inhibitory activity, suggesting that the spatial location of
the P1


0 moiety interacting with the S1
0 hydrophobic


regions of BACE1 might be important for improving
BACE1 inhibitory activity. On the other hand, com-
pound 12 possessing N-sulfonylcarboxamide group at
the P1


0 position showed higher BACE1 inhibitory activ-
ity. The sulfonylamino and carbonyl groups were
thought to form hydrogen bond interactions with the
S1
0 binding sites of BACE1. Moreover, the N-sulfonyl-


carboxamide group has a hydrophilic property, and
might function as a bioisostere of carboxylic acid.


From the above results, we replaced the P1
0 carboxylic


acid groups of inhibitors KMI-420 and -429 with halo-
gen atoms or nitro groups. As shown in Table 2, inhib-
itors 13–19 showed potent BACE1 inhibitory activities.
Inhibitor 13 showed especially potent BACE1 inhibitory
activities (BACE1 inhibition IC50: 14.0 nM). These re-
sults were consistent with our previous findings that
hydrophobic regions existed around the hydrophilic S1


0


binding sites of BACE1, as shown in Figure 2. Then,
we performed docking simulation experiments using a
BACE1 crystal structure (PDB ID: 1W51) and previ-
ously reported method.14,15 As shown in Figure 3, the
3D-structure of 13 docked in BACE1 was similar to that
of the docked structure of KMI-684, suggesting that
these halogen atoms interacted with the hydrophobic re-
gions of S1


0 pocket.


We noted that Thr72 was near the P1
0 benzene ring, and


the P1
0 benzene ring could be replaced by other residues


(as exemplified by compounds 4 and 5). Hence, the P1
0


phenyl ring could be replaced by a hydrogen bond
acceptor that could form hydrogen bonds with Thr72.
BACE1 inhibitor 19 (KMI-880) in which we replaced
the P1


0 benzene ring with a trifluoromethanesulfonyl
group exhibited potent BACE1 inhibitory activity as
shown in Table 2 (BACE1 inhibition IC50: 29.9 nM).
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Figure 2. A cartoon depiction of KMI-684 docked in BACE1 and a


computer-assisted docking model of the vicinity of the inhibitor’s two


P1
0 tetrazole rings. Meshed surface model indicates BACE1 (green


mesh. hydrophobic surface; red mesh, hydrophilic surface).

A modeled structure of the docked inhibitor 19 in
BACE1 is shown in Figure 4. Hence, the important role
of the P1


0 sulfonyl group and P1 residues as a bridge
from Thr72 of the flap domain to the active site
(Asp32 and Asp228) on the cleft of BACE1 was
confirmed.


In conclusion, BACE1 inhibitors modified at the P1
0 po-


sition were designed, and we found potent BACE1
inhibitors 13 (KMI-758) having hydrophobic P1


0 moie-
ties and 19 (KMI-880) with a P1


0 small-sized residue.
These inhibitors with non-acidic P1


0 moieties are
thought to be a further step toward a practical anti-
AD’s drug.
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Abstract—Recently, we reported substrate-based b-secretase (BACE1) inhibitors with a hydroxymethylcarbonyl (HMC) isostere as
a substrate transition-state mimic. These inhibitors showed potent BACE1 inhibitory activities (�1.2 nM IC50). In order to improve
in vivo enzymatic stability and permeability across the blood–brain barrier, these penta-peptidic inhibitors would need to be further
optimized. On the other hand, non-peptidic inhibitors possessing isophthalic residue at the P2 position were reported from other
research groups. We selected isophthalic-type aromatic residues at the P2 position and an HMC isostere at the P1 position as lead
compounds. On the basis of the design approach focused on the conformer of docked inhibitor in BACE1, we found novel non-
peptidic and small-sized BACE1 inhibitors possessing a 2,6-pyridinedicarboxylic, chelidamic or chelidonic residue at the P2 position.
� 2008 Elsevier Ltd. All rights reserved.
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Figure 1. BACE1 inhibitors consisting of penta-peptides.

Amyloid b (Ab) peptide is a main component of senile
plaques in the brains of Alzheimer’s disease (AD) pa-
tients, that seems to cause ADs pathologies. According
to the amyloid hypothesis,1 b-secretase [BACE1: b-site
APP (amyloid precursor protein) cleaving enzyme] ap-
pears promising as a molecular target for therapeutic
intervention in AD,2–6 because BACE1 triggers Ab pep-
tide formation by cleaving APP at the N-terminus of the
Ab domain.7–12 Recently, we reported potent penta-pep-
tidic BACE1 inhibitors13–16 containing a hydroxymeth-
ylcarbonyl isostere (HMC) as a substrate transition-
state mimic17 as shown in Figure 1. Among them,
KMI-42914 exhibited effective inhibition of BACE1
activity in cultured cells, and significant reduction of
Ab production in vivo (by direct administration into
the hippocampuses of APP transgenic and wild-type mi-
ce).14b However, these inhibitors contained some natural
amino acids that seemed to be required to improve enzy-
matic stability in vivo and permeability across the
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blood–brain barrier, so as to be practical anti-ADs
drugs. Non-peptidic BACE1 inhibitors possessing iso-
phthalic residue such as Elan’s and Merck’s inhibitors
as shown in Figure 2A, were reported from other re-
search groups.18,19 Herein, we selected isophthalic-type
aromatic residues at the P2 position and an HMC isoste-
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Figure 2. (A) Non-peptidic BACE1 inhibitors. (B) Design of small-


sized BACE1 inhibitor 2 possessing heterocyclic ring at the P2 position.
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re at the P1 position as lead compounds. Based on the
design approach that a conformer of docked inhibitor
in BACE1 was stabilized, we designed novel BACE1
inhibitors.


BACE1 inhibitors 2–13 were synthesized to connect in
tandem the blocks corresponding to the P3–P2 residues

Scheme 1. Reagents and conditions: (a) methyl 3-aminobenzoate,


EDCÆHCl, HOBt/DMF, 85%; (b) anisole, 4 N HCl/dioxane, 99%; (c)


dipropylamine, EDCÆHCl, HOBt/DMF, 55%; (d) EDCÆHCl, HOBt/


DMF, 91%; (e) 1 N NaOH/MeOH, 99% (crude).

and P1–P1
0 residues, respectively. Amide bonds were


formed by traditional solution-phase synthesis methods
using 1-ethyl-3-(3-dimethylaminopropyl)carbodiim-
ideÆHCl (EDCÆHCl) in the presence of 1-hydroxybenzo-
triazole (HOBt) as coupling agents. As shown in Scheme
1, after amide-bond formation, inhibitor 2 was synthe-
sized by deprotection using alkaline hydrolysis. Synthe-
sis of the blocks for the preparation of inhibitors 3–13 is
shown in Scheme 2. 4-Methanesulfonyloxypyridine-2,5-
dicarboxlic derivatives 18c and 20b were synthesized
from chelidamic derivatives 19c and 21a by tautomeriza-
tion and an ensuing methanesulfonation using methane-
sulfonyl chloride in the presence of triethylamine.
Blocks 20–21 possessing a 5-membered ring were syn-
thesized from 17 that was prepared from (S)-2-phenyl-
glycinol by cyclization with formaldehyde. As an
example, the synthesis of inhibitor 13 is shown in
Scheme 3. All of the inhibitors were purified by prepara-
tive RP-HPLC.


BACE1 inhibitory activity of the inhibitors was deter-
mined by enzymatic assay using a recombinant human
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10 0 is virtual isophthalic analogue of inhibitor 10.
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BACE1 and FRET (fluorescence resonance energy
transfer) substrate as previously reported.5


We first envisioned virtual inhibitor 1 possessing an iso-
phthalic residue at the P2 position and an HMC isostere,
phenylnorstatine [Pns: (2R,3S)-3-amino-2-hydroxy-4-
phenylbutyric acid], at the P1 position. A stable confor-
mation docked in BACE1 (PDB ID: 1W51) was calcu-
lated using docking simulation software, MOE
(Chemical Computing Group Inc., Canada). Second, a
stable conformation of unbound inhibitor 1 was searched
by calculating the steric energies of conformers around
the bond of the P3 amide and P2 isophthalic residue in
MM2 force field. The ideal dihedral-angles between the
P3 amide and P2 isophthalic residue of inhibitor 1 in the
BACE1-bound and unbound conformers were found to
be quite different (BACE1-bound type: 46�, unbound
type: 76�). We thought that high-active inhibitors could
be found by resolving this variation. Herein, we designed
inhibitor 2 possessing a P2 heterocyclic residue, which
lacks a hydrogen atom that would induce steric hindrance
between the P3 moiety and P2 aromatic ring, as shown in
Figure 2B. However, synthesized inhibitor 2 showed no
BACE1 inhibitory activity.


Next, we designed inhibitors 3–5 possessing (R)-a-meth-
ylbenzylamino group at the P3 position and allophenyl-

Figure 3. (A) Inhibitor 13 (KMI-1027, space-filling model) docked in BACE


part in the center indicates a flap domain. (B) Stereoview of superimposed in


BACE1(PDB ID: 2B8L). White dashed lines and red balls indicate hydroge

norstatine [Apns: (2S,3S)-3-amino-2-hydroxy-4-phenyl
butyric acid], with syn-stereochemistry similar to
Merck’s BACE1 inhibitor (Fig. 2A), at the P1 position.
3–5 showed moderate BACE1 inhibitory activity. We
noticed the importance of the a-methyl group at the
P3 position for BACE1 inhibitory activity. Inhibitors
6–9 possessing an a,a-dimethylbenzylamino group at
the P3 position were designed and showed improved
inhibitory activity (Table 1). According to the crystal
structure of isophthalic-type Merck’s inhibitor (PDB
ID: 2B8L, Fig. 3B) and the coordinates of docked inhib-
itors in BACE1 by our docking simulation study, inhib-
itors possessing a P3 benzylamino-type residue displayed

1. Molecular surface model indicates BACE1. The yellow transparent


hibitor 10 (KMI-1023, red lines) and Merck inhibitor (yellow lines) in


n bond interactions and water molecules, respectively.
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folding conformers between the P2 ring and P3 benzene
rings to bind to the S3 sub-pocket19 in BACE1. We as-
sumed that the two methyl groups stabilized this folding
conformer by gem-dimethyl effect. However, a,a-dim-
ethylbenzylamino group is labile under acidic condi-
tions20 similar to trityl group. Interestingly, HIV
protease inhibitors with a,a-dimethylbenzyl amide
showed low oral bioavailability, because of their acid-

Table 1. BACE1 inhibitors possessing benzylamino-type groups at the P3 po
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N


H
N


N
O O


X


R1 R2


R1 R2


3 CH3 H


6 CH3 CH3


7 CH3 CH3


4 CH3 H


5 CH3 H


8 CH3 CH3


9 CH3 CH3


Table 2. BACE1 inhibitors with a 5-membered ring at the P3 position and t
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12 (KMI-1030) NH 8


13 (KMI-1027) O 9

instability.21 We designed inhibitors 10–13 introducing
a 5-membered ring at the P3 position, in order to im-
prove acid-resistance and fix the folding pose between
the P2 and P3 rings. Inhibitors 10–13 showed potent
BACE1 inhibitory activity (Table 2). Modeled structures
of docked inhibitors 10 and 13 in BACE1 (PDB ID:
2B8L) by docking simulation using MOE are shown in
Figure 3. The P3 benzene ring was confirmed to take

sition and their BACE1 inhibitory activities
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the form of a folding conformer against the P2 ring and
tightly occupy the S3 sub-pocket of BACE1 (Fig. 3A). In
addition, both ideal conformers around the bond of the
P3 amide and P2 ring of unbound and BACE1-bound
inhibitor 10 were confirmed to coincide. Interestingly,
virtual isophthalic analogue 10 0 in BACE1 showed high
steric energy state caused by the interaction of the P3


moiety and ring’s hydrogen atom (Fig. 4).


In conclusion, on the basis of the design approach fo-
cused on the conformer of a docked inhibitor in complex
with BACE1, BACE1 inhibitors possessing a heterocy-
clic ring at the P2 position and 5-membered ring at the
P3 position were designed. We found novel small-sized
and non-peptidic BACE1 inhibitors. These inhibitors
are expected improved membrane permeability and bio-
availability as practical anti-ADs drugs. This design ap-
proach based on a conformer of enzyme-/receptor-
bound inhibitor/ligand, which was predicted in silico,
was showed the usefulness of the drug discovery re-
search, in contrast to exhaustive combinatorial
synthesis.
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Abstract—A series of 8-aminomethylated derivatives (1a–1j) were prepared by Mannich reaction of oroxylin A (1) with appropriate
primary or secondary amines and para-formaldehyde. All the compounds were tested for their a-glucosidase inhibition activity
against both yeast and rat intestinal a-glucosidase. Some of the compounds demonstrated significantly better a-glucosidase inhib-
itory activity than the parent compound (oroxylin A).
� 2008 Elsevier Ltd. All rights reserved.

a-Glucosidase inhibitors have become molecules of
immense pharmaceutical interest recently, as they offer
potential therapeutic benefits against numerous diseases
like type-II diabetes mellitus,1 cancer2 and viral infec-
tions.3 For instance, epithelial membrane bound a-gluco-
sidase in small intestine hydrolyses a-glucopyranoside
bond of carbohydrates and oligosaccharides and thereby
releases a-DD-glucose. Inhibitors of intestinal a-glucosi-
dase activity therefore, slow down the postprandial
glucose excursion in type-II diabetes mellitus subjects.4


Glucosidase inhibition may also retard cancer growth
since the spread of cancer as well as the structural changes
of cell surface glycoconjugates within neoplasmic cells is
proliferated by glycosidases.5 a-Glucosidase inhibitors
have also been observed to block viral infections3 and
proliferation in HIV-infections.6


The Indian herb Oroxylum indicum is extensively used in
traditional medicinal preparations7 and extracts of this
plant have been reported to possess diverse biological
activities like anti-inflammatory, antirheumatic, antimi-
crobial and anti-protozoal activities.8 In the course of
our study of identifying potential a-glucosidase inhibi-
tors from Indian medicinal plants, we observed that
hexane extract of this plant possess inhibitory activity

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2008.01.055


Keywords: Oroxylum indicum; Oroxylin A; Mannich reaction; Primary


amines; Secondary amines; a-Glucosidase inhibition.
* Corresponding author. Tel.: +91 40 27193166; fax: +91 40 27160512;


e-mail addresses: janaswamy@iict.res.in; janaswamy@ins.iictnet.com

and that oroxylin A (1), baicalein (2) and chrysin (3)
(Fig. 1) were the major isolates responsible for the activ-
ity (Table 1). Among these three compounds, oroxylin A
happens to be the most potent inhibitor of a-glucosidase
(rat intestinal as well as yeast).


It has recently been reported that baicalein (5,6,7-trihy-
droxy flavone) and related 6-hydroxy flavones are the
new class of a-glucosidase inhibitors9 and that the
absence of hydroxyl group at 6th position (chrysin) or
replacement of hydroxyl with methoxy group at 6th
position (oroxylin A) drastically reduced the activity.9a


Furthermore, it was found that baicalein strongly inhib-
ited enzyme sucrase (IC50 = 52 lM) and mildly the en-
zyme maltase (IC50 = 500 lM) in the presence of
substrates sucrose (b-DD-Fructofuranosyl-a-DD-glucopyran-
oside;a-DD-glucopyranosyl-b-DD-Fructofuranoside) and malt-
ose (4-O-a-DD-glucopyranoside-DD-glucose), respectively.9b


It is important to mention here that sucrase is not di-
rectly involved in dietary blood glucose level rise. In
fact, an inhibition of glucose production from malt-
ose or the isomaltose has greater benefit for control-
ling postprandial hyperglycemic excursion from
carbohydrates in non-insulin dependent diabetes mel-
litus subjects.10 The drug acarbose widely used for
mitigating dietary postprandial hyperglycemic excur-
sion has been observed to be 80 times more potent
in inhibiting carbohydrate hydrolyzing enzyme mal-
tase than the sucrase.10 Therefore, in order to better
represent the substrate maltose (4-O-a-DD-glucopyrano-
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Table 1. Enzyme inhibitory activity


Compound IC50 (lM) value of rat


intestinal a-glucosidase


inhibition


IC50 (lM) value


of yeast a-glucosidase


inhibition


Hexane extract 84.16a 80.74a


1 135.39 123.77


2 214.59 202.74


3 375.55 370.67


1a 75.95 149.79


1b 35.43 98.84


1c NI NI


1d 75.02 84.44


1e NI NI


1f NI NI


1g NI NI


1h NI NI


1i 50.74 166.78


1j NI NI


Acarbose 6.38 —


Deoxynojirimycin — 49.29


NI, no inhibition.
a lg/mL.


OHO


MeO


OH O


OHO


HO


OH O


OHO


OH O


Oroxylin A(1) Baicalein(2) Chrysin(3)


Figure 1. Structures of oroxylin A, baicalein and chrysin.
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side-DD-glucose) and/or isomaltose in our enzymatic
reaction, we select 4-nitrophenyl-a-DD-glucopyranoside
(Sigma Chemicals, USA, cat. No. N-1377) as sub-
strate for inhibition of intestinal a-glucosidase.11 It
was observed that oroxylin A with methoxy group
at 6th position displayed better activity than baica-
lein.12 As part of our interest in the extension of sys-
tematic investigation of the chemical features of
oroxylin A, we prepared new derivatives derived from
the Mannich reaction of oroxylin A. Herein, we re-
port the rat intestinal and yeast a-glucosidase inhibi-
tory activity of the same using the methodology
reported earlier.11

OHO


MeO
OH O


CH2O, 10/20 amines


2-propanol, reflux, 1-2 hrs


1a. R = Morpholinyl  (C4H8NO)
1b. R = N-methyl piperzinyl  (C5H11N2)
1c. R = Benzylamino  (C7H8N)
1d. R = 1-Boc piperzinyl  (C9H17N2O2)
1e. R = N-methyl furfuryl amino  (C7H10N


1


Scheme 1. Synthesis of 8-aminomethylated derivatives of oroxylin A.

The process is well documented by examples of various
phenols and is widely used in the synthesis. This reaction
provides a method for the introduction of basic amino
alkyl chain. Various drugs obtained from Mannich reac-
tion are proved to be more effective and less toxic than
parent antibiotic.13 The structure of our derivatives
combines the biological active groups of flavone (5,7-
dihydroxy-6-methoxy) and the aminomethyl moiety as
a new template for a-glucosidase inhibition activity.


Our strategy for the synthesis of the targeted analogues
relied upon the electrophilic substitution at C-8. This
was achieved by the Mannich reaction of the oroxylin A
(1) with formaldehyde in the presence of the primary or
secondary amines in 2-propanol (Scheme 1). The classical
conditions of the Mannich reaction for the hydroxyl
compounds are based on the substrate, amine and formal-
dehyde ratio in alcohol with prolonged heating. In our
case, oroxylin A, formaldehyde and primary or secondary
amines in 1:1:1 ratio, respectively, were refluxed and
stirred in isopropanol for 1–2 h to afford the C-aminome-
thylated derivatives.14 The structures of the resulting
Mannich bases were confirmed by 1H NMR and mass
analysis.15 The 1H NMR spectra of compounds 1a–1j
clearly indicated the absence of the signal at d 6.80 for
H-8 proton of the flavanoid ring system. It should be
noted that in all cases the electrophilic substitution
occurred solely in ring A even at the large excess of the
reagent and under more severe conditions.16


Biological significance of the 8-aminomethylated deriva-
tives (1a–1j) of the oroxylin A was established by screen-
ing against both rat intestinal and yeast a-glucosidase
enzymes. Table 1 represents the IC50 values of the com-
pounds. As shown in Table 1, aminomethylene group
substitution at C-8 position significantly enhanced the
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1f.  R = Methyl benzyl amino  (C8H10N)
1g. R = n-butyl amino  (C4H10N)
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intestinal a-glucosidase inhibitory activity (2–4 times).
Perusal of IC50 values shows that compound 1b is most
active, within the set, followed by compounds 1i, 1d and
1a. Concerning the structural features of the active
Mannich bases, our data indicate that the minimal
structural requirement for a-glucosidase inhibition
activity is 5,7-dihydroxy-6-methoxy groups on the
A-ring of the flavanoid. Alicyclic amine (piperzinyl or
morpholinyl ring) substituents significantly improve
intestinal a-glucosidase inhibitory potential of the
parent compound wherein N-methyl piperzinyl (1b)
and piperidinyl (1i) substitutions represent the best fit,
respectively. It is interesting to note that except piperzi-
nyl substitutions (1b and 1d) no other substitutions
could improve the yeast a-glucosidase inhibitory poten-
tial of oroxylin A. Molecular recognition in the target-
binding site in yeast a-glucosidase and rat intestinal
a-glucosidase may be the reason for different behavior
of these compounds.17


Glucosidase inhibitors have proved their usefulness in
reducing postprandial hyperglycemic excursion in both
type-I and type-II diabetes. Current interest in these
inhibitors has further been extended to a diverse range
of diseases including lysomal storage disorders and can-
cer. Special attention being focused to those compounds
with anti-HIV activity.18 Though none of the com-
pounds in the present study could displayed comparable
activity to those of the reference compounds, isolation
of suitable glycosidase inhibitors from natural sources
and/or their chemical synthesis provides biochemical
tools for the elucidation of enzyme mechanistic activity
through the variations in potential inhibitor structural
information.
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Abstract—A series of 3,5-dialkoxy-4-hydroxycinnamamides 6 and 7 was synthesized, and their antioxidant activity was assessed
using the thiobarbituric acid reactive substance (TBARS) assay. Interestingly, cinnamamides with longer alkoxy groups on the
C-3 and C-5 positions display enhanced inhibition, and most of the compounds in the series tested exhibit excellent lipid peroxida-
tion inhibitory activities. Some cinamamides bearing hexyloxy or 2,6-di-tert-butyl-4-methyl phenol groups have submicromolar
inhibitory activities.
� 2008 Elsevier Ltd. All rights reserved.

Reactive oxygen species (ROS), including the hydroxyl
radical, superoxide anion, hydrogen peroxide, and per-
oxynitric species are continuously generated in the
process of respiration as natural byproducts of oxygen
metabolism.1 ROS play an important roles in bio-
chemical processes of the immune system, cell differen-
tiation, and internal signal transduction.2 These
species are sufficiently reactive to cause injury to cells
through the destruction of components such as pro-
teins, lipids, sugars and nucleotides.3 Under normal
circumstances, cells are able to defend against ROS
damage through the use of enzymes such as superox-
ide dismutases and catalases.4 Small molecule antioxi-
dants such as ascorbic acid (vitamin C), uric acid, and
glutathione also play important roles as cellular anti-
oxidants.5 Thus, under normal conditions ROS are
maintained at constant levels in body by the antioxi-
dant defense mechanism. However, imbalances be-
tween the formation and detoxification of ROS can
result in significant damage to cells, a situation known
as oxidative stress. Oxidative stress leads to the initia-
tion and/or progression of various diseases, including
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for example cancer,6 ischemia-reperfusion injury,7 ath-
erosclerosis,8 cardiovascular diseases,9 inflammation,10


and neurodegenerative disorders11 such as Alzheimer’s
and Parkinson’s diseases. Because of this, there is a
growing interest in the discovery of natural and
unnatural antioxidants that attenuate oxidative stress
and, as result, can serve as protective agents against
these diseases.12


In a previous report,13 we described the synthesis and
antioxidant activities of a series of N-{3-(3,4-dimethyl-
phenyl)propyl}-4-hydroxyphenylacetamides, substi-
tuted at C-3 positions with various alkoxy groups
(1–3) and several N-{3-(3,4-dimethylphenyl)propyl}-4-
hydroxycinnamamides (4, 5). The results of this effort
showed that, among the substances investigated, the 4-
hydroxycinnamamides had potent antioxidant
properties.


The structures of 1 and 2 are closely related to that of
capsaicin, a vanilloid receptor agonist.14 Previous stud-
ies with these amides showed that they are centrally
acting agent with potent analgesic activities.15 These
findings led to current study, aimed at the development
of new antioxidant as neuroprotective agents, which fo-
cus on novel 3,5-dialkoxy-4-hydroxycinnamamides 6
and 7.
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In order to prepare the new 3,5-dialkoxy-4-hydroxyc-
innamamides 6 and 7 as antioxidants, we needed 3,5-
dialkoxy-4-hydroxycinnamic acids 11 with various
alkoxy groups at the C-3 and C-5 ring positions. To
the best of our knowledge, the synthesis of 3,5-dialk-
oxy-4-hydroxycinnamic acids 11 had not been reported
until our recent report,16 even though sinapic acid 11a
is commercially available.17 The 3,5-dialkoxy-4-
hydroxycinnamic acids 11 were generally prepared start-
ing with methyl 4-benzyloxy-3,5-dihydroxybenzoate 818


in 38–70% overall yields (Scheme 1).
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Scheme 1. Synthesis of 3,5-dialkoxy-4-hydroxycinnamic acids (PCC: pyridin
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Scheme 2. Synthesis of 3,5-dialkoxy-4-hydroxycinnamamides 6.

Coupling of the acids 11 with 3-(3,4-dimethyl-
phenyl)propyl amine 12 or 13 using (benzotriazole-1-
yloxy)tripyrrolidinophosphonium hexafluorophosphate
(PyBOP)19 and triethylamine in CH2Cl2 and DMF at
0 �C provided the cinnamamides 6 or 7 in 50–95% yields
after flash column chromatography (Scheme 2). Initial
attempts to perform these coupling reactions by using
1,3-dicyclohexycarbodiimide (DCC) and 1-hydroxyben-
zotriazole (HOBt) gave the amides 6 in less than 50%
yields. Amine 13, which is required for the synthesis of
7, was obtained from the benzyl bromide 15 that is
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Table 1. Inhibition test of lipid peroxidation by TBARS assay


RO


HO
OR


O


OH


11


Compound R Inhibition of lipid


peroxidation (IC50, lM)


1 57.17


2aa CH3 25.90


2ba (CH2)3CH3 9.28


3a 11.77


4a 9.94


5a 3.41


11a CH3 4.77


11b (CH2)3CH3 3.68


11c CH(CH3)(CH2CH2CH3) 4.84


11d CH(CH2CH3)2 2.21


11e (CH2)5CH3 2.24


a-Tocopherol 4.68


BHT 4.03


a See Ref. 13a.
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obtained from the corresponding alcohol 14. Reaction
of 15 with NaN3 followed by Pd/C reduction provided
benzyl amine 13a, and reaction of 15 with KCN fol-
lowed by reduction with (CH3)2S–BH3 gave phenylethyl
amine 13b, in moderate yields (Scheme 3).


The design of 3,5-dialkoxy-4-hydroxycinnamamides 6
and 7 was based on the lipid peroxidation inhibitory
activity data shown in Table 1. The results showed that
(1) homovanillic amide 2a (25.90 lM) was a better inhi-
bition than 1 (57.17 lM), (2) 3,5-dialkoxy-4-hydroxy-
phenylacetamides 3 (11.77 lM) were more active than
3-alkoxy-4-hydroxyphenylacetamides 2 (25.90 lM for
2a), and (3) cinnamamides 4 (9.94 lM) and 5
(3.41 lM) have higher potencies than phenylacetamides
2a (25.90 lM) and 3 (11.77 lM). In addition, longer alk-
oxy substituents at the C-3 position of amides 2 were
shown to lead to enhanced inhibition, although the po-
tency was still lower than that of 2,6-di-tert-butyl-4-
methylphenol (BHT) or a-tocopherol.13 Based on these
observed structure-activity relationships, we designed
and prepared 3,5-dialkoxy-4-hydroxycinnamamides 6.

To evaluate the antioxidant properties of the newly syn-
thesized amides, we examined the lipid peroxidation in a
rat brain homogenate by using the thiobarbituric acid
reactive substances (TBARS) assay20 according to the
method of Stocks.21 We first examined antioxidant
property of the cinamicacids 11 with alkoxy chains of
various lengths (Table 1). Generally, longer alkoxy
groups enhanced inhibition. Also, the order of inhibi-
tion potency was 11e > 11b > 11a. The inhibitory poten-
cies of all the cinnamic acids 11 were comparable with
that of 2,6-di-tert-butyl-4-methylphenol (BHT) or
a-tocopherol, a likely result of the stabilization of the
phenyloxy radicals by the ortho substituted alkoxy
groups.


The preliminary results encouraged an examination of
the cinnamamides 6. We observed that all three amides
6 were more potent inhibitors than the corresponding
acids 11 (Table 2). It is clear that the 3,4-dimethylphe-
nylpropyl amine moiety is responsible for this gain in
inhibitory activity. Among the amides, 6c with n-hexyl-
oxy groups was the most potent compound toward inhi-
bition of lipid peroxidation, and 6c is more potent than
5, a substance containing with methoxy substituents.
Important information was gained from these results.
Specifically, we learned that inhibitory activities are
strongly influenced by longer, straight chain alkyoxy
groups rather than shorter, branched alkoxy groups.


Since the amides 6 were found more potent than the
acids 11, we next focused on new cinnamamides 7 that
are linked to with the well-known synthetic radical scav-
enger, BHT. As shown at Table 2, most of these amides
7 were very potent inhibitors. The higher activities of
7a–7j over 6 are probably a consequence of the presence
of BHT group in the amide. Generally the inhibition po-
tency of 7 was not strongly affected by the alkoxy
groups. The amide 7k and 7l which contain n-hexyoxy
substituents were also investigated, but lower potencies
were observed in for these substances as compared to
other amides. Among these amides, 7c and 7d with pro-
pyloxy groups showed the most potent inhibition
properties.


The results obtained for assessment of the antioxidant
activities of amides 6 and 7 by using ABTS•+ and DPPH







Table 2. Inhibition of lipid peroxidation by the newly synthesized amides
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n


tBu


Compound R n Yield(%) from 11 Inhibition of lipid peroxidation (IC50, lM)


6a CH(CH3)(CH2CH2CH3) 80 1.33


6b CH(CH2CH3)2 84 1.73


6c (CH2)5CH3 95 0.29


7a CH3 1 68 1.46


7b CH3 2 74 0.69


7c (CH2)2CH3 1 56 0.27


7d (CH2)2CH3 2 58 0.26


7e (CH2)3CH3 1 50 0.42


7f (CH2)3CH3 2 52 0.41


7g CH(CH3)(CH2CH2CH3) 1 58 0.57


7h CH(CH3)(CH2CH2CH3) 2 75 0.36


7i CH(CH2CH3)2 1 50 0.82


7j CH(CH2CH3)2 2 52 0.44


7k (CH2)5CH3 1 72 3.52


7l (CH2)5CH3 2 64 2.74


a-Tocopherol 4.68


BHT 4.03


Table 3. ABTS and DPPH radical scavenging activity of the amides


6, 7


Compound ABTS•+ (IC50, lM) DPPH (IC50, lM)


6a 26.3 68.4


6b 49%a 84.4


6c 28.5 77.7


7a 11.3 80.3


7b 15.6 69.0


7c 24%a 73.0


7d 37%a 114.1


7e 57%a 176.8


7f — —


7g 47%a 66.6


7h 64%a 85.1


7i 44%a 67.7


7j — 55%b


7k 23.2 75%b


7l 27.4 75.6


a % inhibition at 150 lM.
b % inhibition at 300 lM.
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assays22 are given in Table 3. The 2,2 0-azinobis (3-ethyl-
benzothiazoline-6-sulfonate) (ABTS) assay involves the
long-lived ABTS cation radical, which is chemically pro-
duced by oxidation of the corresponding colorless sul-
fonic acid with potassium persulfate. The green-blue
ABTS•+ has excellent spectral characteristics, is stable
over a wide range of pH and is applicable to the study
of both water-soluble and lipid-soluble antioxidants that
convert ABTS•+ back to the initial sulfonic acid.23 The
2,2-diphenyl-1-picrylhydrazyl (DPPH) assay measures
the ability of antioxidants to donate a hydrogen atom
in the conversion of the stable DPPH free radical to
1,1-diphenyl-2-picrylhydrazine.24 The reaction is accom-
panied by a change in color from deep-violet to light-

yellow and is monitored spectrophotometrically. In
these tests, the amides 7a and 7b were found to be the
most active compounds.


In summary, we have synthesized a series of 3,5-dialk-
oxy-4-hydroxycinnamamides 6 and 7 bearing 3,4-dime-
thyphenylpropyl amine and BHT moieties. Studies
have shown that the amides exhibit excellent antioxidant
activities, especially in their inhibition of lipid
peroxidation.
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Abstract—A series of tri- and tetra-substituted naphthalene diimides have been designed and synthesized. Several compounds show
exceptional affinity for telomeric G-quadruplex DNA in classical and competition FRET assays and SPR studies. They inhibit tel-
omerase in the TRAP assay, and show potent senescence-based short-term anti-proliferative effects on MCF7 and A549 cancer cell
lines, and localize in the nucleus and particularly the nucleolus of MCF7 cells.
� 2008 Elsevier Ltd. All rights reserved.

Telomeres are highly specialized DNA-protein struc-
tures at the ends of eukaryotic chromosomes1 whose
integrity is required for the cell to avoid end-to-end fu-
sions and recombination.2 Telomere length progres-
sively shortens in somatic cells with successive rounds
of cell division, leading eventually to senescence and
apoptosis. In contrast telomere length is maintained in
cancer cells and is a major factor in immortalization
and tumorigenesis.3 The reverse transcriptase enzyme
telomerase is over-expressed in ca 80–85% of cancer cell
types4 where its ability to catalyze the synthesis of telo-
meric DNA repeats is responsible for telomere homo-
statis. Inhibition of telomerase induces cell senescence
and cell death in cancer cells and it is a validated target
for cancer therapeutics.5


One approach to telomerase inhibition involves seques-
tering its substrate, single-stranded telomeric DNA, by
inducing it to form G-quadruplex (G4) structures.6


Induction of a G-quadruplex conformation can be
achieved by small-molecule ligands; a large number have
been reported,7 although none as yet have reached the
clinic. It has been shown that the induction of G4-ligand
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complexes at the 3 0-single-strand telomeric DNA over-
hang displaces telomere-associated proteins such as
hPOT1 and telomerase.8 This unmasking of the 3 0-over-
hang invokes a rapid DNA damage response, which
rapidly leads to selective cell death and anti-tumour
activity in vivo.9


A number of naphthalene imide and diimide (ND)
monomer and dimer derivatives bind to duplex
DNA.10 Several show in vivo anti-cancer activity and
two (Amonafide and Elinafide) have been evaluated in
anti-cancer clinical trials in humans,11 although they
have not progressed due to toxicity combined with lim-
ited activity. A series of disubstituted NDs have been
screened as G4 ligands but showed only low affinity.12


We hypothesized that the planarity of the ND moiety
would nevertheless be an interesting starting point for
the development of more complex ligands since recent
chemical developments13 enabled us to envisage a syn-
thetic route to tetra-substituted analogues, which we ar-
gued, would possess high affinity for G4s such as the
parallel telomeric G4 structure which possesses four tar-
getable grooves.14 This supposition was supported by
molecular modelling studies15 (Fig. 1), and more re-
cently, by crystallographic analyses on several G4-ND
complexes.16 Furthermore, the synthetic route allows
the introduction to the ND core of up to three different
side chains, which in principle can be exploited to
produce ligand diversity that may discriminate between
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Figure 1. Molecular model of 11 bound to the 5 0 face of the human


intramolecular G4 structure (van der Waals surface coloured grey with


the 5 0 G-tetrad highlighted in yellow), after 5 ns of molecular dynamics


simulation. The MM-PBSA-calculated binding energy is


�60.6 kcal mole�1, compared to �39.4 kcal mole�1 for the acridine


ligand BRACO19.8a,9a
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different types of G-quadruplexes. This feature will be
reported elsewhere.


We report here on a library of tri- and tetra-substituted
ND analogues accessible from commercially available
amines. The differences in the amines have provided
diversity in the library, enabling exploration of the ef-
fects of differing end groups, side-chain lengths, and to
some extent, non-equivalent side chains.


The synthesis of the final compounds (Table 1) was con-
ducted in one or two steps from the key intermediates
2,6-dibromo-1,4,5,8-naphthalene tetra-carboxylic acid
dianhydride (1) or 2,6-dichloro-1,4,5,8-naphthalene tet-
ra-carboxylic acid dianhydride (2) (Scheme 1). The tet-
ra-substituted analogues containing four equal side
chains could be synthesized from either 1 or 2 using neat
amine as a solvent and heating at 150 �C for 10 min in a
microwave. The more economical dibromo compound 1
was preferentially used.


It was found that the tri-substituted (and occasionally
di-substituted) analogues were regularly obtained as
by-products in the reactions using 1. We hypothesized
that the occurrence of these sub-products was due to
radical debromination of the starting materials or inter-
mediates caused by traces of DBI used in a previous syn-
thetic step.13 Although initially unwanted, this side
reaction proved to be useful as the tri-substituted ana-
logues together with the targeted compounds were con-
sistently isolated from the crude reaction product using
HPLC.17


It has been reported that the substitution reaction at the
anhydride groups of compound 1 can be successfully
decoupled from the reactions at the bromines.18 In our
hands, however, this reaction did not show the expected
selectivity and complex mixtures were obtained. For this

reason compound 2 was used for the synthesis of com-
pounds 23 and 24 where two different side chains were
used. For this two-step synthesis compound 2 was trea-
ted with the first amine in acetic acid and subsequently
with the second amine for the substitution at the chlo-
rines. The disubstituted compounds 25 and 26 previ-
ously reported,10a were synthesized using commercially
available naphthalene dianhydride and the correspon-
dent amine.


The initial assessment of the DNA stabilization ability
of the compounds was done using a FRET melting as-
say.19 We used two different DNA sequences, a human
telomeric G4 and a self-complementary duplex DNA
hairpin. We also ran FRET competition experiments20


in which affinity for the G4 sequence is evaluated in
the presence of increasing concentrations of duplex
DNA. Together, these experiments enabled us to assess
the selectivity of the ligands for G4 versus duplex DNA
(Table 1 and Fig. 2).


DTm values are given at ligand concentrations of 0.5 lM
since a high level of G4 DNA stabilization was observed
for a number of the ligands. For example, the DTm of
35.2 �C for compound 7 contrasts with the behaviour
of the tri-substituted acridine BRACO19,8a,9a which
produced an equivalent DTm value at a concentration
of 2.5 lM. Overall, the tetra-substituted ligands (4-
ND) show superior G4 stabilization compared to the
tri-substituted ones (3-ND) and these in turn are supe-
rior to the di-substituted counterparts (2-ND). Com-
pounds with four side chains have higher stabilizing
ability regardless of the overall number of cationic
charges as the effect is observed for compounds 15/16,
17/18 and 21/22, which are uncharged or weakly cationic
at pH 7.4 (the pH at which the FRET experiments were
performed). Compounds 3, 7 and 11 and 4, 8 and 12
have the highest DTm within the 4-ND and 3-ND series,
respectively. They all have side chains of the same length
(3 carbons) and similar end groups (tertiary amines, pro-
tonated at pH 7.4). Their counterparts with shorter side
chains, 5, 9 and 13 and 6, 10 and 14, respectively, all give
lower DTm values. Side chains of at least three carbon
atoms are necessary to deliver the end groups to the
grooves of the G4, as the molecular modelling suggests
(Fig. 1). Substitution of the tertiary amines for morpho-
lino groups in compounds 15, 16, 17 and 18 reduces the
DTm, as observed previously in other series of G4
ligands.21 However, these morpholino and also the
hydroxyl analogues 21 and 22 all show a high level of
G4 stabilization. With the notable exception of
telomestatin, to our knowledge, very few other neutral
ligands show a similar degree of G4 affinity.7 The
2-substituted NDs examined here (compounds 25 and
26), show poor G4 affinity, in accord with earlier
observations.12


Most NDs reported here showed at least some interac-
tion with duplex DNA. Compounds 21 and 22 however,
slightly destabilized the duplex sequence. With the
exception of the pair of compounds 5/6, the tri-substi-
tuted NDs are more effective binders to the duplex
DNA than the tetra-substituted analogues, probably be-







Table 1. ND compounds synthesized and the results of FRET melting studies, where DTm values are estimated as the mid-points of the melting


transition for Q (human G4 quadruplex) and d (a duplex DNA sequence)


Compound Corea Side chain FRET-Qd (�C) FRET-de (�C)


nb End groupc DTm (0.5 lM) DTm (0.5 lM)


3 4-ND 3 DMA 33.2 4.5


4 3-ND 3 DMA 26.5 12.5


5 4-ND 2 DMA 28 7.5


6 3-ND 2 DMA 17.2 4.2


7 4-ND 3 DEA 35.2 4.2


8 3-ND 3 DEA 26.2 11.5


9 4-ND 2 DEA 30 4


10 3-ND 2 DEA 21 5


11 4-ND 3 Pyrr 34.5 2


12 3-ND 3 Pyrr 28.2 10.7


13 4-ND 2 Pyrr 29.7 3.5


14 3-ND 2 Pyrr 21.2 6.5


15 4-ND 3 Mor 20.5 3.7


16 3-ND 3 Mor 10.2 3.2


17 4-ND 2 Mor 13.7 3


18 3-ND 2 Mor 6.2 3


19 4-ND 2 Pip 27.5 2.2


20 3-ND 2 Pip 17.5 4.7


21 4-ND 5 OH 14.2 �0.5


22 3-ND 5 OH 10.5 �0.5


23 (2 + 2)-ND R1: 3 R1: DMA 27.7 0.2


R2: 2 R2: Pip


24 (2 + 2)-ND R1: 3 R1: DMA 23.7 3.5


R2: 3 R2: OH


25 2-ND 3 DMA 5.2 2.7


26 2-ND 2 DMA 3.2 1


Values are the means of two determinations.
a Nomenclature used in the table corresponds to:
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Scheme 1. Synthesis of tri- and tetra-substituted naphthalene diimide


analogues. Reactions and conditions: (a) Amine RNH2, 150 �C,


10 min, MW; (b) Amine R1NH2, acetic acid, 120 �C, 10 min, MW;


(c) Amine R2NH2, 150 �C, 10 min, MW.
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cause of steric reasons. Compound 23, with mixed-
length side chains, has the highest G4/duplex selectivity
of all while being a strong G4 binder. The reason for this
selectivity is not understood and further investigation is
underway.


The 4-NDs showed the best selectivity for G4 versus du-
plex DNA in the competition experiments, followed by
the 3-NDs and then the 2-NDs (Fig. 2). Compounds
15, 16 and 18, and particularly the hydroxyl compounds
21 and 22, stood out as the most G4 selective com-
pounds within the series.


Biosensor-SPR binding studies were conducted on a rep-
resentative set of NDs with an immobilized human G4
model sequence as previously described.22,23 A table of
binding (Ka) and dissociation rate constants (kd) is in-
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Figure 2. Competition FRET results. Y-axis represents the G4


stabilization ability of the compounds when in presence of a duplex


DNA competitor (in the ratios depicted in X-axis, G4:duplex)


normalized using 100% for the experiment without duplex competitor.


See Supplementary Data for a full description of methods and results.


Table 2. TRAP telomerase inhibition resultsa
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cluded in the Supplementary Data. The sensorgrams for
all compounds reach a steady-state plateau between 100
and 200 s after initiation of compound injection. The
steady-state RU values were determined by averaging
in the steady-state region and were plotted versus the
free compound concentration in the flow solution for
determination of the Ka values. Sensorgrams for binding
of 4-ND 7 and 2-ND 25 are compared in Figure 3 and a
sensorgram plus a binding plot for compound 8 are
shown in the Supplementary Data. Although both com-
pounds in Figure 3 bind to the G4, significant differences
can be seen in the sensorgrams, especially in the dissoci-
ation rate, which is much slower for 7 than for 25. Be-
cause of surface absorption of the compounds in the
initial period of injection, it is not possible to quantita-
tively determine their association kinetics constants. For
the dissociation reaction, however, it is clear that the 2-
ND dissociates in the first few sec of buffer flow while
the apparent half-life for dissociation of the 4-ND is
approximately 35 s. The 3-NDs have kd rates that are
more similar to the 4-NDs than the 2-NDs. An excep-
tion is compound 22, which has considerably weaker
binding and faster dissociation rates from the G4 than
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Figure 3. SPR sensorgrams for compounds 7 and 25.

7. 7 has a single very strong binding site with Ka of
3.1 · 107 M�1 and a weaker secondary site with a K ca
50· weaker. The binding of 25 is almost 10· lower with
Ka of 4.5 · 106 M�1 and a still weaker second binding
site. In agreement with the Tm studies, compound 3
has a Ka that is similar to but slightly weaker than that
for 7 while binding of 5 is somewhat weaker than for 3.
These results show that the 4-NDs are among the stron-
gest G4 binding compounds found to date.23 In agree-
ment with its Tm, 5, with a two-methylene linker, is
the weakest binding 4-ND, with the highest kd while 7,
with three methylenes, has the highest Ka and lowest kd.


A group of ligands representative of the diversity in the
library were also evaluated as telomerase inhibitors
using a modified TRAP assay24 (Table 2). Values of
EC50 between 12 and 28 lM were obtained with the
exception of compound 17 (>50 lM). No simple corre-
lation between the FRET and TRAP data is evident
but compound 17 is the poorest ligand in the FRET as-
say in the group. Two established G4 ligands, BRAC-
O198a,9a and TMPyP425, were also evaluated in the
TRAP assay and the EC50 values are consistent with a
recent report using a direct telomerase assay.26 The
ND compounds have potencies of the same order as
BRACO19 or TMPyP4. Note that these values are not
comparable with most previously published TRAP as-
say results, which have not taken into account the need
to remove ligand from the second (PCR) step of the as-
say. These results are more comparable with recent di-
rect telomerase assay data.26


The ability of the compounds to produce short-term cell
growth inhibition against two cancer cell lines (MCF7
and A549, both of which express telomerase), and a nor-
mal human fibroblast line (WI38) was assessed using the
sulforhodamine B (SRB) assay. The compounds as a
class show potent cell growth arrest, especially in the
cancer cell lines (Table 3), although there is wide varia-
tion in behaviour, with the most potent compounds such
as 4, 5, 12–14 having IC50 values of 5–10 nM. The
MCF7 cell line is consistently the most sensitive. In gen-
eral, potency correlates with high G4 affinity. This is
especially evident for the morpholino compounds 16–
18, which are relatively non-toxic in the three cell lines
(although the cell uptake of these compounds may be
low—see below).

Compound TRAP EC50 (lM)


3 25


4 17


7 21.3


8 27.9


11 21


13 12.3


17 >50b


BRACO19 7.9


TMPyP4 16.4


a Values are the averages of two independent experiments, apart from


13.
b No inhibition observed at concentrations of up to 50 lM.







Table 3. SRB and senescence data for the ND compounds


Compound IC50 (nM)a Senescence


(% of cells)


after 1 wk treatment
MCF7 A549 WI38


3 104.7 28.7 292.3 35.0 ± 3 (at 70 nM)


4 5.4 13.3 42.8 n.a.b


5 9.2 15.3 40.1 n.a.


6 18.5 25.1 137.5 n.a.


7 18 10.7 86.7 n.a.


8 17.9 48 83.7 35 ± 3 (at 15 nM)


9 219 273.9 971.9 n.a.


10 164.4 144 466.8 n.a.


11 81.3 115.3 167.2 45 ± 6 (at 75 nM)


12 10.5 96 62.6 n.a.


13 10.2 13.6 63.4 n.a.


14 11 18.3 63.9 n.a.


15 437 1190 965 n.a.


16 800 1320 1220 n.a.


17 6700 >10000 >10000 51 ± 3 (at 3.5 lM)


18 1610 2750 8500 n.a.


19 295.7 204.5 1460 n.a.


20 128.9 145.6 438.9 n.a.


21 8300 >10000 >10000 n.a.


22 9200 >10000 >10000 n.a.


23 26.9 57.1 57.7 n.a.


24 287.7 1700 10000 n.a.


25 135.2 113.8 210.9 n.a.


26 118.9 99.1 171.1 n.a.


a Standard deviations omitted for clarity.
b n.a., not available.


Figure 4. Cell uptake detection using fluorescence confocal micros-


copy. (1) Transmission/fluorescence composite image of 11 localized in


the nucleus of MCF7 cells after 30 min exposure at 0.5 lM; (2) non-


specific and low uptake of 17 after 30 min exposure at 50 lM; (3)


Image of 3 localized in the nucleolus after 30 min at 0.5 lM.
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The observation of cellular senescence as a result of G4
ligand action at telomeres is well-documented.8,27 The
senescence phenotype was investigated in MCF7 cells
treated for one week with sub-cytotoxic concentrations
for a few compounds.28 All those evaluated showed a
significant increase in the percentage of senescence cells
after treatment (Table 3), surprisingly even for those
with higher IC50 values. We conclude that the senes-
cence effects are consistent with telomerase inhibition
and that the ability of NDs to selectively kill cancer cells
is at least in part a consequence of telomere targeting
and telomerase uncapping effects.


The ND-3 and ND-4 compounds reported here show
profound fluorescence. This facilitated localization of a
selected group of compounds within MCF7 cells using
confocal microscopy. Compounds 3, 8 and 11 localize
exclusively in the nucleus following 30 min exposure at
a concentration of 0.5 lM (Figure 4-1). For 17, less in-
tense and more widespread distributed fluorescence
was observed upon cell exposure even up to a concentra-
tion of 50 lM (Figure 4-2). This may partially account
for the lower toxicity of 17 and the other morpholino
analogues 15, 16 and 18. The compounds that concen-
trated in the nucleus showed preference for the nucleolus
(Figure 4-3). It may be significant for their action that
telomerase trafficking is associated with the nucleolus.29


We have shown here that a number of tri- and tetra-
substituted NDs are exceptional G4 binding agents, with
DTm values for the human intramolecular G4 that are at
least twofold greater than that of the acridine compound

BRACO19, and significantly greater than the effects
produced by TMPyP4 and telomestatin (data not
shown). Whether this is a significant factor in the po-
tency shown by a number of these NDs in inhibiting
cancer cell growth, remains to be demonstrated. The
flexible synthetic route described here may yield new li-
gands with improved G4/duplex selectivity, which will
help to further define their mechanism of action. The
crystal structures of G4-ND complexes16 may also facil-
itate future structure-based design studies.
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Abstract—Tramadol is a centrally acting opioid analgesic structurally related to codeine and morphine. O-Alkyl, N-desmethyl, and
non-phenol containing derivatives of tramadol were synthesized to probe their effect on metabolic stability and both in vitro and
in vivo potency.
� 2008 Elsevier Ltd. All rights reserved.
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Figure 1. (±)-Tramadol 1 and metabolite (±)-M1, 2.
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Figure 2. Structural modifications to tramadol scaffold.

(±)-cis Tramadol is used for the treatment of moderate
to moderately severe pain.1 Tramadol has a relatively
short duration of analgesic effect due to extensive first
pass metabolism and as such is dosed as frequently as
100 mg every 4–6 h.2 The analgesic activity of tramadol
is thought to be the result of a dual mechanism—the
parent (1) acts as an inhibitor of norepinephrine and
serotonin reuptake and the major O-desmethyl metabo-
lite (M1) is a potent l-opioid receptor agonist (Fig. 1).3


The opioid antagonist naloxone only partially inhibits
the analgesic activity of tramadol in animal tests. Not
unlike other opioids, tramadol causes a number of side
effects including constipation, nausea, dizziness, and
somnolence. A tramadol analog that had a longer
half-life (and therefore required less-frequent dosing)
and was devoid of opioid side effects would have thera-
peutic benefit. Herein we wish to disclose our efforts
along these lines (See Fig. 2).


Our approach (Fig. 1) to the design of an ‘improved’
tramadol relied on traditional structural modifications
and was based on the observation that O-methyl trama-
dol 3 (Scheme 1) possessed greater potency
(ED50 = 0.7 mg/kg) than tramadol (ED50 = 11.3 mg/kg)
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in the rat tail-flick model of pain (tail vein injection of
compound), albeit with decreased bioavailability
(F = 11% for O–Me 3 compared to F = 36% for
tramadol, 1, vida supra). The cause of the decreased
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Scheme 2. Reagents and conditions: (a) Tf2O, TEA, CH2Cl2; (b) Pd(OAc)2, HCO2H, TEA, PPh3; (c) Zn(CN)2, Pd(PPh3)4, DMF, 90 �C.
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bioavailability was thought to be rapid first-pass
metabolism via N- or O-dealkylation and/or conjuga-
tion. O-alkyl, N-desmethyl, and non-phenol containing
derivatives of tramadol were synthesized and tested in
both in vitro potency and metabolic stability assays
and in vivo in the rat tail flick latency assay.


Synthesis4 of the alkylated tramadol analogs (Scheme 1)
commenced with benzylation of racemic tramadol free
base 1 to the quanternary ammonium salt, followed by
reaction with NaH and an alkyl halide (Scheme 1).5


Hydrogenolysis with catalytic palladium on carbon deliv-
ered ethers 3–7, which could then be demethylated with
lithio diphenylphosphine in THF to give phenols 8–12.6


Cyano and unsubstituted phenyl derivatives were syn-
thesized starting from phenol 8 (Scheme 2). Formation
of aromatic triflate 13 was followed by either transfer
hydrogenation to give unsubstituted aromatic com-
pound 14 or Pd-catalyzed cyanation to give nitrile 15.


Synthesis of some glycol derivatives was also explored as
a route to tramadol derivatives with a lower logP and
potentially greater solubility. Formation of the N-benzyl
salt followed by alkylation of the tertiary hydroxyl
group provided O-allyl bromide salt 16 (Scheme 3).
Ozonolysis and reductive workup with NaBH4 was fol-
lowed by hydrogenolysis to give primary alcohol 17
without incident. Lithio diphenyl phosphine was used
to expose the phenol and deliver highly polar derivative
18. Hydroboration on the N-benzyl salt 16 did not, how-
ever, give any of desired 3-carbon glycol. This led us to
investigate an alternative protecting group strategy for
the dimethyl amine functionality (Scheme 4).

Methyl carbonate 19 allowed for reductive ozonolysis as
well as hydroboration, followed by reductive workup.
LAH reduction transformed the N-methyl methyl carba-
mate to the desired dimethyl amine of 17. Hydrobora-
tion and oxidative workup on methyl carbamate 20
were successful and were followed by final LAH reduc-
tion to give dimethyl amine 21.


Representative mono-methyl amines were synthesized
as shown in Scheme 5. O-methyl tramadol 3 was
mono-desmethylated with diethylazadicarboxylate
(DEAD) followed by acidic hydrolysis to provide 22;
the phenol was exposed using lithiodiphenylphospine
to give 23.


Several O-methylated chiral amines were also prepared
as single isomers via resolution of tramadol with diben-
zoyl tartaric acid7 and chemical modification of the puri-
fied R, R- and S, S-tramadol isomers (Scheme 6). Of
interest was dual action of 1-chloroethyl chloroformate:
in CH3CN (step a) and methanol (step b) to synthesize
the methyl ether and in dichloroethane followed by
acidic hydrolysis to mono-demethylate the dimethyl
amine (step d and e).


The receptor binding affinity at the mu-opioid receptor
(l, IC50) and functional monoamine uptake inhibition
(5-HT and NE, IC50) by tramadol and the alkylated
tramadol analogs are shown in Table 1.


The increased l potency of phenol derivatives compared
to their OCH3 counterparts was apparent across all of
the O-alkylated derivatives shown in Table 1. The po-
tency difference at l was as large as a 161-fold change
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for tramadol and the M1 metabolite (entries 1 and 2)
and 82-fold for the NHCH3derivatives (entries 3 and

6), but did not drop below a �50-fold difference for
any of the synthesized derivatives.
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It was also apparent that the phenol moiety was re-
quired for l affinity as shown by the 84-fold potency
drop in the unsubstituted phenyl derivative (entry 9)
compared to its phenol counterpart (entry 14). In addi-
tion, other meta substitution on the phenyl ring (i.e.,
CN) was deleterious with respect to l potency (compare
entries 12–9), and also had a negative effect on potency
at SERT and NET (compare entries 12 and 9 or 13).


There was not a large difference between the racemic
compounds and single enantiomers in the NHCH3 ani-
sole and phenol series (entries 3–5 and 6–8). For the
unsubstituted phenyl dimethyl amine series (entries 9–
11) most of the activity seemed to reside in one enantio-
mer, compound 28.


The other trend that was readily apparent in Table 1 was
the divergent SAR in the O-alkylated compounds with
respect to l and SERT: while changing from OCH3 to
OH on the aromatic ring increased l potency dramati-
cally, it decreased potency against SERT. For all of
the O-alkylated derivatives the trend held up, including
the -OEt derivatives (eightfold decrease in SERT and
75-fold increase in l, entries 15 and 16), –OPr (111-fold
on SERT and 42-fold on l, entries 17 and 18), –OBu
(24-fold for SERT and 66-fold for l, entries 19 and
20) and O-cyclopropyl (146-fold for SERT and 61-fold
for l, entries 21 and 22).

The metabolic stability8 of a range of tertiary alcohol
tramadol derivative were evaluated in human and rat li-
ver microsomes as shown in Table 2. Tramadol, (entry
1) included as a reference, showed moderate stability
in rat liver microsomes (RLM) and excellent stability
in human liver microsomes (HLM). Several trends were
apparent in the tertiary alcohol OCH3 series from our
limited metabolic SAR study: (a) the phenol derivatives
were much more stable in RLM than their OCH3 coun-
terparts (compare entry 2 to entry 3 and entry 7 to entry
8); (b) unsubstituted phenyl was more stable than OCH3


in RLM (compare entry 3 to entry 4); (c) aromatic nitrile
substitution was comparable from a stability standpoint
to aromatic OH (entries 5 and 2) and (d) changing ter-
tiary amine to secondary amine did not have a big im-
pact on metabolic stability (compare entry 3 to entry
6). It was also apparent from entries 8 and 9 that O-
alkylation beyond CH3 was quite deleterious from a
metabolic viewpoint. O-butyl (entry 8) and O-cyclopro-
pyl (entry 9) derivatives were almost completely con-
sumed in the RLM assay and substantially consumed
in the HLM assay.


The O-methyl analogs were further evaluated in vivo in
the rat tail-flick assay (Table 3).9 Compared to tramadol,
analog 3 was significantly more potent (ED50 of 0.7 mg/kg
for 3 vs 11.3 mg/kg for tramadol 1) but had a shorter dura-
tion of effect (20 min for 2 vs 69 min for tramadol). The







Table 1. l-Opioid binding and 5-HT and NE reuptake inhibition of (±)-cis Tramadol and O-alkylated derivatives


N


R1


OR2


R3


CH3


Entry Compound R1 R2 R3 l IC50 (nM) 5-HT IC50 (nM) NE IC50 (nM)


1 1 (tramadol) OCH3 H CH3 7,600 1493 3861


2 2, M1 OH H CH3 47 >10,000 >10,000


3 22 OCH3 CH3 H >10,000 2686 3873


4 24 OCH3 CH3 H >10,000 3172 >10,000


5 25 OCH3 CH3 H >10,000 3378 898


6 23 OH CH3 H 122 6922 2250


7 26 OH CH3 H 48 5263 >10,000


8 27 OH CH3 H 84 1052 8999


9 14 H CH3 CH3 4750 2534 3789


10 28 H CH3 CH3 2590 2955 1518


11 29 H CH3 CH3 >10,000 3880 1565


12 15 CN CH3 CH3 >10,000 6236 4495


13 3 OCH3 CH3 CH3 7870 927 161


14 8 OH CH3 CH3 56 10,000 525


15 4 OCH3 Et CH3 >10,000 181 1010


16 9 OH Et CH3 130 1424 3776


17 5 OCH3 Pr CH3 7900 25 3867


18 10 OH Pr CH3 190 2798 6248


19 6 OCH3 n-Bu CH3 6490 110 6688


20 11 OH n-Bu CH3 97 2744 >10,000


21 7 OCH3 CH3 7670 25 3776


22 12 OH CH3 130 3667 >10,000


23 17 OCH3
OH CH3 >10,000 >10,000 >10,000


24 18 OH OH CH3 190 1503 5948


25 21 OCH3 OH CH3 8000 1493 3861


*IC50 is the concentration required to inhibit 50% binding to l-opioid receptors or reuptake of 5-hydroxytryptamine (5-HT) and norepinephrine (NE).


1678 L. Shao et al. / Bioorg. Med. Chem. Lett. 18 (2008) 1674–1680

shorter duration of action was probably due to more ra-
pid metabolism, as shown by % remaining in the RLM
in vitro assay (58% remaining for tramadol 1 vs 17%
remaining for methoxy ether 3) and was reflected in de-
creased bioavailability in rats (F = 36% for tramadol 1
and 11% for 3). The cause for the increased potency of 3
(compared to tramadol 1) may have been due to its profile
at SERT and NET, which were markedly improved com-
pared to tramadol (see Table 1); both compounds had
metabolites with potent l activity.


Racemic compound 22 and its enantiomer 25 also showed
improved potency compared to tramadol in the in vivo as-

say, albeit with a decreased duration of effect (evaluated
for enantiomer 25 only). The cause for the decreased dura-
tion of effect was likely more rapid metabolism when com-
pared to tramadol. The lack of activity of highly
hydrophilic compound 23 was unexpected given its strong
affinity for the l opioid receptor (122 nM) and may have
been due to poor brain exposure.


Unsubstituted phenyl derivative enantiomer 29 also
showed improved potency compared to tramadol
(3.3 mg/kg for 29 vs 11.3 mg/kg for tramadol 1),
although the duration of effect was reduced (13 min
for 29 vs 69 min for 1). The efficacy of compound 29







Table 2. In vitro rat and human microsomal stability assay for alkyl tramadol compounds6


Entry Compound % Remaining after 60 min


RLM Rat S9 HLM Human S9


1 Tramadol, 1 58 56 96 95


2 8 88 74 104 98


3 3 17 12 82 85


4 14 56 61 96 101


5 15 69 83 89 94


6 22 31 26 77 76


7 23 86 82 103 108


8 6 3 4 9 10


9 7 3 6 29 35


Table 3. In vivo results for tramadol (1) and O-methyl tramadol


analogs


Compound ED50


(mg/kg)


Duration


(min)


F (%, rat)


(±) �1


(tramadol)


11.3 69 36


(±) �3 0.7 20 11


(±) �22** 2.9


25 3.1 27


24 Toxicity*


(±) �14 Toxicity*


28 Toxicity*


29 3.3 13


(±) �23 No analgesia at


subtoxic doses


Toxicity*—compound demonstrated some analgesic activity, but tox-


icity (twitching, convulsions and death) was observed before the dose


could be pushed high enough to observe maximum analgesia.
** Duration was not determined for 22 due to a lack of available


compound.
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in the tail flick assay was surprising given its lack of a
strong l opioid pharmacology, and may have been
due to its weak affinity for the serotonin and norepi-
nephrine transporters, the result of formation of a po-
tent oxidative phenol metabolite in vivo, or to
unknown off-target activity.


Alkylation of the tertiary alcohol of tramadol dramat-
ically increased the potency of the novel tramadol ana-
logs in the in vitro SERT reuptake inhibition assay and
provided novel phenol metabolites with potent l opi-
oid binding properties. Several of these analogs proved
to be superior to tramadol in the in vitro metabolic sta-
bility assay (greater % remaining) or the in vivo rat tail
flick latency assay (lower ED50). In particular, N and
O-desmethylation led to a highly potent compound,
23, which had both in vitro stability superior to tram-
adol in the in vitro RLM assay and potent affinity
(122 nM) for the l opioid receptor. This did not, how-
ever, translate to any in vivo efficacy in the rat tail flick
assay, presumably due to poor CNS exposure. Our ef-
forts to ‘improve’ tramadol led to some derivatives
with superior in vivo potency in the rat tail flick assay
but inferior pharmarcokinetics, or to compounds with
superior in vitro stability and potency but a lack of
activity in the in vivo tail flick assay. In all cases, the

analogs synthesized could not measure up to the supe-
rior pharmacological properties present in the combi-
nation of racemic tramadol and its rapidly formed
M1 metabolite.
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CH2Cl2 over 20 min. To prepare the free base, the pure
product was redissolved in EtOAc (50 mL), washed 3 · 20%
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0.2 mL over approximately 10 s. Five minutes later, the rat
was placed into a Plexiglas restrainer with its tail positioned
under a focused radiant (light) heat source. The light was
activated with a timer, and when the animal flicked its tail a
photocell was uncovered, stopping the timer. Tail-flick (TF)
latencies were recorded to 0.1 s and a maxilm latency of
10 s was used as a cut-off in order to prevent tissue damage.
Analgesic response, expressed as percent of maxilm pos-
sible effect (%MPE), was used to generate a dose-response
curve according to the calculation: %MPE ¼
Mean TF Latency of Vehicle Group�Drug TF Latency�100


ð10�Mean TF Latency of Vehicle GroupÞ ED50 and A99


values of all compounds were determined by linear regres-
sion analysis and the A99 value was used for assessment of
the relative durations of analgesic activity. Analgesia
(%MPE) in the TF assay was assessed at 5 to 10-min
intervals until it fell below 20%.
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Abstract—Explorations of the S10 subsite of ACE2 via modifications of the P1 0 methylene biphenyl moiety of thiol-based metallo-
protease inhibitors led to improvements in ACE2 selectivity versus ACE and NEP, while maintaining potent ACE2 inhibition.
� 2008 Elsevier Ltd. All rights reserved.

Dampening of the renin-angiotensin signaling cascade
(RAS) has proven invaluable in the treatment of cardio-
vascular disease. Drugs that inhibit the M2 family dica-
rboxymetallopeptidase angiotensin-converting enzyme
(ACE, EC 3.4.15.1) or the A1 family aspartic protease
renin (EC 3.4.23.15), as well as those that antagonize
the 7-transmembrane G protein-coupled angiotensin
receptor II (AT2), improve hypertension. Dual ACE
and M13 metalloprotease neutral endopeptidase (nepri-
lysin, NEP, EC 3.4.24.11) inhibition has also been ex-
plored for the treatment of high blood pressure.
Recently, a new member of the RAS, the M2 family
monocarboxymetallopeptidase angiotensin-converting
enzyme 2 (ACE2), was identified.1,2 It is a membrane-
associated and secreted metalloprotease, expressed in
heart, kidney, testes, intestine, and lung, with highest
homology to ACE. ACE2 has been implicated in cardio-
vascular disease, kidney disease, obesity, and lung dis-
ease.3–5


Angiotensin I and the AT1 & AT2 receptor agonist
angiotensin II are substrates for ACE2, which converts
them into angiotensin (1-9) and the mas receptor agonist
angiotensin (1-7), respectively, revealing a role for ACE2
in RAS regulation. Moreover, ACE2 (�/�) mice studies
have revealed roles for this protease in cardiac contrac-
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tility,6 angiotensin II-induced hypertension,7 and heart
failure.8 Furthermore, male ACE2 (�/Y) mice, but not
female ACE2 (�/�) mice, also develop glomerulosclero-
sis of the kidneys,9 but ACE2’s exact role in the renin-
angiotensin system (RAS) still needs to be clarified. In
addition, ACE2 (�/�) mice are resistant to weight gain
on a high fat diet.10 Finally, ACE2 is the primary recep-
tor for the severe acute respiratory syndrome (SARS)
corona virus’s entry into cells.11 ACE2 (�/�) mice resist
SARS corona virus infection.12 Because of limited space,
the authors refer the interested reader to a recent review
by Hamming et al. for a more comprehensive summary
of the physiology and pathology of ACE2.13


With the many putative roles of ACE2, small molecule
modulators of this enzyme’s activity could be utilized
to help further define the physiological functions of this
enzyme. Although small molecule inducers of proteases
are difficult to discover, ACE2 activators could provide
further insight into the functions of ACE2 and the sub-
strates it processes. Similarly, inhibitors could also shed
more light on the roles of ACE2 and the proteins/pep-
tides it activates/degrades.


Efforts to discover ACE2 inhibitors have recently been
disclosed. Millennium Pharmaceutical researchers re-
ported the discovery of a reversible, subnanomolar
ACE2 inhibitor MLN-4760 (IC50 = 0.44 nM), derived
from a micromolar lead.14 In addition, Dyax researchers
identified micromolar peptide inhibitors of ACE2 using
a phage display library approach, including the 29 ami-
no acid cyclic peptide DX600 (IC50 = 10 nM).15
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Furthermore, a pharmacophore-based virtual screening
approach of commercial databases identified
several micromolar ACE2 inhibitors. The best inhibitor
was 4S-16659 (IC50 = 62,000 nM).16 Finally, researchers
at the University of Florida also utilized a virtual
screening exercise of the NCI database to identify
N-(2-aminoethyl)-1 aziridine-ethanamine (NAAE)
(IC50 = 57,000 nM) as an irreversible inhibitor of
ACE2.17
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Recently, employing a directed screen of a set of metal-
loprotease inhibitors from the GlaxoSmithKline com-
pound collection, GSK researchers reported the
identification of a known ACE/NEP inhibitor as a po-
tent inhibitor of the zinc metalloprotease ACE2.18


Structure/activity studies of the S1 subsite of ACE2 led
to the identification of P1 modified thiol acid 1a as a
more potent ACE2 inhibitor (Ki App = 1.5 nM) with im-
proved selectivity versus ACE (Ki App = 490 nM) and
NEP (Ki App = 27 nM). It also inhibits the M14 metallo-
protease carboxypeptidase A1 (CpA, EC 3.4.17.1,
Ki App= 11,000 nM). Speculating that selectivity could
be improved by exploiting potential differences in the
S1 0 subsites of ACE, ACE2, and NEP, the structure–
activity relationships of the P1 0 position of inhibitor 1a
were explored, with the goal of maintaining potency
and reducing ACE and NEP inhibitory activity.
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O
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The thiol analogs 1a–1t were prepared as depicted in


Scheme 1. The amine hydrochlorides 2a–2t were coupled
to the acid 3, after its in situ activation to the aza-
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Scheme 1. Reagents and conditions: (a) EDC, HOAt, i-Pr2NEt,


CH2Cl2, rt, 39–76%; (b) LiOHÆH2O, THF, H2O, rt, 56–94%.

hydroxybenzotriazole ester via the carbodiimide, to pro-
duce the fully protected amides. Then, hydrolysis of the
thioacetate and methyl ester with lithium hydroxide
afforded the thiol acids 1a–1t.19


Amine hydrochlorides 2a–2g, 2l, and 2o were commer-
cially available. The remaining amine hydrochlorides
2h–2k, 2m–2n, and 2p–2t were prepared as depicted in
Scheme 2. The commercially available amino acids 4a–
4b were converted to their corresponding methyl esters
with thionyl chloride and methanol at reflux. Then,
the resulting amine hydrochlorides were protected as
the tert-butyl carbamates 5a–5b with di-tert-butyl dicar-
bonate. A Suzuki cross coupling of the o-bromide 5a
(X = Br) with phenyl boronic acid afforded the o-biphe-
nyl derivative 6a. Acid catalyzed cleavage of the carba-
mate gave the o-biphenyl amine hydrochloride 2h. The
m-phenol 5b (X = OH) was converted into the triflate
with trifluoromethanesulfonic anhydride, and then cou-
pled via the Suzuki protocol to phenyl boronic acid,
providing the fully protected m-biphenyl derivative 6b.
Subsequent hydrolysis of the amine masking group gave
the m-biphenyl amine hydrochloride 2i. The o-bromide
5a (X = Br) was converted into the o-phenol 5c
(X = OH) via palladium-mediated transformation of
the bromide into a boronate ester, and then oxidation
of the boronate to the phenol with hydrogen peroxide.
Employing a modified Ullmann ether synthesis proto-
col, the o-phenol 5c and m-phenol 5b were coupled with
phenyl boronic acid to afford the o- and m-diaryl ethers

Scheme 2. Reagents and conditions: (a) SOCl2, MeOH, "#, 95–99%;


(b) Boc2O, i-Pr2NEt, CH2Cl2, 0 �C to rt, 97–99%; (c) X = Br or OTf,


PhB(OH)2, Pd(PPh3)4, K2CO3, PhMe, 90 �C, 41–57%; (d) X = OH,


Tf2O, pyridine, CH2Cl2, 0 �C to rt, 88%; (e) X = Br, PdCl2(dppf),


bis(pinacolato)diborane, KOAc, DMF, 80 �C; 30% H2O2 (aq), MeOH,


44%; (f) X = OH, Cu(OAc)2, PhB(OH)2, pyridine, powdered 4 Å


molecular sieves, CH2Cl2, rt, 70–96%; (g) X = OH, ArCH2Br, K2CO3,


acetone, rt, 71–99%; (h) HCl, MeOH, 91–98%.
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6c and 6d. Acidic uncloaking of the tert-butyl carbonyl
protecting group, then produced the phenyl ethers 2j
and 2k. Finally, utilizing the Williamson ether synthesis,
the o-phenol 5c, the m-phenol 5b, and the commercially
available p-phenol 5d were alkylated with various benzyl
bromides to give the fully masked benzyl aryl ethers 6e–
6k. Then, unmasking of the carbamates afforded the
amine hydrochlorides 2m–2n and 2p–2t.


The structure/activity relationships of P1 0 analogs are de-
picted in Table 1. Complete removal of the P1 0 substituent
as in analog 1b resulted in a large decrease in ACE2
(Ki App = 90 nM) and NEP (Ki App = 5100 nM) inhibitory
activity. The potential reduction in van der Waals interac-
tions from the absence of a P1 0 side chain as well as the
entropic gain from increased rotational freedom of the
acid could account for this decrease in potency. In
contrast, this change had little affect on ACE
(Ki App = 250 nM) or CpA (Ki App = 35,000 nM). The
alanine-derived analog 1c (ACE2 Ki App = 14 nM, NEP
Ki App = 950 nM) decreases rotational freedom and
recovers some of the ACE2 inhibitory activity lost upon
removal of the P1 0 group, while not dramatically changing
the activity versus ACE (Ki App = 180 nM) or CpA
(Ki App = 11,000 nM). The phenylalanine and tyrosine
derivatives 1d (Ki App = 1.5 nM) and 1e (Ki App = 1.3 nM)
were equipotent ACE2 inhibitors to the methylene
p-biphenyl analog 1a with similar ACE (1d Ki App =
570 nM, 1e Ki App = 410 nM) and NEP (1d Ki App =
35nM, 1e Ki App = 75 nM) activities as well. In contrast
to 1a, the benzyl derivatives 1d and 1e were >10-fold
more potent inhibitors of CpA (1d Ki App = 530 nM, 1e
Ki App = 350 nM). Since many good CpA substrates
contain P1 0 phenylalanine residues, this increase in
CpA inhibition for 1d and 1e is not surprising.


It was decided to explore other bulky P1 0 substituents
with the goal of further improving on the potency
and/or selectivity of analog 1a, since the bulky methy-
lene biphenyl P1 0 moiety is readily accommodated by
the ACE2 enzyme, implying a large S1 0 subsite.
Although the a-methylene naphthyl and the b-methy-
lene naphthyl derivatives 1f (Ki App = 2.2 nM) and 1g
(Ki App = 2.4 nM) were also potent ACE2 inhibitors
with >100-fold selectivity versus ACE (1f Ki App=
1,800 nM, 1g Ki App = 310 nM) and CpA (1f Ki App=
3600 nM, 1g Ki App = 7200 nM), they still retained sub-
stantial inhibitory activity against NEP (1f Ki App =
12 nM, 1g Ki App = 46 nM).


In contrast to the p-phenyl phenylalanine derivative 1a,
the o-phenyl phenylalanine analog 1h (Ki App = 37 nM)
was an order of magnitude less potent ACE2 inhibitor.
This substitution also reduced ACE (Ki App =
20,000 nM) and NEP (Ki App = 190 nM) inhibition,
while not altering CpA potency (Ki App = 9900 nM). In
contrast to 1h, the methylene m-biphenyl derivative 1i
(Ki App = 2.2 nM) was an equipotent ACE2 inhibitor
to the p-derivative 1a, despite branching from the phenyl
moiety at a different angle, but it offered no clear
selectivity advantages over ACE (Ki App = 1000 nM),
NEP (Ki App = 19 nM), or CpA (Ki App = 5000 nM)
versus 1a.

Although the large biphenyl derivatives were fairly
rigid, they were tolerated in the S1 0 subsite of ACE2.
Thus, bulkier P1 0 groups were explored. The o-, m-,
and p-phenoxy phenylalanine derivatives 1j (Ki App =
0.90 nM), 1k (Ki App = 5.8 nM), and 1l (Ki App =
2.2 nM) retained good potency for ACE2 inhibition
and >100-fold selectivity versus ACE (1j Ki App =
5000 nM, 1k Ki App = 1100 nM, 1l Ki App = 250 nM)
and CpA (1j Ki App = 2300 nM, 1k Ki App = 14,000 nM,
1l K


i App
= 8900 nM), despite altered branching termini.


In contrast, their NEP selectivity differed. The o-phenyl-
oxy analog 1j (Ki App = 180 nM) was 200-fold selective
versus NEP, while the m-phenoxy analog 1k (Ki App =
79 nM) and the p-phenoxy analog 1l (Ki App = 10 nM)


were 14-fold and 5-fold NEP selective, respectively.


Surprisingly, the extended o-, m-, and p-benzyloxy phen-
ylalanine derivatives 1m (Ki App = 6.0 nM), 1n (Ki App =
2.4 nM), and 1o (Ki App = 2.7 nM) were also well toler-
ated in the S1 0 subsite of ACE2. In addition, they main-
tained good selectivity versus ACE (1m Ki App =
770 nM, 1n Ki App = 750 nM, 1o Ki App = 570 nM) and
CpA (1m Ki App = 1600 nM, 1n Ki App = 5000 nM, 1o
Ki App = 4600 nM). In contrast to the phenyloxy ana-
logs, the p-benzyl analog 1o (Ki App = 300 nM) was quite
selective versus NEP (110-fold), while the o-benzyloxy
analog 1m (Ki App = 120 nM) and the m-benzyloxy ana-
log 1n (Ki App = 37 nM) were less selective (20-fold and
15-fold, respectively).


Both the methylene o-phenoxyphenyl derivative 1j and
the methylene p-benzyloxyphenyl analog 1o are potent
and selective ACE2 inhibitors, but the latter inhibitor is
readily derived from the cheap natural amino acid tyro-
sine. Therefore, fluorinated derivatives of inhibitor 1o
were prepared with the goal of maintaining potency and
selectivity, while blocking potential metabolic sites of
the naked phenyl ring. It was hoped that electron with-
drawing groups would not only sterically impede metab-
olism, but also electronically deactivate the aryl ring to
oxidation. The mono- and difluoro analogs 1p (Ki App =
2.5 nM), 1q (Ki App = 2.0 nM), and 1r (Ki App = 0.85 nM)
were potent ACE2 inhibitors with good selectivity. The
3,4-difluorobenzyl tyrosine derivative 1r was the most
selective analog with >750-fold separation in K


i App
s


between ACE2 and ACE (Ki App = 1800 nM), NEP
(Ki App = 640 nM), and CpA (Ki App = 3300 nM). In
contrast to the ACE2 inhibition of the fluoro derivatives
1p–1r, the larger trifluoromethyl derivatives 1s (Ki


App = 35 nM) and 1t (Ki App = 84 nM) were substantially
less potent ACE2 inhibitors. Likely, these larger P1 0


substituents clash with the residues that make up the S1 0


subsite.


In vitro drug metabolism and pharmacokinetic assays
were performed to help predict in vivo oral bioavailabil-
ities and pharmacokinetics of the thiols. Although these
inhibitors conform to Lipinski’s Rule of 5, the Madin-
Darby canine kidney (MDCK) assay revealed that this
inhibitor class had poor to moderate passive cell perme-
abilities (PAPP = 5–47 nm/s).20 Since many dipeptides
are absorbed by active transport mechanisms, represen-
tative thiol-based inhibitors were dosed orally in the rat







Table 1. Inhibition of human ACE2, ACE, NEP, and CpA


1a-t


H
N


OH


O


RO
HS


# R ACE2 ACE NEP CpA


Ki App
a (nM) Ki App


b (nM) Ki App
c (nM) Ki App


d (nM)


1a Ph 1.5 490 27 11,000


1b H 90 250 5100 35,000


1c Me 14 180 950 11,000


1d 1.5 570 35 530


1e OH 1.3 410 75 350


1f 2.2 1800 12 3600


1g 2.4 310 46 7200


1h
Ph


37 20,000 190 9900


1i
Ph


2.2 1000 19 5000


1j
O


Ph 0.90 5000 180 2300


1k
O


Ph 5.8 1100 79 14,000


1l O
Ph


2.2 250 10 8900


1m
OPh


6.0 770 120 1600


1n
O Ph


2.4 750 37 5000


1o O
Ph


2.7 570 300 4600
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Table 1 (continued)


# R ACE2 ACE NEP CpA


Ki App
a (nM) Ki App


b (nM) Ki App
c (nM) Ki App


d (nM)


1p
O


F
2.5 4000 180 16,000


1q O
F


F
2.0 950 75 1900


1r O
F


F
0.85 1800 640 3300


1s
O


CF3 35 2600 1500 4600


1t


O
CF3


CF3


84 25,000 11,000 11,000


a Inhibition of recombinant human ACE2 activity in a fluorescence assay using 0.4 nM ACE2, 30 lM MCA-Tyr-Val-Ala-Asp-Ala-Pro-Lys(DNP)-


OH as substrate in 1 lM Zn(OAc)2, 100 lM TCEP, 50 mM Hepes, 300 lM CHAPS, and 300 mM NaCl at pH = 7.5. The Ki App values are means


of at least two inhibition assays.
b Inhibition of recombinant human ACE activity in a fluorescence assay using 0.5 nM ACE, 10 lM MCA-Ala-Ser-Asp-Lys-Dap(DNP)-OH as


substrate in 1 lM Zn(OAc)2, 100 lM TCEP, 50 mM Hepes, 300 lM CHAPS, and 300 mM NaCl at pH = 7.5. The Ki App values are means of at


least two inhibition assays.
c Inhibition of recombinant human NEP activity in a fluorescence assay using 0.15 nM NEP, 2 lM FAM-Gly-Pro-Leu-Gly-Leu-Phe-Ala-Arg-


Lys(TAMRA)-NH2 as substrate in 1 lM Zn(OAc)2, 100 lM TCEP, 50 mM Hepes, 300 lM CHAPS, and 300 mM NaCl at pH = 7.5. The Ki App


values are means of at least two inhibition assays.
d Inhibition of recombinant human CpA activity in a fluorescence assay using 37 nM CpA, 30 lM Abz-Gly-Gly-Nph-OH as substrate in 1 lM


Zn(OAc)2, 100 lM TCEP, 50 mM Hepes, 300 lM CHAPS, and 300 mM NaCl at pH = 7.5. The Ki App values are means of at least two inhibition


assays.


Figure 1. A model of the thiol compound 1r bound to the active site of


ACE2 based on the X-ray co-crystal structure of MLN-4760 bound to


ACE2 (PDB code 1R4L). The ACE2 carbons are colored cyan with


inhibitor 1r carbons colored green. The semi-transparent gray surface


represents the molecular surface, while hydrogen bonds are depicted as


yellow dashed lines. Several residues were removed for visual clarity.


This figure was generated using PYMOL version 1.0 (Delano


Scientific, www.pymol.org).
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despite their poor predicted cell permeation, but they
had limited absorption (F < 10%) in agreement with
the MDCK assay.


A model21,22 of the thiol 1r docked into the active site of
ACE2 based on the recent Millennium X-ray crystal
structure23 is shown in Figure 1. It provides insight into
the P1 0 SAR of the thiol series. The terminal carboxylate
of the inhibitor accepts hydrogen bonds from the imida-
zoles of 345His and 505His and forms a salt bridge to the
guanidine of 273Arg. Also, the amide nitrogen of the
inhibitor donates a hydrogen atom to the carbonyl of
346Pro, while the amide carbonyl accepts a hydrogen
atom from 515Tyr. Moreover, in addition to its normal
ACE2 ligands, the imidazole nitrogens of 374His and
378His and the carboxylate of 402Glu, the active site zinc
coordinates the thiol of the inhibitor. Furthermore, the
P1 sec-butyl group of the inhibitor forms van der Waals
interactions with the S1 pocket composed of 347Thr,
504Phe, 510Tyr, and 514Arg. The greasy P1 0 3,4-dif-
luorobenzyltyrosine side chain of 1r forms significant
lipophilic interactions with the quite large S1 0 channel
composed of the lengthwise canal between the two sub-
domains, including residues 274Phe, 445Thr, 406Glu,



http://www.pymol.org





Figure 2. A comparison of the models of the thiol compounds 1j


(carbons colored in green) and 1r (carbons colored in magenta) bound


to the active site of ACE2 (carbons colored in cyan) based on the X-ray


co-crystal structure (PDB code 1R4L). The semi-transparent gray


surface represents the molecular surface, while hydrogen bonds are


depicted as yellow dashed lines. Several residues were removed for


visual clarity. This figure was generated using PYMOL version 1.00.
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409Ser, 370Leu, 371Thr, 276Thr and extending over to
441Lys and 442Gln. Although several residues in this
pocket are hydrophilic, most of the polar groups are
either involved in hydrogen bonds with other enzyme
residues or oriented away from the S1 0 pocket, maintain-
ing the lipophilic nature of this subsite. Based on this
model, the 3,4-difluorobenzyl portion of the P1 0 substitu-
ent is hypothesized to occupy a different part of this
large pocket than the P1 0 side chain of the carboxyl
inhibitor MLN-4760 co-crystallized in 1R4L.


In contrast, as shown in Figure 2, a model21,22 of the
thiol 1j docked into the active site of ACE2 revealed that
the o-phenyloxy P1 0 group occupies a different part of
the S1 0 subsite than the 3,4-difluorobenzyl substituent
of analog 1r. The o-phenyloxy P1 0 moiety fits into a por-
tion of the S1 0 subsite composed of 360Met, 346Pro,
362Thr, 271Trp, 368Asp, 371Thr, 127Tyr, 144Leu, 149Asn,
363Lys, and 269Asp, and the disulfide pair of 344Cys
and 361Cys. Thus, the o-phenyloxy P1 0 moiety of 1j binds
similarly to the P1 0 side chain of the Millennium car-
boxyl inhibitor MLN-4760 co-crystallized in 1R4L.
The other interactions of inhibitor 1j are similar to those
for analog 1r. Thus, these two models help explain the
divergent P1 0 SAR, since the very large, forked S1 0 sub-
site can tolerate substituents with different branching
points.


In summary, variation of substituents at the P1 0 position
in a series of a-thiol amide-based inhibitors of ACE2 re-
sulted in the discovery of potent inhibitors with good
ACE and NEP selectivity. Inhibitors containing p-meth-
ylene aryl tyrosine P1 0 moieties like 1o, 1p, and 1r were
some of the more selective ACE2 inhibitors. In addition,
o-phenyloxy phenylalanine analog 1j was also a potent
and selective ACE2 inhibitor. These analogs may prove
useful in further defining the roles ACE2 plays in the
RAS cascade.
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Abstract—Individual stereoisomers of the phosphinic pseudodipeptide hPhew[P(O)(OH)CH2]Phe were obtained by stereoselective
liquid chromatographic separation as N- and C-terminally protected derivative on quinidine carbamate modified silica stationary
phase. The stereoisomeric purity, exceeding 95% for each fraction, was determined before and after deprotection using two indepen-
dent methods. The absolute configuration was rationally assigned by application of enantiomerically pure phosphinic acid sub-
strates in the synthetic procedure and correlation with biological activity of the products. Substantial differences in inhibition of
leucine aminopeptidase by the individual isomers revealed novel insights into potency of the recently developed and remarkably
effective compound.
� 2008 Elsevier Ltd. All rights reserved.

The design and construction of targeted bioactive mole-
cules requires to take into consideration their strictly
stereoselective mode of action. Chirality is, in the most
cases, the key factor in the safety and efficacy of many
drug products.1,2 Usually only one enantiomer is
responsible for the desired activity, whereas its counter-
part could be inactive, possess some activity of interest,
be an antagonist of the active enantiomer or have a sep-
arate activity that could be either desirable or undesir-
able. Only in a few cases specific compositions of a
racemate or an enantiomeric pair demonstrated a syner-
gistic effect.1,2 Similarly, diastereoisomers of unique
three dimensional structure, basically determined by
the configuration of chiral elements such as stereogenic
centres present in the molecule, are able to approach
the receptors’ binding site and interact efficiently,
whereas the other forms are discriminated. Apparently,
this is particularly valid for peptides and their various
chemically modified analogues. Among the latter, phos-
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phinic acid pseudopeptides represent isosters with a
scissile bond replaced by non-hydrolysable –PO2HCH2–
moiety. Tetrahedral phosphinates resemble the high-en-
ergy transition state of the peptide bond hydrolysis3–5


and consequently, they have been extensively applied
for effective and selective regulation of activity of vari-
ous proteases, particularly metallo-dependent ones.6–10


For these purposes phosphinic peptides were frequently
assayed in the form of their pure diastereoisomers, but
rarely was it the result of achievements in development
of stereoselective strategies for their preparation.11 Ele-
gant asymmetric hydrogenation of the appropriate
phosphinic dehydrodipeptide to obtain DD-Ala-DD-Ala
analogue, antibacterial agent acting as DD-Ala-DD-Ala li-
gase inhibitor, is one such example.12 The extended
pseudopeptides containing only one modified amide
bond are usually obtained by elongation of a suitably
protected dipeptide building block with chiral amino
acids using standard peptide synthesis methods. Then,
individual diastereoisomers are readily separated upon
conventional purification of a final product on reverse
phase HPLC (for example, see Ref. 13).


The situation is more complicated in the case of phos-
phinic acid dipeptides. Possessing two non-defined
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Scheme 1. Synthesis and separation of the stereoisomers of


hPhew[PO2HCH2]Phe phosphinic dipeptide analogue. Reagents and


conditions: (a) hexamethyldisilazane, 100–110 �C, 3 h; (b) H2C@
CH(CH2Ph)COOMe, 80–90 �C, 3 h; (c) MeOH; (d) stereoselective


HPLC on a prototype of the commercial CHIRALPAK QD-AX


(10 lm) (250 · 20 mm id) (Chiral Technologies Europe) with stationary


phase 4, mobile phase acetonitrile/0.25 M formic acid (80:20, v/v) (pH of


the mixture adjusted to 4.0 with ammonia), ambient temperature, flow


rate 12 mL/min, elution order: R,R-3 < R,S-3 < S,R-3 < S,S-3; (e)


bromotrimethylsilane, 10 equiv, 3 d, rt; (f) H2O, then concd HCl; (g)


HPLC purification, gradient 20:80 (0 0)! 40:60 (20 0) (v/v, acetonitrile/


water, both containing 0.1% of trifluoroacetic acid), tR = 17.8 min.
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asymmetric carbon atoms, obtained in non-stereoselec-
tive manner and lacking a chiral auxiliary, they repre-
sent mixture of two enantiomeric pairs which cannot
be separated using non-chiral techniques. Recently, we
have reported rationally designed phosphinic dipeptide
analogues of such type as effective inhibitors of bizinc
cytosolic leucine aminopeptidase (LAP, EC 3.4.11.1).14


Broad interests in LAP are directed towards detailed
evaluation of its mechanism of hydrolytic action, biolog-
ical significance and potential medical importance (for
recent references on mechanistic, physiological and
pathological implications of LAP activity see Refs. 15
and 16). All these accounts stimulate continuous interest
in agents regulating the protease activity.17 Phosphinic
dipeptides, although tested as stereoisomeric mixtures,
were ranked amongst the most potent low-molecular
weight inhibitors of LAP reported so far. For example,
homophenylalanyl-phenylalanine (compound 1, hPhew
[PO2HCH2]Phe, Fig. 1) homophenylalanyl-tyrosine
and leucyl-leucine analogues exhibited Ki’s in the low
nanomolar range.14 Furthermore, selected dipeptides
were even more successfully employed to inhibit recom-
binant leucyl aminopeptidase of Plasmodium falcipa-
rum,18 a potential target protease for the development
of new antimalarials.19 Excellent kinetic parameters of
suppression of the enzyme activity and the growth of
the pathogen, both in vitro as well as in vivo, were evi-
denced.18 As the result, the study provided new interest-
ing lead compounds for malaria treatment.


In this context, the challenge to synthesize/separate all
four pure stereoisomers and to specify their potency
seems to be fully justified. Here, we report the results
of our studies on resolution of the four isomers of
hPhew[PO2HCH2]Phe by combination of synthetic pro-
tocols and stereoselective liquid chromatographic meth-
ods. We also compare their activity towards leucine
aminopeptidase depending on the absolute configura-
tion. To the best of our knowledge, this represents very
first example of such studies on phosphinic acid
pseudodipeptides.


The overall procedure to obtain individual stereoiso-
mers of phosphinic acid analogues of homophenylala-
nyl-phenylalanine (1) is outlined in Scheme 1.
Partially, it was also described in our previous paper
dealing with the application of a chiral stationary phase

P OH
O


NH2 O


OH


1, hPheψ[PO2HCH2]Phe


Ki = 66 nM (porcine kidney LAP) [14]
Ki = 13.2 nM (rec. P. falciparum LAP) [18]


(activity of the mixture of four stereoisomers)


Figure 1. The structure of the phosphinic acid analogue of homophe-


nylalanyl-phenylalanine and inhibition constants towards porcine


kidney and recombinant Plasmodium falciparum leucine


aminopeptidase.

based on a quinidine derivative (4, Scheme 1) in HPLC
and CEC (capillary electrochromatography) separation
and purity analysis of the individual phosphinic dipep-
tide stereoisomers.20


The N-benzyloxycarbonyl (Cbz) protected phosphinic
pseudodipeptide methyl ester (3) was obtained in a
non-stereoselective manner by addition of the appropri-
ate acrylate to the suitably blocked phosphinic acid (2)
as described previously.14 The final material showed
two 31P NMR resonance signals of not equal integra-
tion, varying in the range 3:2–2:1 depending on the
batch. It was the result of more significant loss of the
up-field shifted enantiomeric pair in the purification pro-
cess (liquid chromatography/crystallization). Normally
unwanted (although straightforward), this was fortunate
in our case and greatly facilitated matching enantio-
meric and diastereomeric relationships (see below for
the details). The individual stereoisomers of the pro-
tected peptide were obtained by preparative stereoselec-
tive chromatography on a prototype of the commercial
CHIRALPAK QD-AX column (Chiral Technologies
Europe, Illkirch, France).20 The extensive optimization
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of the elution conditions did finally allow collection of
the four isomer fractions with sufficient purity. Newly
elaborated, superior CEC system using the same chiral
selector gave confirmation of their satisfactory stereoiso-
meric purity, exceeding 95% for each of the four frac-
tions corresponding to the individual stereoisomers.20


The obtained materials were treated with an excess of
bromotrimethylsilane (10-fold excess) in anhydrous
CH2Cl2 to remove both protecting groups in one step
without using alkaline conditions. Free pseudodipep-
tides were obtained after evaporation of volatile compo-
nents and subsequent hydrolysis of the residue with
water and concd HCl. The crude products were finally
purified by means of standard reverse phase HPLC.
After this step and before enzymatic assays their stereo-
isomeric purity was additionally verified. A method
developed for analysis of the enantiomeric excess of a-
aminophosphonates (phosphorus analogues of amino
acids) was used for this purpose. The method relies on
31P NMR analysis of diastereomeric inclusion com-
plexes formed between analytes bearing hydrophobic
side chains and cyclodextrins.21 In our case, treatment
of the hPhew[PO2HCH2]Phe stereoisomeric mixture (1)
with 10-fold excess of a-cyclodextrin gave satisfactory
separation for all four 31P NMR resonance signals
allowing their reliable integration (Fig. 2, bottom trace).
On the basis of the integrated signals it may be con-
cluded that the isomers with signals at 45.08 and
44.90 ppm as well as at 44.48 and 44.37 ppm represent
pairs of enantiomers. Furthermore, the analysis of indi-
vidual stereoisomers by 31P NMR confirmed their high
stereoisomeric purity of over 95%, which did not change
during deprotection (Fig. 2, upper traces). This success-
ful application of using cyclodextrins and a spectro-
scopic technique that is simple and straightforward to
interpret definitely opens new perspectives to determine

45.2 45.0 44.8 44.6 44.4 44.2


S,R         R,S                     R,R                  S,S 


δ [ppm]


Figure 2. 31P NMR spectra of the stereoisomeric mixture of


hPhew[PO2HCH2]Phe (1) (bottom trace) and separated individual


isomers with the absolute configuration defined (four upper traces).


Conditions of the experiments: 10-fold excess of a-cyclodextrin, D2O/


NaOD, pD 12.

the stereoisomeric composition of compounds bearing
more than one asymmetric centre.


To define the absolute configurations of the pseudodi-
peptide samples additional experiments needed to be
performed. First of all, this was accomplished via the
synthesis of the substrate – Cbz-protected phosphinic
acid (2) in the optically pure forms. Usually, it proceeds
very efficiently by crystallization of diastereomeric salts
of 2 with enantiomeric a-methylbenzylamines as de-
scribed by Baylis et al.22 Surprisingly, although various
crystallization conditions were tested, we were not able
to achieve higher levels of enrichment than 70% of enan-
tiomeric purity. Thus, we returned to stereoselective li-
quid chromatography. The chiral acid 2 was
preparatively resolved into its antipodes using condi-
tions that had been developed in one of our previous
studies.23 As the result, R-2 (equivalent to the relative
configuration LL) that was eluted first from the quinidine
carbamate column was isolated with enantiomeric pur-
ity of 99%, while S-2 (equivalent to the relative configu-
ration DD), which eluted as second peak, had an
enantiomeric purity of 95%. Both were separately con-
verted to the target compound 1 by the same procedure
as described above for the racemic mixture. Two batches
of the final phosphinic dipeptide were obtained, each
containing two diastereoisomers with the defined config-
uration of the N-terminal amino acid part (Scheme 2).
The R,R/R,S-1 pair exhibited two signals at 44.90 and
44.48 ppm, whereas the S,R/S,S-1 pair at 45.08 and
44.37 ppm in 31P NMR experiments with the use of
a-cyclodextrin.


Significantly, the R,R/R,S-1 pair appeared much more
potent when tested for inhibition of leucine aminopepti-
dase. This should not be surprising as the protease is
responsible for cleavage of the N-terminal amino acids
of natural configuration LL from polypeptide chains.24


Similar dependence is observed for the enzyme inhibi-
tors being much more effective in their relative configu-
ration LL.17 Going into details, the fraction
corresponding to the 31P NMR signal at 44.90 ppm ap-
peared clearly to be of superior activity to regulate LAP
with Ki equal to 45 nM (Table 1). Thus, its configuration
can be finally specified as R,S (equivalent to the relative
one LL,LL) with high level of certainty. The R,R (LL,DD)-1 iso-
mer (44.48 ppm) exhibited six times lower potency. Con-
sequently, the enantiomer of the aforementioned
(45.08 ppm, S,R (DD,DD)-1) was far the weakest inhibitor
of LAP with Ki in micromolar range, while the enantio-
mer of the last mentioned (44.37 ppm, S,S (DD,LL)-1) was
again placed somewhere between the extremes.


Differences in activity of the studied stereoisomers to-
wards leucine aminopeptidase thus proved to be signifi-
cant indicating strong spatial preference of the enzyme
active site, particularly concerning the N-terminal frag-
ment. The closest literature examples to be compared
with are represented by phosphinic tripeptide analogues,
extended by an additional LL-amino acid residue on the
C-terminus. Cbz-Phew[PO2HCH2]-(3-phenylpropyl)
Gly-Trp-NH2 was described as very effective inhibitor
of stromelysin 3,4 while Phew[PO2HCH2]Leu-Phe
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Scheme 2. Synthesis and separation of diastereoisomeric pairs with


fixed configuration on the N-terminal asymmetric carbon atom.


Reagents and conditions: (a) stereoselective HPLC on a prototype of


the commercial CHIRALPAK QD-AX (15 lm) (250 · 16 mm id)


(Chiral Technologies Europe) with stationary phase 4 (Scheme 1),


mobile phase methanol/50 mM phosphate buffer (80:20; v/v), pH 5.6,


flow rate 4.5 mL/min, elution order: R-2 < S-2; (b) hexamethyldisilaz-


ane, 100–110 �C, 3 h; (c) H2C@CH(CH2Ph)COOMe, 80–90 �C, 3 h;


(d) MeOH; (e) bromotrimethylsilane, 10 equiv, 3 d, rt; (f) H2O,


then concd HCl. For the conditions of the 31P NMR experiments see


Figure 2.


Table 1. Inhibition of leucine aminopeptidase by individual stereoiso-


mers of hPhew[PO2HCH2]Phe phosphinic pseudodipeptide (for the


experimental details of the assay see Ref. 14)


Stereoisomer


of the hPhew[PO2HCH2]


Phe inhibitor


31P NMR: d
[D2O, ppm]a


Ki [nM]


R,R-1 (LL,DD) 44.48 271


R,S-1 (LL,LL) 44.90 45


S,R-1 (DD,DD) 45.08 8800


S,S-1 (DD,LL) 44.37 988


a In the presence of 10-fold excess of a-cyclodextrin.
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appeared to be a dual neutral endopeptidase (neprily-
sin)/aminopeptidase N inhibitor.25 In the first case, the
potency of its three out of four stereoisomers is practi-
cally indistinguishable, with Ki varying in the range 5–
9 nM. Flexible phenylpropyl side chain in the P1 0 and
LL-tryptophan in the P2 0 position seem responsible for
such privileged binding. Only the S,R,S (DD,DD,LL) form is
significantly discriminated (Ki = 50 nM) and thus less
potent as inhibitor.4 For the latter, the absolute config-
uration of the P1 0 residue is the crucial differentiation
factor. Diastereoisomers bearing the LL leucine isoster
were found significantly more efficient than those with
DD arrangement (roughly two orders of magnitude) in
cases of inhibition of both studied enzymes.25 The abso-

lute configuration in the P1 position was less significant,
however, as generally the R (LL) was slightly more pre-
ferred. We believe the recent correlation study on the
dipeptide analogue represents an interesting contribu-
tion to chemistry and biological activity relationship of
phosphinic pseudopeptides.
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Fournié-Zaluski, M.-C.; Chen, H.; Roques, B.-P. Acta
Crystallogr., Sect. D 2003, 59, 1200.


6. Kafarski, L.; Lejczak, B. In Aminophosphonic and Amino-
phosphinic Acids. Chemistry and Biological Activity;
Kukhar, V. P., Hudson, H. R., Eds.; John Wiley & Sons:
Chichester, 2000; pp 173–203, 407–442.
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24. Sträter, N.; Lipscomb, W. N. In Handbook of Proteolytic
Enzymes; Barrett, A. J., Rawlings, N. D., Woessner, J. F.,
Eds.; Academic Press: Amsterdam, 2002; pp 1384–1389.


25. Chen, H.; Noble, F.; Mothé, A.; Meudal, H.; Coric, P.;
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Abstract—The integrin VLA-4 is implicated in several inflammatory disease states. In search of non-peptidic antagonists of VLA-4,
rotational constraints were imposed on the amide bond of prototypical N-sulfonylated dipeptide VLA-4 antagonists. By judicious
structural modification of the side chains, trisubstituted imidazoles with moderate binding potencies were obtained, for example, 19,
VLA-4 IC50 = 237 nM.
� 2008 Elsevier Ltd. All rights reserved.
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The integrin VLA-4 (very late antigen-4; a4b1, CD49d/
CD29) is a heterodimeric cell surface glycoprotein trans-
membrane receptor.1 Expressed on all leukocytes except
platelets and neutrophils, it is a key mediator in cell–cell
and cell–matrix interactions. It is involved in leukocyte
recruitment, activation, proliferation, and differentiation
during normal and/or pathophysiological processes.
Blockade of the interaction between VLA-4 and its li-
gands, vascular cell adhesion molecule-1 (VCAM-1)
and CS-1, an alternatively spliced form of fibronectin,
may reduce the vascular extravasation of inflammatory
cells into tissues during prolonged inflammation.2


Recent Phase III clinical data of natalizumab, the
humanized anti-a4 antibody, in multiple sclerosis vali-
date the potential for a4 integrin antagonists in human
disease.3 In addition, peptidyl VLA-4 antagonists have
proven effective in several animal models of inflamma-
tion and autoimmune diseases.4 These results led to
much effort in the development of small molecule
VLA-4 antagonists.5


Initial efforts at Merck led to derivatives such as 1a
(IC50 = 1.4 nM),6b 1b (IC50 = 0.64 nM),6a and 1c
(IC50 = 0.56 nM),6a all containing a central amide bond.
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Indeed, the equivalent of this amide bond is featured in
many of the VLA-4 antagonists that have been identi-
fied, for example, 2, 3.5a,c We were interested in trans-
forming compound 1 into active compounds where the
amide bond is incorporated into various cyclic struc-
tures as shown in Figure 1. The first route (I) connected
the amide nitrogen to the C-3 position of the proline

SO2


Cl


O


Cl
4 5


Figure 1.
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(g) 2 equiv NaOH/MeOH, rt, 50%.
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(P2) via a carbon bridge, as in 4.7 The second approach
(II) incorporated the amide bond and the b-carbon of
the P3 side chain into a 5-membered heteroaryl ring,
as in 5.8 Both approaches introduced a considerable
amount of conformational restriction to the resulting
non-peptidic entities. Herein, we describe the effects of
such constraints on receptor-ligand binding in this class
of VLA-4 antagonists.


Compound 4, the target from route I, contains a novel
diaza-5,5-fused ring system which provided considerable
synthetic challenges. The successful route began with the
conversion of homoallylic alcohol to the corresponding
homoallylic benzylamine 6,9 which was reacted with
methyl bromoacetate to yield the key intermediate 7
(Scheme 1). Deprotonation of 7 was followed by the
putative complexation of the resulting enolate oxygen,
amine nitrogen, and the homoallyl double bond with
zinc bromide.10 Subsequent treatment with iodine pro-
vided the substituted proline methyl ester 8, possessing
an iodomethyl group. The iodo functionality was con-
verted to an azide11 which was hydrogenated to com-
pound 9, containing the desired restricted amide bond.
Thus, the transformation from 8 to the strained, unsub-
stituted 5,5-fused ring system 9 was achieved in one pot
via reductive cyclization followed by N-debenzylation.12


Subsequently, the 3,5-dichlorobenzenesulfonyl moiety
(P1) was attached to the pyrrolidine nitrogen. Alkyl-
ation of the lactam nitrogen with the triflate of methyl
(L)-3-phenyllactate 10 (obtained from methylation of
(L)-3-phenyllactic acid and sulfonylation of the hydro-
xyl group) followed by base hydrolysis of the methyl es-
ter provided the racemate 4.


The imidazole 5 was prepared as shown in Scheme 2.
Glycine methyl ester was converted to its benzophenone
Schiff base 11.13 Addition of the corresponding potas-
sium enolate to a solution of b-naphthoyl chloride at
�70 �C provided the a-imino-b-keto compound which
was hydrolyzed to intermediate 12. Mixed anhydride

coupling of 13 (prepared from proline t-butyl ester by
N-sulfonylation and ester hydrolysis) with 12 provided
the key intermediate 14.14 The imidazole ring formation
was achieved by treatment of 14 with acidic ammonium
acetate in refluxing xylene. Removal of the methyl ester
was best accomplished by treatment with iodotrimeth-
ylsilane, providing the imidazole 5.


The corresponding oxazole methyl ester was prepared
by treating a solution of 14 and DBU in a mixture of
carbon tetrachloride, pyridine, and acetonitrile with tri-
phenylphosphine.15 Unfortunately this compound could
not be hydrolyzed to the corresponding acid cleanly un-
der a variety of conditions. In contrast, treatment of 14
with Lawesson’s reagent followed by base hydrolysis
readily provided the thiazole 15.


Compounds 16–20 were prepared from iminoglycine 11
using sequences analogous to Scheme 2 by the appropri-
ate choice of acylating agent (in step b) and N-sulfony-
lated amino acid (in step c) for amide coupling.


The a4b1 integrin binding affinity of the reported com-
pounds was assessed by measuring the reduction in
binding of 125I-VCAM-Ig to a suspension of Jurkat cells
in the presence of the test compound as described previ-
ously.6c All test compounds were assayed at least in
duplicate.


The data in Table 1 show that a significant amount of
binding was lost by the introduction of conformation
constraints via route I or route II (Fig. 1) relative to
the parent dipeptides (1a vs 4, and 1c vs 5, 15). Also,
N-methylation of the amide bond NAH in 1b resulted
in a compound with IC50 of 2400 nM, equivalent to a







Table 1. VLA-4 binding affinities of prototype conformationally restrained compounds, 4, 5, 15 and reference compounds 1a, b


Compound 1a 1b 1c 4 5 15


VLA-4 IC50 (nM) 1.4 0.64 0.56 2100 8% inhibition at 100 lM 19% inhibition at 100 lM
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3750-fold loss in binding affinity versus 1b. By compar-
ison, the data for 4 and 1a suggest that constraining the
P2 amide bond in a 5,5-fused system provides limited
advantage in binding. These data suggest that free
NAH is required for adequate binding with VLA-4.17


In compound 4, the methylene unit in P3 is freely rotat-
ing. In contrast, in compounds 5 and 15, the equivalent
P3 methylene group is incorporated into the heterocyclic
ring (cf. 1c) and the resulting structure is much more ri-
gid at that point. In fact, in these compounds, the P3
side chain extends out linearly from the heterocyclic
moiety. This rigidity contributed to the drastic loss of
potency in 5. Thus, the data from 4, 5, and 15 suggest
that in order to achieve reasonable binding with VLA-
4, the equivalent of the P2 amide bond in 1 should not
be quasi-coplanar with the P3 side chain.


We were intrigued by the possibility of transforming
inactive but non-peptide entities derived from peptides
such as 1 into moderately potent compounds. The tri-
substituted imidazole 5, which contains only one chiral

Table 2. VLA-4 binding affinities of conformationally restrained


imidazoles 16–20


N
SO2Cl


Cl
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H
N
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O
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Compound


N


R VLA-4


IC50 (nM)


16 N 30% inhibition


at 100 lM


17 Me
N


MeMe


2535


18
N


285


19
N


237


20
N


45% inhibition


at 100 lM

center and retains the NAH of the amide bond was cho-
sen as the platform for this study. We monitored the ef-
fects of relaxing the rigidity of the substituents around
the imidazole ring on binding affinity.


To begin, a spacer was introduced between the naph-
thyl group and the imidazole ring, as in 16 (Table 2).
This resulted in no improvement in binding affinity
(16 vs 5). The rigidity conferred by the pyrolidinyl
group of the prolyl moiety (P2) in 16 was then re-
laxed. Thus, the spatially diverse (N-methyl)leucyl
and (N-cyclohexyl)glycyl groups16 were chosen as pro-
lyl replacements while the b-naphthylmethyl group
was retained in P3 (17, 18). As shown in Table 2,
by opening up the proline ring, a compound that
was inactive at 100 lM (16) could be transformed to
a modest antagonist (18).


Retaining the (N-cyclohexyl)glycyl moiety in 18, we
examined 4 0-biphenyl groups with and without a meth-
ylene linker to the imidazole as a surrogate of the b-
naphthyl group (19, 20). The biphenylmethyl compound
19 was at least as active as the b-naphthyl compound
(18), suggesting a rather broad spatial tolerance for
hydrophobic groups beyond the methylene spacer.
Analogous to 5, compound 20 which has no spacer be-
tween the imidazole ring and the aryl substituent lost
all activity. This underlines the importance of the meth-
ylene spacer to provide the necessary flexibility to P3
and to confer activity thereby.


Taken together, these data show that reasonable flexibil-
ity built into both the P2 and the P3 moieties of 5 is re-
quired in order to have a reasonable affinity for the
VLA-4 receptor. This flexibility compensates for the
constraint inherent in the imidazole ring compared to
an amide bond. In this manner, these dipeptide-derived
imidazoles can be transformed from totally inactive enti-
ties to submicromolar VLA-4 antagonists. Our data
show that this can be achieved while retaining the struc-
tural characteristics of the side chains present in the ori-
ginal capped dipeptide lead.


Many medicinal chemistry leads contain at least one
amide bond. As lead optimization progresses, non-pep-
tide entities are often sought. This investigation demon-
strates that, in a series of N-sulfonylated dipeptide
VLA-4 antagonists, an imidazole has the potential to
act as an amide bond surrogate when care is taken to
introduce adequate flexibility to its substituents and to
array them with appropriate binding motifs.
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Abstract—The synthesis of several pyrrolidine inhibitor analogs is described that possess nanomolar in vitro potencies against the
neuraminidase enzymes expressed by the B/Memphis/3/89 and A/N1/PR/8/34 influenza strains.
� 2008 Elsevier Ltd. All rights reserved.
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Figure 1. Anti-influenza neuraminidase inhibitors.
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Figure 2. Pyrrolidine analogs.

Mortality due to the influenza virus continues to be a
serious problem throughout the world.1–6 Periodically
a worldwide epidemic, or pandemic, occurs which can
have disastrous consequences. One of the worst exam-
ples was the pandemic of 1918 which was estimated to
have caused 40–50 million worldwide deaths.7 Recently
many world countries have begun stockpiling the influ-
enza drug Tamiflu (2) to protect their populations
against a possible bird flu pandemic.8,9 Bird flu is caused
by an avian influenza virus which caused at least 50 hu-
man fatalities in Asia during the winter of 2004–2005.9 It
is feared that if this influenza H5N1 virus strain becomes
efficiently transmissible from human-to-human, another
global pandemic could ensue. Thus there is a continuing
need for development of new anti-influenza therapies.


The viral enzyme neuraminidase (NA) has been an ac-
tive research area for anti-influenza therapy.10 The
structures of two currently marketed NA inhibitor drugs
are shown in Figure 1. We have previously reported a
series of tri-substituted pyrrolidine NA inhibitors that
have potent activities (4, Ki = 30 nM).11 One attempt
to create even more potent analogs based upon this scaf-
fold is described herein. We believed that the isobutyl
group in pyrrolidine 4 was not fully optimized and be-
gan an effort to modify this hydrophobic group (Fig. 2).
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Aldehyde 9 proved to be an important and versatile
intermediate for the synthesis of novel analogs. The
racemic synthesis of 9 is shown in Scheme 1. An acid
catalyzed [3+2]-dipolar cycloaddition as previously
described yielded a 2,4,5-tri-substituted pyrrolidine 5
as the predominant diastereomer.11,12 Sodium borohy-
dride reduction and acetylation of the resulting primary
alcohol produced the desired acetate. Dihydroxylation
of the exocyclic olefin provided a 1:1 mixture of diols
followed by an exchange of the N-benzyl to N-Boc
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protection groups to provide diols 6. A number of at-
tempts were made to find reagents or conditions to con-
trol the diastereoselectivity of the dihydroxylation
reaction, and all failed to impart any significant
improvement in diastereoselectivity. Silylation of the
terminal C-5 side-chain hydroxyl with triisopropylsilyl
chloride (TIPSCl) followed by Swern oxidation pro-
duced ketone 7. Reductive amination with ammonium
acetate and sodium cyanoborohydride in refluxing
methanol again yielded a 1:1 mixture of diastereomeric
amines that was acetylated and readily separated by
chromatography. All attempts to control the diastere-
oselectivity of the reductive amination in favor of the de-
sired R-isomer were unsuccessful.


Hydrolysis of the O-acetyl group of the R-isomer fol-
lowed by Swern oxidation of the resulting alcohol pro-
duced the aldehyde. Wittig olefination of the aldehyde
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Scheme 2. Reagents and conditions: (a) trifluoroacetic acid, CH2Cl2, 98–100

gave exclusively the Z-propenyl substituted pyrrolidine
8. Fluoride deprotection of the TIPS group afforded
the corresponding primary alcohol which was oxidized
with Dess–Martin periodinane to provide aldehyde 9
without epimerization of the adjacent acetylamino-
substituted center. Addition of the aldehyde 9 to a vari-
ety of Grignard reagents produced both diastereomeric
alcohols 10 and 11, with the R-diastereomer (10) pre-
dominating. For example, the reaction of ethyl magne-
sium bromide with aldehyde 9 generated a 5.5:1 ratio
of 13a–b, where R1 = ethyl. The diastereoselectivity of
this reaction appears to be governed by the Cram chela-
tion model. Finally, many of the alcohol and ether NA
inhibitors were generated as shown in Scheme 2. Triflu-
oroacetic acid deprotection of the diastereomers 10 and
11 provided the corresponding secondary alcohol inhib-
itors 12a–17a and 12b–17b, respectively, as TFA salts.
Alkylation of the various secondary alcohols 10 and
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Table 1. Biochemical potency of secondary alcohol analogs 12a–17b
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Compound R1= Isomer NA B
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NA A


Ki
a (nM)


12a Methyl R 85 303


12b Methyl S 6.5 59


13a Ethyl R 29 108


13b Ethyl S 2.8 11.5


14a Vinyl R 21 —


14b Vinyl S 2.0 25


15a n-Propyl R 28 53


15b n-Propyl S 1.3 5.3
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11 with methyl iodide, ethyl iodide, or allyl bromide in
the presence of potassium hydroxide and 18-crown-6
followed by standard TFA deprotection, generated the
desired ether inhibitors 18–26. The cyclic secondary
ether inhibitors were generated by an olefin metathesis,
followed by a TFA deprotection protocol of the requi-
site alkene precursors as shown in Scheme 3.


Preparation of tertiary alcohol inhibitor 32 was accom-
plished by the oxidation of alcohol 30 to the correspond-
ing ketone followed by reaction with six equivalents of
Grignard reagent then TFA deprotection. The methyl
ether analog of inhibitor 32 was also constructed by
reaction of the tertiary alcohol in 31 with sodium bis-
(trimethylsilyl)amide and methyl iodide followed by
TFA deprotection to provide inhibitor A-315675 as
shown in Scheme 4.


We targeted potent in vitro antiviral potency against the
medically relevant strains of influenza virus (types A and
B) with the hope of achieving uniform activity. The two
NA viral strains we routinely tested our inhibitors
against were B/Memphis/3/89 and A/N1/PR/8/34. The
NA A strain was selected because of its similarity to
the highly pathogenic avian H5N1 virus mentioned ear-
lier. The secondary alcohol analogs with the S-configu-
ration (12b–17b) universally were more potent than the
corresponding R-configuration analogs (12a–17a) (Ta-
ble 1).13 Additionally, all of the inhibitors were more po-
tent against the B virus strain. The most potent analogs
in Table 1 contained a 3-carbon chain with the S-isomer
configuration (15b and 16b). In an effort to gain more
potency, the secondary alcohols were transformed into
ethers. We reasoned that the more hydrophobic alkyl
ethers might provide more binding energy, somewhat
analogous to the isopentyl ether in oseltamivir carboxyl-
ate (1). Table 2 displays our results. Again as in the sec-
ondary alcohol cases, the corresponding S-isomers were
more potent than the R-isomers. Against the NA B
strain, a loss in potency ensued when progressively lar-
ger ether alkyl groups were employed, as evidenced from
the methyl, ethyl, and allyl data (18–20, 21–23, and 24–
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Scheme 3. Reagents and conditions: (a) Grubbs I catalyst, 53–90%; (b)


trifluoroacetic acid, CH2Cl2, 98–100%.


16a 2-Propenyl R 49 212


16b 2-Propenyl S 1.6 10


17a n-Butyl R 86 94


17b n-Butyl S 12 14


a The Ki values for all compounds are given in nanomolar units and


refer to their activities as racemates. The Ki values in all tables are


also means of at least two independent determinations, standard


deviation ±10%. Detailed protocols can be found in Supplementary


material.

26). Against the NA A strain however, the most potent
ether analogs contained the allyl functionality (20, 23,
and 26). The two most potent ethers against NA B (21
and 24) were roughly 2- to 3-fold more potent than
the corresponding alcohols (14b and 16b). However
against the NA A strain, these two methyl ether analogs
(21 and 24) were approximately equal to 2-fold less po-
tent verses the corresponding alcohols (14b and 16b).
Thus the potency selectivity of methyl ether 24 against
the NA B strain verses the NA A strain was approxi-







Table 2. Biochemical potency of ether analogs 18–26
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18 2-Propenyl Methyl R 38 145


19 2-Propenyl Ethyl R 46 60


20 2-Propenyl 2-Propenyl R 110 23


21 Vinyl Methyl S 0.6 19.8


22 Vinyl Ethyl S 4.8 21


23 Vinyl 2-Propenyl S 9.3 11.3


24 2-Propenyl Methyl S 0.67 17.3


25 2-Propenyl Ethyl S 10.6 18.4


26 2-Propenyl 2-Propenyl S 17.5 12.7


Table 3. Biochemical potency comparisons of pyrrolidine and mar-


keted drug inhibitors


Compound NA B Ki (nM) NA A Ki (nM)


27 10.3 56


28 24.2 180


29 0.3 55


32 1.2 1.3


A-315675 0.14 0.21


1 (oseltamivir carboxylate) 1.1 0.1


3 (Zanamivir) 0.1 0.06


4 30 210


15b 1.3 5.3


24 0.67 17.3
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mately 25–1 (0.67 vs 17.3 nM). In an effort to improve
the absolute potency against the NA A strain while
maintaining a sub-nanomolar potency against the NA
B strain, a few cyclic ether inhibitors were constructed.
The R-dihydropyran (29) was the most potent of the
three analogs at 0.3 nM against the NA B strain (Table
3). Unfortunately its potency against the NA A strain
decreased to 55 nM though. Upon conversion of the sec-
ondary alcohol inhibitor 15b into the tertiary alcohol
inhibitor 32 a modest enhancement in potency (4-fold)
against the NA A strain was realized. However when
the tertiary alcohol group in analog 32 was converted
to a methyl ether functionality to provide A-315675,14


a roughly 10-fold potency improvement was realized.
This resulted in A-315675 having sub-nanomolar po-
tency against both NA strains (Table 3). The potency
of some of the pyrrolidine analogs as compared to osel-
tamivir carboxylate (1), the active component of the
marketed prodrug Tamiflu (2), and Zanamivir (3) in
our assay are also shown in Table 3.


In conclusion, we were successful in designing and syn-
thesizing several potent sub-nanomolar pyrrolidine

inhibitors against the NA B strain. One of these inhibi-
tors displayed sub-nanomolar potency against both the
NA A and B strains, thus being similar in potency to
the two currently marketed anti-influenza drugs.

Supplementary data


Detailed biological protocols for biochemical Ki


determinations are available in Supplementary
data.Supplementary data associated with this article
can be found, in the online version, at doi:10.1016/
j.bmcl.2008.01.048.
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Abstract—A series of imidazopyridines were evaluated as potential sodium channel blockers for the treatment of neuropathic pain.
Several members were identified with good hNav1.7 potency and excellent rat pharmacokinetic profiles. Compound 4 had good effi-
cacy (52% and 41% reversal of allodynia at 2 and 4 h post-dose, respectively) in the Chung rat spinal nerve ligation (SNL) model of
neuropathic pain when dosed orally at 10 mg/kg.
� 2008 Elsevier Ltd. All rights reserved.
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Neuropathic pain is a chronic and debilitating disease
caused by injury or pathological changes to the periph-
eral or central nervous systems. These changes result in
the abnormal processing of external stimuli (e.g., touch,
temperature) by the affected pain sensing neurons (noci-
ceptors).1,2 Voltage-gated sodium channels (Nav1Æx) are
strongly expressed in nociceptors and are known to be
important in nociception.3 Clinically, it has been shown
that voltage-gated sodium channel blockers such as
mexiletine (1) and carbamazepine (2) (Fig. 1) are effica-
cious in the treatment of neuropathic pain. These thera-
pies, however, are restricted by their dose limiting CNS
side effects.4


Data from recent human genetic studies strongly sup-
port the role of sodium channels in pain signaling.
Individuals with a loss of function mutation in the
gene that encodes hNav1.7 have a complete inability
to sense pain. Conversely, gain of function mutations
in Nav1.7 lead to hyperexcitability in pain signaling
neurons.5,6 In addition to Nav1.7, the Nav1.8 isoform

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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has also been identified as a possible target for neuro-
pathic pain.7,8


Our research has focused on the development of
hNav1.7 blockers for the treatment of neuropathic pain.
Mexiletine and carbamazepine are only weak blockers
of hNav1.7 (VIPR IC50 = 11 and 22 lM, respectively).9


We reasoned that the identification of more potent
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Figure 1. Sodium channel blockers.
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hNav1.7 blockers could afford new therapies that show
significant analgesic effects as well as improved thera-
peutic indices over existing treatments.


We have recently reported the discovery of benzazepi-
none hNav1.7 blockers (e.g., 3).10,11 Compounds in this
class suffered from modest oral exposures and high
clearance rates (3: Clp = 50 ml/min/kg, AUCN (po) =
0.22 lM h kg/mg). Incubation of these compounds with
rat liver microsomes indicated that the major sites of
oxidative metabolism lay in the benzolactam core and
the N-Boc group. In an effort to reduce the clearance
rates of these compounds, we investigated alternatives
to the benzazepinone moiety. These studies resulted
in the discovery of a series of imidazopyridines (e.g.,
4) that show improved pharmacokinetic (PK) profiles
as well as excellent efficacy in the Chung rat spinal
nerve ligation (SNL) model of neuropathic pain.


The synthesis of these compounds, outlined in Scheme
1, commenced from commercially available 2-chloro-
3-nitropyridine 5. Treatment of a DMF solution of
5 with an alkylamine in the presence of sodium car-
bonate afforded the 2-aminopyridine product 6. The
nitro group of 6 was reduced with Raney nickel to af-
ford diaminopyridine 7; subsequent amide coupling
with N-Boc glycine yielded compound 8. Deprotection
of 8 with TFA and coupling to the appropriate amino
acid afforded the acyclic precursor 9, which was ther-
mally cyclized in the presence of acetic acid to the
aza-benzimidazole 10. Amide derivatives 11 were
readily prepared by removal of the Boc group with
TFA, followed by coupling with a carboxylic acid.
Compounds were synthesized from commercially
available starting materials except in cases where the
phenylalanine derivatives were unavailable. These
amino acids were synthesized using the Schollkopf
method.12
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Scheme 1. Reagents and conditions: (a) R1NH2, Na2CO3, DMF,


90 �C (10–85%); (b) Raney-Nickel, H2 (1 atm), MeOH, rt (50–76%); (c)


EDC, HOBt, N-Boc glycine, THF, rt (60–74%); (d) 30% TFA/DCM,


rt; (e) EDC, HOBt, i-Pr2NEt, amino acid, THF, rt; (f) AcOH, 100 �C;


(g) 30% TFA/DCM, rt; (h) EDC, HOBt, i-Pr2NEt, R2CO2H, THF, rt.

Once synthesized, compounds were tested for their abil-
ity to block the hNav1.7 channel. This was done using
hNav1.7 channels that were stably expressed in a
HEK-293 cell line. The degree of channel block was
measured using a functional, membrane potential-based
assay, the protocols for which have been previously de-
scribed.9 Using the same assay protocol, hNav1.8 chan-
nel block was also measured for selected compounds. In
addition to this primary hNav1.7 functional assay, com-
pounds were also screened in an IKr binding assay
(MK499) and a cytochrome 3A4 inhibition assay. Since
block of hERG K+ channels can result in fatal ventric-
ular arrythmias and inhibition of CYP 3A4 can lead
to drug–drug interactions, compounds that did not have
these activities would be more promising clinical
candidates.13


The effect of the R1 substituent on potency and PK was
investigated. As shown in Table 1, to maintain hNav1.7
potency the imidazole R1 substituent must be no smaller
than a tert-butyl group (17: hNav1.7 IC50 = 185 nM).
Compounds bearing larger alkyl groups such as 18–21
showed good hNav1.7 potency, but were compromised
by their poor PK profiles. These compounds such as
18 suffered from high clearance and low oral exposure.14


In an effort to reduce clearance by blocking potential N-
dealkylation, branched alkyl analogs 15 and 16 were
synthesized. These analogs, however, showed reduced
hNav1.7 potency.


Incorporation of a benzyl substituent at R1 led to signif-
icant improvements in rat pharmacokinetics. Compound
4 showed a much improved rat PK profile, displaying
both modest clearance and higher exposure (Clp =
15 ml/min/kg, F = 41%, AUCN (po) = 0.86 lM h kg/
mg). Incubation of 4 with rat liver microsomes revealed
that the primary site of oxidative metabolism was the
benzyl substituent. Assuming that oxidation of the
benzylic methylene was the metabolic liability, we syn-
thesized a-methyl analogs 22 and 23. Unfortunately,
these compounds afforded no improvement in PK. The
cyclopropyl analog 24, however, did show a reduced
clearance rate (3 ml/min/kg) and fivefold higher oral
exposure (AUCN (po) = 4.63 lM h kg/mg).


As shown in Table 1, this series of compounds are po-
tent inhibitors of cytochrome 3A4 (e.g., 4:
IC50 = 980 nM). Block of hERG does not appear to be
an issue, as compounds in this series typically displayed
<50% inhibition of MK499 at 10 lM.


With the imidazole substituent optimized for pharmaco-
kinetics, we focused our efforts on modifying the N-Boc
group. Previous work in the related benzazepinone ser-
ies (3) had shown that a secondary amide or carbamate
was required at this position to maintain potency. As
shown in Table 2, tert-butyl (25) and neopentyl amides
(26) were acceptable surrogates for the Boc group and
resulted in analogs with similar hNav1.7 potency. While
the simple phenyl amide 27 afforded a 7-fold loss in po-
tency, incorporation of a 2-substituent increased po-
tency (28 and 29). The 2-trifluoromethoxy analog, 28,
had comparable potency to the parent (4). Changing







Table 1. The effect of imidazole substituent on hNav1.7 binding, off-target activities, PK and in vivo efficacy


N


N


N
N
H


O


NH


R1
CF3


O
O


Compound R1 hNav1.7 IC50 (nM) MK-499


(% inhibition at


the rate of 10 lM)


CYP 3A4


IC50 (lM)


Clp
(mL/min/kg)


AUC (norm. po,


lM h kg/mg)


F (%)


12 H >10,000 13


13 Me >10,000 0


14 iPr >10,000 0


15 1000 54 0.86


16
F3C


>1000 19


17 t-Bu 185 32 36 0.28 31


18 CF3CH2 81 0 113 0.02 7


19 CF3CF2CH2 123 19 87 0.07 10


20 c-PrCH2 243 20 2.43 114 0.07 25


21 t-BuCH2 83 19 64 0.08 17


4 PhCH2 80 43 0.98 15 0.86 41


22
Ph


255 1 21 0.50 36


23
Ph


191 65 22 0.82 57


24
Ph


186 50 0.82 3 4.63 44
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the imidazole substituent from a benzyl to a cyclopro-
pylbenzyl consistently resulted in a decrease in hNav1.7
potency (e.g., cf. 28 with 33). Trifluoromethylcyclopro-
pyl and 2-trifluoromethoxyphenyl amides 32 and 33
had comparable potency to the parent (24), and had
no MK-499 liability. These amides, which were poten-
tially more stable to oxidative metabolism, were incor-
porated into subsequent compounds. However, CYP
3A4 inhibition in this series of imidazopyridines re-
mained an issue (e.g., compounds 32 and 33). As shown
in Table 2 these compounds are more potent blockers of
hNav1.7 than hNav 1.8.


With optimized R1 and R2 substituents in hand, we ex-
plored SAR at the R3 position. Earlier work in the related
benzazepinone series (3) had shown that a lipophilic aro-
matic group was necessary at R3 to maintain hNav1.7 po-
tency. The effect of substitution at R3 was investigated and
it was discovered that CYP 3A4 inhibition could be atten-
uated with the correct substitution pattern (e.g., 36 and
40). As shown in Table 3, analogs with a 2-CF3 substitu-
ent are all potent inhibitors of CYP3A4. Adding a substi-
tuent at the 3-position also increases CYP3A4 potency

(cf. 35 with 41 or 34 with 38). This SAR study afforded
compounds with clean off-target profiles, for example,
35, 36, and 40 (<50% at the rate of 10 lM MK-499 bind-
ing and >10 lM inhibitor of CYP 3A4). Substitution at
the para position affords a large decrease in potency (cf.
compound 24 with 47). Otherwise, substitution on the
phenyl substituent R3 is widely tolerated. Several analogs
emerged with greater potency than the parent (34) with
the 2,3,6-trifluoro analog affording a 3-fold increase (43)
(hNav1.7 IC50 = 63 nM). Analogs such as 2-tolyl or 2-
methoxyphenyl were not synthesized due to their poten-
tial PK liabilities. Compounds in Table 3 continue to
greater potency for hNav1.7 over hNav1.8, with selectivity
ranging from 2- to 7-fold.


With these systematic SAR studies complete, com-
pounds were synthesized that combined all of the opti-
mized substituents. As shown in Table 4, several
analogs with hNav1.7 potency, clean off-target profiles
and good rat PK were identified (e.g., 49 and 50).


These optimized compounds were tested in the Chung
rat spinal nerve ligation model of neuropathic pain.15







Table 2. Effect of the amide substituent on potency and off-target activities


N


N


N
N
H


O


NH


R1
CF3


O
R2


Compound R1 R2 hNav1.7 IC50


(nM)


hNav1.8


IC50 (nM)


MK-499 % inhibition at


the rate of 10 lM


CYP 3A4 IC50


(lM)


25 Bn tBu 261 1458 58


26 Bn CHt
2Bu 86 361 63


27 Bn Ph 552 19


28 Bn 2-OCF3Ph 129 230 0


29 Bn 2-CF3Ph 232 366 0


30 Bn 476 45


31
Ph


1195 2975 6


32
Ph


F3C
261 1782 27 1.9


33
Ph


2-OCF3Ph 181 825 36 1.8


Table 3. Effect of the phenylalanine substitution on hNav1.7 and off-target activities


N


N


N
N
H


O


R3


NH
O


O


Ph


Compound R3 hNav1.7 IC50 (nM) hNav1.8 IC50 (nM) MK-499 % inhibition at the rate of 10 lM CYP 3A4 IC50 (lM)


34 Ph 394 19 6


35 2-F-Ph 238 880 40 >10


36 2-Cl-Ph 132 500 12 >10


24 2-CF3-Ph 186 793 50 0.82


37 2-OCF3Ph 148 985 35 1.3


38 3-Cl-Ph 221 33 2.4


39 4-Cl-Ph 1053 48


40 2,5-diF-Ph 148 5 >20


41 2,3-diF-Ph 275 16 4.6


42 2,6-diF-Ph 171 685 30 6.1


43 2,3,6-triF-Ph 63 446 5 3.9


44 2-Cl-6-F-Ph 147 4 5.3


45 2-Cl-5-F-Ph 102 295 13 2.0


46 2-CF3-3-F-Ph 158 806 41 0.81


47 2-CF3-4-F-Ph 744 1242 54


48 2-CF3-6-F-Ph 153 18 3.4
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In this model, neuropathic pain is induced in rats by sur-
gically ligating and transecting the rat’s L5 spinal nerve.
Sensitivity to mechanical stimulation is measured before
and seven days after surgery using calibrated Von Frey
filaments. Rats that exhibit significant allodynia are
dosed orally with test compound, and the reversal of

allodynia is measured. Despite good oral exposure and
hNav1.7 potency, compounds 35 and 49–51 lacked effi-
cacy in this model. Oral dosing (10 mg/kg) of compound
24 afforded efficacy at 2 h post-dose similar to that of
mexilitene but no efficacy at the 4-h time point (% rever-
sal at 2 and 4 h = 45% and 12%, respectively). Com-







Table 4. The effect of imidazole substituent on hNav1.7 binding, off-target activities, PK and in vivo efficacy
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O


R3


NH


R1


O
R2


Compound R1 R2 R3 hNav1.7


IC50 (nM)


hNav


1.8 IC50


(nM)


MK-499 %


inhibition


at the rate


of 10 lM


CYP 3A4


IC50 (lM)


Clp (mL/min/kg) AUC norm.,


po (lM h kg/mg)


F


(%)


% Reversal


of allodynia


(10 mg/kg


po) in the


SNL model


at


2 h 4 h


4 Bn OtBu 2-CF3-Ph 80 270 43 1.0 15 0.86 41 52 41


24
Ph


OtBu 2-CF3-Ph 186 793 50 0.8 3.0 4.6 44 45 12


49
Ph F3C


2-Cl-Ph 329 19 >20 9.3 2.5 78 20 13


50
Ph F3C


2,6-di-F-Ph 540 1869 1 >20 4.2 4.0 54 15 5


51
Ph F3C


2,3,6-tri-F 182 446 3 6.4 6.6 3.7 85 32 4
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Ph


OtBu 2-F-Ph 158 880 40 11 7.5 2.0 47 25 24
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pound 4, however, demonstrated significant reversal of
allodynia when dosed orally at 10 mg/kg (% reversal at
2 and 4 h = 52% and 41%, respectively). As shown in
Table 4, this efficacy compares favorably to the efficacy
we obtained with mexiletine, a compound used clinically
to treat neuropathic pain.


Compound 4 was also tested in a rat model of inflamma-
tory pain. In this model, the rat’s hind paw is subjected
to intradermal injection of complete Freund’s adjuvant
(CFA) to induce inflammation.16 Hyperalgesia to
mechanical pressure is measured using a Randal–Sellito
apparatus. Compound 4 exhibited significant reversal of
hyperalgesia in this model even at a low oral dose of
3 mg/kg (% reversal at 2 and 4 h = 44% and 44%, respec-
tively). This result is similar to the efficacy we obtained
with indomethacin, a compound that is used clinically to
treat inflammatory pain (3 mg/kg po: % reversal at 2 and
4 h = 43% and 56%, respectively).


In summary, we have identified a novel series of imi-
dazopyridine hNav1.7 blockers. A benchmark com-
pound from this class displayed robust rat
pharmacokinetics, and was orally efficacious in rat mod-
els of neuropathic and inflammatory pain.
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Abstract—A series of IGF-1R inhibitors is disclosed, wherein the (m-chlorophenyl)ethanol side chain of BMS-536924 (1) is replaced
with a series of 2-(1H-imidazol-4-yl)ethanamine and 2-(1H-pyrazol-1-yl)ethanamine side chains. Some analogs show improved IGF-
1R potency and oral exposure. Analogs from both series, 16a and 17f, show in vivo activity comparable to 1 in our constitutively
activated IGF-1R Sal tumor model. This may be the due to the improved protein binding in human and mouse serum for imidazole
16a and the excellent oral exposure of pyrazole 17f.
� 2008 Elsevier Ltd. All rights reserved.

Over the last decade, the strategy of inhibiting onco-
genic tyrosine kinases has proven itself to be an effective
and powerful tool for the treatment of cancer: this is
demonstrated by the US-FDA approval of the mAbs
Herceptin (binds to HER2/Erb2), Erbitux (EGF), and
Avastin (VEGF), as well as the small molecule receptor
tyrosine kinase (RTK) inhibitors, Gleevec (targets Bcr-
Abl), Iressa and Tarceva (EGFR), Sutent (VEGFR/
PDGFR/c-Kit), and Sprycel (Bcr-Abl/Src). In March
2007, the pan-Her kinase inhibitor Lapatinib gained
approval for HER2-positive breast cancer.1

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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While the marketed drugs cited above demonstrate clin-
ically relevant validation for inhibition of some of the
RTK pathways, the insulin-like growth factor I receptor
(IGF-1R) signaling pathway remains, so far, an unpro-
ven target of small molecule intervention in human
oncology. Nevertheless, since signal transduction
through IGF-1R, via its over-expression or constitutive
activation, leads to an oncogenic state, and since high
levels of its soluble ligands (IGF-1 and IGF-2) correlate
with an increased risk of developing various human
malignancies,2 inhibition of IGF signaling represents
an attractive target for cancer therapy. While there are
multiple complex downstream targets that are turned
on (or off, ie GSK-3b)3 following IGF-1R receptor acti-
vation, the two distinct major downstream signaling
pathways which are activated via the IGF axis are (1)
PI3K/AKT (PKB, which blocks multiple pro-apoptotic
proteins such as caspase 9 and Bad, and thus signals
‘survival’, as well as metastasis and angiogenesis)4 and
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Scheme 1. Reagents and conditions: (a) (Imid)2CO (1.0 equiv), DMF


(400 mL), 120 �C, 14 h, 50% (40.1 g), 3 crystallizes from reaction using


100 g of 2; (b) RX, CH3CN reflux 10–72 h: product crystallizes from


reaction; 94% (4a), 85% (4b): Br(CH2)2F, CH3CN, microwave 150 �C,


1.5 h, used crude for step c for 4c; Br(CH2)2OMe, CH3CN, 100 �C,


20 h, 62% after reverse phase purification for 4d; i-PrBr, CH3CN,


microwave 125 �C, 2 h, crystallizes from reaction for 4e; (c) 8–10 N


HCl, 100–110 �C, 60–96 h, evaporate in vacuo; (d) (Boc)2O, CH2Cl2,


aq NaHCO3, rt, 120 h, 99% (5a), 97% (5b), 16% (5c); (e) H2O, 100 �C,


16 h, then purify on SCX resin and elute with 2 M NH3/MeOH, 51%


for 7g as its free base; 6 N HCl, reflux, 96 h, then apply to Bio-Rad


chloride ion exchange resin and elute with H2O to give 7h as bis HCl


salt; (f) 7e was purchased from Sigma Chemical Company; (g) 7f is


obtained from 4b using conditions in (c), followed by application to


Bio-Rad chloride ion exchange resin and elution with H2O to give 7f as


a bis HCl salt (99%).
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(2) Sos/Ras/Raf/Mek/Erk (MAP kinase pathway, which
signals mitogenesis, as well as anti-apoptosis, and
expression of the VEGF target genes).2,3


One concern for targeting the IGF-1R pathway is the ef-
fect such an inhibitor may have on the highly homolo-
gous insulin receptor (IR), which is involved in
metabolism and glucose regulation.2 While IGF-1R
inhibitors may be efficacious for treating human cancers,
the trade off with simultaneous IR inhibition may be to
initiate insulin resistance and cause a diabetic state.5


However, there is also evidence to suggest that simulta-
neous inhibition of IR (in particular hybrid receptors be-
tween IGF-1R and IR isoform A) and IGF-1R might be
required for effective antitumor efficacy.2c,6c


One6a of our group’s recent reports6a–e describes the
in vitro and in vivo biological activity of a novel IGF-
1R inhibitor, BMS-536924 (1), wherein a 2-fold window
between antitumor efficacy and glucose elevation is ob-
served in vivo.7 In an effort to improve 1 in terms of
its IGF-1R potency (IC50 = 100 nM), high human serum
protein binding (99.6%), and oral exposure (50.9 mM h),
we replaced the lipophilic (m-chlorophenyl)ethanol side
chain with various heterocyclic side chains. In fact, early
work from our laboratories on a related series reveals
the superiority of a 2-pyridine side chain vis-à-vis its 3-
or 4-isomers6e indicating that ortho-substitution of an
aromatic ring carbon with an unsubstituted sp2 nitrogen
leads to improved IGF-1R potency. It turns out that
both 1 and its pyridine side chain variant shown in Fig-
ure 1 have nearly identical IGF-1R potency and oral
exposure. A further survey of related heterocycles led
us to both imidazole (16e) and pyrazole (17e) analogs
which emerged as initial hits. We subsequently focused
our synthetic chemistry efforts on these two series in or-
der to systematically expand the SAR of these leads.8


Herein, we describe the synthesis and evaluation of a
series of imidazole and pyrazole side chain analogs of
1, from which 16a and 17f display reduced protein bind-
ing and enhanced oral exposure vis-à-vis 1, respectively.
Both 16a and 17f display comparable in vivo antitumor
activity to 1 in a constitutively activated IGF-1R Sal tu-
mor model. All of these new analogs are equipotent for
IGF-1R and IR, a result that is not unexpected given the
high degree of homology between these RTK’s.6


Results and discussion: Whereas C-5 unsubstituted
N(1)s-alkyl histamine analogs (e.g., 7e–f in Scheme 1)
are known in the literature,9 their preparation by direct
alkylation of a suitably protected histamine results in
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Figure 1. IGF-1R IC50’s of 1 and its pyridine side chain analog.

mixtures of the s (1) and p (3) regioisomers. A strategy
for exclusive formation of s (1)-alkylated histamines is
initially described by Durant et al.9a and later improved
upon by Jain and Cohen,9b and proceeds via cyclization
of histamine (2) with carbonyl diimidazole to give cyclic
urea 3 as shown in Scheme 1. Alkylation of 3 to salts 4a–
b, followed by hydrolysis, leads to such s (1)-alkylated
histamines as 7e–f. We have now further improved upon
the Durant/Cohen alkylation and hydrolysis sequence as
applied to salts 4a–e and histamines 5a–c and 7e–h as
shown in Scheme 1. Intermediate 3 is now obtained di-
rectly by crystallization from the reaction mixture on a
100 g scale as shown below in Scheme 1.


We intended to apply a similar strategy for the synthesis
of 5-halo-N(1)s-alkyl histamines such as 7a–d and 7i–k
(Scheme 2). However, we were surprised to find that
no reports of 5-halo-N(1)s-alkyl histamines existed,
although ring halogenation of the parent (unalkylated)
histamines is described to give both 5-halo and 2,5-diha-
lo analogs.9c The first syntheses of such 5-halo-N(1)s-al-
kyl histamines are now described, as shown in Scheme 2,
and some chemistry of the 5-halo-N(1)s-ethyl and
methyl histamines is shown in Scheme 3.


The N-Boc-protected intermediates 5a–c undergo regio-
selective halogenation exclusively at C-5 using NCS or
NBS in acetonitrile at 40–60 �C to provide 6a–e in 40–
61% yield as shown in Scheme 2. Boc-deprotection is
best accomplished by 4 N HCl in dioxane/methylene
chloride to give the bis HCl salts of the final 5-halo-
N(1)s-alkyl histamines 7a–d in excellent yield as filter-
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able solids. Alternatively, C-5 chlorination of the unpro-
tected histamines 7g–h gives 7j–k using NCS in metha-
nol in the presence of 2 equiv of 1 N HCl (Scheme 2).
In this case, the product is not purified but is used di-
rectly with 4-halopyridone 15, as shown in Scheme 6
(vide infra).10


The Boc-protected 5-chloro-N(1)-methyl histamine 6a
can be lithiated at C-2 and quenched with methyl iodide
in good yield to give the C-5-chloro-N-(1,2)-dimethyl
analog 7l following Boc-deprotection (Scheme 3). Chlo-
rination of 6a at C-2 followed by N-deprotection yields
the 2,5-dichloro-N(1)-methyl histamine 7n. In addition,
the unprotected 5-bromo-histamine 7d undergoes cop-
per(I) catalyzed N and S bond formation to give 7o
and 7p, respectively, albeit in low yield.11

In the context of our interest in the synthesis of the req-
uisite N-(2-aminoethyl)pyrazole analogs 10a–o in
Scheme 4, we recently described a high yield micro-
wave-assisted synthesis of primary amine HX salts from
halides and 7 M ammonia in methanol.12 This method
describes the synthesis of 10e–g,12 and is also used for
the synthesis of 10a–d, readily available from 9a to 9c,
as shown below in Scheme 4. Note that under the con-
ditions of the 7 M ammonia in methanol microwave
reaction, ethyl ester 9c yields a 79:21 mixture of ethyl es-
ter 10c and methyl ester 10d which are carried forward
as a mixture and separated after coupling with 4-halo-
pyridone 15 (Scheme 6) to give the final products 17c–d.


The synthesis of the C-3 and C-5-methyl-N-(2-amino-
ethyl)pyrazole analogs 10j–k (HBr salts) is accomplished
by non-regioselective alkylation of 3-methylpyrazole
(12), followed by processing as shown in Scheme 4.
Interestingly, attempted chlorination of these HBr salts
10j–k with NCS in methanol yields, exclusively instead,
the products of C-4-bromination, 10l–m. Switching the
HBr salts of 10j–k to HCl salts using anion exchange
(see Scheme 4, step g), followed by chlorination with
NCS, gives the C-4 chlorination products 10n–o. Note
that pairs of regioisomers 10l–m and 10n–o are not sep-
arated at this stage, but are coupled as a mixture with 4-
halopyridone 15 as shown in Scheme 6. Separation by
reverse phase HPLC then yields the final products,
17l–o. A bromination, reduction, and non-regioselective
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Table 1. SAR of imidazole side chain analogsa


N


H
NN


O O


HN


16a-m


Compound R1 R2 X IGF-1R


1 — — — 100


16ab H CH3 Cl 38


16b H Et Cl 83


16c H CH3 Br 75


16d H Et Br 172


16e H CH3 H 190


16f H Et H 480


16g H MeO(CH2)2 H 550


16h H i-Pr H 360


16i H FCH2CH2 Cl 82


16j H MeO(CH2)2 Cl 290


16k H i-Pr Cl 360


16l CH3 CH3 Cl 66


16m H Et HCC 243


16n Cl CH3 Cl 160


a None of the analogs show selectivity over IR.
b Protein binding in human serum is 94.1% for 16a versus 99.6% for 1.
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alkylation sequence is applied to 3-pyrazole carboxylic
acid 1113 to give a mixture of 10h–i, which is similarly
processed to 17h–i.


Since the final product 17l shows exceptionally good
oral exposure (Table 2, vide infra), we required an im-
proved synthesis of the corresponding amine 10l. Cur-
tius rearrangement of commercially available acid 13,
followed by bromination and Boc-deprotection, readily
affords 10l in good overall yield as shown in Scheme 5.


Coupling of amines 7a–n and 10a–o with 4-halopyridone
15 is straightforward as shown in Scheme 6 and yields
the final products 16a–n (Table 1) and 17a–o (Table 2)
using the method described in Ref. 6a.


Inspection of Table 1 reveals some key SAR trends in
regards to IGF-1R potency and oral exposure14 for
the 2-(1H-imidazol-4-yl)ethanamine series (compounds
16a–n): substitution of the C-5 imidazolyl hydrogen in
16e and 16f with chlorine to give 16a–b results in a
5-fold increase in potency toward IGF-1R. The corre-
sponding C-5 bromo-analogs 16c–d show a similar, but
somewhat lesser trend. Note that small R2 groups on
the imidazole nitrogen are favored over larger substitu-
tions (compare 16e–h). Large groups at C-5 are not toler-
ated15 and both methyl (16l) and chloro (16n) substitution
at imidazole C-2 somewhat decreases IGF-1R potency
while increasing oral exposure. Analog 16a shows the best
overall balance of enzyme (IGF-1R IC50) and cellular
(IGF-Sal IC50)6a potencies, and oral exposure. The fact
that 16a shows comparable in vivo activity to 1 in our
constitutively activated IGF-1R Sal tumor model,6a,b

NH


N


N


R1


R2
X


IC50 (nM) IGF-SAL IC50 (nM) 0–4 h AUC (mM h)


110 50.9


336 8.2


469 21.5


343


284


521 3.8
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1510


365


451


622


1140


266 36


2034


306 32.2







Table 2. SAR of pyrazole side chain analogsa


N


H
N NHN


O O


HN


N N


R1


X
R217a-o


Compound X R1 R2 IGF-1R IC50 (nM) IGF-SAL IC50 (nM) 0–4 h AUC (mM h)


1 — — — 100 110 50.9


17a CH3 H H 110 397 2.7


17b CN H H 680 821


17c CO2Et H H 68 531 4.9


17d CO2Me H H 91 711 14.1


17e H H H 330 613 1.6


17fb Cl H H 120 376 90.3


17g Br H H 82 144


17h Br CH2OH H 96 697 2


17i Br H CH2OH 470 796


17j H CH3 H 290 422 1.2


17k H H CH3 270 542 5.2


17l Br CH3 H 110 197 132.5


17m Br H CH3 510 700 33.0


17n Cl CH3 H 96 292 57.8


17o Cl H CH3 630 777


a None of the analogs show selectivity over IR.
b Protein binding in human serum is 98.3% for 17f versus 99.6% for 1.
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despite its lower exposure and 3-fold reduced cellular po-
tency, is likely due to its significantly improved protein
binding properties (94.1%, 96.9% for 16a vs 99.6%,
>99.9% for 1 in human and mouse serum, respectively).


Table 2 summarizes the SAR trends of the 2-(1H-pyra-
zol-1-yl)ethanamine side chain analog series 17a–o.
Compounds with bromine or chlorine substitution at
the C-4 pyrazole position and methyl or hydrogen at
the C-3 pyrazole position (R1) (17f, 17l, 17n, 17g16) have
comparable IGF-1R potency and improved oral expo-
sure vis-à-vis 1, however their cellular potency is some-
what compromised by 1.3- to 3-fold. Substitution of
the C-3 position (R1) within this series shows improved
potency over such identically substituted C-5 (R2)
regioisomers (compare 17h–i and 17l–o). The lack of
exposure shown by parent analog 17e (with hydrogen
at C-4) shows that C-4 halogen substitution drives the
excellent oral exposure. Analog 17f demonstrates the
best overall balance of enzyme and cellular potencies,
while exceeding 1 with excellent oral exposure. In fact,
17f demonstrates similar in vivo activity to both 1 and
16a in the IGF-1R Sal tumor model. In addition to its
superior oral exposure over 1, 17f also has modestly im-
proved protein binding (98.3%, 96.2% in human and
mouse serum, respectively). These two advantages serve
to offset its 3-fold weaker cellular potency in terms of its
equivalent antitumor activity.


In summary, we have described a series of IGF-1R
inhibitors wherein the (m-chlorophenyl)ethanol side

chain of 1 is replaced with a series of 2-(1H-imidazol-
4-yl)ethanamine and 2-(1H-pyrazol-1-yl)ethanamine
side chains. Some analogs show improved IGF-1R po-
tency, oral exposure, and human and mouse serum pro-
tein binding. Analogs containing chlorine atoms from
both series, 16a and 17f, show comparable in vivo activ-
ity to 1 in our IGF-1R Sal tumor model.6a,b This may be
the due to their improved protein binding properties for
imidazole 16a and the excellent oral exposure of pyra-
zole 17f. Additional disclosures within this series of ac-
tive IGF-1R inhibitors will be forthcoming from our
group.16
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Abstract—A set of closely related furylidene thiosemicarbazones was prepared and screened against various clinically important
Gram-positive bacteria. One compound containing an ethylene spacer and a 5-nitrofuryl group was found to have promising activ-
ity against Clostridium difficile.
� 2008 Elsevier Ltd. All rights reserved.
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The number of reported cases of Clostridium difficile
associated diarrhoea (CDAD) has increased dramati-
cally over the last decade. In 2005, more than 55,620
cases of CDAD in patients over the age of 65 were re-
ported in England, many of which were associated with
the hypertoxin-producing strain ribotype 027. Not sur-
prisingly, C. difficile is now the leading hospital associ-
ated infection in the UK.1 Furthermore, many strains
of C. difficile are now emerging with increased resistance
and multiple resistance to many common antibiotics
including several fluoroquinolones, erythromycin, clari-
thromycin, fusidic acid and clindamycin.2,3 Such strains
have been associated with outbreaks of CDAD in the
clinical setting. In light of this, there is a clear need to
find novel antimicrobial agents with activity against
both spores and vegetative cells of C. difficile.


Arylidene thiosemicarbazones have been explored in
recent years for trypanocidal,4–7 antiamoebic8 and anti-
bacterial9,10 activity. In some of these the 5-nitrofuryl
group has proved to be essential either connected di-
rectly as the thiosemicarbazone derivative or attached
via an ethylene spacer. Biological activity associated
with the 5-nitrofuryl moiety is understood to be a com-
plex sequence of events starting with reduction of the ni-
tro group.11,12 In addition, the corresponding copper
and palladium complexes of these ligands have shown
similar or enhanced activity against the same targets.7,8
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We now present the biological activities of a set
of substituted furyl-containing thiosemicarbazones
(Scheme 1) against a panel of Gram-positive bacteria
including Staphylococcus aureus (methicillin-sensitive
and -resistant strains), Staphylococcus epidermidis,
Propionibacterium acnes and C. difficile. This was under-
taken with a view to establishing the influence of the
following structural features on the antimicrobial activ-
ity: the size of the alkyl group at the N-4 position; the
presence of a nitro group at the 5-position on the furan;
the presence of an ethylene spacer group in the furylid-
ene portion.


The thiosemicarbazones were prepared in two steps
using variations on literature procedures.8 The appro-
priate isothiocyanates were added to an excess of hydra-
zine in boiling ethanol to give the corresponding
substituted thiosemicarbazides as crystalline solids that

EtOH/reflux
ON


N
H


N
H


R n


1 - 12


Scheme 1. Preparation of the target thiosemicarbazones (compounds


1–12).
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precipitated out of the reaction mixture upon cooling.
These were sufficiently clean to be used in the next step
without purification. The thiosemicarbazides were sus-
pended in ethanol and heated at reflux for 2 h with
1.3 mequiv of the appropriate furyl aldehyde to give
the target compounds 1–12 (Scheme 1 and Table 1).
Again, these compounds precipitated cleanly out of
the reaction mixture. By this simple procedure the
nitrofuranyl compounds (1–4, 6, 8, 10, 12) were
obtained in 59–93% yield and the furanyl compounds
(5, 7, 9, 11) in 27–57% yield. The compounds were char-
acterised by melting point, infra-red spectroscopy, mass
spectrometry (+ve electrospray accurate mass) and pro-
ton NMR spectroscopy and had properties consistent
with the proposed structures.


The test compounds were solubilised in DMSO and
diluted with nutrient broth (Oxoid, UK) prior to screen-

Table 2. Minimum inhibitory concentration (lg mL�1) of compounds 1–12


Organisms


1 2 3 4 5 6


C. difficile NCTC11204 >256 64–128 >256 128–256 >256 64–


C. difficile O27 64–128 64–128 64–128 >256 64–128 32–


C. difficile Z162 >256 128–256 >256 128–256 >256 32–


C. difficile Z229 64–128 8–16 128–256 16–32 128–256 16–


S. epidermidis


NCTC 11047


16–32 32–64 64–128 128–256 >256 32–


S. epidermidis 9 128–256 64–128 >256 >256 >256 64–


S .epidermidis 4 32–64 32–64 >256 >256 128–256 32–


S. aureus ATCC6538 64–128 32–64 64–128 64–128 >256 32–


S. aureus H1 64–128 16–32 128–256 >256 >256 16–


S. aureus K1 128–256 64–128 >256 64–128 >256 >2


MRSA A1 64–128 64–128 >256 >256 >256 64–


MRSA C3 >256 64–128 >256 >256 >256 64–


MRSA E1 64–128 64–128 >256 >256 >256 64–


P. acnes NCTC737 16–32 16–32 64–128 64–128 32–64 16–


P. acnes B5 64–128 32–64 >256 32–64 32–64 1–2


P. acnes C3 16–32 2–4 32–64 16–32 16–32 1–2


P. acnes C5 64–128 32–64 64–128 16–32 1–2 64–


Table 1. Structures of the compounds synthesised and screened in this


study


Compound R1 n R2 cLogPa Reference


1 Me 0 NO2 2.1 6,7,13


2 Et 0 NO2 2.4 6,7,13


3 i-Pr 0 NO2 2.8 7,8


4 t-Bu 0 NO2 2.9


5 Me 1 H 1.7


6 Me 1 NO2 2.5 6,7,13


7 Et 1 H 2.1


8 Et 1 NO2 2.8 6,7,13


9 i-Pr 1 H 2.5


10 i-Pr 1 NO2 3.2 14


11 t-Bu 1 H 2.5


12 t-Bu 1 NO2 3.3 15


a CAChe WorkSystem Pro Version 6.1.12.33 (Fujitsu Ltd).

ing for 24 h at 37 �C against an initial panel of organ-
isms in using 2.5 · 107 CFU/mL. Anaerobic micro-
organisms were incubated in an anaerobic cabinet.
Controls consisted of incubations of the specified organ-
isms as above but omitting the test compounds. Com-
pound 8 was tested further against an expanded panel
of organisms. The resulting minimum inhibitory concen-
trations are presented in Tables 2 and 3. Vancomycin
susceptibility was investigated for a subset of organisms
and the results are presented in Table 2. A suspension of
each organism (at a concentration of McFarland 0.5)
was used to inoculate the entire surface of appropriate
agar plates. Vancomycin E-test strips (AB BIODISK,
Solna, Sweden) were placed in the middle of the agar
plates and incubated under the appropriate conditions:
Staphylococci, Nutrient agar (Oxoid, UK) plates,
37 �C, aerobic, 24 h; C. difficile, Wilkins Chlagren agar
WCA (Oxoid, UK) plates, 37 �C, anaerobic, 48 h;
P. acnes, nutrient agar plates, 37 �C, anaerobic, 48 h.


Compounds 1–12 were screened against an initial panel
of Gram-positive organisms in nutrient broth that in-
cluded representative strains of C. difficile, S. epidermi-
dis, S. aureus (including MRSA strains) and P. acnes
(Table 2). Compound 8 was significantly more active
against each of the different types of organism. This
can be seen in Figure 1 where the reciprocal of the aver-
aged MIC values for the different types of organism for
each of the compounds has been presented as a bar
chart. Excluding P. acnes, the structure–activity profile
was quite sharp. Apart from compound 8 only com-
pounds 1, 2 and 6 had noticeable antimicrobial activity.
Each of these four compounds has the 5-nitrofuran moi-
ety. For P. acnes, again, compound 8 was the most
active but this time moderate antimicrobial activity
was spread across the test compounds with the excep-
tion of 3, 7 and 9.

against an initial panel of organisms


Compound


7 8 9 10 11 12 Vancomycin


128 >256 4–8 >256 >256 >256 >256 0.5


64 64–128 8–16 64–128 64–128 64–128 64–128 0.75


64 >256 0.125–


0.25


>256 >256 >256 128–256


32 64–128 4–8 128–256 64–128 64–128 64–128


64 >256 4–8 >256 64–128 >256 >256 2


128 >256 1–2 >256 >256 >256 >256


64 >256 4–8 >256 64–128 >256 >256


64 >256 4–8 >256 >256 >256 >256 1.5


32 >256 16–32 >256 256 >256 64–128


56 >256 4–8 >256 >256 >256 32–64


128 >256 2–4 >256 >256 >256 >256


128 >256 4–8 >256 >256 >256 >256


128 >256 4–8 >256 >256 >256 >256


32 16–32 4–8 32–64 32–64 64–128 16–32 0.5


>256 8–16 >256 32–64 64–128 32–64


32–64 2–4 1–2 32–64 4–8 8–16


128 32–64 32–64 64–128 64–128 1–2 16–32







Table 3. Minimum inhibitory concentration (lg mL�1) of compound 8


against an expanded panel of organisms


Organism MIC


C. difficile Z16 8–16


C. difficile Z21 16-32


C. difficile Z 66 4–8


C. difficile Z150 4–8


C. difficile Z158 2–4


C. difficile Z159 8–16


C. difficile Z160 8–16


C. difficile Z161 0.5–1


C. difficile Z163 2–4


C. difficile Z164 1–2


C. difficile Z166 2–4


C. difficile Z167 2–4


C. difficile Z168 2–4


C. difficile Z169 2–4


C. difficile Z170 2–4


C. difficile Z171 2–4


C. difficile Z172 4–8


C. difficile Z173 8–16


C. difficile Z175 0.5–1


C. difficile Z176 2–4


C. difficile Z177 2–4


C. difficile Z179 2–4


C. difficile Z251 1–2


C. difficile Z387 16–32


C. difficile Z1568 1–2


C. difficile Z1577 0.5–1


C. difficile Z1578 1–2


C. difficile Z1579 2–4


C. difficile Z1580 1–2


C. difficile Z1591 1–2


S. epidermidis NCTC 9865


S. epidermidis RP62A 4–8


S. epidermidis 3 2–4


S. epidermidis 7A 2–4


S. epidermidis 8A 2–4


S. epidermidis 10 4–8


S. epidermidis 11 1–2


S. aureus T1 4–8


S. aureus V1 2–4


S. aureus H1 64–128


S. aureus MSSA2 4–8


S. aureus MSSA3 4–8


MRSA A3 4–8


MRSA B1 4–8


MRSA B3 4–8


MRSA D1 4–8


MRSA C1 2–4


EMRSA 15 4–8


P. acnes B3 8–16


P. acnes C1 8–16


P. acnes D1 4–8


P. acnes D3 4–8


C. albicans 1013781 128–256


C. albicans 1012155 128–256


C. albicans 1009116 128–256


C. albicans 1011377 128–256


C. albicans 1015391 128-256


Acinetobacter spp. 1 128–256


Acinetobacter spp. 2 128–256


Acinetobacter spp. 3 128–256


Acinetobacter spp. 4 128–256


Acinetobacter spp. 5 128–256


igure 1. Bar chart of averaged 1/MIC values (mL lg�1) for


ompounds 1–12 for the various classes of organisms tested.


1710 C. Costello et al. / Bioorg. Med. Chem. Lett. 18 (2008) 1708–1711

F


c


Thiosemicarbazones of 5-nitro-2-furaldehyde also con-
taining N-4 dialkyl/cycloalkyl substituents are known
to have antifungal properties and activity against
mainly Gram-positive bacteria.9 For example, the N-4
diethyl analogue of compound 2 has good activity
against Escherichia coli, Micrococcus pyrogenes, Strep-
tococcus pyogenes, Baccillus subtilis and moderate
activity against Trichophyton mentagrophytes and Can-
dida albicans. Although these are different organisms
from those presented in this article it appears that
the addition of a second alkyl substituent at the N-4
position of the thiosemicarbazones without the ethyl-
ene spacer (n = 0) improves activity against Gram-posi-
tive bacteria.


Compound 8 was tested against an expanded panel of
organisms (Table 3). It had good activity against the
organisms mentioned above. For C. difficile in particular
the reference strain NCTC 11204 was inhibited at 4–
8 lg/mL and a set of 33 clinical strains exhibited mini-
mum inhibitory concentrations in the range 0.125–0.25
to 16–32 lg/mL. In addition, no activity was observed
against the Gram-negative microorganism Acinetobacter
spp. or C. albicans yeast strains. The mechanism of ac-
tion of the lead compound 8 is unknown at this time.
On the basis that the Log P values for the inactive com-
pounds 3, 4, 6, 9, 10 and 11 (Table 1) are very similar to
that of the active compound 8, it may be expected that
the cellular penetrations of these compounds are similar.
Thus the observed SAR may indeed reflect interactions
at particular targets rather than differences in cellular
penetration. In addition previous authors6 have investi-
gated the acute in vivo toxicity of compounds 2 and 8.
These indicated nontoxic effects on the basis of clinical
biochemistry, haematology and the histological studies
of organs.


In summary, amongst a set of closely related thiosemi-
carbazones, compound 8 was found to have promising
antimicrobial activity against clinically important
Gram-positive skin organisms. Its key structural fea-
tures included an ethyl group at N-4, an ethylene spacer
in the furylidene portion and a nitro group at the 5-po-
sition of the furan ring.
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Abstract—Transkarbams (T) represent novel group of highly active, non-toxic transdermal permeation enhancers. This study was
focused on the influence of small symmetrical terminal branching on their enhancing activity. Series of T with terminal methyl or
ethyl branching was prepared and their permeation-enhancing activity was compared to that of their linear analogues. The results
showed completely a different behaviour from similarly branched alcohols, supporting the key role of the ammonium-carbamate
polar head in the enhancing activity of T.
� 2008 Elsevier Ltd. All rights reserved.

N
H


O RO
O


O


NH3
+ O R


O
R:  linear                     branched                  
     T8    octyl               2a    7-methyloctyl
     T9    nonyl 2b   8-methylnonyl
     T10  decyl              2c    9-methyldecyl
     T11  undecyl          2d   10-methylundecyl
     T12  dodecyl          2e   11-methyldodecyl


2f     8-ethyldecyl
2g   10-ethyldodecyl


Figure 1. Studied linear transkarbams T8–T12 and their methyl- and


ethyl-branched analogues 2a–2g.

One of the approaches used to enlarge the number of
transdermally applicable drugs is the employment of
permeation enhancers. These compounds facilitate drug
absorption through the skin by a reversible decrease of
the barrier resistance; however, the exact mechanism
of action of most enhancers has not been elucidated
yet. They can act by one of these alternative ways: inter-
action with the stratum corneum intercellular lipids,
interaction with protein structures and partitioning
modification; combination of these effects is possible as
well.1–4


A novel group of transdermal permeation enhancers, the
so-called transkarbams (carbamic acid salts derived
from x-amino acid esters, T), has been reported in our
previous studies.5,6 These compounds were specifically
designed as open-cycle analogues of Azone� (1-dodecy-
lazacycloheptan-2-one).7,8 One of these substances,
namely 5-(dodecyloxycarbonyl)pentylammonium-5-
(dodecyloxycarbonyl)pentylcarbamate (Transkarbam
12, T12, Fig. 1) has shown an exceptional enhancing
activity for numerous drugs with a wide range of phys-
ico-chemical properties,9,10 displaying low toxicity and
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no dermal irritability.9 Its high activity seems to be clo-
sely related to the structure of its polar head (ammo-
nium carbamate salt) that can be decomposed easily in
mildly acidic environment releasing a molecule of
CO2.11,12 The free amino ester9 as well as compounds
with CO2 covalently bound in the polar head13 appeared
to be inactive. Moreover, ester group in the lipid chains
exhibited a key influence on the enhancing activity as
well.14,15


Previously, the influence of terminal methyl and ethyl
branching on the activity of fatty alcohols with the chain
length of 8–12 carbons was studied.16 In 12C alcohols,
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the methyl branching did not significantly change the
activity, whereas the ethyl branching increased the
enhancement potency by approximately 50%.


This study attempts to elucidate the influence of termi-
nal branching in the alkanol moiety on the transdermal
permeation-enhancing activity of T. The previously
studied branched alcohols were incorporated into the
molecules of newly synthesized T (compounds 2a–2g,
Fig. 1) in order to find whether such structural change
will increase their enhancing activity in comparison with
the linear T (T8–T12, Fig. 1).


For the preparation of the branched carbamates 2a–2g,
the branched alcohols were prepared first by a proce-
dure described previously.16 First, branched carboxylic
acid salts were obtained by linking x-bromo acid
sodium salts of a suitable chain length with the corre-
sponding branched alkylmagnesium bromides in the
presence of Li2CuCl4. Without isolation, the crude
product was reduced with LiAlH4 to yield the branched
alcohols (Scheme 1).


Then 6-aminohexanoic acid hydrochloride was con-
verted to the corresponding acyl chloride that further re-
acted with the appropriate branched alcohol to form
ester.17 The amino group was liberated with triethyl-
amine (TEA) and the basic amino ester then reacted
with CO2 to form the target carbamate salts18 (Scheme
2). The yields, melting points and spectral data of the
newly prepared compounds 2a–2g and their precursors
1a–1g are available in the Supporting information.


The presence of the ammonium carbamate salt was con-
firmed by NMR and IR spectroscopy. The 13C NMR
spectrum in toluene showed a signal at 163 ppm, attrib-
uted to the carbonyl carbon of the carbamate salt, and
two resonances at 42 and 41 ppm, corresponding to
the methylene carbons next to NH3


þ and NHCOO�,
respectively. The 1H NMR spectrum further confirmed

Br O
O


7
Na


+ MgBr OH9
+


i, ii


Scheme 1. Synthesis of 11-methyldodecanol. Other branched alcohols


were prepared likewise using different combinations of the chain


lengths and type of branching of the precursors (described in detail in


Ref. 16). Reagents and conditions (i) Li2CuCl4, THF, �10 �C, 4 h; (ii)


LiAlH4, THF, reflux, 1 h.


NH3
+ OH4


O


Cl


NH3
+ O


O
R


4


Cl


NH3
+ O


O
R


4


NH O
O


R


O O
4


1a-1g


2a-2g


i, ii


iii


50-69 %


38-62 %


Scheme 2. Synthesis of the branched carbamate salts. Reagents and


conditions (i) SOCl2, 40 �C, 30 min; (ii): R–OH, CHCl3, reflux, 1.5 h;


(iii): TEA, CO2. R: as in Figure 1.

the carbamate structure; both NH3
þ and NH signals


were observed at around 5 and 3.3 ppm, respectively, to-
gether with two signals of the methylene hydrogens
adjacent to ammonium and carbamate nitrogen at
around 2.6 and 2.2 ppm, respectively, at the ratio of
1:1. When dissolved in CHCl3 or similar acidic solvents,
the products, i.e. ammonium carbamate salts, decom-
posed into carbon dioxide and the parent amino esters
were detected. In the IR spectrum in Nujol, the med-
ium-intensity band at 1634–1652 cm�1, assigned to the
amide I band of the carbamic acid salt, was present.
When dissolved in CHCl3, the band disappeared, while
a new one emerged at 2337 cm�1, corresponding to the
released CO2 (see Supporting information, IR of the
compounds in Nujol and CHCl3, respectively). For the
detailed information on the behaviour of the long-chain
ammonium carbamates, see Refs. 11 and 12.


The transdermal permeation-enhancing activity was
evaluated in vitro using Franz diffusion cell, theophyl-
line as a model drug and porcine ear skin of full thick-
ness as a model membrane. Theophylline was selected
as a model permeant of medium polarity as it has been
widely studied previously in various transdermal drug
delivery systems.19,20 The donor samples were prepared
by suspending theophylline (50 mg) and the tested en-
hancer (10 mg) in 60% propylene glycol (1 mL). The
control samples were prepared likewise without addition
of the enhancer. This amount of theophylline was well
above its solubility limit, i.e. the maximum thermody-
namic activity was maintained in all donor samples
either with or without the enhancers. In the aqueous do-
nor samples, the ammonium carbamates are stable pro-
viding neutral or slightly alkaline pH is maintained.11,21


Propylene glycol was added to the donor samples
according to our previous results showing greater
enhancement ability of T in this vehicle. Phosphate buf-
fer saline (pH 7.4) supplemented with 0.03% of sodium
azide was used as the acceptor phase. The detailed
description of the skin preparation, permeation experi-
ment and HPLC determination of theophylline in the
acceptor phase was described elsewhere.16


Cumulative amounts of theophylline (lg/cm2) perme-
ated through the skin were plotted against time and stea-
dy state fluxes (lg/cm2/h) were calculated from the linear
region of the plot. The enhancement ratio (ER) was cal-
culated as the ratio of the flux of theophylline with and
without the enhancer. The data are presented as means
± SD (n = 6–14) obtained from the skin fragments of
4–8 animals (on each skin fragment both enhancer and
its respective control were evaluated). The statistical sig-
nificance of the differences was analyzed with the Stu-
dent’s t-test; value of p < 0.05 was considered
significant.


The permeation-enhancing activities expressed as ER
are summarized in Table 1.


As shown in Table 1, both linear and branched T re-
flected a parabolic relationship between their chain
length and permeation-enhancing activity. The maxi-
mum was observed at around 10 carbons in the alkanol







Table 1. Enhancement ratios (ER) of the studied carbamates: R–O–


CO–(CH2)5NHCOO� H3N+(CH2)5–CO–O–R


Compound R ER ± SDa


T8 Octyl 10.35 ± 4.95


T9 Nonyl 16.28 ± 5.70


T10 Decyl 33.60 ± 3.38


T11 Undecyl 28.86 ± 9.80


T12 Dodecyl 20.02 ± 3.69


2a 7-Methyloctyl 11.41 ± 5.86


2b 8-Methylnonyl 23.28 ± 8.77


2c 9-Methyldecyl 26.34 ± 11.95


2d 10-Methylundecyl 26.12 ± 9.93


2e 11-Methyldodecyl 18.97 ± 10.15


2f 8-Ethyldecyl 23.19 ± 4.17


2g 10-Ethyldodecyl 18.08 ± 6.12


n = 6–14 (skin fragments from 4 to 8 animals for one compound).
a Significantly different from control (p < 0.05) for all presented data.


Figure 2. The enhancing activity of methyl-branched fatty alcohols


and T plotted against their chain length. Filled circles: alcohols; open


squares: T. The ER values of the alcohols were evaluated under the


same conditions in our previous study.16 Data are presented as


means ± SD.
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moiety in both series (ER 33.60 ± 3.38 and 26.34 ± 11.95
in T10 and 2c, respectively). This finding was consistent
with those made by Hrabálek et al.6 and Kanikkannan
et al.22


Nevertheless, there was no significant difference between
the linear and the methyl-branched group. The ethyl
branching even caused a decrease in activity (see com-
pounds T10 and 2f with the same chain length;
p < 0.05). On the other hand, when comparing 2f and
T12, i.e. derivatives with the same carbon number and
approximately the same lipophilicity, their potencies
were comparable. In compounds T12 and 2g (the
ethyl-branched analogue of T12), the activity remained
almost the same. These findings differ from those made
in the group of fatty alcohols where the same ethyl
branching clearly increased their potency.16


In the fatty alcohols, introduction of the terminal
branching probably changed their mode of action (or
the prevailing mode of action).16 No such change was
observed in the studied linear and branched T, suggest-
ing that the mechanism of action of T was completely
different from that of the corresponding fatty alcohols.
This hypothesis is further supported by the difference
in the chain length-activity relationship between the
groups of the fatty alcohols and T—while the branched
T showed a parabolic relationship, the activity of the
branched alcohols decreased with increasing chain
length16 (see Fig. 2).


These results strongly contrast with our previous study,
where branching of similar size was situated close to the
ester group of T. Unlike with the terminal branching,
this resulted in an order-of-magnitude lower activity
compared to their linear counterparts.23 One of the rea-
sons for such decrease of activity was probably the ste-
ric hindrance of the alkyl group preventing formation
of a stable carbamate salt.11 The terminal methyl and
ethyl branching, on the other hand, allowed formation
of crystalline carbamates. This comparison points out
the importance of the carbamate polar head in the
mode of action of T: a structural change that did not
influence the stability of the carbamate salt did not alter

the activity of T and vice versa. This result is consistent
with that obtained previously where the decarboxylated
free amino ester derivative of T12 tested under argon
completely lost its permeation-enhancing activity.9 On
the other hand, the activity of the fatty alcohols was
highly dependent on the structure of their lipophilic
chain.


Yet another conclusion can be drawn from these results.
Being esters, T undergo enzymatic hydrolysis by ester-
ases. In T12, second-order degradation by porcine ester-
ase has been described in vitro.9 As esterase activity is
present also in the stratum corneum,24 an additional
hypothesis must be taken into account that the high
activity of T12 might arise from the activity of free
dodecanol released after its hydrolysis. However, the re-
sults of this study disproved this hypothesis as the
behaviour of T and the corresponding alcohols differed
significantly. Hence, T are not carriers or ‘pro-enhanc-
ers’ of the fatty alcohols. The enzymatic hydrolysis is
likely to take place in the deeper skin layers, where the
released alcohols cannot exert their permeation-enhanc-
ing properties.


In conclusion, although the activities of the newly pre-
pared compounds were comparable to the parent ones,
the comparison revealed interesting relationships. We
can reject the hypothesis that T act via the released alco-
hols. Moreover, the differences in the structure-activity
relationships and the relative insensitivity of T towards
terminal branching support our hypothesis that the
mode of action is directed by the unusual polar head
of these compounds, the ammonium carbamate. Further
studies aiming at elucidating the importance of this po-
lar head group by physico-chemical methods are in
progress.
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Rettig, W.; Pissis, P.; Hrabálek, A.; Doležal, P.; Neubert,
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Abstract—Nephropathic cystinosis is a rare autosomal recessive disease characterised by raised lysosomal levels of cystine in the
cells of most organs. The disorder is treated by regular administration of the aminothiol, cysteamine, an odiferous and unpleasant
tasting compound that along with its metabolites is excreted in breath and sweat, leading to poor patient compliance. In an attempt
to improve patient compliance a series of novel prodrugs has been designed and evaluated as a potential new treatment for neph-
ropathic cystinosis. The first of the prodrugs tested, 3a, was found to decrease the levels of intracellular cystine in cystinotic fibro-
blasts. This is the first report of a potential new therapeutic treatment for nephropathic cystinosis since the advent of cysteamine
bitartrate.
� 2008 Elsevier Ltd. All rights reserved.
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Figure 1. Structure of 2-aminoethanethiol, cysteamine.

Nephropathic cystinosis is a rare autosomal recessive
disease. It is characterised by raised lysosomal levels of
cystine in the cells of most organs. If untreated, the dis-
ease, results in death from renal failure by the second
decade of life. The condition is characterised by poor
growth, renal Fanconi syndrome, renal glomerular fail-
ure and impairment of other tissues and organs (e.g. thy-
roid, pancreas, CNS). If treatment is started just after
birth this can attenuate the rate of renal failure, how-
ever, glomerular damage present at the time of diagnosis
(usually about 12 months of age) is irreversible and may
result in the need for renal transplant.1–4


Cystinosis is caused by a defect in the lysosomal trans-
port mechanism for cystine and results from mutations
in the CTNS gene found on chromosome 17p13, which
codes for cystinosin, a lysosomal membrane transport
protein. A number of mutations have been reported,
the most common being a 57Kb deletion present in
about 50% of cystinotic patients of Western European
ancestry.5 Treating patients with cystinosis involves
administration of glucose and electrolytes to reverse
the effects of Fanconi syndrome as well as corneal and
renal transplantation. Furthermore, the disorder is trea-
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ted by administration of the aminothiol, cysteamine (1)
(as the bitartrate salt, Cystagon�), Figure 1, which acts
to lower intracellular levels of cystine by forming a cys-
teamine–cysteine mixed disulfide. The mixed disulfide is
spatially similar in structure to the amino acid lysine and
can egress the lysosome using the undamaged excretion
pathway for lysine.6 Cysteamine, however, possesses an
offensive taste and smell and irritates the gastrointestinal
tract leading to nausea and vomiting following adminis-
tration. In addition, cysteamine and its metabolites are
excreted in breath and sweat. As a result of these prob-
lems patient compliance can be poor.7


Given the well established beneficial effects of 1 we
envisaged developing a prodrug that was pharmacolog-
ically inactive, thereby masking the offensive taste and
smell of the thiol, but metabolically activated in-vivo,
releasing the active compound thus allowing for effective
oral administration. Our research was directed towards
the design, synthesis and biological evaluation of novel
cysteamine derivatives, intended to preserve the advan-
tageous cystine depletive effects, while reducing the ad-
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verse consequences of administration that occur as a di-
rect result of treatment with 1. It was hoped that by
decreasing the solubility of the prodrug, the metabolism
of cysteamine in the plasma would also be decreased
leading to lower concentrations of the metabolites
responsible for halitosis (dimethylsulfide and metha-
nethiol).8 Furthermore, such a prodrug strategy focuses
on increasing the cellular/lysosomal concentration of
cysteamine whilst decreasing circulatory levels, either
through increased cellular uptake or diminished plasma
reduction/methylation processes.


A series of novel compounds based on the disulfide
counterpart of 1, cystamine dihydrochloride (2), has
been designed and synthesised. The taste of cysteamine
may be disguised by synthesis of salts or derivatives
which have low water solubility. These derivatives often
take the form of embonates, palmitates and stearates
(previously used successfully to disguise the bitter taste
of the antibiotics chloramphenicol and erythromycin).9


Based on this rationale, a library of lipophilic prodrugs
was synthesised (3a–3m). The synthesis was achieved
through the N-acylation of cystamine by a method anal-
ogous to peptide coupling techniques (Scheme 1). All
compounds were prepared in high yield and character-
ised by 13C, 1H NMR, mass spectroscopy and IR
spectroscopy.


This study is focused on compound 3a,10 the first
compound to be evaluated for its in-vitro capacity as a
prodrug of cysteamine (decanoic acid [2-(2-decanoyl-
aminoethyldisulfanyl)ethyl]amine), selected due to its

Table 1. Toxicity study on the effect of 3a in 1% EtOH on HUVE cells and


Time (h) Controla,b,c 3ac,d Controla,b,e 3aa,e,f


18 0.09(±0.03) 0.08(±0.01) 0.50(±0.06) 0.51(±0.17


24 0.06(±0.02) 0.07(±0.01) 0.49(±0.06) 0.49(±80.1


48 0.17(±0.02) 0.16(±0.01) 0.45(±0.06) 0.47(±0.17


72 0.33(±0.01) 0.25(±0.01) — —


144 0.45(±0.02) 0.44(±0.01) — —


No significant difference in the growth of cells was evident at the time scales a


Whitney test.
a Values are means of six experiments, standard deviation is given in parenth


time zero.
b Control consisted of 0 lM 3a, 1% EtOH.
c Proliferation assay carried out in cystinotic fibroblasts.
d 50 lM 3a in 1% EtOH.
e Proliferation assay carried out in HUVE cells.
f 2 lM 3a, 1% EtOH.
g 10 lM 3a, 1% EtOH.
h 20 lM 3a, 1% EtOH.
i 40 lM 3a, 1% EtOH.


H2N
S


S
NH2


 (i)
 (ii)2


. 2HCl


Scheme 1. Reagents and conditions: (i) DMF, Et3N (2 equiv); (ii) relevant fa


equiv), rt 2 h, H2O wash (4 · 50 ml). Recystallised if required. 3(a) n = 8; 3(b)


n = 17; 3(i) n = 16 [elaidioate trans(CH2)8 = (CH2)8]; 3(j) n


(CH2)4CH = CH2CH = CH(CH2)8]; 3(l) n = 16 [linolenate cis, cis, cis(CH2)4

favourable solubility in ethanol. Toxicity studies on this
compound were carried out on both human umbilical
vein endothelial cells (HUVEC) and cystinotic fibro-
blasts. The proliferation assay was carried out on the
HUVE cells with various concentrations of 3a in 1%
EtOH solution, and observed over a 48 h period. The
cystinotic fibroblasts were subjected to 50 lM 3a and
the proliferation assay followed over a 6 day period,
Table 1. It was determined from this study that at 72 h
there was no significant difference in cell growth of the
cystinotic fibroblasts (p < 0.05) from the addition of
50 lM 3a using the Mann–Whitney test. Both toxicity
studies were carried out utilising an alamar blue prolifer-
ation assay. This confirms that the compound has negli-
gible toxicity at the concentrations and time frame
utilised in this study.


A range of methods have been reported in the literature
for the quantitative detection of thiols.11 Using a combi-
nation of these methods a reverse phase HPLC assay for
the in-vitro determination of cysteine has been estab-
lished. This reverse phase HPLC assay employs a thiol
specific UV tagging agent (4)12 to quantify cysteine lev-
els in the lysosome using a DAD detector. Compound 4
(1-methyl-2-chloroquinolinium), Figure 2, has been syn-
thesised and characterised in our laboratory.13 The
tagged cysteine elutes the column with a retention time
of 12.5 min (Figs. 3a and b).


Cystinotic fibroblasts14 were seeded in a 75 cm3 vented
flask and allowed to reach a confluency approximating
80% before being spiked with 50 lM either 1, or 3a in

cystinotic fibroblasts


3aa,e,g 3aa,e,h 3aa,e,i 3aa,d,e


) 0.53(±0.09) 0.54(±0.07) 0.49(±0.14) 0.52(±0.13)


7) 0.52(±0.10) 0.52(±0.07) 0.47(±0.15) 0.51(±0.12)


) 0.50(±0.12) 0.51(±0.07) 0.45(±0.14) 0.47(±0.12)


— — — —


— — — —


nd concentrations utilised in this study, as determined using the Mann–


eses. Absorbance recorded at 595 nm. Mean net absorbance relative to
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S
S


N
H


O


O


n n


3


tty acid (4 equiv), DIPEA (6 equiv), HOBt (3.92 equiv), PyBOP (3.94


n = 10; 3(c) n = 12; 3(d) n = 13; 3(e) n = 14; 3(f) n = 15; 3(g) n = 16; 3(h)


= 16 [oleiate cis(CH2)8 = (CH2)8]; 3(k) n = 16 [linoleate


(CH = CH2)3(CH2)6]; 3(m) n = 20 [eruciate (CH2)9CH = CH(CH2)9].
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Figure 2. UV tagging agent, 1-methyl-2-chloroquinolium tetrafluoroborate.


Figure 3a. Sample prepared containing 20 lM cysteine.
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15 cm3 Eagles minimum essential media supplemented
with 15% FBS, 200 U/ml penicillin, 200 lg/ml strepto-
mycin and 2 mM glutamine containing 1% ethanol. This
was then incubated at 37 �C and 5% CO2 for 72 h. The
cells were harvested, frozen in liquid nitrogen and stored
at �80 �C until the cysteine concentration was deter-
mined per quantity of protein. The procedure was based

Table 2. Relative cystine depletion after incubation with compounds 1


and 3a for 72 h


Experiment No. 1a 3aa


1 0.69 0.63


2 0.54 0.80


3 0.91 0.91


4 0.80 0.77


5 0.66 0.63


6 0.88 0.85


7 0.81 0.85


a Values given are relative to control cells (1% EtOH) incubated


alongside 50 lM compounds 1 and 3a. Control normalised for each


experiment.


Figure 3b. Actual flask containing cystinotic fibroblasts with 1% EtOH (con

on a method described by de Graaf-Hess et al.,11a with
some modifications15 for determining cystine in fibro-
blasts. The protein determination was carried out using
the Bradford method16 and recording absorbance at
595 nm. Quantification was done using the UV active
tagging agent 4 with a gradient RP-HPLC assay17 sepa-
rating the tagged thiols.


The results obtained for compound 3a when compared
with the control and 1 are displayed in Figure 4 and
Table 2. It can be concluded that 50 lM 3a significantly
depletes the levels of cystine in cystinotic fibroblasts
relative to the control and is comparable to 50 lM of
cysteamine, 1, after 72 h incubation.


Importantly, this is consistent with the requirement for
biological activation of the prodrug in-vitro to generate
the active form following absorption of the prodrug into
cells.18,19


In conclusion, we have succeeded in the design and
synthesis of a novel prodrug with the potential to rival
the present treatment for nephropathic cystinosis.

trol). Sample illustrated contains 2.72 lM cysteine.
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Figure 4. Relative cystine depletion in nmol cystine/mg protein for


compounds 3a and 1 compared to control. The level of significance was


determined using a modified one tailed Students t-test, where


t = (mean � 1)/SEM at n � 1 d.f., where n = 7 (***p < 0.001).
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Compound 3a has been shown to deplete levels of lyso-
somal cystine with negligible toxicity to cultured cells. It
is anticipated that compounds of this type could lead to
an oral treatment with improved pharmacodynamic and
pharmacokinetic parameters, leading to better compli-
ance among cystinotic patients and an improved quality
of life. Future work will expand these current data to in-
clude time dependence studies as well as the investiga-
tion of further compounds already prepared. These
studies are currently underway in our laboratories.
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Abstract—Here we present an efficient route into synthetically challenging bridged 1,2,4,5-tetraoxanes. The key to the success of this
route is the use of H2O2 and catalytic I2 to form the gem-dihydroperoxide followed by a Ag2O mediated alkylation using 1,3-diiodo-
propane. Using this methodology a range of bridged tetraoxanes which display good in vitro antimalarial activity were synthesized.
� 2008 Elsevier Ltd. All rights reserved.

Artemisinin is an extract of the Chinese wormwood
Artemisia annua and has been used since ancient times
to treat malaria. The active pharmacophore within this
drug is the endoperoxide bridge. Semi-synthetic artemis-
inin derivatives such as artesunate and artemether are
highly potent antimalarials and exhibit little or no cross
resistance with other antimalarials, however, they have a
limited availability, high cost, poor bioavailabilty, poor
pharmacokinetic properties and all derivatives are chiral
and are synthesized from the natural product artemisi-
nin (Fig. 1).1–4


Some of the key developments within antimalarial drug
discovery have concentrated on incorporating the perox-
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Figure 1. Artemisinin and its semi-synthetic analogues artesunate and


artemether.

ide pharmacophore into structurally simpler com-
pounds. Vennerstrom’s extensive work in this field has
moved from initial amine peroxides5 containing one per-
oxide bridge into 1,2,4,5-tetraoxanes6 and most recently
1,2,4-trioxolanes and the development of OZ277.7 Kim’s
elegant work in the 1990s included the synthesis of
spiro-1,2,4,5-tetraoxanes and yingzhaosu A ana-
logues.8,9 Solaja and co-workers have more recently
concentrated on the synthesis of steroidal 1,2,4,5-tetra-
oxanes.10 Fully synthetic 1,2,4-trioxanes and trioxolanes
have been successfully synthesized,7,11–19 and these com-
pounds are also found to be potent antimalarials but
have recently been found to be less stable than their
1,2,4,5-tetraoxane counterparts (see Fig. 2).


Advantages of the tetraoxane heterocycle include ease of
synthesis, potential achirality and a low cost of synthesis
from readily available reagents.

Figure 2. 1,2,4,5-Tetraoxanes 1, 2, 3 and 4 (RKA 216).
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Scheme 2. Synthetic route for synthesis of tetraoxane 3. Reagents and


conditions: (a) Et3N, ClCO2C2H5, DCM, 0 �C; (b) morpholine, rt


�0 �C; (c) formic acid, H2O2, 0 �C; (d) ICH2CH2CH2l, Ag2O, EtOAc.


Figure 3. New template for tetraoxanes 12.
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There are many methods available for the synthesis of
dispiro-1,2,4,5-tetraoxanes but these reactions are highly
dependant on substrate, temperature, concentration,
pH, addition mode, solvent and type of substrate.6,8,20–29


Bridged tetraoxanes are a particularly challenging syn-
thetic target with few literature methods available for
their synthesis. A recent publication by Kim et al. iden-
tified tetraoxane 1 as a highly active antimalarial both
in vitro (IC50 = 3 nM) and in vivo (ED50 = 15 mg/
kg).30 Our initial studies focused on the synthesis of tet-
raoxanes 2 and 3 as these compounds would have en-
hanced polarity. In addition, tetraoxane 2 was viewed
as a particularly attractive target as the ester group
can be converted into a range of polar solubilizing func-
tional groups. The presence of a morpholino group
within the tetraoxane template has previously been
found to greatly enhance activity as is exemplified by
tetraoxane 4 (RKA 216).28


Tetraoxane 2 was synthesized in 63% yield from gem-
dihydroperoxide 528 by Ag2O mediated alkylation using
1,3-diiodopropane. In order to convert the ester 2 to the
amide 3 it was necessary to hydrolyze the ester to the
acid 7 (Scheme 1). This reaction was unsuccessful as a
‘Kornblum-de La Mare’ type rearrangement occurred
resulting in formation of ketone 8 as the major product.


An alternative synthetic route was required that in-
volved synthesis of the amide prior to formation of the
bridged tetraoxane. Ketone 8 was converted to the
amide 10 via a mixed anhydride intermediate 9. This
was then transformed into the gem-dihydroperoxide 11
using formic acid and hydrogen peroxide. Formation
of the tetraoxane 3 was achieved using the alkylation
reaction described previously (Scheme 2).31


The in vitro antimalarial activity of tetraoxanes 2 and 3
was measured versus the 3D7 strain of Plasmodium fal-
ciparum. Tetraoxane 2 had an IC50 of 117.5 nM and tet-
raoxane 3 an IC50 of 689.3 nM. It became evident that
there were several problems with this initial template,
as the ester was not amenable to hydrolysis and the
synthesis was longer than anticipated. Given the low
activity of these two derivatives the more lipophilic
template 12 became a new synthetic target (Fig. 3).
Varying the nature of the X group on the phenyl ring
would give a greater diversity as well as allow some
control over the lipophilicity and polarity of the tetraox-
anes (see Scheme 3).

Scheme 1. Synthetic route for synthesis of tetraoxane 7. Reagents and


conditions: (a) Ag2O, EtOAc; (b) KOH, MeOH, 70 �C; (c) DCM,


H2O, HCl.


Scheme 3. Proposed synthetic route for synthesis of tetraoxanes 12.


Reagents: (a) NaH, DMSO, X-PhCh2P+(Ph)3Br�; (b) H2, Pd/C; (c)


H2O2, tungstic acid; (d) I(CH2)3I, Ag2O.

Initially a four-step synthetic route to achieve the syn-
thesis of target tetraoxanes 12 was proposed. Ketal 13
underwent a Wittig reaction using the respective Wittig
reagent, NaH and DMSO, to give alkene 14. The alkene
functionality was then removed using catalytic hydroge-
nation to give the protected ketone 15. Direct treatment
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of 15 with H2O2/THF (1:1) and tungstic acid gave the
gem-dihyroperoxide 16 which was then to be alkylated
using 1,3-diiodopropane and Ag2O to give the tetraox-
anes 12 (Scheme 1).28 Synthesis of the protected ketone
15 was achieved in high yields, however, conversion to
the gem-dihydroperoxide 16 gave a complex mixture of
products and the gem-dihydroperoxide could not be iso-
lated in a pure form. Use of the impure gem-dihydroper-
oxide in the alkylation step resulted in a further mixture
of complex products and although in one case some of
the tetraoxane was isolated the yield was less than 5%
and some impurities were still present.


It was apparent from the results of investigating this
method that it was possible to form these bridged tetra-
oxanes but that a better, higher yielding, cleaner meth-
odology was required for synthesis of the gem-
dihydroperoxides. A further review of the literature
revealed a paper by Žimitek and co-workers using only
2 equivalents of H2O2 and catalytic iodine to form gem-
dihydroperoxides from ketones in excellent yields.32


This method would involve deprotection of the ketone
prior to conversion to the gem-dihydroperoxide but as
the deprotection step was believed to be high, yielding
this methodology was adopted.


Conversion of commercially available ketal 13 to al-
kenes 14a–f was achieved using a Wittig reaction as de-
scribed previously in 44–79% yield. Catalytic
hydrogenation of alkenes 14a–f gave near quantitative
conversion to 15a–f in all cases. Acetal deprotection

O O


X X
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X


OO


OH OH


X


OO


O O


a


b c


12a-f


15a-f


16a-f


17a-f


Scheme 4. Synthesis of propane bridged 1,2,4,5-tetraoxanes 12a–f.


Reagents: (a) 10% aq HCl, acetone; (b) H2O2, I2, MeCN; (c) I(CH2)3I,


Ag2O.


Table 1. Yields for the synthesis of tetraoxanes 12a–f and all intermediates


Compound X % Yield 14 % Yield 1


a H 74 96


b F 79 97


c CF3 44 95


d CN 52 95


e CO2Me 54 97


f SO2Me 48 95

using 10% aq HCl in acetone gave ketones 17a–f in
68–93% yield. gem-Dihydroperoxides 16a–f were synthe-
sized from ketones 17a–f using the H2O2, catalytic io-
dine system described above in yields of 67–87%. The
final alkylation step was initially carried out using 1,3-
diiodopropane and Ag2O in ethyl acetate at 0 �C. How-
ever, yields on the first two reactions were less than 20%,
this number was significantly improved if the reaction
was carried out at room temperature. Tetraoxanes
12a–f were therefore synthesized in yields of 32–42%
(Scheme 4 and Table 1).


One further point of diversity explored was altering the
bridged alkyl group. In this case 2-methylene-1,3-
diiodopropane was used as the bridging alkyl reagent.
This first was synthesized from the dichloro compound
18 using NaI in acetone in 49% yield. The resulting diio-
do compound 19 was then used in the alkylation step as
described previously for 1,3-diiodopropane to give com-
pounds 20a–c in 21–24% yield (Scheme 5).34 The yield of
these reactions was generally lower than for 1,3-diiodo-
propane although again the best yields were achieved at
room temperature. This observation is perhaps unsur-
prising due to the more reactive nature of vinyl system
resulting in more side reactions.


The average logP and tPSA of all the target compounds
synthesized can be seen below (Table 2). Interestingly
compounds 2 and 3 which exhibited poor antimalarial
activity have considerably lower average logP than the
phenyl tetraoxanes 12a–f and 20a–c (see Table 3).

5 % Yield 17 % Yield 16 % Yield 12


93 79 3433a


68 68 42


84 67 40


83 87 35


79 71 3433b


81 73 32


Scheme 5. Synthesis of bridged 1,2,4,5-tetraoxanes 20a–c. Reagents:


16b, X = F 16c, X = CF3 16e, X = CO2Me 20a, X = F, 21% 20b,


X = CF3, 23% 20c, X = CO2Me, 24%.







Table 2. Average logP and tPSA of all target compounds


Compound X Av logP35 tPSA36


2 — 2.20 ± 1.12 63.24


3 — 1.16 ± 0.91 66.48


12a H 3.93 ± 1.10 36.94


12b F 4.01 ± 1.17 36.94


12c CF3 4.79 ± 1.16 36.94


12d CN 3.46 ± 1.14 60.73


12e CO2Me 3.75 ± 1.11 63.24


12f SO2Me 2.65 ± 1.35 71.08


20a F 4.20 ± 1.24 36.94


20b CF3 4.95 ± 1.24 36.94


20c CO2Me 4.05 ± 1.30 63.24


Table 3. In vitro antimalarial activity of the bridged 1,2,4,5-tetraox-


anes against the 3D7 strain of Plasmodium falciparum


Compound Mean IC50 (nM ± SD)


Artemether 3.20 ± 1.97


Artemisinin 9.20 ± 1.97


12a 51.85 ± 22.84


12b 68.25 ± 25.24


12c 52.35 ± 18.17


12d 99.65 ± 2.19


12e 93.50 ± 27.86


20a 43.40 ± 1.41


20b 42.80 ± 3.68


20c 116.18 ± 40.52
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The in vitro antimalarial activity of these compounds
was measured versus the 3D7 strain of Plasmodium
falciparum.37 The majority of these 1,2,4,5-tetraoxanes
are active in the 40–100 nM IC50 range. Work is cur-
rently underway to further enhance potency within this
1,2,4,5-tetraoxane template.


To conclude, an efficient five-step synthesis of bridged
1,2,4,5-tetraoxanes has been achieved to generate a
range of tetraoxanes with good antimalarial activity.
The compounds synthesized have two points of poten-
tial diversity allowing several different functional groups
to be investigated in future research.
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Abstract—A high-throughput screening campaign resulted in the discovery of a highly potent dual cannabinoid receptor 1 (CB1)
and 2 (CB2) agonist. Following a thorough SAR exploration, a series of selective CB2 full agonists were identified.
� 2008 Elsevier Ltd. All rights reserved.

The therapeutic usage of cannabis can be dated back to
ancient dynasties of China and since then it has been
administered for the treatment of various indications
including lack of appetite, emesis, cramps, spasticity,
pain and rheumatism.1 The long history of cannabis
therapy has prompted the development of several phar-
maceutical agents, such as Marinol� and Cesamet�.
Some of the physiological effects of these drugs are med-
iated by at least two G-protein coupled receptors, can-
nabinnoid receptor 1 (CB1) and 2 (CB2).2 The CB1
receptor is expressed predominantly in the central ner-
vous system and it regulates the release of neurotrans-
mitters from pre-synaptic neurons.3 CB1 is believed to
mediate most of the euphoric and other CNS effects of
cannabis. In contrast, the CB2 receptor is expressed al-
most exclusively in the periphery,4 particularly in cells
and tissues involved in immune response.5 Selective ago-
nists of CB2 have been shown to suppress inflammation
in vivo6 as well as inhibiting disease severity and spastic-
ity in an animal model of multiple sclerosis.7,8 Addition-

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2008.01.042


Keywords: Arylsulfonamide; Cannabinoid receptor; CB1; CB2; Ago-


nists; Selectivity.
* Corresponding authors. Tel.: +44 1235 441372 (M.E.), +1 203 791


6203 (D.R.); e-mail addresses: monika.ermann@evotec.com; doris.


riether@boehringer-ingelheim.com

ally, CB2 agonists have been shown to inhibit
inflammatory and neuropathic pain and emesis.9–12 Po-
tent and selective inverse agonists acting on the CB2
receptor have also been reported and they are active in
inflammatory models.13


Development of selective CB2 receptor agonists may
avoid the undesirable psychoactive effects associated
with the CB1 receptor and could potentially be used
for the modulation of the inflammatory response as well
as for the treatment of pain. Several CB2 selective ago-
nists and modulators have been reported in the litera-
ture such as 114 and GW405833 (2)15 (Fig. 1) as well
as others.16–18 Recently, a novel class of pyrimidines
was described19 and the lead compound GW842166X
(3) has entered clinical trials for inflammatory pain.


The potential utility of selective CB2 receptor agonists
for the treatment of several therapeutic indications
encouraged us to screen our compound collection
against this target. This paper describes the identifica-
tion of an initial screening hit and the subsequent opti-
mization efforts, which resulted in a series of
compounds with excellent selectivity profiles.


From our high-throughput screening programme, the
commercially available arylsulfonamide 4 (Fig. 2) was
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Figure 2. High-throughput screening hit 4.
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identified.20,21 Compound 4 demonstrated high binding
affinity for both the CB2 (Ki = 4 nM) and the CB1
(Ki = 3 nM) receptor, evaluated on the basis of
[3H]-CP-55940 binding to membranes of HEK cells
expressing human CB1 or CB2.22 The ability of 4 to
inhibit cyclic adenosine monophosphate (cAMP) pro-
duction was determined in a cellular assay employing
CB2 over-expressing CHO cells stimulated with for-
skolin and it was characterized as a potent full agonist
(<1 nM). In our CB1 cAMP assay, 4 was also character-
ized as a potent full agonist (Table 1).23,24 As we were
interested in CB2 selective agonists, we decided to focus
on the functional assay, rather than binding assay, to
drive the SAR.


In addition to a poor CB1/2 selectivity profile, com-
pound 4 also suffered from low chemical stability which
was attributed to ease of ester cleavage. Replacement of
the ester to give the amide analogue 5 improved the
chemical stability and maintained excellent CB2

Table 1. Cellular potency, efficacy and selectivity over CB1 for CB2


agonists


Compound CB2 cAMP


EC50 [nM]


Efficacy


[%]


S


(CB1)a


2 0.65b 44 n/a


3 63c 95 >470


4 <1 99 1


a S (CB1) refers to selectivity (x-fold) over CB1 in cAMP agonism


assays.
b Literature data, see Ref. 15.
c Literature data from a reporter gene assay in yeast, see Ref. 19.

potency, however 5 still lacked selectivity for CB2 over
CB1. In an effort to achieve selectivity, an extensive
SAR study of amide substitution was undertaken. The
synthesis of these compounds is outlined in Scheme 1,
route A.25 Starting from commercially available 4-meth-
ylbenzoic acid, treatment with chlorosulfonic acid pro-
vided the corresponding sulfonyl chloride. Reaction of
this sulfonyl chloride with piperidine was followed by
amide bond formation under standard conditions to
give amides 5–25 (Table 2).


Other fused aromatic amines such as isoquinoline 6 were
found to be tolerated in terms of potency on CB2,
although the pattern of substitution in these analogues
is important as demonstrated by a drop in potency
and efficacy for compound 7. Additionally, only modest
levels of selectivity could be achieved with these com-
pounds. Replacement of the fused system with a single
unsubstituted phenyl ring resulted in a loss of potency
however this could be regained by introducing substitu-
ents into the aromatic ring, preferably in the ortho-posi-
tion as illustrated by compound 9. It is noteworthy that
substitution in the para-position of the aromatic ring is
detrimental to activity as demonstrated by 12. Small po-
lar, electron-withdrawing groups in the ortho-position,
as exemplified by compounds 15 and 16, appear to be
beneficial for CB2 potency. Importantly, compounds
15 and 16 indicated that selectivity could be improved
to >50-fold.


Replacing the aromatic substituent with aliphatic
groups provided compounds with good CB2 potency,
e.g. 17, 18, 20, 21 although their selectivity over CB1
was still only modest. Disubstitution of the amide nitro-
gen, through introduction of a methyl group, e.g. 19 was
tolerated in the aliphatic series (unlike the aromatic ser-
ies (10)) although a drop in potency of about 10-fold
was observed. Nevertheless, this prompted an investiga-
tion into other tertiary amides and piperidine amide 22
suggested that selectivities of >200-fold could be
achieved. Confirmation of tertiary amides as being ben-
eficial to the selectivity profile was illustrated by the
introduction of the decahydroisoquinoline moiety as
indicated by 24. This compound has a CB2 EC50 of
1.5 nM with �4000-fold selectivity over CB1. The
trans-diastereoisomer 25 appeared to be the more potent
isomer.


With the optimized decahydroisoquinoline amide, the
SAR around the sulfonamide bond (Table 3) was ex-
plored to determine its effects on potency and selectivity.
To enable the rapid evaluation of this region of the mol-
ecule, the order of the synthetic steps was altered as out-
lined in Scheme 1, route B.25 This facilitated the
introduction of the sulfonamide substituent in the last
step. Replacement of the piperidine with primary
amines, compounds 26–28, generally resulted in a reduc-
tion in potency, which was most significant for aromatic
amine 26. In contrast, a range of secondary cyclic
amines are well tolerated in this position. Expansion
or reduction of the ring size (compounds 29–31) quickly
established that 4–7 membered systems provided
compounds with excellent CB2 potency and selectivity







Table 2. Amide SAR


S
N


O
O


N


O


R1 R 2


Compound R1 R2 CB2 cAMP EC50 [nM] Efficacy [%] S (CB1)


5 8-Quinolinyl H 4 100 7


6 1-Isoquinolinyl H 1 98 25


7 2-Quinolinyl H 195 45 n/a


8 Phenyl H 139 74 6


9 2-Chlorophenyl H 5 89 13


10 2-Chlorophenyl Methyl >20000 — —


11 3-Chlorophenyl H 27 80 31


12 4-Chlorophenyl H 14100 117 —


13 2-Methoxyphenyl H 21 91 9


14 2-Methylphenyl H 154 76 1.5


15 2-Trifluoromethylphenyl H 2 92 96


16 2-Methylsulfonylphenyl H 6 96 66


17 1-Methylcyclohexane H 18 58 n/a


18 Cyclohexyl H 14 86 24


19 Cyclohexyl Methyl 119 86 38


20 (S)-1-Cyclohexylethyl H 5 73 2


21 (R)-1-Cyclohexylethyl H 18 85 45


22 Piperidine 82 85 >240


23 Decahydroquinoline 6 82 94


24 Decahydroisoquinoline 1.5 95 4326


25 trans-Decahydroisoquinoline 1 93 6894
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Scheme 1. Reagents and conditions: (i) chlorosulfonic acid, 65 �C, 88%; (ii) piperidine, MeCN, 0 �C to rt, 52%; (iii) SOCl2, DMF (cat.); (iv)


R1R2NH, DIPEA, CH2Cl2, �75% (two steps); (v) decahydroisoquinoline, MeCN, rt, 90%; (vi) chlorosulfonic acid, dichloroethane, 80 �C, 90%; (vii)


R3R4NH, DIPEA, MeCN, rt, �70%.
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profiles. Introduction of a heteroatom into the ring sys-
tem, such as in morpholine 32 or thiomorpholine 33 was
also well tolerated (potency and selectivity), however
addition of a hydroxyl group as in compound 35 re-
duced the potency. The basic centre in compound 36
was detrimental to activity.


In parallel to the extensive amide and sulfonamide SAR
study, we also investigated the role of the substituent in
the 4-position (R5) of the phenyl core (Table 4). The syn-

thesis of compounds 37–45 proceeded by adaptation of
the routes illustrated in Scheme 1 (not shown);25 R3 and
R4 were fixed as pyrrolidine for this study. Substitution
in the 4-position was found to be essential for activity as
exemplified by the unsubstituted analogues 38 and 44
which are considerably less potent (EC50 > 20000 nM)
in the cAMP cellular assay. Replacement of the methyl
in 37 or 29 with an isopropyl group as shown with 39
and 41 gave compounds with improved potency and
similar selectivity profiles, however, further increasing







Table 3. Sulfonamide SAR


S
N


O
O


N


O


R3 R 4


Compound R3 R4 CB2 cAMP EC50 [nM] Efficacy [%] S (CB1)


24 Piperidine 1.5 95 4326


26 Phenyl H >20000 — —


27 Isopropyl H 2284 101 0.1


28 Isobutyl H 14 96 939


29 Pyrrolidine 4 94 2238


30 Azetidine 13 94 >1500


31 Homopiperidine 2 100 3276


32 Morpholine 5 104 2638


33 Thiomorpholine 1 90 3247


34 Dioxothiomorpholine 2 99 7744


35 4-Hydroxypiperidine 215 86 37


36 N-Isopropylpiperazine 588 45 n/a


Table 4. SAR of phenyl substitution


S
N


O
O


N


O


R 2


R 5


R1


Compound R5 R1 R2 CB2 cAMP EC50 [nM] Efficacy [%] S (CB1)


37 Methyl Cyclohexyl H 21 81 181


38 H Cyclohexyl H >20000 — —


39 Isopropyl Cyclohexyl H 4 86 60


40 Chloro Cyclohexyl H 3 74 85


29 Methyl Decahydroisoquinoline 4 94 2238


41 Isopropyl Decahydroisoquinoline 0.4 101 2864


42 Cyclohexyl Decahydroisoquinoline >20000 — —


43 Chloro Decahydroisoquinoline 4 93 520


44 H trans-Decahydroisoquinoline >20000 — —


45 Chloro trans-Decahydroisoquinoline 3 89 3768
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the size and lipophilicity of the substituents as in com-
pound 42 resulted in a significant loss of potency. A
reduction in potency was also observed when an elec-
tron-donating substituent was introduced, such as a
methoxy group (data not shown). The effect of elec-
tron-withdrawing substituents were demonstrated by
the chloro-substituted analogues 40, 43 and 45 and gen-
erally resulted in compounds with good potency and
selectivity profiles.


Compound 29 was tested further for its affinity to the
human CB2 receptor in a competitive radiolabeled
ligand binding assay using either [3H]-CP-55940 or
[3H]-WIN-55212-2 as probes. Both probes were used
to evaluate whether this class of compounds adapt a
CP- or WIN-like binding mode as two partially overlap-

ping binding sites can be proposed based on the muta-
genesis studies.26,27 Compound 29 demonstrated Ki’s
of 130 nM against [3H]-CP-55940 and 20 nM against
[3H]-WIN-55212-2. This suggests a better overlap be-
tween 29 and WIN-55212-2 within the binding pocket.
In a CB1 binding assay using [3H]-CP-55940 as a probe,
29 did not demonstrate any competition up to 5000 nM.


In conclusion, an SAR exploration of a non-selective,
chemically unstable high-throughput screening hit re-
sulted in the discovery of new series of highly selective
CB2 receptor agonists. Several compounds with selectiv-
ities, in functional agonism assays, of >2000-fold over
CB1 were identified. Further optimization and in vivo
evaluation of compounds from this chemical series will
be reported in due course.
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Abstract—Several 2-aminotetralones were identified as novel inhibitors of the bacterial enzymes MurA and MurZ. A number of
these inhibitors demonstrated antibacterial activity against Staphylococcus aureus and Escherichia coli with MICs in the range
8–128 lg/ml. Based on structure–activity relationships we propose that the a-aminoketone functionality is responsible for the inhib-
itory activity and evidence is provided to support a covalent mode of action involving the C115 thiol group of MurA/MurZ.
� 2008 Elsevier Ltd. All rights reserved.

Peptidoglycan is an essential component of the cell walls
of Gram-positive and Gram-negative bacteria, provid-
ing protection of the bacterial cell from destruction by
osmotic pressure and conferring cellular shape.1 Inter-
ference with bacterial cell wall biosynthesis is firmly
established as an excellent basis for the development
of potent antibacterials; for example the penicillins
and cephalosporins specifically inhibit enzymes involved
at the crosslinking stages of cell wall synthesis.2


The bacterial enzyme MurA (UDP-GlcNAc enolpyruvyl
transferase), in the first committed step of peptidoglycan
biosynthesis, catalyses the transfer of enolpyruvate from
phosphoenolpyruvate (PEP) to the 3 0-hydroxyl group of
UDP-N-acetylglucosamine (UDP-GlcNAc) yielding
enolpyruvyl UDP-N-acetylglucosamine (EP-UDP-Glc-
NAc) and inorganic phosphate (Fig. 1).3 Low-GC
Gram-positive bacteria contain two copies of the murA
gene (murA and murZ) which encode, respectively, the
enolpyruvyl transferase enzymes, MurA and MurZ.4

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2008.01.089


Keywords: 2-Aminotetralone; MurA inhibitor; MurZ inhibitor; Anti-


bacterial activity.
* Corresponding author. Tel.: +44 113 3436510; fax: +44 113


3436565; e-mail: colinf@chem.leeds.ac.uk

As MurA is conserved across both Gram-positive and
Gram-negative bacterial species and is an essential en-
zyme with no mammalian counterpart, it is an attractive
target for the development of new antibacterials, which
are urgently required as resistance to established antibi-
otics continues to escalate.5,6


Inhibition of MurA by the naturally occurring epoxide-
based antibiotic fosfomycin has been extensively de-
scribed.7–9 This drug acts as a PEP surrogate and forms
a covalent adduct with C115 (Escherichia coli number-
ing) via epoxide ring-opening. Fosfomycin also inhibits
MurZ from Staphylococcus aureus by the same
mechanism.


Here, we report the identification of 2-aminotetralones
as a new class of MurA inhibitors and propose a mode
of action involving formation of a covalent adduct.


High throughput screening of the Novartis compound
collection identified compounds 3 and 4 as good inhibi-
tors of E. coli10 MurA with IC50 values of 3.1 and
8.5 lM, respectively (Table 1).11 Compounds 3 and 4
were also identified as inhibitors of MurA and MurZ
from S. aureus12,13 with IC50’s in the range 12–23 lM
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Table 1. Some 2-aminotetralone-derivatives that inhibit isolated MurA and MurZ enzymes and have antibacterial activities against E. coli and


S. aureus


Compound Structurea IC50


(E. coli MurA)b


(lM)


IC50


(S. aureus MurA)b


(lM)


IC50


(S. aureus MurZ)c


(lM)


MIC


(E. coli)d


(lg/ml)


MIC


(S. aureus)e


(lg/ml)


3 MeO


MeO


O


N


N
OH


3.13 (±1.51) 17.35 (±3.30) 18.83 (±2.37) 256 128


4


O
N


N


8.53 (±2.39) 12.04 (±0.40) 22.91 (±0.80) 128 64


5 N
N Ph


MeO


MeO


O


22.56 (±4.48) 29.00 (±0.16) 28.93 (±1.02) >256 64


6
O


N


N
OH


22.49 (±0.74) 12.52 (±1.82) 16.09 (±3.15) 128 8


7f
OH


N


N
OH


>120 >120 >120 >256 >256


10 N


N
OH


>120 >120 >120 >256 >256


12


O


>120 >120 >120 >256 >256


Fosfomycin
O


2-O3P CH3


H H 0.46 (±0.06) 1.36 (±0.06) 1.37 (±0.02) 8 16


a Compounds 3, 4, 6, 7, and 10 were assayed as their dihydrochloride salts.
b Values are means of four experiments, standard deviation is given in parentheses.
c Values are means of three experiments, standard deviation is given in parentheses.
d Strain JM109.10


e Strain SH1000.12


f Single diastereomer isolated after purification. Confirmed as trans (J C(1)H-C(2)H coupling constant = 9.5 Hz).
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Figure 1. MurA catalyses the formation of enolpyruvyl-UDP-N-acetylglucosamine (EP-UDP-GlcNAc) from phosphoenolpyruvate (PEP) and UDP-


N-acetylglucosamine (UDP-GlcNAc).
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(Table 1). These are the first reported synthetic inhibi-
tors of both forms of UDP-GlcNAc enolpyruvyl trans-
ferase from S. aureus.


To probe the key structural features responsible for inhi-
bition, analogues were synthesized by reaction of 2-bro-
motetralones 2a/b (obtained from bromination of
commercially available 6,7-dimethoxy-1-tetralone 1a
and a-tetralone 1b, respectively) with the appropriate
substituted piperazine (Scheme 1).14 Inhibitory activity

was maintained following removal of the aryl methoxy
groups (compound 6) or incorporation of 4-benzylpiper-
azine (compound 5) (Table 1). These findings led us to
investigate the importance of the ketone moiety to the
mode of action of these inhibitors. Hence, we synthesized
the des-carbonyl compound 10, from b-tetralone 8 and 1-
(2-hydroxylethyl)piperazine 9 as shown in Scheme 2.
Compound 10 failed to inhibit MurA and MurZ (Table
1) suggesting the ketone is crucial for inhibitory activity.
Next, we investigated whether an amine alpha to the ke-
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tone was necessary for activity by synthesizing the cyclo-
hexyl derivative 12 by a previously published route
(Scheme 3).15 When tested in the MurA and MurZ assays,
12 did not inhibit the enzymes (Table 1) suggesting that
the a-aminoketone functionality is responsible for the
activity of this class of inhibitors.


To determine whether the binding mode of the amino-
tetralone inhibitors was reversible, a dilution assay was
performed. E. coli MurA was treated with 4, UDP-Glc-
NAc and PEP followed by a 50-fold dilution of the
enzyme–inhibitor complex. Assuming a reversible mode
of action, there should be recovery of enzyme activity
upon dilution of the reaction mix. However, as can be
seen from Figure 2, the level of inhibition was
maintained over the course of an hour in a manner
similar to that of the covalent inhibitor, fosfomycin.
Hence, these results indicate a mode of action of these
inhibitors consistent with either covalent or very tight
non-covalent binding.


However, attempts to detect a covalent adduct between
MurA and 4 using electrospray mass spectrometry were
unsuccessful, under conditions that did detect an adduct
between MurA and fosfomycin (data not shown). If the
covalent adduct did form in the case of 4, it was not sta-
ble to the conditions of mass spectrometry.

a Cl


1b 11


O O


b


12


O


Scheme 3. Synthesis of 12.15 Reagents and conditions: (a) N-chloro-


succinimide, amberlyst-15, EtOAc, rt, 24 h; (b) c-C6H11MgCl + ZnCl2,


Cu(acac)2, Et2O, rt, 24 h.

Since the mode of action of fosfomycin involves attack
by C115, we investigated if this residue was required
for inhibition by the 2-aminotetralone inhibitors. We
generated and purified the C115D MurA mutant pro-
tein16 of E. coli and treated it separately with 3, 4, and
fosfomycin. Although this mutant protein was found
to be functional and, as expected, resistant to fosfomy-
cin, no inhibition was observed with 3 and 4 at the high-
est concentration tested (120 lM) (data not shown).
These data support the hypothesis that C115 is involved
in the mechanism of these inhibitors, presumably
through attack by the thiol group on the ketone moiety
to generate a thiohemiketal adduct 13 (Fig. 3), which
have been shown to be formed by some cysteine prote-
ase inhibitors.17 The limited stability associated with this
type of thiohemiketal may account for our failure to
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detect an adduct using MS. Indeed, rearrangement of
such adducts has been previously proposed for certain
cysteine protease inhibitors derived from halomethyl
ketones.18


Using the docking program eHiTS19 together with the
X-ray crystal structure of E. coli MurA9 (pdb code:
1UAE), 4 was docked into the enzyme active site
(Fig. 4). As illustrated in Figure 4, 4 is predicted to bind
close to the key C115 residue. Since the loop that con-
tains C115 is known to exhibit a high degree of flexibil-
ity,20 the cysteine residue should be capable of
approaching the ketone prior to attack. Furthermore,
the ketone is predicted to make a hydrogen-bond to
the conserved active site residue R120, which would be
expected to facilitate thiohemiketal formation.


Antimicrobial activities were tested according to the
Clinical Laboratory Standards Institute (CLSI)
protocol.21


Of the compounds that showed in vitro activity against
MurA and MurZ, 3, 4, 5, and 6 had MICs of 128, 64, 64,
and 8 lg/ml, respectively, against S. aureus (Table 1). In
addition, 4 and 6 had an MIC of 128 lg/ml against
E. coli.


Selectivity assays were performed using malate dehydro-
genase (MDH) and chymotrypsin.22 Those compounds
that inhibited E. coli MurA (3–6) showed no activity
against either MDH or chymotrypsin (data not shown),

R120 


C115 


R91 


Figure 4. Inhibitor 4 docked into the active site of E. coli MurA. The


keto-carbonyl group shown to be essential for inhibition lies in close


proximity to the key C115 residue of the enzyme.

supporting the interpretation that the 2-aminotetralones
are not ‘promiscuous’ inhibitors. These findings suggest
that inhibition of MurA/MurZ is an important factor in
the antimicrobial action of these inhibitors although fur-
ther studies are required in order to establish whether
this inhibition is the primary mode of antibacterial activ-
ity associated with these inhibitors.


In summary, we have discovered a new series of inhibi-
tors of MurA based around a 2-aminotetralone motif.
In addition, these inhibitors also displayed activity
against MurA and MurZ from S. aureus, the first time
these enzymes have been targeted by synthetic inhibi-
tors. These results continue to provide insight into the
design of new antibacterial agents.
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Abstract—The antimalarial synthetic ozonide OZ277 (RBx11160) was hydroxylated by human liver microsomes at the distal bridge-
head carbon atoms of the spiroadamantane substructure to form two carbinol metabolites devoid of antimalarial activity.
� 2008 Elsevier Ltd. All rights reserved.
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Figure 1. Ozonide 1 (OZ277) and its two hydroxylated metabolites 2


(OZ397) and 3 (OZ381).

The antimalarial sesquiterpene lactone artemisinin con-
tains a peroxide bond in the form of a 1,2,4-trioxane
heterocycle.1 The peroxide bond in artemisinin, semisyn-
thetic artemisinins, and synthetic peroxides is essential,
but not sufficient, for high antimalarial efficacy.1,2 A
synthetic peroxide antimalarial drug has yet to be iden-
tified,3,4 although a synthetic ozonide (OZ277 or
RBx11160)5 is now in Phase II clinical trials. Under-
standing the stability of the pharmacophoric peroxide
bond in OZ277 (1)6 to cytochrome P450 (CYP450)
metabolism is key to elucidating its pharmacokinetics
and pharmacodynamics. To this end, we studied the
reaction profile of 1 with human liver microsomes, and
we now report the structural identification, synthesis,7


and antimalarial activity of two major OZ277 hydroxyl-
ated metabolites 2 (OZ397) and 3 (OZ381) (Fig. 1).


Incubation of 1 (Fig. 2A) with human liver microsomes
in vitro produced three new peaks on LC/MS (Fig. 2B),
each with an increase in molecular weight of 16 suggest-
ing the presence of hydroxylated metabolites.8 The
hydroxylated metabolite peaks were further character-
ized by MS/MS (Fig. 2D and E). The MS/MS fragmen-
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tation of spiroadamantane ozonides (such as 1) in ESI–
MS is characterized by peroxide bond scission and sub-
sequent rearrangement resulting in the elimination of an
adamantane lactone fragment with the loss of 166 mass
units (Fig. 2C). Peaks b and c exhibited a loss of 182
mass units in the MS/MS spectra indicating incorpora-
tion of an oxygen atom in the adamantane substructure
(Fig. 2D). The minor hydroxylated metabolite (peak d)
showed a loss of 166 mass units indicating that the ada-
mantane moiety had not been modified and that incor-
poration of the oxygen atom had occurred at the
cyclohexyl side of the molecule (Fig. 2E). Although
the sites of hydroxylation could not be deduced from
the MS/MS fragmentation spectra alone, it was specu-
lated that the sites of hydroxylation of the two major
metabolites (peaks b and c) were at the two distal
bridgehead positions. This is consistent with the
observed preference for bridgehead oxidation in
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adamantane-containing structures.9 We also reasoned
that hydroxylation at the two proximal bridgehead car-
bon atoms was less likely to occur due to an inductive
effect of the ozonide heterocycle. Based on this hypoth-
esis, we synthesized putative hydroxylated metabolites 2
and 3 (vide infra) and found that they had identical
chromatographic retention characteristics and MS frag-
mentation patterns to the two major in vitro metabolites
formed in human liver microsomes. A repeat of the
in vitro metabolism studies quantitating metabolite for-
mation indicated that 2 was the major, and 3 was the
minor, metabolite, in an approximate 4:1 ratio.


Minor metabolite 310 was obtained in a four-step
sequence (Scheme 1) starting with a Griesbaum coozon-
olysis11,12 reaction between 5-acetoxy-2-adamantanone
O-methyl oxime (4) and keto ester 5. Oxime ether 4

was obtained by treatment of 5-hydroxy-2-adamanta-
none with methoxylamine HCl and pyridine (97%) fol-
lowed by acetylation with Ac2O, pyridine, and DMAP
(cat.) (91%). Ozonolysis of unsymmetrical oxime ethers
such as 4 produce enantiomeric carbonyl oxide interme-
diates, which in cycloaddition reactions with 4-substi-
tuted cyclohexanones (such as 5) could form four
isomeric ozonides.13 Based on our previous data,14,15


we expected to observe the formation of two major
ozonide isomers with substituent and peroxo groups at
the equatorial and axial positions in the cyclohexane
ring. Indeed, proton and carbon NMR of the purified
(sg, 10% ether in hexanes) reaction mixture (30%) indi-
cated formation of two predominant ozonide diester iso-
mers16 from which we were able to crystallize the major
isomer 6 in 17% yield. Conversion of 6 to minor metab-
olite 3 was relatively straightforward beginning with es-
ter hydrolysis (96%) to hydroxy acid 7 followed by
conversion to active ester 8 (89%). Amide bond (80%)
and salt formation with TsOH (94%) completed the
reaction sequence. The trans,cis configuration of 6,
and therefore of 3, was assigned based on the conversion
of trans,cis ozonide diester 10 (vide infra) to 7 (86%).


Similarly, major metabolite 217 was obtained in a four-
step sequence (Scheme 2) starting with a Griesbaum
coozonolysis11,12 reaction between 5-(4-methylbenz-
oxy)-2-adamantanone O-methyl oxime (9) and keto es-
ter 5 to afford, after chromatography (sg, 0–20% ether
in hexanes), a mixture of four ozonide diester diastereo-
mers (54%).13,16 Oxime ether 9 was obtained by acyla-
tion of 5-hydroxy-2-adamantanone with 4-
methylbenzoyl chloride in pyridine (90%) followed by
treatment with methoxylamine HCl and pyridine
(94%). The 4-methylbenzoate (rather than acetate) was
chosen to increase molecular weight to allow for more
convenient fractional crystallization of the minor ozon-
ide diester isomers, and to provide convenient benzylic
singlet proton NMR signals to distinguish between iso-
mers. Repeated chromatography (sg, 8% ether in hex-
anes) gave four fractions (isomers A + B), isomer B,
isomers B + C, and isomers C + D. Crystallization of
isomer B from acetone gave 10 as colorless crystals,
established as the trans,cis diastereomer by X-ray crys-
tallographic analysis (Fig. 3). Repeated chromatography
(sg, 8% ether in hexanes) of isomers B + C gave isomer
C which was crystallized from acetone to give 11 as col-
orless crystals, established as the cis,cis diastereomer by
X-ray crystallographic analysis (Fig. 3). Diester ozonide
11 was converted to major metabolite 2 following a sim-
ilar sequence to that described for minor metabolite 3:
ester hydrolysis to hydroxy acid 12 (81%), conversion
to active ester 13 (83%) followed by amide bond forma-
tion and conversion to the tosylate salt (71% combined
yield).


The crystallization conditions described above delivered
suitable crystals for X-ray analysis of 10 and 11.18 In
both cases, single crystals were mounted in a loop and
data were collected on a STOE Imaging Plate Diffrac-
tion System (STOE, Darmstadt) with Mo-radiation
(0.71 Å) at room temperature. Data were processed with
STOE IPDS-software and the crystal structures were
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solved and refined with ShelXTL (Bruker AXS, Kar-
lsruhe). The relative configuration of 10 was confirmed
by an independent X-ray analysis of a second crystal.


Somewhat unexpectedly, we found that both 2 and 3
had IC50 values >100 ng/mL against the chloroquine-
resistant K1 strain of Plasmodium falciparum
in vitro; in comparison, 1 has an IC50 of 1.0 ng/mL
against this same parasite strain.5 The complete lack
of antiplasmodial activity of 2 and 3 demonstrates
the essential contribution of an unsubstituted spiroad-

amantane ring system to the antimalarial properties of
1. It is conceivable that the steric hindrance provided
by the bridgehead carbinols in 2 and 3 prevents effi-
cient alkylation reactions of the spiroadamantane-de-
rived secondary carbon-centered radicals19 from
occurring when the ozonide reacts with iron(II) in
the parasite. Consistent with a general SAR trend
for this class of antimalarial peroxides,20 it is also
likely that the greater polarity of 2 and 3 (LogD
1.8) vs. 1 (LogD 3.2) may, in part, account for the
inactivity of the former.
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Abstract—We report the first unambiguous syntheses of glucitol-1,6-bis-phosphate and mannitol-1,6-bis-phosphate and their com-
petitive inhibition of various fructose bis-phosphate aldolases.
� 2008 Elsevier Ltd. All rights reserved.
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Hexitol bis-phosphate (HBP), a diastereoisomeric mix-
ture of mannitol bis-phosphate and glucitol bis-phos-
phate, is known to inhibit or activate several enzymes.
This mixture was first tested on class I muscle fructose
bis-phosphate aldolase (Fba), for which it is a competi-
tive inhibitor1,6 (Ki � 1.2 lM). Later, it was also recog-
nized as an inhibitor of yeast (class II) Fba2


(Ki � 200 lM), of pyruvate kinase3 and of fructose bis-
phosphate phosphatase.4 On an other hand, HBP is an
activator of 6-phosphofructo-kinase.5


Hexitol bis-phosphate is routinely synthesized according
to Ginsburgh by reaction of sodium borohydride on
fructose bis-phosphate.6 We determined by GC of a
resultant per-silylated mixture that it was composed of
60% mannitol bis-phosphate and 40% glucitol bis-
phosphate.


Surprisingly, the two constituents of this mixture have
never been synthesized nor tested separately against gly-
colytic aldolases, and the kinetic constants reported
above are thus only apparent constants. Glucitol bis-
phosphate was tentatively prepared by Hartman,7 how-
ever the product was not characterized, and in view of
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our own observations, there may be doubt as to its iden-
tity. Nevertheless, it was reported to be a good compet-
itive inhibitor of liver8 and of muscle Fba,7 with
Ki � 4.5 lM and 12 lM, respectively.

Scheme 1. Synthesis of glucitol bis-phosphate 7a and mannitol bis-


phosphate 7b.11 Reagents and conditions: (a) TrCl/pyridine RT 48 h;


(b) BnBr NaH/DMF RT; (c) TFA/BuOH/CH2Cl2 RT 48 h; (d)
iPr2NP(OBn)2/Imidazole/Triazole/AcCN RT 48 h, then tBuOOH; (e)


H2 (1 bar)/Pd–C/NEt3, then Dowex 50 (H+); (f) H2 (1 bar)/Pd–C.
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The synthesis of mannitol bis-phosphate has simply
never been reported. This last compound, however, is
of special interest, especially regarding its action on
Fba: It was recently reported that by soaking crystals
of Fba with a solution of HBP, only mannitol bis-phos-
phate was retained in the active site of the enzyme.9


We report hereby the synthesis and separate testing of
glucitol and mannitol bis-phosphate on class I and class
II Fba (EC 4.1.2.13).


Although the synthesis (Scheme 1) appears straightfor-
ward, successful yield of a pure product is strongly
dependant on particular attention paid during final
deprotection steps. It is well known that a protected
phosphoryl group adjacent to a free hydroxyl can read-
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Figure 1. Inhibition of Fba by glucitol and mannitol bis-phosphate. (A) Rab


Yeast Fba, 7a 0.3 mM; (D) Yeast Fba, 7b 0.6 mM; (E) H. pylori Fba, 7a 0.

ily migrate to this free hydroxyl.10 In polyols, the result
is a complex mixture of regioisomers. This scrambling
can be avoided if the phosphoryl groups are deprotected
prior to the hydroxyls. Thus, we used a two-step depro-
tection protocol: the phosphoryl groups were first deb-
enzylated in presence of triethylamine. In these
conditions, the rate of hydrogenolysis of a benzyl ether
is apparently considerably reduced. After removal of
the tertiary amine on an acidic ion-exchange resin, the
benzyl protecting-groups of the hydroxyls were removed
classically from the acidic intermediate. The two com-
pounds were subsequently crystallized and characterized
as their cyclohexylammonium salts.


Glucitol bis-phosphate and mannitol bis-phosphate
were each tested for their inhibition properties against
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bit muscle Fba, 7a 0.15 mM; (B) Rabbit muscle Fba, 7b 0.01 mM. (C)


5 mM; (F) H. pylori Fba, 7b 0.1 mM.







Table 1. Enzymatic kinetics constants (lM) measured on substrates/


inhibitors13


Aldolase source KM (FBP) Ki (KM/Ki)


7a 7b


Rabbit muscle 20 100 (0.2) 7.3 (2.74)


Yeast 200 60 (3.33) 400 (0.5)


H. pylori 20 170 (0.12) 73 (0.27)
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rabbit muscle aldolase (representative of class I aldol-
ases), yeast and Helicobacter pylori aldolases (represen-
tative of class II aldolases), using established protocols
based on use of fructose bis-phosphate (FBP) as a sub-
strate.12 The two compounds displayed purely competi-
tive inhibition patterns against the three enzymes
(Fig. 1). The measured kinetic constants are reported
in Table 1.


The data shown in Table 1 shows that mannitol bis-
phosphate 7b is a better inhibitor of class I aldolase than
the glucitol epimer 7a. This observation is in full accor-
dance with the structural results reported by St-Jean
et al.9


For class II aldolases, no trend is readily discernable
with regard to preferential inhibition of either enzyme.
Compound 7a is a better inhibitor of the yeast enzyme
while 7b is better against H. pylori aldolase. 7a and 7b
give comparable KM/Ki values on yeast and rabbit mus-
cle aldolases, respectively. In conclusion, we have re-
ported for the first time separate synthesis of glucitol-
and mannitol-1,6-bis-phosphate. The two products have
been tested separately as inhibitors of fructose bis-phos-
phate aldolases from various sources. New inhibitors of
these enzymes are of special interest. Fba is active in gly-
colysis, a major metabolic pathway of virtually all living
organisms. Inhibitors of class II Fba can be broad po-
tential drugs against microorganisms.16 Like other
inhibitors of glycolytic enzymes, and depending on their
selectivity, inhibitors of class I Fba can also be active
against parasites17 and even cancer.18 In this perspective,
compound 7b is a promising basis for further syntheses
of selective inhibitors of class I aldolases.
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Abstract—Two new cyclohexenones (antheminones A and B) and a new cyclohexanone, (antheminone C) along with five known
compounds were isolated from the leaves of Anthemis maritima L. The structures were mainly deduced from extensive 1D and
2D NMR spectroscopy and mass spectrometry. The new compounds were tested in vitro for their cytotoxic activity against adherent
and non-adherent cancer cell lines. Antheminones A and C exhibited significant antiproliferative activity against leukemia cells with
IC50 values ranging from 3.2 to 14 lM.
� 2008 Elsevier Ltd. All rights reserved.

The genus Anthemis is represented by 130 accepted taxa
and is known to contain sesquiterpene lactones and
flavonoids.1 Anthemis maritima L. (Asteraceae) is an
aromatic herb which grows on sandy beaches along
the western Mediterranean coasts.2 There are no reports
in the literature regarding the chemical constituents of
this plant. As part of a continuing search aimed at the
discovery of novel cytotoxic compounds from Sardinian
plants belonging to the Anthemideae tribe,3 it was found
that the EtOAc extract of the leaves of A. maritima
showed cytotoxic activity. The phytochemical analysis
resulted in the isolation of two new cyclohexenones (1
and 2) and a new cyclohexanone (3). From the petro-
leum ether extract three known flavonoids, salvigenin
(4), cirsimaritin (5), and eupatilin (6) and the triglyceride
2-trans,trans-sorbo-1,3-dimyristin (7) were also isolated.


The dried and powered leaves of A. maritima4 (580 g)
were ground and extracted with petroleum ether (5 L)
by percolation. The remaining plant material was then
extracted with EtOAc (4 L) giving 27.9 g of dried ex-
tract. An aliquot (20 g) of the EtOAc extract was sub-
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jected to VLC (silica gel) using a step gradient of
petroleum ether–CH2Cl2–EtOAc (9:1:0–0:1:9, 500 mL
each) to yield 53 fractions. Homogeneous fractions were
pooled to give seven major fractions (F1–F7). A portion
of fraction F2 (0.5 g) was subjected to open-column
chromatography over Sephadex LH-20 using methanol
as eluent to give a mixture of two compounds. Subse-
quent purification by semi preparative RP HPLC with
water–acetonitrile (60:40) as eluent yielded compounds
1 (8.4 mg) and 2 (26.9 mg). Fraction F2 (0.6 g) was frac-
tionated by Sephadex LH-20 using methanol as eluent
and then with RP HPLC using a mixture of water–ace-
tonitrile–methanol (50:40:10) to give compound 3
(8.3 mg). From the petroleum extract, by using similar
fractionation procedure, the known compounds 4–7
were isolated. Compounds 4–7 were identified by com-
paring their physical and spectroscopic data with those
reported in the literature.5 13C NMR data for com-
pound 7 are reported here for the first time.6


The 13C NMR (Table 1) spectrum of compound 1
showed 15 carbon signals, which were sorted by DEPT
90 and 135 experiments into three CH3, four CH2, four
CH, and four quaternary carbons. This corresponds to a
molecular formula of C15H24O4, in agreement with a
[M+H+Na]+ at m/z 291 in the ESI-MS. Elemental anal-
ysis confirmed the proposed empirical formula giving
C = 66.98% (theoretical = 67.14%) and H = 9.02%
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Table 1. 1H (400 MHz) and 13C (100 MHZ) NMR spectral data of antheminones A–C (CD3OD, d in ppm)


Position Antheminone A (1) Antheminone B (2) Antheminone C (3)


dC, multiplicitya dH, multiplicityb dC, multiplicitya dH, multiplicityb dC, multiplicitya dH, multiplicityb


1 202.4, s 202.4, s 201.2, s


2 140.4, s 140.4, s 147.8, s


3 143.6, d 7.05, dt (1.6, 6) 143.7, d 7.02, dt (1.5, 6) 85.8, d 4.68, d (1.6)


4 65.1, d 4.75, dd (3.6, 6) 65.1, d 4.71, dd (3.5, 6) 80.8, d 4.46, dd, br (1, 1.6)


5 46.0, d 2.18, dt (3.6, 13.6) 46.1, d 2.13, dt (3.5, 13.6) 48.4, d 2.52, dt (2.8, 4.1)


6ax 35.2, t 2.88, dd (13.6, 16.7) 35.1, t 2.88, dd (13.6, 16.8) 43.5, d 2.80, dd (2.8, 19.2)


6eq 2.53, dd (3.6, 16.7) 2.55, dd (3.5, 16.8) 2.61, dd (4, 19.2)


7 75.4, s 75.0, s 87.2, s


8 41.2, t 1.64, m 44.4, t 2.38, m 42.4, t 1.49, m


9 23.7, t 2.10, m 126.5, d 5.72, m 25.2, t 2.15, m


10 125.6, d 5.22, t (7.5) 139.7, d 5.74, dt (7.2) 125.3, d 5.17, dt (7.2)


11 132.8, q 82.7, s 133, s


12 26.1, q 1.80, s 90.8, s 26.1, q 1.76, s


13a 59.9, t 4.31, dd (14.5, 1.6) 146.0, s 122.8, t 5.98, d (1.2)


13b 4.32, d (14.5) 5.45, d (1.2)


14a 25.1, q 1.46, s 114.5, t 4.96, br s 26.9, q 1.60, s


14b 5.01, br s


15a 18.0, q 1.71, s 59.9, t 4.29, dd (1.6, 14.5) 18.0, q 1.69, s


15b 4.31, d (14.5)


16 25.1, q 1.45, s


17 25.5, q 1.44, s


18 25.2, q 1.38, s


19 17.5, q 1.67, s


a Multiplicity was determined by analysis of the DEPT spectra.
b J values (Hz) in parentheses.
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(theoretical = 9.01%). Infrared absorption bands at 3420
and 1682 cm�1 suggested the presence of a hydroxyl
group and a,b-unsaturated ketone, respectively. In the
1H NMR (Table 1) spectrum the methine signals at dH


7.05 (1H, dt, J = 1.6, 6 Hz), and 5.22 (1H, t,
J = 7.5 Hz) were assigned as olefinic protons whereas
the methine at 4.75 (1H, dd, J = 3.6, 6 Hz) ppm must
possess an oxygen substituent (dC 65.1). In addition to
these signals, the 1H NMR spectrum exhibited reso-
nances for one hydroxymethylene function [dH 4.31
(dd, J = 14.5, 16 Hz) and 4.32 (d, J = 14.5 Hz)] and alke-
nyl chain. A HSQC experiment was utilized to assign the
protons to their attached carbons. In the DQF-COSY
spectrum, H-5 (dH 2.18 [dt, J = 13.6, 3.6 Hz)] showed
cross-peaks with H-6 methylene protons [dH 2.88 (dd,
J = 13.6, 16.7 Hz) and 2.53 (dd, J = 3.6, 16.7 Hz)] and
H-4 (dH 4.75) while H-4 correlated with H-5 and H-3
(dH 7.05). HMBC interactions between H-3 and C-1
(dC 202.4), C-2 (dC 140.4), C-4 (dC 65.1), C-5 (dC 46.0)
and between H-5 and C-1, C-3 (dC 143.6), C-4, and
C-6 (dC 35.2), (Fig. 1), suggested the presence of a cyclo-
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Figure 1. Main HMBC correlations of antheminones A (1) and B (2).

hexenone ring. The structure of the alkenyl chain and its
position on the cyclohexanone moiety were unambigu-
ously established by HMBC experiments. In particular,
HMBC correlations between the methine proton at dH


2.18 and C-4, C-6, C-7 (dC 75.4), C-8 (dC 41.2), and C-
14 (dC 25.1) fixed the hexenyl chain at position 5 of
the cyclohexenone. The key HMBC connectivities are
displayed in Figure. 1. The relative stereochemistry of
compound 1 was determined by ROESY experiments
and analyzing scalar (3JHH) coupling of the protons.
Namely, from the coupling patterns of adjacent proton
signals in the 1H NMR spectrum, the coupling constants
values of J6ax-5 and J4–5 were calculated to be 13.6 and
3.6 Hz, respectively. Therefore, the hexenyl chain and
the hydroxyl group at the 5- and 4-positions must be
in the pseudoequatorial and pseudoaxial orientation,
respectively. This observation was supported on the ba-
sis of the ROESY spectrum, which showed correlations
between H-4 and H-5. Consequently, the structure of
compound 1 was established as, 4-hydroxy-5-(1-hydro-
xy-1,5-dimethyl-4-hexenyl)-2 (hydroxymethyl)-2-cycloh-
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exen-1-one and accorded the trivial name, antheminone
A (1).7


Antheminone B (2) was obtained as a colorless oil. The
molecular formula was established as C19H30O6 through
a [M+H]+ peak at m/z 355 displayed in the positive ESI-
MS and by analysis of 1H and 13C NMR spectral data.
Elemental analysis confirmed the proposed empirical
formula giving C = 64.51% (theoretical = 64.39%), and
H = 8.52% (theoretical = 8.53%). The 1H and 13C
NMR spectra (Table 1) of 2 resembled to those of 1 sug-
gesting the presence of a cyclohexenone moiety. How-
ever, in the 1H NMR spectrum two additional vicinal
olefinic methines at dH 5.72 (1H, m) and dH 5.74 (1H,
d, J = 7.2 Hz) and a terminal methylene at dH 4.96 (br,
s) and dH 5.01 (br, s) instead of the methine at dH 5.22
and of the methylene at dH 2.10 in 1 were observed in
2. A comparison of the 2D NMR spectra of 2 with those
of 1 showed that the structural differences are restricted
to the alkenyl chain located at position 5 of the cyclo-
hexenone ring. The cis relative configuration of the vic-
inal olefinic methines at dH 5.72 and dH 5.74 was judged
from their coupling constants (J = 7.2 Hz). The nature
of the side chain was deduced by HMBC experiments
showing correlations of H-8 with C-5 (dC 46.1), C-7
(dC 75.0), and C-9 (dC 126.5), of H-10 with C-8 (dC


44.4), C-11 (dC 82.7), C-12 (dC 90.8), and C-17 (dC


25.5), of H-18 with C-11 (dC 82.7), C-12 (dC 90.8), and
C-13 (dC 146.0), of H-14 with C-12 (dC 90.8), C-13 (dC


146.0), and C-19 (dC 17.5) (Fig. 1). On the basis of cou-
pling constants and ROESY correlations, the relative
stereochemistry at C-5 and C-6 in 2 was assumed to
be the same as in 1. Hence compound 2 was assigned
as, 4-hydroxy-2-(hydroxymethyl)-5-[(3Z)-1,5,6-trihy-
droxy-1,5,6,7-tetramethyl-3,7-octadienyl]-2-cyclohexen-
1- one and named antheminone B (2).8


Antheminone C (3) was isolated as a colorless oil. The
molecular formula was determined to be C15H24O4 from
the molecular ion peak [M+H+Na]+ at m/z 291 in the
ESI-MS and by analysis of 1H and 13C NMR spectral
data. Elemental analysis confirmed the proposed empir-
ical formula giving C = 67.44% (theoretical = 67.14%)
and H = 9.02% (theoretical = 9.01%). It followed there-
fore, that antheminones A and C possessed the same
molecular formula. The 1H and 13C NMR spectra (Ta-
ble 1) of compound 3 showed that its structure is related
to that of compound 1, with the exception that the
hydroxymethylene protons at dH 4.31 and 4.32, and
the olefinic signal at dH 7.05 were replaced by a terminal
methylene at dH 5.45 (d, J = 1.2 Hz) and 5.98 (d,
J = 1.2 Hz), and by a methine proton bearing a hydroxyl
function at d 4.68 (d, J = 1.6 Hz). HMBC correlations

Table 2. Cytotoxic activities of antheminones A–C (IC50 ± SD) determined


Compound IC 50 (lM) of cell


HCT-116 (colon) CaCo-2 (colon) MCF-7 (bre


Antheminone A (1) 15 ± 2 11 ± 1 21 ± 2


Antheminone B (2) 29 ± 4 24 ± 3 29 ± 5


Antheminone C (3) 19 ± 2 9.4 ± 1.1 15 ± 1


Parthenolidea 5.9 ± 0.8 10.4 ± 1.0 9.4 ± 0.9


a Positive control substance capable of alkylating sulfhydryl moieties.

between the two methylene protons at dH 5.45 and
5.98 and C-1 (dC 201.2), C-2 (dC 147.8), and C-3 (dC


85.8) confirmed the presence of an a-methylenecyclo-
hexanone ring instead of a 2-(hydroxymethyl)-2-cyclo-
hexene-1-one moiety. The coupling constants values of
J6ax-5 and J4–5 were calculated to be 2.8 and 1 Hz,
respectively, suggesting that the side chain at the 5-posi-
tion must have a pseudoaxial orientation while the
hydroxyl group at position 4 possessed a pseudo-
equatorial orientation. Correlations observed in the
ROESY spectrum between H-3 and H-4 demonstrated
that the hydroxyl functions at C-3 and C-4 were on
the opposite face of the cyclohexanone ring. Compound
3 was determined to be 3,4-dihydroxy-5-(1-hydroxy-1,5-
dimethyl-4-hexenyl)-2-methylenecyclohexanone and
named antheminone C (3).9


The absolute configuration of antheminones A–C could
not be determined due to the fact that a crystalline deriv-
ative suitable for an X-ray structure determination could
not be obtained from the compounds isolated.


Antheminones 1–3 were evaluated for their cytotoxic
activity against a panel of adherent and non-adherent
human cancer cell lines (Table 2) as previously re-
ported.10 Compounds 1 and 3 were more active with re-
spect to compound 2 against all the cell lines and
showed significant antiproliferative activity toward the
cells related to the immune system (HL-60, U-937, and
Jurkat T) with antheminone C being the most active
one with an IC50 value of 3.2 lM for HL-60 cells.


Cyclohexanones derivatives are relatively rare com-
pounds in plants and usually isolated from fungi, bacte-
ria, worms, and mushrooms.11 Most often,
cyclohexenones are produced by endophytic fungi plants
and it seems that the role played by these compounds in
the fungus–plant relationship is to provide protection to
the plant. This possible role of the cyclohexenones is
supported by the finding that they showed activity
against phytopathogenic fungi.12 Cyclohexenones
showed interesting biological properties, such as, anti-
bacterial and anti-tumor activities.11 As regards the anti-
cancer activity, in recent years cyclohexenones related to
2-crotonyloxymethyl-cyclohex-2-enone (COMC) have
received great attention because of their peculiar mech-
anism of action.13–15 This latter involves initial conjuga-
tion of glutathione (GSH) to cyclohexenone derivatives,
a reaction catalyzed by glutathione transferase (GST),
leading to the generation of a glutathioylated exocyclic
enone.16 The alkylation of intracellular proteins and/or
nucleic acids by this intermediate leads to cell death.17


Cyclohexenones have been suggested to be a potentially

after 72 h


proliferation after 72 h incubation


ast) HL-60 (leukemia) U-937 (leukemia) Jurkat T (leukemia)


7.6 ± 0.6 6.2 ± 3 9.0 ± 0.4


11 ± 0.9 12 ± 0.4 14 ± 2


3.2 ± 0.6 7.4 ± 1.3 8.4 ± 0.3


0.9 ± 0.08 2.2 ± 0.3 1.9 ± 0.5
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important new class of prodrugs, which can specifically
target multidrug-resistant tumors overexpressing human
glutathione transferase.13


Antheminone A (1) showed a cytotoxic activity compa-
rable with that of the antitumoral compound COMC.18


Since 1 is closely structurally related to COMC, it can be
assumed that antheminone A reacts with GSH like
COMC (Scheme 1). Interestingly, antheminone C (3)
contains a cyclohexanone ring instead of a cyclohexe-
none one but it is equipotent or even more active (HL-
60 cells) than 1. This observation apparently contrasts
with the mechanism proposed by Hamilton et al.16


which request the conjugation of GSH to cyclohexe-
none, by a Michael addition, to give an electrophilic
exocyclic enone (Scheme 1). The explanation why ant-
heminone C (3) is cytotoxic could be related to its exo-
cyclic enonic structure. As a result, antheminone C
does not request an activation by GSH and could di-
rectly alkylate nucleic acids (Scheme 1).
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Abstract—6-Acetyl-7,7-dimethyl-7,8-dihydropterin 3 has been shown to be able to substitute for the natural cofactor of nitric oxide
synthases, tetrahydrobiopterin 1, in cells and tissues that contain active nitric oxide synthases (NOSs). In both macrophages, which
produce iNOS, and endothelial cells, which produce eNOS, in which tetrahydrobiopterin biosynthesis has been blocked by inhibi-
tion of GTP cyclohydrolase 1, dihydropterin 3 restored production of nitric oxide by these cells. In tissues, 3 caused relaxation in
preconstricted rat aortic rings, again in which tetrahydrobiopterin biosynthesis had been inhibited, an effect that was blocked by the
NOS inhibitor, LL-NAME. However, dihydropterin 3 was not itself an active cofactor in purified NOS (nNOS) preparations free of
tetrahydrobiopterin suggesting that intracellular reduction to 6-acetyl-7,7-dimethyl-5,6,7,8-tetrahydropterin 4 is required for activ-
ity. Compound 4 was prepared by reduction of the corresponding 7,8-dihydropterin with sodium cyanoborohydride and has been
shown to be a competent cofactor for nitric oxide production by nNOS. Together, the results show that the 7,7-dimethyl-7,8-dihy-
dropterin is a novel structural framework for effective tetrahydrobiopterin analogues.
� 2008 Elsevier Ltd. All rights reserved.

Nitric oxide is now well established as an intercellular
mediator with a wide range of functions in different cell
types.1–4 In the vascular endothelium, nitric oxide
release promotes smooth muscle relaxation and
corresponding vasodilation. In the CNS, nitric oxide
takes part in neuronal signalling and has been impli-
cated in the pathology of many diseases. Both the endo-
thelial NOS (eNOS) and the neuronal NOS (nNOS) are
constitutive enzymes, however a third isoform, inducible
NOS (iNOS) is produced by macrophages as part of the
immune response leading to the formation of reactive
species such as peroxynitrite. As with nNOS, excessive
production of nitric oxide by iNOS can be harmful.
Pathology can result from excess of NOS activity due
to increased production or to insufficient nitric oxide
due to inadequate enzyme levels or to inadequate sup-
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plies of one of the essential cofactors, tetrahydrobiopter-
in, 1. Clearly a balance of availability of nitric oxide in
all tissues is important for well-being.3


Nitric oxide donors such as S-nitroso compounds, glyc-
erin nitrate, are widely used in the treatment of cardio-
vascular disorders in which endothelial relaxation may
be compromised. However, such compounds are
systemic and their effectiveness as drugs is limited by
side effects. Unsurprisingly with this range of actions,
the enzymes that synthesise nitric oxide, nitric oxide syn-
thases (NOSs) have attracted much attention as targets
for therapeutic intervention by inhibitors. Both the
substrate (arginine) binding site5–7 and the cofactor (tet-
rahydrobiopterin 1) binding site have been investigated.
In the latter case, many pteridine derivatives have been
shown to be inhibitors of NOSs.8–11


The mechanism of action of NOSs has been thoroughly
investigated12,13 and the consensus is that tetrahydrobi-
opterin has both a structural role in maintaining the ac-
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tive conformation of the dimeric enzymes and in elec-
tron transfer to the haeme iron at which oxidation takes
place. It is therefore reasonable to expect that competent
activators of NOSs must have structures closely related
to tetrahydrobiopterin itself. Indeed very few such com-
pounds have been discovered the most potent of which
is 5-N-methyl-tetrahydrobiopterin, 2.14 The tetrahydro
oxidation state also appears to be obligatory. Pterin bio-
synthesis, however, largely takes place at the dihydro
oxidation state. Conscious of this and of the oxidative
instability of tetrahydropterins, over 20 years ago at
Strathclyde, we synthesised a family of so-called blocked
dihydropterins which contained geminal alkyl groups at
C7 and thus were not susceptible to aromatisation.15,16


At that time, the biochemistry of nitric oxide was un-
known; the significance of nitric oxide as now well
understood led us to consider that some of our com-
pounds might be able to mimic the properties of tetrahy-
drobiopterin and activate NOSs. 6-Acetyl-7,7-dimethyl-
7,8-dihydropterin 3 was selected for study.
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Table 1. Nitric oxide production in macrophages and endothelial cells


promoted by 3


Cell type NO produced (lM)


Vehicle Vehicle + 3


Macrophage untreated 2.1 ± 0.3 1.7 ± 0.4


Macrophage BH4 depleted 4.1 ± 1.0 6.2 ± 0.5


Endothelial BH4 depleted 8.5 ± 0.8 11.4 ± 1.0


The concentration of 3 in the macrophage experiments was 1 lM and


in the endothelial cell experiments, 30 lM.

Dihydropterin 3 is a stable compound soluble in water
and polar, hydrogen bonding organic solvents, and sub-
stantially more so than tetrahydrobiopterin and other
pterins that lack the blocked dihydro structural feature.
Compound 3 was prepared by methods previously
described15,16 by substitution of 2-amino-6-chloro-5-
nitropyrimidin-4(3H)-one with 2-amino-2-methylpen-
tan-3-one (36%) and subsequent reductive cyclisation
to the corresponding 6-ethyl pterin (94%); oxidation of
the 6-ethyl group to the 6-acetyl group was achieved
with air passed through a solution of the precursor 6-
ethyl pterin in n-butanol–acetic acid–water (52%). For
studies with purified, tetrahydrobiopterin free nNOS, 3
was reduced in methanol solution acidified with dilute
aqueous hydrochloric acid with sodium cyanoborohy-
dride to afford the racemic 5,6,7,8-tetrahydropterin, 4
(87%) which was purified by HPLC and used within
two days of purification. Provided that hydrochloric
acid was used for acidification, it was possible to reduce
the C–N double bond without reduction of the carbonyl
group. If methanol was acidified by acetic acid, partial
reduction of the C6 acetyl group also occurred.


The evaluation of 3 in cells used two cell types. First, mac-
rophages which produce iNOS, cultured from mouse
bone marrow were investigated. For NO assay, macro-
phages were assessed both without pretreatment and after

preincubation with 2,4-diamino-6-hydroxypyrimidine, a
known inhibitor of the first enzyme in the biosynthesis
of tetrahydrobiopterin, thereby allowing for competition
between the dihydropterin 3, and as will be seen from the
following, its tetrahydro derivative 4, and endogenously
synthesised tetrahydrobiopterin. The dihydropterin 3
was added to macrophages as a solution in DMSO to give
a final concentration of 1 lM. Nitric oxide production
was determined by assay of aliquots from the reaction
mixture using the Griess method determining total nitrite
plus nitrate.17 Under the assay conditions used after 72 h,
there was no significant difference between the quantity of
nitric oxide produced by undepleted cells and in the pres-
ence or absence of 3 (Table 1). However, when tetrahy-
drobiopterin depleted cells were studied, clear evidence
for nitric oxide production was obtained. Similar experi-
ments were carried out in endothelial cells, which produce
eNOS, cultured from porcine pulmonary artery with a
similar outcome, namely that 3 supported nitric oxide
production in cells depleted of endogenous tetrahydrobi-
opterin. These experiments lead to two important conclu-
sions: dihydropterin 3 is able to penetrate cell membranes
and is able to provide an alternative to the natural cofac-
tor, tetrahydrobiopterin, for the production of nitric
oxide by those cells.


The functional evaluation of 3 was carried out using rat
aortic rings. Rings of rat aorta were maintained in phys-
iological salt solution at 37 �C and gassed with 95% O2/
5% CO2. They were incubated for 6 h either with the
inhibitor of GTP cyclohydrolase-1 2,4-diamino-6-
hydroxypyrimidine (10 mM) to deplete endogenous tet-
rahydrobiopterin, or with vehicle. The aortic rings were
then preconstricted with phenylephrine at its EC50 of
1.2 · 10�7 M. Consistent with the observations in endo-
thelial cells and macrophages, the dihydropterin 3 re-
laxed aortic rings that had been depleted of
tetrahydrobiopterin but had no effect on rings that
had not been depleted. At 0.3 mM, the dihydropterin 3
produced a maximal relaxation of 24.2 ± 7.8%, which
compares with 0 ± 5% for the vehicle control (0.3 mM
NH4OH in the tissue experiments). The vasorelaxation
was blocked by incubation with LL-NAME, an inhibitor
of nitric oxide synthase (3 · 10�4 M),5 and the residual
relaxation in the presence of both 3 and LL-NAME was
5.4 ± 2.7%. In these experiments, the EC50 of dihydrop-
terin 3 was 10 nM; under the same conditions, the natu-
ral cofactor, tetrahydrobiopterin 1, caused no relaxation
but a slightly increased contraction.


Together the results in cells and tissues pose a mechanis-
tic question. Dihydropterin 3 is clearly effective and







Figure 1. The tetrahydropterin 4 (gold) modelled into the tetrahydro-


biopterin binding site of eNOS as defined by the Brookhaven Protein


Data Bank structure 1NSE.22 The 7,7-dimethyl groups are shown


space filled as is the methyl group of Ala 448; the close fit is obvious.


Towards the rear, the haeme is shown (magenta) making the normal


interactions with 4 that it does with tetrahydrobiopterin.
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could in principle be active itself as a cofactor in NOSs or
be reduced intracellularly to its tetrahydro derivative, 4.
The latter reaction might conceivably take place in cells
mediated by enzymes such as dihydrofolate reductase.
To test the properties of 3 and 4, tetrahydrobiopterin free
nNOS was obtained by expression in Escherichia coli18


and purified from the cell extract as described previ-
ously,19 except for the absence of tetrahydrobiopterin
from all buffers. The enzyme was assayed for activity
spectrophotometrically using the stoichiometric conver-
sion of oxyhaemoglobin to methaemoglobin at 401 nm
to detect NO released.20


When tetrahydrobiopterin free nNOS was assayed with
dihydropterin 3 at concentrations between 1 and
100 lM, no evidence for the production of nitric oxide
was obtained.21 This rules out the direct action of 3 as a
tetrahydrobiopterin mimetic. On the other hand, the tet-
rahydro derivative 4 was a competent cofactor for nNOS.
Assays including 1–200 lM 4 had increasing rates of NO
synthesis with concentration, in the presence of saturating
concentrations of arginine and NADPH. The resultant
data followed Michaelis–Menten kinetics with
Kd = 151 ± 22 lM and kcat = 5.27 ± 0.36 min�1. These
data compare with 1.12 ± 0.13 lM and 8.19 ± 0.19 min�1


for tetrahydrobiopterin itself. Evidently, 4 is almost as
effective as tetrahydrobiopterin with respect to the rate
of reaction but the significantly weaker binding of 4
makes it clear why the activity of its dihydro precursor
3 in cell and tissue experiments was only found in prepa-
rations depleted of tetrahydrobiopterin.


In view of the specificity of NOSs for tetrahydrobiopter-
in, it might be considered surprising that a 7,7-dimeth-
ylpterin would fit at the active site. However, when 4

was docked into the active site of NOSs occupying the
space normally occupied by tetrahydrobiopterin, it be-
comes clear that almost all of the binding interactions
between pterin, enzyme, and haeme are conserved,
including side chain hydrogen bonds, and that there is
little unfavourable steric interaction between the 7,7-di-
methyl groups and residues neighbouring the binding
site. Figure 1 illustrates these points for eNOS and the
situation with iNOS and nNOS is similar, consistent
with the close structural relationships between these pro-
teins in the active site region.
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Abstract—Bacteria can coordinate community-wide behaviors through quorum sensing, that is, the secretion and sensing of autoin-
ducer (AI) molecules. Bacterial quorum sensing is implicated in the regulation of pathologically relevant events such as biofilm for-
mation, bacterial virulence, and drug resistance. Inhibitors of bacterial quorum sensing could therefore be useful therapeutics.
Herein we report for the first time the discovery of several pyrogallol compounds as single digit micromolar inhibitors of bacterial
quorum sensing in Vibrio harveyi.
� 2008 Elsevier Ltd. All rights reserved.

Bacteria can sense the presence and concentration of
and communicate with other bacteria in the same envi-
ronment through the secretion and detection of small
molecules called autoinducers (AI). This process is
referred to as quorum sensing,1,2 which is known to
regulate many pathologically relevant processes such
as virulence factor production, biofilm formation, and
drug resistance. For example, biofilm formation in
Pseudomonas aeruginosa3,4 and Vibrio cholerae,5 antibi-
otic production in Lactococcus lactis,6 bioluminescence
production in Vibrio harveyi7 are all affected by bacterial
quorum sensing. Several quorum sensing pathways have
been identified.8,9 Among them, the autoinducer-2
(AI-2) pathway is referred to as a universal pathway
since it functions in both Gram-positive and Gram-neg-
ative bacteria while the acylated homoserine lactones
(AHL, AI-1) pathway functions only in Gram-negative
bacteria8 and autoinducing peptides (AIP) functions
only in Gram-positive bacteria.9


Since bacterial quorum sensing is implicated in patho-
logically relevant characteristics, conceivably its inhibi-
tion can be a useful approach for the development of
therapeutics against bacterial infection.10–17 Though
quorum sensing inhibitors/antagonists alone are not
expected to have bactericidal effect, their ability to atten-
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uate virulence, drug resistance, and biofilm formation
can bring in clinical benefits because those are the
problems that are hard to be resolved with currently
available antibiotics. There have been extensive
efforts in developing quorum sensing inhibitors18–21


and inhibitors of enzymes responsible for autoinducer
synthesis.14–18,21–26 However, most such efforts have
been focused on the AHL pathway in Gram-negative
bacteria and the AIP-mediated pathway in Gram-posi-
tive bacteria.12,24,27–33 For the AI-2 pathway, there
have been a few reports of AI-2 analogs as agonists
and partial agonists8,9,34,35 and two reports of AI-2
antagonists with IC50 in the high micromolar range.36,37


Herein, we describe for the first time that pyrogallol and
several of its analogs can inhibit AI-2 mediated quorum
sensing in V. harveyi with IC50 values in the single digit
micromolar range.


The AI-2 molecule is unique in that it exists in different
forms (Scheme 1). The boric acid complex F is the bio-
logically active form in V. harveyi. The binding of AI-2
(F) to the LuxP receptor in V. harveyi triggers a cascade
of events that lead to quorum sensing and biolumines-
cence.38 In its binding to LuxP, the borate moiety in com-
plex F is known to exist in the anionic tetrahedral form.
In the binding site of LuxP, there are two arginine resi-
dues (215 and 310) nearby, which presumably afford sig-
nificant stabilization through ionic interactions. Based
on the concept of molecular mimicry, we envisioned that
other diol-containing compounds, which can complex
with boric acid,39,40 should have the potential to bind
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Figure 1. Diol compounds tested and their corresponding IC50 value (lM).


Figure 2b. Microplate reader results for pyrogallol (2). Each line


represents one set of experiments. The concentrations of pyrogallol


from left to right are 20, 10, 5, 2.5, 1.25, 0.64, 0.32, 0.16, 0.08, 0.04,
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LuxP in their boric acid complex forms. Several non-aro-
matic cyclic polyols have been studied by others.41–44


Most of them showed agonistic effects. Since our interest
is in the search for antagonists, we decided to examine
some novel structures that have significant differences
from cyclic polyols that have been studied. Therefore,
we studied some aromatic diol-containing compounds
together with two five-membered ring diols (Fig. 1).
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Figure 2a. Concentration-dependent inhibition of V. harveyi lumines-


cence by pyrogallol, IC50 = 2 ± 1 lM.


0.00 lM.

For the screening work, we chose MM32 strain of
V. harveyi. MM32 lacks the LuxN receptor needed
to respond to autoinducer AI-1 and the LuxS enzyme
needed to synthesize DPD, which is a precursor of AI-
2 in its boric acid complex form (Scheme 1).45 Since
the MM32 strain of V. harveyi produces no endoge-
nous AI-2 signal, bioluminescence is measurable only
following the addition of DPD, which was synthesized
by following literature procedures.43 Based on litera-
ture precedents, we chose to use 5 lM of DPD as
the final concentration for the test in the presence of
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1 mM of boric acid.46 It should be noted that organic
solvents could also affect the intensity of the lumines-
cence. In this case, DMSO was used to solubilize the
tested compounds in making stock solutions. There-
fore, it is important that final DMSO concentrations
be kept at minimum and constant in all tests.


The effect of the diols shown in Figure 1 on bacterial
quorum sensing was examined by following literature
procedures.47 Briefly, diols of different concentrations
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were first added into autoinducer bioassay (AB) med-
ium47 prepared in 96-well plates. To these solutions,
freshly synthesized DPD in solution (pH 7) was added
for a final concentration of 5 lM. Boric acid was added
to give a final concentration of 1 mM. (The optimal
DPD and boric concentrations were determined based
on literature precedents as well as our own experimental
confirmation.)17 After addition of bacteria in AB med-
ium (bacteria was diluted 5000-fold after 16 h incuba-
tion), the micro plates were incubated at 30 �C with
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aeration for 3–4 h. Light production was measured
every half hour by using a Perkin-Elmer luminescence
microplate reader. Figure 2 shows a typical set of data
reflecting the concentration-dependent luminescence
intensity changes with added diols.


Among these 15 compounds tested, five showed IC50


at single digit micromolar concentrations. They are
compound 2 (IC50: 2 ± 1), compound 8 (IC50: 4 ± 1),
compound 9 (IC50: 3 ± 1), compound 13 (IC50:
4 ± 2), and compound 15 (IC50: 3 ± 1). From the
results presented, we can draw some general struc-
ture–activity conclusions. First, non-aromatic 5-mem-
bered ring cis-diols (4) showed no inhibitory effect. Such
result is consistent with literature reports, which showed
that many non-aromatic polyols do not inhibit AI-2 med-
iated quorum sensing. Second, catechols showed much
lower activities than pyrogallols. For example, catechol
5 has an IC50 value about 59 lM, while compound 2 has
an IC50 value of around 2 lM. Such results indicate that
the third hydroxyl group on pyrogallol is important in
binding interactions. Third, pyrogallol seems to have
certain tolerance of non-ionizable substitution at the
4-position. Ionizable groups on the other hand tend to
lower activities. For example, compounds 10 (IC50:
61 ± 10) and 14 (IC50: 50 ± 9) have a carboxyl group
and 12 (IC50: 22 ± 1) has an amino group, all of
which are ionizable under normal physiological condi-
tions. These compounds showed much lower activities
than pyrogallol.


We also did some molecular modeling work to under-
stand the structure–activity relationships following sim-
ilar procedures reported previously.48,49 In brief, the
docked complexes were solvated by using the TIP3P
water model,50 subjected to 500 steps of molecular
mechanics minimization and molecular dynamics simu-
lations at 300 K for 1.5 ns using the SANDER module
in AMBER 8 program.51 The resulting structures were
then analyzed using HBPLUS 3.0652 and Ligplot
4.2253 program to identify specific contacts between li-
gands and LuxP.


From Figures 3a and 3b, we can see that the boric acid
moiety can engage in salt bridge and/or hydrogen bond
interactions with Arg215, Arg310, Ser79, and Thr 266. It
is similar for both AI-2-borate and pyrogallol-borate. In
AI-2, the hydroxyl groups and oxygen atom of the furan
ring can also form H-bonds with Asn 159, Gln 77, and
Trp 82, while the third hydroxyl group of pyrogallol
can also form a H-bond with Asn 159. This interaction
could be the reason that pyrogallol binds LuxP receptor
more tightly than catechol (IC50: 59 ± 9 lM), which
only has two hydroxyl groups on the aromatic ring
(Fig. 4).


As stated earlier, in the pyrogallol scaffold ionizable
groups tend to lower activities. For example, 5-hydroxy-
dopamine (12, IC50: 22 ± 1) has an amino group, which
is ionizable under normal physiological conditions. This
negative influence may be due to undesirable ionic inter-
actions with Asp 136, which is positioned closely to the
AI-2-borate binding site (Fig. 5). It is conceivable that

side chain ionizable functional groups on pyrogallol,
either positive or negative, may engage in either attrac-
tive or repulsive interactions with Asp136, which can
move the entire complex away from an otherwise ideal
binding position.
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Figure 6. Growth curve for blank (doubling time: 77 min) and


compound 2 at 20 lM (doubling time: 82 min).
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With all the compounds that showed inhibitory activi-
ties, we also examined their effect on bacterial growth
in order to eliminate general toxicity reflected in re-
tarded bacterial growth as the reason for the observed
reduced bioluminescence production. Briefly, bacteria
were grown for 16 h with aeration (175 rpm) at 30 �C
in 2 mL of AB medium with antibiotics (kanamycin
50 lg/mL and chloramphenicol 10 lg/mL). Then this
bacterial culture was diluted 100-fold with 20 mL AB
medium in a 250 mL flask and incubated at 30 �C
(175 rpm). Certain concentrations of compounds were
added. The OD600 value was determined every 20 min.
The doubling time was calculated based on the OD600


value. Figure 6 shows one example of these compounds.
Except for compound 12, none of the others exhibited
significant inhibition of bacterial growth when com-
pared with the control group (no compound). There-
fore, no general cytotoxicity was observed at the
concentrations tested.


In conclusion, several pyrogallol compounds were found
to exhibit AI-2 inhibition effect with IC50 values in the
single digit micromolar range. The potency observed
was much higher than the AI-2 antagonists reported in
the literatures. These pyrogallol analogs will be very use-
ful tools for research and good lead compounds for fur-
ther structural optimization.
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Abstract—High-throughput screening identified a low molecular weight antagonist of CXCR3 displaying micromolar activity in a
membrane filtration-binding assay. Systematic modification of the benzimidazole core and tethered acetophenone moiety estab-
lished tractable SAR of analogs with improved physicochemical properties and sub-micromolar activity across both human and
murine receptors.
� 2008 Elsevier Ltd. All rights reserved.

Chemokines are a subfamily of chemotactic cytokines
that bind to cell surface G-protein coupled receptors
(GPCRs) and are responsible for modulating leukocyte
migration.1 A number of these receptors and their
endogenous ligands are thought to play a key role as
pro-inflammatory mediators of autoimmune diseases2


such as multiple sclerosis3 and rheumatoid arthritis.4


The chemokine IP-10 (CXCL10) and its receptor,
CXCR3, are highly expressed within the CNS at sites
of demyelination in multiple sclerosis patients.5 Studies
using neutralizing antibodies for CXCL10 have demon-
strated efficacy at preventing disease onset in a rodent
EAE model of multiple sclerosis.6 Therefore, small mol-
ecule antagonists of CXCR3 would be of interest as a
potential therapy for the treatment of autoimmune dis-
orders such as multiple sclerosis. Several small molecule
antagonists of CXCR3 have been reported including 4-
N-aryl-1,4-diazepine ureas,7 1-aryl-3-piperidin-4-yl-ur-
eas, and 2-amino(4-piperidinyl)azoles.8 Another small
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molecule, AMG-487, has been progressed into clinical
trials for both psoriasis and rheumatoid arthritis.9


A high-throughput screen of the Abbott corporate com-
pound collection identified 1 as a moderately potent
(IC50 = 3 lM), functional antagonist of CXCR3. The
moderate molecular weight (323) and cLogP (2.7) of
the compound made it an attractive starting point for
our hit-to-lead effort (Fig. 1). Three different synthetic
approaches were utilized for the synthesis of analogs
as summarized in Scheme 1. 2-Acylbenzimidazoles such
as 4 and 2-alkylbenzimidazoles such as 9 were prepared
by condensation of aryldiamines of the type 2 with an
appropriate carboxylic acid at elevated temperatures
followed by oxidation to prepare compounds of the type
3.10 Alkylation of the resulting benzimidazoles was

Figure 1. CXCR3 antagonist hit from HTS.
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Table 1. Binding potency of analogs


N


N
R2


R3


R1


Entry R1 R2 R3 huRLB


IC50
a (lM)


4a H C(O)Me CH2C(O)Ph(4-CN) >100


4b H C(O)Me CH2C(O)Ph(4-Br) 2


4c H C(O)Me CH2C(O)Ph(4-Cl) 8


4d H C(O)Me CH2C(O)Ph >100


4e 4-OMe C(O)Me CH2C(O)Ph(4-Br) 3


4f 5-OMe C(O)Me CH2C(O)Ph(4-Br) >50


4g 6-OMe C(O)Me CH2C(O)Ph(4-Br) >50


4h 5-Ph C(O)Me CH2C(O)Ph(4-Br) >50


4i 6-Ph C(O)Me CH2C(O)Ph(4-Br) >50


7a H S(O)Me CH2C(O)Ph(4-NO2) 11


9a H CH(OH)Me CH2C(O)Ph(4-NO2) 20


a IC50 values are an average of two runs.


Scheme 1. Synthesis of 2-substituted benzimidazoles 4a–j, 7a, 9a, b9,


and 12a–q. Yields given in the scheme are for compounds 4b, 7a, 9a,


and 12e. Reagents and conditions: (a) R2CH(OH)CO2H, 4 N HCl,


90 �C, 16 h; (b) Dess–Martin Periodinane, CH2Cl2, rt, 16 h; (c)


ArC(O)CH2Br, K2CO3, Acetone, rt, 4 h; (d) R2I, K2CO3, MeCN, rt,


16 h, then mCPBA, CH2Cl2, rt, 16 h; (e) R2CO2H, 4 N HCl, 90 �C,


16 h; (f) R2NH2, EtOH, reflux, 16 h; (g) Pd/C, NH4CO2H, EtOH, rt,


16 h; or Fe, HCl, EtOH, reflux, 16–48 h; (h) BrCN, MeCN, rt, 8–16 h;


(i) ArC(O)CH2Br, DMF, rt, 4–12 h.
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effected by treatment with an a-bromoacetophenone in
the presence of potassium carbonate.11 Sulfoxide
analogs 7 were prepared from the corresponding
benzothiourea via S-alkylation and oxidation.12,13 Prep-
aration of 2-iminobenzimidazoles 12 was accomplished
by utilizing an addition–elimination protocol. Thus,
treatment of an o-fluoronitroarene with an appropri-
ately substituted amine followed by reduction of the
nitro group using catalytic hydrogenation14 or iron in
protic acid15 and subsequent reaction of the resulting
diamines 11 with cyanogen bromide provided 2-imino-
benzimidazoles.16 Further elaboration by alkylation
with an a-bromoacetophenone gave the desired
product 12.


Compounds were initially evaluated for their ability to
inhibit [125I]-labeled CXCL10 binding to membranes
of CHO cells stably expressing human CXCR3.17 Func-
tional antagonism was also measured in CHO cells using
a FLIPR-based calcium mobilization assay.18

We initially examined the impact of modifications to the
acetophenone moiety as shown in Table 1. Replacement
of the 4-nitro substituent with isosteres such as the cya-
no group (entry 4a) was not tolerated but halogen
groups (entries 4b and 4c) provided binding potencies
similar to that of the lead. Removing the para-substitu-
ent also resulted in compounds with significantly re-
duced potency (entry 4d). Substitution at the C-5 and
C-6 position of the benzimidazole core with groups such
as methoxy (entries 4f and 4g) and phenyl (entries 4h
and 4i) resulted in weakly potent compounds while sub-
stitution at C-4 with methoxy (entry 4e; IC50 = 3 lM)
showed no change in the binding assay. Several modifi-
cations of the 2-acyl group, including replacement of the
carbonyl with a sulfoxide (entry 7a) and reduction of the
carbonyl to the corresponding carbinol (entry 9a), re-
sulted in compounds having reduced potency.


Analogs in the 2-acyl series, as well as many analogs
containing acyl isosteres, were poorly soluble in aqueous
buffer at the higher concentrations of the assay. This re-
sulted in an incomplete dose response curve and an
apparent partial antagonism that complicated SAR
interpretation for these compounds. However, substitu-
tion of the 2-acyl for an imino group provided com-
pounds with improved solubility19 which allowed for
complete dose response curves that typically provided
>80% inhibition relative to the endogenous ligand
(CXCL10). All future analogs incorporated this 2-imino
group because of both the improved potency and in-
creased solubility it afforded. Extended substitution on
this 2-imino group invariably resulted in a significant
reduction in potency as shown in Table 2 (entries 12a–
c). Only small aliphatic substituents were tolerated with
the 2-methylimino analog (entry 12c) being equipotent
to the unsubstituted 2-imino compound (entry 12d).


Having successfully improved solubility by incorporat-
ing the 2-imino substituent on the core, we next investi-
gated substitution on the acetophenone group. As
shown in Table 2, both bromine and chlorine were suit-







Table 2. Binding and functional antagonism of 2-iminobenzimidazole analogs


N


N
Me


NR1


R2


R3


Entry R1 R2 R3 huRLB IC50
a (lM) huFLIPR IC50


a (lM)


12a C(O)Me CH2C(O)Ph(4-NO2) H 50


12b CH2CH2OMe CH2C(O)Ph(4-Br) H 1


12c CH3 CH2C(O)Ph(4-Cl) H 0.8


12d H CH2C(O)Ph(4-Cl) H 0.8 9


12e H CH2C(O)Ph(4-Br) H 0.8


12f H CH2C(O)Ph(3,4-diCl) H 4


12g H CH2C(O)Ph(3-Cl) H 16


12h H CH2C(O)Ph(2-Cl) H 22


12i H CH2S(O)Ph(4-Cl) H 3


12j H CH2CH2Ph(4-Br) H 11


12k H CH2CH2CH2C(O)Ph(4-Br) H 6


12l H CH2CH(OH)Ph(4-Br) H 40


12m H CH2C(O)Ph(4-Cl) 6-Me 8


12n H CH2C(O)Ph(4-Cl) 5-Me 1 5


12o H CH2C(O)Ph(4-Cl) 4-Me 0.1 0.08


12p H CH2C(O)Ph(4-Cl) 4-Et 0.03 0.07


12q H CH2C(O)Ph(4-Cl) 4-nPr 0.5 0.4


12r H CH2C(O)Ph(4-Cl) 4-Cl 0.3


12s H CH2C(O)Ph(4-Cl) 4-CF3 0.7


12t H CH2C(O)Ph(4-Br) 4-OMe 0.8


a IC50 values are an average of two runs.


Figure 2. Pharmacokinetic properties and species selectivity of com-


pound 12o.
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able replacements for the 4-nitro group (entries 12d and
12e). Substitution at the 2- or 3-positions resulted in re-
duced potency (entries 12f–h). Isosteric replacement of
the ketone with a sulfoxide (entry 12i) also resulted in
a notable decrease in potency. Efforts to reduce the elec-
trophilic ketone to a carbinol (entry 12l) or methylene
(entry 12j) resulted in a loss of potency. Chain extension
of the acetophenone up to two atoms (entry 12k) indi-
cated that one methylene unit was preferred.


We next re-evaluated the impact of substitution on the
benzimidazole core as shown in Table 2. Substitution
with a methyl group at the C-6 position (entry 12m)
was not tolerated while compounds possessing substitu-
tion at C-5 (entry 12n) were nearly equipotent with com-
pound 12d. A substantial boost in potency was observed
with methyl substitution at the C-4 position (entry 12o).
Other small groups also resulted in improved potency
(entry 12r) including the ethyl-substituted compound
12p that showed a 25-fold increase in potency relative
to 12d. In addition, an increase in functional antagonism
(FLIPR) was observed with compounds incorporating
small aliphatic groups at the C-4 position (compare en-
try 12o with 12d). Larger groups, such as propyl (entry
12q), and more polar substituents (entries 12s and 12t)
did not show a significant improvement in potency sug-
gesting that substituents at the C-4 position may poten-
tially be binding within a small lipophilic pocket of the
receptor.


Compound 12o was further profiled for its pharmacoki-
netic properties in mouse to establish a benchmark for
the chemotype (Fig. 2). Compound 12o exhibited good
bioavailability and half-life upon oral administration20

along with limited stability in rat liver microsomes
(49% parent remaining after 30 min) and modest protein
binding (85%) in rat plasma. Compound 12o also dem-
onstrated consistent activity across species in the bind-
ing assay with good alignment in the functional assay
(FLIPR) as shown in Table 2.


In summary, from an internal screen of our corporate
compound collection we identified a low micromolar
antagonist of CXCR3. Switching to a 2-iminobenzimi-
dazole core resolved an apparent partial antagonism
due to limited solubility and also afforded compounds
with improved potency that demonstrated tractable
SAR. Incorporation of small, non-polar groups at the
C-4 position of the core resulted in notable potency
gains and improved functional antagonism along with
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favorable pharmacokinetic properties to support further
optimization efforts.
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Abstract—Novel ((2-substituted-1H-benzo[d]imidazol-1-yl)methyl)benzamides were found to be excellent P1 0 substituents in con-
junction with unique constrained b-amino hydroxamic acid scaffolds for the discovery of potent selective inhibitors of TNF-a Con-
verting Enzyme (TACE). Optimized examples proved potent for TACE, exceptionally selective over a wide panel of MMP and
ADAM proteases, potent in the suppression of LPS-induced TNF-a in human whole blood and orally bioavailable.
� 2008 Elsevier Ltd. All rights reserved.

The overexpression of the pro-inflammatory cytokine
Tumor Necrosis Factor-a (TNF-a) has been implicated
in numerous pathological conditions.1 The anti-TNF-a
biological therapeutics entaneracept, infliximab, and
adalimumab have demonstrated clinical success in
inflammatory and autoimmune diseases and as such
have validated the modulation of TNF-a as a drug dis-
covery paradigm.2 TNF-a Converting Enzyme (TACE
or ADAM-17) is the principle sheddase that governs
the cleavage of membrane bound pro-TNF-a to the sol-
uble form.3 TACE is a member of the ADAM (A Disin-
tegrin And Metalloprotease) family in the metzincin
superfamily of metalloproteases. We and others have
targeted TACE for the development of orally adminis-
tered, small molecule modulators of TNF-a.4 In partic-
ular, structural motifs including c-lactam5 (1, Fig. 1),
cyclic succinate6 (2), b,b-disubstituted-b-amino7 (3),
a,b-cyclized-b-amino8 (4, 5), and b-sulfone9 (6) hydroxa-
mic acids have been shown to inhibit TACE as well as
modulate TNF-a production in both cell-based assays
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and animal models. Common binding elements among
these inhibitors include the classical bidentate coordina-
tion to the active site zinc by the hydroxamic acid,
hydrogen bonds from the hydroxamic acid NH and
OH to the protein backbone as well as a key hydrogen
bond acceptor from the amide carbonyl or sulfone.
Common among this group is the 4-(2-quinolinylmeth-
oxy)phenyl P1 0 substituent.


This unique 4-(2-quinolinylmethoxy)phenyl P1 0 element
provided selectivity against the structurally related ma-
trix metalloproteases (MMPs); selectivity against the
MMPs was desired since broad based MMP inhibitors
were shown to have musculoskeletal side effects in clin-
ical trials.10 The P1 0 component was integral to achiev-
ing potency in a cellular assay which measures the
suppression of LPS-induced TNF-a in human whole
blood (WBA).11 Acceptable oral pharmacokinetic pro-
files were also achieved on examples containing this moi-
ety. Importantly, this group translated across scaffolds
with a high degree of success imparting similar proper-
ties to each. Though important for achieving selectivity
against related MMP and ADAM proteases, there was
still room for improvement in this area especially against
MMPs-3,-7,-8, and -12. Thus, the goals for the next gen-
eration of TACE inhibitors required increased selectiv-
ity against MMPs and further structural diversification
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Figure 1. Scaffold translation of 4-(2-methyl-quinolinylmethoxy)phenyl P1 0 group.
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that included replacement of the 4-(2-methyl-quinoli-
nyl)methoxy substituent while retaining cell potency
and acceptable oral pharmacokinetics.


Toward this end, reexamination of the P1 0 moieties from
the c-lactam scaffold studies revealed examples that
demonstrated suitable attributes such as cell permeabil-
ity, selectivity, and potential for increased structural
diversity. Of note, c-lactam 7 (Fig. 2), containing the
2-(methylthio)benzimidazolemethyl phenyl moiety,
stood out as exhibiting cell potency (WBA
IC50 = 316 nM) and modest selectivity against MMPs-
1,-2, and -9. The benzimidazole group was especially
attractive for drug-like properties, ease of incorporation,
and numerous positions to integrate structural changes.


The recently discovered cis-a,b-substituted-b-benzamido
hydroxamic acid scaffolds were characterized by good

Figure 2. ((2-Substituted-1H-benzo[d]imidazol-1-yl)methyl)phenyl P1 0 moiet

TACE potency/selectivity profiles and optimized exam-
ples proved to have excellent oral pharmacokinetic
properties.8 We envisioned the 2-substituted-1H-
benzo[d]imidazol-1-yl)methyl)benzamide P1 0 substitu-
ents would provide a promising commencement to fur-
ther optimize the factors listed above.


Thus, alkylation of 2-methylthio[1H]benzimidazole with
methyl 4-(bromomethyl)benzoate provided ester 10
(Scheme 1). Saponification and coupling to the BOC-
protected pyrrolidine 128 provided the amide 13. Depro-
tection and derivatization at this stage were followed by
conversion to the hydroxamic acid. This chemistry was
applicable to all analogues synthesized throughout this
study.12


The initial examples were tested in vitro using semi-puri-
fied porcine TACE (pTACE) to evaluate enzyme

ies.







Scheme 1. Reagents: (a) Cs2CO3, DMSO (99%); (b) LiOH, MeOH, H2O (72%); (c) BOP Reagent, DIPEA, DMF (99%); (d) TFA, CH2Cl2 (99%); (e)


NH2OH, NaOMe, MeOH.
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potency.11 The primary selectivity profile was evaluated
against MMPs-1,-2, and -9. Cellular suppression of
LPS-induced TNF-a was measured using human whole
blood (WBA). Membrane permeability [Papp (A! B)],
was measured using Caco-2 cells.13 Pharmacokinetic
studies were done in a discrete or cassette-dose fashion
(n-in-1) administered intravenously and orally to Spra-
gue–Dawley rats and beagle dogs; the plasma samples
were analyzed by LC/MS/MS.14


We were gratified to find that the 2-substituted benzim-
idazolyl P1 0 substituents translated well to the b-amino
acid scaffolds (Table 1); analogues 15–20 displayed po-
tent activity against pTACE with IC50s ranging between

Table 1. In vitro properties of inhibitors 15–20


Compound X R pTACEa (IC50 nM)


15 NBOC SCH3 <1.0


16 NH SCH3 1.6


17 NBOC CH3 1.0


18 NH CH3 2.6


19 NBOC i-Pr 1.0


20 NH i-Pr 1.6


a pTACE IC50 and MMP Ki values are from single determination.
b Inhibition of TNF-a release in WBA was determined with three donors.
c Papp (A! B) · 10�6 cm/s.

<1 and 2.6 nM. Interestingly, pTACE potency was
unaffected by increasing steric bulk at the 2-position of
the benzimidazole. Improved selectivity was observed
against MMP-2 and -9, as compared to the c-lactam
7. Importantly, potent activity in the cellular assay was
realized (WBA IC50s <100 nM). Caco-2 permeability
values for these inhibitors suggested low potential for
oral absorption with Papp 6 0.2 · 10�6 cm/s. Indeed,
pharmacokinetic studies in rats revealed less than 1%
oral bioavailability for 16 and 20.


With the realization of excellent enzyme and cell
potency for these analogues, further profiling against
a wider panel of MMPs was undertaken (Table 2).

WBAb (IC50 nM) MMP-1,-2,-9 Ki (nM) Caco-2c


62 >2128 0.2


34 >2128 0.2


92 >2128 0.1


56 >2128 0.1


70 >2128 0.2


64 >2128 0.1







Table 2. MMP profile of inhibitors 15, 17, and 19


Enzymea 15 17 19


TACEb <1 1.0 1.0


MMP-1 >4949 >4946 >4946


MMP-2 >3333 >3333 >3333


MMP-3 >4501 2609 3915


MMP-7 4075 5858 3502


MMP-8 1957 1865 >3058


MMP-9 >2128 >2128 >2128


MMP-10b >10,000 1600 4600


MMP-12b 540 250 390


MMP-13 >5025 >5025 >5025


MMP-14 >5290 >5290 >5290


MMP-15 >7088 >7088 >7088


MMP-16 >5454 >5554 >5554


a Ki (nM).
b IC50 (nM).
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Representative of this class, inhibitors 15, 17, and 19 dis-
played exceptional selectivity against the panel of
MMPs. Notably, superb selectivity over MMP-3,-7,-8,
and -12 was achieved; selectivity over this subset was,
in general, modest with the 4-(2-methylquinoli-
nyl)methoxyphenyl P1 0.


To further evaluate in vitro and in vivo properties with
the new benzimidazole P1 0 motif, a more thorough
exploration of b-benzamido hydroxamic acid scaffolds
was initiated. These scaffolds were effective for con-
structing cell potent, orally bioavailable TACE inhibi-
tors. The b-benzamido hydroxamic acid scaffolds of
particular interest included the cyclopentane8a (Table
3, A, X@CH2), pyrollidine8b (A, X@N-alkyl), tetrahy-

Table 3. In vitro and in vivo results for 21–33


Compound Scaffold


A,B,C


X R pTACEa


(IC50 nM)


WBA


(IC50


21 A CH2 i-Pr 1.0 65


22 A CH2 c-Pr 2.7 54


23 A N(2-propynyl) i-Pr 1.8 137


24 A N(2-propynyl) t-Bu 2.3 317


25 B — i-Pr 1.1 69


26 B — c-Pr 1.3 42


27 B — t-Bu 2.0 252


28 B — CF(Me)2 <1.0 140


29 C — i-Pr 1.6 105


30 C — CF(Me)2 2.2 153


31 C — CF2CH3 2.6 188


32 C — CF3 1.4 232


33 A O CF3 1.0 102


a pTACE IC50 and MMP Ki values are from single determination.
b Inhibition of TNF-a release in WBA was determined with three donors.
c Papp (A! B) · 10�6 cm/s.
d Determination of 3 for each dosing group, avg. value.

drofuran8b (A, X@O), oxaspiro[4.4]nonane15 (B), and
tetrahydopyran8a (C).


In conjunction with the cyclopentane-b-benzamido
hydroxamic acid, we were pleased to find that both the
isopropyl and cyclopropyl derivatives 21 and 22 retained
potency in both the enzymatic and cellular assays. Con-
sistent with the improvement in permeability in the
Caco-2 assay as well as the more modest clearance, the
cyclopropyl derivative 22 displayed better oral bioavail-
ability (22%) as compared to isopropyl derivative 21
(8%). The N-(2-propynyl)-pyrrolidine analogues 23
and 24 gave favorable potency in the enzyme assay,
though we observed a drop in cell potency that appeared
to coincide with the bulkier tert-butylbenzimidazole
derivative 24. Minimal oral bioavailability was observed
for 23 and 24 (3% and 8%, respectively) with higher
intrinsic clearance and low permeability contributing
to these results.


Turning to the oxaspiro[4.4]nonane scaffold, the isopro-
pyl derivative 25 maintained cell potency (WBA
IC50 = 69 nM) and provided acceptable oral bioavail-
ability (F = 22%), though this was in contrast to both
the Caco-2 value and the higher clearance. Unlike the
corresponding analogue on the cyclopentyl scaffold,
the cyclopropylbenzimidazole analogue 26 did not offer
any advantage over the isopropyl derivative. Turning to-
ward larger and more lipophilic benzimidazole substitu-
ents, the tert-butyl derivative 27 gave better oral
bioavailability (F = 29%), which, in this instance, was
consistent with the enhanced Caco-2 value; again, a
slight erosion in cell potency was observed (WBA

b


nM)


MMP-1,-2,-9


Ki (nM)


Caco-2c Cld(L/h/kg) Fd (%) rat


>4948, >3333, >2128 0.1 3.0 8


>4948, >3333, >2128 2.0 1.5 22


>4948, >3333, >2128 0.1 9.3 3


>4948, >3333, >2128 0.4 6.8 8


>4948, >3333, >2128 0.1 6.9 22


>4948, >3333, >2128 0.1 1.4 14


>4948, >3333, >2128 1.4 2.9 29


>4948, >3333, >2128 2.4 2.4 33


>4948, >3333, >2128 0.5 3.8 8


>4948, >3333, >2128 0.3 1.9 36


>4948, >3333, >2128 0.7 1.2 55


>4948, >3333, >2128 0.7 1.6 53


>4948, >3333, >2128 0.1 3.2 20







Table 5. Pharmacokinetic parameters of 32a


PK parameters Rat Dog


IV Dose (mg/kg) 5.0 2.0


t1/2 (h) 3.5 4.2


Cl (L/h/kg) 1.6 0.6


Vss (L/kg) 1.5 1.0


AUC (nM h) 6849 9967


PO Dose (mg/kg) 8.0 8.0


tmax (h) 0.3 0.5


t1/2 (h) 2.4 4.8


AUC (nM h) 5840 39,466


F (%) 53 99


a Determination of 3 for each dosing group, avg. value.
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IC50 = 252 nM). In an effort to maintain cell potency
and provide enough lipophilicity to boost oral absorp-
tion, addition of a fluorine atom in place of the methine
hydrogen of the isopropyl provided 28. Importantly, a
boost to the Caco-2 permeability was observed and
indicative of that oral bioavailability improved to 33%.


The previously described tetrahydropyranyl and tetrahy-
drofuranyl scaffolds were shown to possess favorable po-
tency/pharmacokinetic properties;8 this trend continued
with the benzimidazole P1 0 substituents. Relative to the
prior analogues, improved clearance values, though still
in the moderate range, were observed for 30–32 (1.2–
1.9 L/h/kg). The fluoroisopropyl analogue 30 displayed
favorable cell potency (WBA IC50 = 153 nM) with good
oral bioavailability in rat (F = 36%). It appeared that
substituting fluorine for hydrogen in the 2-alkyl position
of the benzimidazole led to favorable pharmacokinetics
without sacrificing potency or selectivity. Indeed, reten-
tion of cell potency and a boost in oral bioavailability
were observed for both the difluoroethylbenzimidazole
derivative 31 (WBA IC50 = 188 nM, F = 55%) and the tri-
fluoromethyl derivative 32 (WBA IC50 = 232 nM,
F = 53%). The tetrahydrofuranyl derivative 33 proved
to be more potent in the WBA (IC50 = 102 nM) as com-
pared to 32 but this resulted in a less favorable pharmaco-
kinetic profile (F = 20%). Interestingly, for the
tetrahydropyranyl analogues, increasing oral bioavail-
ability paralleled increasing Caco-2 values, though the
Papp values were modest in magnitude.


Inhibitor 32 was profiled against a wider panel of MMP
and ADAM proteases (Table 4). Importantly, 32 dis-
played outstanding selectivity, especially against
MMP-3,-7,-12, and ADAMTS-4 and -5.

Table 4. MMP and ADAM profile of inhibitor 32


Enzymea Ki (nM)


pTACE (IC50) 1.4


MMP-1 >10,000


MMP-2 >10,000


MMP-3 >10,000


MMP-7 >10,000


MMP-8 >10,000


MMP-9 >10,000


MMP-10 (IC50) >10,000


MMP-12 (IC50) 8000


MMP-13 >10,000


MMP-14 >10,000


MMP-15 >10,000


MMP-16 >10,000


ADAMTS-1 >1000


ADAMTS-4 6700


ADAMTS-5 1000


ADAM-10 >10,000


a pTACE IC50 and MMP Ki values are from single determination.

Further in vivo profiling for 32 in a second species (dog)
was performed and the full pharmacokinetic profile in
both rat and dog is shown in Table 5. Following iv
and oral dosing in rats, 32 is exemplified by low to
moderate clearance (1.6 L/h/kg), rapid absorption
(tmax = 0.3 h), and high oral exposure (AUC =
5840 nMh). The oral bioavailability is 53%. Pharmaco-
kinetic analysis in beagle dogs showed lower clearance
(0.6 L/h/kg) as compared to rats and longer oral half-life
(t1/2 = 4.8 h). Near complete oral bioavailability
(F = 99%) was observed in dogs.


Compound 32, when analyzed for serum protein bind-
ing, displayed acceptable free fraction in rodents (rat,
20% unbound) as well as higher order species, (dog,
20% unbound, human, 21% unbound).16


Oral efficacy of 32 was determined using the LPS-TNF
model of endotoxemia in mouse.11 Lipopolysaccharride
was administered along with different doses of 32 in
vehicle, by oral gavage administration at t = 0 h. One
hour post dose, the mice were euthanized, whole blood
collected by cardiac puncture, and the plasma used for
the measurement of TNF-a concentration. 32 displayed
a dose dependent suppression of TNF-a with a calcu-
lated ED50 1.9 mg/kg.


In summary, novel ((2-substituted-1H-benzo[d]imidazol-
1-yl)methyl)benzamides were found to be excellent P1 0


substituents in conjunction with unique b-amino
hydroxamic scaffolds for the discovery of potent, selec-
tive inhibitors of TACE. Optimized examples demon-
strated oral bioavailability. In particular, 32 proved
potent for pTACE, selective over a wide panel of MMPs
and ADAM proteases as well as potent in the suppres-
sion of LPS-induced TNF-a in human whole blood.
Importantly, following oral dosing, 32 displayed an
ED50 of 1.9 mg/kg in an acute model of inflammation.
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