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Abstract—An encoded combinatorial library based on aryl and biaryl piperidine scaffolds was designed and synthesized. Screening
of this library resulted in the discovery of high-nanomolar biaryl piperidine-based MCH1 receptor antagonists. Follow-up optimi-
zation using a parallel synthesis provided potent, single digit nanomolar antagonists.
� 2005 Elsevier Ltd. All rights reserved.

Melanin-concentrating hormone (MCH), a cyclic 19-
amino-acid neuropeptide expressed in the brains of all
mammals, plays an important role in the regulation of
food intake and energy homeostasis.1 It has been
demonstrated that central administration of MCH in
mice stimulates food intake, while fasting results in an
increase in MCH expression.1b MCH knockout mice
are hypophagic and leaner than wild-type mice but
otherwise healthy.1c On the contrary, transgenic mice
over-expressing MCH are susceptible to obesity and
insulin resistance.1d MCH interacts with two distinct
G protein-coupled receptors (GPCRs) in the brain:
MCH1R and MCH2R. MCH1R is present in all mam-
mals and is strongly implicated in the regulation of food
intake and energy homeostasis based on knockout
experiments with mch1r�/� mice.2 In contrast, MCH2R
is expressed only in ferrets, dogs, rhesus monkeys, and
humans but not in rodents and lagomorphs, and its
physiological function has yet to be established.3


These findings have prompted significant efforts from a
number of pharmaceutical companies in the discovery
of MCH1R antagonists as potential treatments for obes-
ity.4 A crescendo of publications have appeared recently
describing structurally diverse small molecule MCH1R
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antagonists,5 several series of which have demonstrated
in vivo efficacy in rodent obesity models.5a,b,m,n In this
paper, we report the discovery of a novel series of biaryl
piperidine MCH1R antagonists by using solid-phase
combinatorial chemistry.


Combinatorial chemistry has become an integral com-
ponent of today�s drug discovery process. Among the
various combinatorial techniques, the encoded combi-
natorial libraries on polymeric support (ECLiPSTM)
technology have proved to be a powerful tool for the
discovery of new leads against a wide variety of biolog-
ical targets.6 As part of our efforts to synthesize
ECLiPSTM combinatorial libraries targeting GPCRs,
an aryl and biaryl piperidine-based library 8
(Scheme 1) was designed and synthesized. As shown in
Scheme 1A, the requisite aryl/biaryl piperidine scaffold
3 was first synthesized via treatment of various aryl/
biaryl acetonitrile 1 with Boc-protected bis-(chloroeth-
yl)-amine 2 in the presence of sodium amide, followed
by reduction with LiAlH4. Overall, 15 such scaffolds,
including, for example R1 = phenyl, pyridylphenyl, were
prepared. Next, the reaction of scaffold 3 with a resin-
bound photolabile linker 47 under reductive alkylation
conditions gave a resin-bound secondary amine 5. Inter-
mediate 5 was treated with a variety of R2 reagents
including aldehydes, acid chlorides, sulfonyl chlorides,
isocyanates, and chloroformates under respective
reductive alkylation or acylation conditions to yield 6
as tertiary amines, amides, sulfonamides, ureas, and
carbamates, respectively. One portion of 6 was treated
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Scheme 1. Solid-phase synthesis of a piperidine-based 19,470-member ECLiPSTM encoded combinatorial library. (A) Synthetic scheme: (a) NaNH2,


DMSO; (b) LiAlH4, H2SO4, THF; (c) Na(OAc)3BH, ClCH2CH2Cl; (d) acylation with R2COCl, R2NCO, R2OCOCl, R2SO2Cl (pyridine, CH2Cl2), or


reductive alkylation with R2CHO (Na(OAc)3BH, ClCH2CH2Cl); (e) TFA, CH2Cl2; (f) acylation or reductive alkylation with R3 reagents; (g) TFA,


CH2Cl2; (h) R
4 derivatization. (B) Split–pool scheme: to balance diversity with drug-likeness, certain synthon combinations were removed from the


final library synthesis.


Figure 1. ClogP versus PSA plot of the piperidine library for oral


absorption prediction:8 well-absorbed (green), moderately absorbed


(blue), and poorly absorbed (red) compounds.
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with TFA to remove the Boc-group and then reductively
alkylated with Boc-protected aminoaldehydes or ke-
tones (R3 pieces) to generate intermediate 7. Intermedi-
ate 7 was first treated with TFA to remove Boc and then
reacted with a diverse set of R4 reagents including alde-
hydes, acid chlorides, sulfonyl chlorides, isocyanates,
and chloroformates under reductive alkylation or acyl-
ation conditions to yield the first part of library 8. The
other portion of 6, after Boc removal with TFA, was
reacted directly with the R4 reagents to generate the
second part of library 8.


Overall, 15 R1, 31 R2, 4 R3, and 33 R4 synthons were em-
ployed. To balance the size and diversity of the library
against drug-like properties, only certain combinations
of the synthons were prepared. Thus, as shown in Scheme
1B, a pool and split strategy yielding a library of 19,470-
members with optimal diversity and ‘‘drug-like’’ proper-
ties was used in the library synthesis. The plot of ClogP
(calculated logP) versus PSA (polar surface area) for the
19,470 compounds in library 8 is shown in Figure 1.
Based on the computational model of passive absorption
by Egan and co-workers,8 a majority of the piperidine
library compounds (95%, green dots within the blue
ellipse) were predicted to have characteristics compatible
with good oral absorption (>90% absorbed), a small
number of compounds (4%, blue dots between the blue
and red ellipses) were predicted to be moderately ab-
sorbed (30–90% absorbed), whereas only a tiny portion
(1%, red dots outside the red ellipse) was predicted to
be poorly absorbed (<30% absorbed).

It should be noted that according to the ECLiPSTM syn-
thesis protocol,6 the 15 R1, 31 R2, and 4 R3 synthons
were encoded, prior to each pool and split step, by
haloaromatic alcohol tags that can be detached via oxi-
dative cleavage and analyzed by electron capture gas
chromatography, whereas, the 33 R4 synthons were
not encoded, and instead, the final library compounds
8 were kept as 33 separate sub-libraries, where 1–22 con-
tained 690 compounds per sub-library and 23–33 con-
tained 390 compounds per sub-library. It should also
be noted that based on the ECLiPSTM synthesis proto-
col,6 extensive synthon profiling, careful solid-phase
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reaction optimization, and rigorous analysis of library
quality control compounds were performed to ensure
the fidelity of the library.


Screening of the 19,470-member library in a high-
throughput scintillation proximity assay (SPA), based
on [125I]-MCH binding to membranes prepared from
CHO cells that express human MCH1R9, was carried
out in two stages. First, a survey screen was performed,
in which one copy of each sub-library was arrayed in a
96-well plate as a mixture of �10 compounds per well
(�10 lM per compound through photolytic cleavage
of the compound from the resin bead) and screened
for the purpose of identifying active sub-libraries. Next,
active sub-libraries were selected for a follow-up screen,
in which three copies of each sub-library were arrayed in
96-well plates in a single compound per well format
(�10 lM per compound through photolytic cleavage
of the compound from the resin bead), with the aim of
identifying active, individual compounds. Once a well
was determined to contain an active compound
(P50% inhibition at 10 lM screening concentration)
in the screen, the structures of the active compounds
were determined by analyzing the haloaromatic tags
via oxidative cleavage from the source resin bead.6


Overall, 84 active structures were identified from eight
sub-libraries, with many of these structures found multi-
ple times indicative of a specific interaction with the bio-
logical target. Figure 2 depicts the frequency of synthons
that appeared for all the decoded structures. As can be
seen from Figure 2, the majority of the active compounds
were found in three sub-libraries: 3 (R4 = benzenesulfo-
nyl), 24 (R4 = phenylpropyl), and 31 (R4 = 1N-methyl-
benzimidazol-2-ylmethyl). Also, there were pronounced
preferences for R3 = 5 (bond) and R1 = 11 (4-(3-pyr-
idyl)phenyl)) in the active structures. In contrast, the syn-
thon preference for R2 was less pronounced. However,
the ureas (R2 = 21: 2-fluorophenylurea, 22: 4-methyl-
thiophenylurea, 23 (3-methoxyphenylurea, and 24:
cyclohexylurea) were more preferred over others. One
may argue that such a striking combinatorial SAR could
not be obtained as readily through the traditional one-
variation-at-a-time approach. It should be noted that
these compounds were found to be selective forMCH1R,

Figure 2. The distribution frequency of synthons for active com-


pounds discovered from screening the encoded combinatorial library.

as evidenced by the fact that the MCH1R hits from li-
brary 8 were not decoded for 30 additional GPCR
screens in the Pharmacopeia repertoire. The active com-
pounds were resynthesized in greater quantities (>5 mg)
for MCH1R Ki determination,9 and two of the most po-
tent compounds, 8a (from sub-library 31) and 8b (from
sub-library 3), are shown below. Both compounds are
predicted to have good oral absorption (within the blue
ellipse in the absorption chart in Fig. 1).8


To enhance the potency of these screening hits and to
expand the SAR further, solid-phase parallel synthesis
of a small number of close analogs of 8a–b was carried
out by adopting the same solid-phase reactions pre-
scribed for the preparation library 8. Briefly, 130 com-
pounds were prepared using the FlexChem� reaction
block system (Robbins Scientific), and each compound
(�5 mg) was purified by reverse-phase HPLC (>95%
pure) prior to Ki determination.9 The SAR of selected
compounds are listed in Table 1.


As shown in Table 1, a dramatic increase in potency was
achieved by replacing the 2-fluorophenylureido group in
the screening hits 8a–b with a 3,5-dichlorophenylureido
group at the R2 position (8c–e), a preferred moiety found
in the 4-amino-2-biaryl-butylurea series of MCH1R
antagonists from our laboratories.10 Specifically, the
3-pyridyl compound 8c, without any substituent at the
piperidine nitrogen (R3 = H) exhibited a Ki of 39 nM.
Substitution of the piperidine nitrogen with either a
methylsulfonyl group (8d, R3 = MeSO2, Ki = 2.2 nM)
or a methyl group (8e, R3 = Me, Ki = 3.1 nM) resulted
in >10-fold increases in potency, relative to 8c. In
contrast, substitution of the piperidine nitrogen with a
dimethylsulfamyl group reduced the potency by 2-fold
(8f, R3 = Me2NSO2, Ki = 84 nM), relative to 8c.
Replacement of the 3-pyridyl group at R1 with either
an alkyl group, such as methyl (8g), or a fused heterobi-
cycle, such as 5-indolyl (8h), caused potency decreases of
100-fold or more, relative to 8e. However, replacing the
3-pyridyl at R1 with 3-substituted phenyl groups, such
as 3-Cl-, AcHN-, OHC-, or NC-phenyl gave compounds
with potency (8i–l, Ki = 1.4–5.5 nM) similar to that of 8e.


Next, with R1 and R2 fixed as 3-cyanophenyl and 3,5-
dichlorophenylureido groups, respectively, further varia-
tion of the R3 substituents on the piperidine nitrogen was
carried out (8m–v) and the following interesting SAR
were obtained: n-propyl (8n), iso-propyl (8q), cyclo-pro-
pylmethyl (8s), and cyclo-pentyl (8u) substitution gave
rise to subnanomolar compounds; n-butyl (8o), sec-butyl
(8r), and cyclo-butyl (8t) substitution produced less







Table 1. SAR of aryl and biaryl piperidine analogs


Compound R1 R2X(O)n R3 MCH1R Ki (nM)9


8c 3-Pyridyl 3,5-Cl2C6H3NHCO H 39


8d 3-Pyridyl 3,5-Cl2C6H3NHCO MeSO2 2.2


8e 3-Pyridyl 3,5-Cl2C6H3NHCO Me 3.1


8f 3-Pyridyl 3,5-Cl2C6H3NHCO Me2NSO2 84


8g Me 3,5-Cl2C6H3NHCO Me 300


8h 5-Indolyl 3,5-Cl2C6H3NHCO Me 1188


8i 3-Cl–C6H4 3,5-Cl2C6H3NHCO Me 2.6


8j 3-AcHN–C6H4 3,5-Cl2C6H3NHCO Me 2.1


8k 3-OHC–C6H4 3,5-Cl2C6H3NHCO Me 5.5


8l 3-NC–C6H4 3,5-Cl2C6H3NHCO Me 1.4


8m 3-NC–C6H4 3,5-Cl2C6H3NHCO Et 2.6


8n 3-NC–C6H4 3,5-Cl2C6H3NHCO n-Pr 0.31


8o 3-NC–C6H4 3,5-Cl2C6H3NHCO n-Bu 11


8p 3-NC–C6H4 3,5-Cl2C6H3NHCO MeOCH2CH2 0.41


8q 3-NC–C6H4 3,5-Cl2C6H3NHCO i-Pr 0.45


8r 3-NC–C6H4 3,5-Cl2C6H3NHCO sec-Bu 13


8s 3-NC–C6H4 3,5-Cl2C6H3NHCO cyclo-Propylmethyl 0.17


8t 3-NC–C6H4 3,5-Cl2C6H3NHCO cyclo-Butyl 11


8u 3-NC–C6H4 3,5-Cl2C6H3NHCO cyclo-Pentyl 0.63


8v 3-NC–C6H4 3,5-Cl2C6H3NHCO cyclo-Hexyl 1.2


8w 3-NC–C6H4 C6H5NHCO Me 2.2


8x 3-NC–C6H4 3-CF3-4–ClC6H3NHCO Me 0.98


8y 3-NC–C6H4 3,4-F2C6H3NHCO Me 1.4


8z 3-NC–C6H4 3-NCC6H4NHCO Me 1.5


8a 0 3-NC–C6H4 2,5-Cl2C6H3NHCO Me 140


8b 0 3-NC–C6H4 3,5-Cl2C6H3CH2CO Me 164


8c 0 3-NC–C6H4 3,5-Cl2C6H3CO Me 155


8d 0 3-NC–C6H4 3,5-Cl2C6H3SO2 Me 281


T. Guo et al. / Bioorg. Med. Chem. Lett. 15 (2005) 3696–3700 3699

potent compounds (Ki �11 nM); both the ethyl (8m) and
the cyclo-hexyl (8v) analogs showed an activity similar to
that of themethyl analog (8l); and themethoxyethyl com-
pound (8p) had subnanomolar activity.


Finally, with R1 and R3 fixed as 3-cyanophenyl and
methyl groups, respectively, variations at the R2 posi-
tion (8w–d 0) revealed the following interesting SAR:
unsubstituted phenylurea (8w), 3-CF3-4-Cl-phenylurea
(8x), 3,4-difluorophenylurea (8y), and 3-cyanophenyl-
urea (8z) all exhibited similar potency (Ki = 0.98–
2.2 nM), relative to the 3,5-dichlorophenylurea analog
8e (Ki = 3.1 nM); however, ortho-substitution on the
urea phenyl group is not as well-tolerated, for example,
the 2,5-dichlorophenylurea analog 8a 0 (Ki = 140 nM) is
>40-fold less active than 8e; and replacement of the
3,5-dichlorophenylurea moiety in 8e with amides (such
as 8b 0–c 0) or sulfonamides (such as 8d 0) all resulted in
large potency decreases (>50-fold).


It should be noted that good functional activity and oral
absorption were also observed with these compounds,
consistent with the design of these compounds and
the prediction of favorable drug-like properties. For
example, compound 8e (Ki = 3.1 nM, MW = 469.4,

ClogP = 4.6, PSA = 57.5) displayed functional antago-
nism in a Ca2+ flux FLIPR� assay11 (Kb = 0.4 nM) and
showed good oral absorption (rapid rat AUC0–6h =
1.4 lM Æ h and C6h = 0.30 lM at 10 mg/kg, p.o.).


In summary, we have described the design and synthesis
of an aryl and biaryl piperidine-based ECLiPSTM com-
binatorial library and the subsequent discovery of po-
tent biaryl piperidine MCH1R antagonists. Further
study of these compounds will be reported in due course.
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Abstract—G protein-coupled receptors (GPCRs) represent important targets for drug intervention. However, analysis of GPCR
modulator drugs exhibits an important class difference, with many drugs available against aminergic GPCR targets, but relatively
few against non-aminergic targets. The reason for this is that commonly drugs mimic the physicochemistry of the receptor ligand.
Aminergic ligands generally exhibit physicochemical properties (molecular weight, lipophilicity and hydrogen bonding potential)
that are consistent with extensive oral absorption. In contrast, non-aminergic ligands generally exhibit physicochemical properties
that are at odds with oral delivery. Thus, combining required potency versus the receptor, with oral delivery potential is a significant
challenge, and drug discovery becomes a question of finding the exceptional compound that lies at the edge of ADME space.
� 2005 Elsevier Ltd. All rights reserved.

Figure 1. GPCRs represent a significant portion of the known


druggable targets.

1. Introduction


The total human genome consists of approximately
30,000 genes. Further analysis1 suggests that approxi-
mately 10% of these genes could be targets for drug
intervention in the treatment of disease. These approxi-
mately 3000 genes include those encoding for nuclear
receptors, ion channels, enzyme inhibitors and G pro-
tein-coupled receptors (GPCRs).


Thus, the GPCRs represent an important group of tar-
gets for pharmacological intervention (Fig. 1). Indeed,
there are many drugs on the market that are modulators
of GPCRs. However, an in-depth analysis of marketed
GPCR modulating drugs (Table 1) indicates an impor-
tant class distinction within the GPCRs between aminer-
gic and non-aminergic liganded receptors. Thus, there
are a large number of drugs on the market that modu-
late the aminergic GPCRs. The same cannot be said of
the non-aminergic GPCRs (especially the peptidic class)
with a relative paucity of drugs modulating these recep-
tors (Table 1). Since non-aminergic GPCRs represent
one of the most important drug intervention targets
for the pharmaceutical industry, it is important to
understand the reasons for this apparent class distinc-
tion. This paper puts forward a potential explanation
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for this question and suggests a method whereby drugs
for non-aminergic GPCRs can be discovered.

2. Properties that determine drug potential


Most drugs need to be delivered by the oral route. In or-
der to be orally delivered a drug must be amenable to
absorption from the GI tract and avoid extensive hepatic
first-pass extraction. The physicochemical requirements
required for oral absorption have been established and
are best described by the �Rule of 5� mnemonic estab-
lished by Lipinski et al.2 Effectively, a compound is most
likely to exhibit significant oral absorption if it possesses
a logP of less than 5, a molecular weight of less than
500, less than 5 hydrogen bond donors and less than
10 hydrogen bond acceptors. These parameters are
important as they determine the ability of the compound



mailto:kevin.beaumont@pfizer.com





Table 1. Known drugs against G protein-coupled receptors
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to dissolve in the aqueous environment of the GI tract
lumen (logP) and to cross the lipophilic environment
of the gut wall cell membrane (molecular weight and
hydrogen bonding potential). Hepatic extraction of
compounds is often driven by a metabolic component,
with the majority of metabolism being due to cyto-
chrome P450s (CYPs). The major human drug metabol-
ising CYP is CYP3A4, which has a preference for
metabolism at electron-rich sites in lipophilic mole-
cules.3,4 Thus, one strategy for avoiding hepatic first-
pass extraction of drugs is to modulate the lipophilicity
of these compounds.


Overall, the strategy to optimise the oral delivery of can-
didate drugs is to modulate the physicochemistry. This
includes balancing lipophilicity within a range that al-
lows the compound to dissolve in an aqueous environ-
ment but still cross the gut wall membrane and avoid
extensive hepatic metabolism. In addition, molecular
weight and hydrogen bonding potential need to be lim-
ited. Thus, the combination of three physicochemical
properties (lipophilicity, molecular weight and hydrogen
bonding potential) determines the potential of a drug to
be delivered by the oral route, and define what can be
called �ADME space� (see later). More importantly for
approaches towards non-aminergic GPCR modulator
drugs, there are exceptions to the �rules� governing oral
delivery potential.

3. Properties of GPCRs and their ligands


The GPCRs share seven hydrophobic transmembrane
segments of 20–25 amino acid residues. The GPCR
super family has been classically divided into subfamilies
A, B and C based on amino acid sequence. Subfamily A
are activated by ligands that bind to a crevice formed by
transmembrane regions 3, 5, 6 and 7 as characterised by
the aminergic receptors5 in Table 1 (e.g., muscarinic,
adrenergic, etc.). Subfamily A also includes non-aminer-
gic receptors (e.g., glycoprotein receptors) characterised
by the ligand often binding to the extracellular region of
the receptor. Family B receptors are activated by pep-
tides (also classified as non-aminergic in Table 1) and,
like family C (metabotropic-like) receptors, the activat-
ing ligand binds to the extracellular domain. Allosteric
modulation of GPCRs occurs and in these cases binding
may represent a combination of transmembrane and
extracellular binding. Binding into a transmembrane
crevice gives a maximal accessible hydrophobic surface
area and when combined with polar interactions allows
small ligands to bind with high affinity. Extracellular
binding sites require larger molecular weight ligands
due to the much lower relative accessible surface area.
It can be expected, therefore, that the ligands for the
GPCRs will show an increase in molecular size in mov-
ing from aminergic to non-aminergic receptors (Fig. 2).


The structures of the aminergic and non-aminergic (pep-
tidic) GPCR ligands are exemplified in Figure 3. The
aminergic GPCR ligands (adrenaline, histamine and
dopamine) are small (low molecular weight), moderately
lipophilic molecules that tend to exhibit minimal







Figure 2. Molecular weights of aminergic and non-aminergic GPCR


ligands.
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hydrogen bonding potential. Indeed, these compounds
show all the characteristics required for oral delivery.
In contrast, the peptidic GPCR ligands display proper-
ties that are distinctly at odds with oral delivery. These
are exemplified in Figure 3 by neurokinin A. Neurokinin
A is a 14 amino acid peptide, which exhibits a very high
molecular weight, significant lipophilicity and hydrogen
bonding potential. Other examples are the endothelin
ligands, which are both 21 amino acid peptides and
clearly show similar physicochemical properties to neu-
rokinin A.

4. How do drugs emerge from ligands?


One medicinal chemistry strategy to generate potential
drug-like molecules is to use the receptor ligand as the
molecular lead. This strategy has a significant likelihood
of generating compounds that are potent modulators of
the target receptor. This is because molecules generated
in this manner will share characteristics of the ligand
and will have the potential to displace the ligand com-
petitively from that receptor. This is exemplified for

Figure 3. Structural examples of aminergic and non-aminergic GPCR ligand

the adrenergic b-receptors in Figure 4. Both the b-ago-
nists (isoprenaline and salbutamol) and the b-blockers
(propanolol and atenolol) share significant chemical fea-
tures with the b-ligand, adrenaline. As discussed above,
the aminergic GPCR ligands display physicochemical
properties that support oral delivery. Therefore, it is
not surprising that drugs arising from these ligands also
share the physicochemical properties that promote oral
delivery. Thus, aminergic GPCR modulator drugs
are well represented on the pharmaceutical market
(Table 1).


In contrast, a medicinal chemistry strategy to modify
non-aminergic GPCR ligands to produce oral drugs is
fraught with difficulty. For example, any modification
of neurokinin A to produce a potent antagonist of the
neurokinin receptors is most unlikely to lead to a com-
pound that exhibits the physicochemical characteristics
in line with oral delivery. Faced with these constraints
(i.e., no small molecular weight ligand/lead) many indus-
trial medicinal chemistry strategies turn to high through-
put screening of large compound files against a
particular non-aminergic GPCR. Not surprisingly, the
hits that emerge often maintain many of the characteris-
tics of the ligand. Whilst they tend not to be peptidic in
nature, they do exhibit significant molecular weight,
hydrogen bonding potential and lipophilicity. Often
the medicinal chemistry strategy to exploit these hits is
to improve binding energy to the receptor by appropri-
ately positioned lipophilic interactions. The net outcome
of this strategy is highly potent receptor modulators,
exhibiting high molecular weight and significant lipo-
philicity in addition to the hydrogen bonding capacity
of the original hit. These are the properties we have de-
scribed as being at odds with oral delivery potential.
Thus, given the properties of the non-aminergic GPCR
ligands, it is perhaps not surprising that there are only
very few examples of marketed drugs from this impor-
tant receptor class.

s.







Figure 4. Evolution of b-adrenergic receptor modulator drugs from the GPCR ligand.
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5. The concept of ADME (absorption, distribution,
metabolism and excretion) and target physicochemical


space


The difference between the aminergic and non-aminergic
GPCRs as potential targets to yield drugs against dis-
ease is explained in Figure 5. As stated previously, oral
delivery potential can effectively be described by three
physicochemical parameters (molecular weight, hydro-
gen bonding capacity and lipophilicity). If we consider
these as three separate axes in three dimensions, these
properties describe a cube, into which drug-like mole-
cules can be mapped. When the physicochemical proper-
ties required to modulate the receptor (i.e., target
physicochemical space) are encompassed within ADME
space, then oral delivery of potent agents is readily
achievable. The aminergic GPCR modulators exemplify
this situation. However, when the physicochemical
requirements for potency versus the target are at odds
with those required for oral delivery, target space may
only overlap with ADME space. Non-aminergic GPCR
modulators exemplify this situation. Unfortunately,
ADME and target space often do not overlap with dis-
ease space (targets clearly linked to a human disease
phenotype, whilst providing sufficient safety index), fur-
ther limiting small molecule options. This makes it even

Figure 5. The concept of ADME and target physicochemical space for


both aminergic and non-aminergic GPCR modulators.

more paramount to maximise ADME–target space
exploitation. An example of this would be the nucleotide
GPCRs (Table 1), which are eminently druggable, but
where either safety index limits disease space or the link
to human disease has only recently emerged. Therefore,
when faced with this problem, industrial discovery scien-
tists are charged with finding the exception to the
ADME physicochemical space rules, in order to deliver
a potent compound.

6. Reconciling the dilemma


Clearly, non-aminergic GPCRs are too important tar-
gets for the pharmaceutical industry to ignore. This is
especially the case in disease areas where many of the
aminergic GPCR targets already have effective drugs
against them or where target disease space points to
non-aminergic targets as a means to modulate disease
(e.g., nucleotide, metabotropic or cannabinoid GPCRs).
Therefore, pharmaceutical companies need to find a
medicinal chemistry strategy to enable the oral delivery
of such agents. Several options exist to address this
problem, such as alternative delivery options. However,
this letter focuses on the use of high throughput ADME
assays. This is exemplified in Figure 6 by the approach
taken to discover a potent and orally active antagonist
of a peptidic GPCR.


This Discovery programme was initiated by completing
an HTS of an entire compound file against the peptidic
GPCR in question. This yielded a number of promising
�hit� antagonist series, which did not express acceptable
physicochemical properties for oral delivery. Thus, the
project mounted an effort to generate more than a thou-
sand analogues, which balanced the required potency
against the receptor together with the potential to be
delivered orally.


In order to assess potential for oral delivery, each
compound was assessed in moderately high throughput
in vitro absorption (Caco-2 cell monolayers) and







Figure 6. (a) Correlation of Caco-2 cell flux with logD(7.4) for a series


of peptidic GPCR antagonists; (b) correlation of human liver


microsomal half-life with logD(7.4) for the same series of peptidic


GPCR antagonists; (c) integration of potency (colour-coded—red


most potent) with Caco-2 cell flux and human liver microsomal half-


life to define ADME space and identify the candidate.


K. Beaumont et al. / Bioorg. Med. Chem. Lett. 15 (2005) 3658–3664 3663

metabolism (human liver microsomal half-life) assays.
Figure 6a shows the relationship between the Caco-2 cell
monolayer flux and the logD(7.4) for this series of recep-
tor antagonists. Not surprisingly, there was a positive
relationship between absorptive flux and logD(7.4), with
compounds expressing higher logD values tending to
cross the cells at higher rates. Conversely, there was a
strong inverse relationship between human liver micro-
somal half-life value and logD(7.4) (Fig. 6b).


These relationships are consistent with what is known
about the physicochemical properties that govern oral
delivery potential. In addition, such data do allow us
to further define ADME space (as shown in Fig. 6c).
Significant oral absorption is more likely when the
Caco-2 cell flux is greater than 5 · 10�6 cm/s and first-
pass metabolism is more likely to be limited when the
human liver microsomal half-life is above 80 min. Thus,
when Caco-2 cell flux and human liver microsomal half-
life are plotted against each other, these values describe
a box grid that is in effect ADME space. Not surpris-
ingly for a peptidic GPCR antagonist series, very few
compounds populate this defined area. When the com-
pounds are colour-coded for potency, the most potent
compound within the ADME space box can be selected
as a compound for further evaluation.


Given the increase in compound throughput through tac-
tics such as the �Closed Loop,6� which aims to accelerate
and increase compound throughput during lead optimisa-
tion,ADMEstrategieswill have to be selectively deployed
to achieve the greatest leverage via triage (or efficient sam-
pling of ADME space). The ADME space paradigm
could be a critical tool in this endeavour.

7. Summary and conclusions


The pharmaceutical industry has traditionally had a great
deal of success against aminergic GPCRs, with a signifi-
cant number of successful marketed drugs against this
class of receptor. However, this success has not been re-
peated against the non-aminergic GPCRs, which remain
important targets for drug intervention. We believe that
the reason for this difference in success relates back to
the physicochemical properties of the natural ligand for
each class of GPCR, which drive the physicochemical
properties of potential candidate drugs towards higher
molecular weight, hydrogen bonding potential and lipo-
philicity. This problem may be a partial explanation for
the observations of Proudfoot,7 who reported an increase
in mean and median molecular of registered oral drugs
through the period of 1937–1997. Thus, more difficult
druggable targets pose greater physicochemical con-
straints for potent molecules, leading to a trend to in-
creased molecular weight of drug-like molecules.


Overall, we can conclude that when ligand properties cor-
respond to those required for drug delivery, traditional
medicinal chemistry strategies to modulate the ligand
towards a drug are most likely to succeed. When ligands
exhibit properties that are at odds with drug delivery,
alternative strategies are required to select compounds
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with properties that balance physicochemical constraints.
These strategies can be successful and delivery of drugs
against these important drug targets is possible.
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Abstract—More than 60% of the current drugs are based on G protein-coupled receptors. Paradoxically, high-resolution structures
are not available to facilitate rational drug design. Difficulties in expression, purification, and crystallization of these transmembrane
receptors are the reasons for the low success rate. Recent individual and network-based technology development has significantly
improved our knowledge of structural biology and might soon bring a major breakthrough in this area.
� 2005 Elsevier Ltd. All rights reserved.

G protein-coupled receptors (GPCRs) mediate many
important cellular signal transduction events related to
differentiation, proliferation, angiogenesis, cancer,
development, and cell survival.1 The sales of drugs based
on GPCRs were $47 billion in 2003.2 However, struc-
ture-based drug design has not been possible, as the
three-dimensional structure has only been solved for a
single non-therapeutic GPCR, the bovine rhodopsin.3


The reasons for the low success rate in structure resolu-
tion on GPCRs can be found in the complications re-
lated to expression of recombinant receptors due to
the inefficient transport and insertion of these seven-
transmembrane (7TM) receptors in the plasma mem-
brane and the toxic effect on host cells. Additionally,
GPCR purification requires detergents, which have a
negative effect on receptor yields and stability. The crys-
tallization process is substantially compromised by the
presence of detergents, the inherent flexibility of
GPCRs, and the relatively small hydrophilic loops pro-
viding fewer potential crystal contacts. Intensive tech-
nology development has been performed in individual
laboratories and more recently in large networks.


Prior to efforts for large-scale purification of GPCRs, a
multitude of studies have been carried out to learn more
about their structure, particularly by site-directed muta-
genesis approaches based on molecular modeling of rho-
dopsin. Two excellent reviews have been published4,5


and this topic is described here only briefly. The high-
resolution structure of bacteriorhodopsin, a light-driven
proton pump from Halobacterium halobium,6 was exten-
sively used to develop several tertiary models based on
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extensive analysis of multiple GPCRs. More recently,
three-dimensional models have been based on the bo-
vine rhodopsin structure as a template.3 Rhodopsin
has been subjected to electron paramagnetic resonance
(EPR) spectroscopy and Cys-crosslinking experiments.7


These studies have provided information on the orienta-
tion of helices, protrusions of helices into the cytoplas-
mic surface, relative flexibility of different loops, and
assessment of conformational changes induced by light.8


In studies to determine distance constraints between the
transmembrane (TM) regions, chimeric muscarinic M2/
M5 receptors have been engineered.9 Another approach
has been to introduce histidine zinc(II) binding sites in
the neurokinin-110 (NK1R) and j opioid11 receptors,
which made it possible to define the proximity and ori-
entation of TM3 in relation to TMs 2 and 5. Distance
constraints and flexibility of extracellular loops have
been examined by introduction of cysteine mutations
resulting in intramolecular disulfide bridges in the M3


muscarinic receptor.12 Tertiary structure relationships
have been studied by the introduction of a fluorescent
unnatural amino acid at known sites in the neuroki-
nin-2 receptor based on the suppression of UAG non-
sense codons and application of modified tRNAs.13


This approach allowed distance determinations of the
NK2 receptor in Xenopus oocytes between fluorescent
peptides by fluorescence resonance energy transfer and
defined sites containing the fluorescent amino acid.


Site-directed mutagenesis studies have also contributed
to structural understanding of GPCRs to determine
the local structure for ligand binding. The presence of
a conserved aspartic acid in TM2 and an asparagine in
TM7 in nearly all class A rhodopsin-related GPCRs
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led to a study on TM2–TM7 proximity as the GnRH
receptor uniquely has an asparagine in TM2 and an
aspartic acid residue in TM7. Replacement of aspara-
gine with aspartic acid in TM2 abolished any detectable
binding activity of the GnRH receptor. However, intro-
duction of a second mutation, aspartic acid in TM7, re-
sulted in high-affinity binding, suggesting a close
proximity between TM2 and TM7.14 Ligand-binding
sites and their environment have frequently been studied
by mutational mapping. In this context, three residues
(Asn23, Glu24, and Phe25) at the N-terminus affected
substance P binding to NK1R.15 Moreover, the His108
on the top of TM3 and Tyr287 on the top of TM7
showed interaction with substance P (SP).16 Interest-
ingly, the binding mode for the nonpeptide antagonist
CP 96,345 was significantly different from that of sub-
stance P.17 This could be further confirmed by mutagen-
esis studies, which demonstrated that the binding pocket
for CP 96,345 is not occupied by SP.18 In another study,
molecular modeling and site-directed mutagenesis were
applied to analyze antagonist binding of 11 amino acid
residues located in the vicinity of the binding pocket.
Typically, the NK1R His197 mutant showed a signifi-
cantly reduced affinity for CP 96,345.19 Similarly, sub-
stantial differences in binding properties of peptide
agonists and nonpeptide antagonists have been demon-
strated for angiotensin,20 opioid,21 cholecystokinin/gas-
trin,22 and neurotensin23 receptors. Recently,
homology modeling of the NK1 receptor based on the
X-ray structure of bovine rhodopsin allowed virtual
screening, which led to selection of seven compounds,
one of which showed submicromolar affinity.24


Purification of sufficient quantities of GPCRs for struc-
tural studies requires high yields of recombinant pro-
teins. In this context, expression has been evaluated in
all available systems spanning from bacteria to yeast, in-
sect, and mammalian cells25 (Table 1). The rat neuroten-
sin receptor expressed as a fusion protein to the maltose-
binding protein (MBP) resulted in milligram yields of
functional receptor in Escherichia coli membranes.26 In
a different approach the human leukotriene BLT1 recep-
tor was produced in large amounts in bacterial inclusion
bodies.27 Additionally, several GPCRs have been ex-
pressed at high levels (Bmax 45 pmol/mg protein) in
yeast, and large-scale fermentor production resulted in
yields of at least 5 mg/L.28 Baculovirus-based insect cell
expression generated high specific binding of the human
NK1R and allowed purification of the functional recep-

Table 1. Expression of GPCRs in heterologous expression systems


System Host cells


Bacterial E. coli


Yeast S. cerevisiae


S. pombe


P. pastoris


Baculovirus Sf9 insect cells


Mammalian (T) CHO, HEK cells


Mammalian (S) HEK cells


Viral (SFV) BHK, CHO cells


T, transient; S, stable; SFV, Semliki Forest virus.

tor.29 Although mammalian expression generally has
generated only relatively modest yields, the application
of a tetracycline-inducible HEK293 cell line produced
6 mg rhodopsin in a 1.1-L suspension culture.30 Applica-
tion of Semliki Forest virus (SFV) vectors has resulted
in specific binding of 60–200 pmol/mg protein and yields
of 10 mg/L in mammalian suspension cells.31


Previously, the rat neurotensin23 and the human adeno-
sine A2a receptor32 were purified in a fully functional
form for structural studies. Likewise, the leukotriene
BLT1 receptor was refolded in an active form from bac-
terial inclusion bodies.27 Application of P. pastoris
expression generated densities of 360 g/L in fermentor
cultures, which allowed solubilization of the ETB endo-
thelin receptor with n-dodecyl-b-DD-maltose-pyranoside
followed by successful purification.28 Several GPCRs
have also been produced on a large scale in insect cells
using baculovirus vectors. In this context, the human
NK1R was purified from Sf9 cells by metal-chelating
and gel filtration chromatographies, resulting in pure
receptor with properties similar to those of the native
NK1R.29 Similarly, rhodopsin has been expressed from
mammalian cells by applying an inducible stable sys-
tem.30 Finally, overexpression of several GPCRs in
mammalian host cells using SFV vectors has yielded
large quantities of purified receptors.31


Despite all these efforts on recombinantly expressed
GPCRs described above, no high-quality crystals with
diffraction properties suitable for high-resolution struc-
tures have been obtained, so far. The reasons for this
might be the incorrect transport and folding of recombi-
nant GPCRs, the low stability of the solubilized and
purified receptors, and the inherent flexibility of
GPCRs, which makes crystallization more difficult. To
address these issues from a broader perspective, several
national and international networks with expertise in
expression, biochemistry, purification, and crystallogra-
phy have been established.1 The USA and Japan have
been at the forefront in structural genomics. Several
NIH-sponsored initiatives have been established in the
USA. Among them, the Joint Center for Structural
Genomics (JCSG) in California works on 180 GPCRs,
which are expressed from E. coli, baculovirus, and ade-
novirus vectors. Another large network, the South-East
Collaboratory on Structural Genomics (SECSG), runs a
program on the Caenorhabditis elegans genome, which
includes GPCRs to be expressed in insect and mamma-

GPCR (example) Expression level (mg/L)


Neurotensin 1


Leukotriene BLT1 10


Dopamine D1A 1


Dopamine D2 1


b2 Adrenergic 5


Neurokinin-1 1


Serotonin 5-HT1E 0.1


Rhodopsin 6


a2 Adrenergic 10
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lian cells from baculovirus and lentivirus vectors, respec-
tively. In Japan, the RIKEN Structural Genomics Ini-
tiative studies the whole mouse genome with the
intention of selecting specific GPCRs for structural
characterization. The Biological Information Research
Center (AIST) and the Japan Biological Informatics
Consortium (JBIC) have established a joint project
using bacteriorhodopsin and some mammalian GPCRs
as targets. For instance, wild-type and mutant turkey
b2-adrenergic receptors have been expressed in large
quantities from baculovirus vectors in insect cells for
structural studies (Table 2).


In Europe, several national networks studying GPCRs
have been established. The Swiss NCCR (National Cen-
ter of Competence in Research) has member research
teams from the universities of Basel and Zurich and
the Paul Sherrer Institute (PSI) in Villigen. Several
GPCRs are expressed in E. coli and insect cells in their
program. The Postgenome Research and Technology
Program SweGene in South West Sweden deals also
with GPCRs. The hosts for overexpression are mainly
E. coli and yeast cells. A newly established EU-funded
network called E-MeP studies 100 prokaryotic and 200
eukaryotic membrane proteins. Among the eukaryotic
targets 100 are GPCRs, of which the expression of se-
lected targets will initially be evaluated in E. coli, Lacto-
coccus lactis, Saccharomyces cerevisiae, P. pastoris,
baculovirus-infected insect cells, and SFV-infected
mammalian cells. Additionally, cell-free translation is
verified for GPCR expression. E-MeP consists of 18 lab-
oratories in six European countries.


The largest dedication to structural biology of GPCRs
has so far been through the privately funded consortium
called MePNet (Membrane Protein Network), which
has evaluated expression levels of 101 GPCRs in bacte-
ria, yeast, and mammalian cells in parallel. Immunode-
tection indicated that approximately 50% of the
GPCRs were expressed in E. coli applying either
pET15 or Gateway vectors. The success rate was signif-
icantly higher for Gateway vector-based expression.
Expression in yeast cells from P. pastoris vectors gener-
ated positive signals in 95% of the targets. Similarly,
high success rates (96%) were obtained in mammalian
cells infected with recombinant SFV particles. Although

Table 2. Structural genomics networks on membrane proteins


Networka Targets


USA


JCSG Mammalian GPCRs (18


SECSG C. elegans GPCRs (20)


Japan


RIKEN GSC Murine GPCRs (n)


Japanese MP Rhodopsin, b2-AR


Europe


E-MeP Mammalian MPs (200)


MePNet Mammalian GPCRs (10


NCCR Mammalian GPCRs (10


SweGene Mammalian GPCRs (5)


a JCSG, Joint Center for Structural Genomics; SECSG, South-East Collabo

the expression levels varied, overall 60 GPCRs were con-
sidered to be structural biology compatible, generating
1 mg/L or higher quantities of GPCRs. As the GPCRs
were uniquely expressed in inclusion bodies in E. coli,
further refolding was necessary to restore the functional-
ity of receptors. Selected GPCRs were produced on a
large scale in fermentor culture resulting in yields up
to 375 mg/L. Currently several GPCRs have been puri-
fied and subjected to refolding exercises.


GPCR expression in yeast and mammalian membranes
allowed determination of functional receptor activity
by binding studies with specific radioligands. Specific
binding activity was determined for some 60 and 40
GPCRs expressed in yeast and mammalian cells, respec-
tively. A large number of GPCRs showed specific bind-
ing higher than 10 pmol/mg protein. The binding
activity in P. pastoris could be significantly improved
by lowering the culture temperature and by supplemen-
tation of additives and ligands to the culture medium.
Typically, 20-fold increase resulting in more than
100 pmol receptor per milligram protein was observed.
SFV-based expression showed large variations in differ-
ent cell lines (BHK, CHO, and HEK293 cells). The time
(post-infection) of harvest also affected the expression
levels significantly. Certain GPCRs showed maximum
expression levels at 24 h, others at 48 or 72 h post-infec-
tion. Initial expression optimization on MePNet GPCRs
suggested that addition of ligands to the cell culture
medium can enhance the binding activity, as has been
previously demonstrated for the rat histamine H2 recep-
tor expressed in SFV-infected COS7 cells.33 The highest
binding activity was observed in SFV-infected BHK and
CHO cells resulting in 287 pmol/mg protein. Several
GPCRs have been successfully solubilized and purified
from both yeast and mammalian cells. At present, the
first GPCRs have been subjected to crystallization
attempts.


In conclusion, various methods including molecular
modeling and site-directed mutagenesis have allowed
some preliminary characterization of the structure of
GPCRs. For instance, it has been possible to determine
the counter-clockwise orientation of the 7TMs in
GPCRs. Furthermore, the proximity of individual
TMs has been defined. Recent developments in technol-
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ogy have also made it possible to express a large number
of GPCRs in several expression systems (bacterial,
yeast, insect, and mammalian cells) at levels that provide
sufficient amounts for serious purification efforts.
Refolding and solubilization still pose bottle-necks in
structural biology of membrane proteins. Excess quanti-
ties of GPCRs, however, now allow screening of a large
number of conditions for improved refolding efficacy. A
variety of detergents under a multitude of conditions
can be tested for solubilization. Additionally, novel
detergents are evaluated. Furthermore, significant
improvements in the area of crystallization, particularly
application of methods on a nanoliter scale, have sub-
stantially improved the screening abilities of various
crystallization conditions without the need of large
quantities of precious material. Today, in several cases,
purification to high purity of recombinant membrane
proteins has been achieved, followed by successful crys-
tallization. However, the obtained crystals have not dif-
fracted, which has raised serious questions pertaining to
the quality of not only the purified protein but also the
composition of lipids and other materials. Further tech-
nology development is therefore essential in most areas,
including expression, purification, and crystallography.
The establishment of large networks with a broad exper-
tise in areas of protein expression, purification, and crys-
tallography will further enhance the possibilities of
success to conquer this last frontier in structural biology.
In the meantime, molecular modeling and virtual screen-
ing approaches have to rely on the rhodopsin structure,
which has proven to be successful in deducing pharma-
cophore models to obtain high-affinity compounds as
demonstrated for the NK1 receptor. These findings
should underline the importance of structure-based drug
design.
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Abstract—A convenient method for the synthesis of 1,5-disubstituted imidazoles has been developed on a polymeric support using
base-promoted 1,3-dipolar cycloaddition reaction of p-toluenesulfonylmethyl isocyanide (TOSMIC) with immobilized imines under
microwave irradiation. The immobilized imines were synthesized by the reaction of various primary benzyl amines with 4-formyl-3-
methoxyphenoxymethyl polystyrene in the presence of trimethyl orthoformate at room temperature. Cleavage from the polymeric
support using trifluoroacetic acid gave the desired 1,5-disubstituted imidazoles with excellent yield and high purity.
� 2005 Elsevier Ltd. All rights reserved.

Several biologically active synthetic compounds possess
five-membered nitrogen-containing heterocycles in their
structures.1 The imidazole core is a common moiety in a
large number of natural products and pharmacologi-
cally active compounds.2 Recently, there has been con-
siderable amount of progress in imidazole chemistry
due to the recognition of the importance of the imida-
zole structure in biological processes and the increasing
application of imidazole-containing compounds, such as
etomidate, cimetidine, omeprazole and lansoprazole, in
drug therapy.3 On the other hand, microwave-assisted
solid-phase organic synthesis is a relatively new tech-
nique that has shown significant improvement in the
generation of combinatorial libraries of small mole-
cules.4 Various types of thermally conducted organic
reactions have been accelerated by the use of microwave
irradiation. Microwave irradiation has not only been
demonstrated to dramatically accelerate many organic
reactions, but also to improve the yields and selectivity.
These advantages offer an opportunity for a convenient
and rapid library synthesis of substituted imidazoles.


So far, there are only a few published studies about the
solid-phase synthesis of substituted imidazoles. Ranga-
nathan and Rathi have synthesized imidazoles by using
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polymer-supported 4-carboxamido-5-aminoimidazole
and hypoxanthine.5 Synthesis of substituted imidazole
libraries on the Wang resin has been reported by Mjalli
and co-workers.6 The imidazoles were obtained in very
good yield and purity by means of a condensation reac-
tion between primary amines, aldehydes and 1,2-diones
in the presence of NH4OH. Moreover, Bilodeau and
Cunningham have synthesized 2,4,5-triaryl imidazoles
through the [3 + 2] cycloaddition reaction.7 They al-
lowed aryltosyl imines to react with the polymer-sup-
ported 1,3-oxazolium-5-olates (münchnones) in the
presence of EDC. As a result, the 2,4,5-trisubstituted
imidazoles were obtained after cleavage with refluxing
acetic acid in moderate to good yield and purity. The
van Leusen group was the first to report on the prepara-
tion of 1,5-disubstituted imidazoles from p-tosylmethyl
isocyanide (TOSMIC) and aldimines in solution.8 We
have successfully translated this 1,3-dipolar cycloaddi-
tion reaction to the polymer-bound 3-methoxy-4-
hydroxybenzaldehyde, as shown in Scheme 1.


Commercially available 4-formyl-3-methoxyphenoxym-
ethyl polystyrene (Ameba resin,9 1%DVB, 100–200mesh,
1.0–1.5 mmol/g) 1 was treated with trimethyl orthofor-
mate (4 equiv) and substituted benzylamine (4 equiv) in
a parallel synthesizer under an inert atmosphere at room
temperature to yield the immobilized imines10 (2a–i). The
imine formation was followed until the aldehyde func-
tionalitywas fully consumed, and the progress of the reac-
tion was monitored bymeans of FT-IR spectroscopy and
a qualitative 2,4-dinitrophenylhydrazide test.11 After the
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Table 1. Preparation of the 1,5-disubstituted imidazoles (4)


Entry Imidazole R Yielda


(%)


Purityb


(%)


1 4a 82 92


2 4b 70 82


3 4c 85 88


4 4d 75 85


5 4e 80 89


6 4f 81 90


7 4g 76 86


8 4h 81 84


9 4i 85 86


a The yields are based on the original loading of the resin (1.25 mmol/g).
b Purities were determined by 1H NMR and LC–MS (280 nm).


Scheme 1. Reagents and conditions: (i) CH(OMe)3 (4 equiv), substituted benzylamine (4 equiv), DMF, rt, 12 h; (ii) 4-CH3C6H4SO2CH2NC


(2.4 equiv), DMF, 130 �C, 20 min; (iii) 50% TFA/CH2Cl2, rt, 1.5 h.
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completion of the reaction, the resin was filtered and
washed successively with DMF, MeOH and CH2Cl2
and dried in vacuo for 3 h. A small portion of the resin
was then checked by means of the 2,4-dinitrophenylhy-
drazide test for the presence of any remaining aldehydic
groups. The absence of a red colour indicated that the
reaction was completed. The yield of the imine formation
was quantitative, and the polymer-bound products 2a–i
were light yellow in colour.


In a typical reaction, the polymer-bound imine 2a
(500.0 mg, 0.625 mmol) was placed into the 2–5 mL
reaction vial, swollen in 2.5 mL DMF and treated with
TOSMIC (300 mg, 1.53 mmol, 2.4 equiv) in the presence
of N,N-diisopropylethylamine (2.00 mL, 11.5 mmol,
18 equiv). The vial was sealed and heated by the micro-
wave reactor at 130 �C for 20 min.12 The product resin
was washed successively with DMF, CH2Cl2, MeOH,
and finally with CH2Cl2 and dried in vacuo for 3 h to
yield the polymer-bound imidazole 3a, which was
weighed to obtain the mass of the resin before the cleav-
age step. All other polymer-bound imidazoles 3b–i were
synthesized in a similar fashion.13


Finally, the 1,5-disubstituted imidazoles 4a–i were
cleaved from the resin very efficiently and cleanly by
treatment with 50% TFA/CH2Cl2 at room temperature
for 1.5 h. The cleavage process was repeated two or
three times. Products were recovered in excellent yield
(70–85%, calculated on the basis of the original loading
of the resin, 1.25 mmol/g) after cleavage and purification
with SiO2 column chromatography using 5% MeOH/
EtOAc as an eluent (see Table 1). All the product imi-
dazoles 4a–i were characterized13 by means of 1H and
13C NMR, FT-IR and LC–MS.


For comparison to the conventional reaction conditions,
these 1,3-dipolar cycloaddition reactions were also car-
ried out at room temperature and at 130 �C for 1 h,
using the same stoichiometry. No formation of the
1,5-disubstituted imidazoles was observed after cleavage
from the polymeric support. This reaction sequence also
failed when we used a-aryl substituted TOSMIC.14 This
may be due to the fact that the aryl substituent
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(p-chlorophenyl) prevents the favourable approach of
the a-substituted dipolar p-tosylmethyl isocyanide di-
pole and the polymer-bound imine dipolarophile in the
transition state leading to the formation of an imidazole
ring. Despite excellent purities and yields of the 1,5-di-
substituted imidazoles, our method still suffers from
the limitation that the imidazole 5-substituent (4-hy-
droxy-2-methoxyphenyl) remains constant, while only
the 1-substituent can be varied. The traceless removal
of the resin appendage at the 5-position might be
achieved by using a 3-methoxy-4-(2-oxoethyl)phen-
oxymethyl polystyrene as a resin for the formation of
the polymer-bound imines. The benzylic substituent
might be removed by means of DDQ oxidation.15


In conclusion, we have developed an expedient synthesis
sequence for the preparation of 1,5-disubstituted
imidazoles. The method utilizes a 1,3-dipolar cycloaddi-
tion reaction between the polymer-supported imine and
p-tosylmethyl isocyanide. This three-step procedure
offers an efficient synthesis of 1,5-disubstituted
imidazoles, complementing the known methods that
provide other substituted imidazoles on solid support.
Further studies on improvement and extension of
this strategy for the synthesis of 1,5-disubstituted
imidazoles in a traceless manner are now underway in
our laboratory and will be reported in due course.
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Abstract—As part of an ongoing effort in understanding the role of hydrophobicity in the design of nonpeptidic HIV protease inhib-
itors, the QSAR study on P2/P2 0 tetrahydropyrimidinone is presented in this report. Our results suggest that the balance of hydro-
phobicity and a volume dependent polarizability term plays a key role in the inhibition of the viral protease by these inhibitors. The
size of the substituent of ligands at particular positions which induce steric fit is crucial. The role of hydrophobicity in the design of
tetrahydropyrimidinone is discussed. It has been found that a sufficient spread in the data is required to observe the optimum value
of ClogP for these inhibitors.
� 2005 Elsevier Ltd. All rights reserved.

Highly active anti-retroviral therapy (HAART) has
made dramatic impacts on the mortality and morbidity
associated with human immunodeficiency virus (HIV)
infection. However, HIV is still a major concern world-
wide because the use of current drugs regimens is com-
pounded by many problems such as long-term toxicity,
drug-resistance, and mutations that enable HIV to resist
currently available treatments.1 Therefore, there is a
growing need for the development of new chemothera-
peutics with improved antiviral potency and favorable
pharmacokinetic profiles. HIV protease (HIVPR) inhib-
itors are a critical component of this therapy.


Several in silico techniques are utilized in the process of
drug design and development of HIV protease inhibitors
(HIVPI). One such technique is quantitative structure–
activity relationship (QSAR). QSAR models reveal sig-
nificant correlations between the biological activity
and physicochemical parameters. This quantitative tech-
nology can be utilized to improve the structure of the
inhibitor molecule and to interpret the improved struc-
ture in terms of favorable biological interactions.2


Robust models and their relevance to possible modes
of action provide a better understanding of protein–
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inhibitor interactions and structure-based drug design.
QSAR models lead to assessment of the specific effects
of various types of substituents reducing trial experi-
ments and investments. It also helps in identifying
possible expensive failures in the early stage of the
drug design and discovery process and eliminates them
as outliers.


QSAR studies have provided valuable insight in the
design and development of HIVPI.3–6 Recently, we have
been interested in understanding the role of hydropho-
bicity in the design of nonpeptidic HIVPI using this
technique.7,8 As part of an ongoing effort the QSAR
study on P2/P2 0 tetrahydropyrimidinone (1) HIVPI
reported by De Lucca et al.9 is presented.

All the HIV inhibitory data have been taken from the
literature.9 The biological activity Ki is the HIV protease
enzyme inhibition constant which was measured by
assaying the cleavage of a fluorescent peptide substrate
using high-performance liquid chromatography. Antivi-
ral potency IC90 was assayed by measuring the effect of
the compounds on the accumulation of viral RNA
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transcripts 3 days after infection of MT-2 cells with
HIV-1 RF (a heterologous strain with mutation ob-
served in the V3 hypervariable region of HIV envelop
glycoprotein gp120).9


In all the QSAR reported here, n is the number of data
points, r is the correlation coefficient, s is the standard
deviation, q is the quality of fit and is calculated as
described by Cramer et al.10 The data within parentheses
are for the 95% confidence intervals. The QSAR multi-
ple linear regression analyses were executed with the
CQSAR program and all the physicochemical parame-
ters were auto loaded.11 For details about the utility of
the CQSAR program see Refs. 12,13. The physicochem-
ical parameter—ClogP is the calculated partition coeffi-
cient in octanol/water and is a measure of the
hydrophobicity of the molecule.14 MR is the calculated
molar refractivity and is calculated as follows: (n2 � 1/
n2 + 2) (MW/d), where n is the refractive index, MW is
the molecular weight, and d is the density of a substance.
Since there is very little variation in n, MR is largely a
measure of volume with a small correction for polariz-
ability. MR values have been scaled by 0.1 and can be
used for a substituent or for the whole molecule. The
indicator variable I is assigned the value of 1 or 0 for
special effects that cannot be parameterized and has
been explained wherever used.


De Lucca et al.9 reported the structure–activity data for
N-substituted P2/P2 0 tetrahydropyrimidinone (1) HIVPI
that can interact with the lipophilic S2/S2 0 enzyme sites.
Both the biological activity Ki (enzyme inhibition) and
IC90 (antiviral activity) were found to be significantly
correlated with ClogP and MR4 as shown in QSAR 1
and 2 (Table 1).


Logð1=K iÞ ¼ �0.738ð�0.416ÞC log P


� 1.997ð�1.114ÞMR4


þ 14.029ð�2.633Þ
n ¼ 12; r ¼ 0.911; r2 ¼ 0.830;
2

q ¼ 0.716; s ¼ 0.595. ð1Þ


Table 1. The physicochemical parameters and the biological data used for d


S. No. R ClogP MR4


1 H 7.70 0.10


2 3-CN 6.89 0.10


3 3-COOCH3 7.90 0.10


4 3-OH 6.37 0.10


5 3-CH2OH 5.63 0.10


6 3-NH2, 4-F 5.98 0.09


7 3-CONH2 4.89 0.10


8 3-C(@NOH)NH2 5.47 0.10


9a 3-NH2 5.25 0.10


10 3-NHCH3 6.70 0.10


11a 3-CONH2, 4-F 4.71 0.09


12 3-F, 4-NH2 5.98 0.54


13 4-CH2OH 5.63 0.72


14 4-COOCH3 7.90 1.29


a Not included in deriving QSAR 1 and 2.

Logð1=IC90Þ ¼ �0.726ð�0.357ÞC log P

� 2.371ð�1.281ÞMR4


þ 11.500ð�2.274Þ
n ¼ 10; r ¼ 0.912; r2 ¼ 0.832;


q2 ¼ 0.606; s ¼ 0.359. ð2Þ
The negative coefficient of ClogP in QSAR 1 and 2
indicates that the more hydrophobic molecule will have
a detrimental effect on the biological activity. As men-
tioned earlier, C logP is the calculated partition coeffi-
cient of the molecule in octanol/water and measures its
hydrophobicity.14 The substituent at the 4th position
of the P2/P2 0 benzyl group seems to be involved in unfa-
vorable polarizability dependent steric interactions with
the receptor binding site as shown by the presence of a
negative MR4 term. There was no mutual correlation
between the two parameters ClogP and MR4


(r2 = 0.099).


Compounds 9 and 11 (Table 1) were not included in the
derivation of QSAR 1 and 2 because they exhibited
aberrant behavior. The calculated value of these com-
pounds was either too high or too low than the corre-
sponding observed value. This problem of �misfit� of
the congeners in the final QSAR could be associated
with any one of the following reasons:


• Outliers due to what seem to be �congeners� but are
not.


• Mathematical form of the equation may be off the
mark.


• Different rates of metabolism of the members of a set.
• The quality of the experimental data.
• Finally, the parameters used may not be the best.


Sometimes, experimentally obtained parameters are
better than those calculated and vice versa.


In order to have a good HIV antiviral activity, the com-
pound needs to have good protease inhibitory activity.
QSAR 1 and 2 are quiet parallel and suggest that the
enzyme inhibitory activity (Ki) translates well to antivi-
ral activity (IC90). The regression analysis was found
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eriving QSAR 1 and 2


log(1/Ki) log(1/IC90)


QSAR 1 QSAR 2


Obsd9 Calcd Obsd9 Calcd


7.82 8.13 5.55 5.67


7.96 8.73 5.80 6.25


8.82 7.99 — —


9.52 9.12 6.94 6.63


9.31 9.67 6.96 7.17


9.60 9.43 7.44 6.95


10.06 10.21 7.46 7.71


10.74 9.79 7.31 7.29


8.77 9.95 6.44 7.45


8.31 8.87 6.48 6.39


8.85 10.37 6.31 7.87


8.10 8.53 6.27 5.88


8.60 8.44 5.44 5.71


5.71 5.63 — —
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to reveal a significant correlation between these two bio-
logical parameters (QSAR 3).


Logð1=IC90Þ ¼ 0.666ð�0.292ÞLogð1=K iÞ
þ 0.555ð�2.633Þ


n ¼ 12; r ¼ 0.849; r2 ¼ 0.721;


q2 ¼ 0.582; s ¼ 0.390. ð3Þ

De Lucca et al.9 also studied the effect of stereochemis-
try on the HIVPR inhibitory activity and reported that
the RRR isomer of (1) is more active than SSS isomer.
Analysis of the data gave QSAR 4 (Table 2). A highly
significant positive coefficient of the indicator variable
I that was used with a value of unity for the RRR isomer
also shows that this isomer is more potent than the SSS
isomer.


Logð1=K iÞ ¼ 3.726ð�1.229ÞI þ 5.653ð�0.869Þ
n ¼ 8; r ¼ 0.927; r2 ¼ 0.859; q2 ¼ 0.780;


s ¼ 0.843. ð4Þ

Inclusion of an electronic term for the substituent at the
3rd position of P2/P2 0 benzyl improved the correlation
significantly (QSAR 5). It indicates that the electron
donating substituents at this position will improve the
enzyme inhibitory activity as shown by the presence of
a negative r (Hammett electronic constant) term. These
substituents may be involved in some charge transfer
phenomenon with the amino acid residues at the active
site. It is of note that although the r term is very weak
in QSAR 5, still it is important for enhancing the
potency of the inhibitor as evident by the improved
correlation. A small number of data in the set and nar-
row range in parameter values precluded a more detailed
analysis.


Logð1=K iÞ ¼ 3.498ð�0.982ÞI � 2.245ð�2.442ÞrR;3


þ 6.213ð�1.009Þ
n ¼ 8; r ¼ 0.973; r2 ¼ 0.947; q2 ¼ 0.874;


s ¼ 0.540. ð5Þ

Table 2. The physicochemical parameters & the biological data used for der


S. No. R rR,3


1 3-CN (A) 0.56


2 3-COOCH3 (A) 0.36


3 3-CH2OH (A) 0.00


4 3-CONH2 (A) 0.28


5a 3-C(@NOH)NH2 (A) —


6 3-CN (B) 0.56


7 3-COOCH3 (B) 0.36


8 3-CH2OH (B) 0.00


9 3-CONH2 (B) 0.28


10a 3-C(@NOH)NH2 (B) —


(A) R,R,R isomer.


(B) S,S,S isomer.
a Not included in deriving QSAR 5 because r values are not available.

Analysis of these results suggests that the balance of
hydrophobicity (C logP) and the volume dependent
polarizability (MR) term plays a key role in the inhibi-
tion of the viral protease. The size of the substituent
of ligands at particular positions which induce steric fit
is crucial. Our results indicate that the various substitu-
ents used to target individual pockets need to be de-
signed cautiously to achieve better inhibition and an
improved pharmacokinetic profile.


The three important factors, which describe the physico-
chemical properties of the molecules and are used in
developing QSAR, are hydrophobic, steric, and
electronic. One needs variation in these properties of
the substituent at each position of the parent structure
to be sure that these properties are considered. In addi-
tion, the test sets should be large enough to be able to
include the three factors to see their influence on activ-
ity. Very often either of the two aspects is not considered
while designing a series for investigation.


HIV protease binding sites have a hydrophobic binding
domain.15 However, the site seems to have an optimum
size as indicated by the presence of parabolic and bilin-
ear correlations of ClogP in earlier reports5,6 and our
recent publications.7,8 These studies have revealed that
there is an optimum value of ClogP (logP0) which HIV-
PI is required to have for potent inhibition.5–8 QSAR 1
and 2 did not reveal any optimum value of ClogP to aid
in defining the size of the hydrophobic cavity at the
binding site with the receptor more clearly.


It is important to note that in our previous reports,5–8


the logP0 range for protease inhibitors was found to
be from 4.49 to 6.96. Investigation of the data in Table
1 shows that compound 8 with a ClogP value 5.47 is
one of the most potent (log1/Ki = 10.74; log1/
IC90 = 7.31). A closer look at the ClogP value of all
the compounds studied in Table 1 shows that except
for three compounds all others have a ClogP value
>5.47. It is clear that there is insufficient spread in the
range of ClogP values to establish the optimum point
for antiviral potency or enzyme inhibition for this data
set. To observe the optimum value of a parameter, a suf-
ficient spread with a wide range in the data is required.

iving QSAR 5


I log(1/Ki)


Obsd9 Calcd QSAR 5


1 7.96 8.45


1 8.82 8.90


1 9.31 9.71


1 10.06 9.08


1 10.74 —


0 5.10 4.96


0 5.48 5.40


0 6.26 6.21


0 5.32 5.58


0 6.11 —
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Most of the data points in this set fall on the negative
side of the optimum and that is why we may be observ-
ing a negative ClogP term in the QSAR 1 and 2.


The majority of HIV research is done with cells and iso-
lated receptors, and these studies tend to overestimate
the value of logP0 (i.e., over 1 or 2 log units higher) as
compared with the whole organism.11 Nonetheless, we
found a close agreement in the ClogP values of US
Food and Drug Administration (FDA) approved HIV-
PI16 and the optimum logP (logP0) observed in our
QSAR models5–8 as shown below:

FDA Approved Protease Inhibitorsa

 ClogPb

1. Saquinavir (Invirase�)

 4.73


2. Ritanovir (Norvir�)

 4.94

3. Indinavir (Crixivan�)

 3.68

4. Nelfinavir (Viracept�)

 5.84

5. Amprenavir (Agenerase�)

 3.29

6. Lopinavir (Aluviran�)

 6.09

Recently approved Kaletra� is a combination of Lopinavir and


Ritonavir.
a All FDA approved HIVPI are peptidic in nature.
b Calculated using CQSAR program, Biobyte Corp., Claremont, CA.


Furthermore, research on P2/P2 0 tetrahydropyrimidi-
none analogues that are now obsolete may provide valu-
able insight into the binding pattern regarding its
substituents� interaction with enzyme binding pockets.
We hope that our results will provide useful clues for
further developing these inhibitors and current drugs
in clinical trails for improved antiviral activity, enzyme
inhibition, and pharmacokinetic profile.
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Abstract—Salvinorin A is the most potent naturally occurring opioid agonist yet discovered with high selectivity and affinity for j-
opioid receptor. To explore its structure and activity relationships, a series of salvinorin A derivatives modified at the C(2) position
were prepared and studied. These salvinorin A derivatives were screened for binding and functional activities at the human j-opioid
receptor. Compound 4, containing a methoxymethyl group at the 2-position, was a full j-agonist with an EC50 value at 0.6 nM,
which is about 7 times more potent than salvinorin A.
� 2005 Elsevier Ltd. All rights reserved.

Activation of the j-opioid receptor triggers many effects,
including analgesia, dysphoria, antipruritic effect, corti-
costeroid elevations, diuresis, immunomodulation, and
decreases in pilocarpine-induced seizures and associated
mossy fiber sprouting and hilar neuron loss.1 The j-opi-
oid receptors also participate in the expression of chron-
ic morphine-induced withdrawal syndromes and
mediate the aversive effects of D-9-tetrahydrocannabi-
nol.2,3 Synthetic arylacetamides, including U50488H,
U69593, spiradoline, enadoline, ICI-204448, and asi-
madoline, have been demonstrated to be selective j-opi-
oid receptor agonists.4,5 Interestingly, j-agonist U69593
produces depressive-like effects and j-antagonists, such
as norBNI (nor-binaltorphimine) and ANTI (5 0-acetam-
idinoethylnaltrindole), produce antidepressant-like ef-
fects in animal models.6,7 Furthermore, j-agonists
appear to affect the mood in humans.8,9 Other j-active
compounds, such as TRK 820 and HZ2, were reported
to be useful as analgesics, water diuretics, and antipru-
ritic drugs.10–13
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Recently, salvinorin A has been identified as a selective
j-agonist.14–17 Salvinorin A (1) was isolated from the
dry leaves of Salvia divinorum, a �magic mint� that has
been in use for several hundreds of years mainly because
of its psychoactive (hallucinogenic) effects during the
divination rites of the Mazatec people of Mexico (Fig.
1).18 Salvinorin A, a non-nitrogenous neoclerodane dit-
erpenoid, was isolated and identified to be the key ingre-
dient producing these psychoactive effects.19 As part of
our ongoing research on the development of j-active li-
gands, we initiated the synthesis of C(2) modified salvi-

Figure 1.



mailto:cohenb@mclean.harvard.edu





Table 1. Affinities (Ki), potencies (EC50), and efficacies of C(2)-


substituted salvinorins 1–9 at the j-opioid receptor


Compound Ki
a,b (nM) EC50


b,c (nM) Efficacyd


2 >1000 —e —


3 111 ± 12 492 ± 75 97


epi-3 43 ± 5 193 ± 4 102


Esters


1 1.3 ± 0.5 4.5 ± 1.2 106


epi-1 77 ± 4 307 ± 92 94


5 >1000 —e —


epi-5 >1000 —e —


6 >1000 —e —


7 >1000 —e —


Carbonates


8 >1000 —e —


9 >1000 —e —


Ethers


4 0.4 ± 0.02 0.6 ± 0.2 98


epi-4 30 ± 3 92 ± 31 100


U50,488H 1.4 ± 0.3 4.5 ± 1.2 100


aKi values of salvinorin A (1) and its analogues in inhibiting [3H]di-


prenorphine binding to the human j-receptor.
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norin A analogues (Fig. 1). Our own findings, as well as
those reported by several other laboratories, suggest
that C(2) is a sensitive and critical site for binding the
j-receptor, with very limited tolerance in regard to size
and electronegativity of the substituent group.16,20


Salvinorin A (1) was first converted to salvinorin B (3)
by using potassium carbonate as the base at 0 �C in
methanol (Scheme 1).21 The C(8)-epimer (epi-3) was also
isolated in this process, which has the same Rf value as 1
(Rf = 0.61, in 50% EtOAc/hexane). Various inorganic
bases and organic bases have been tested and afforded
no improvement in the yield of 3. When Ba(OH)2 was
employed as the base in methanol, an unexpected oxida-
tive-eliminated product 2 was isolated and identified. 1H
NMR shows two additional peaks at 6.92 and 6.98 ppm,
in addition to furan protons at C(14), C(15), and C(16).
13C NMR shows a corresponding peak pattern in which
the C(1) signal had disappeared. Structural assignment
of 2 was also confirmed by extensive H-H COSY and
HMQC studies. Compound 4 was synthesized by react-
ing 3 with chloromethyl methyl ether in the presence of
Hünig�s Base and 4-(dimethyl-amino)pyridine (DMAP)
(Scheme 1).


Although previous modifications at the C(2) position
and corresponding binding studies have generated
numerous C(2)-analogues, only the 2-propionate and
formate derivatives, however, showed submicromolar
affinity,16,22 equivalent to salvinorin A, for the human
j-opioid receptor (hKOR). Several reports show that
salvinorin B (3) is inactive.16,23 A molecular modeling
study reveals that residue Y313 in the 7th transmem-
brane helix of the hKOR might interact with the car-
bonyl group at C(2) via H-bonding. To further
explore the SAR at the C(2)-position and synthesize

Scheme 1. Reagents and conditions: (a) Ba(OH)2, MeOH, rt (75%); (b)


K2CO3, MeOH, 0 �C, (70%); (c) MOM-Cl, iPr2NEt, DMAP, CH2Cl2,


rt (72%).

potential agonists and antagonists of hKOR, we have
synthesized a series of C(2)-esters and carbonates, as
shown in Table 1.


Esters 5, 6, and 7 were prepared according to standard
acylation procedures (Scheme 2). By reacting salvinorin
B (3) with trifluoroacetic anhydride in the presence of
pyridine at room temperature, 5 was obtained in good
yield. Fluoride atoms have been used extensively in drug
discovery on account of their unique electronic proper-

b Each value represents the mean of at least three independent exper-


iments performed in duplicate.
c EC50 values in activating the human j-receptor to enhance


[35S]GTPcS binding.
d Efficacy determined as the percentage of maximal response produced


by U50,488H.
e Not determined.


Scheme 2. Reagents and conditions: (a) Compound 5—(CF3CO)2O,


Pyr., DMAP, CH2Cl2, rt (62%); (b) RCOCl, DMAP, CH2Cl2, rt.







Scheme 3. Reagents and conditions: (a) Chloroformate, DMAP,


CH2Cl2, rt.
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ties and steric similarity to hydrogen atoms. In addition,
compounds 6 and 7 were synthesized conveniently by
making 3 react with m-fluorobenzoyl chloride and cyclo-
propanecarbonyl chloride, respectively.


Incorporation of carbonates at the C(2)-position was
carried out according to Scheme 3. The following
scheme illustrates a one step synthesis of carbonate
derivatives from 3. Treatment of salvinorin B (3) with
methyl or ethyl chloroformate in the presence of DMAP
gave compounds 8 and 9 in good yield.


As we have mentioned before, the C(8)-position can be
easily isomerized under basic conditions to give corre-
sponding epimers in an almost 1:1 ratio. It is conceivable
that the C(8)–C(9) bond underwent a base-promoted
cleavage.24 C(8)-Epimers of compounds 1, 3, 4, and 5
were also synthesized by similar approaches and subject-
ed to binding studies. All spectral data (1H NMR, 13C
NMR, and high-resolution mass) obtained were consis-
tent with the structures proposed. The absolute configu-
rations of both epimers were assigned based on NMR
and literature data.


The compounds 1–9 and their corresponding epimers
were examined for binding to the j-opioid receptor by
competitive inhibition of [3H]diprenorphine binding to
membranes that were prepared from Chinese hamster
ovary (CHO) cells stably transfected with hKOR.17 At
1 lM, 3, epi-3, 1, epi-1, 4, and epi-4 showed >50% inhi-
bition and their Ki values were determined from compet-
itive inhibition of [3H]diprenorphine binding by a series
of concentrations of each compound (Table 1). The
compounds were then assessed for their abilities to en-
hance [35S]GTPcS binding to the membranes of CHO-
hKOR cells, and EC50 and Emax values, indicators of
potencies and efficacies, respectively, were calculated
from the dose–response curves (Table 1). The selective
j agonist, U50,488H, served as the reference compound
with a relative efficacy of 100.


In previous reports,16 the bulky substituents other than
acetate (1) and propionate derivatives showed no bind-
ing affinities to hKOR and salvinorin B was inactive.
However, our studies show that salvinorin B (3) exhibit-
ed moderate affinity and potency for the j-receptor
(Ki = 111 ± 12 nM, EC50 = 492 ± 75 nM, and efficacy =
97%), which is about 80-fold lower than salvinorin A
and U50,488H. The differences may have resulted from

the different radiolabeled ligands used in the two studies,
[3H]bremazocine in the study of Chavkin and co-work-
ers16 and [3H]diprenorphine in ours. Rusovici et al.25


have demonstrated that bremazocine and U69,593 bind
to low- and high-affinity states of the human KOR ex-
pressed in CHO cells. In theory, [3H]diprenorphine, an
antagonist, binds to both the states. Under our binding
conditions, U50,488H showed a Ki value of 1.4 nM in
competitive inhibition of [3H]diprenorphine binding,
consistent with the notion that [3H]diprenorphine binds
to at least the high-affinity state (For more details, see
Lee, D.Y.W. et al., submitted for publication.) Interest-
ingly, epi-3 showed a higher affinity for hKOR
(Ki = 43 ± 5 nM) than 3. On the contrary, epi-1 was
far less potent (Ki = 77 ± 4 nM) than salvinorin A (1)
(Ki = 1.3 ± 0.5 nM).


Compounds 6 and 7 showed no binding affinities to
hKOR,whichwas consistentwith the earlier observations
of Chavkin and co-workers.16 Similar SAR patterns were
observed in the carbonate series (8, 9: Ki > 1000 nM).
However, compounds 5 and epi-5did not showany appre-
ciable affinities to hKOR, despite the fact that their size
was similar to that of 1. It suggests that the electronic ef-
fect may also play an important role in binding to the j-
receptor. It was not totally unexpected that compound 2
was inactive because of the dramatic change compared
to the acetoxy group of salvinorin A. Surprisingly, com-
pound 4 with a methoxymethyl moiety at C(2) showed a
potency (EC50 = 0.6 ± 0.2 nM) approximately 7 times
greater than salvinorin A (1) (EC50 = 4.5 ± 1.2 nM).
Interestingly, replacement of the carbonyl group of the
carbonate 8 with a methylene (4) actually enhances the
affinity and potency. A short straight chain with two oxy-
gen atoms appears to fit the binding pocket ofKORbetter
than an acetyl group, and the carbonyl group at C(2) may
not be necessary as a H-bond acceptor.


The compounds epi-1, 3, epi-3, 4, and epi-4 showed high
to moderate binding affinities to the hKOR, but at
10 lM, epi-1, 3, epi-3, and epi-4 inhibited [3H]diprenor-
phine binding to the l or d opioid receptor stably ex-
pressed in CHO cells by <50% and compound 4
inhibited the same by <70% (data not shown). Thus,
these compounds, like such as salvinorin A (1), exhibit
selectivity for the KOR over l and d opioid receptors.


In summary, the SAR information collected so far sug-
gests that the size and shape of the substituents at the 2-
position are both important factors for binding to the j-
receptor. A carbonyl functional group at C(2) may not
be necessary, and compound 4 with a short ether linker
showed a greater binding affinity to the j-receptor. In
addition, electronic factors are also important and
should be explored further.26,27
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Abstract—The structure–activity relationship (SAR) exploration using 2-(2-furanyl)-7-phenyl[1,2,4]triazolo-[1,5-c]pyrimidin-5-
amine (1) as a template led to the identification of a novel class of potent and selective adenosine A2A receptor (AR) antagonists.
However, these compounds were found to be associated with significant hERG activity. This report discusses the strategy and out-
come of an expanded SAR focused on addressing the hERG liability. As a result, compounds 21 and 24 possess excellent in vitro
profiles, highly promising in vivo profiles, and acceptable levels of hERG channel inhibition.
� 2005 Elsevier Ltd. All rights reserved.

Our previous communication1 discussing 2-(2-furanyl)-
7-phenyl[1,2,4]triazolo[1,5-c]pyrimidin-5-amine analogs,
reported several analogs (2–4) in this series which dem-
onstrated high binding affinity for adenosine A2A recep-
tor (AR) and very good selectivity over A1 AR. Several
of these compounds displayed moderate to good anti-
cataleptic activity (15–65% inhibition) when dosed oral-
ly at 3 mg/kg in a rat catalepsy assay. However, these
analogs were found to be associated with the blockade
of the hERG (human Ether-a-go-go Related Gene)
channel. The blockade of hERG K+ channels has been
cited as a major factor in the drug-induced alteration
of cardiac ventricular repolarization that is responsible
for prolongation of the heart rate-corrected QT interval
(QTc). Since QTc prolongation is believed to increase the
risk of cardiac arrhythmia in patients and can lead to
torsades de points or sudden death, it became critical
to monitor these compounds for the inhibition of the
hERG channel.2


As a result, several compounds from this series were
screened for hERG activity using a standard rubidium
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efflux FLIPR assay at a concentration of 5 lg/mL.
Compounds 3 and 4 exhibited hERG inhibition of
81% and 68%, respectively. However, compound 2 pos-
sessed acceptable hERG activity of 15% inhibition
which indicates that basic nitrogen in the side chain
may be responsible for the inhibition of the hERG
channel. In addition, it has been reported that decreas-
ing the pKa of the basic amine results in lower hERG
activity.2
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Moreover, in silico pharmacological models of the
hERG channel–ligand interactions suggest that proton-
ated amines participate in a favorable cation–p interac-
tion with the Tyr652 residue of the hERG channel.
These theories appear to support the observation that
compounds in this series containing basic nitrogens ex-
hibit higher hERG inhibitory activity than those with-
out basic nitrogens. Consequently, SAR development
was focused on reducing the basicity of the C-7 side
chain.


Piperazines 10 and 16–20 were prepared according to
the general procedure shown in Scheme 1. The palla-
dium (Pd) catalyzed coupling of (3-bromo-phenoxy)-tri-
isopropyl-silane (TIPS) (5) with 1-(tbutoxycarbonyl)-
piperazine afforded 6. Compound 6 was deprotected
with tetrabutylammonium fluoride (TBAF), followed
by conversion to the corresponding triflate and then
conversion to pinacol boronic ester 7. The palladium-
catalyzed coupling between 7 and 2-amino-4,6-dichloro-
pyrimidine produced 8. Chloride 8 was reacted with

Scheme 1. Reagents and conditions: (a) 1-(tbutoxycarbonyl)-piperazine,


(90–100%); (c) Tf2O, Et3N, CH2Cl2 (80%); (d) Bis(pinacolato)diboron, PdC


idine, Pd(PPh3)4, K2CO3, CH3CN/H2O (50–70%); (f) 2-furoic hydrazide, Bu


Scheme 2. Reagents and conditions: (a) 1,4-dioxa-8-azaspiro[4.5]decane, Pd


Tf2O, Et3N, CH2Cl2 (85%); (d) Bis(pinacolato)diboron, PdCl2(dppf), dppf, K


K2CO3, CH3CN/H2O (82%); (f) 2-furoic hydrazide, BuOH; (g) BSA; (h) TF

2-furoic hydrazide, followed by a dehydrative rearrange-
ment3 with N,O-bis(trimethylsilyl) acetamide (BSA) to
provide 9. Subsequent deprotection of 9 gave 10 as an
advanced intermediate. Compounds 16–20 were pre-
pared via subjecting 10 to various known reaction con-
ditions to afford targets in a parallel fashion.
Compounds 21 and 22 were synthesized by first, prepar-
ing the fully elaborated piperazines which were then
coupled with 5, followed by steps b–g as shown in
Scheme 1. The piperidine analogs were prepared as
shown in Scheme 2. The Pd-catalyzed coupling of 5 with
1,4-dioxa-8-azaspiro[4.5]decane produced 11. Com-
pound 11 was converted to its corresponding boronic es-
ter 12 which was then converted to 14 via steps e–g.
Deprotection of 14 provided 15 as an advanced interme-
diate. Compound 15 was converted to 23 and 24 under
reductive amination conditions. All compounds re-
ported herein gave satisfactory analytical results.4


The in vitro results of the A2A AR binding assays5 are
expressed as inhibition constants (Ki, nM) and A1/A2A

Pd(OAc)2, P(tBu)3, NaOtBu, toluene (80–100%); (b) TBAF, THF


l2(dppf), dppf, KOAc, dioxane (82%); (e) 2-amino-4,6-dichloropyrim-


OH; (g) BSA; (h) HCl, dioxane (73%).


(OAc)2, P(
tBu)3, NaOtBu, toluene (83%); (b) TBAF, THF (89%); (c)


OAc, dioxane (40%); (e) 2-amino-4,6-dichloropyrimidine, Pd(PPh3)4,


A, CH2Cl2 (80%).
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describes the selectivity over the A1 AR. All assays were
performed in duplicates and reported as mean values.
These compounds were not tested against the other
known adenosine receptor subtypes, A3 and A2B. The
hERG activity was measured using a rubidium efflux
FLIPR assay and is expressed as a percent inhibition
at a concentration of 5 lg/mL.6 The anti-cataleptic
activity in the rat catalepsy assay is expressed in percent
reduction of cataleptic effect relative to vehicle upon oral
dosing at 3 mg/kg and determined at 1 and 4 h after the
cataleptic effect was observed.


Results in Table 1 show that among the piperazine ana-
logs, unsubstituted piperazine 10 displays the lowest

Table 1. Receptor affinity, in vivo activity and hERG activity of C-7 arene


Compound R A2A Ki (nM) A1


9 0.5 7


10 5.7


16 0.5 5


17 1.0 2


18 0.5 3


19 0.8 5


20 1.3 2


21 1.0 10


22 2.3 1


14 0.4 4


15 1.3 1


23 18.0 1


24 0.8 1

selectivity over A1 AR. Substitution of N-4 of 10 with
electron withdrawing groups produced compounds 9
and 16–19 with subnanomolar binding affinities for
A2A AR while retaining high selectivity over A1 AR.
Methoxyethoxyphenyl substituted analog 21 was found
to be more than 1000-fold selective over A1 AR. The
SAR of C-4 substituted piperidine analogs 14, 15, 23,
and 24 showed that a variety of substituents were toler-
ated at C-4 of the piperidine.


Derivatization of the basic nitrogen produced significant
reduction of hERG channel inhibition in the piperazine
series. This is clearly demonstrated by comparing the
hERG activity of compound 3 with that of compound

analogs


/A2A % Reduction of


cataleptic activity (3 mg/kg) 1 h/4 h


% Inhibition of


hERG (5 lg/mL)


45 34/43 �3


66 NT NT


25 13/13 10


69 0/23 8


66 23/47 5


11 28/0 �3


29 23/32 13


59 55/40 �4


54 19/46 3


70 45/20 8


33 NT NT


22 10/12 9


16 36/59 1







3678 J. J. Matasi et al. / Bioorg. Med. Chem. Lett. 15 (2005) 3675–3678

21 (81% vs 13%, respectively). Slightly basic amines were
also tolerated in the side chains of both piperidine 24
and piperazine 20. The hERG activity is also reduced
when an amine is sterically hindered as in compound
23. From these limited results it is not clear if reduction
of the hERG liability is due to reduced basicity or struc-
tural modifications. Further work is required to under-
stand these results.


Having identified compounds with high-binding affinity
for A2A AR, several compounds from Table 1 were as-
sessed for their pharmacokinetic profiles and anti-cata-
leptic activity in the rat at an oral dose of 3.0 mg/kg.
Among these compounds, 21 and 24 were found to have
acceptable pharmacokinetic profiles (AUC = 160 and
310 ng h/mL, respectively). Both compounds displayed
potent oral anti-cataleptic activity at 1 and 4 h after
dosing.


Encouraged by this result, it was decided to investigate
compounds 21 and 24 in a secondary rodent model. In
this assay, hypolocomotion is induced by administration
of a 1 mg/kg dose of the A2A agonist, CGS-21680. The
antagonists are pretreated for 4 h at varying doses.
Compound 24 displayed activity at 3 mg/kg (100% inhi-
bition) and 1 mg/kg (53% inhibition) whereas 21 dis-
played moderate activity (61% and 59%, respectively).
The reversal of CGS-21680 agonist activity affected by
compounds 21 and 24 is mediated through A2A AR.


In summary, we have discovered a series of A2A AR
antagonists which displayed excellent affinity, selectivity
over the A1 AR, and oral anti-cataleptic activity.
Through modification of the side chain, the hERG
activity was significantly reduced. It was also demon-
strated that selected compounds 21 and 24, upon oral
administration, showed potent activity in a rodent cata-
leptic assay.


Catalepsy procedure: The rodent model for Parkinson�s
Disease is the rat catalepsy assay where the dopamine
D2 receptor antagonist, haloperidol (1 mg/kg, subcuta-
neous) is administered. After 30 min, rats were placed
facing upward on a wire screen inclined at 60�. The time
taken for the rat to move one limb was measured, with a
cut-off time of 120 s. Rats showing >75 s of immobility
(catalepsy) were used for subsequent A2A antagonist

studies. Test compounds were administered orally and
catalepsy was retested at 1 and 4 h after administration.
Male CD rats (Charles River Laboratories) weighing
200–240 g were used for all studies. Upon arrival at
our holding facility, rats were housed four per cage, with
food and water available ad libitum. Rats were main-
tained on a 12 h light/dark cycle (light on 07:00; lights
off 19:00). All studies were carried out in accordance
with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.
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Abstract—Novel curcumin mimics with asymmetrical units phenyl group with alkyl amide, chloro-substituted benzamide, or
heteroaromatic amide moieties were synthesized and their anti-angiogenic activity was evaluated with the proliferation and tube
formation inhibitory activity on the human umbilical vein endothelial cells. Compounds 5, 14, 17, and 18 showed potent growth
inhibitory activity and tube formation inhibitory activity.
� 2005 Elsevier Ltd. All rights reserved.

Curcumin (Diferuloyl methane, 1) is a chemopreventive
and chemotherapeutic natural product that is isolated
from the root of Curcuma longa L., which shows sup-
pression, retardation, or inversion of carcinogenesis.1


Furthermore, it also exhibits anti-inflammatory, antiox-
idant, antiviral, and anti-infectious activities and wound
healing properties.2


In particular, there are many reports on the anti-angio-
genesis of curcumin (1). Arbiser et al.3, Kwon and co-
workers4, and Bowen and co-workers 5 also reported
that curcumin (1) and its derivatives have a potent
anti-angiogenic activity. Based on our assumption that
rigidity of symmetrical aromatic moieties on a curcumin
structure plays an important role in enhancing anti-an-
giogenic activity, we synthesized symmetrical bis-aro-
matic alkynyl pyridine and thiophene derivatives and
bis-aromatic alkyl pyridine and thiophene derivatives,
and reported on their biological activity.6 In 2004, two
groups have also reported on the novel curcumin ana-
logs as anticancer and anti-angiogenesis agents.7


Although structure–anti-angiogenic activity of curcumin
(1) is not completely understood, curcumin is a promis-
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ing lead compound for structural modification to dis-
cover novel anticancer agents.


But the commonality of reported novel analogs of cur-
cumin is that they have a symmetrical a,b-unsaturated
ketone with limited substituents on the aromatic rings.8


To search for useful drug candidates in the development
of chemotherapeutic agents, it is necessary to bring
about substantial chemical modification of the curcumin
structure. Therefore, to achieve our objective, we report
a novel method for the preparation of asymmetrical
curcumin derivatives having a phenyl group with alkyl
amide, chloro-substituted benzamide, or heteroaromatic
amide moieties (2) (Fig. 1).

Figure 1.
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The anti-angiogenic activities of those synthetic com-
pounds were evaluated with the proliferation9 and tube
formation inhibitory activities10 on the human umbilical
vein endothelial cells (HUVEC).


The target compounds were prepared, as shown in
Scheme 1. Commercially available 4-hydroxy-3-meth-
oxybenzaldehyde (3) was reacted with 3-acetylaniline
(4) in the presence of basic catalyst (40% KOH) in eth-
anol at room temperature for 10 h.11 The crude product
was chromatographed (CHCl3/CH3OH 97/3) on silica
gel to afford 1-(3-aminophenyl)-3-(4-hydroxy-3-meth-
oxyphenyl)propenone (5). This amine (5) was dissolved
in a 1:1 mixture solution of dioxane and H2O and then
cooled to 0 �C (ice bath). Acetic anhydride or one of a
variety of acyl chlorides was slowly added to the reac-
tion mixture and then stirred at 0 �C for 5–7 h.12 The
solvent was removed in vacuo. The residues were chro-
matographed (CHCl3/MeOH 95/5) on silica gel to give
amides (6–18). Synthetic curcumin mimics with an alkyl
amide group (7–10) were of slightly low yield, except for
acetamide compound (6). Other aromatic amide

Table 1. Inhibitory activity of curcumin mimics on HUVEC growth and tu


Entry Cytotoxic activity against cancer cell


lines IC50 (lg/mL)a


aHUVEC grow


B16 Vero U87 SiHa


5 11.48 6.02 7.71 12.33 2.87


6 3.62 14.48 >50 15.75 7.06


7 1.43 2.04 5.56 3.94 1.27


8 1.09 3.47 8.31 5.96 1.44


9 7.03 >50 >50 >50 13.3


10 4.41 3.55 12.24 7.71 1.50


11 0.82 3.47 8.82 4.57 0.37


12 0.59 3.82 >50 2.30 0.76


13 12.81 27.22 >50 34.43 0.40


14 1.58 2.48 17.81 3.56 0.46


15 3.88 >50 29.46 25.28 2.97


16 4.83 >50 >50 17.67 0.75


17 5.46 3.11 6.65 0.76 0.38


18 6.93 3.98 14.69 6.57 0.38


Curcumin — — — — 10.84


a IC50 was calculated from the nonlinear regression by Graphpad Prism soft
b Values expressed in percentage of HUVEC total tube length/field as compa


pro plus version 3.0 (Media Cybernetics, MD, USA).


   


Scheme 1. Synthesis of novel curcumin mimics with asymmetrical units inc


amide moieties. Yield for 5, 45%; 6, 97%; 7, 21%; 8, 24%; 9, 26%; 10, 25%; 11

products (11–18) gave a quantitative yield. 1H, 13C
NMR spectrum and GC/MS spectrum of synthetic
intermediate (5) and various curcumin mimics (6–18)
were identified to study the relationship between struc-
tural modification and anti-angiogenic activity.13


The biological result of synthetic molecules is shown in
Table 1. As we had expected, all compounds showed a
strong inhibitory activity against HUVEC growth.
Compounds with an aromatic amide moiety (11–18)
showed a activity higher than those of alkyl amide
groups (6–10). In particular, benzamide (11), furan
amide (17), and thiophene amide (18) exhibited the high-
est activity. When considering HUVEC growth inhibi-
tion activity in our screening set, presence of various
amide groups in asymmetric units, especially aromatic
amide moieties, was shown to be important for activity.
The introduction of mono-chloro or di-chloro substitu-
tion in benzamide has no effect of increasing activity.


In the tube formation assay using HUVEC on the
Matrigel to conform to the anti-angiogenic activity of

be formation


th inhibition IC50 (lg/mL) HUVEC tube formation inhibition


percentage (%)b


2.5 lg/mL 5 lg/mL 10 lg/mL


20 50 90


— 15 32


40 57 87


11 51 56


— 45 66


— 20 43


— 48 69


— 42 66


29 51 70


53 88 99


— 5 45


15 51 58


61 82 100


71 80 90


— — —


ware.


red to untreated control. Total tube length was measured using Image-


 


 


luding alkyl amide, chloro-substituted benzamide, or heteroaromatic


, 98%; 12, 94%; 13, 85%; 14, 91%; 15, 88%; 16, 70%; 17, 85%; 18, 87%.
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synthetic curcumin mimics, all compounds strongly
inhibited the tube of HUVEC at a concentration of
10 lg/mL. Interestingly, compound 5 with a free amine
group, synthetic intermediate for target molecules,
shows 90% inhibition activity. Among the alkyl amide
groups (6–10), only propyl amide compound 7 showed
a good activity as 87% at the same concentration. Ex-
cept 15, the promising molecules (11–14, 16–18) possess-
ing aromatic amide groups exhibited a generally strong
inhibitory activity against the tube formation. Especial-
ly, compounds (14, 17, and 18) showed the strongest
activity at a concentration of 5.0 lg/mL. Even at a con-
centration of 2.5 lg/mL, compound 18 inhibited about
71%.


To compare the selectivity between HUVEC and tumor
cell lines, four types of tumor cells, such as B16, Vero,
U87, and SiHa, were used for the MTT assay. All tested
molecules have a specific inhibition activity against HU-
VEC growth, as shown in Table 1. Three compounds
(14, 17, and 18) with higher growth inhibition and
tube-forming inhibition activity show a good selectivity
on HUVEC. Interestingly, compound 13 inhibits mod-
erately tube formation, but shows the highest selectivity
among the tested molecules.


In conclusion, we have readily synthesized various
curcumin mimics with asymmetric units possessing al-
kyl amide, chloro-substituted benzamide, or heteroaro-
matic amide moieties. Those synthetic molecules
showed a stronger anti-angiogenic activity than the
mother molecule, curcumin, without exhibiting any
cytotoxic activity against HUVEC. In particular, com-
pounds (14, 17, and 18) need to be studied further in
the screening of other cancer cell lines, in vivo study,
and toxicology. Substantial structural modifications of
curcumin have an important potential for further drug
development as antitumor and anti-angiogenesis
agents.
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7.13 (1H, d, J = 1.64 Hz, CH3OC6H3), 7.22 (1H, dd,
J = 8.22 and 1.71 Hz, CH3OC6H3), 7.36 (1H, d,
J = 15.59 Hz, CH@CHAr), 7.46 (1H, t, J = 15.85 Hz,
NHC6H4), 7.49 (1H, br s, NH), 7.72 (1H, s, NHC6H4),
7.76 (1H, d, J = 15.59 Hz, CH@CHAr), 7.87 (1H, d,
J = 7.52 Hz, NHC6H4), 8.04 (1H, s, NHC6H4) ppm.13C
NMR (CDCl3): d 19.6, 36.7, 56.0, 110.2, 114.9, 119.5,
119.6, 123.5, 124.0, 124.1, 127.3, 129.3, 138.7, 139.1, 145.7,
146.9, 148.5, 175.8, 190.4. GC/MSD (m/z) 339 (M+); for 9:
yield 26%; TLC (chloroform/methanol 95/5) Rf = 0.35; 1H
NMR (CDCl3): d 1.07 (3H, t, J = 14.11 Hz, CH2CH3),
3.97 (3H, s, OCH3), 4.45 (2H, q, J = 7.09 Hz, CH2CH3),
5.98 (1H, s, OH), 6.96 (1H, d, J = 8.14 Hz, CH3OC6H3),
7.14 (1H, s, CH3OC6H3), 7.25 (1H, t, J = 15.73 Hz,
CH3OC6H3), 7.36 (1H, d, J = 15.59 Hz, CH@CHAr),
7.53(1H, t, J = 15.82 Hz, NHC6H4), 7.78 (1H, d,
J = 15.59 Hz, CH@CHAr), 7.84 (1H, d, J = 7.73 Hz,
NHC6H4), 7.99 (1H, d, J = 7.96 Hz, NHC6H4), 8.19
(1H, s, NHC6H4), 9.04 (1H, s, NH) ppm. 13C NMR
(CDCl3): d 14.0, 56.1, 64.0, 110.1, 114.9, 119.2, 119.7,
123.6, 123.7, 125.4, 127.3, 129.6, 136.8, 139.4, 145.9, 146.8,
148.5, 154.2, 160.7, 189.7. GC/MSD (m/z) 369 (M+); for
10: yield 25%; TLC (chloroform/methanol 97/3) Rf = 0.11;
1H NMR (CDCl3 + DMSO-d6): d 2.23 (3H, s, CH3), 3.95
(3H, s, OCH3), 4.72 (2H, s CH2), 6.94 (1H, d, J = 8.07 Hz,
CH3OC6H3), 7.16 (1H, d, J = 1.56 Hz, CH3OC6H3), 7.18
(1H, dd, J = 8.20 and 1.68 Hz, CH3OC6H3), 7.36 (1H, d,
J = 15.58 Hz, CH@CHAr), 7.46 (1H, t, J = 15.78 Hz,
NHC6H4), 7.74 (1H, d, J = 15.58 Hz, CH@CHAr), 7.75
(1H, d, J = 7.96 Hz, NHC6H4), 8.00 (1H, d, J = 7.96 Hz,
NHC6H4), 8.12 (1H, s, NHC6H4), 8,12 (1H, s, OH), 9.38
(1H, s, NH) ppm.13C NMR (CDCl3 + DMSO-d6): d 20.8,
56.0, 63.0, 110.7, 115.5, 119.1, 119.8, 123.5, 124.1, 124.2,
126.8, 129.2, 138.2, 139.1, 145.7, 147.7, 149.4, 165.9, 170.1,
190.2. GC/MSD (m/z) 369 (M+); for 11: yield 98%; mp 80–
82 �C; TLC (chloroform/methanol 95/5) Rf = 0.33; 1H
NMR (CDCl3 + DMSO-d6): d 3.93 (3H, s, OCH3), 6.93
(1H, d, J = 8.04 Hz, CH3OC6H3), 7.15–7.18 (2H, m,
CH3OC6H3), 7.39 (1H, d, J = 16.00 Hz, CH@CHAr),
7.45–7.49 (3H, m, benzoyl-H), 7.52 (1H, t, J = 14.48 Hz,
NHC6H4), 7.74 (1H, d, J = 16.00 Hz, CH@CHAr), 7.75
(1H, m, NHC6H4), 8.00 (2H, d, J = 7.26 Hz, benzoyl-H),
8.16 (1H, d, J = 8.24 Hz, NHC6H4), 8.19 (1H, s, OH), 8.35
(1H, s, NHC6H4),9.69 (1H, s, NH) ppm. 13C NMR
(CDCl3 + DMSO-d6): d 56.0, 110.8, 115.5, 119.3, 120.5,
123.4, 123.9, 124.7, 126.8, 127.7, 128.4, 129.0, 131.7, 135.0,
139.0, 139.3, 145.5, 147.6, 149.3, 166.5, 190.4. GC/MSD
(m/z) 373 (M+); for 12: yield 94%; mp 212–215 �C; TLC
(chloroform/methanol 95/5) Rf = 0.31; 1H NMR
(CDCl3 + DMSO-d6): d 4.04 (3H, s, OCH3), 6.87 (1H, d,
J = 7.77 Hz, CH3OC6H3), 7.11–7.13 (2H, m, CH3OC6H3),
7.31–7.40 (2H, m, 4-chlorobenzoyl-H), 7.43 (1H, t,
J = 17.2 Hz, NHC6H4), 7.39 (1H, d, J = 16.00 Hz,
CH@CHAr), 7.68 (1H, d, J = 16.00 Hz, CH@CHAr),
7.69 (1H, m, NHC6H4), 7.94 (2H, d, J = 8.45 Hz, 4-
chlorobenzoyl-H), 8.10 (1H, d, J = 7.60 Hz, NHC6H4),
8.26 (1H, s, NHC6H4), 8.40 (1H, s, OH), 9.89 (1H, s, NH)
ppm. 13C NMR (CDCl3 + DMSO-d6): d 56.3, 111.2,
116.0, 119.5, 120.9, 123.8, 124.3, 125.1, 127.1, 128.8,
129.3, 129.7, 133.7, 138.0, 139.3, 139.7, 145.9, 148.1, 149.8,
165.7, 190.6. GC/MSD (m/z) 407 (M+); for 13: yield 85%;
mp 170–172 �C; TLC (chloroform/methanol 95/5)
Rf = 0.34; 1H NMR (CDCl3 + DMSO-d6): d 3.96 (3H, s,
OCH3), 6.94 (1H, d, J = 7.96 Hz, CH3OC6H3), 6.95 (1H, s,
OH), 7.15 (1H, d, J = 1.66 Hz, CH3OC6H3), 7.22 (1H, dd,
J = 8.21 and 1.65 Hz, CH3OC6H3), 7.36–7.40 (1H, m,
2,4-dichlorobenzoyl-H), 7.38 (1H, d, J = 15.00 Hz,
CH@CHAr), 7.49 (1H, d, J = 1.67 Hz, 2,4-dic-
hlorobenzoyl-H), 7.52 (1H, t, J = 15.88 Hz, NHC6H4),

7.67 (1H, d, J = 8.27 Hz, 2,4-dichlorobenzoyl-H), 7.76
(1H, d, J = 15.00 Hz, CH@CHAr), 7.76–7.80 (1H, m,
NHC6H4), 8.08 (1H, d, J = 7.25 Hz, NHC6H4), 8.22 (1H,
s, NHC6H4), 9.08 (1H, s, NH) ppm.13C NMR
(CDCl3 + DMSO-d6): d 56.1, 110.4, 115.2, 119.4, 120.0,
123.5, 124.2, 124.6, 127.2, 127.5, 129.3, 130.0, 131.0, 131.9,
134.2,136.9, 138.4, 139.3, 145.8, 147.2, 148.9, 164.2, 190.2.
GC/MSD (m/z) 442 (M+); for 14: yield 91%; mp 157–
160 �C; TLC (chloroform/methanol 95/5) Rf = 0.29; 1H
NMR (CDCl3 + DMSO-d6):d 3.96 (3H, s, OCH3), 6.87
(1H, s, OH), 6.95 (1H, d, J = 8.17 Hz, CH3OC6H3), 7.16
(1H, d, J = 1.48 Hz, CH3OC6H3), 7.22 (1H, dd, J = 8.12
and 1.51 Hz, CH3OC6H3), 7.29–7.39 (3H, m, 2,6-dic-
hlorobenzoyl-H), 7.39 (1H, d, J = 16.00 Hz, CH@CHAr),
7.52 (1H, t, J = 15.74 Hz, NHC6H4), 7.76 (1H, d,
J = 16.00 Hz, CH@CHAr), 7.79 (1H, m, NHC6H4), 8.10
(1H, d, J = 7.93 Hz, NHC6H4), 8.25 (1H, s, NHC6H4),
9.24 (1H, s, NH) ppm.13C NMR (CDCl3 + DMSO-d6): d
56.1, 110.4, 115.2, 119.6, 120.0, 123.5, 124.3, 124.6, 127.2,
128.0, 129.3, 130.7, 132.5, 136.3, 138.4, 139.3, 145.6, 147.2,
148.8, 162.9, 190.2. GC/MSD (m/z) 442 (M+); for 15: yield
88%; mp 208–210 �C; TLC (chloroform/methanol 95/5)
Rf = 0.32; 1H NMR (DMSO-d6): d 3.87 (3H, s, OCH3),
6.85 (1H, d, J = 8.00 Hz, CH3OC6H3), 7.30 (1H, d,
J = 7.94 Hz, CH3OC6H3), 7.51 (1H, s, CH3OC6H3), 7.59
(1H, t, J = 7.55 Hz, NHC6H4), 7.71 (2H, s, 3,4-dic-
hlorobenzoyl-H), 7.85 (1H, d, J = 8.25 Hz, CH@CHAr),
7.96–8.00 (1H, m, NHC6H4), 7.99 (1H, d, J = 8.25 Hz,
CH@CHAr), 8.11 (1H, d, J = 7.73 Hz, NHC6H4), 8.28
(1H, s, 3,4-dichlorobenzoyl-H), 8.38 (1H, s, NHC6H4),
9.73 (1H, br s, OH), 10.60 (1H, s, NH) ppm. 13C NMR
(DMSO-d6): d 56.2, 112.2, 116.0, 119.0, 120.3, 124.4,
124.6, 125.0, 126.5, 128.5, 129.5, 130.0, 131.2, 131.7, 134.9,
135.2, 138.9, 139.5, 145.6, 148.3, 150.2, 163.7, 189.2. GC/
MSD (m/z) 442 (M+); for 16: yield 70%; mp 202–206 �C;
TLC (chloroform/methanol 95/5) Rf = 0.36; 1H NMR
(CDCl3 + DMSO-d6): d 3.95 (3H, s, OCH3), 6.93 (1H, d,
J = 8.26 Hz, CH3OC6H3), 7.17–7.19 (2H, m, CH3OC6H3),
7.40 (1H, d, J = 15.57 Hz, CH@CHAr), 7.50 (1H, t,
J = 15.97 Hz, NHC6H4), 7.52 (1H, s, 3,5-dichlorobenzoyl-
H), 7.74 (1H, d, J = 15.57 Hz, CH@CHAr), 7.77 (1H, m,
NHC6H4), 8.02 (2H, d, J = 1.47 Hz, 3,5-dichlorobenzoyl-
H), 8.18 (1H, d, J = 8.04 Hz, NHC6H4), 8.35 (1H, s,
NHC6H4), 8.88 (1H, s, OH), 10.32 (1H, s, NH) ppm.13C
NMR (CDCl3 + DMSO-d6): d 56.3, 111.2, 116.0, 119.3,
120.8, 123.7, 124.3, 124.9, 126.9, 129.3, 131.4, 134.2, 135.2,
138.0, 139.2, 139.4, 145.8, 148.2, 150.0, 163.8, 190.3. GC/
MSD (m/z) 442 (M+); for 17: yield 85%; mp 82–84 �C;
TLC (chloroform/methanol 95/5) Rf = 0.30; 1H NMR
(CDCl3): d 3.96 (3H, s, OCH3), 6.01 (1H, s, OH), 6.58–
6.59 (1H, m, furan-H), 6.96 (1H, d, J = 8.15 Hz, furan-H),
7.14 (1H, s, CH3OC6H3), 7.23 (1H, d, J = 8.32 Hz,
CH3OC6H3), 7.27 (1H, t, J = 7.13 Hz, CH3OC6H3), 7.37
(1H, d, J = 15.67 Hz, CH@CHAr), 7.51 (1H, t,
J = 15.91 Hz, NHC6H4), 7.54 (1H, d, J = 0.72 Hz, furan-
H), 7.78 (1H, d, J = 15.67 Hz, CH@CHAr), 8.05 (1H, d,
J = 7.69 Hz, NHC6H4), 8.16 (1H, s, NHC6H4), 8.26 (1H,
s, NH) ppm.13C NMR (CDCl3): d 56.1, 110.2, 112.7,
114.9, 115.7, 119.5, 119.7, 123.6, 124.1, 124.4, 127.4, 129.4,
137.9, 139.3, 144.5, 145.7, 146.9, 147.5, 148.5, 156.3, 190.2.
GC/MSD (m/z) 363 (M+); for 18: yield 87%; mp 193–
195 �C; TLC (chloroform/methanol 95/5) Rf = 0.28; 1H
NMR (CDCl3 + DMSO-d6): d 3.97 (3H, s, OCH3), 6.79
(1H, s, OH), 6.95 (1H, d, J = 8.27 Hz, CH3OC6H3), 7.13–
7.15 (2H, m, CH3OC6H3), 7.21–7.23 (1H, m, thiophene-
H), 7.39 (1H, d, J = 15.68 Hz, CH@CHAr), 7.48–7.52
(1H, t, J = 7.80 Hz, NHC6H4), 7.57 (1H, d, J = 4.97 Hz,
thiophene-H), 7.75–7.79 (1H, m, NHC6H4), 7.77 (1H, d,
J = 15.68 Hz, CH@CHAr), 7.83 (1H, d, J = 3.71 Hz,
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thiophene-H), 8.13 (1H, d, J = 7.76 Hz, NHC6H4), 8.20
(1H, s, NHC6H4), 8.90 (1H, s, NH) ppm. 13C NMR
(CDCl3 + DMSO-d6): d 56.1, 110.4, 115.1, 119.5, 120.1,

123.5, 124.1, 124.5, 127.2, 127.8, 128.8, 129.3, 131.1, 138.7,
139.1, 139.6, 145.6, 147.1, 148.8, 160.5, 190.3. GC/MSD
(m/z) 379 (M+).
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Abstract—The structure–activity relationship of this novel class of compounds based on 2-(2-furanyl)-7-phenyl[1,2,4]-triazolo[1,5-
c]pyrimidin-5-amine, 1, and its analogs was evaluated for their in vitro and in vivo adenosine A2A receptor antagonism. Several com-
pounds displayed oral activity at 3 mg/kg in a rat catalepsy model. Specifically, compound 8g displayed an excellent in vitro profile,
as well as a highly promising in vivo profile.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


Adenosine is a modulator of physiological functions
through activation of numerous cell surface receptors.
Four adenosine receptors (A1, A2A, A2B, and A3)
belonging to the family of G protein-coupled receptors
have been characterized according to their primary
sequences.1 A1 and A3 are coupled to inhibitory G pro-
tein while A2A and A2B are coupled to stimulatory G
protein. Adenosine A2A receptors (AR) are abundant
in specific regions of the brain, such as the striatum,
caudate-putamen, nucleus accumbens, and olfactory
tubercle.2 In the caudate-putamen A2A AR are localized
on several neurons and have been shown to modulate
the neurotransmission of c-aminobutyric acid acetylcho-
line and glutamate.3 These actions of the A2A AR could
contribute to motor behavior.4 For example, A2A AR
agonists have been shown to inhibit locomotor activity
and induce catalepsy in rodents.5 In contrast, A2A AR
antagonists prevent the motor disturbances seen in
dopamine D2 receptor null mice.6


Recently, KW-6002, an A2A AR antagonist, has been
reported to exhibit anti-parkinsonian activity in the par-
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kinsonian monkey without producing hyperactivity and
provoking dyskinesia.7 These results suggest that A2A


AR antagonists potentially represent a novel class of

anti-symptomatic drugs for the treatment of Parkinson�s
disease.


Several selective A2A AR antagonists of various struc-
tural classes have been developed.8 Based upon these
compounds SAR and our previous work, we proposed
to develop an SAR using structure 1 as a template to
identify novel A2A AR antagonists.9


The compounds shown in Table 1 were prepared using
the general procedures described in Scheme 1. Initially,
the Pd-catalyzed coupling of commercially available
2-amino-4,6-dichloropyrimidine with aryl boronic acids
yielded chlorides 2 which underwent displacement with
2-furoic hydrazide to produce 3. Dehydrative rear-
rangement10 of 3 in N 0,O 0-bis(trimethylsilyl)acetamide
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Table 1. Optimization of C-7 arene substituents


Compound Ar A2A Ki (nM) A1/A2A


1 Ph 7.0 3


4a 2-CH3-Ph 22.0 12


4b 3-CH3-Ph 3.7 13


4c 4-CH3-Ph 8.4 19


4d 2-CH3O-Ph 4.3 27


4e 3-CH3O-Ph 5.0 20


4f 4-CH3O-Ph 7.3 103


4g 2,4-(CH3O)2-Ph 2.9 98


4h 3,4-(CH3O)2-Ph 7.3 64


4i 2,5-(CH3O)2-Ph 4.5 65


4j 2,6-(CH3O)2-Ph 1700 1


4k 2,3-(CH3O)2-Ph 21.7 27


4l 3,4,5-(CH3O)3-Ph 4.5 69


4m 2,3,4-(CH3O)3-Ph 4.5 17


4n 2-Thiophene 4.4 15


4o 4-Pyridine 1.9 66


4p 3-Pyridine 6.6 65


4q 2-Pyridine 1.4 34


4r 3-(i-Pr)-Ph 4.7 31


4s 3-(Ph)-Ph 5.5 82


4t 3-(NH2)-Ph 5.0 11


4u 3-(CN)-Ph 5.4 14


4v 3-(CH2OH)-Ph 2.8 135
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(BSA) produced structures of type 4. Alternatively, 2-
amino-4,6-dichloropyrimidine can be displaced with
2-furoic hydrazide to form 5 followed by the dehydra-
tive rearrangement to provide 6 as an advanced inter-
mediate.11 Subsequent Pd-catalyzed couplings of 6
with various aryl boronic acids yielded compounds
4a–v.


Synthesis of compounds shown in Table 2 originated
from the 3-(hydroxymethyl)phenyl analog (4v). Con-

Scheme 1. Reagents: (a) aryl boronic acid, Pd(PPh3)4, K2CO3, CH3CN/H2O


SOCl2, CH2Cl2; (e) KI, K2CO3, CH3CN, amine.

version of 4v to its corresponding chloride (7), fol-
lowed by displacement with the requisite amine, led
to compounds 8a-q as shown in Table 2. Requisite
amines that were not commercially available were pre-
pared as shown in Scheme 2. The appropriately
substituted bromophenols (9) were alkylated to form
their corresponding methoxyethoxyphenyl bromides
(10). Piperidines were prepared by the lithiation of
the aryl bromides 10 followed by addition to 4-oxo-pi-
peridine-1-carboxylic acid benzyl ester, deoxygenation,
and benzyl deprotection to yield piperidines 11. Piper-
azines (12) were prepared using a Pd-catalyzed amina-
tion with aryl bromides 10 and piperazine. All
compounds reported herein gave satisfactory analyti-
cal results.12


The in vitro results of the A2A AR binding assays13 are
expressed as inhibition constants (Ki, nM) and A1/A2A


describes the selectivity over the A1 AR. All assays were
performed in duplicate and reported as mean values.
These compounds were not tested against the other
known adenosine receptor subtypes, A3 and A2B. Re-
sults in Table 1 show that compound 1 had a high affin-
ity for A2A AR but was not selective over A1 AR. The
tolyl analogs (4a–c) retained the affinity for A2A AR
but failed to improve desired selectivity. The methoxy
phenyl analogs (4d–m) provided compounds with high
affinity for A2A AR with moderate to good selectivity
over A1 AR. One exception was compound 4j which
had very poor affinity for A2A AR, suggesting that
orthogonality between the arene and the triazolopyrim-
idine ring system was not tolerated. Heteroaromatic
analogs (4n–q) also retained single-digit nanomolar
potency for A2A AR with no improvement in selectivity
over the A1 AR.


Meta-substituted compounds, 4r–v, retained single-
digit nanomolar A2A AR affinity and acceptable
selectivity over A1; particularly compound 4s, which
was 82-fold selective. Results of compound 4s demon-
strated the possibility of exploring the SAR via mod-
ifications of the side chains at the meta-position of

(23–70%); (b) 2-furoic hydrazide, BuOH; (c) BSA (28%); (d) Et3N,







Table 2. Receptor affinity and in vivo activity of side chain variants


Compound R A2A Ki (nM) A1/A2A Anti-cataleptic activity 1 h/4 h


8a 3.6 135 NT


8b 4.6 69 NT


8c 7.4 115 20/20


8d 8.9 202 0/0


8e 4.6 69 NT


8f 10.5 3 NT


8g 2.8 601 40/65


8h 4.0 115 29/53


8i 2.7 642 20/0


8j 2.9 204 12/15


8k 3.3 134 33/39


8l 2.7 72 NT


8m 3.6 85 NT


8n 1.1 314 14/9
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Table 2 (continued)


Compound R A2A Ki (nM) A1/A2A Anti-cataleptic activity 1 h/4 h


8o 6.4 71 NT


8p 2.2 338 28/47


8q 2.4 192 20/10


Scheme 2. Reagents: (a) CH3OCH2CH2Br, K2CO3, acetone (80%); (b) i—n-BuLi, THF, ii—4-oxo-piperidine-1-carboxylic acid benzyl ester; (c)


Et3SiH, TFA, CH2Cl2 (72%); (d) 10% Pd/C, H2, EtOAc/EtOH (99%); (e) Pd(OAc)2, NaOtBu, Pd(tBu)3, toluene.
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compound 1. The result of this work is summarized
in Table 2.


Side chain modifications (Table 2) produced several
compounds with high affinity for A2A AR and excel-
lent selectivity over A1 AR. Substitution of the
meta-position of the phenyl with either 4-(phenyl)-pi-
peridine (8b–d) or 4-(phenyl)-piperazine derivatives
(8e–q) was well tolerated. The incorporation of the
methoxethoxy substituent, as in 8g (A1/A2A = 601)
and 8h (A1/A2A = 115), seemed particularly beneficial
in terms of selectivity over A1 when compared with
phenylpiperazine analog 8e (A1/A2A = 69).


Several compounds from Table 2 were assessed for their
bioavailability and anti-cataleptic activity in the rat at
an oral dose of 3.0 mg/kg. In general, piperazine analogs
displayed better bioavailability than piperidine analogs.
Many of these compounds showed modest to high activ-
ity in the rat catalepsy assay at a 3 mg/kg dose. Brain
concentration of some of these compounds was mea-
sured at 6 h and found to be in 40–50 ng range. Gener-
ally, there was no apparent correlation between their
bioavailability and anti-cataleptic activity. Receptor
occupancy studies are planned to understand this
discrepancy.


The exploration of SAR of 2-(2-furanyl)-7-phen-
yl[1,2,4]triazolo[1,5-c]pyrimidin-5-amine analogs result-
ed in a novel class of A2A AR antagonists. Compared
to compound 1, several analogs with high selectivity
for A1 AR with retention of A2A binding affinity were
identified. Several of these compounds demonstrated

oral activity at 3 mg/kg in a rat catalepsy model. Among
these compounds, 8g displayed optimum binding, selec-
tivity, and anti-cataleptic activity.

2. Catalepsy procedure


The rodent model for Parkinson�s Disease is the rat
catalepsy assay where the dopamine D2 receptor
antagonist, haloperidol (1 mg/kg, subcutaneous), is
administered. After 30 min, rats were placed facing up-
wards on a wire screen inclined at 60�. The time taken
for the rat to move one limb was measured, with a
cut-off time of 120 s. Rats showing >75 s of immobility
(catalepsy) were used for subsequent A2A antagonist
studies. Test compounds were administered orally and
catalepsy was retested at 1 and 4 h after administration.
Male CD rats (Charles River Laboratories) weighing
200–240 g were used for all studies. Upon arrival at
our holding facility, rats were housed 4 per cage, with
food and water available ad libitum. Rats were main-
tained on a 12-h light/dark cycle (light on 07:00; lights
off 19:00). All studies were carried out in accordance
with the National Institute of Health Guide for the Care
and Use of Laboratory Animals.
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Abstract—Effects of vitamins B1, B2, B6, and pyridoxal phosphate (PPh) on final product formation in radiolysis of aqueous solu-
tions of ethanol, ethylene glycol, a-methylglycoside, and maltose were studied. It has been found that vitamin B2 and PPh effectively
oxidize R�CHOH species, while suppressing their recombination and fragmentation reactions, thereby increasing the yields of the
respective oxidation products. Vitamins B1 and B2 are capable of reducing alcohol radicals to the respective initial molecules,
decreasing the yields of the radical transformation products.
� 2005 Elsevier Ltd. All rights reserved.

B group vitamins possess a wide spectrum of biochemi-
cal and pharmacological properties,1,2 making them ver-
satile objects of numerous studies. In clinical practice,
they are used in the treatment of cardiovascular and cen-
tral nervous system diseases, in the genesis and develop-
ment of which free-radical processes play an important
role.2,3 Increasing levels of reactive oxygen species
(ROS) are known to be a cause or a consequence of
the above-named and many other diseases. The deleteri-
ous effects of ROS are, in many respects, associated with
inducing oxidation processes of many biologically
important molecules and, first of all, hydrophobic unsat-
urated fatty acid residues of the cell membrane lipids.3


It has been shown in our studies that ROS react with po-
lar components of a number of phospholipids and
sphingolipids4–8 causing their destruction, which is
accompanied by the formation of signaling molecules.
It was convincingly demonstrated that decomposition
reactions of carbon-centered a-hydroxyl-containing rad-
icals proceeding via rupture of two b-bonds play a key
role in such processes. Besides lipids, good substrates
for free-radical fragmentation reactions are carbohy-
drates,9–11 nucleic acid components,12 and hydroxyl-
containing amino acids and their derivatives.13 Bearing
in mind the wide prevalence of fragmentation processes
in homolytic transformations of bioorganic substances
in aqueous solutions, the assessment of the effects of
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water-soluble vitamins on realization probability of such
processes appears to be of significant interest. For this
purpose, we investigated the effects of a number of
group B vitamins on final product formation taking
place during radiation-induced free-radical transforma-
tions of ethanol, ethylene glycol, a-methylglycoside,
and maltose in aqueous solutions.


Free-radical processes taking place in organic substanc-
es during radiolysis of their aqueous solutions are initi-
ated by reactive radical products of water radiolysis,9


formed according to reaction (1):


ð1Þ


It was found that H� and �OH radicals, while reacting
with the above-named substances, mainly initiate the
following processes:


(a) Aqueous ethanol solution14:


CH3CH2OH !H;OH


H2;H2O
CH3


�CHOH ð2Þ

(b) Aqueous ethylene glycol solutions15:


ð5Þ


(*) This reaction pathway is possible only in concentrated solutions


of the substrate.
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Figure 1. Structural formulas of compounds used in the study.
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�CH2CHOþHOCH2
�CHOH


! CH3CHOþHOCH2CHO ð6Þ


2HOCH2
�CHOH ! HOCH2CHO


ðGAÞ
þHOCH2CH2OH


ð7Þ
(c) Aqueous glycoside solutions9:

ð8Þ

�C(riboflavin) = 10�4 mol/L because of its limited solubility in water.

R = CH3, glucose residue.


The possibility of realization of type (8) reactions in car-
bohydrates being attacked by �OH radicals of non-radi-
ation origin was shown in studies.11,12


By assessing the yields of products formed in reactions
(2–8) in the presence and in the absence of group B vita-
mins in the systems being irradiated, one can evaluate
the reactivity and reaction pathways of the vitamins
with various a-hydroxyl-containing radicals. With all
this in mind, we bestowed efforts to create conditions,
under which the possibility of the reaction of group B
vitamins with radical products of water radiolysis
formed according to reaction (1) would be practically
excluded. This was achieved by using vitamin concentra-
tions 3 orders of magnitude lower than the concentra-
tions of hydroxyl-containing substances, because the
reactivity of group B vitamins toward the water radiol-

ysis products is an order of magnitude higher than those
of alcohols and carbohydrates.16


Structural formulas of the vitamins used are shown in
Figure 1.


The vitamins, methyl-a,DD-glucopyranoside, and malt-
ose, all from Sigma, were used without additional puri-
fication. Ethanol (96% vol) was purified by sorption
with Wolfen Zeosorb LA zeolites, followed by twice-re-
peated distillation. Ethylene glycol (Merck) was purified
by twice-repeated distillation. Purity of the substances
used was controlled by chromatography.


Twice-distilled water was used to prepare aqueous solu-
tions of the above-named substances. Starting solutions
of ethanol, ethylene glycol, methyl-a,DD-glucopyranoside,
and maltose were prepared using the volumetric meth-
od. After dissolving the additives studied
(C = 10�3 mol/L),� ampoules with the solutions were
deaerated for 40 min with argon and then sealed. Radi-
olysis of the starting systems was performed in a c-unit
LMB-c-1M (137Cs, dose rate 0.30 Gy/s, absorbed dose
range 0.36–1.8 kGy).


Concentrations of radiolysis products, such as acetalde-
hyde, 2,3-butanediol, glycolic aldehyde, and methanol,
were determined by chromatography using a Shimadzu
GC-17AAF/APC instrument, equipped with a quartz
capillary column RTX-Wax (l = 30 m, ID = 0.32 mm,
df = 0.5 lm), evaporator temperature: 250 �C; carrier
gas: nitrogen, 30 cm/s; flame ionization detector. Con-
centrations of glucose formed during radiolysis of malt-
ose solutions were determined by HPLC using a
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Shimadzu instrument equipped with an EC 250/4 Nucle-
osil Carbohydrate column. Analysis conditions include:
flow rate: 1 ml/min; mobile phase: acetonitrile/water (80/
20 v/v); loop 20 ll; refractometric detector RID (Aux.-
rang.1; Response 5). All the data presented were ob-
tained by averaging the results of at least three series
of experiments. The yields of product formation were
determined from relationships between accumulation
of the respective products and the dose absorbed.


The data on final product yields obtained after radioly-
sis of the systems under study are shown in Table 1.


While analyzing the data given in the table, one can
ascertain that B group vitamins are reactive toward var-
ious a-hydroxyl-containing radicals, and that they are
able to modify transformation pathways of the latter
to a substantial extent. Thus, on radiolysis of aqueous
ethanol solutions, all the B group vitamins studied de-
crease 2,3-butanediol yields significantly, while sup-
pressing recombination reactions of CH3


�CHOH
species. At the same time, vitamin B2 and PPh substan-
tially increased the yield of acetaldehyde, an oxidation
product of a-hydroxyethyl radicals. Quinones,17 qui-
nonimines,18, and aldehydes19 are known to oxidize
a-hydroxyethyl radicals effectively. Since vitamin B2


and PPh contain similar structural moieties, they also
react as given below:


CH3
�CHOH þ B ! CH3CHOþ �BH ð9Þ


B = B2, PPh


The realization of reaction (9) accounts for the observed
effects of suppression of the 2,3-butanediol yields and in-
crease in acetaldehyde yields on radiolysis of aqueous
ethanol solutions in the presence of vitamin B2 and PPh.


Molecules of vitamins B1 and B6 contain an amino- and
a hydroxyl group, respectively, and hence these sub-
stances are able to reduce organic radicals according
to reaction (10), similar to phenols20 and aromatic
amines18,21:


CH3
�CHOH þ BXH ! CH3CH2OHþ B�X ð10Þ


X = –NH– (B1), –O– (B6)


Reaction (10) should lead to a decrease in yields of acet-
aldehyde and 2,3-butanediol. Indeed, in the presence of

Table 1. Product yields (G) obtained from radiolysis of aqueous ethanol, ethy


group B vitamins


Initial system Products


Ar


Ethanol, 1 M Acetaldehyde 0.33 ± 0.10


2,3-Butanediol 1.68 ± 0.14


Ethylene glycol, 1 M Acetaldehyde 3.21 ± 0.14


Glycolic aldehyde 1.18 ± 0.10


Ethylene glycol, 3 M Acetaldehyde 12.4 ± 0.97


Glycolic aldehyde 0.88 ± 0.13


a-Methylglycoside, 0.1 M Methanol 1.71 ± 0.11


Maltose, 0.1 M Glucose 1.20 ± 0.10

vitamins B1 and B6, a drastic drop in 2,3-butanediol
yields can be noted (see Table 1). Because acetaldehyde
yields decrease to a lesser extent, one can presume that
interactions of CH3


�CHOH radicals with these vitamins
are not restricted to just the reaction (10). Since the
structures of vitamins B1 and B6 contain –C@N– double
bonds, these substances can, similar to quinonimines
and riboflavine (B2), partially oxidize CH3


�CHOH radi-
cals according to reaction (9) to form acetaldehyde.


Unlike CH3
�CHOH species, radicals formed from ethyl-


ene glycol15 and carbohydrates10,11 are able to undergo
fragmentation reactions, which, as noted previously,
cause damage tomany biologically important substances.
In the case of fragmentation of ethylene glycol radicals
according to reactions (5,6), acetaldehyde is formed. On
changing from 1 to 3 M solutions, the process appears
to switch to a chain mechanism, because acetaldehyde
yields are higher than that of the initiator (GOH � 2.8)
in this case. Group B vitamins block the process (5),
and, depending on the vitamin structure, this is realized
according to different mechanisms. Thus, inhibition of
acetaldehyde formation on radiolysis of ethylene glycol
in the presence of vitamin B2 and PPh is accompanied
by an increase in yields of glycolic aldehyde, which points
to the ability of these substances to oxidize HO�CH-
CH2OH radicals according to a reaction of type (9). Vita-
mins B1 and B6 are more liable to block fragmentation
reactions of ethylene glycol radicals by both reduction
according to reaction (10) and oxidation according to
reaction (9), leading to adecrease in yields of acetaldehyde
and a slight increase in yields of glycolic aldehyde.


Fragmentation reaction of carbohydrate radicals (8),
leading to cleavage of the O-glycoside bond, is effectively
blocked by vitamin B1 and PPh, as evidenced by the
data given in the table. This fact appears to be impor-
tant, because, as shown in our recent study,5 a reaction
similar to (8) taking place upon action of free-radical
reaction initiators on cerebrosides leads to their destruc-
tion with the formation of ceramides involved in the
regulation of apoptotic processes.


The data obtained in this study indicate that groupB vita-
mins possess some new properties associated with their
capability of regulating free-radical reactions involving
carbon-centered a-hydroxyl-containing radicals. Reac-
tions of this type can lead to destruction of biologically

lene glycol, a-methylglycoside, and maltose solutions in the presence of


G Æ 107 (mol/J)


B1 B2 B6 PPh


0.57 ± 0.07 3.56 ± 0.20 0.58 ± 0.05 3.98 ± 0.18


0.05 ± 0.01 0.07 ± 0.01 0.05 ± 0.01 0.04 ± 0.01


0.18 ± 0.03 0.36 ± 0.05 0.32 ± 0.09 0.11 ± 0.03


1.09 ± 0.15 4.34 ± 0.25 1.76 ± 0.15 5.13 ± 0.37


0.44 ± 0.03 0.54 ± 0.10 1.61 ± 0.20 0.30 ± 0.05


1.37 ± 0.15 4.05 ± 0.78 1.71 ± 0.25 4.50 ± 0.36


0.31 ± 0.03 1.18 ± 0.06 1.46 ± 0.04 0.43 ± 0.03


0.10 ± 0.04 — 1.07 ± 0.11 —
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important substances resulting in formation of signaling
molecules. The data presented above provide evidence
that B group vitamins inhibit these processes effectively.
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Abstract—-4-Amino-2-arylbutylbenzamides such as 1 were identified as micromolar MCH 1 receptor (MCH1R) antagonists via
screening using a scintillation proximity assay based on [125I]-MCH binding to recombinant, human MCH1R. Subsequent lead
optimization efforts using solid-phase parallel synthesis resulted in the defined structure–activity relationships and the identification
of 4-amino-2-biarylbutylureas, such as 11g, as potent single digit nanomolar MCH1R antagonists.
� 2005 Elsevier Ltd. All rights reserved.

Melanin-concentrating hormone (MCH) is a cyclic
19-amino-acid neuropeptide expressed broadly through-
out the brain, with the highest concentration located in
the lateral hypothalamus and zona incerta regions.1a It
has been demonstrated that MCH plays an important
role in the central regulation of food intake and energy
homeostasis through the following studies: central
administration of MCH in mice stimulates food intake
while fasting results in an increase in MCH expression;1b


MCH knockout mice are hypophagic and leaner than
wild-type mice but otherwise healthy;1c and transgenic
mice over-expressing MCH are susceptible to obesity
and insulin resistance.1d


MCH binds and activates two distinct receptors in the
brain, MCH1R and MCH2R, both of which belong to
the rhodopsin superfamily of G-protein-coupled recep-
tors (GPCRs), but which have low (38%) sequence
homology to one another.2,3 MCH1R is present in all
mammals whereas MCH2R is found only in ferrets,
dogs, rhesus monkeys, and humans but not in rodents
and lagomorphs. More recently, it has been demonstrat-
ed that MCH1R knockout mice are lean, hyperphagic
but hyperactive and resistant to diet-induced obesity,
strongly implicating MCH1R in playing a critical role
in the regulation of food intake and energy homeostasis.4
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However, the physiological function of MCH2R has not
been established.


Based on the evidence implicating MCH1R in the con-
trol of feeding behavior and energy expenditure, the
development of potent and selective MCH1R antago-
nists as new therapeutics for the treatment of obesity
has become an attractive field of research. A number of
structurally diverse and small molecule MCH1R antago-
nists have emerged over the past few years.5,6 Some of
these antagonists have been further demonstrated to
show in vivo efficacy in several animal models of body
weight regulation and feeding behavior.6a,6b,6m,6n In this
article, we describe our efforts in the discovery of novel 4-
amino-2-biarylbutylureas as highly potent MCH1R
antagonists by using solid-phase parallel synthesis.


Initial screening for MCH1R antagonists, using a
scintillation proximity assay (SPA) that is based on
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Scheme 1. Solid-phase synthesis of parallel optimization libraries 8 and 11. Reagents and conditions: (a) LDA, allyliodide, THF, �78 �C; (b)
LiAlH4, H2SO4, THF; (c) Na(OAc)3BH, ClCH2CH2Cl; (d) R2COCl (or R2NCO, R2OCOCl, R2SO2Cl), pyridine, CH2Cl2; (e) OsO4, NMMO,


acetone, H2O; (f) NaIO4, acetone, H2O; (g) R3R30
NH, Na(OAc)3BH, ClCH2CH2Cl; (h) TFA, CH2Cl2; (i) Ar1B(OH)2, Pd(PPh3)4, K2CO3, DMF,


70 �C.
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[125I]-MCH binding to membranes prepared from CHO
cells that express human MCH1R, resulted in the iden-
tification of a series of 4-amino-2-(3,4-dichlorophenyl)-
butylbenzamides such as 1 (MCH1R, Ki = 4.1 lM) with
potencies in the micromolar range.


To explore the SAR around compound 1 and to opti-
mize its potency, parallel libraries 8 and 11 (Scheme 1)
were designed to allow systematic variations of the three
regions of compound 1: variation of the 3,4-dichlor-
ophenyl group in the center with various aryl and biaryl
groups; variation of the 3,5-dichlorobenzamide substitu-
ent on the left-hand side with diverse amides, sulfona-
mides, ureas, and carbamates; and variation of the
4-piperidylpiperidyl unit on the right-hand side with
various secondary and tertiary amines.


Scheme 1 shows the synthesis of libraries 8 and 11. First,
the requisite 2-aryl-pent-4-enylamine scaffold 3 was pre-
pared via treatment of various commercially available
arylacetonitriles 2 with LDA and allyliodide followed
by reduction using LiAlH4. Overall, 15 scaffolds were
prepared including, for example, 2-(3,4-dichloro-
phenyl)-pent-4-eneamine and 2-(4-iodophenyl)-pent-4-
eneamine. Next, reductive alkylation of resin-bound
aldehyde linker 4 (which was readily prepared via
coupling of the acid labile linker 4-(4-formyl-3-meth-
oxy-phenoxy)-butyric acid with the amine resin Argo-
Gel-NH2 using DIC and HOBt) with scaffold 3

generated secondary amine 5. Treatment of 5 with vari-
ous reagents such as acid chlorides, sulfonyl chlorides,
isocyanates, and chloroformates produced 6 as amides,
sulfonamides, ureas, and carbamates, respectively. Fi-
nally, olefin 6 was treated with OsO4 and NMMO fol-
lowed by NaIO4 to generate aldehyde 7, which was
reductively alkylated with various primary and second-
ary amines to provide the aryl library 8 after TFA-med-
iated cleavage from the resin. When X = Br or I,
treatment of 6 with various arylboronic acids under
standard Suzuki coupling conditions provided biaryl
olefin 9. Subsequently, olefin 9 was treated with OsO4


and NMMO followed by NaIO4 to generate aldehyde
10, which was reductively alkylated with various pri-
mary and secondary amines to provide the biaryl library
11 after TFA-mediated cleavage from the resin.


Overall, more than 500 compounds were prepared. Each
compound (�5 mg) was purified by HPLC prior to
biological evaluation.7


Table 1 highlights the SAR from library 8. First, there is
a dramatic enhancement in potency (>10-fold) when the
3,5-dichlorobenzamide group in 1 is replaced with vari-
ous dihalo substituted phenylureas. As can be seen, 3,5-
dichlorophenylurea (8a), 3,4-dichlorophenylurea (8b),
3,4-difluorophenylurea (8c), and 3-chloro-4-fluoro-phe-
nylurea (8d) display MCH1R Kis ranging from 100 to
300 nM. However, the unsubstituted phenylurea (8e)







Table 1. Key SAR from parallel library 8


Compound R2 MCH1R, Ki (nM)7


8a 3,5-Cl2C6H3 135


8b 3,4-Cl2C6H3 300


8c 3,4-F2C6H3 240


8d 3-Cl-4-FC6H3 100


8e C6H5 18,500


8f 3-MeOC6H4 11,000


8g 3-MeC6H4 6800


8h 3-ClC6H4 1641


8i 3-CF3C6H4 205


8j 4-CF3C6H4 1080


8k 2-CF3C6H4 22,500


8l 3,5-(CF3)2C6H3 1223
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has a 4-fold drop in potency (Ki = 18,500 nM) relative to
1. Second, phenylureas appended with some electron
withdrawing groups are more potent than with electron

Table 2. Key SAR from parallel library 11


Compound Ar R2


11a C6H5 3,5-Cl2C6H3


11b 3-ClC6H4 3,5-Cl2C6H3


11c 2-ClC6H4 3,5-Cl2C6H3


11d 4-ClC6H4 3,5-Cl2C6H3


11e 3-FC6H4 3,5-Cl2C6H3


11f 3-CF3OC6H4 3,5-Cl2C6H3


11g 3-NCC6H4 3,5-Cl2C6H3


(+)-11g 3-NCC6H4 3,5-Cl2C6H3


(�)-11g 3-NCC6H4 3,5-Cl2C6H3


11h 4-NCC6H4 3,5-Cl2C6H3


11i 3-pyridyl 3,5-Cl2C6H3


11j 4-pyridyl 3,5-Cl2C6H3


11k 3-NCC6H4 3,5-Cl2C6H3


11l 3-NCC6H4 3,5-Cl2C6H3


11m 3-NCC6H4 3,5-Cl2C6H3


11n 3-NCC6H4 3,5-Cl2C6H3


11o 3-NCC6H4 3,5-Cl2C6H3


11p 3-NCC6H4 C6H5


11q 3-NCC6H4 3-ClC6H4


11r 3-NCC6H4 4-ClC6H4


11s 3-NCC6H4 3-FC6H4


11t 3-NCC6H4 4-FC6H4


11u 3-NCC6H4 3-Cl-4-FC6H3


11v 3-NCC6H4 3,4-F2C6H3


11w 3-NCC6H4 3,5-F2C6H3

donating groups. For example, 3-methoxyphenylurea
(8f) and 3-toluylurea (8g) are 7-fold and 4-fold less po-
tent, respectively, than the 3-chlorophenylurea (8h).
Also, meta-substituents are preferred over para-substitu-
ents, and ortho substitution is detrimental. For example,
in the mono-CF3-substituted series, the potency rank is
as follows: meta (8i) > para (8j) > ortho (8k). However,
the 3,5-di-CF3-substituted analog 8 is 6-fold less active
than 8i. Finally, aromatic carbamates and sulfonamides
did not show any potency enhancement as compared to
amide 1 (data not shown).


Table 2 summarizes the SAR from parallel library 11.
Only para-substituted biaryl analogs from library 11
are listed in the table since meta- or ortho-linked biraryl
analogs were all >10-fold less active than the corre-
sponding para-biaryl compounds (data not shown). As
is evident from Table 2, installing an aryl group at the
para-position can further enhance the potency, in many
cases yielding potent low nanomolar compounds. Com-
pounds 11a–j highlight the SAR at the Ar position in
this series. Substitution at the 3-position of the distal
phenyl ring with a chloro group increased the potency
by 2-fold (11b, Ki = 26 nM) relative to the unsubstituted
compound (11a, Ki = 50 nM). Substitution at the
2-position (11c) or the 4-position (11d) both resulted
in a decrease in potency relative to 11a. Similar to the
3-chloro compound, the 3-fluoro analog 11e, and the

NR3R30 MCH1R Ki (nM)7


cyclo-Pentylamino 50


cyclo-Pentylamino 26


cyclo-Pentylamino 130


cyclo-Pentylamino 280


cyclo-Pentylamino 37


cyclo-Pentylamino 20


cyclo-Pentylamino 3.0


cyclo-Pentylamino 3.0


cyclo-Pentylamino 4.0


cyclo-Pentylamino 46


cyclo-Pentylamino 24


cyclo-Pentylamino 122


Methylamino 2.6


Dimethylamino 4.7


Ethylamino 4.3


Isopropylamino 5.6


Piperidin-1-yl 5.4


Dimethylamino 2.4


Dimethylamino 1.1


Dimethylamino 9.2


Dimethylamino 1.2


Dimethylamino 7.4


Dimethylamino 0.98


Dimethylamino 0.84


Dimethylamino 0.88
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3-trifluoromethoxy analog 11f were more potent than
11a. To our delight, when a cyano group is introduced
at the 3-position (11g, Ki = 3.0 nM), a dramatic 17-fold
increase in potency relative to that of 11a was achieved.
However, the 4-cyano analog (11h) showed no improve-
ment in potency as compared to 11a. Furthermore, the
3-pyridyl compound 11i is 2-fold more potent than the
benzene analog 11a, while the 4-pyridyl compound 11j
is 2-fold less potent than 11a.


Compounds 11k–o illustrate the SAR at the R3R3 0N
position. A wide variety of acyclic and cyclic amines
are explored—methylamino, dimethylamino, ethyl
amino, isopropylamino, and piperidin-1-yl—all of
which showed similar activity (Ki = 2.6–5.6 nM), sug-
gesting greater latitude at this position.


Compounds 11p–w were made to probe the SAR at the
R2 position. As is shown, the potency for this series of
compounds is relatively insensitive to changes in the
R2 aryl group. Even the simple phenyl urea 11p exhib-
ited potency (Ki = 2.4 nM) as good as the substituted
phenyl ureas (11q–w). However, in the mono-substituted
cases, the 4-chloro analog 11q and 4-fluoro analog 11s
exhibited 6- to 8-fold decreases in potency relative to
the corresponding 3-chloro (11r) and 3-fluoro (11t)
compounds. Interestingly, the 3,4-disubstituted analogs
11u–w displayed slightly greater potency than the
mono-substituted ones (11p–r).


It should be noted that all the compounds tested are race-
mic mixtures except that in the case of 11g, its two enan-
tiomers, (+)- and (�)-11g, resolved via chiral HPLC
(Chiracel AD column), were also evaluated. Interestingly,
both enantiomers showed almost identical activity in the
MCH1R binding assay: (+)-11g Ki = 3.0 nM; and (�)-
11gKi = 4.0 nM.The two enantiomerswere further tested
in aCa2+mobilizationFLIPR� assay8 andbothdisplayed
identical and potent functional antagonism of MCH1R:
(+)-11g Kb = 1.0 nM; and (�)-11g Kb = 1.0 nM.


In summary, starting from micromolar 4-amino-2-aryl-
butylbenzamide MCH1R receptor antagonists identified
from screening, solid-phase parallel synthesis of optimi-
zation libraries resulted in the discovery of 4-amino-2-
biarylbutylureas, such as 11g, as potent single digit
nanomolar MCH1R antagonists along with defined
SAR.
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tions, and the standard deviations were no greater than 30%
from the mean.
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Abstract—On the basis of a screening lead from an assay using a pair of p21 isogenic cell lines (p21-proficient cells and p21-deficient
cells) to identify chemoselective agents, a series of novel thieno[2,3-d]pyrimidin-4(1H)-one-based analogs was prepared. Some ana-
logs inhibited the growth of human colon tumor cells.
� 2005 Elsevier Ltd. All rights reserved.

Progression from one phase of the cell cycle to the next
is controlled by a series of sensors and arresting mecha-
nisms called cell cycle checkpoints.1,2 Through regula-
tion of the cyclin-dependent kinases (CDKs), these
checkpoints ensure that each step in the cell cycle has
been successfully completed before the onset of the next
phase.3 Loss of checkpoint control is a hallmark of tu-
mor cells, as it leads to an increase in mutation rate
and allows a more rapid progression to the tumorigenic
state.1 The failure of cell cycle arrest responses in malig-
nant cells can be exploited therapeutically in a screening
approach: compounds that selectively kill checkpoint-
deficient cells compared with checkpoint-proficient cells
can be expected to target tumor cells preferentially,
while sparing normal cells.1,4–6 Anti-tumor agents iden-
tified by these screening methods are likely to be safer
and more effective than current cancer therapies.


The protein p21Wafl/Cipl/Sdi1 (hereafter referred to as
p21), a downstream effector of the major tumor suppres-
or p53, blocks progression of the cell cycle in response to
DNA damage or abnormal DNA content by suppress-
ing the activity of CDKs.7,8 A p21-deficient (p21�/�)
cell line was generated from HCT116, a human colorec-
tal cancer cell line with an intact p53/p21 checkpoint
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function (p21+/+), by targeted gene deletion.9 The
p21�/� cells showed increased sensitivity, compared
to the isogenic p21+/+ cells, to several clinically used
anti-tumor drugs, validating the role of cell cycle check-
points in determining chemosensitivity.4,5 In an effort to
identify structurally novel agents for cancer treatment,
we used this isogenic pair of cell lines, in parallel, to
screen compound libraries for therapeutic molecules
that preferentially inhibit the p21�/� cells.


We recently reported the identification of pyrazolo[1,5-
a]pyrimidines 1 (Fig. 1) as selective inhibitors of p21�/�
cells relative to p21+/+ cells using this isogenic pair of cell
lines.10 Compound 1 also showed inhibitory activity
against a panel of human colon tumor cell lines. We
now report the identification of 2, a tricyclic 5,6,7,8-tetra-
hydrobenzothieno[2,3-d]pyrimidin-4(1H)-one with a
3,4,5-trimethoxyphenyl group at C-2, using the same
screening approach (Fig. 1) and describe the synthesis,

Figure 1. Leads from a high throughput screen for identification of


p21 chemoselective agents.
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Scheme 1. Reagents and conditions: (a) cyanoacetamide/S8/morphol-


ine/EtOH and (b) HCl/MeOH, reflux.


Scheme 3. Reagents and conditions: (a) HCl/MeOH/3,4,5-trimethoxy-


benzaldehyde or 4-methoxybenzaldehyde, reflux.


3764 Y. D. Wang et al. / Bioorg. Med. Chem. Lett. 15 (2005) 3763–3766

anti-proliferative activity, and the SAR of these
compounds.


The tricyclic benzo[4,5]thieno[2,3-d]pyrimidin-4(1H)-
ones with substituted phenyl groups at C-2 (compounds
2 and 4–18) were prepared as shown in Scheme 1. Treat-
ment of cyclohexanone with cyanoacetamide in the pres-
ence of sulfur and morpholine resulted in bicyclic
2-amino-4,5,6,7-tetrahydrobenzothiophene-3-carboxam-
ide 3a.11 Cyclocondensation of 3a with various substi-
tuted benzaldehydes under a modified literature
procedure12 provided the desired thieno[2,3-d]pyrimi-
din-4(1H)-ones, 2 and 4–18, which all have saturated
6-membered cycloalkyl ring fused to the thiophene. In
order to explore how the size of the cycloalkyl group
affects the biological activity, compounds with 7- and
5-membered cycloalkyl rings fused to the thiophene
(19–21) were also prepared similarly from cyclohepta-
none and cyclopentanone via intermediates 3b and 3c,
respectively.


To investigate the SAR of the pyrimidone ring, com-
pounds 23–26 with different substituents at the C-4 posi-
tion were prepared (Scheme 2). Thus, chlorination of 2
with POCl3 provided chloride 22. Nucleophilic substitu-
tion of 22 with MeOH gave methyl ether derivative 23.

Scheme 2. Reagents and conditions: (a) POCl3, reflux; (b) Na, MeOH,


reflux; (c) DMF, reflux; (d) aniline/pyridine–HCl/2-ethoxyethanol,


100 �C; (e) 2-thiopheneboronic acid/Pd(PPh3)4/aq NaHCO3/DME,


reflux.

The dimethylamino derivative 24 was prepared by
treatment of 22 with DMF under thermal conditions.
Chloride 22 reacted with aniline in the presence of pyri-
dine–HCl to provide 25 and Pd-mediated Suzuki
coupling of 22 with 2-thiopheneboronic acid afforded 26.


To probe whether the cycloalkyl ring is part of the essen-
tial pharmacophore, compounds 27–29 were prepared as
shown in Scheme 3. A bicyclic thieno[2,3-d]pyrimidin-
4(1H)-one without the cycloalkyl ring, 27, was prepared
via a cyclocondensation reaction of 2-amino-3-thio-
phenecarboxamide with 3,4,5-trimethoxy-benzaldehyde.
The corresponding analogs of 27 with a reversed ring fu-
sion, thieno[3,2-d]pyrimidin-4(1H)-ones (28 and 29),
were prepared from 3-amino-2-thiophenecarboxamide
and benzaldehydes.


The tricyclic 5,6,7,8-tetrahydrobenzo[4,5]-thieno[2,3-
d]pyrimidin-4(1H)-ones and their structurally modified
analogues were evaluated for their inhibitory activity
in the isogenic cell lines.13 Their activities and the selec-
tivity ratios between the two cell lines are reported in
Table 1. The HTS hit, 2, showed inhibitory activity in
p21�/� cells with an IC50 of 2.3 lM and a selectivity ra-
tio of >8.7-fold against p21+/+ cells. Structural changes
at the C-2 phenyl group appear to have a considerable
effect on the biological activity. Compounds lacking
only one of the methoxy groups of 2 resulted in total
loss of activity (4 and 5). However, removal of both
the 3- and 5-methoxy groups (compound 6) caused only
a slight change to its activity. As seen from the data in
Table 1, replacement of the 4-methoxy group of 6 with
a methylthio group was well tolerated. However, only
small alkoxy groups were tolerated at the 4-position of
the phenyl group. When the 4-methoxy group was re-
placed with a bulkier alkoxy group (compounds 7–10)
or a bulkier dimethylamino group (compound 12), the
activity of these analogs decreased dramatically. This
may indicate a stringent spatial constraint for this region
of the molecule.


It was also observed that the replacement of the 4-meth-
oxy group with electron withdrawing groups (com-
pounds 13 and 14) or weak electron donating groups
(compounds 15–17) all resulted in loss of activity. Intro-
ducing a fluoro group at the ortho position (compound
18) increased the cell activity in the p21�/� cells three-
fold, with 18 having an IC50 of 0.68 lM.







Table 2. Activity in human colon tumor cell lines


Compound IC50 (lM)a


LoVo SW620 DLD1 HT29


2 0.14 0.19 0.28 0.24


6 0.15 0.23 0.29 0.33


7 2.6 5.0 4.6 5.0


11 0.43 0.80 0.89 1.0


18 0.46 0.42 0.22 0.42


19 0.17 0.22 0.35 0.45


20 0.13 0.19 0.26 0.30


21 0.15 0.23 0.29 0.33


a IC50 values reported for the above colon cell lines represent the means


of at least two separate determinations with typical variations of less


than 40% between replicate values.


Table 1. Inhibition of p21�/� and p21+/+ cell proliferation by thieno[2,3-d] pyrimidin-4(1H)-one-based analogs


Compound n R IC50 p21�/� (lM)a IC50 p21+/+ (lM)a Ratio


1 — — 0.40 12 30


2 2 3,4,5-TriOMe 2.3 >20 >8.7


4 2 3,5-DiOMe >20 >20 NA


5 2 3,4-DiOMe >20 >20 NA


6 2 4-OMe 2.4 >20 >8.5


7 2 4-OEt 8.4 >20 >2.4


8 2 4-OPr-i >20 >20 NA


9 2 4-OBu-n >20 >20 NA


10 2 4-OPh >20 >20 NA


11 2 4-SMe 4.1 >20 >4.9


12 2 4-NEt2 >20 >20 NA


13 2 4-NO2 >20 >20 NA


14 2 4-CO2Me >20 >20 NA


15 2 4-Ph >20 >20 NA


16 2 4-Me >20 >20 NA


17 2 4-Cl >20 >20 NA


18 2 2-F-4-OMe 0.68 13 19


19 3 3,4,5-triOMe 0.75 6.6 8.7


20 1 3,4,5-triOMe 3.5 >20 >5.8


21 1 4-OMe 2.4 20 8.3


22 — Cl >20 >20 NA


23 — OMe >20 >20 NA


24 — NMe2 >20 >20 NA


25 — NHPh >20 >20 NA


26 — 2-Thiophene >20 >20 NA


27 — — >20 >20 NA


28 — — >20 >20 NA


29 — — >20 >20 NA


a IC50 values reported for both p21�/� and p21+/+ cells represent the means of at least two separate determinations with typical variations of less


than 40% between replicate values.
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Changing the size of the cycloalkyl ring fused to the thi-
ophene appears to have some effect on the cell activity.
The compound with a 7-membered cycloalkyl ring, 19,
showed an improved IC50 in p21�/� cells by 3-fold
compared to 2, but the compounds with a 5-membered
cycloalkyl ring, 20 and 21, showed comparable activities
to 2, with IC50s of 3.5 and 2.4 lM in the p21�/� cells,
respectively.


Compounds 22–26, which possessed substituents other
than carbonyl at C-4 of the pyrimidine ring, were inac-
tive against both the p21�/� and p21+/+ cells. Com-
pounds with the cycloalkyl ring removed, 27–29, were
also inactive. This observation suggests that the cyclo-
alkyl ring is a crucial component of the anti-proliferative
pharmacophore.


A group of selected compounds, including HTS hit, 2,
were further evaluated against a panel of the human
colon tumor cell lines (LoVo, SW620, DLD1, and
HT29).10 Their activities are shown in Table 2. Com-
pounds that were active against p21�/� cells displayed
moderate to good potency in the colon cell lines. The

HTS hit, 2, had an IC50 range from 0.14 to 0.28 lM
across the panel. The analog with a single methoxy
group at the 4-position, 6, showed similar activity with
an IC50 of 0.16–0.33 lM. Compound 7, the ethoxy ana-
log of 6, was much less active than 6. Changing of the
4-methoxy group to methylthio rendered 11 less active
across the panel. Although compounds 18 and 19 were
somewhat more active in the p21�/� cells than 2, they
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showed analogous IC50s in the colon cell lines to 2. Like-
wise, compounds 20 and 21 showed indistinguishable
activities compared to 2 in the colon cell lines.


In summary, we have identified tricyclic thieno[2,3-
d]pyrimidin-4(1H)-one-based analogs as a novel class
of anti-proliferative agents by an innovative cell-based
screening method. We have described their anti-prolifer-
ative activity and the preliminary SAR study. The mech-
anism of action of these compounds at a molecular level
will be discussed in future publications.
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Abstract—A series of 4 functionalized head-to-head-linked hairpin oligo(N-methylpyrrole) carboxamides with different linkers have
been synthesized. Their ability to bind double-stranded DNA and sequence specificity were compared and the apparent Kd values of
their DNA complexes were determined. These compounds, particularly those with iminodiacetic linkers, revealed a high affinity for
DNA (Kd = 4.5–4.8 · 10�9 M) and sequence specific recognition of 9–10 base pairs.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


Hairpin minor groove binders (MGBs) composed of
N-methylpyrrole (Py), N-methylimidazole (Im), 3-hy-
droxy-N-methylpyrrole, and b-alanine carboxamides
show strong and sequence-specific interaction with the
DNA minor groove (for review, see1). Dervan and co-
workers have demonstrated a code of recognition of
hairpin polyamides.2 Many modifications of MGB have
been already done to expand the range of recognizing
units and to increase their DNA affinity, sequence spec-
ificity, and gene regulation properties.3–6 Recently, we
synthesized conjugates of minor groove binders and oli-
gonucleotides having two head-to-head polycarbox-
amides attached to the same terminal phosphate (Fig.
1).7–11 To our surprise, the conjugates formed a strong
complex with a target double-stranded DNA containing
A/T-tracts even when the triplex could not exist (at neu-
tral, slightly basic pH, and high temperatures).10,11 Since
under these conditions (close to physiological) the com-
plex stability was provided only by MGB part of the
conjugate, we decided to replace triplex-forming oligo-
nucleotide (TFO) by a functional group in order to cre-
ate a possibility for attachment of other molecules with
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Figure 1. Two hairpin hexa(N-methylpyrrolecarboxamides)


H2Nc(Py)3c(Py)3Dp attached �head-to head� to the terminal phosphate


of a triplex-forming oligonucleotide (TFO), Dp, dimethylaminopro-


pylamino group; c,c-aminobutyric acid residue, n = 0; 3 or 6.9–11
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Figure 2. Principle of dsDNA recognition by �head-to-head� bis-MGB


conjugates: Py = N-methylpyrrolecarboxamide, L = linker, R = func-


tional group (in our case Boc-NH-).
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DNA modifying activity. We joined N-termini of two
standard hairpin hexa(N-methylpyrrole) carboxamides
(each containing two blocks of 3 monomers connected
by c-aminobutyric acid residue) in head-to-head orienta-
tion, similarly as shown in Figure 1.


First, using the phosphate activation method,12,13 we
synthesized phosphoramidate and phosphonamidate
bis-conjugates. Then, to expand the structural repertoire,
two iminodiacetic acid derivatives were synthesized, sim-
ilar to those described by Boger et al. for linear ligands,14


but containing two hairpin MGB blocks, a linker and a
possibility for further functionalization. The concept of
this construction is demonstrated in Figure 2.


Taking into account A/T specificity of oligo(N-methyl-
pyrrolecarboxamides), we studied their DNA-binding
properties. The iminodiacetic acid derivatives are stable
and provide high affinity to A/T-rich tracts of dsDNA
recognizing more than 9 base pairs on the target.

Scheme 1. Reagents and conditions: (i) Boc2O (2.2 eq.), K2CO3 (1.5 eq.), H2


PPh3 (10 eq.), H2Nc(Py)3c(Py)3Dp ((1), 2.5 eq.), fresh distilled pyridine, 30 h


HCl 2 M, MeOH, 4 h, room temperature, (v) DMAP (10 eq.), (Py)S2 (10 eq.


room temperature, (vi) HATU (2.5 eq.), DIPEA (4 eq.), H2Nc(Py)3c(Py)3Dp


eq.), K2CO3 (5 eq.), acetonitrile, 18 h, 45 �C (viii) HATU (2.5 eq.), DIPEA


dimethylaminopropylamino group; c, c-aminobutyric acid residue.

2. Synthesis


Minor groove binders were synthesized according to
Sinyakov et al.15,16 Their structure and purity were ap-
proved by UV-spectrophotometry, TLC, NMR, and
mass-spectrometry. The routes of synthesis of the conju-
gates are shown in Scheme 1.


The phosphoramidate compound (3) was obtained from
the 6-aminohexylphosphate. After N-Boc protection of
the free amine (quantitative yield), the phosphate termi-
nal group was activated 15 min at room temperature by
4-dimethylaminopyridine (DMAP) (10 eq.), 2,2 0-dipyr-
idyl disulfide (PyS)2 (10 eq.), and triphenylphosphine
(PPh3) (10 eq.) in fresh distilled pyridine. Then 2.5 eq.
of MGB in DMF was added. The reaction mixture
was kept for 48 h at room temperature to provide direct-
ly the bis-substituted compound (3) (35% yield).


The second compound (6) was synthesized from the 4-
phtalimidoaminobutylphosphonate (5).17 Potassium salt
of di-tert-butylphosphite was formed by reacting di-tert-
butylphosphite (2 eq.) with potassium bis(trimethylsilyl)
amide (2 eq.) in toluene for 30 min at �10 �C. The prod-
uct then reacted with 4-bromobutylphtalimide 8 h under
reflux (47% yield). The tert-butyl protective groups were
eliminated with a solution of 1 M HCl in 50% methanol,
4 h at room temperature (90% yield). The phosphonate
activation and MGB coupling (31% yield) have been
done exactly as in case of phosphate derivative.

O/iPrOH, 12 h, room temperature, (ii) DMAP (10 eq.), (PyS)2 (10 eq.),


room temperature, (iii) K+P�O(OtBu)2
� (2 eq.), toluene, 8 h, reflux (iv)


), PPh3 (10 eq.), H2Nc(Py)3c(Py)3Dp ((1), 2.5 eq.), fresh pyridine, 30 h,


((1), 2.5 eq.), dry DMF, 4 h, room temperature, (vii) ICH2COOH (2.1


(4 eq.), H2Nc (Py)3c(Py)3Dp (1), (2.5 eq.), 4 h, room temperature Dp,







Figure 4. Gel shift studies of complex formation between conjugate 9


and target double-stranded HIV DNA fragment (Fig. 3) labeled by


fluorescein at the 5 0-terminus. The samples containing 1 nM DNA


fragment and indicated concentrations of conjugate 9 in 0.05 M Hepes


buffer, pH 7.3, were loaded on 20% non-denaturing polyacrylamide gel


and electrophoresis was carried out at 5 W during 6 h.


Table 1. Apparent dissociation constants of conjugate–DNA com-


plexes in 0.05 HEPES buffer, pH 7.3, at room temperature


Conjugate Kd (nM)


(3) 18 (± 1)


(6) 34 (± 6)


(7) 4.3 (± 0.1)


(9) 4.8 (± 0.1)
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Direct coupling of Boc-iminodiacetic acid with two min-
or groove binders gave yield to (7). The carboxyl groups
of Boc-aminodiacetic acid were activated by O-7-aza-
benzotriazol-1-yl-N,N,N 0,N 0-tetramethyluronium-hexa-
fluorophosphate (HATU) (2.5 eq.) and DMAP (2 eq.) in
the presence of N,N-diisopropylethylamine (DIPEA)
(4eq.) for 5 min at room temperature. Then MGBs (4
eq.) were added and the reaction mixture was incubated
for 4 h at room temperature to obtain (7) (52% yield).


The last compound (9) was prepared from the Boc-
aminopropanamine. Iodoacetic acid (2.1eq.) reacted
with Boc-aminopropanamine in acetonitrile for 18 h at
45 �C in the presence of K2CO3 (5eq.) to afford N-
Boc-aminopropyliminodiacetic acid (8) (58% yield).
Free acid groups were activated by HATU and con-
densed with MGB as it was described previously (59%
yield).


It must be noted that in case of substances (7) and (9),
the reaction could be stopped on the stage of attachment
of only one oligo(N-methylpyrrolecarboxamide). This
opens the way for synthesis of asymmetric bis-conju-
gates by following attachment of second different oligo-
carboxamide. Removal of Boc- or phtalimide protective
groups generates a nucleophilic amino group for further
functionalization.


All the bis-conjugates were purified by HPLC,18 and
their structure and purity were approved by mass spec-
trometry (only one peak corresponding to desired mass
was observed in the mass spectra).19

3. DNA-binding properties


As a target for studying DNA-binding properties, we
used the polypurine tract (PPT) of human immunodeffi-
ciency provirus (29 complementary base pairs, Fig. 3)
that contains a long A/T-rich region.20


Then the target recognition region was mutated in order
to vary its size and sequence without change in the total
fragment length. Complex formation was followed by
non-denaturing gel electrophoresis with fluorescent or
32P-labeled DNA target fragment and various concen-
trations of conjugates. Figure 4 demonstrates one exam-
ple of such gel and experimental conditions. Apparent
dissociation constants were then calculated.11


First, we have compared the affinity of the different con-
jugates for the native HIV DNA fragment. The results
are summarized in Table 1.

Figure 3. Double-stranded target DNA hairpin (polypurine tract of


HIV provirus DNA, 29 complementary base pairs connected by a loop


of 4 T).

The best binding affinity was demonstrated by the com-
pounds with iminodiacetamide structures (7) and (9)
(Kd = 4.3–4.8 nM). Phosphoramidate (3) and phospho-
namidate (6) have lower affinity, 34 and 18 nM, respec-
tively. The advantage of the amide bonds in (7) and (9)
is its stability at acid pH compared to phosphoramide
bond in (3) and (6).21 In addition, we noted that prod-
ucts (3) and (6) do not support heating up to 55 �C
and degrade in thermal denaturation experiment in con-
trast to the conjugates (7) and especially (9).


Compound (9) is the product of choice due to its better
stability and affinity. Its other feature is the presence of
an imino group which is able to be protonated within
the linker and a possibility to generate a free nucleophil-
ic amino group for further modifications after Boc-
deprotection. However, we did not remove Boc group
because we wanted to minimize non-specific contribu-
tion of the positive charge into ligand DNA affinity.
Conservation of protected amino group eliminates addi-
tional non-specific electrostatic effects and imitates the
presence of DNA-modifying chemical group. Hence
we used (9) to determine its preferential recognition se-
quence in target DNA and the minimal size of the target
recognition region using the mutated HIV fragments.
The results are summarized in Table 2.


The complex formation was not observed even at
100 nM conjugate concentration when targets contained
less than 7 contiguous A/T base pairs, in agreement with
Dervan�s rules. It also confirms our observation that
when only one of two hairpins can be inserted into the
DNA minor groove, the presence of the second one
rather destabilizes complex.22 From this data, we cannot
surely exclude that two MGB moieties bind with a target
sequence being in a linear parallel orientation rather
than in that shown in Figure 2. However, there are
2 arguments supporting two-hairpin configuration.
7 A/T pairs could be replaced by 2 contiguous blocks
of 3 A/T pairs spaced by one G/C base pair. Moreover,
apparent dissociation constants are close for 9 or 10 A/T







Figure 5. Hypothetical disposition of ligand (9) in DNA minor groove.


Dp, dimethylaminopropylamine group; c, c-aminobutyric acid residue.


Table 2. Apparent dissociation constants of conjugate (9) with


different dsDNA targets at 25 �C and pH 7.2


Target Sequencea Apparent Kd


(nM)


5A/T -TTTTT- No complexb


-AAAAA-


6A/T -TTTTTT- No complexb


-AAAAAA-


7A/T -TTTTTTT- 63 (± 4)


-AAAAAAA-


2*3A/T spaced by 1 G/C -TTTGTTT- 56 (± 4)


-AAACAAA-


8A/T -TTTTTTTT- 94 (± 6)


-AAAAAAAA-


9A/T -TTTTTTTTT- 25 (± 3)


-AAAAAAAAA-


2*4A/T spaced by 1 G/C -TTTTGTTTT- 29 (± 5)


-AAAACAAAA-


10AT -TTTTTTTTTT- 21 (± 2)


-AAAAAAAAAA-


2*4A/T spaced by 2 GC -TTTTGGTTTT- 34 (± 5)


-AAAACCAAAA-


5T/A +4A/T -TTTTTAAAA- 6.2 (± 0.4)


-AAAAATTTT-


Natural HIV sequence -TTTTTAAAAGAAAA- 4.8 (± 0.1)


-AAAAATTTTCTTTT-


a The indicated sequences were flanked by several G/C or alternate


G/C–A/T pairs. The total fragment length was always 29 comple-


mentary base pairs.
b The complex band was not detectable on the gel even at 100 nM


conjugate concentration.
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pairs and 2 blocks of 4 A/T pairs spaced by 1 or by 2 G/
C pairs. A linker between them tolerates one or two
degenerated base pairs in contrast to short c-aminobu-
tyric residue.


The other argument is that the natural HIV DNA frag-
ment is the best target for molecule (9). It seems that the
disposition of A/T and T/A plays an important role in
bis-MGB binding and the binding blocks must be sym-
metrical relatively to central base pair, so that (T/A)3–5
sequence must follow by (A/T)3–5 sequence, as it is
shown in Figure 5. Thus, among the mutated fragments,
maximal affinity (close to that of natural HIV sequence)
was revealed for a fragment containing 5 A/T pairs fol-
lowed by 4 T/A pairs.


Replacement of one or several N-methylpyrroles by N-
methylimidazoles or other specific monomers2,6 could
make it possible to construct asymmetrical bis-conju-
gates that would be able to recognize mixed A/T:G/C
sequences. Ensuing deprotection and functionalization
of the primary amino group with chemically or photo-
chemically active moieties will permit building of highly
specific synthetic DNA-directed enzyme-like molecules.
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Abstract—Two isomers of the hexahydro-tetraazaacenaphthylene templates (1 and 2) are presented as novel, potent, and selective
corticotropin releasing factor-1 (CRF1) receptor antagonists. In this paper, we report the affinity and SAR of a series of compounds,
as well as pharmacokinetic characterization of a chosen set. The anxiolitic activity of a selected example (2ba) in the rat pup vocal-
ization model is also presented.
� 2005 Elsevier Ltd. All rights reserved.

Depression and anxiety are psychiatric disorders that
constitute a major health concern worldwide, and new
pharmacological approaches for improved efficacy and
reduced side effects profiles relative to currently mar-
keted drugs are highly desired.1 Corticotropin-releasing
factor (CRF), a 41 amino acid peptide synthesized by
specific hypothalamic nuclei in the brain, was originally
isolated by Wale and colleagues2 in 1981 from ovine
hypothalamus. It plays an important role as a neuro-
transmitter in the mediation of anxiety and depression
related behaviors, and could represent a new opportu-
nity for the treatment of such diseases. The fundamental
role of CRF is to prepare the organism for a response to
various stressors, such as physical trauma, insults to the
immune system, and social interactions, through the con-
trol of the hypothalamic–pituitary–adrenal (HPA) axis.


During the last decade, several research groups have
published their work in the area of small molecule
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CRF1 receptor antagonists.3 Compounds such as CP-
154,5264 and DMP-6965 were among the first to show
good binding affinities coupled with interesting in vivo
activities. A vast majority of the compounds published
to date have in common the structural features shared
by the two aforementioned antagonists: a bicyclic
heterocyclic core substituted with a highly lipophilic
alkylamine side chain and a 2,4-disubstituted or 2,4,
6-trisubstituted aromatic or heteroaromatic ring (Fig.
1). More recently, new high-affinity analogs containing
monocyclic and tricyclic cores have been disclosed,6 thus
broadening the structural diversity and known SAR
for the receptor. Notwithstanding these encouraging
progresses, very fewmolecules have reached the advanced
preclinical development or clinical phases to date.

Figure 1. Known bicyclic small molecule CRF1 receptor antagonists.
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Figure 2. General structures 1 and 2.
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We wish to report here our efforts toward the identifica-
tion of novel, potent, and selective CRF1 receptor
antagonists. In our search for heterocyclic templates
with high receptor affinities, hexahydro- and tetrahy-
dro-tetraazaacenaphthylenes of general structures 1
and 2 were identified (Fig. 2).7,8


The top amine substituents (R1 in 1 and 2) as well as the
bottom aromatic portion (substituents R2) were ex-
plored, leaving the central acenaphthylene core intact.
It was our belief that modification of these two regions
would allow for the optimization of the general physico-
chemical characteristics of the molecules, thus leading to
a better/suitable PK profile.


The synthetic procedure for the preparation of the tetra-
azaacenaphthylene template 1 is described in Scheme 1.
Intermediate 4 has already been described in the litera-
ture.9,10 Allylation of 4 followed by reduction of the
ethyl ester functionality yielded alcohol 5, which was

Scheme 1. Reagents and conditions: (a) (i) acetamidine hydrochloride,


Na, MeOH, rt, 20 min; (ii) 2-ethoxycarbonyl–succinic acid diethyl


ester, rt, 48 h; (iii) POCl3, reflux, 3.5 h, 73%; (b) 1 M LiHMDS/Hex,


allyl bromide, THF, 0 �C to rt, 68%; (c) 1 M DIBAl-H/Hex, CH2Cl2,


�78 to 0 �C, 3 h, 86%; (d) t-BDMSi-Cl, imidazole, DMF, 0 �C to rt,


3 h, 81%; (e) NaH 80%/oil, R2-aniline, THF, 0 �C, 15 min, then


compound 5, THF, reflux, 3 h, 72%; (f) (t-Boc)2O, DMAP, CH2Cl2, rt,


18 h, 83%; (g) Et3NÆ3HF, DMF, rt, 18 h, 74%; (h) CH3SO2Cl, Et3N,


CH2Cl2, rt, 18 h, 98%; (i) (i) TFA 20%/CH2Cl2, rt, 2 h, (ii) Et3N, THF,


rt, 1 h, quant.; (j) O3, CH2Cl2, �78 �C, 30 min, then Me2S, rt, 18 h,


27%; (k) R1-amine, THF, rt, 90 min, then 1 M NaBH3CN/THF, rt,


18 h, 7%. The yields reported are for compound 1b (Table 1) only. P,


protecting group.

protected with a t-butyl-dimethylsilyl group (P, in
Scheme 1).


The protected alcohol was then subjected to a nucleo-
philic aromatic substitution with deprotonated anilines
to give aminopyrimidines 6. The amino group of 6 was
protected (t-Boc) and the alcohol desilylated to give
intermediates 7. Mesylation of alcohols 7, followed by
cleavage of the t-Boc protecting group gave an amino-
mesylate intermediate, which cyclised to substituted
pyrrolidino-pyrimidines 8 upon treatment with Et3N in
THF. Ozonolysis of 8 to give aldehydes 9 was followed
by imine formation with the appropriate alkylamines,
which was then reduced in situ to give the desired com-
pound 1.


Scheme 2 illustrates the preparation of tetraaza-
acenaphthylene template 2. The alcohol group of inter-
mediate 5 (from Scheme 1) was similarly protected
using a tert-butyldiphenylsilyl group (P, in Scheme 2)
to give better stability. Nucleophilic aromatic substitu-
tion with different anilines followed by protection of
the amino group were performed as reported in Scheme
1, to give intermediate 11. Ozonolysis of 11 followed by
reductive workup gave an alcohol, which was reacted
with methanesulfonyl chloride in the presence of Et3N
to give mesylates 12. Cleavage of the t-Boc protecting
group, followed by treatment with Et3N gave the sub-
stituted piperidinopyrimidines 13. Deprotection of the
alcohol group of 13 was followed by mesylate formation
and cyclization with the appropriate amines (neat) to
yield the desired compounds 2a.


Both templates were initially prepared as racemic mix-
tures. In order to verify if the stereogenic center of the
different templates had an effect on the affinity for the
receptor, the two enantiomers of two examples of tem-
plate 2a were prepared, as described in Scheme 3. Inter-
mediate 14 (racemic, from Scheme 2) was acylated with

Scheme 2. Reagents and conditions: (a) t-BDPSi-Cl, DMAP, imida-


zole, DMF, 0 �C to rt, 2 h, 90%; (b) NaH 80%/oil, R2-aniline, THF,


0 �C, 30 min, then compound 10, THF, reflux, 5 h, 46%; (c) (t-Boc)2O,


DMAP, CH2Cl2, rt, 48 h, 93%; (d) O3, CH2Cl2, �78 �C, 30 min, then


NaBH4, rt, 3 h, 54%; (e) CH3SO2Cl, Et3N, CH2Cl2, rt, 18 h, 95%; (f)


TFA 20%/CH2Cl2, rt, 18 h, 100%; (g) Et3N, THF, 0 �C to rt, 16 h,


48%; (h) Et3NÆ3HF, DMF, 40 �C, 4 h, 98%; (i) CH3SO2Cl, Et3N,


CH2Cl2, rt, 16 h, 93%; (j) neat R1-amine, 120 �C, 8 h, 47%. The yields


reported are for compound 2aa (Table 2) only. P, protecting group.







Table 2. Affinity results for template 2a


Compounds R1 R2 pIC50


2aa Pent-3-yl 2,4-Dichloro 7.16


2ab 1,3-Di-MeO-prop-2-yl 2,4-dichloro 5.90


2ac Hept-4-yl 2,4-Dichloro 7.65


2ad Hept-4-yl 2,4-Bis-CF3 7.44


2aea Hept-4-yl 2,4-Dichloro 7.96


2afa Hept-4-yl 2,4-Dichloro 7.89


2aga Hept-4-yl 2,4-Bis-CF3 7.55


2aha Hept-4-yl 2,4-Bis-CF3 7.84


a Chirally pure enantiomers, prepared as in Scheme 3.


Table 3. Affinity results for template 2b


Compound R1 R2 pIC50


2ba Hept-4-yl 2,4-Bis-CF3 7.85


2bb Hept-4-yl 2-Me-4-CN 7.35


2bc Pent-3-yl 2,4-Bis-CF3 7.58


2bd Pent-3-yl 2-Me-4-CN 7.57


2be Pent-3-yl 2-Cl-4-CN 7.21


Scheme 3. Reagents and conditions: (a) (S)-2-acetoxypropionyl chlo-


ride, DMAP, CH2Cl2, 0 �C, 30 min, then chiral HPLC separation,


46%; (b) LiOH, THF/H2O, 50 min, 90%. The yields reported are for


compounds 2ag and 2ah (Table 2) only.
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enantiopure (S)-2-acetoxypropionyl chloride. Initial
attemps to separate diastereoisomers 15a and 15b using
conventional flash chromatography proved to be unsuc-
cessful, thus prompting us to use chiral HPLC.11 The
two separated enantiomerically pure compounds were
hydrolyzed to give alcohols 16a and 16b, which were sub-
jected to the conditions reported above in Scheme 2
(steps i and j) to complete the synthesis of the chirally
pure enantiomers.


Finally, the unsaturated tetraazaacenaphthylenes 2b
were easily obtained by the DDQ oxidation of saturated
templates 2a, as shown in Scheme 4.

Table 1. Affinity results for template 1 and standards


Compound R1 R2 pIC50


CP-154,526 7.76


DMP-696 7.42


1a Cyclopropylmethyl 2,4-Dichloro 5.35


1b 3-Pentyl 2,4-Dichloro 6.74


1c 4-Heptyl 2,4-Dichloro 7.52


1d 4-Heptyl 2,4-Bis-CF3 7.39


Scheme 4. Reagents and conditions: (a) DDQ, CH2Cl2, rt, 3 h, 65%.


The yield reported is for compounds 2ba (Table 3) only.

CRF binding affinity has been determined in vitro by the
compounds� ability to displace 125I-oCRF from recom-
binant human CRF receptors expressed in Chinese
Hamster Ovary (CHO) cell membranes.7,8 Affinity re-
sults for templates 1, 2a, and 2b are presented in Tables
1–3, respectively. As a general rule, affinity for the recep-
tor seems to be controlled by the lipophilicity of the
compounds (see 1a vs 1c in Table 1, or 2ab vs 2aa vs
2ae in Table 2). The top region of the molecules (R1) re-
quires lipophilic chains in order to maintain high affini-
ties (see 1a vs 1b vs 1c in Table 1). Polar groups do not
seem to be well tolerated in that region (see 2aa vs 2ab in
Table 2). As far as the substituents on the bottom phenyl
ring are concerned, reduction of lipophilicity was toler-
ated, as can be seen in Table 3, where a cyano group has
replaced one of the lipophilic moieties (see 2bc vs 2bb or
2bd in Table 3).


As can be seen in Table 2, the configuration of the ste-
reogenic center in template 2b has a limited effect on
the affinity of this series for the receptor (see 2ae vs
2af, and 2ag vs 2ah in Table 2). The chirally pure enan-
tiomers have more or less the same affinity as the race-
mic mixtures. The same conclusion can be reached
looking at the compounds in Table 3, where the chiral







Table 4. DMPK parameters for 1c, 2ac, 2ad, and 2baa


Parameters 1c 2ac 2ad 2ba


Plasma clearance (mL/min/kg) 31 32 15 10


Bioavailability (%) 31 14 36 33


Brain/Plasma 1.8 2.0 1.1 1.3


a Pharmacokinetic experiments were performed in Hans–Wistar rats


after oral (1 mg/kg) and intravenous (0.5 mg/kg) administrations;


brain/plasma ratios and brain levels were measured at 1 h after a


0.5 mg/kg iv dose.
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center has been eliminated through the introduction
of an insaturation. Analogs of template 2b are almost
equipotent to their equivalents of template 2a, whether
they are chirally pure or racemates (see 2ba vs 2ad vs
2ag, and 2ah).


Four compounds were selected for the in vivo PK char-
acterization (1c, 2ac, 2ad, and 2ba). Table 4 reports the
in vivo parameters measured for these compounds: low
to moderate plasma clearance, good oral bioavailability,
and brain penetration were observed.


In particular, compound 2ba exhibited a high affinity for
the receptor and good PK characteristics. Based on this
positive profile, it was evaluated in the rat pup vocaliza-
tion model.12 2ba both at 30 and 60 mg/kg was able to
reduce significantly the rat pup vocalization time by
55% with respect to vehicle.


In summary, the synthesis of two novel tetra-
azaacenaphthylene templates was described. Com-
pounds belonging to these series exhibited high
affinities for the CRF1 receptor. Selected examples of
both templates showed good in vivo PK characteristics.
Furthermore, compound 2ba exhibited good activity in
the rat pup vocalization model, thus confirming that
CRF1 antagonists may play a role in the treatment of
anxiety and depression.
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Abstract—Considering the potential of selective adenosine A3 receptor subtype ligands in the development of prospective therapeu-
tic agents, an attempt has been made to explore physicochemical requirements of 1,2,4-triazolo[4,3-a]quinoxalin-1-one derivatives
for A3 receptor binding. In this study, lipophilicity (logP), physicochemical substituent constants (p, MR, rp) of phenyl ring sub-
stituents, and Wang–Ford charges of common atoms of the quinoxaline nucleus (calculated from molecular electrostatic potential
surface of energy-minimized geometry using AM1 technique) were used as independent variables along with suitable dummy param-
eters. The best multiple linear regression (MLR) equation obtained from factor analysis (FA-MLR) as the preprocessing step could
explain and predict 72.6% and 65.3%, respectively, of the variance of the binding affinity. The same equation also emerged as the
best equation in the population of 100 equations obtained from genetic function approximation (GFA-MLR). The results suggested
that presence of an electron-withdrawing group at the para position of the phenyl ring would be favorable for the binding affinity.
Again, the presence of a nitro group at position R1 increases the binding affinity. When factor scores were used as predictor variables
in the principal component regression analysis, the resultant model showed 78.6% explained variance and 63.1% predicted variance.
The best equation derived from G/PLS could explain and predict 74.4% and 64.8%, respectively. The results have suggested the
importance of Wang–Ford charges of atoms C15 and C19, apart from positive contributions of electron-withdrawing para substit-
uents of the variance of the phenyl ring and nitro group at the R1 position.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


The principal aim of a medicinal chemist is to discover
novel drugs with greater potency and reduced toxicity
which may be achieved by molecular modification or tai-
loring of existing drugs, optimization of various lead
compounds, isolation of active constituents from natu-
ral sources, or syntheses of new series of compounds.1,2


A rational explanation of drug action is often restricted
by our ability to correlate the observed physiological ef-
fects with a reasonable hypothesis or concept. Various
structural, physicochemical, and biological parameters
are used to correlate these with biological activity and

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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the observed relations are used to predict the activity
of a new compound and this information is exploited
to develop newer molecules of optimum activity. Such
a correlation may also help us in exploring the mecha-
nistic features of biological activity.3 Quantitative struc-
ture–activity relationship (QSAR) studies represent a
non-experimental part of drug design encompassing
the study of both structure–activity and structure–prop-
erty relations in broad sense. This is an intellectual exer-
cise of assembling, manipulating and examining data
obtained from physical, chemical, and biological exper-
iments, and correlating these to biological activity. Bio-
logical activity of a drug depends on the types and
magnitude of interactions between the receptor and
the drug molecule.2 Various structural attributes of a
drug molecule, such as electronic distribution, steric fea-
ture, etc., are the determining factors regulating the
interactions.4 All QSAR studies are based on the notion
that biological activity (therapeutic or toxic) is a func-
tion of the chemical structure and/or property.4,5 The



mailto:kunalroy_in@yahoo.com

http://www.geocities.com/kunalroy_in





3738 P. Bhattacharya, K. Roy / Bioorg. Med. Chem. Lett. 15 (2005) 3737–3743

goals of QSAR studies include a better understanding of
the modes of actions, prediction of newer analogs with
better activity, classification of active/inactive com-
pounds, and optimization of the lead compound to re-
duce toxicity and increase selectivity.


Adenosine receptors represent a very important class of
targets for new drug development; thus, adenosine
receptor ligands are recently being well investigated for
QSAR modeling. Adenosine, a prevalent nucleoside
throughout the body, plays an important role in the
function of normal nerve cells,6 in controlling cell prolif-
eration,7 and as a signal of inflammation.8 Inflamed
tissues also release adenine nucleotides, which are
converted to adenosine by Ecto-nucleotidases (CD39,
CD73).9,10 Cells that release these nucleotides include
platelets, mast cells, nerves, and the endothelium.11


The four adenosine receptors which detect local
changes in adenosine concentration are called A1,
A2A, A2B, and A3.


12 They are �seven-spanning� pro-
teins that are coupled to various G-proteins.13 A2


receptors work on Gs,
14 but A1 and A3 interact with


Gi and Go. The interaction between the neuromodula-
tor adenosine and adenosine receptors on the surface
of neurons modifies the neuronal responses to
neurotransmitters.15


Stimulation of A1 receptors inhibits nerve cells,16 and
these receptors also mediate the profound effects of
adenosine on the heart.17 Activation of either the A1


adenosine receptor (A1R) or A3R elicits delayed cardio-
protection against infarction, ischemia, and hypoxia.18


By lowering heart rate, and especially, slowing down
AV nodal conduction,19 adenosine causes pharmacolog-
ical cardioversion. In the basal forebrain, accumulation
of adenosine (seen with prolonged wakefulness) is
thought to inhibit cholinergic cells and induce sleep.20


A1 receptors also promote vasoconstriction.21 A1 recep-
tors in the preglomerular vessels and tubules regulate re-
nal fluid balance.22 Antagonists to A1 receptors cause
diuresis and natriuresis without any major changes in
glomerular filtration rate (GFR). A1 antagonists de-
crease afferent arteriolar pressure.23


A2A stimulation being anti-inflammatory, the receptors
are used to sense excessive tissue inflammation.24 These
receptors also enhance neural communication,25 pro-
mote coronary vasodilatation, and show anti-platelet
effects. A2A agonists cause profound vasodilatation,
with a corresponding increase in plasma renin activity.26


Studies demonstrate that agonists of A2A adenosine
receptors inhibit the release of the anti-angiogenic factor
thrombospondin 1. Multiple cell types and all four aden-
osine receptors participate in these responses.27


A2B is similar to A2A, but not identical; these are, per-
haps, the most poorly characterized of the adenosine
receptors. A2B receptor found on the human mast cell
may be particularly relevant to the management of
asthma28 but A2B receptors are widespread through-
out the body. Like A2A receptors, A2B promote
vasodilatation.29

A variety of effects of A3 receptor have been claimed,
but other reports allege completely opposite effects. A3


is a key receptor in both stimulation and inhibition of
cell growth30 (adenosine stimulates many normal cells
in micromolar concentrations and induces apoptosis at
higher concentrations in both normal and tumor cells).
Lower concentrations may show antiproliferative effects
on tumor cells, despite stimulating bone marrow cells.31


However, others have claimed that adenosine may show
many bad effects, promoting tumor growth and angio-
genesis. A3 receptor stimulation (at various concentra-
tions and over various time-spans) may be harmful or
beneficial to cerebral ischaemia.32


In continuation of our recent efforts to model adenosine
receptor ligands,33–36 the present paper attempts at quan-
titative structure–activity relationship (QSAR) modeling
of A3 subtype receptor binding data37 of quinoxaline-1-
one and quinoxaline-1,4-dione derivatives using quantum
chemical, lipophilicity (logP), physicochemical substitu-
ent constants, and suitable indicator parameters.

2. Materials and methods


Adenosine A3 receptor binding affinity data37 of quinox-
aline-1-one and quinoxaline-1,4-dione derivatives (Table
1) have been used for the present QSAR study. The
binding affinity data [Ki (nM)] were converted to loga-
rithmic scale [pKi (mM)] and then used for subsequent
QSAR analyses as the response variable. For the present
QSAR study, quantum chemical, lipophilicity (logP),
physicochemical substituent constants (p, MR, rp) of
phenyl ring substituents, and appropriate indicator
parameters (listed in Table 2) were used as predictor
variables, as they were found to be appropriate for the
development of models. The values of physicochemical
substituent constants (Table 3) were taken from the lit-
erature.38 Semi-empirical quantum chemical calcula-
tions were done according to the AM1 (Austin Model
1)39–41 method using the Chem 3D Pro42 package. The
general structures of the compound (Fig. 1) were drawn
in Chem Draw Ultra ver 5.042 and saved as a template
structure. For every compound, the template structure
was suitably changed considering its structural features,
copied to Chem 3D ver 5.042 to create the 3-D model,
and finally the model was �cleaned up�. The non-hydro-
gen common atoms of the compounds were given a seri-
al number so that they maintain the same serials in all
the models (Fig. 1). Energy minimization was carried
out under a Molecular Orbital Package (MOPAC) mod-
ule [CS MOPAC Pro] of Chem 3D Pro42 using restricted
closed shell wave function34,43 and setting a minimum
root mean square (RMS) gradient at 0.100. The selected
properties were heat of formation, gradient norm, and
charges. The energy-minimized geometry was used for
the calculation of Wang–Ford charges qx (obtained
from a molecular electrostatic potential surface) of dif-
ferent atoms (x). Henceforth, reference to a particular
atom will be made using the numbering system given
in Figure 1, for example, the common oxygen in the
quinoxaline-1-one/quinoxaline-1,4-dione nucleus is
indicated as O20.







Table 1. Structural features, observed, calculated, and LOO predicted adenosine A3 binding affinity data of quinoxaline-1,4-dione (1–9) and


quinoxaline-1-one (10–17) derivatives


Sl. No. Structural features Adenosine A3 receptor binding affinity [pKi (mM)]


R R1 Obs.a Calc.b Pred.b Calc.c Pred.c Calc.d Pred.d


1 OCH3 H 4.796 4.137 4.006 4.021 3.848 3.874 3.726


2 NO2 H 6.222 6.146 6.043 6.366 7.056 6.470 5.647


3 NH2 H 2.444 3.391 3.551 2.840 3.154 3.351 3.587


4 N(CH3)2 H 3.368 3.066 2.980 3.446 3.500 3.345 3.703


5 OC2H5 H 3.757 4.195 4.228 3.880 3.931 3.980 4.028


6 OH H 4.328 3.946 3.914 3.772 3.679 3.979 3.954


7 OCOCH3 H 4.951 5.247 5.334 4.661 4.507 5.122 5.043


8 OCH3 NO2 5.328 4.821 4.562 5.215 5.129 4.939 4.642


9 OCH3 NH2 4.081 4.137 4.142 4.497 4.740 4.172 4.201


10 OCH3 H 4.347 4.137 4.121 4.339 4.335 4.350 4.353


11 H NO2 5.323 5.338 5.347 5.105 4.169 5.308 4.752


12 NH2 H 3.475 3.391 3.376 3.486 3.489 3.379 3.430


13 OC2H5 H 3.693 4.194 4.239 3.946 4.072 3.946 4.014


14 OH H 4.135 3.946 3.930 3.843 3.793 4.020 4.016


15 OCH3 NO2 4.328 4.821 5.071 4.702 4.996 4.487 4.640


16 OCH3 NH2 4.658 4.137 4.097 4.799 4.816 4.289 4.241


17 OH NH2 3.754 3.946 3.962 4.093 4.170 3.991 4.080


a Ref. 37; Obs., Observed; Calc., Calculated; Pred., Predicted (LOO).
b From Eq. 1 [FA-MLR and GFA-MLR derived eq.].
c From Eq. 2 [PCRA derived eq.].
d From Eq. 3 [G/PLS derived eq.].


Table 2. Definitions of variables


Variables Definition


qx Wang–Ford charge of atom x (x may take values 1–20)


INO2
Indicator variable having value 1 if nitro group is present at the R1 position, value 0 otherwise


INH2
Indicator variable having value 1 if amino group is present at the R1 position, value 0 otherwise


I 0NH2
Indicator variable having value 1 if amino group present at position 8 (Fig. 1), value 0 otherwise


Table 3. Physicochemical substituent constantsa of phenyl ring


substituents


Substituents Substituent constants


p MRb rp


OCH3 �0.02 0.787 �0.27


NO2 �0.28 0.736 0.78


NH2 �1.23 0.54 �0.66


N(CH3)2 0.18 1.555 �0.83


OC2H5 0.38 1.247 �0.24


OH �0.67 0.285 �0.37


OCOCH3 �0.64 1.247 0.31


H 0.00 0.103 0.00


a Ref. 38.
bMR values are scaled to a factor of 0.1 as usual.
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Though a classical approach of multiple linear regres-
sion (MLR) technique was used as the final statistical
tool for developing QSAR relations, factor analysis
(FA)44,45 was used as the data-preprocessing step to
identify the important predictor variables contributing
to the response variable and to avoid collinearities
among them. The principal objectives of factor analysis
are to display multidimensional data in a space of lower
dimensionality, with minimum loss of information
(explaining >95% of the variance of the data matrix)
and to extract the basic features behind the data with
the ultimate goal of interpretation and/or prediction.
Factor analysis was performed on the data set(s) con-
taining biological activity and all descriptor variables,
which were to be considered. The factors were extracted







Figure 1. General structures of (a) quinoxaline-1,4-dione and (b) quinoxaline-1-one derivatives: the common atoms have been arbitrarily numbered


1–20 (it has no relation to the chemical nomenclature system).
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by the principal component method and then rotated by
VARIMAX rotation (a kind of rotation, which is used
in the principal component analysis so that the axes
are rotated to a position in which the sum of the vari-
ances of the loadings is the maximum possible) to obtain
Thurston�s simple structure. The simple structure is
characterized by the property that as many variables
as possible fall on the coordinate axes when presented
in common factor space, so that the largest possible
number of factor loadings becomes zero. This is done
with a view obtaining a numerically comprehensive pic-
ture of the relatedness of the variables. Only variables
with non-zero loadings in such factors where biological
activity also has non-zero loading were considered to be
important for explaining the variance of activity. Fur-
ther, variables with non-zero loadings in different factors
were combined in a multivariate equation. Attempt was
also made to perform the principal component regres-
sion analysis (PCRA),41 taking factor scores as the pre-
dictor variables and adopting a backward stepwise
regression method. In this case, the principal compo-
nents serve as latent variables. PCRA has an advantage
that collinearities among X variables are not a disturb-
ing factor and that the number of variables included in
the analysis may exceed the number of observations.45


The factor analysis and multiple regression were per-
formed using the statistical software SPSS.46


The data set was also modeled using the genetic function
approximation (GFA) technique,47,48 to generate a pop-
ulation of equations rather than one single equation for
correlation between the binding affinity and descriptors.
GFA involves a combination of multivariate adaptive
regression spline (MARS) algorithm with a genetic algo-
rithm to evolve the population of equations that best fit
the training set data. It provides an error measure, called
the lack of fit (LOF) score that automatically penalizes
models with too many features. It also inspires the use
of splines as a powerful tool for non-linear modeling.
GFA is carried out as follows: (i) an initial population
of equations is generated by a random choice of descrip-
tors; (ii) pairs from the population of equations are cho-
sen at random, �crossovers� are performed, and progeny
equations are generated; (iii) it is better at discovering
combinations of features that take advantage of the cor-
relations between multiple features; (iv) the fitness of
each progeny equation is assessed by a lack-of-fit
(LOF) measure; (v) it can use a larger variety of equa-

tion term types in the construction of its models; and
(vi) if the fitness of a new progeny equation is better,
then it is preserved. A distinctive feature of GFA is that
it produces a population of models (e.g., 100), instead of
generating a single model, as do most other statistical
methods. The range of variations in this population
gives added information on the quality fit and impor-
tance of the descriptors. The GFA study was conducted
using a GFA module under QSAR+ environment of
Cerius2 software.49 All default settings were used for
the analysis (linear terms, smoothness factor = 1, muta-
tion probability for adding a new term = 50%) and the
number of crossovers was set to 100,000.


The genetic partial least-squares (G/PLS) algorithm may
be used as an alternative to aGFAcalculation.G/PLS50 is
derived from two QSAR calculation methods: GFA and
partial least-squares (PLS). The G/PLS algorithm uses
GFA to select appropriate basis functions to be used in
a model of the data and PLS regression as the fitting tech-
nique to weigh the basis functions� relative contributions
in the final model. PLS is a generalization of regression,
which can handle data with strongly correlated and/or
noisy or numerous X variables.51 The linear PLS model
finds �new variables� (latent variables or X scores), which
are linear combinations of the original variables. To avoid
overfitting, a strict test for the significance of each consec-
utive PLS component is necessary and then stopping
when the components are non-significant. Cross-valida-
tion is a practical and reliablemethodof testing this signif-
icance.51 Application of G/PLS thus allows the
construction of larger QSAR equations, while still avoid-
ing overfitting and eliminating most variables.50 The G/
PLS study was conducted using the G/PLS option under
QSAR+ environment of Cerius2 software.49 The settings
used were as follows: initial number of variables being 4,
number of PLS components being 1 (optimized by
cross-validation), number of iterations being 5000, and
no fixed length being set for the final equation.


The statistical qualities of the MLR equations52 were
judged by parameters, such as explained variance ðR2


aÞ,
correlation coefficient (R), standard error of estimate
(s), and variance ratio (F), at specified degrees of free-
dom (df). All accepted equations have regression coeffi-
cients and F ratios significant at 95% and 99% levels,
respectively, if not stated otherwise. For PLS equation
R2
a, R


2 and least square error (LSE) were taken as statis-
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tical measure while lack-of-fit (LOF) was noted for the
GFA derived equations. PRESS (leave-one-out)53,54 sta-
tistics were calculated and the reported parameters are
cross-validation R2 (Q2), predicted residual sum of
squares (PRESS), standard deviation based on PRESS
(SPRESS), and standard deviation of error of prediction
(SDEP).

3. Results and discussion


From the factor analysis on the data matrix consisting
of adenosine A3 binding affinity data, quantum chemical
parameters, lipophilicity (logP), physicochemical substi-
tuent constants of phenyl ring substituents and indicator
variables, it was observed that seven factors could ex-
plain the data matrix to the extent of 95.1% (Table 4).
The loading matrix shows that the binding affinity is
highly loaded with factor 4 (highly loaded in logP and
[logP]2) and factor 6 (highly loaded in p), moderately
with factor 5 (loaded in q11 and q20), factor 3 (highly
loaded in q15 and q16), and factor 7 (highly loaded in
q19), and poorly with factor 2 (loaded in q1 and q2)
and factor 1 (loaded in q5, q6, q7, q8, q9, and q10). Based
on the factor analysis, the best equation derived was the
following one (Eq. 1), which also emerged as the best
equation in the population of 100 equations obtained
from GFA.

Table 4. Factor loadings of the variables after VARIMAX rotation


Descriptors Factor 1a Factor 2a Factor 3a Factor 4a


pKi 0.070 0.111 0.360 0.583


q1 0.007 �0.989 0.043 �0.041


q2 0.047 0.969 �0.087 0.171


q3 0.482 �0.826 0.005 �0.134


q4 �0.725 0.629 0.099 0.172


q5 0.985 0.067 �0.080 �0.008


q6 �0.923 0.351 0.038 0.099


q7 0.980 �0.131 �0.071 �0.014


q8 �0.987 0.038 0.029 �0.064


q9 0.978 0.100 0.134 0.016


q10 �0.929 �0.322 0.006 �0.006


q11 0.321 0.361 0.127 �0.153


q12 0.790 0.263 �0.115 0.116


q13 0.131 0.011 �0.647 0.180


q14 �0.590 �0.306 0.608 �0.079


q15 0.174 0.276 �0.883 0.125


q16 0.061 0.013 0.954 0.186


q17 �0.018 �0.142 �0.819 �0.450


q18 0.043 0.250 0.529 0.470


q19 0.358 �0.049 0.073 �0.060


q20 0.075 0.115 0.430 0.306


p 0.038 �0.008 0.151 �0.041


MR 0.324 0.040 �0.180 �0.550


rp 0.154 0.093 0.348 0.395


INO2
�0.114 0.334 �0.153 0.777


INH2
�0.239 �0.942 0.021 0.124


logP �0.030 �0.079 �0.166 �0.921


[logP]2 �0.026 0.152 �0.040 �0.901


I 0NH2
�0.984 0.069 0.032 0.048


Variance 0.314 0.211 0.169 0.093


a Factors 1–7 represent factor loadings and have the character of correlation
bRepresenting the proportion of the data variance, which can be assigned t


squares of its loadings in different factors.

pK i ¼ 1.913rp þ 0.684INO2
þ 4.654


n ¼ 17; R2
a ¼ 0.726; R2 ¼ 0.760; R ¼ 0.872;


F ¼ 22.2ðdf 2; 14Þ; s ¼ 0.465;


Q2 ¼ 0.653; SDEP ¼ 0.507; SPRESS ¼ 0.559;


PRESS ¼ 4.4


ð1Þ


The regression coefficients in Eq. 1 are significant at the
95% level. Eq. 1 could predict and explain 65.3% and
72.6%, respectively, of the variance of the binding affin-
ity. The positive coefficient of rp signifies that the bind-
ing affinity is directly proportional to the value of rp,
which means that presence of an electron-withdrawing
group at the para position of the phenyl ring will be
favorable for binding affinity. Furthermore, in the pres-
ence of the term rp, no quantum chemical term was
found to be important. Thus, electronic substituent con-
stant (rp) was found to be the best descriptor for mod-
eling the data set. The positive coefficient of INO2


suggests that the presence of nitro group at position
R1 increases the binding affinity.


An attempt was made to use factor scores as predictor
variables to avoid any loss of information on the selec-
tion of relevant molecular descriptors from a set of
descriptors and significant increase in statistical qualities
was obtained.

Factor 5a Factor 6a Factor 7a Communalitiesb


0.373 0.446 �0.211 0.870


0.006 �0.006 �0.089 0.989


�0.090 0.065 0.020 0.992


0.080 �0.051 0.143 0.962


0.156 �0.008 �0.030 0.986


�0.102 0.073 �0.027 0.999


0.012 �0.017 0.105 0.998


�0.029 0.031 �0.095 0.994


�0.012 �0.006 �0.008 0.980


�0.015 0.049 �0.006 0.988


0.138 �0.102 0.038 0.998


�0.802 0.162 �0.076 0.948


0.447 0.045 �0.273 0.996


�0.558 0.142 0.281 0.880


�0.110 0.001 0.377 0.971


0.028 0.037 0.082 0.910


0.143 0.106 �0.057 0.984


�0.129 �0.142 �0.195 0.968


0.231 0.209 0.501 0.913


0.046 �0.183 �0.901 0.987


0.827 �0.004 0.082 0.988


�0.139 0.903 0.275 0.936


0.127 0.601 �0.044 0.821


0.564 0.380 �0.201 0.812


�0.123 0.192 0.260 0.872


�0.058 0.039 �0.061 0.968


�0.211 0.060 �0.029 0.932


�0.214 0.273 0.066 0.962


�0.035 �0.021 0.114 0.991


0.078 0.053 0.034 0.951


coefficients between the common factors and the variables.


o common factor space, the communality of a variable is the sum of
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pK i ¼ 0.320f 3þ 0.518f 4þ 0.332f 5


þ 0.396f 6� 0.187f 7þ 4.294


n ¼ 17; R2
a ¼ 0.786; R2 ¼ 0.853; R ¼ 0.923;


F ¼ 12.7ðdf 5; 11Þ; s ¼ 0.411;


Q2 ¼ 0.631; SDEP ¼ 0.524; SPRESS ¼ 0.651;


PRESS ¼ 4.6


ð2Þ

Figure 2. Scatter plots of observed versus leave-one-out predicted


binding affinity values according to (a) Eq. 1; (b) Eq. 2; (c) Eq. 3.

The descriptors used in Eq. 2 represent factor scores for
the compounds. Eq. 2 could predict and explain 63.1%
and 78.6%, respectively, of the variance of the binding
affinity. Though the explained variance value of Eq. 2
is better than that of Eq. 1, the predicted variance
of the former is slightly lower than that of the latter.
The factor scores as mentioned in Eq. 2 signify the
importance of different variables, as shown in boldface
in Table 4.


Applying the G/PLS technique (number of compo-
nents = 1, number of iterations = 5000), the following
equation was obtained as the best one among the popu-
lation of equations.


pK i ¼ 1.847rp þ 0.792INO2
� 2.375q15þ 2.507q19 þ 4.452


n¼ 17; R2
a ¼ 0.744; R2 ¼ 0.808; R¼ 0.899;


Q2 ¼ 0.648; LSE¼ 0.143; SDEP¼ 0.511;


SPRESS ¼ 0.608; PRESS¼ 4.4 ð3Þ


Eq. 3 can predict 64.8% and explain 74.4% of the vari-
ance of the binding affinity. The positive coefficients of
rp indicate that electron-withdrawing substituents at
the para position of the phenyl ring would be favorable
for the binding affinity. Again, positive coefficient of
INO2


indicates that presence of nitro group at R1 in-
creases the binding affinity. The negative coefficient of
q15 indicates that negative charge on C15 is conducive
to binding affinity. The positive coefficient of q19 signi-
fies that positive charge on C19 is favorable for binding
affinity. Both q15 and q19 are mainly dependent on the
type of R substituent.


The calculated and leave-one-out predicted A3 binding
affinity values according to Eqs. 1–3 are given in Table
1. A comparison among equation statistics and predic-
tion statistics of different models is given in Table 5.
Appearance of the two parameters rp and INO2


in all
the models (in the form of factor scores in Eq. 2) sug-
gests the importance of these terms in modeling the data
set. The LOO statistic of Eq. 1 is better than those of the
other two equations, while R2 value of Eq. 2 is higher
than those of the other two equations. The scatter plots

Table 5. A comparison of different models


Equation No. Chemometric tool Variables appearing in th


1 FA-MLR and GFA-MLR rp, INO2


2 PCRA Factor scores


3 G/PLS rp, INO2
, q15, q19

of observed versus LOO predicted binding affinity val-
ues according to Eqs. 1–3 are given in Figure 2.

4. Conclusion


The study suggests the importance of R and R1 substit-
uents for A3 binding affinity. The binding affinity in-
creases with the presence of electron-withdrawing
substituents at the R position. Furthermore, Wang–
Ford charges of atoms C15 and C19 (Fig. 1) also play
an important role for binding affinity. Again, the
presence of a nitro group at R1 is also favorable for
binding affinity. However, more data points covering

e equation Equation statistics Prediction statistics


Ra
2 R2 R Q2 PRESS SDEP


0.726 0.760 0.872 0.653 4.4 0.507


0.786 0.853 0.923 0.631 4.7 0.524


0.744 0.808 0.899 0.648 4.4 0.511
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wider features of substitution pattern need to be consid-
ered to reach a conclusion.
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Abstract—Virtual screening studies have identified a series of phenylpyrroles as novel 5-HT7 receptor ligands. The synthesis and the
affinity for the 5-HT7 receptor of these phenylpyrroles are described. Some of these compounds exhibited high affinity for the 5-HT7


receptors.
� 2005 Elsevier Ltd. All rights reserved.

Figure 1. 5-HT7 receptor antagonists.

Receptors of serotonin (5-hydroxytryptamine, 5-HT)
are classified into seven receptor subfamilies (5-HT1–7)
based on pharmacological, structural and transduc-
tional information.1


Application of molecular cloning has led to identifica-
tion and characterization of the 5-HT7 receptor subtype
from rat,2–5 mouse,6 human,7 guinea-pig 8 and pig.9 The
5-HT7 receptors have been located in the central nervous
system (thalamus, hypothalamus, hippocampus and cor-
tex) and in peripheral tissues (pancreas, spleen, coronary
artery and ileum).7,3,5 Although biological functions of
these receptors are poorly understood, recent reports
suggest that 5-HT7 receptors are involved in the patho-
physiology of several disorders, such as depression,10


control of circadian rhythm,2 migraine,11 epilepsy12,13


and relaxation of vascular smooth muscles.14 To date,
only a few selective antagonists 1–415–18 (Fig. 1) and
agonists 5–718–20 (Fig. 2) have been reported.


The first step of this study was to search for a 2D simi-
larity in a chemolibrary to discover new 5-HT7 ligands.
Compound 8 (1-NP, Fig. 3) has been chosen as the
query molecule for its relatively simple and rigid struc-
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doi:10.1016/j.bmcl.2005.05.059


Keywords: Phenylpyrrole; Virtual screening; 5-HT7 receptor.
* Corresponding author. Tel.: +33 2 3193 4169; fax: +33 2 3193


1188; e-mail: rault@pharmacie.unicaen.fr

ture. It is able to bind to 5-HT7 receptors (Ki = 83 nM),7


as well as to other serotonin receptors. It is also claimed
to be used for the treatment of urinary incontinence
and urinary retention through its action on 5-HT7


receptors.21


The virtual screening was performed on our chemoli-
brary (6663 compounds) by using the MOE program.22


The basis for comparison during the screen was a 2D
pharmacophore defined from a molecular graph and
included in a fingerprint. The program used the acid
group, basic group, hydrogen bond acceptor, hydrogen
bond donor and hydrophobic group as atom types in
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Figure 2. 5-HT7 receptor agonists.


Figure 3. Query molecule 8 for the similarity searching, results of the


virtual screening 9a–c and other phenylpyrroles present in the


chemolibrary (9d–f and 10a–c).


Scheme 1. Reagents and conditions: (i) 2,5-dimethoxyTHF, acetic


acid, reflux; 2 h, 80%; (ii) 1.2 equiv POCl3, 1.2 equiv DMF, DMF, 0–


80 �C; 1 h, 65%; (iii) 1.2 equiv HNR2R3, 2.8 equiv NaBH3CN, MeOH,


reflux, 34–90%; (iv) fumaric acid, isopropanol, reflux 30 min, 46–83%.
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the typed graph distance (TGD) method. The Tanimoto
similarity coefficient23 was employed to quantify the
degree of structural resemblance between pairs of
molecules.


This similarity searching led to 132 structures (Tanimoto
similarity coefficient >0.75). Three compounds dis-
played a similarity value greater than 0.90, correspond-
ing to the 9a–c derivatives (Fig. 3, Tanimoto similarity
coefficient = 0.94); the pharmacological results showed
a correct affinity for 9c (at 10�6 M: 72% inhibition of
the binding of [3H]LSD on human 5-HT7R expressed
in sf9 cells). Six stored compounds (9d–f, 10a–c) of the
same phenylpyrrole family were then selected and tested
(Fig. 3, Table 1). Compound 10a (Fig. 3) emerged from
the analysis of the pharmacological results, with 91%
inhibition at 10�6 M. From 10a, structural modifica-
tions were performed to improve the 5-HT7 affinity of
this new series.


The synthetic procedures to the target compounds are
illustrated in Scheme 1. Compounds 12a–k were

Table 1. Human 5-HT7 receptor affinities of compounds 9a–f and


10a–ca


Compound % Inhibition


10�6 M 10�8 M


9a 31 0


9b 58 0


9c 72 0


9d 36 3


9e 31 6


9f 14 0


10a 91 0


10b 71 14


10c 66 0


a Receptors and radioligand used in binding assays: human cloned


receptors in sf9 cells, [3H]LSD, according to Refs. 4 and 5.

prepared by a Clauson-Kaas24 reaction with 2,5-di-
methoxytetrahydrofuran in refluxing acetic acid from
commercially available anilines 11a–k. The reaction of
compounds 12a–k with the Vilsmeier reagent25 gave a
mixture of 2-formyl-1-arylpyrroles 13a–k and 3-for-
myl-1-arylpyrroles 14a–k. These isomers were separated
by column chromatography and their subsequent reduc-
tive amination using arylpiperazines and sodium cyano-
borohydride led to the target compounds 15a–k and
16a–k.26,27


The results of binding assays on 5-HT7
4,5 are given in


Tables 2 and 3. Most three-substituted arylpyrroles
showed a higher 5-HT7 affinity than the two-substituted
compounds.


2-Methoxyphenylpiperazines led to an increased affinity
for the 5-HT7 receptors, as described for other 5-HT7


ligands.28–30 Replacement of the 2-methoxyphenyl
group by the benzisoxazolyl group was detrimental to
5-HT7 affinity (compounds 15j,k and 16j,k), whereas
Perrone found that this particular replacement resulted
in an opposite effect with his series of 1-[x-(4-aryl-1-pi-
perazinyl)alkyl]-1-aryl ketones.20


Substitution of arylpiperazines by alkylpiperazines re-
sulted in complete loss of 5-HT7 affinity (methyl deriva-
tives 15c and 15f), showing the significance of the
presence of an aryl group for 5-HT7 affinity.29,30


The steric hindrance seems to have a marginal role in
5-HT7 affinity (compounds 15g–i and 16h,i).


The best compounds 16a and 16d (Ki = 21 and 19 nM,
respectively, on rat 5-HT7 receptors) were chosen to







Table 4. Human 5-HT7 receptor affinities of compounds 16a, 16d and


20a


Compound 16a 16d 20


Ki (nM) 4.7 5.4 18


a Receptors and radioligand used in binding assays: human cloned


receptors in sf9 cells, [3H]LSD, according to Refs. 4 and 5.


Scheme 2. Reagents and conditions: (i) 2 equiv COCl2 in toluene,


NaHCO3 satd, 0 �C to rt, 15 min, 86%; (ii) MeOH, DMAP, 60 �C, 3 h,
N2, 92%.


Table 2. Rat 5-HT7 receptor affinities of compounds 15a–ja


Compound R1 R2R3 % Inhibition


10�6 M 10�8 M


15a 2-CH3 63 0


15b 2,3-CH3 68 2


15c 2,3-CH3 33 0


15d 2-CN 24 0


15e 2-OCH3 80 16


15f 2-OCH3 12 0


15g 2-Phenyl 26 0


15h 60 17


15i 2-CF3 38 7


15j 2-CH3 47 0


15k 2-CN 43 1


a Receptors and radioligand used in binding assays: rat cloned recep-


tors in HEK-293 cells, [3H]LSD, according to Refs. 4 and 5.


Table 3. Rat 5-HT7 receptor affinities of compounds 16a–ka


Compound R1 R2R3 % Inhibition Ki


(nM)


10�6 M 10�8 M


16a 2-CH3 95 22 21


16b 2,3-CH3 91 0 NDb


16c 2,4,6-CH3 32 0 ND


16d 2-CN 96 14 19


16e 2-OCH3 6 0 ND


16h 86 6 ND


16i 2-CF3 91 21 105


16j 2-CH3 42 9 ND


16k 2-CN 34 7 ND


aReceptors and radioligand used in binding assays: rat cloned recep-


tors in HEK-293 cells, [3H]LSD, according to Refs. 4 and 5.
b Not determined.
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evaluate their affinity on human 5-HT7 receptors
(Table 4). They both showed a nanomolar affinity, in
the same range of literature compounds.


In the case of 16d, as previously described for the apor-
phine ligand 3,31 it was hypothesized that the nitrogen
atom of the nitrile substituent could serve as a hydrogen
bond acceptor. The importance of one hydrogen bond
acceptor has been shown by our group in a recent
study.32 This characteristic arises from the 5-HT7 phar-
macophore that was generated by searching for the com-
mon chemical features of selective antagonists from the
literature (including 1, 2 and 3).


Therefore, a methylester group was introduced as a
hydrogen bond acceptor from our best compound 16a.
Compound 20 was prepared from 17 by conversion to
its methylester 19 via the isatoic anhydride 18
(Scheme 2).33,34 The remaining steps are outlined in
Scheme 1.


Compound 20 showed high affinity for 5-HT7 receptors,
indicating that the presence of one hydrogen bond
acceptor favours an interaction with the 5-HT7


receptors.

Selected compounds were additionally evaluated for
their ability to bind the 5-HT1A and 5-HT6 receptors;
results are summarized in Table 5.







Table 5. Binding affinities of compounds 16a, 16d and 20 to rat


5-HT1A and human 5-HT6 receptors
a


Compound 5-HT1A Ki (nM) 5-HT6 % inhibition


10�6 M 10�8 M


16a 9.9 9 7


16d 33.7 12 10


20 18.5 20 9


a Binding experiments on 5-HT1A receptors were realized according to


Hall et al.35 procedure. Binding experiments on 5-HT6 receptors were


realized according to Monsma et al.36 procedure.
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Compounds 16a, 16d and 20 were found to be very
selective towards 5-HT7 receptors versus the 5-HT6


receptors but exhibited a relatively good affinity for
5-HT1A receptors. Compounds 16a, and especially 16d,
showed, however, a moderate selectivity towards the
5-HT7 receptors versus 5-HT1A (affinity ratios of
2.1–6.2), whereas 20 was found to be nonselective.


Selected high affinity compounds were then evaluated for
their pharmacological profile by using a specific test of
aldosterone secretion from perifused rat adrenal cortex
stimulated by serotonin through 5-HT7 receptors.37,38


Compounds 16d and 20 behaved as 5-HT7 antagonists
with calculated pKb values of 7.43 and 7.66, respectively.
In contrast, compound 16a was found to be a partial
agonist (15% of the maximal effect of serotonin), with
an EC50 of about 10


�8 M with no antagonistic profile.


This difference in pharmacological profiles underlines
the importance of the presence of a hydrogen bond
acceptor not really to improve the affinity but essentially
to modify the pharmacological profile.


The virtual screening of a chemolibrary allowed us to
find new hits of 5-HT7 receptor ligands. The design of
the selected compounds has rapidly led to new ligands
with nanomolar affinity on human 5-HT7 receptors.
Our results confirm that the introduction of a hydrogen
bond acceptor leads to potent compounds with an
antagonist profile as predicted by a molecular modeling
study. The chemical modulations of these structures will
be pursued to establish structure–activity relationships,
to design more potent and more selective compounds
and to improve the agonist character of our compounds.
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Abstract—We describe two convenient syntheses of rhizobactin-1021 (Rz), a citrate-based siderophore amphiphile produced by the
nitrogen-fixing root symbiont Rhizobium meliloti-1021, and several analogs. Our approach features a singly amidated, tert-butyl-
protected citrate intermediate that easily affords a variety of Rz analogs in the late stages of the synthesis. Structural modeling
and the monolayer behavior of Rz and its metal complexes are consistent with a structural reorganization upon Rz-mediated iron
chelation.
� 2005 Elsevier Ltd. All rights reserved.

Figure 1. Structures of rhizobactin-1021 (Rz) and its analogs.

The principal strategy for bacterial response to iron
restriction is to secrete siderophores, a family of small
organic compounds with a highly selective iron-chelat-
ing ability.1 These microbial iron chelators have attract-
ed attention not only due to their essential functions for
bacterial growth2 but also because of a variety of phar-
macological applications.3 Drug-conjugated sidero-
phores have been described as potential Trojan Horse
vehicles for antibiotic delivery;4 siderophore-based iron
scavengers have shown promising therapeutic activities
for breast cancer,5 reperfusion injury,6 and malaria,7


and siderophore-like chelators can be used for the treat-
ment of iron-overload diseases.8,9 Consequently, studies
in these fields still largely depend on the availability of
structurally diverse natural and artificial siderophores.


Rhizobactin-1021 (Rz) is a citrate-based siderophore
amphiphile produced by the nitrogen-fixing root symbi-
ont Rhizobium meliloti-1021.10 A unique aspect of the Rz
structure lies in its two non-equivalent hydroxamate
subunits, with one long hydrocarbon chain (Fig. 1).
We recently showed that the overall structures of sider-
ophore amphiphiles play important roles in their mem-
brane-interaction properties.11–13 The a,b-unsaturated
hydroxamate moiety in Rz is also found in acinetofer-
rin,14 mycobactins,2 and nannochelin A.15 Accordingly,
the structural features, biological properties, and
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possible therapeutic applications of Rz stimulated us
to develop a convenient access to this compound and
its analogs.


In this paper, we describe two synthetic approaches to
Rz. The overall unsymmetrical structure of Rz makes
its synthesis more challenging than those of its symmet-
ric counterparts.11,15–22 The core strategy was to design
an unsymmetrical precursor suitable for the preparation
of various Rz analogs by a universal procedure. The
molecular conformations and monolayer behavior of
Rz and its metal complexes were also investigated.


Scheme 1 shows our two synthetic approaches to race-
mic Rz and its analogs. The key step for the first
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Scheme 1. Synthesis of the citrate-based amphiphilic siderophore rhizobactin-1021 (Rz) and its analogs. Reagents and conditions:25 (i) a. DCC,


HOSu/dioxane; b. 10 + TEA/CH3CN; (ii) a. R1COCl/DCM, �78 �C (R1 5 R2); b. R2COCl/DCM, reflux; (iii) DCC/DCM; (iv) 12/DCM, 25 �C;
(v) a. DCC, HOSu/DCM, 25 �C; b. 10 + TEA/DCM; (vi) R2COCl/DCM (R1@CH3), reflux; (vii) 5 N NaOH/CH3OH, 0 �C; (viii) TFA/H2O, 19:1;


(ix) HCl gas; (x) Acetyl chloride/DCM, reflux.


3772 E. A. Fadeev et al. / Bioorg. Med. Chem. Lett. 15 (2005) 3771–3774

approach (1 ! 4 ! 6) is to differentiate the two carbox-
ylic acid groups of the citrate moiety. This goal was
accomplished via preparing the singly amidated citrate
derivative (4) by coupling 1-N-(acetyl-benzoyloxy)-1,3-
diaminopropane hydrochloride (12) with the tert-butyl-
protected cyclic citric anhydride (3). This anhydride
intermediate is readily obtained from the tert-butyl-pro-
tected citric acid (1)20 via DCC-facilitated intramolecu-
lar dehydration in 90% yield. The amine hydrochloride
(12) was synthesized via acetylation of N-(benzoyloxy)-
3-(tert-butoxycarbonylamino)propyl-amine22,23 and
subsequent deprotection of the tert-butoxycarbonyl
group with dry HCl (9 ! 12, yield 96% and 82% for
the two steps, respectively). This early installation of
the acetyl hydroxamate moiety allows ready modifica-
tions for a variety of analogs (8c–f) simply by attaching
different trans-2-alkenoyl chains (6 ! 7). The hydro-
chloride salt was chosen for compound 12, since the
more typical procedure of using TFA afforded an oil
and facilitated the undesirable acyl transfer reaction
(12 ! 13).24 This rearrangement was further compensat-
ed by the use of 30% excess 12 in the subsequent cou-
pling reaction (3! 4). Here, the yield of 4 was
quantitative with respect to 3. Compound 4 was not eas-
ily separated from the acyl transfer byproduct 13
through column chromatography; however, compound
4 could be purified via repetitive washing using aqueous
HCl (pH 2). This compound was then converted into the
activated N-(hydroxyl)succinimidyl ester that underwent
facile coupling with 1-N-benzoyloxy-1,3-diaminopro-
pane dihydrochloride (10) to give compound 5.11 For

the steps 3 ! 5, we found it unnecessary to pursue the
rigorous purification of 4, since compound 13 did not re-
act under the subsequent conditions. Consequently, the
first column purification could be postponed until the
preparation of 5 with the overall yield of 51% (3 ! 5).
These tert-butyl-protected citrate intermediates com-
pletely avoid the undesirable imide formation via intra-
molecular condensation.18,22,24 The fully protected
precursors of Rz and its unsymmetrical analogs (6d–g)
were obtained by coupling with the corresponding
trans-2-alkenoyl chloride in 70%–80% yield. The depro-
tections of the benzoyl and tert-butyl groups (6d–
g ! 8d–g) were carried out with aqueous NaOH/MeOH
(80%–95%) and 95% TFA/water, respectively.11 Conse-
quently, compounds 8d–g were obtained with an overall
yield of 26%–35% with respect to 1. The 1H NMR spec-
trum of racemic compound 8e (Rz) obtained in this way
was identical to that of authentic rhizobactin-1021.10


We also synthesized racemic Rz via another more
straightforward approach (1 ! 2! 6e in Scheme 1).
Intermediate 2 was prepared as we have described by
coupling tert-butyl-protected citric acid (1) with 1-N-
benzoyloxy-1,3-diaminopropane dihydrochloride
(10).11 This symmetrical citrate diamide (2) was then
reacted with one equivalent of trans-2-decenoyl chloride
and then acetyl chloride. The resulting mixture consisted
of a nearly statistical ratio of compound 6e as the major
component with the two expected symmetrical products.
This target compound 6e was readily purified by
thin-layer chromatography. We found that the addition







Figure 3. Measurements of mean molecular areas (Mma) using


Langmuir–Blodgett techniques. The variations of the surface pressure


were recorded by pressing the monolayers after a 30-min incubation of


Rz onto the air/subphase interface (HEPES buffered solution, at pH


7.4 and 20 �C, in the presence and absence of 5 mM FAC for Rz and


Fe-Rz, respectively). The headgroup sizes of Rz and Fe-Rz were


obtained by extrapolating the linear region to zero surface pressure


with Mma 28 Å2 for Rz and 46 Å2 for Fe-Rz, respectively.
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of the less reactive trans-2-decenoyl chloride before the
acetyl chloride maximized the yield of 6e. We also no-
ticed that running the first acylation reaction at
�78 �C for 2 h gave the highest yield of the mono-
acyl-coupled intermediate. The second N-benzoyloxy-
amino moiety in 2 was then rapidly reacted with excess
acetyl chloride in refluxing DCM to prevent further acyl-
ation by trans-2-decenoyl chloride. This one-pot reaction
eventually gave an overall yield of 48% of 6e. Rz (8e) was
obtained through the same deprotection protocols as
described above. Here, we also prepared 8a–c, three sym-
metric analogs ofRz, by reacting 2with the corresponding
acyl chlorides (80% yield for 2 ! 6a–c and 80%–95% for
6a–c ! 8a–c, 31%–36% overall from 2).


The likely molecular conformations of Rz and its metal
complex (Fig. 2) were derived from the NMR structures
that we have reported for acinetoferrin (Af) and schiz-
okinen.11,12 All diastereomers of Fe-Rz adopt similar
3-D orientations except chirality. Similar to the symmet-
rical citrate siderophores,11,12 the Rz iron complex has
most of its polar residues buried inside and its hydrocar-
bon skeleton exposed to the outside. The negative char-
ge of Rz metal complex is delocalized over the metal
center and its six coordinating oxygens. This conforma-
tional change of Fe-Rz would be expected to facilitate its
membrane flip-flop.12 The N-cis-cis conformation of Rz
metal complex makes its terminal methyl and trans-2-
decenoyl chain adopt an anti-parallel orientation with
the angle of 130�.11 However, the overall structure of
the Rz metal complex is much less extended than that
of its Af analog, because of the short methyl group in
the former vs the long octenoyl chain in the latter.


The headgroup sizes of Rz and its iron complex were
measured via Langmuir–Blodgett techniques to further
understand the conformational changes upon Rz-medi-
ated iron chelation. As shown in Figure 3, Rz and Fe-
Rz form well-behaved Langmuir monolayers. Head-
group sizes of 28 and 46 Å2 were obtained for Rz and
Fe-Rz, respectively, by extrapolating the solid-monolay-
er region to zero surface pressure. The 18 Å2 increase of
Rz headgroup size indicates that iron chelation causes a
structural reorganization in Rz. The smaller headgroup
size of Fe-Rz (46 Å2) in contrast to the mean molecular
area of Fe-Af (114 Å2) is consistent with the N-cis-cis

Figure 2. Likely 3-D structures of Rz and its metal complex (a


representative 3-D structure). These structures were derived by


analogy to acinetoferrin and its gallium complex.11 There is a


structural reorganization in the headgroup region of Rz upon iron


chelation.

coordination of Fe-Rz and Fe-Af.11 In this coordination
geometry the extended side chain orientation for Fe-Af
would account for the 68 Å2 increase relative to Fe-Rz
due to the incommensurate arrangement of the second
hydrocarbon chain with respect to the parallel packing
of the phospholipid side chains.11,12 The headgroup size
of Fe-Rz (46 Å2) reported here is in good agreement
with the structural models of Rz metal complexes de-
scribed above. As we have suggested, changes in head-
group size and molecular conformation upon binding
iron are likely important determinants of membrane
binding and permeability.12


This work reports the first synthesis of Rz (8e) and its
unsymmetrical analogs (8d and 8f–g). Each of the two
approaches has its respective merits. The first one
(1 ! 4 ! 6) provides ready access to a variety of Rz-
based homologs via the common intermediate 5 with-
out major change of the procedure. Furthermore, this
strategy may be adopted for large-scale or combinato-
rial solid-phase synthesis and to prepare fluorophore-
conjugated analogs by substituting the hydrocarbon
moieties with hydrophobic fluorescent probes. Such
derivatives are useful for siderophore-mediated intra-
cellular trafficking studies. The second approach
(1 ! 2 ! 6) provides a straightforward route to obtain
a few hundred milligrams of compound in a short peri-
od of time. In addition, both approaches keep the
iron-chelating moieties protected until the final stage
and therefore minimize the iron contamination. Iron
chelation by Rz causes an expansion of the size of
the headgroup by 18 Å2, consistent with the structural
models of Rz and its metal complex. The molecular
structures and monolayer properties of Rz and its met-
al complex further argue that this amphiphile can
interact with biological membranes. Studies of iron
acquisition and membrane behavior of Rz and its ana-
logs are ongoing.
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37.81, 45.21, 46.89, 75.23, 172.27, 176.46, 177.01. HRE-
SIMS Calcd for C28H52N4O9 + Na+ 611.3632, found
611.3626. Compound 8e, 1H NMR (400 MHz, CD3OD):
d 0.83 (t, 3H, C9–CH3), 1.34 (m, 8H, 4 · –CH2–), 1.42 (m,
2H, C@C–C–CH2), 1.76 (m, 4H, 2 · C–CH2–C), 2.02 (s,
3H, COCH3), 2.16 (m, 2H, C@C–CH2), 2.60 (ab-quartet,
4H, 2 · COCH2), 3.12 (m, 4H, 2 · CON–CH2), 3.60 (m,
4H, 2 · CON(O)–CH2), 6.52 (d, 1H, COCH@), 6.76 (m,
1H, @CH–). HRESIMS Calcd for C24H42N4O9 + H+


531.3030, found 531.3021.



http://dx.doi.org/10.1016/j.bmcl.2005.05.114
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Abstract—New derivatives of the glycopeptide antibiotic A40926 were synthesized and evaluated for antimicrobial activity against
VRE. Deacylated A40926 was obtained by microbial transformation of the parent antibiotic with the use of Actinoplanes teichomy-
ceticus ATCC 31121. Regioselective synthesis of alkylated derivatives of Deacyl A40926 was carried out using lipophilic aliphatic
and aromatic halides or aldehydes. Further modification of the two carboxylic acids was performed to increase antibiotic activity.
Poor antimicrobial activity was observed for the derivatives obtained by lipophilic mono- or dialkylation of the amino groups pres-
ent on the molecule, while simultaneous condensation of both carboxylic groups, in hydrophobic derivatives, with dibasic amines led
to a strong increase in antibiotic activity.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


Recent chemical modification of glycopeptide antibiot-
ics has been directed toward the synthesis of derivatives
active against vancomycin-resistant enterococci (VRE),
while retaining activity against susceptible Gram-posi-
tive bacteria including methicillin-resistant and coagu-
lase-negative staphylococci. This effort resulted in the
discovery of compounds with enhanced activity against
VRE produced by reductive alkylation of vancomycin,1


eremomycin,2 and teicoplanin.3 Among these new com-
pounds, oritavancin4 (Ly333328), derived from chloro
eremomycin, is currently under clinical development.


Recent studies have shown that hydrophobic substitu-
ents play a major role in the antibacterial activity against
VRE. Specific hydrophobic derivatives of eremomycin
and vancomycin demonstrate that antibacterial activity
against resistant strains is not based on binding to
DD-Ala-DD-Lac. This activity appears due to inhibition of
the transglycosylation step of bacterial peptidoglycan
biosynthesis.5

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


doi:10.1016/j.bmcl.2005.05.076
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qPart of this work was presented as a poster at 42� ICAAC 2002, San
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The aim of this work was to take advantage of a previ-
ous description and to investigate if new mono- and
dialkylated derivatives of Deacyl A40926 (DA40, see
Fig. 1) could have an improved antibiotic activity
against Van-A enterococci. Encouraging preliminary
results were obtained in a previous study carried out
on this molecule in which a slightly improved antimicro-
bial activity against Van-A enterococci was observed for
an alkyl derivative of the DA40 glycopeptide.6

Figure 1. Structures of A40926, N-Boc-N 0-deacylA40926, and Deacyl


A40926.
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hart 2. Reagents and conditions: (i) Me2(CH2)3NH2, PyBOP, in


MSO, pH 7.5–8, with TEA, rt 2 h.
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This program started with from N-Boc-N 0-DA407 (1)
obtained from a recently described microbial deacyla-
tion of the Boc-protected natural scaffold.8


At the beginning of the project, selective N 0-alkylation
of DA40 was easily obtained by treatment of 1 with
the desired aliphatic or aromatic aldehyde in the pres-
ence of NaCNBH3 as a reducing agent, in THF/H2O
1:1 as a solvent (see Chart 1).


To obtain N-alkylated isomers, we also studied the
reductive alkylation on the deprotected DA40 (2) ob-
tained from 1 by Boc removal with TFA at rt. We sub-
jected 2 to the same reductive alkylation conditions
described above. The sugar amine was again selectively
alkylated, showing it to be the most reactive in this type
of reaction. When a large excess (10–20 eqiuv) of alde-
hyde was used, second alkylation was observed on
the same sugar amine, obtaining N 0,N 0-dialkylated
derivatives, while the variation of the conditions (e.g.,
solvents, temperature or other reducing agents: NaBH4


or Na(AcO)3BH) did not lead to any desired alkylation
of the peptidic N-terminal amino group.


The peptidic amine was selectively alkylated by reaction
with 1–2 equivalents of primary alkyl bromides in DMF
or DMSO. Alkylation on the sugar amine was observed
only in the presence of a large excess of alkyl bromide.
Depending on the nature of the alkyl bromide, carbox-
ylic acids did not react when the reaction was carried
out with pH in the range 6–8.


Even if the N,N 0-dialkylated derivative could be
obtained by further reductive alkylation of the N-mono-

hart 1. Reagents and conditions: (i) 1. RCHO, NaCNBH3, THF/


2O (1:1), rt 8 h; 2. TFA/CH2Cl2 (1:1), rt 15 min; (ii) TFA/CH2Cl2
:1), rt 15 min; (iii) RCHO, NaCNBH3, THF/H2O (1:1), rt 8 h; (iv)


CH2Br, DMF or DMSO, pH 6–8, with TEA, rt 16 h; (v) 1. RCHO,


e3SiNHCOMe, TEA in DMF 50 �C 15 min; 2. Na(OAc)3BH, rt 2 h.

C


H


(1


R


M


C


D


alkylated derivative, we preferred to use a different
approach to produce dialkylated derivatives. Preliminary
activation of the N-terminal peptide amino group of
DA40 (2) was achieved by nitrogen silylation with the
use of trimethylsilyl-acetamide.9 Following this proce-
dure, 2 was reacted for 15 min at 50 �C with the desired
aldehyde (5 mmol), of Me3SiNHCOMe (10 mmol), and
TEA (2 mmol) in DMF and then Na(OAc)3BH was
added and the reaction was stirred for 2 h at rt.


Mono- and dialkylated derivatives described above were
transformed into the corresponding basic amides by
condensation with Me2N(CH2)3NH2 in the presence of
PyBOP as a condensing agent in DMF or DMSO at
pH 7.5–8 (see Chart 2). All the compounds were tested
for the antimicrobial activity against an appropriate
panel of microorganisms. Tests were performed in
microtiter plates following the NCCLS procedure.10

2. Results


A40 and DA40 (2) have no activity against VRE but
have a range of 0.25–16 mg/L of activity against the
other tested microorganisms (Table 1).


N- and N 0-monoalkylated compounds (Table 1, 3–13)
maintained good or moderate activity against staphylo-
cocci, streptococci,11 and Van-S enterococci (VSE),
while only a few compounds showed marginal activity
(Table 1, 3–6) against VRE. All these activities were
negatively affected by the presence of serum.


Further derivatization of the two carboxylic moieties,
present on the DA40 alkyl derivatives, by amidation
with alkyl or aryl amines resulted in derivatives having
an antibacterial profile very much similar to that of
the acidic derivatives of Table 1, while the correspond-
ing basic diamides, produced by condensation with
diamine Me2N(CH2)3NH2, proved to have interesting
activity against VRE and showed only a moderate inac-
tivation in the presence of serum (Table 1, 15–20). In
this class of basic amides, compounds 18 and 19 gave







Table 1. Monoalkylated derivatives


ID MIC or MIC range (mg/L)


S. aureus S. epidermidis S. haemolyticus E. faecalis E. faecium


R1 R2 R3 Met-S (1) Met-R (2) Met-S (1) Met-R (1) (1) Van-S (3) Van-A (4) Van-S (1) Van-A (4)


A40 Natural fatty acid H OH 0.25 [4] 0.5 4 nt 16 0.125 (1) >64 [nt] 0.5 >64


2 H H OH 16 [nt] 16 nt nt nt 8–4 (2) >128 [nt] 8 >128


3 4-n-Decyl-Ph-CH2– H OH 4 [16] 2 32 nt 32 60.125–0.25 (2) 4–1 (2) [>128] 0.5 2–64 (2)


4 4-OctyloxyPh-CH2– H OH 2 [4] 1 16 nt 16 60.125–0.25 (2) 8–64 (2) [>128] 0.5 32–>128 (2)


5 4-HexylOPh-CH2– H OH 0.5 [16] 0.25 8 nt nt 60.125 (2) 16–64 (2) [>128] 0.25 64–>128 (2)


6 4-n-BuPhCH2– H OH 0.25 [8] 0.25 0.25 4 16 60.125 64–128 [>128] 2 64–>128


7 4-n-BuOPhCH2– H OH 1 [8] 1 1 16 32 0.5–1 128–>128 1 64–>128


8 Naphthyl-2-CH2– H OH 2 [8] 1 2 16 32 0.5–1 128–>128 2 128–>128


9 n-HexylCH(n-Bu)-CH2– H OH 4 [32] 2 2 32 32 60.125–0.25 >128 1 128–>128


10 H 4-n-BuOPhCH2– OH 4 [16] 2 32 128 >128 1–2 128–>128 2 64–>128


11 H 4-Ph-PhCH2– OH 1 [32] 1 2 16 32 0.25–0.5 128–>128 0.5 4–>128


12 H Naphthyl-2-CH2 OH 2 [16] 2 16 32 128 0.5–1 >128 1 64–>128


13 H 4-n-BuPhCH2– OH 1 [8] 1 1 8 32 0.25–0.5 128–>128 0.5 4–>128


14 H H NH(CH2)3NMe2 1 [1] 2 1 nt 0.5 1 (2) 128–>128 (2) 1 >128


15 4-n-Decyl-Ph-CH2– H NH(CH2)3NMe2 2 [8] 2 1 nt 2 0.25 4 (2) [>32] 0.25 4–8 (2)


16 4-OctyloxyPh-CH2– H NH(CH2)3NMe2 0.5 [0.5] 0.25 0.125 nt 4 0.25 0.5 [2]–8 (2) 0.13 8 (2)


17 4-HexylOPh-CH2– H NH(CH2)3NMe2 60.125 [60.125] 60.125 60.125 nt 16 60.125 (2) 60.125 [0.25]–16 (2) 60.125 8–16 (2)


18 CH2CH(Bu)C6H13 H NH(CH2)3NMe2 0.5 [1] 1 60.125 nt 0.25 60.125 (2) 0.25–8 (2) [nt] 60.125 16 (1)


19 3-EtO-4n-C6H13O-Ph-CH2– H NH(CH2)3NMe2 60.125 [0.25] 60.125 60.125 nt 2 60.125 (2) 60.125 [0.25]–16 (2) 60.125 16 (2)


20 4-BuCH(Et)Oph-CH2– H NH(CH2)3NMe2 60.125 [0.25] 60.125 60.125 nt 4 60.125 (2) 60.125–16 (2) 60.125 16 (2)


( ), Number of tested microorganisms; [ ], MIC values for one strain in the presence of 30% bovine serum; nt, not tested.
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Table 2. Dialkylated derivatives


ID MIC or MIC range (mg/ )


S. aureus S. epidermidis S. haemolyticus E. faecalis E. faecium


R1 R2 R3 Met-S (1) Met-R (2) Met-S (1) Met-R (1) (1) Van-S (3) Van-A (4) Van-S (1) Van-A (4)


21 p-Ph-PhCH2– p-Ph-PhCH2– OH 0.5 [64] 0.5 0.5 4 64 0.25– 5 1–16 [>128] 0.5 4–>128


22 2-Naphthyl-CH2– 2-Naphthyl-CH2– OH 2 [64] 1 2 16 16 60.12 4–128 [>128] 2 2–>128


23 p-nBu-Ph-CH2– p-nBu-Ph-CH2– OH 2 [128] 2 4 8 8 0.25– 2–4 [>128] 1 0.5–>128


24 p-nBuO-Ph-CH2– p-nBuO-Ph-CH2– OH 2 [32] 1 2 8 32 60.12 –0.5 1–8 [>128] 2 2–>128


25 p-PhOCO-Ph-CH2– p-PhOCO-Ph-CH2– OH 2 [64] 2 4 16 64 0.25– 4 [>128] 1 2–>128


26 3-Indolyl-CH2– 3-Indolyl-CH2– OH 4 [32] 2 64 128 >128 0.5–1 32–>128 [>128] 2 32–>128


27 N-nBu-3-Indolyl-CH2– N-nBu-3-Indolyl-CH2– OH 4 [4] 2 4 32 64 0.25 16–>128 [>128] 60.125 1–>128


28 N-Bn-3-Indolyl-CH2– N-Bn-3-Indolyl-CH2– OH 60.125 [4] 60.125 60.125 2 8 60.12 2–>128 [>128] 60.125 0.5–>128


29 p-Ph-PhCH2– p-Ph-PhCH2– NH(CH2)3NMe2 1 [16] 1 0.25 1 2 0.25 1–16 [4] 0.5 2–32


30 2-Naphthyl-CH2– 2-Naphthyl-CH2– NH(CH2)3NMe2 1 [16] 2 60.125 2 1 60.12 –0.25 0.5–64 [2] 0.25 0.25–32


31 p-nBu-Ph-CH2– p-nBu-Ph-CH2– NH(CH2)3NMe2 1 [8] 2 0.25 2 2 60.12 –0.25 0.25–8 [8] 0.5 0.5–16


32 p-nBuO-Ph-CH2– p-nBuO-Ph-CH2– NH(CH2)3NMe2 0.25 [2] 1 60.125 0.5 1 60.12 0.25–8 [1 0.125 0.125–16


33 p-PhOCO-Ph-CH2– p-PhOCO-Ph-CH2– NH(CH2)3NMe2 1 [16] 1 0.25 2 2 60.12 –0.25 1–8 [4] 0.5 0.5–16


34 3-Indolyl-CH2– 3-Indolyl-CH2– NH(CH2)3NMe2 2 [4] 1 1 2 2 60.12 0.5–8 [8] 0.25 0.25–32


35 N-nBu-3-Indolyl-CH2– N-nBu-3-Indolyl-CH2– NH(CH2)3NMe2 0.5 [1] 2 0.25 2 0.25 60.12 –0.5 2–128 [2] 0.125 0.125–128


36 N-Bn-3-Indolyl-CH2– N-Bn-3-Indolyl-CH2– NH(CH2)3NMe2 0.25 [1] 0.25 0.125 0.5 0.25 60.12 –0.25 4–32 [16] 0.125 0.125–32


( ), Number of tested microorganisms; [ ], MIC values for one strain in the presence of 30% bovine serum; nt, not tested.
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the best results. The relevant role of hydrophobic chain
the activity against resistant strains was confirmed by a
lack of activity, against VRE, of the simple basic
diamide of DA40 (Table 1, 14).


N,N 0-disubstituted derivatives of DA40 demonstrated
high activity against susceptible enterococci and only
modest activity against VRE (Table 2, 21–28) but, as
observed in the case of monoalkylated compounds,
activity disappeared in the presence of serum. Again,
the corresponding basic diamides increased the activity
against VRE and revealed only moderate inactivation
in the presence of serum (Table 2, 29–36). In this class,
the best compound appears to be 32.

3. Conclusion


A40 and DA40 (2) are completely inactive against VRE.
Mono- and dialkylation of the two amines slightly
improved the antimicrobial activity. Basic diamides of
N-mono- and N,N 0-dialkylated derivatives did show
emergence of any interesting activity against VRE.
Among these diamides only the monoalkylated had good
activity against the sensitive strain. In the presence of ser-
um only, the diamides demonstrated activity against
VRE. Compounds 18, 19, and 32 showed antimicrobial
activity of particular interest and deserve further study.
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Abstract—SAR studies of 1,3,5-triazine-2,4,6-triones as human gonadotropin-releasing hormone receptor antagonists resulted in
potent compounds. The best compound from the series had a binding affinity of 2 nM.
� 2005 Elsevier Ltd. All rights reserved.

Gonadotropin-releasing hormone (GnRH) is a decapep-
tide (pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2)
produced in and secreted by the hypothalamus in a
pulsatile manner, which interacts with specific GnRH
receptors within the anterior pituitary, releasing both
follicle-stimulating hormone (FSH) and luteinizing hor-
mone (LH) from this gland.1,2 FSH and LH, in turn,
stimulate the ovaries and testes to produce gonadal ste-
roids that act on the reproductive organs. Several repro-
ductive disease conditions such as endometriosis, uterine
fibroids and prostate cancer are caused by overstimula-
tion of the reproductive organs by the gonadal steroids,
and thus can be treated by suppression of the pituitary–
gonadal axis. This can be clinically achieved via activa-
tion or inhibition of the GnRH receptor and a number
of peptide agonists and antagonists are currently
approved for treating these disorders as represented by
leuprorelin� and CetrotideTM,1 respectively.3,4


However, treatment with peptide agonists or antagonists
requires parenteral administration due to their poor oral
bioavailability. By contrast, small molecule GnRH
antagonists offer the potential of oral administration
and therefore could gain wider acceptance from patients
given the enhanced flexibility that oral dosaging offers.

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


doi:10.1016/j.bmcl.2005.05.038


* Corresponding authors. Tel.: + 1 858 617 7657; fax: + 1 858 617


7619; e-mail: zguo@neurocrine.com


URL: http://www.neurocrine.com

Thus, intensive efforts have been initiated in the develop-
ment of small molecule GnRH antagonists by many
laboratories.5–8 We have previously reported a class of
uracils as potent human gonadotropin-releasing hor-
mone (hGnRH) receptor antagonists exemplified by
(R)-1-(2,6-difluorobenzyl)-5-(3-methoxyphenyl)-3-{2-[N-
methyl-N-(2-pyridyl)methyl]aminopropyl}-6-methylura-
cil 19,10 (Fig. 1). In a recent letter,11 we reported the
development of a novel and convenient synthesis of
1,3,5-triazine-2,4,6-triones, and initial SAR studies
around this monocyclic nucleus as GnRH antagonists.
Here, we report the SAR in other regions of the core,
at the left-hand side represented by N-3 substitution
(see structure 2, Fig. 1) and the �southern� part of the
1,3,5-triazine-2,4,6-trione core (N-1).


The 1,3,5-triazine-2,4,6-trione core structure was synthe-
sized using a one-pot condensation procedure as

Figure 1. Structures of small molecule GnRH antagonists.
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described in our previous paper.11 In our effort to opti-
mize this series of compounds, we first utilized readily
available a- and b-amino alcohols to attach substituents
at the 3-position via the Mitsunobu reaction, while
keeping constant the 3-methoxyphenyl or 2-fluoro-3-
methoxyphenyl group at the 5-position and the 2,6-
difluorobenzyl group at the 1-position. Compounds 9
and 10 were synthesized according to the procedure de-
picted in Scheme 1. Thus, 3-methoxyphenyl isocyanate
(3a) was treated with 1 equiv of 2,6-difluorobenzylamine
in dichloromethane to form a urea intermediate, to

Scheme 1. Reagents and conditions: (a) (1) 2,6-difluorobenzylamine, dich


ammonium acetate, EtOH, reflux, 16 h; (c) LAH/THF, then Boc2O/DCM; (


1 h.


Scheme 2. Reagents and conditions: (a) MsCl, NEt3, dichloromethane, 2 h;


3-methoxyphenyl isocyanate, dichloromethane, 2 h; (2) ClCONCO, DCM, r


halide, K2CO3, DMF, 12 h; (g) TFA, dichloromethane, 1 h.

which 1.5 equiv of chlorocarbonyl isocyanate was subse-
quently added to generate the disubstituted triazinetri-
one compound 4a in 87% yield. Compound 4b was
prepared in a similar manner from 2-fluoro-3-methoxy-
phenyl isocyanate prepared from 2-fluoro-3-methoxy-
benzoic acid via a Curtis reaction.12 Boc-protected
a-amino alcohols that are unavailable from commercial
sources were prepared from the corresponding a-amino
acids by a lithium aluminum hydride (LAH) reduction,
followed by Boc protection in a one-pot procedure.
b-Amino acids 6 were readily prepared from aldehydes

loromethane, 2 h; (2) ClCONCO, DCM, rt, 12 h; (b) malonic acid,


d) PPh3, di-t-butyl-azodicarboxylate, THF, 5 h; (e) TFA/CH2Cl2 (1:1),


(b) NaN3, DMF, 80 �C, 8 h; (c) LiAlH4, THF, 10 h; (d) (1) 2-fluoro-


oom temperature, 12 h; (e) R2OH, PPh3, DEAD, THF, 5 h; (f) alkyl







Table 1. Binding affinities of compounds 2, 9, and 10 on the hGnRH


receptor15


Compound X H2N–Z–CH(R1)–Y–CH2– Chirality Ki (nM)


2 H R 37


9a H RS 120


9b F R 9


9c F RS 20


9d F RS 620


10a H RS 70


10b H RS 800


10c H RS 66


10d H RS 83


10e H RS 75


10f H RS 180


10g H RS 27


10h H RS 580


Table 1 (continued)


Compound X H2N–Z–CH(R1)–Y–CH2– Chirality Ki (nM)


10i H RS 28


10j F S 24


10k F R 1500
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5, via reaction with malonic acid and ammonium acetate
in refluxing ethanol in 40–80% yields.13 These intermedi-
ates were converted to the b-amino alcohols 7 by LAH
reduction, followed by Boc-protection in THF. These
alcohols were then coupled with 1,3,5-triazine-2,4,6-tri-
ones (4) using Mitsunobu conditions, followed by
deprotection of the Boc-group with TFA in dichloro-
methane (1:1, v/v) to afford the primary amines 9 and
10, respectively, in overall 70–90% isolated yields.


We were also particularly interested in varying the sub-
stituent at the 1-position of the 1,3,5-triazine-2,4,6-tri-
ones. An alternative synthetic approach (Scheme 2)
was developed to explore the SAR at this position while
keeping the (R)-2-amino-2-phenylethyl group at the 3-
position and the 2-fluoro-3-methoxyphenyl group at
the 5-position constant. Thus, (R)-N-Boc-phenylglycinol
8a was treated with methanesulfonyl chloride in dichlo-
romethane, followed by replacement with sodium azide
in DMF at 80 �C to yield the azido compound 12 in 82%
yield. The azido intermediate was then reduced by
lithium aluminum hydride in THF to give the Boc-
protected diamino compound 13 in 96% yield. Subse-
quent urea formation with 2-fluoro-3-methoxyphenyl
isocyanate, followed by a cyclization with chlorocar-
bonyl isocyanate, gave the triazine-trione 14 in 65%
yield. Alkylation of 14 with alkyl halides in the presence
of potassium carbonate in DMF, followed by Boc-
deprotection, gave the corresponding tri-substituted tri-
azine-triones 15, which were isolated in 30–90% yields.
Alkyl alcohols could also be coupled to this position
under standard Mitusnobu conditions. Over 80 triazine-
triones were prepared using the chemistry described
and a wide variety of substitutions were explored. A
selection of these compounds is listed in Table 2.


All synthesized compounds were evaluated for their abil-
ity to inhibit des-Gly10[125I-Tyr,5 DLeu,6 NMeLeu,7


Pro10-NEt]-GnRH radioligand binding to the cloned
hGnRH receptor stably expressed in HEK293 cells using
a 96-well filtration assay format as previously reported.14


The binding affinities of 9 and 10 for the hGnRH recep-
tor are summarized in Table 1. A 2-fluoro substituent at
the 3-methoxy phenyl group increased binding affinity 4-
fold, and 9b was the most potent compound in this sub-
series (Ki = 9 nM). We speculate that the 2-fluoro group,







Table 2. Binding affinities of N-1-alkyl compounds 15 on the hGnRH


receptor15


Compound R2 Ki (nM)


9b 9


15a >10,000


15b 120


15c 29


15d 20


15e 11


15f 13


15g 18


15h 5


15i 3


15j 2


15k 630


15l 36


15m 73


15n 66
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being slightly larger than a proton, could impede the
free rotation of the 5-phenyl group and thus force the
phenyl ring into a perpendicular conformation with re-
spect to the triazine-trione core, which in turn, may be
the preferred orientation for interaction with the GnRH
receptor. Replacing the phenyl ring of the 3-side chain in
9b with an isobutyl group resulted in significant loss of
affinity as in 9d (Ki = 620 nM). Analogs derived from
b-amino alcohols 10 demonstrated interesting SAR.
The 3-amino-3-phenylpropyl analog 10a (racemic mix-
ture) exhibited similar binding affinity as 2. SAR on
the phenyl ring of the 3-amino-3-phenyl-propyl group
showed that the substituents and position of substitu-
tion had only limited impact on the binding affinity.
As for the heteroaromatic derivatives, the slightly elec-
tron-rich thiophene compound has a Ki of 27 nM
(10g), while the 3-pyridyl analog exhibited poor binding
affinity (Ki = 580 nM). Interestingly, when the phenyl
ring was moved away from the amino group, the corre-
sponding compound 10i was slightly more potent than
10a. The fact that 2, 10a, and 10i had similar binding
affinities indicates that both the amino and phenyl
groups have certain degree of freedom for optimal bind-
ing interaction with the receptor.


Results from the next study clearly indicate that the
�southern� substituent of the triazine-trione core 15 par-
ticipates in a key binding interaction with the hGnRH
receptor. Alkyl substituents on the core 15 as illustrated
by 15a (Table 2) resulted in compounds with low affinity
for the receptor. For compounds containing a substi-
tuted phenyl ring, SAR studies indicate that an elec-
tron-deficient ring was preferred. Compound 15b with
an electron-donating 2-methoxy group was four times
less potent than the 2-methyl analog (15c, Ki = 29 nM).
Compound 15g with the 2-(trifluoromethoxy)benzyl
group was approximately 6-fold more potent than 15b.
Interestingly, the addition of a second substituent at po-
sition 6 of the 2-fluoro-benzyl ring further improved
binding affinity (15h–15j). Compound 15j proved to be
the most potent 1,3,5-triazine-2,4,6-trione from this
study (Ki = 2 nM). Introduction of a methyl group at
the benzylic position (15k, Ki = 630 nM) resulted in sig-
nificant loss of affinity, presumably due to increased ste-
ric hindrance which forces the 2,6-difluorobenzyl ring
out of the optimal binding configuration. Moreover,
bulky 2,6-disubstitutions on the benzyl ring were disfa-
vored, thus, 15l and 15m had decreased binding affinity
than 15d. This result again indicates that the relative po-
sition of the benzyl ring is very important for receptor
binding.


Functional activity of a few selected compounds for the
hGnRH receptor was determined by inhibition of
GnRH stimulated inositol phosphate accumulation in
RBL cells.16 The results shown in Table 3 indicate that
they are all potent functional antagonists. For example,
compound 15j exhibited a Ki value of 2 nM on hGnRH
receptor binding, and an IC50 value of 33 nM in the ino-
sitol phosphate accumulation assay. These compounds
also displayed species difference in their binding to the
GnRH receptors.9 They exhibited reduced binding affin-
ity on the monkey GnRH receptor and much lower







Table 3. Data from hGnRH receptor functional assay, binding affinities to the rats and monkey GnRH receptors, human liver microsomes (HLM)


stability and CaCo-2 permeability determination for selected compounds 1515


Compound Ki (nM) IC50 (nM) Cl (HLM) (mL/min/kg) Caco-2 permeability (Papp · 10�6, cm/s)


Human Monkey Rat


15f 13 86 13,000 190 249 25.6


15g 18 240 9,400 480 146 6.2


15j 2 24 2,300 33 158 13.9
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affinity on the rat GnRH receptor. For example, com-
pound 15j exhibited 10- and 1000-fold lower binding
affinity on the monkey and rat GnRH receptors, respec-
tively (Ki = 24 nM and 2.3 lM), when compared to the
hGnRH receptor (Ki = 2 nM).


Selected compounds from these novel triazine-triones
were also assayed for cell permeability in Caco-2 cells
and metabolic stability in human liver microsomes
(HLM). The apparent permeability (Papp) of 15f, 15g,
and 15j was determined across Caco-2 cell monolayers
in both the apical (AP) to basolateral (BL) and BL to
AP directions. These three compounds demonstrated
medium (15g, Papp a>b 6.2 · 10�6 cm/s) to very good
(15f, Papp a>b 25.6 · 10�6 cm/s) Papp values in this assay.
Incubation of 15g and 15j with HLM resulted in an
intrinsic clearance of 146 and 158 mL/min/kg, respec-
tively (Table 3). From this assay, these compounds
proved to be much more metabolically stable than 1.9


In conclusion, we have prepared a series of novel 1,3,5-
triazine-2,4,6-triones as potent antagonists of the
hGnRH receptor. SAR study at the left-hand side dem-
onstrated that branched primary amines, such as the
substituted 2-aminoethyl- or 3-aminopropyl groups
were a key feature for high binding affinity. SAR study
around the bottom of the 1,3,5-triazine-2,4,6-trione core
led to the discovery of analogs with better binding affin-
ity than the 2,6-difluorobenzyl compounds.
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the cells. The samples were transferred to 96-well What-
man GF/C Unifilter Microplates (Whatman) packed with
1:10 w/v AG-1X8 resin in dH2O (Bio-Rad Laboratories).
The plates were centrifuged at a speed of 1500 rpm for
3 min and the flow through was removed. The resins were
washed once with 200 lL dH2O and then once with
200 lL of 60 mM ammonium formate and 5 mM sodium
tetraborate. IP, IP2, and IP3 were eluted with 50 lL of 1 M

ammonium formate and 0.1 M formic acid into solid
scintillant coated, 96-well microplates (Perkin-Elmer) and
after drying the plates were counted in a TopCount NXT
(Perkin-Elmer). IC50 values for the inhibition of GnRH
stimulated inositol phosphate accumulation were calcu-
lated using the Prism software package (GraphPad Soft-
ware) with a �sigmoidal dose–response (variable slope)�
option for curve fitting.
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Abstract—Crystal structure of HIV-RT in complex with a DNA template:primer and a dTTP leads us to design and synthesize a
new class of nucleoside analog inhibitors containing a branched 3 0-group against HIV-RT. An in vitro primer extension assay indi-
cates that three out of five compounds are effective HIV-RT inhibitors.
� 2005 Elsevier Ltd. All rights reserved.

The human immunodeficiency virus (HIV) causes
acquired immunodeficiency syndrome (AIDS), which
is responsible for the death of millions of people
worldwide.1,2 Proliferation of HIV requires that its
RNA genome be converted into a double-stranded
DNA copy that is then integrated into the host gen-
ome. Reverse transcriptase (RT) is responsible for cat-
alyzing this conversion and therefore it is a primary
target for therapeutic agents, such as AZT.3,4 Howev-
er, if an RT inhibitor is administered alone, drug
resistance increases rapidly, compromising the effec-
tiveness of treatment.5,6 To circumvent this problem,
a combination therapy that usually includes three
inhibitors—two against RT and one against HIV pro-
tease—is employed, which substantially reduces the
death rate of AIDS patients.7 Despite this progress,
the battle against the AIDS epidemic is far from over,
as indicated by an ever-increasing population of peo-
ple infected by HIV and the continuing death caused
by the disease.8 Clearly, more and better drugs are
needed.


We have reported a crystal structure of RT in complex
with a DNA template:primer and a dTTP.9 Inspection
of the structure surrounding the active site of RT indi-
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cates that the 3 0-hydroxyl group of the resident dTTP,
which is modified in the nucleoside analog drugs, pro-
jects into a pocket (Fig. 1). Surprisingly, this �3 0-pocket�
is large, certainly having enough space for a larger
group, such as the azido group of AZT. This may

Figure 1. Surface representation of a structure surrounding the


polymerase active site of RT, with emphasis on the 3 0-pocket. The


protein part is shown in gray. dTTP is shown as a stick model and is


colored by individual atoms (oxygen, red; phosphate, yellow; nitrogen,


blue; carbon, white). Arrows indicate the top and bottom portions of


the 3 0-pocket.
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explain the effectiveness of AZT as an inhibitor of HIV-
RT but not human DNA polymerases, because human
DNA polymerases may not possess such a large 3 0-pock-
et. However, when we tried to model AZTTP, which is
an active form of AZT in vivo, into the position of
dTTP in the structure, we found that the azido group
could be placed either in the top portion or in the bot-
tom portion of the 3 0-pocket, which are oriented roughly
in the opposite direction (Fig. 1). We reasoned that a
nucleoside analog that contains a branched 3 0-group,
with a sp2 hybridized central atom to orient the two at-
tached groups in the opposite direction, might fit the 3 0-
pocket better, and therefore could be a more selective
RT inhibitor because it would accentuate further the
structural differences between the RT and human
DNA polymerases. This reasoning, together with the
consideration of limited size of the 3 0-pocket, led us to
design and synthesize compounds 2, 3, and 4 (Fig. 2).
In addition to these compounds, we included com-
pounds 5 and 6, which contain a 3 0-group that is one

Figure 2. Chemical synthesis of designed nucleoside analogs.


Reagents: (a) I2, KOH, CH3CN/H2O, CCl3COOH/H2O; (b) NBS,


AIBN, NH3, CCl3COOH/H2O; (c) MeMgBr, CeCl3, Dess–Martin


reagent, CCl3COOH/H2O; (d) NBS, AIBN, CH3NH2, CCl3COOH/


H2O; (e) CH3CH2MgBr, CeCl3, Dess–Martin reagent, CCl3COOH/


H2O.


Figure 3. An in vitro primer extension assay for the efficacy of compounds


template:primer used in the assay. (b) Denaturing polyacrylamide gel electro


indicated. * designates the radiolabeled oligonucleotides. P, primer; SFP, sy

methylene unit larger than that in 3 and 4, in our synthe-
sis for comparison. Our molecular modeling predicted
that the 3 0-pocket of HIV-RT should have enough room
to accommodate a small branched 3 0-group shown in 2,
3, or 4, but not the ones in 5 or 6 without any substantial
structural perturbation (data not shown).


To construct the desired nucleoside analogs with a
branched 3 0-group, the key intermediate aldehyde was
synthesized through a known protocol (1 in Fig. 2).10


All the new derivatives of 1 were synthesized according
to a general strategy illustrated in Figure 2. Oxidation of
aldehyde 1 to the corresponding carboxylic acid with io-
dine in aqueous alkaline solution,11 followed by detrity-
lation with trichloroacetic acid, resulted in 2. In an
attempt to convert the aldehyde into the amides 3 and
5, several methods were examined. The best result was
obtained by utilizing radical-mediated oxidation.12


Aldehyde 1 was first treated with NBS in the presence
of a catalytic amount of AIBN. The reaction mixture
was then cooled and treated with a slight excess of
ammonia or methylamine to give 3 and 5, respectively,
after detritylation. Ketones 4 and 6 were prepared first
by alkylation of the aldehyde with Grignard reagents
in the presence of CeCl3


13 and followed by oxidation.
Specifically, the reaction of MeMgBr or CH3CH2MgBr
in the presence of an equal-molar amount of CeCl3 with
1 in THF delivered the corresponding alcohols, which
were used directly in the next step reaction without fur-
ther purification. Dess–Martin oxidation in CH2Cl2 and
subsequent detritylation with trichloroacetic acid affor-
ded 4 and 6. In addition, compounds 2–6, together with
ddT and AZT, were converted into their corresponding
triphosphate derivatives using a published procedure to
carry out the in vitro assay (see supporting material for
experimental details).14


A primer extension assay, analogous to the Sanger
DNA sequencing,15 was employed to analyze the effica-
cy of these compounds as RT inhibitors.16 For this
purpose, a DNA template:primer was designed such
that there is only one A (colored in red in Fig. 3a) cen-
tered in the single-stranded region of the template. In
the presence of dNTP (mixture of four nucleotides,

2–6 as possible RT inhibitors. (a) Nucleotide sequence of the DNA


phoresis analysis of reaction samples carried out under the conditions


nthetic full-length product; STP, synthetic terminated product.







Table 1. Quantitative data of primer extension assays


Reaction time (min) Inhibitors


ddTTP AZTTP 2TP 3TP 4TP


5 37.1 14.4 15.0 15.1 15.7


20 37.7 15.0 14.7 14.9 14.7


60 35.4 14.5 14.6 15.2 16.3


The number is the percentile of the intensity of the terminated product


divided by that of the full-length product, averaged from three inde-


pendent experiments.
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dATPs, dCTP, dGTP, and dTTP) and HIV-RT, the
primer was fully extended (Fig. 3b, lane 4, and com-
pare it to lane 2). Addition of ddTTP or AZTTP to
the reaction mixtures resulted in chain termination, as
indicated by the appearance of a band with the same
mobility as the molecular marker (Fig. 3b, lanes 5
and 6, and compare them to lane 3). This is consistent
with the fact that both ddTTP and AZTTP are sub-
strates of RT and are chain terminators. Addition of
the triphosphate derivatives of compounds 2, 3, and
4 (named 2TP, 3TP, and 4TP, respectively) also result-
ed in the appearance of chain-terminated band of the
primer extension (Fig. 3b, lanes 7, 8, and 9). These re-
sults clearly indicate that 2TP, 3TP, and 4TP are sub-
strates of RT. As the amounts of AZTTP, 2TP, 3TP,
and 4TP used in these reactions were the same, the fact
that the ratio of the full-length product to the terminat-
ed product was roughly the same in these lanes (Table
1) indicates that 2TP, 3TP, and 4TP are as effective
substrates of RT as AZTTP in vitro. Interestingly, no
chain termination products were observed when 5TP
or 6TP was added to the reaction mixture (Fig. 3b,
lanes 10 and 11), indicating that they are not substrates
of RT. Considering that 5 and 6 contain a 3 0-group
that is only one methylene unit larger than that in 3
and 4, the selectivity of RT is remarkable.


In conclusion, we have designed and synthesized five
nucleoside analogs containing a branched 3 0-group. An
in vitro primer extension assay indicates that the three
analogs with smaller 3 0-group are effective RT inhibi-
tors. We are currently in the process of arranging for
them to be tested in an HIV-infected cell line for their
anti-HIV activity in vivo. The study described here pro-
vides a blueprint for the development of new classes of
nucleoside analog inhibitors. As in the case of other
RT inhibitors, it is likely that drug resistance will arise
if one of the inhibitors described here is administered
alone. However, the risk of drug resistance can be re-
duced with the adoption of the combination therapy de-
scribed previously. More importantly, because of the
change of chemical structures at the 3 0-position in our
inhibitors as compared to the current drugs, the resis-
tance profile, if it were to develop, could very well be dif-
ferent because the profile of drug resistance has been
shown to be correlated to the chemical structure of the
drug.9 Therefore, this new class of inhibitors may help
circumvent the current drug resistance profiles and,
together with currently available HIV-RT drugs, may
allow for a broader spectrum of combinatorial
therapies.
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Abstract—GE23077 is a novel RNA polymerase inhibitor that is isolated from the fermentation broth of an Actinomadura sp. It is a
cyclic heptapeptide complex made up of four factors, differing in the structure of acyl group connected to the side chain of an a,b-
diaminopropanoic acid moiety and in the configuration of the stereocenter of an a-amino-malonic acid residue. Although GE23077
shows strong inhibitory activity on both Rifampicin-sensitive and -resistant polymerases, it exhibits poor antimicrobial activity. The
most reasonable explanation for this property has been based on the lack of penetration of the molecule across the bacterial mem-
brane, owing to its strong hydrophilic character. To improve penetration, several parts of the molecule were accordingly modified
with the aim of altering the physico-chemical properties of GE23077. The current SAR study has identified moieties important for
RNA polymerase activity.
� 2005 Elsevier Ltd. All rights reserved.


1. Introduction


GE23077 (see Fig. 1) is a new metabolite that has been
discovered in the course of a screening program for new
inhibitors of RNA polymerase. Its structure has been
elucidated1 and is new. GE23077 is a cyclic heptapeptide
containing four unusual amino acids: iso-serine (iso-
Ser), a-amino-malonic acid (Ama), a,b-diaminopropa-
noic acid (Apa), and b,c-dihydroxyglutamine (Dhg). It
is a mixture of four major factors called A1, A2, B1,
and B2, having molecular weights of 803 (A1, A2) and
805 Da (B1, B2), respectively. These factors differ in
the nature of the side chain of the a,b-diaminopropanoic
acid residue, where the amino group forms an amide
with 2-methyl-2-butenoic acid (factor A) and 3-methyl
butanoic acid (factor B).


Acidic character of an a-malonic proton is thought to be
the origin of an isomerization process between A1, A2
and B1, B2.


GE23077 is a potent inhibitor of E. coli Rifampicin-sen-
sitive (rifa-s) and -resistant (rifa-r) RNA polymerase.2


Although its inhibitory activity on the purified enzyme
seems to be very high (IC50 on E. coli and B. subtilis
RNA polymerase at 0.02 mg/l),2 its antimicrobial activ-
ity is weak and restricted only to a few microorganisms.
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Figure 1. Structures of GE23077-factors A and B.







The most reasonable explanation seems to be one of
poor penetration of the molecule across the bacterial
membrane, owing to its strong hydrophilic character.


To improve penetration of GE23077 across membranes,
the molecule has been accordingly modified with the aim
of altering its physico-chemical properties. After preli-
minary screening, three amino acids in the core structure
were found to be amenable to chemical modification:
Ama, Apa, and Dhg.


2. Results and discussion


2.1. a-Amino-malonic acid derivatives (Ama)


To effect a change in the total charge of the molecule
and to increase its lipophilicity, negative charge of the
carboxylic group was eliminated by decarboxylation or
condensation processes with different alcohols and
amines. Decarboxylation of the GE23077 complex took
place under basic conditions (TEA, DMF, 60 �C for 8 h,
60% yield) or heating the molecule without solvent for a
few days at 90 �C, to give the corresponding glycine
derivative (2) (see Table 1). Esters at the Ama position
(3a–c) were prepared using three different strategies,
depending on the alcohol to be condensed: alkyl halide
and KHCO3 in DMSO (45% yield), alkyl chloroformate
and pyridine in DMF (60–80% yield), or a saturated
solution of HCl in the desired alcohol (95% yield).
Amides 4a–d (see Table 1) were prepared by condensa-
tion of 2 equiv of the selected amine with 1.5 equiv of
PyBOP as a condensing agent and TEA as base (pH 8,
20–30% yield).


To prevent epimerization, the Ama Ca was derivatized,
blocking the keto–enol isomerization. For this purpose,
GE23077-methylester (3a) was dissolved in THF/LiBr3


and treated with potassium tert-butoxide at 0 �C to gen-
erate an anion at the Ama Ca position. Different electro-
philes were studied, but the anion reacted successfully
only with t-butylacrylate and allylbromide to give the
corresponding Ama-alkylated methylester derivatives.
On increasing the temperature to about 25 �C, the
Ama-ester group was eliminated, giving free carboxylic
acid. Subsequent decarboxylation was carried out, as
described for GE23077 itself, giving rise to alkylated-de-
carboxylated derivatives (5) (13% yield) and after depro-
tection was carried out with TFA at RT to a carboxylic
group, derivative (6) (15% yield).


Two different complexes corresponding to the two Ca
epimeric forms were obtained for each electrophile (their
ratio depending on the nature of the reagent).


2.2. a,b-Diaminopropanoic acid derivatives (Apa)


Deacylation of GE23077 was considered to replace the
lateral chain with more lipophilic ones. Ozonolysis of
the complex (1) was carried out and, as expected, factor
A (1a) was converted into an a-ketone product (7) (see
Chart 1), while factor B (1b) remained unchanged. The
a-ketone product (7) was subjected to reductive


amination with benzylamine hydrochloride and sodium
cyanoborohydride to give the desired benzylamine deriv-
ative (8a). Ama-decarboxylated benzylamine derivative
(8b) and alcoholic derivative on the side chain (12) (see
Table 1) generated by direct reduction of 7 by sodium
cyanoborohydride were obtained as by-products of this
reaction. Hydrogenolysis of 8a in water with Pd 10%
on carbon as catalyst gave the alanine derivative (9) in
good yield. Using PtO2 as a catalyst in water/methanol
(1:3), two products were obtained in a 1:1 ratio. The first
one was the expected derivative 9, the other its hexahy-
dro derivative (8c) that was produced by an unexpected
reduction of its aromatic ring to a cyclohexane, instead
of hydrogenolysis of its benzylamine moiety. To our
knowledge, reduction of the aromatic rings by heteroge-
neous catalytic hydrogenation occurs only under harsh
conditions (high temperatures and pressures, for exam-
ple, Rh, Pt under 5–10 atm pressure, 50–100 �C or Ni,
Pd under 100–200 atm pressure, 100–200 �C), except
for some natural product substrates.4


The alanine derivative (9) reacted with the pentafluoro-
phenol-activated esters of organic lipophilic acids, such
as R5CO2H (see Table 1, with R = COCHMeNHCOR5)
at 25 �C in the presence of 2 equiv of TEA (pH 8–10) to
yield different lipophilic amides at the Apa position (en-
tries 10a–f, Table 1). It took nearly 2–5 h for the majority
of the acids to be used up in the reactions and about two
days for the bulky ones to be consumed.


To verify if lipophilic-chain derivatives on theApamoiety
were more active if they retained the amine functionality
as derivatives 8a and 9, we made the a-ketone product
(7) react with different lipophilic amines, such as R4NH2


(seeTable 1,withR=COCHMeNHR4), through a reduc-
tive amination step to obtain products 11a–d.


2.3. b,c-Dihydroxyglutamine derivatives (Dhg)


To transform the primary amide of Dhg into a cyano
group, GE23077 was made to react with cyanuric chlo-
ride5 in aqueous (0.2%) DMF albeit unsuccessfully since
extreme degradation of the substrate took place. The
same reaction performed on GE23077 methylester (3a)
gave a large number of different adducts, but when
HCl was added and the reaction was left to stir over-
night, the desired Dhg-cyano derivative (13) was ob-
tained as the main product (see Chart 2).


Reduction of the cyano group was carried out with the
use of CoCl2 and sodium borohydride at 0 �C in meth-
anol,6 giving the desired primary amine derivative (14).
This last compound reacted with pentafluorophenol-ac-
tivated esters of organic lipophilic acids at 25 �C in the
presence of TEA (pH 8–9) to yield different lipophilic
amides (15a–d). The yields reported earlier were calculat-
ed based on preparative-HPLC-purified products.


To investigate the capability of GE23077 derivatives to
inhibit bacterial RNA polymerase, a transcription cell-
free assay using the purified E. coli enzyme and a specific
DNA template was set up.7 The results (see Table 1)
show that Apa moiety seems to be not so critical for
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Table 1. RNA polymerase inhibition (IC50)
a and minimal inhibitory concentration (MIC) againstMoraxella catarrhalis of GE23077 derivativesb


Derivative R R1 R2 R3 IC50 (mg/l) MIC (mg/l)


1 Natural chain CO2H H CONH2 0.03 8


2 Natural chain H H CONH2 0.65 16


3a Natural chain CO2Me H CONH2 0.15 8


3b Natural chain CO2Et H CONH2 0.10 64


3c Natural chain CO2Allyl H CONH2 0.40 nt


4a Natural chain CONHCH2Ph H CONH2 0.30 128


4b Natural chain CONMeOMe H CONH2 0.40 nt


4c Natural chain COTyr H CONH2 nt 512


4d Natural chain CO-LL-Ala-LL-Ala-OMe H CONH2 >3.2 64


5 Natural chain H Allyl CONH2 2.24 32


6 Natural chain H CH2CH2CO2H CONH2 0.20 8


7 COCOMe CO2H H CONH2 0.07 8


8a COCHMeNHCH2Ph CO2H H CONH2 0.07 32


8b COCHMeNHCH2Ph H H CONH2 1.05 128


8c COCHMeNHCH2(cy-Hex) CO2H H CONH2 0.42 16


9 COCHMeNH2 CO2H H CONH2 0.28 64


10a CO2H H CONH2 0.07 >512


10b CO2H H CONH2 0.08 128


10c CO2H H CONH2 0.22 >512


10d CO2H H CONH2 0.09 256


10e CO2H H CONH2 0.13 512


10f CO2H H CONH2 0.57 >512


11a CO2H H CONH2 0.05 256


11b CO2H H CONH2 0.24 512


11c CO2H H CONH2 0.06 64


11d CO2H H CONH2 0.17 >512


12 COCHOHMe CO2H H CONH2 0.11 64


13 Natural chain CO2Me H CN 1.37 128


14 Natural chain CO2Me H CH2NH2 3.14 32


15a Natural chain CO2Me H >3.2 >512


15b Natural chain CO2Me H >3.2 >512
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binding, as derivatives at this position retain activities
with IC50�s in the same order of magnitude as
GE23077 (entries 7–12). On the contrary, the Ama
and Dhg moieties seem to be relevant for binding to
the enzyme. Indeed, the IC50 values of derivatives on
the Ama position increase by one order of magnitude
(entries 2–6) and even more with a bulky substituent (en-
try 4d). The interaction between the derivatives and the
enzyme seems to be seriously balanced when the amide
group on Dhg is modified (entries 13–15d). In particular,
binding seems to be lost when bulky, reversed amides
are introduced at this position (entries 15a–d). The fact
that the Apa moiety can tolerate bulky substituents sug-
gests that this residue either lies in a large cleft in the en-
zyme or points toward the solvent. The total loss of
activity by Dhg derivatives, even for the non-bulky ni-
trile 13, suggests a critical role for this amide moiety
in enzyme binding.


Although many new derivatives are active against
Moraxella catharralis, they did not show any significant
antibacterial activity against other bacteria (data not
shown). Against M. catharralis, compounds 2, 3, 6, 7,
and 8c were equipotent to the parent compound.8


3. Conclusion


Although some derivatives possessed a significantly
higher lipophilicity than GE23077, this improvement
was not sufficient to confer increased antibacterial activ-
ity. Further efforts will thus be focused on the synthesis
of new derivatives by modification of the hydroxylic
moieties, present on the threonine, isoserine, and serine
component amino acids of GE23077. Furthermore, we
have planned to commence studies on the co-crystalliza-
tion of GE23077 with its target enzyme, as these studies
might provide a starting point for further rational design
of new derivatives and analogs of GE23077.
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Abstract—In silico modelling was used to guide the positioning of the fluorescent dye NBD-F on the cannabinoid CB2 receptor
agonist JWH-015. While the ultimate fluorescent conjugate lost extensive binding affinity to the cannabinoid CB2 receptor, affinity
and efficacy studies on the naphthoyl 3-position modified precursor molecules have provided new insight into structure–activity rela-
tionships associated with this position.
� 2005 Elsevier Ltd. All rights reserved.

Investigation of receptor–ligand interactions is one of
the principal tools employed in pharmacological re-
search. Conventional methods, for example, the use of
radioactively labelled ligands, still contribute a major as-
pect of this activity. However, these approaches are
being increasingly replaced by fluorescence-based tech-
niques,1 allowing researchers to develop and exploit as-
says at the single cell (confocal microscopy)2 and single
molecule (fluorescence correlation spectroscopy, FCS)
levels.3 To fully exploit this technology, there remains
a key requirement for the development of bioactive fluo-
rescent probes for the receptor of interest. As such, we
have recently demonstrated that fluorescently labelled
small molecule ligands for the G-protein-coupled hu-
man adenosine A1-receptor can be used to study their
binding to the receptor in single living cells.4 In
continuation of our studies, we were eager to explore
the potential to develop fluorescent molecules for
non-biogenic amine-activated GPCRs and we selected
the human cannabinoid CB2 receptor as our target.


The human cannabinoid CB2 receptor (hCB2), first dis-
covered in 1993,5 has been implicated as a potential tar-
get in a number of diseases.6 The hCB2 receptor is found
predominantly on the immune cells of the periphery.
The other known class of cannabinoid receptors (CB1)

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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is mainly located within the CNS and is responsible
for many mind-altering effects of cannabis use.7 hCB2


receptor systems have been shown, either by agonist-in-
duced attenuation or by receptor up-regulation, to be
important mediators in numerous diseases, including
multiple sclerosis,8 malignant disease9 and neuropathic
pain.10 These diseases are not only severely debilitating
but also offer limited pharmacotherapeutic choices
available for treatment.


A high affinity fluorescent hCB2 receptor ligand would
allow a greater understanding of the hCB2 receptor�s
pharmacology and its role in disease states through the
use of modern fluorescence-based techniques that have
been previously highlighted. Our efforts were initially
concentrated towards conjugating the selective hCB2


receptor agonist JWH-015 1 with a fluorescent dye.
JWH-015 1 was chosen due to its nanomole affinity to
hCB2 receptors, high hCB2/hCB1 selectivity, extensive
SAR and rapid synthetic accessibility.11 The latter factor
was key to us rejecting synthetically complex com-
pounds, such as JWH-133, L-759633 and HU-308, as
chemical starting points, despite their displaying a better
CB2 selectivity. In contrast to our approach taken dur-
ing the development of fluorescent adenosine receptor li-
gands,4 we were also keen to explore whether in silico
modelling of JWH-015 1 bound within the hCB2 recep-
tor, coupled with de novo drug design, would aid in the
identification of a suitable position upon 1 that could
tolerate the incorporation of a bulky fluorescent dye.
Therefore, alongside the key advantages listed above,
JWH-015 1 possessed a number of benefits with regard
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to the specific modelling strategy we planned to imple-
ment. More specifically, JWH-015 1 displays a signifi-
cant amount of structural homology to Win 55,212-2
2, a molecule which has been extensively studied by
molecular modelling and mutational analysis tech-
niques.12 We therefore envisaged docking Win 55,212-
2 2 into an homology model of the hCB2 receptor using
previously published data concerning Win 55,212-2 2
binding. Then, the structural similarities between
JWH-015 1 and Win 55,212-2 2 could be utilised to
superimpose common structural motifs (i.e., the naph-
thoyl rings) of the two molecules, to generate a rational
model where JWH-015 is bound to the hCB2 receptor.


An in silico model of the hCB2 receptor was therefore
constructed by homology modelling to the 2.8 Å X-ray
crystal structure of bovine rhodopsin.13 The 3-naph-
thoylindole cannabinoid agonist Win 55,212-2 2
(Fig. 1) was docked into the model utilising the previ-
ously published data to guide the positioning of the

Figure 1. Development of the fluorescent hCB2 agonist. + Indicates a


grow point used in LigBuilder.


Figure 2. Molecular model of hCB2. Inset shows detail of JWH-015 in the a

agonist.12 The receptor–ligand complex was energy min-
imized and subjected to a 100 ps molecular dynamics
simulation using the CHARMM force field.14 Our mod-
el demonstrated similar receptor–ligand aromatic stack-
ing interactions observed in previous hCB2 models and
indicated that the aromatic amino acids Phe 197, Phe
117 and Trp 194 interacted with Win 55,212-2 2, as pre-
viously reported by Song et al.12 Structural alignment,
by superimposing the naphthoyl moieties of both
JWH-015 1 and Win 55,212-2 2, deletion of the latter
and further simulation produced a ligand–receptor mod-
el where JWH-015 1 was located within the binding
pocket (Fig. 2). Growing points for the addition of sub-
stituents onto JWH-015 1 were determined (Fig. 1),
based on previous SAR,11b,c,d and the molecule was
subjected to de novo design using the program
LigBuilder.15


The results of this exercise indicated a number of posi-
tions upon JWH-015 1 that could potentially tolerate a
bulky substituent, especially the 3-position of the naph-
thyl ring substituent. When we examined the structures
generated by LigBuilder, one molecule that scored
highly in its predicted hCB2 receptor binding affinity
possessed a substituent that closely resembled a known
fluorescent dye (i.e., 7-nitrobenzoxadiazole, NBD). This
molecule 3 was therefore chosen as our lead compound
(Fig. 3).


Synthesis of the fluorescent congener was accomplished
using modifications to a procedure by Bell et al.16 The 2-
methyl-1-n-propylindole derivative 5 was prepared by
N-1 alkylation of commercially available 2-methylindole
4 using standard methodology (Scheme 1).


Meanwhile, commercially available 3-nitro-1,8-naphtha-
lic anhydride 6 was selectively decarboxylated, via the

ctive site together with key interacting aromatic amino acids.







Figure 3. The lead molecule generated by the LigBuilder programme.


Table 1. Results of in vitro assays using the hCB2 receptor


Compound


number


Ki CB2
a (nM) % [35S]GTP-c-S


binding from basal


at 1 lMc


JWH-015


1 36 (31–42) (lit.b 14 ± 5) 142 (± 19)*


8 143 (56–364) 134 (± 8)*


9 191 (59–622) 151 (± 22)*


11 420 (359–492) Not tested


12 25% displacement at 10 lM Not tested


a Results in parentheses are 95% confidence intervals for three indi-


vidual experiments run in triplicate.
b Result from Ref. 11c.
c Results in parentheses are the standard error of the mean for three


individual experiments run in triplicate.
*P < 0.05 compared to basal binding (100%).
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mercuric salt of the di-acid, to give the desired 3-nitro-
naphthoic acid.17 The meta-substitution of this com-
pound was confirmed by mp, 1H and 1H–13C COSY
NMR spectroscopy.18 The 3-nitronaphthoic acid was
then converted to its corresponding acid chloride 7 using
SOCl2. Lewis acid (AlCl3) promoted electrophilic substi-
tution at the C-3 position of 4, affording the nitro deriv-
ative of JWH-015 8. Functional group transformation
of the nitro group to the aryl amine 9 took place using
catalytic hydrogenation. While the two low yielding
reactions to give the acid chloride 7 (22%) and the 3-
aroylindole 8 (19%) are unoptimised, both are compara-
ble with previous literature preparations (see Refs. 17b
and 11, respectively).


It is recognised that only non-fluorescent derivatives are
formed when NBD fluoride is reacted with aromatic
amines, due to a photoinduced electron transfer (PET)
mechanism.19 It is therefore necessary to insert a short
functionalised linker between the aryl amine and the
NBD fluorochrome. A short amide linker was chosen

Scheme 1. Regents: (a) 1-bromopropane, NaH, DMF (97%); (b) (i) NaOH, w


H2 (66%); (e) Boc-glycine, DCC, DMAP, DCM (67%); (f) MeOH, AcCl (50

to keep the overall molecular size as close to that of
the lead molecule 3 as possible and because this type
of linker had been previously shown to completely ne-
gate the PET effect.19 Therefore, N-Boc-protected gly-
cine was coupled to 9 using standard carbodiimide
chemistry. Acidolysis of the Boc group of 10 exposed
the primary amine which, when coupled to the amine
reactive NBD fluoride, gave the fluorescent congener
12.20


The hCB2 receptor affinity for compounds 8, 9, 11 and
12 was measured by a competitive displacement assay
against [3H]CP55, 940 (a high affinity cannabinoid ago-
nist) on membranes prepared from CHO cells expressing
the hCB2 receptor.


21 The results of this assay are given
in Table 1.

ater, HgO. (ii) SOCl2 (22%); (c) 5, DCM, AlCl3 (19%); (d) Pd/C, EtOH,


%); (g) NBD-F, MeCN, NaHCO3 buffer 8.3 (46%).
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The results show that the naphthyl 3-position of JHW-
015 1 is tolerant to limited chemical modification. As
the steric bulk at this position increases in this series
of molecules, affinity towards the hCB2 receptor de-
creases accordingly. Loss of affinity is greatest (>250-
fold) for the bulky NBD fluorescent conjugate 12, which
showed a limited displacement of [3H]CP55, 940 from
the receptor at 10 lM. The two compounds, which
retained the greatest affinity for the hCB2 receptor (com-
pounds 8 and 9), were subsequently tested in a
[35S]GTP-c-S-binding assay to assess if they retained
the agonist profile of the original lead molecule
JWH-015 1. The results in Table 1 show that com-
pounds 1, 8 and 9 were able to significantly increase
[35S]GTP-c-S binding above basal levels when tested at
a concentration of 1000 nM, indicating agonist proper-
ties of all three compounds. None of the three com-
pounds were able to significantly raise [35S]GTP-c-S
binding above the basal level when used at 10 nM con-
centration. ANOVA was unable to detect any significant
statistical difference between 1, 8 and 9 at a concentra-
tion of 1000 nM.


Notwithstanding its low affinity, the fluorescent conju-
gate 12 was assessed in confocal microscopy experiments
to observe if the compound exhibited any discernable
membrane binding to CHO cells expressing the hCB2


receptor.21 When conjugate 12 (100 nM) was applied
to live CHO cells expressing the hCB2 receptor in
Hepes-buffered saline at 22 �C, a slight membrane bind-
ing was observed, with the majority of fluorescence
occurring from cytosolic accumulation, presumably as
a consequence of the high lipophilicity of the compound
and therefore rapid cellular uptake.


In conclusion, in silico studies have suggested that the 3-
naphthoyl position of the hCB2 receptor agonist JWH-
015 1 could potentially tolerate conjugation to a bulky
fluorescent dye. Photophysical requirements dictated
the insertion of an additional 3-atom spacer between
JWH-015 and NBD to ensure that the ultimate molecule
would indeed be fluorescent. It has been previously
established that non-fluorescent species are formed
when NBD is conjugated directly to an aromatic amine.
The mechanism of this fluorescence quenching has been
investigated and attributed to Photoinduced Electron
Transfer (PET).19,22 Importantly, it was observed that
an amide group placed between the aromatic amine
and NBD prevented PET from occurring, even when
the chain length was reduced to an acetyl (two carbon)
spacer.22 If a simple alkyl linker was used, the chain
length required to prevent PET was found to be longer
(nine carbon atoms). We therefore decided to install a
short amine functionalised acetyl linker to separate the
aromatic amine and NBD moieties and to keep the over-
all size of the molecule as close to 3 as possible. Chem-
istry, that incorporated substitution at the 3-position,
was utilised to afford the NBD conjugate 12 in 7 steps.
Unfortunately, this compound showed a >250-fold loss
in affinity to the hCB2 receptor and could not be used
successfully in its intended application of fluorescence-
based pharmacology assays. The decreased binding
affinity of the glycyl derivative 11 may indicate that

the hydrophobic binding pocket, which was to accom-
modate the NBD moiety, may not be as accessible (or
as large) as originally predicted by our homology model.
An alternative hypothesis could argue that the addi-
tional linker atoms produced potential conformations
of the final molecule that create unfavourable steric
clashes with the receptor structure.


However, it was rewarding to observe that the non-fluo-
rescent 3-substituted naphthoyl precursor molecules 8, 9
and 11 did show that affinity to the hCB2 receptor could
still be retained as long as the 3-substituent was kept
small. In addition, modifications using nitro 8 and ami-
no 9 groups led to compounds that demonstrated ago-
nist behaviour when used at 1000 nM. To the best of
our knowledge, this is the first reported modification
to the 3-naphthoyl position of JWH-015 and is therefore
an important addition to the established SAR of the in-
dole-based cannabinoid ligands. It is also interesting to
note that the recently reported indole-based hCB2 ago-
nist AM124110b,23 has a 5-iodo-3-nitro benzoyl substitu-
ent at the 3-position of an aminoalkylindole, which adds
to the suggestion that the 3-aryl position within the 3-
arylindoles may be an important extra binding pocket
within the hCB2 receptor.
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Abstract—A series of thiazole-4-carboxylic acid thiazol-2-ylamide (TCAT, 4) derivatives were designed and synthesized according to
simple bioisosteric replacement from previously reported pyridine-2-carboxylic acid thiazol-2-ylamide (PCAT) MetAP inhibitors.
The preliminary SAR studies demonstrated that these TCAT series of compounds showed different activity and selectivity compared
with those of the corresponding PCAT compounds. These findings provide useful information for the design and discovery of more
potent inhibitors of type I MetAPs.
� 2005 Elsevier Ltd. All rights reserved.

The methionine aminopeptidases (MetAPs) represent a
unique class of proteinases that are responsible for
removing the N-terminal methionine residue from nas-
cent polypeptide chains.1 There are two major classes
of MetAPs (type I and type II), each of which can be
subdivided into two subclasses, those with N-terminal
extensions and those without it. Eubacteria (for exam-
ple, Escherichia coli, Bacillus subtilis, and Salmonella
typhimurium) have only type I MetAPs, while archaea
(for example, Methanobacterium thermoautotrophicum,
Sulfolobus solfataricus, and Pyrococcus furiosis) have
only type II MetAPs. Eukaryotic cells contain both type
I and type II MetAPs.2 Although the enterohemorrhagic
E. coli strain O157:H7 has more than 20% of its 5416
genes different from the E. coli laboratory strain K-
12,3 it has exactly the same MetAP sequence. Deletion
of the MetAP gene from E. coli4 or S. typhimurium5


proved to be lethal, demonstrating the essential role of
MetAP enzymes in bacteria. Deletion of either type I
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or type II MetAP from the yeast Saccharomyces
cerevisiae produced a slow-growth phenotype, and
removal of both MetAPs made the yeast nonviable.6


Our previous work has also indicated that the selective
ScMetAP1 inhibitor significantly inhibited ScMetAP1
deletion strain growth, but had no effect on ScMetAP2
deletion strain growth.7 Therefore, MetAPs are poten-
tial targets for developing antibacterial and antifungal
drugs, and the inhibitors against MetAPs offer new hope
for treatment of bacterial and fungal infections.8


Various inhibitors have been identified for MetAPs.
Natural product, fumagillin, and its derivatives9 are
potent inhibitors of type II MetAP in humans, and cova-
lently modified the enzyme. Until recently, only weak
inhibitors of type I MetAPs, such as fumagillin,10 phos-
phorus-based Met analogs,11 and bestatin-derived
peptide inhibitors, have been identified.12 Various 1,2,
4-triazole-based derivatives have recently been reported
to represent a new class of more potent inhibitors for
Staphylococcus aureus MetAP-I (SaMetAP-I).13


In our previous work,14 starting with compound 1, with
an IC50 of 5.0 lM for EcMetAP1, which was identified
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Table 1. Inhibitory activity of TCAT derivatives on EcMetAP1 and


ScMetAP1a


Compound R IC50 (lM)


EcMetAP1 ScMetAP1


1b — 5.0 ± 0.8 7.0 ± 0.1


4 — 0.11 ± 0.02 2.26 ± 0.38


5a H 1.97 ± 0.37 13.21 ± 2.19


5b 0.06 ± 0.01 4.62 ± 0.36


5c 0.081 ± 0.011 0.22 ± 0.01


5d 0.054 ± 0.014 2.63 ± 0.61


5e 0.044 ± 0.014 0.37 ± 0.05
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as a hit in a random screening of a diverse molecule li-
brary of 4500 compounds for EcMetAP1 inhibitors,
we have subsequently carried out successful structural
modifications and structure–activity relationship
(SAR) analyses and obtained potent inhibitors (for
example, for 2a, IC50 = 130 nM for EcMetAP1; for 2b,
IC50 = 140 nM for ScMetAP1; for 3, IC50 = 53 nM for
EcMetAP1). They represent small-molecule MetAP
inhibitors with novel structures different from those of
alkylating fumagillin derivatives and peptidic bestatin-
based MetAP inhibitors.

5f 0.042 ± 0.007 6.38 ± 1.05

and selectivity, good specificity in vitro, and good
efficacy in vivo, we set out to explore the SAR of the

5g 0.040 ± 0.009 0.25 ± 0.03


5h 0.024 ± 0.002 0.13 ± 0.02


5i 0.19 ± 0.01 3.32 ± 0.34


5j 0.076 ± 0.003 0.99 ± 0.02


5k 0.11 ± 0.02 0.48 ± 0.05


5l 0.27 ± 0.04 1.83 ± 0.24


5m 0.19 ± 0.01 1.81 ± 0.40


5n 0.076 ± 0.011 2.65 ± 0.36


5o 0.092 ± 0.016 1.53 ± 0.21


5p 0.029 ± 0.003 1.12 ± 0.24


5q 0.088 ± 0.013 4.91 ± 0.65


5r 0.066 ± 0.002 0.67 ± 0.09


5s 0.30 ± 0.02 10.50 ± 0.74


5t 0.16 ± 0.02 0.86 ± 0.07


5u 0.14 ± 0.02- 1.45 ± 0.16


5v 0.11 ± 0.01 4.71 ± 0.63


a Assays were performed, as previously described.14a


b See Ref. 14a.

To find new MetAP inhibitors with improved potency


above inhibitors.


Our previous work revealed that the pyridine-2-car-
bonyl unit is very important in pyridine-2-carboxylic
acid thiazol-2-ylamide (PCAT) inhibitors. It was
regarded as the key chelator for the cobalt ion of the
enzyme. The 1,3-thiazole ring is a classical isostere of
pyridine, and therefore, a logical first step was to de-
sign new analogs in which the pyridine ring in 1 was
replaced by a thiazole moiety, which gave the thia-
zole-4-carboxylic acid thiazol-2-ylamide (TCAT) 4 with
greatly enhanced in vitro potency toward EcMetAP1
(Table 1). The potency toward EcMetAP1 increased
about 50-fold compared with the lead compound 1,
with an IC50 value of 110 nM. The introduction of
the 3-N-acyl group greatly enhanced the activity
against EcMetAP1 and ScMetAP1 compared with that
of PCAT itself in the PCAT series of compounds, by
analogy with which two series of new compounds A
andBwere designed, bearing a 5-N-acyl group or an alkyl
group, respectively (Fig. 1).


Initially, a series of 5-N-acyl derivatives 5a–l were
synthesized (Table 1). These molecules shared the
substructural diversity of the 5-position of the thia-
zole ring of TCAT as that of fatty acylamino (with-
out substituent or with short saturated or
unsaturated side chain, compounds 5a–h) and aro-
matic acylamino (compounds 5i–l). Compounds 5c–l
were readily available from common intermediate 5a
and various carboxylic acids or chlorides, as shown
in Scheme 1. Ethyl 5-aminothiazole-4-carboxylate 8
was prepared according to the literature.15 Treatment
of 8 with Boc2O, followed by base hydrolysis, affor-
ded 10. Condensation of compound 10 with 2-amino-
thiazole in the presence of DCC in DMF, followed
by amine deprotection and acylation with various
carboxylic acids or chlorides under neutral or basic
conditions, afforded 5-N-acyl-substituted compounds
5c–l.







Scheme 2. Reagents and conditions: (a) appropriate acyl chloride, Py,


AcOEt; (b) LiOH, dioxane–H2O; (c) diethyl malonate, heat; (d) LiOH,


MeOH–H2O; (e) chloroacetyl chloride, Py, AcOEt; (f) appropriate


amine, dioxane.


Scheme 1. Reagents and conditions: (a) (i) Boc2O, DMAP, CH3CN,


(ii) ButOH, reflux, 95%; (b) LiOH, MeOH–H2O, 100%; (c) 2-


aminothiazole, DCC, HOBt, DMAP, DMF, 81%; (d) TFA, CH2Cl2,


100%; (e) appropriate acyl chloride, Py, AcOEt; (f) 2-butenic acid,


pivaloyl chloride, CH2Cl2, Py.


Figure 1.
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Simple replacement of a pyridine ring of the original
inhibitor with a 4-thiazolyl unit usually gave compounds
that were more active against the enzymes than the cor-
responding PCAT inhibitors, the results of which are
shown in Table 1. Most of the 12 compounds tested
showed excellent inhibition of EcMetAP1 (IC50 values
in the range of tens to hundreds of nanomolar). Saturat-
ed or unsaturated alkyl acylamino derivatives (5c–e)
showed excellent activity against EcMetAP1, with IC50


values less than 100 nM. Derivatives with three-, four-,
and five-membered rings (5f–h) also retained good activ-
ity to EcMetAP1, indicating that the small-sized hydro-
phobic group in this position was involved in the
interaction of the inhibitor with EcMetAP1. On the
other hand, the four compounds with aromatic groups
directly connected to the carbonyl carbon (5i–l) showed
less significant activity against the enzymes, except for
the F-containing derivatives. Inhibition of ScMetAP1
was not as outstanding as that of EcMetAP1, but the re-
sults were satisfactory, except for 5d and 5f, which
showed that similar cyclopropyl and allyl groups inhib-
ited the interaction with ScMetAP1.


It has been pointed out that the hydrogen bond formed
between the enzyme and 3-position substituents of
PCAT contributed to the binding affinity. Similar to
PCAT series of compounds, we synthesized compounds
5m–v for the purpose of forming extra hydrogen bonds

between MetAP1 and inhibitors. The preparation of
these compounds is summarized in Scheme 2. Direct
amidation of 5a produced 5n–p and11. Compound 5m
was obtained by the base hydrolysis of 5n. Compound
5a reacted with malonic acid diethyl ester to give com-
pound 5r, the base hydrolysis of which afforded com-
pound 5q. Compounds 5s–v were prepared via
aminolysis of 11 by the corresponding amines.


As shown in Table 1, all of the 10 compounds showed
good inhibition of EcMetAP1, with IC50 values less than
0.3 lM. The hydroxy derivative 5m was apparently less
active than the other derivatives (5n–p) against
EcMetAP1, indicating that the free hydroxy group is
unfavorable on the side chain of these compounds.
However, all these four derivatives (5m–p) showed mod-
erate activity against ScMetAP1. In addition, although
similar in inhibiting EcMetAP1, the carboxyl-substitut-
ed derivative 5q was apparently less active than 5r
against ScMetAP1, indicating that a free carboxyl on
the side chain of TCAT is unfavorable in inhibiting
ScMetAP1 and may reflect subtle differences in the ac-
tive sites of EcMetAP1 and ScMetAP1. Surprisingly,
the amino-derived compounds (5s–v) showed less activ-
ity against the enzymes than the corresponding PCAT
derivatives, which were the best inhibitors of PCAT
against MetAP1. This may suggest that simple replace-
ment of an ethylenic group of a pyridine ring by its isos-
teric S atom significantly affects the interaction of the
inhibitor with the enzymes.


From the above results, we can see that simple replace-
ment of the pyridine ring of original PCAT inhibitors







Scheme 3. Reagents and conditions: (a) NaOMe, Et2O; (b)


NH2CSNH2, MeOH, reflux; (c) NaNO2, H3PO2; (d) LiOH, MeOH–


H2O; (e) 2-aminothiazole, DCC, HOBt, DMF.


Table 2. Inhibition of EcMetAP1 and ScMetAP1a


Compound R IC50 (lM)


EcMetAP1 ScMetAP1


1b — 5.0 ± 0.8 7.0 ± 0.1


4 — 0.11 ± 0.02 2.26 ± 0.38


6a 0.18 ± 0.03 9.82 ± 0.43


6b 0.18 ± 0.03 7.64 ± 0.99


6c 0.22 ± 0.02 7.20 ± 0.54


6d 0.10 ± 0.02 0.99 ± 0.08


6e 0.16 ± 0.02 0.98 ± 0.10


6f 0.17 ± 0.00 2.11 ± 0.22


6g 76.50 ± 11.70 > 100


6h 0.21 ± 0.02 3.41 ± 0.44


6i 0.17 ± 0.03 3.80 ± 0.74


6j 0.082 ± 0.009 0.90 ± 0.11


6k 0.065 ± 0.006 0.66 ± 0.10


7a 0.074 ± 0.008 0.88 ± 0.08


7b 0.089 ± 0.006 0.50 ± 0.05


a Assays were performed, as previously described.14a


b See Ref. 14a.
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gave a new type of potent MetAP1 inhibitor, with IC50


values between tens to hundreds of nanomolar against
EcMetAP1. Systematic SAR studies of introducing 5-
N-acyl substituents demonstrated that these TCAT ser-
ies of compounds showed different activity and selectiv-
ity compared with those of the corresponding PCAT
compounds. This may suggest that simple replacement
of an ethylenic group of a pyridine ring by its isosteric
S atom significantly affects the interaction of the inhibi-
tor with the enzymes. Therefore, to obtain more potent
MetAP1 inhibitors, we synthesized several derivatives of
the original TCAT compound 4 with simple alkyl mod-
ifications at the 5-position.


As shown in Scheme 3, the syntheses of 5-alkyl-substi-
tuted compounds 6a–k could be effected by the conden-
sation of 5-alkyl-substituted-thiazole-4-carboxylic acid,
which was obtained by several transformations from
the corresponding aldehyde and ethyl dichloroacetate,16


with 2-aminothiazole in the presence of DCC or EDC in
DMF.


Derivatives of the original TCAT compound 4 with sim-
ple alkyl modifications at the 5-position are given in Ta-
ble 2. Small electron-donating substituents, such as
methyl, ethyl, isopropyl, isobutyl, and n-pentyl, had lit-
tle effect on the activity against EcMetAP1 (compounds
6a–e), with IC50 values between 110 and 220 nM. In
addition, unsaturation had no significant effect on the
activity of these alkyl derivatives against EcMetAP1
(6f). However, these compounds demonstrated a differ-
ent activity trend toward ScMetAP1; the short
straight-chain alkyl derivatives 6a and 6b showed de-
creased activity against ScMetAP1, and the derivative
with an unsaturated side chain (6f) showed a similar
activity to 4. Although the branched side-chain deriva-
tive 6c showed weak activity against ScMetAP1, inser-
tion of a methylene spacer between the thiazole and
the isopropyl groups significantly improved the activity
(6d vs. 6c). Although not so apparent, this trend also
persisted between these two compounds against EcMe-
tAP1. In addition, moderate chain length alkyl deriva-
tive 6e showed good activity against ScMetAP1, with
an IC50 value less than 1.0 lM. This may be attributed
to appropriate space and shape of the pockets with
which ScMetAP1 accommodates its inhibitor. Consider-
ing the substrate specificity of MetAPs, too long or a too

large substituent chain may decrease the binding affinity,
as is the case with compound 6g, almost with no inhib-
itory activity against EcMetAP1 or ScMetAP1. At the
same time, we synthesized several aryl-group-containing
derivatives (6h–k). From the results, we can see that sub-
stitution by a phenyl ring (6h) or benzyl group (6i)
showed lower activity than 4 against both EcMetAP1
and ScMetAP1. However, introduction of an electron-
withdrawing 2-chloro-4-fluoro group to the phenyl
group of the benzyl substituent (6j) or an additional
insertion of a methylene spacer (6k) dramatically in-
creased the activity. From the above results, we deduce
that substituents at the 5-position with appropriate size
and spatial arrangement may contribute to activity
against the enzymes. The SAR analyses may reflect sub-
tle differences in the active site of EcMetAP1 and ScMe-
tAP1, and the difference in the mode of interaction
between the inhibitors and the enzymes.


During our process of synthesizing the above 5-alkyl-
substituted compounds, we first intended to introduce
an unsaturated alkyl group by using an a,b-unsaturated
aldehyde, such as crotonaldehyde; however, we finally
obtained the b-methoxy product 7a, as the Michael
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addition reaction took place in the first Darzens reaction
of ethyl dichloroacetate and the a,b-unsaturated alde-
hyde with NaOMe in Et2O.16 Using the same method,
we obtained 7b from the corresponding a,b-unsaturated
aldehyde, 4-methyl-2-pentenyl. The inhibitory activities
of these two compounds to EcMetAP1 and ScMetAP1
are shown in Table 2. Both showed good inhibition of
EcMetAP1 with IC50 values less than 100 nM. Although
not so outstanding as those for EcMetAP1, the inhibi-
tion activities against ScMetAP1 are satisfying, com-
pared with the simple 5-alkyl-substituted compounds
(6a–c, 6g–i). This strongly indicates that the introduc-
tion of b-methoxy dramatically improved activity
against the enzymes.


In conclusion, we obtained a new series of potent Me-
tAP1 inhibitors through simple bioisosteric replacement
from the PCAT series of compounds. Preliminary sys-
tematic SAR studies of introducing 5-N-acyl substitu-
ents demonstrated that these TCAT series of
compounds showed different activity and selectivity
compared with those of the corresponding PCAT com-
pounds. The introduction of b-methoxy unexpectedly
during the syntheses of 5-alkyl-substituted compounds
improved the inhibitory activity against the enzymes
dramatically. These findings provide a new starting
point for the design and discovery of more potent Me-
tAP1 inhibitors.
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Abstract—Derivatives of 1-(4-amino-phenyl)-pyrrolidin-3-yl-amine and 6-(3-amino-pyrrolidin-1-yl)-pyridin-3-yl-amine were identi-
fied as potent and functionally active MCH-R1 antagonists. One compound with Ki = 2.3 nM demonstrated good oral bioavailabil-
ity (32%) and in vivo efficacy in rats.
� 2005 Elsevier Ltd. All rights reserved.

Melanin-concentrating hormone (MCH) is a cyclic
neuropeptide produced in the lateral hypothalamus
and zona incerta of the mammalian brain. These re-
gions have been implicated in the control of a variety
of biological functions, including the control of food
intake and body weight. Alterations of MCH expres-
sion suggest that this peptide plays a pivotal role in
modulating this feeding behavior. For instance, admin-
istration of exogenous MCH to rodents stimulates
feeding1 and body weight gain2,3 in a dose-dependent
manner, while elimination of the gene encoding the
peptide precursor results in animals that are hypopha-
gic and lean.4


In humans, two independent receptors have been identi-
fied that bind MCH with high-affinity: MCH-R15,6 and
MCH-R2.7 While both receptors share a broad—and
often overlapping—pattern of expression within the
brain,7–9 it is MCH-R1 that appears to be primarily
responsible for mediating the orexigenic effects of the

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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peptide. First and foremost, rodents appear to express
only a single receptor for MCH, and that receptor
shares greatest homology with human MCH-R1. Fur-
thermore, elimination of the MCH-R1 locus in mice re-
sults in animals that are lean and resistant to diet-
induced obesity.10 Finally, these data have stimulated
the development of several small-molecule antagonists
for MCH-R1 that have been shown to reduce both food
intake and body weight gain when administered to ro-
dents.11–15

Herein, we report the development of a series of small-


molecule MCH-R1 antagonists (I) using aminoaryl-
substituted 3-aminopyrrolidine as the central core. The
structure–activity relationship (SAR) studies resulted
in a series of potent and orally bioavailable MCH-R1
antagonists. One of the molecules was also proved to
be efficacious in animal feed models.



mailto:fzhu@neurocrine.com





Scheme 1. Reagents and conditions: (a) DMSO, rt, 1 h, 95–100% and (b) Na2S2O4, THF–H2O, 0.5 h, 97% for 4a; H2, Pd–C, THF, 5 h, 100% for 4b.


3702 C. Q. Huang et al. / Bioorg. Med. Chem. Lett. 15 (2005) 3701–3706

Scheme 1 outlines the synthesis of compounds 4a, b,
which served as common intermediates for further deriv-
atization. 4-Fluoronitrobenzene (1) was reacted with
N,N-disubstituted-aminopyrrolidines (2a, b) to give the
intermediates 3a, b. The nitro group was reduced either
by hydrogenation or sodium hydrosulfite to afford the
anilines 4a, b. A number of selected acids , acyl chlo-
rides, and isocyanates were coupled to 4a to form the
compounds 5b–j, 5q–s, and 5k, l (Scheme 2, Table 1).
Additionally, 4a was reacted with 2-(6-chloro)-nicotinyl
chloride to yield 5a, which was subjected to Suzuki cou-
pling conditions to give the desired compounds 5m, n. 5a
could also be reacted with a variety of amines to gener-
ate analogs exemplified by 5o, p. Variation of substitu-
ents on the basic amine was carried out according to
Scheme 3. Thus, 4b was coupled with biphenyl carbonyl
chloride to give compound 6. After TFA treatment, the
resulting secondary amine (7a) was subjected to reduc-
tive amination to yield 7b–f (Table 2). It was also acyl-
ated to form 7g.


The pyridyl equivalent of compound 7a, compound 10
(Scheme 4), was prepared in several steps from the com-
mercially available 2-chloro-5-nitro-pyridine (8) by
reacting with 3-(N-Boc-N-methyl)-aminopyrrolidine
(2b). The resulting intermediate 9 was reduced by hydro-
genation to the corresponding aniline, which was imme-
diately coupled with 4-biphenylcarbonyl choride due to
its unstable nature. The resulting product was deprotec-
ted, yielding the desired compound 10. To avoid han-
dling the unstable intermediate mentioned above, an
alternative approach employing 2-amino-5-chloropyri-
dine (11) as the starting material was used. Compound
11 was first acylated to form amide 12, which yielded
the same product 10 upon heating with Boc protected
(2) 3-amino-pyrrolidine and followed by deprotection.

Scheme 2. Reagents and conditions: (a) 6-Chloronicotinyl chloride, DCM,


100 �C, 24 h, 60–70%; (c) (R4)2NH, DMSO, 100 �C, 24 h, 61–99%; (d) R2CO


R3NCO, THF, 2 h, 50%.

The SAR studies initially focused on the left side of mol-
ecule I by scanning a variety of amides. The biphenyl
carboxamide 5b proved to be a potent MCH-R1 antag-
onist possessing a receptor affinity (Ki) of 5.2 nM (Table
1).16 Modifications targeting the biphenyl group were
then explored. Both insertion of an oxygen between
the two phenyl groups (5c) and cyclization of the biphe-
nyl group (5d) resulted in complete loss of activity. One
methylene extension between the biphenyl and carbonyl
groups also caused a substantial loss of potency (5e,
4.3 lM). However, modification of the �internal� phenyl
group to a non-aromatic moiety, exemplified by 5f–l, led
to a moderate success. Among these analogs, 4-(4-
chloro-phenyl)-cyclohexylcarboxamide (5h) and 4-(4-
chlorophenyl)-4-oxo-butyramide (5j), were only about
2-fold less potent than 5b. Urea analogs (5k, 5l) were
a few folds less potent than the similar amides. Surpris-
ingly, replacement of the internal phenyl group with a
pyridyl group (5m) led to a 20-fold loss of affinity
(Ki = 110 nM). Interestingly, after incorporation of a
4-methoxyl group on the outside phenyl group, the
activity was almost restored (5n, 16 nM). Enhancement
of the binding affinity by 4-substitution of the phenyl
group was observed also in the case of 5j versus 5i. On
the other hand, attempts to replace the �outside� phenyl
group with piperidine and substituted piperazine result-
ed in very low to total loss of receptor affinity (5o, p).
Thus a less radical modification strategy was employed
by replacing the outside phenyl group with a hetero-
aromatic group, which is represented by the three
compounds 5q–s. The results showed that only the
thiophene 5q, the non-polar aromatic still maintained
a reasonable binding affinity (34 nM), where the com-
pounds with polar aromatic substituents (imidazole 5r
and oxazole 5s) showed a substantial loss of activity.
These results suggested that the outside phenyl group

Et3N, 1 h, 30%; (b) ArB(OH)2, Pd(PPh3)4, Na2CO3, toluene, water,


Cl, Et3N or R2CO2H, EDC.HCl, HOBt, THF, 1–5 h, 30–70%; and (e)







Table 1. Binding affinities of compounds 5b–s on human MCH-R1


Compounds R Ki (nM ± SEM)


5b 5.2 ± 1.0


5c >10,000


5d >10,000


5e 4300 ± 780


5f >10,000


5g 14 ± 3.8


5h 12 ± 3.6


5i 250 ± 2.8


5j 13 ± 0.4


5k 43 ± 2.5


5l 52 ± 12


5m 110 ± 4.1


5n 16 ± 3.3


5o 2400 ± 320


5p >10,000


5q 34 ± 1.5


5r >10,000


5s >10,000
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is one of the key interaction sites with MCH-R1, while
the internal phenyl group might have dual roles. It could
serve as a spacer to control the orientation of the outside
phenyl group and also as a lipophilic site to interact with
the receptor. The phenyl group might prove to be one of
the best spacers, it was replaceable by both rigid and
flexible, but relatively liophilic groups. On the other
hand, the potency was less dependent on the substitu-
tion of the basic nitrogen, as evidenced by compounds
7a–7c, 7f, where substitution even as large as a phenyl-
propyl exhibited similar binding profiles. The basic
nitrogen might be one of the key features for the recep-
tor binding since the non-basic intermediate 6 was not
active and the acetamide 7g was only a weak binder.


Although the calculated log P for compound 7a indicat-
ed that it was not a highly lipophilic molecule (clog
P = 3.2),17 its solubility as a hydrogen chloride salt in
water was poor (approx. 0.25 mg/ml) based on a simple
measurement.18 Because of the potential experimental
difficulty for in vivo efficacy studies due to the poor
water solubility for this series, the SAR was expanded
by using the more hydrophilic template, 6-(3-amino-
pyrrolidin-1-yl)-pyridin-3-yl-amine template (molecule
I where X = N). The binding affinities of this series of
compounds were found to be comparable to the corre-
sponding 1-(4-amino-phenyl)-pyrrolidin-3-yl-amine ser-
ies. For example, compound 10 has a binding affinity
of 2.3 nM (Ki), which is similar to compound 7a
(3.1 nM). As expected, its solubility in water was indeed
much improved. The solubility of pyridine 10 as a
hydrogen chloride salt19 was measured at 25 versus
0.25 mg/ml of phenyl analog 7a in water.


The functional antagonism of such compounds was ini-
tially confirmed based on their ability to inhibit the
MCH-stimulated Ca2+ influx in a dose-dependent man-
ner. For example, compounds 7a and 10 had a IC50 of
166 and 122 nM in this assay. Functional activity of
compound 10 was further established by the GTPcS as-
say (IC50 = 61 nM).20 Compound 10 as a HCl salt also
showed promising pharmacokinetic properties. In rats,
after the dosing at 10 mg/kg for both iv and po admin-
istrations, it exhibited 32% oral bioavailability with a
terminal half-life of 2.7 h.21


In vivo efficacy of compound 10 (as a HCl salt) was
investigated in two feeding models. In the first study,
food-deprived male Wistar rats (221 ± 10 g; n = 7–8/
group) were given compound 10 (3–30 mg/kg, po), and
45 min later were allowed to eat. Orally administered
compound 10 significantly suppressed food intakes at
all doses out to 6 h post-dose (p < 0.01; Fig. 1). We also
examined compound 10 in a chronic feeding model. In
this study, Wistar rats (217 ± 9 g; n = 6–8/group) were
implanted with a 7-day osmotic pump that contained
compound 10 (10 mg/kg/day) in 50% DMSO or vehicle
alone. In addition to ad libitum fed vehicle-treated ani-
mals, we included a vehicle-treated pair-fed group to
examine the potential effects of MCH antagonism on
metabolism. Rats in the pair-fed group were fed the
same amount of food that the drug-treated animals
ate. Results indicated that food intake was significantly







Figure 1. Effect of orally administered compound 10 (3–30 mg/kg, po,


dosed in 0.25% methylcellulose) on deprivation-induced feeding in


rats. Cumulative food intake was significantly suppressed out to 6 h at


all doses tested (*p < 0.01). Values are means ± SEM.


Scheme 3. Reagents and conditions: (a) 4-biphenylcarbonyl choride, Et3N, DCM, 2 h, 74%; (b) TFA, DCM, 4 h, 100%; (c) aldehyde, NaBH(OAc)3,


MeOH, DCM, 14 h; and (d) acetic anhydride, DIPEA, DCM, 5 h, 85%.


Table 2. Binding affinities of compounds 6, 7a–g, and 10 on human


MCH-R1


Compounds R1 Ki (nM ± SEM)


6 — >10,000


7a — 3.1 ± 0.7


7b Ethyl 5.9 ± 0.3


7c 5.5 ± 0.6


7d 31 ± 4.7


7e 130 ± 16


7f 8.6 ± 0.3


7g — 3000a


10 — 2.3 ± 0.3


a Only assayed once.
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decreased in drug-treated animals (and in the pair-fed
group) relative to vehicle-controls (p < 0.001; Fig. 2A).
Body weight was also significantly suppressed in both
groups (p < 0.001). Interestingly, although the pair-fed
and drug-treated groups ate the same amount of food,
rats given compound 10 lost significantly more weight
than their pair-fed counterparts (p < 0.001; Fig. 2B).

Scheme 4. Reagents and conditions: (a) CH3CN, rt, 4 h, 80%; (b) H2, Pd/C,


97%; (d) HCl, ether, 5 h, 89%; and (e) 2b in DMSO, 100 �C, 72 h, 12%.

This finding suggests that in addition to anorectic
effects, antagonism of the MCH1-R can result in meta-
bolic changes.


In summary, SAR around 1-(4-amino-phenyl)-pyrroli-
din-3-yl-amine and its closely related analog 6-(3-ami-
no-pyrrolidin-1-yl)-pyridin-3-yl-amine yielded potent

THF, 1 h, 81%; (c) 4-biphenylcarbonyl chloride, Et3N, DCM, 3 h, 42–







Figure 2. Effect of compound 10 delivered via osmotic pump (10 mg/kg/day) over 7 days on food intake (A) and body weight (B) in rats. Both food


intake and body weight were significantly suppressed in compound 10-treated and pair-fed animals relative to controls (p�s < 0.001). Furthermore,


body weight was significantly lower in rats given compound 10 compared to pair-fed animals (p < 0.001). Values are means ± SEM.
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MCH-R1 antagonists.22 Variation of the substitutions
on the carboxamide showed that a bi-aryl group was
preferred with the outside phenyl group as the critical
receptor-binding component. At the other end of the
molecule, a basic amine was required to give high poten-
cy, although substitution on the basic amine was not
crucial for the binding. One of the potent compounds
demonstrated good oral bioavailability and in vivo effi-
cacy in rats. The SAR knowledge from this work pro-
vided the starting point for design and optimization of
the next generation MCH-R1 antagonists.
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Abstract—The discovery, synthesis, potential binding mode, and in vitro kinase profile of several pyrido[1 0,2 0:1,5]pyrazolo[3,4-d]-
pyrimidines as potent kinase inhibitors are discussed.
� 2005 Elsevier Ltd. All rights reserved.

Figure 1. Successful examples of kinase inhibitors that have progressed


to clinical trials and patient care.

Protein kinases catalyze the phosphorylation of tyrosine
and serine/threonine residues in various proteins in-
volved in the regulation of all functions.1 Protein kinases
can be broadly classified as receptor (e.g., EGFr,
c-erbB2, PDGFr, and VEGFR2) or non-receptor (e.g.,
c-src, b-raf, and ZAP70) kinases. Inappropriate or
uncontrolled activation of many of these kinases, by
over-expression, constitutive activation, or mutation,
has been shown to result in uncontrolled cell growth.2


Drug discovery efforts have targeted this aberrant kinase
activity in cancer, asthma, psoriasis, and inflammation,
to name a few.3


Recent advances in the identification of erbB family ki-
nase inhibitors have created hope for the modulation of
uncontrolled cell growth in cancer therapy for solid
tumors.4 For example, the compounds shown in
Figure 1, IressaTM and GW572016, continue to show
promising results in clinical trials on cancer patients.5


GleevecTM�s activity in bcl-abl or c-kit-mediated malig-
nancies is well-documented and CEP1347 looks promis-
ing for Parkinson�s disease.6,7 Despite these tremendous
results in the development of signaling inhibitors, there
remains a gap in the understanding of the selectivity
and required inhibition profile of kinase inhibitors to
achieve efficacy without introducing toxicity.8
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Herein, we report the generation of a novel scaffold
where the substitution pattern targets different regions
of the ATP-binding site of the protein kinase domain
to create differentially selective molecules. Based on lit-
erature reports, linearly fused tricyclic core systems have
been used as scaffolds for kinase inhibitors.9 Our goal
was to develop a novel tricyclic core ring system that
could be decorated with a variety of diverse substituents
to examine their structure–activity relationship (SAR)
against a panel of kinase inhibition assays. Herein, we
report the results of the utility of this approach to gen-
erate useful, selective tool compounds.
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Scheme 2. Synthesis of N-phenylpyrido[1 0,2 0:1,5]pyrazolo[3,4-d]pyrim-


idin-4-amine derivatives 5a–d. Reagents and conditions: (a) formic


acid, cat. sulfuric acid, 90 �C; (b) POCl3 (61%, two steps); (c) anilines,


i-PrOH, reflux.


Scheme 3. Synthesis of N-phenyl-N 0-pyrido[10,2 0:1:5]pyrazolo[3,4-


d]pyrimidin-4-yl-urea derivatives 6a–f. Reagents and conditions: (a)


formamide, MW 240 �C (79%); (b) isocyanates, MeCN, 25 �C, 16 h.


Scheme 1. Synthesis of key intermediate 2-amino-3-cyano-pyrazol-


o[1,5-a]pyridine 1. Reagents: (a) malononitrile, ethanol, potassium


carbonate (25%).


Table 1. N-Phenylpyrido[1 0,2 0:1,5]pyrazolo[3,4-d]pyrimidin-4-amines


Compound Structure ErbB214 EGFR14


4 >10 >10


5a >10 0.200


5b 0.063 0.032


5c 0.200 0.050


5d 1.58 5.01


Kinase enzyme inhibition expressed as IC50 values in micromolar.14


The IC50 values are >10 lM for GSK3 and VEGFR2 for compounds 4


and 5a–d.


M. J. Alberti et al. / Bioorg. Med. Chem. Lett. 15 (2005) 3778–3781 3779

The syntheses of two novel classes of kinase inhibitors,N-
phenyl-pyrido[1 0,2 0:1,5]pyrazolo[3,4-d]-pyrimidin-amine
andN-phenyl-N 0-pyrido[1 0,2 0:1,5]pyrazolo [3,4-d]-pyrim-
idin-4-yl-urea derivatives, are shown in Schemes 1–3.


The key aminonitrile intermediate 1 was synthesized by
combining the commercially available N-aminopyridini-
um iodide and malononitrile in ethanol. Heating this
mixture with microwave irradiation in the presence of
2 equiv of potassium carbonate generates the desired
product. This intermediate has been used to prepare
two classes of kinase inhibitors. Preparation of those
derivatives with aniline substituents at the 4-position is
shown in Scheme 2, and a synthetic approach used to
prepare inhibitors with urea substitution at the 4-posi-
tion is shown in Scheme 3.


The synthesis of anilino-substituted analogs was started
by heating the aminonitrile 1 with formic acid in the
presence of catalytic sulfuric acid (Scheme 2). The result-
ing pyrimidinone derivative 2was converted to the corre-
sponding chloroimidate 3with phosphorous oxychloride.
The final displacement of the chloridewith an appropriate
aniline was accomplished by heating in isopropyl
alcohol to give the desired N-phenylpyrido[1 0,2 0:1,5]pyr-
azolo[3,4-d]pyrimidin-4-amine compounds (5a–d).

Scheme 3 depicts the sequence of reactions used to pre-
pare urea-substituted derivatives 6a–f. Subjecting the
aminonitrile intermediate 1 to microwave irradiation
in the presence of formamide results in the formation
of tricyclic amine 4. Stirring this product overnight with
an isocyanate in acetonitrile gave the desired N-phenyl-
N 0-pyrido[1 0,2 0:1,5]-pyrazolo[3,4-d]pyrimidin-4-yl-urea
compounds. The synthetic sequences shown above are
amenable to the production of large number of com-
pounds by scaling up key intermediates 3 and 4, and
adding the final diversity in a parallel array format.10,11


Compounds 4, 5a–d, and 6a–f are representative exam-
ples of derivatives that can be synthesized by the meth-
ods described above. The compounds were evaluated in
a panel of kinase enzyme assays and the data for erbB2,
EGFR, GSK3, and VEGFR2 are summarized in Tables
1 and 2. The free amino-substituted derivative 4 showed
no activity against EGFR, erbB2, GSK3, or VEGFR.
However, replacement of the amino substituent with
aniline derivatives resulted in potent inhibitors of erbB2
and/or EGFR, with selectivity over GSK3 and VEGFR.
The SAR that confers potency and selectivity to the
quinazoline series for the erbB family. TK inhibition
was evaluated in N-phenylpyrido[1 0,2 0:1,5]pyrazolo[3,4-
d]pyrimidin-4-amines.12 For example, 5a has a �small�
anilino group, and like IressaTM, is selective for EGFR







Table 2. N-Pyrido[1 0,2 0:1,5]pyrazolo[3,4-d]pyrimidin-4-yl-ureas


Compound Structure GSK315 VEGFR16


6a 0.126 0.200


6b 0.158 0.251


6c 0.316 >10


6d 1.00 3.98


6e 1.58 3.98


6f >10 0.631


Kinase enzyme inhibition expressed as IC50 values in micromolar.15,16


The IC50 values are >10 lM for ErbB2 and EGFR for compounds


6a–f.


Figure 2. Docking model of 5b (green), compared with a cocrystal of


GW572016 (purple) in EGFR.8 Hydrogen bonds are indicated by


dashed lines.


Figure 3. Docking model of 6a (yellow), compared with a cocrystal of


GW572016 (purple) in EGFR.8 Hydrogen bonds are indicated by


dashed lines.
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over erbB2. While a larger aniline substituent in 5b, like
GW572016, is a potent dual EGFR/erbB kinase inhibi-
tor (Fig. 2). The potency of this dual inhibition is depen-
dent on substitution on the aniline moiety, and a drop in
potency was observed with 5c and d.


To confirm our belief that the novel tricyclic ring system
was able to bind in the ATP-binding site of EGFR so
that it possessed similar SAR to the quinazolines, we
modeled several viable binding modes. The best model
is shown in Figure 2 where 5b is compared with a co-
crystal structure of GW5720168. The aniline portion of
the compounds is overlaid in an identical fashion in
the back-pocket region, allowing the N-1 to interact
with the hinge region. The tricyclic core then extends
down the center of the binding site, which suggests that

there is space for 6- and 7-position substitutions for in-
creased interactions.


When the aniline substituent of a pyrido[1 0,2 0:1,5]pyraz-
olo[3,4-d]-pyrimidine scaffold is changed to an aryl urea,
no activity against erbB2 or EGFR is observed. This
lack of erbB2/EGFR inhibition from the urea deriva-
tives may be attributed to the fact that a threonine res-
idue exists in the ATP-binding pocket of EGFR and
erbB2. This threonine (Thr830) forms a water-mediated
hydrogen bond from the quinazoline N-3 nitrogen of
GW572016 to the threonine hydroxyl (see Fig. 2). This
same interaction could exist with the aniline-substituted
pyrido[1 0,2 0:1,5]pyrazolo[3,4-d]pyrimidines.
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However, interaction with the urea-substituted deriva-
tives is disrupted by the existence of an intramolecular
hydrogen bond between the urea nitrogen and the corre-
sponding nitrogen of the tricyclic core (see Fig. 3).13


This intramolecular hydrogen bond not only disrupts
the interactions with the threonine of EGFR/erbB2,
but also slightly changes the relative orientation of the
aryl substituents of the aniline and urea derivatives
when superimposed on each other.


Although the urea-substituted pyrido[1 0,2 0:1,5]pyrazol-
o[3,4-d]pyrimidines do not show inhibition of EGFR/
erbB2, they do begin to show moderate inhibition
against GSK3 and/or VEGFR2 (see Table 2). The range
of potencies within the urea-substituted series provides
SAR which suggests that this template could be used
to develop GSK3 selective compounds (e.g., 6c) or
VEGFR2 selective compounds (e.g., 6f).


The facile synthesis and kinase inhibition data for the
pyrido[1 0,2 0:1,5]pyrazolo[3,4-d]-pyrimidine derivatives
demonstrate the potential of this scaffold to generate di-
verse kinase inhibition profiles. The most obvious trend
observed is that the anilino-substituted derivatives dem-
onstrated inhibition of the erbB family, but not GSK3
or VEGFR2, while the reverse trend is observed for
the urea-substituted derivatives.
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Abstract—Further to the discovery of bicyclic furanopyrimidine nucleoside analogues (BCNAs) as potent anti-VZV agents, a
branched series of this family of compounds was synthesised. The aim was to study the impact of the geometry and steric hindrance
in the side chain as well as lipophilic role of this moiety on biological activity. The results showed a detrimental effect of branching
on antiviral activity, with a different magnitude depending on the position of branching in the side chain. This study again showed
the importance of this moiety for biological activity, as well as the limited efficacy of the ClogP value as a tool for predicting the
potency of BCNAs, while suggesting an alternative rationale behind the design of future series.
� 2005 Elsevier Ltd. All rights reserved.

Figure 1. Bicyclic furanopyrimidines (BCNAs) belonging to the most


active series and their corresponding ClogP values.

Wehave already reported the discovery of an entirely new
class of potent antiviral deoxynucleoside analogues bear-
ing an unusual bicyclic base.1 These bicyclic furanopyrim-
idines have revealed to be potent and selective inhibitors
of Varicella–Zoster virus replication and several efforts
have been made in our group to investigate the structural
requirements needed for optimal antiviral activity.


Modifications of the side chain, the base and the sugar
moiety have been considered.2 In particular, previous
SAR studies have revealed as an absolute requirement
for antiviral activity—a long lipophilic alkyl or alkyl-
phenyl side chain; in fact, modifications involving a sig-
nificant increase of the polarity in the side chain
decreased the activity of the corresponding analogues.
As a result, the potency of these nucleosides seems to
be strictly related to their C logP values, with an optimal
value falling between 2.5 and 3.5.


Among all the derivatives synthesised, the most active
series reported so far is the one bearing a phenyl group
in the side chain (Fig. 1). In particular the p-pentylphe-
nyl derivative (4) displays an EC50 below 1 nM and a
selectivity index value of ca. 1,000,000.3 It is currently
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under development for use in shingles by FermaVir
Pharmaceuticals.


To understand the role of the alkyl group in biological
activity, we here report the synthesis and biological eval-
uation of a new class of BCNA derivatives characterised
by a branched side chain (Fig. 2). This represents the
first example of branched p-alkylphenyl BCNAs.


These modifications would be of interest for investigat-
ing the effect of steric hindrance and conformational
restriction and also of the, previously predictive, ClogP



mailto:mcguigan@cardiff.ac.uk





Figure 2. Target derivatives and their corresponding ClogP value.


Figure 3. Synthesis of EDU (17). Reagents and conditions: (i) HC„CSiMe3, DIPEA, Pd(Ph3P)4, CuI, DMF, rt, overnight, 81%; (ii) NH4OH,


MeOH, rt, overnight, 75%.
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value. Compound 14 was particularly indicative for our
purposes, having the same ClogP value as the most ac-
tive p-pentylphenyl BCNA (4).


The general synthetic pathway for the synthesis of bicy-
clic furanopyrimidines (BCNAs) involves a Pd-catalysed
coupling between 5-iodo-2 0-deoxyuridine (IDU, 15) and
the appropriate aryl acetylenes.1 Unfortunately, the aryl
acetylenes required for the synthesis of these new ana-
logues were not commercially available.


Therefore, we considered the building of the alkynyl
moiety on the nucleoside, leading to 5-ethynyl-2 0-deoxy-

Figure 4. Synthesis of the required aryl iodides (18–22), corresponding yield

uridine (17) as the synthon for subsequent coupling with
appropriate aryl iodides (Fig. 3).


Thus, the desired aryl iodides were synthesised via an
aromatic iodination of the appropriate alkylbenzene in
the presence of 2 equiv of I2 and 2 equiv of AgNO2,


4


which led to compounds in good yield as a mixture of
ortho and para regioisomers, the ratio of which was
determined by 1H NMR (Fig. 4).


Due to the fact that it was not possible to separate the
regioisomers by flash chromatography, the aryl iodides
were used as mixtures for the following synthetic steps.

s and para/ortho ratios.
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The alkylphenyl starting materials necessary for the syn-
thesis of compounds 20 and 22 were not commercially
available and they had to be synthesised.


As reported in the literature by Wei and Taylor,5 styrene
faces attack by a range of organolithium reagents and
subsequent treatment of the intermediate anion with
MeOH gives access to several alkylbenzene analogues.
This approach was chosen for the synthesis of the de-
sired (3,3-dimethyl)butylbenzene (25) (Fig. 5).


The same synthetic pathway was chosen for the prepara-
tion of (4-methyl)pentylbenzene (28). As shown in
Figure 6 the required iso-propyl lithium 29 was prepared
by reacting iso-propyl iodide with excess tert-BuLi in
diethyl ether at �78 �C. Such an exchange is indicated
to be irreversible in the presence of 2 equiv of tert-BuLi.6


After generation of the desired primary alkyl lithium
derivative, the residual tert-BuLi was eventually elimi-
nated by proton abstraction from diethyl ether, by sim-
ply allowing the reaction to stand at room temperature
for ca. 1 h. The reaction mixture then reacted with sty-
rene to afford 28, following the previously described
procedure.

Figure 5. Synthesis of (3,3-dimethyl)butylbenzene (25). Reagents and


conditions: (i) tert-BuLi, Et2O, �78 �C, 30 min; (ii) MeOH, �78 �C,
30 min, 86%.


Figure 6. Synthesis of 4-methylpentylbenzene (28). Reagents and


conditions: (i) tert-BuLi, Et2O, �78 �C, 10 min, rt, 1 h; (ii) styrene (23),


Et2O, �25 �C, 30 min; iii) MeOH, �25 �C, rt, 30 min, 57%.


Figure 7. Synthesis of p-iodocyclohexylbenzene (30).

The product 28 was successfully isolated and NMR
analysis excluded the presence of any side product,
which may have resulted from the attack of any residual
tert-BuLi on styrene.


Converse to the iodination with molecular iodine, a dif-
ferent synthetic pathway was preferred for the last out-
standing p-iodocyclohexylbenzene (30), and this was
achieved in 57% yield, starting from cyclohexylaniline
via formation of the corresponding diazonium salt
(Fig. 7).7


Once all the necessary p-alkylaryliodides were success-
fully synthesised, they were subsequently coupled with
EDU (17) in the presence of Pd(Ph3P)4, CuI and trieth-
ylamine to achieve the corresponding 5-arylethynyl-2 0-
deoxyuridines (31–38). A copper-catalysed cyclisation
then led to the formation of bicyclic furanopyrimidine
ring derivatives (7–14) (Fig. 8).8


While 5-arylethynyl-2 0-deoxyuridines 31 and 38 were
isolated and characterised, the two synthetic steps were
carried out in a one-pot procedure for the synthesis of
other cyclised compounds in the series, and yields dis-
played in Figure 8 refer to EDU as the starting material.


The key spectroscopic evidence for the cyclisation is the
disappearance of the NH peak in the 1H NMR (ca.
11.6 ppm) and the presence of a H-5 peak in the region
7.10–7.30 ppm, depending on the aryl substituent.


Compared to the yields achieved for 7 and 11 (respec-
tively, 63% and 52% as overall yields from EDU), we
observed a decrease in the efficiency for the one-pot pro-
cedure. Besides the inevitable loss of material due to a
more difficult purification, these lower yields could be
due to the formation of 5,6-disubstituted analogues as
side products.


As shown in Figure 9, during the synthesis of 13, the
corresponding 5,6-disubstituted analogue 39 was, in
fact, isolated and characterised. Analogous fluorescent
compounds at similar Rfs were detected by TLC in all
the other reaction mixtures carried out in one pot.


These disubstituted derivatives are believed to be the
result of a side reaction occurring during the one-pot
cyclisation. Indeed, the suggested mechanism for their
formation is predicted to involve the reactivity of the
5-arylethynyl nucleoside intermediates, the triple bond
of which would react with the Pd-complex formed with
the remaining excess of aryl iodide. Given this, the
isolation of the 5-arylethynyl intermediates would pre-
vent the formation of these side products, as supported
by the higher yields obtained for 7 and 11.







Figure 8. Synthesis of branched derivatives (7–14). Reagents and conditions: (i) ArI, Et3N, Pd(Ph3P)4, CuI, DMF, rt, overnight; (ii) MeOH, CuI,


reflux, 4 h.


Figure 9. Synthesis of the target structure 13. The 5,6-disubstituted analogue 39 was also isolated.
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Furthermore, the fact that the synthetic aryl iodides 18–
20 and 22 were used as a mixture of ortho and para
regioisomers for subsequent coupling with EDU could
also have contributed to the low yields in the coupling
reaction. Although we failed to isolate any ortho bicyclic
furanopyrimidine analogue, the possibility that the 5-(o-
alkylaryl)ethynyl derivatives had been formed cannot be
ruled out. As a matter of fact, a parallel ongoing work
has found that the cyclisation step of some ortho-substi-

tuted 5-(alkylaryl)ethynyl analogues appears to require
more severe conditions to achieve good yields, while
no significant difficulties had been encountered at the
stage of coupling. On account of this, the amount of
the cyclised ortho isomer may not have been consider-
able. Yet, taking into account the relatively poor yields
of the whole process for 8–10 and 13, it seems likely that
these conditions could have affected, to some extent, the
yields of the coupling reactions. All of the spectroscopic







Table 1. Antiviral activities for compounds 7–14; samples were dissolved in neat DMSO and diluted with biological media to generate ca. 50–200 lM
stock solutions containing 1% DMSO


Compound R ClogPb EC50
a (lM) MCCd (lM) CC50 (lM)e


VZV OKA VZV YS TK�VZV 07/1c TK�VZV YS/Rc


7 CH(CH3)2 1.78 6.9 7.9 >20 >50 P50 45


8 CH2CH(CH3)2 2.31 0.048 0.051 >200 >2 >200 >200


9 C2H4CH(CH3)2 2.84 0.0017 0.0011 >50 >2 P50 >200


10 C3H6CH(CH3)2 3.37 >80 NDf >80 NDf 400 >200


11 C(CH3)3 2.18 >50 >20 >50 >50 P50 >200


12 CH2C(CH3)3 2.71 >80 NDf >80 NDf 400 140


13 C2H4C(CH3)3 3.37 0.33 0.31 P80 NDf P80 >200


14 C6H11 2.97 1.4 3.1 >20 >20 >20 >200


ACV — — 1.5 3.1 40 53 >200 >400


1 C2H5 1.38 0.09 0.07 >50 >20 200 123


2 C3H7 1.91 0.01 0.008 >20 >20 P50 188


3 C4H9 2.44 0.0022 0.0005 >5 >5 P20 >200


4 C5H11 2.97 0.0003 0.0001 >20 >5 P20 >200


5 C6H13 3.50 0.0005 0.0001 >5 >5 20 18


6 C7H15 4.0 0.0054 0.003 >5 >5 5 18


40 Ph 2.24 0.031 0.032 >5 >5 >200 >200


a EC50, effective concentration (lM), required to reduce virus plaque formation by 50%.
b Values calculated using ClogP version 1.0.0. Biobyte, P.O. Box 517, Claremont, CA 91711, USA.
c TK�, thymidine kinase deficient.
dMCC, minimal cytotoxic concentration (lM), required to alter microscopically detectable cell morphology.
e CC50, 50% cytotoxic concentration, required to inhibit Hel cell growth by 50%.
f ND, not determined.
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data confirm the isolated products 7–14 to be pure para
isomers.


The synthesised compounds 7–14were evaluated for their
ability to inhibit the replication of VZV in cell culture.
Table 1 contains data relating to two strains of thymidine
kinase-competent (TK+) VZV and also two strains of
thymidine kinase-deficient (TK�) VZV, with data also
given for aciclovir (ACV) as a reference compound.


Data corresponding to the p-alkylphenyl series (1–6) are
also included in the table, as well as the results related to
compound 40, which has a biphenyl group as the side
chain. Cytotoxicity data are given for each compound
in two assays.


In general, all the compounds show an activity lower
than those of the potent n-alkylphenyl BCNA homo-
logues, indicating a negative effect of the branching.
This is particularly evident in the tert series, where the
only active derivative is 13, while 11 and 12 did not show
any activity at the highest subtoxic concentrations tested
(50 and 80 lM, respectively). For the iso and tert series,
there seems to be a tendency for an increase of activity
with the increase of the chain length. Indeed, in the iso
series, the potency increases by ca. 140-fold from 7 to
8 and by ca. 30-fold from 8 to 9. Similarly, in the tert
series, while 11 and 12 did not show any significant
activity, 13 is endowed with an antiviral potency higher
than that of aciclovir. In this context, the loss of activity
of the iso-hexyl derivative (10) is particularly surprising
and it indicates that the branching at the C-5 position on
the alkylphenyl side chain is not tolerated. The fact that
the branching could have a different influence depending
on its position in the alkylphenyl side chain can be sup-
ported further by a large difference in activity between

the iso-propyl derivative 7 and n-propylphenyl BCNA
2 (ca. 700-fold). This suggests a detrimental effect of
branching at the position a to the phenyl group, sup-
ported further by the inactivity of 11.


When we compare the results for 10 and 13 to that of n-
hexylphenyl BCNA (5), we observe a striking difference
in activity between compounds that have comparable
ClogP values. On this basis, the result for the cyclohexyl
derivative 14 is particularly interesting. Indeed, although
14 and the extremely potent n-pentylphenyl (4) deriva-
tives have the same ClogP value, they show a difference
in activity of 2800-fold. It is also of interest to consider
the result for the biphenyl derivative 40, which displays
an antiviral activity that remains between that of 4 and
14, yet we find that the ClogP values of the compounds
are only slightly different.


Although these losses of activity could be explained by
difference in the geometry and steric hindrance of the side
chain between the derivatives, the reliability of compari-
son between the ClogP values of bicyclic nucleoside ana-
logues with different structures could also be questioned.


To assess the possibility to use the ClogP value for
predicting the optimal antiviral activity of BCNAs for
different series, it was decided to carryout an experimen-
tal measurement of their logP values, choosing the
n-pentylphenyl 4 as the reference.


To carry out the assay, equal amounts of water and n-
octanol (99+%) were mixed overnight to attain a mutual
saturation. After separation, an appropriate amount of
4 was dissolved in n-octanol at a concentration lower
than 1 mM. However, when the water was added
and the two phases were mixed by shaking for 6 h,
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UV spectroscopy did not show any significant difference
in absorbance from the octanol solution before and after
the extraction with water, indicating that no detectable
amount of compound was transferred through the
aqueous phase.


An aliquot of the aqueous layer was also analysed, but
no UV spectrum could be detected.


In view of these results, 1 mg of 4 was first suspended in
100 ml water, and left stirring for 6 h, and occasionally
sonicated. The suspension was filtered giving a clear
solution. However, when an aliquot of this aqueous
solution was analysed, no significant absorbance could
be detected and the UV spectrum could not be
registered. Therefore, due to the pronounced lipophilic-
ity of the compound, the experimental measurement of
the logP value of 4 could not be carried out using this
method and the available software for the calculation
of logP remains the most convenient tool to estimate
the logP value of such derivatives.


In conclusion, the branching of the alkylaryl side chain
of BCNAs leads to a decrease in their biological activity
against VZV, with a different impact depending on the
position of the branching in the chain. In view of these
results, it is clear that ClogP is not the only factor
influencing the biological activity, the geometry and
steric hindrance in the alkylaryl side chain are also
important factors to be considered in predicting the
antiviral activity of BCNAs.
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Abstract—A new class of MMP-12 inhibitors was discovered and optimized using structure-based drug design methods. Modeling
studies using a known MMP-12 crystal structure identified a new interaction mode for these new MMP-12 inhibitors. Further opti-
mization resulted in the discovery of a compound displaying nanomolar activity against MMP-12 and which was co-crystallized
with MMP-12.
� 2005 Elsevier Ltd. All rights reserved.

Table 1. Comparison between various MMP amino acid sequences


close to the inhibitor putative binding site


MMP-12 I180 L214 T215 V235 T239 K241 V243


MMP-1 N R V L S T S


MMP-2 L L V L I T T


MMP-3 V L V L L H L


MMP-7 T Y A V T G G


MMP-8 I L V L N A R


MMP-9 L L V L M R T


MMP-13 L L V L I T T


MMP-14 F L V I F Q M

Matrix metalloproteinases (MMPs) are a family of zinc
dependent endoproteinases, involved in the turnover
and remodeling of an extracellular matrix and therefore
are therapeutic targets for the treatment of many inflam-
matory, malignant, and degenerative diseases.1 For
example, inhibitors of MMP-12 are sought for the pre-
vention of chronic obstructive pulmonary disease
(COPD) development.2 The vast majority of reported
MMP inhibitors can be viewed as zinc chelating
compounds either via a hydroxamate moiety or, less
effectively, via other groups, including reverse hydroxa-
mate, thiol, carboxylate, phosphonic acid, and phosphi-
nate functions. Indeed, X-ray crystal structures of
MMPs with bound inhibitors reveal that inhibitor bind-
ing interactions typically include coordination of the ac-
tive site zinc by a ligand (e.g., hydroxamic acid) and
occupancy of the S1 0 pocket with a hydrophobic group.
However, in the development of new therapeutic agents
targeting MMPs, there remains considerable room for
new structural classes not coordinating the active site
zinc atom.3 Moreover, exploiting the structural differ-
ences between the MMP subtypes4 (Table 1), currently
an important issue in this area, should lead to more spe-
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cific inhibitors, postulated to avoid the toxic side effects
supposedly linked to broad spectrum inhibitors. We
now describe the discovery of a non-zinc chelating com-
pound class optimized for its MMP-12 activity using a
structure-based design process.


To identify non-competitive or uncompetitive inhibitors
from those that are competitive, the MMP-12 high-
throughput screen was conducted in the presence of
5 mM acetohydroxamic acid (AH).5 Compound 1
(Table 2) was thereby identified as an initial lead.
Compound 1 alone exhibited weak inhibition of
MMP-12 (IC50 = 13 lM) but proved to be much more
potent (IC50 = 0.23 lM) in the presence of AH and
showed a complete lack of activity against MMP-1, -3,
and -9. The data measured in the presence of AH
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Table 2. Compound 1, initial hit identified from a mass screen of


MMP-12 catalytic domain in the presence of 5 mM acetohydroxamate


(AH)


Enzyme IC50 (lM) Enzyme IC50 (lM)


MMP-12 13 MMP-2 26


MMP-12 + 5 mM AH 0.23 MMP-3 >101


MMP-13 24 MMP-8 25


MMP-1 >101 MMP-9 >101
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suggest that compound 1 achieves a synergistic inhibi-
tion of MMP-12 with AH and thus binds to the protein
in a different way compared to AH. Moreover, com-
pound 1 does not contain an obvious substituent that
would chelate the zinc atom. As part of a structure-
based design program, modeling studies were initiated
using the crystal structure of the inactive E219A mutant
MMP-12 determined by Lang et al.6 We replaced
Ala219 by a Glu having the side-chain conformation ob-
served for Glu202 in MMP-13 (pdb code 830c). Docking
experiments were conducted with AGdock (proprietary
software).7a For each of the suggested binding modes,
compound 1 was involved in hydrophobic interactions
with the S1 0 pocket through the phenyl moiety, more
precisely with Tyr240 methylene groups. Additionally,
the amide moiety forms two hydrogen bonds with the
backbone NH of Leu181 and the backbone carbonyl
of Pro238. Several binding modes were observed from
the docking experiments for the ethyl-morpholine
moiety. The preferred orientation is stabilized by
hydrophobic contacts between themorpholinomethylene
groups and the p-electron of the backbone Gly179-Ile180
peptidic bond (Fig. 1). This type of interaction, that is,
interaction between an aliphatic group and p-electrons,
has already been observed in crystal structure data.7b


The overall orientation of the compound clearly match-
es the preferred region for hydrophobic contacts, as cal-
culated by MOE7c contact statistics (green region on
Fig. 1). Noteworthy is that the His218 side chain, which
constitutes the zinc finger structure, is kept neutral for

Figure 1. Overlap of compound 1 docked into the active site of MMP-


12 cat domain and hydrophobic (green) and polar (red) preferred


regions—MOE contact statistics.

the docking experiments.7d The neutral state of the
thiophene moiety creates a hydrophobic field in its vicin-
ity. As a result, the thiophene group makes no interac-
tion other than hydrophobic contacts with His218
(lower side) and Leu181 (upper side), and does not
chelate the zinc atom, being at a distance of more than
4 Å. In summary, the thiophene ring constitutes a good
linker in optimizing both length and orientation of the
compound. This newly discovered interaction mode of
MMP-12 inhibitors has motivated us to choose com-
pound 1 as an initial lead candidate for optimization.
The docked complex suggests that potency could be im-
proved by optimizing interactions with specific residues
lying in the S1 0 pocket, that is, through hydrogen bond-
ing either to Lys241 backbone NH or carbonyl oxygen,
as well as hydrogen bonding to Thr239 carbonyl oxygen
or side- chain hydroxyl group. Furthermore, targeting
Lys241 and Thr239 should improve selectivity versus
MMP-2,3,9,13, and 14. Moreover, previous studies4


have shown that MMP selectivity for zinc binding inhib-
itors can be achieved by optimizing the size of the
moiety located in the S1 0 pocket, which is differently
shaped for each MMP subtype.


On the basis of these results, our main strategy was to
optimize the occupancy of the S1 0 pocket and hence
maximize hydrophobic interactions. On the basis of
docking studies of compounds extended on the phenyl
ring side with hydrophobic substituents, analogues rep-
resented by structures 2–5 have been designed and syn-
thesized. As illustrated in Table 3, compounds 2–5
were found to be much more potent than the initial hit.


In parallel with the affinity measurements, we also exam-
ined the physico-chemical properties of our inhibitors.
Not surprisingly, compounds 2–5 of Table 3 exhibit
poor solubility and high variability of the microsomal
metabolic stability, probably related to the solubility
issues. A reason accounting for the poor solubility
observed in a majority of compounds synthesized to ex-
plore the SAR lies in their high lipophilicity, due to their
design to fit in the hydrophobic S1 0 pocket. More gener-
ally, we observed a poor microsomal metabolic stability
on a large number of compounds bearing an aminoeth-
ylmorpholino group, probably related to the hydrolysis
of the amide bond by liver enzymes. To address this is-
sue, a variety of substituents have been investigated for
the replacement of this amide substituent, which is open
to the solvent according to our docking studies. Table 3
provides a couple of examples of the groups selected
with compounds 6 and 7. A common feature is the pres-
ence of a carboxylate group, which probably helps in
maintaining some solubility via solvent interactions for
these molecules, which are mainly hydrophobic.


Since the majority of compounds displaying the best
affinity were biphenyl thienyl derivatives, with a linear,
almost planar, shape, presumably favoring efficient crys-
tal packing, compounds were designed to disrupt the
planarity of the molecule. Compound 9 is one typical
example of this design where we tried to break the
planarity. The affinity and solubility data show that
compound 9 displays a better solubility than the







Table 3. In vitro profile of compounds 2–11


Compound R1 R2 IC50, (lM)


MMP-12


IC50, (lM)


MMP-13


Sol (ug/ml)a t1/2 (min)b


2 Phenyl 2-Morpholin-4-yl-ethyl 0.4 <1 304


3 4-Pyridyl 2-Morpholin-4-yl-ethyl 0.1 3 112


4 Cyclohexyl 2-Morpholin-4-yl-ethyl 0.46 <1 37


5 4-Acetylphenyl 2-Morpholin-4-yl-ethyl 0.057 <1 54


6 Trifluoromethoxy trans-4-Methylcyclohexane-carboxylic acid 0.4 20 248


7 Trifluoromethoxy 4-Methylphenylacetic acid 0.4 100 NMc


8 Phenyl 4-Methylphenylacetic acid 0.07 >1.2 <1 NCd


9 2-Hydroxyphenyl 4-Methylphenylacetic acid 0.09 2.5 134 NMc


10a Trifluoromethoxy 2-Carboxy-1-phenyl-ethyl, R enantiomer 0.18 2.2 >500 NMc


10b Trifluoromethoxy 2-Carboxy-1-phenyl-ethyl, S enantiomer 8.3 >500


11 4-Pyridyl 2-Carboxy-1-phenyl-ethyl, R enantiomer 0.014 0.27 >500 99


a Thermodynamic solubility measured at pH 7.4.
bMetabolic stability in human hepatic microsomes.
c Non-metabolized.
d Not characterized because of solubility issues.
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non-substituted biphenyl compound 8 and remains as
potent as compound 8.


Motivated by these results, we decided to explore the
amide side chain, supposedly exposed to the solvent.
We planned to carryout interactions with the protein
residues in the vicinity of this moiety, although interac-
tions with this region of the protein were extremily
difficult to predict. Targeted residues were Ile180 for
hydrophobic interactions and Thr239 to form an accep-
tor or donor hydrogen bond. Several molecules were
designed in that manner and compound 10 is an exam-
ple where we have been able to predict which one of
the enantiomers was the most active one.


Docking studies have shown that the R isomer 10a
would be stabilized by hydrophobic contacts between
its phenyl ring and Ile180, which placed the carboxylate
group in the most hydrophilic region (Fig. 2), whereas
the S enantiomer would have its phenyl ring in the
hydrophilic region and its carboxylate anion in the
vinicity of the hydrophobic Ile180. As expected, on syn-
thesis and testing of both enantiomers, the R compound
proved to be the most active one.

Figure 2. Compound 10a docked into the active site of MMP-12 cat


domain. Hydrophobic regions are colored in brown, while polar


surface areas are colored in blue.

Lastly, this (2R)-amino(phenyl)propanoic acid was com-
bined with one of the active hydrophobic phenyl-pyridyl
substituents to generate compound 11, which is soluble
and displays good affinity for MMP-12 (IC50 = 14 nM)
and, to a less extent, for MMP-13 (IC50 = 270 nM).
Eventually, the binding mode of compound 11 was
confirmed by an X-ray crystal structure of MMP-12
catalytic domain complexed with compound 11 with a
resolution8 of 2.5 Å (Fig. 3).


The data clearly show that the biaryl moiety fits into the
S1 0 pocket of the enzyme, where binding interactions are
mainly hydrophobic. Indeed, the core structures of thio-
phene and phenyl aromatic rings make hydrophobic
contacts with Thr215, Tyr240 methylene, and His218.
Similarly, lipophilic interactions take place observed be-
tween the 4-pyridyl group and Lys241 c- and e-methyl-
ene groups on the upper side, as well as Val235 on the
lower side. Additionally, key hydrogen bonds exist be-
tween the carbonyl oxygen and the backbone NH of
Leu181 and NH of Ala182, as well as between one
carboxylate oxygen atom and the backbone NH of
Tyr240, whereas the other carboxylate oxygen atom
binds to Gly179 carbonyl oxygen via a water molecule.

Figure 3. X-ray structure of a MMP-12 catalytic domain complexed


with compound 11.







Scheme 3. Preparation of compound 11. Reagents and conditions:


(a) pyridylboronic acid, Pd(PPh3)4, K3PO4 aq 2 M, DME, 80 �C;
(b) MeOH, HCl, 65 �C; (c) lithium hydroxide, EtOH/H2O; (d) (2R)-


amino(phenyl) propanoate, HATU, DIEA, DMF, rt; (e) lithium


hydroxide, EtOH/H2O and then HCl 2 M.
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Synthesis of inhibitor 1 and related analogues is based
on the versatile palladium-catalyzed coupling chemistry.
Compounds 1–4 were synthesized, as shown in Scheme
1. Briefly, an oxidation and amide formation sequence
yielded the common intermediate A, which was either
directly coupled under Suzuki conditions with boronic
acids to give products 1 and 2 or transformed into a tri-
flate to yield final product 3 or eventually derivatized
into a stannane to undergo a Stille coupling to yield 4.
Compound 5 was prepared in the same manner using
4-(4-bromophenyl)-N-(2-morpholin-4-ylethyl)thiophene-
2-carboxamide intermediate that was obtained through
a Sandmeyer sequence. Compounds 6, 7, and 10 were
prepared from a common intermediate C, derived from
the starting aldehyde following a Suzuki sequence,
through amide bond formation with readily available
amines as shown in Scheme 2. Eventually, preparation
of compound 11 is achieved following the chemical
route shown in Scheme 3.


In summary, we have discovered a series of potent
MMP-12 inhibitors incorporating a thiophene template,
an unusual central linker compared to established MMP
binding groups. Structure-based drug design methods
led to compounds with an improved potency for
MMP-12, achieving a 1000-fold enhancement compared
to the initial hit. In contrast to the well-established
MMP inhibitors, the compounds described do not inter-

Scheme 1. Preparation of compounds 1–4. Reagents and conditions:


(a) AgNO3, EtOH/NaOH aq, 40 �C; (b) (COCl)2, CH2Cl2, DMF cat.,


0 �C then rt; (c) 4-(2-aminoethyl)morpholine, Et3N, CH2Cl2, rt; (d)


R1boronic acid, Pd(PPh3)4, K3PO4 aq 2 M, DME, 80 �C; (f) i—


4-hydroxyphenylboronic acid, Suzuki cond.; ii—trifluoromethanesulf-


onic anhydride, CH2Cl2, pyridine, rt; iii—pyridine-4-boronic acid,


Suzuki cond.; (g) i—hexamethylditin, Pd(PPh3)4, DME, 80 �C; ii—


1-bromo-4-cyclohexylbenzene, LiCl, CuBr2, Pd(PPh3)4, dioxane, 80 �C.


Scheme 2. Preparation of compounds 6, 7, and 10. Reagents and


conditions: (a) (COCl)2, CH2Cl2, DMF cat., 0 �C then rt; (b) R2NH2,


Et3N, CH2Cl2, rt; (c) lithium hydroxide, EtOH/H2O.

act with the zinc active-site atom and nevertheless dis-
play affinities for MMP-12 in the nanomolar range.
X-ray crystallography data have confirmed the unique
binding mode predicted from docking experiments. Is-
sued from an activity-based and property-based optimi-
zation program, compounds such as compound 11 may
be regarded as novel, non-peptidic, low molecular
weight, non-zinc binding leads for continued develop-
ment of MMP inhibitors as drugs. On the basis of our
crystal structure and molecular modeling model, this
compound could be viewed as the starting point for
selectivity optimization over MMP-13 and physico-
chemical profile enhancement.
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Abstract—Incorporation of fluorine at the 4-position of an existing series of sulfonyl piperidine 5-HT2A antagonists gave com-
pounds with increased selectivity over the IKr potassium channel. This work led to the identification of 3b, a compound that gave
no increase in QTc in the anesthetized dog up to plasma levels as high as 148 lM. Furthermore, 3b has been shown to increase slow-
wave sleep bout duration and to decrease the number of awakenings in rats, indicating the potential utility of 5-HT2A antagonists in
the treatment of insomnia.
� 2005 Elsevier Ltd. All rights reserved.

Chronic insomnia affects about 10% of the global popu-
lation, with between 30% and 50% of people affected by
poor sleep (of any duration or severity) at any time.1


Insomnia is associated with significant impairments in
physical and mental well-being, it can have a major neg-
ative impact on quality of life, and leads to a higher inci-
dence of psychiatric disturbances including depression
and anxiety.2 The leading prescription drugs for the
treatment of insomnia, including Ambien,� are sedative
hypnotics that act at the benzodiazepine site on the
GABA-A ion channel. Unresolved issues with these
drugs include abuse potential3 and the risk of fractures
in elderly patients, due to an increased incidence of
falls.4 Hence, there is a need for new therapeutics that
will provide improvements in quality of sleep without
the adverse effects of existing treatments.


Serotonin (5-hydroxytryptamine, 5-HT) was one of the
first neurotransmitters associated with the regulation
of the sleep-wake cycle.5 It is known that ritanserin, a
5-HT2A antagonist, increases the amount of slow-wave
sleep (SWS), one of the components of deep sleep, in
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both humans and rats.6 Furthermore, in clinical trials,
several agents that antagonize 5-HT2A receptor activity,
including ritanserin,7 nefazodone,8 and trazodone,9 have
been shown to reduce sleep disturbance in patients who
suffer from a primary disorder other than sleep distur-
bance, for example, schizophrenia, depression, and anx-
iety. While these agents have potent activity at several
G-protein-coupled receptors (GPCRs), preliminary
(unpublished) information indicates that the selective
5-HT2A antagonist M100907 (Fig. 1) increases SWS

Figure 1. Selected 5-HT2A antagonists.







Scheme 1. Reagents and conditions: (a) 1a or 1b, NaHMDS, THF,


�78 �C to room temperature, then �78 �C, 4, to room temperature,


25% (3a), 18% (3b); (b) 1c–e, nBuLi, THF, �78 �C, then 5, to room


temperature, 25–35% (3c–e).
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and total sleep time, as well as reducing time spent
awake after sleep onset in elderly subjects.10


Previous work from our laboratories11 identified a series
of sulfonylpiperidines of general structure 1, with high
affinity for the 5-HT2A receptor and good selectivity
over other GPCR targets, including 5-HT2C and D2.
However, in common with many related structures,12


compounds of this class have moderate affinity for the
hERG (IKr) potassium channel. It is well known that
IKr blockade can lead to prolongation of the QTc inter-
val in vivo, which in turn can lead to the episodes of
Torsade de Pointe that may result in death. Compound
1a gave rise to a significant increase in QTc interval after
i.v. infusion to an anesthetized ferret.11 However, we
found that the acetophenone 2 has reduced affinity for
the IKr channel and subsequently demonstrated that 2
did not significantly increase the QTc interval in ferret.


One possible reason that acetophenone 2 has reduced
affinity for the IKr channel is its lower basicity com-
pared to the parent phenethyl compound 1a (Table 1).
However, a drawback with acetophenones such as 2 is
that compounds of this class chemically degrade in solu-
tion, particularly in polar solvents such as methanol and
DMSO. Hence, we sought other means of reducing the
basicity of the sulfonylpiperidines. Fluorine is common-
ly incorporated into biologically active compounds since
it gives rise to minimal steric impact, whilst its electro-
negativity influences pKa.


13 Moreover, it is known that
the presence of a fluorine at the 4-position of a piperi-
dine ring can substantially reduce its pKa.


14 We there-
fore set out to synthesize a-fluorosulfones, of general
structure 3, as an alternative approach to reduce the
pKa of the piperidine ring.


To gain rapid access to this class of compounds, we
sought to harness the intrinsic reactivity of the
alkylsulfonyl moiety and incorporate a fluorine atom
by an electrophilic quench onto an alkylsulfonyl anion,
thus allowing us to use available advanced fragments.

Table 1. Binding affinities, in vivo occupancy data, and pKa values


Compound h5-HT2A Ki/nM
a r5-HT2A Ki/nM


b h5-HT2C Ki/nM


M100907e 0.31 0.10 13


1ae 0.33 0.18 25


1be 0.42 92


2e 2.4 0.51 130


3a 0.68 49


3b 0.39 0.63 176


3c 0.30 49


3d 0.32 14


3e 0.64 398


3f 2.7 1.33 1491


3g 1.0 0.30 844


3h 2.0 1.6 >4000


3i 0.66 >4000


a h5-HT2A, h5-HT2C, hD2, and hIKr were determined as described in Ref. 1
b r5-HT2A data were determined as described in Ref. 16 (n = 2).
c Occupancy is quoted at 30 min after dosing at 10 mg/kg po as a mean ± SE
d pKa values were determined using a Sirius SGA apparatus.
e Data from Ref. 11.
f At 3 mg/kg.

Hence, deprotonation of sulfones 1a and 1b with
NaHMDS, followed by reaction with N-fluoro com-
pound 4, successfully afforded the desired 4-fluor-
osulfonylpiperidines 3a and 3b, respectively, albeit in
low yield (Scheme 1).


Some improvement was made by changing both the
base, to n-butyllithium, and the electrophilic fluorine
source, to N-fluorobenzenesulfonamide 5. However, giv-
en that the yields of fluorinated products 3c–e were still
low, we switched to using the N-Boc intermediate 6
(Scheme 2). In this case, deprotonation with n-butyllithi-
um, followed by N-fluorobenzenesulfonamide quench,
afforded the a-fluorosulfone 7 in good yield.15 The syn-
thesis of the core was then completed by removal of the
Boc-protecting group and alkylation using standard
protocols.


To further vary the 4-aryl substituent, we again used the
intrinsic reactivity of the system, this time by nucleophil-

a hD2 Ki/nM
a hIKr Ki/nM


a In vivo occupancyc pKa
d


1300 1100


>1500 1000 7.3


>1500 710 7.2


>1500 6800 6.3


>1000 2446


313 5561 98 ± 5% 6.3


791 1525


266 398


>1000 397


863 2702 80 ± 4% 6.4


>2000 9971 49 ± 8%f


>2000 >9000 37 ± 8%


>2000 >9000 62 ± 7%


1 (n = 2).


M (%), measured using the protocol described in Ref. 17.







Scheme 2. Reagents and conditions: (a) nBuLi, THF, �78 �C, then 5,


to room temperature, 76%; (b) 11 N HCl (aq), EtOH, 80 �C, >95%;


(c) 2,4-difluorophenylethyl bromide, K2CO3, MeCN, 85 �C, 84%;


(d) NaCN, DMSO, 80 �C, 72%; (e) azetidine, DMSO, 150 �C, 10 min


(Smith� Personal Synthesiser), >95%; (f) pyrazole or 1,2,3-triazole,


Cs2CO3, DMSO, 150 �C, 10 min (Smith� Personal Synthesiser),


70–80%.
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ic displacement of the fluorine atom of the 4-fluorophe-
nylsulfone moiety (Scheme 2). Hence, 3b was reacted
with NaCN, azoles (as Cs salts), or cyclic amines, in
DMSO, either thermally or by fixed temperature micro-
wave irradiation, to give the desired products 3f–i in
high yield.


These novel compounds were screened for activity at the
5-HT2A receptor, together with related GPCRs (5-HT2C


and D2) and the hIKr channel (Table 1). Initial results
with 3a were disappointing in that there is little differ-

Figure 2. Cardiovascular effects of 3b (A) and M100907 (B) in anesthetized

ence in ion channel activity compared to 1a. However,
it became clear that IKr channel affinity is more sensitive
to incorporation of the fluorine atom on the piperidine
ring in instances when there is also substitution on the
phenylsulfone moiety. Thus, the 4-fluorophenyl com-
pound 3b shows significantly less IKr affinity compared
with its parent, 1b. Comparison of 3b with the 3- and 2-
fluoro-substituted compounds (3c,d) demonstrates that
there is also a degree of positional dependence in activity
at the IKr channel. Finally, the significance of the nature
of the 4-substituent is further illustrated by compounds
3e–i, with chlorine (3e) leading to increased IKr channel
affinity, whereas reduced affinity was obtained with the
azetidine (3g) and polar heterocycles, such as pyrazole
(3h) and triazole (3i).


To prioritize the compounds for further profiling, in
vivo CNS activity of the selective compounds, 3b and
3f–i, was measured using a competitive 5-HT2A receptor
occupancy assay, after oral dosing in rat (Table 1).17 On
the basis of superior pharmacodynamic activity, 3b was
selected for further evaluation.


Compound 3b has good bioavailability (F 51%) in
rat and, despite having a high i.v. clearance (Clp
69 mL/min, Vd 11 L/kg), the compound has a moder-
ate half-life (t1/2 3.8 h) in this species.18


We assessed the cardiovascular impact of 3b using rising
dose studies in anesthetized dogs (n = 3; Fig. 2A).19


Hence, at cumulative doses of 3, 10, and 30 mg/kg (each
dose infused i.v. over 30 min), there was no observed
QTc prolongation or significant change in blood pres-
sure and heart rate. The maximum plasma levels reached
in this study were 148 lM. In contrast, M100907 gave
significant changes in QTc interval at plasma levels as
low as 0.49 lM in dogs (n = 2) following intravenous
infusion at increasing dose levels (1, 3, and 10 mg/kg;
Fig. 2B). The completely benign profile of 3b in the
dog cardiovascular study is intriguing, considering that
the difference in IKr binding between 3b and M100907
is only ca. fivefold. Clearly, factors such as plasma pro-

dogs.







Figure 3. Effect of 3b on sleep patterns in rat.
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tein binding and the functional IKr activities of these
two compounds may have further influenced the out-
come in this assay.


To assess the effects of 3b on the sleep patterns in rats, we
developed an EEG telemetry assay in this species.20


Hence, rats were dosed orally with either 3b at 10 mg/kg
or vehicle (0.5% methyl cellulose) during the first 15 min
of the light phase in a cross-over design. EEG and EMG
recordings were then collected for the whole of the light
phase (12 h) and at every 12 s, the data were scored as
either awake, SWS, or rapid eye movement (REM) sleep.
This assay demonstrated that 3b significantly decreases
the number of awakenings (Fig. 3) and increases SWS
bout duration. In contrast, 3b showed no significant effect
on REM bout duration.


In conclusion, we have described our work on a novel
series of high affinity, selective 4-fluorosulfonylpiperi-
dine 5-HT2A antagonists and examined the effect of fluo-
rine incorporation on affinity for the IKr channel. We
found that modulating the pKa of the piperidine nitro-
gen alone does not significantly affect IKr affinity in vi-
tro. However, incorporation of the fluorine on the
piperidine ring together with substitution at the 4-posi-
tion of the phenyl ring, as in 3b, does significantly reduce
this ion channel activity. In contrast to the flagship com-
pound in this class, M100907, 3b shows no cardiovascu-
lar effects in dogs. Furthermore, 3b was assessed in rat
sleep studies and shown to significantly increase SWS
bout duration and decrease the number of awakenings,
thus supporting the use of 5-HT2A antagonists as a po-
tential treatment for insomnia.
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Abstract—The metabolic stability of benzoxazinone derivatives, a potent series of NPY Y5 antagonists, has been investigated. This
study resulted in the identification of the structural moieties prone to metabolic transformations and which strongly influenced the in
vitro half-life. This provides opportunities to optimize the structure of this new class of NPY Y5 antagonists.
� 2005 Elsevier Ltd. All rights reserved.

Obesity is a disease that has reached epidemic propor-
tions in many countries in the developed world. In the
clinic, the body mass index (BMI) is used as the stan-
dard measure and any person with a BMI >30 kg/m2


is termed as obese. It is now well accepted that even
those people who are mildly obese have an enhanced
risk of premature death, hypertension, atherosclerosis,
coronary heart disease, diabetes mellitus, arthritis, sleep
apnea, as well as certain forms of cancer. It is currently
estimated that there are over 35 million obese people in
the United States alone.


NeuropeptideY (NPY) is a 36 amino acid peptide isolated
in 1982 from porcine brain and is named for the presence
of an N-terminal tyrosine and C-terminal tyrosine amide.
NPY is the most abundant peptide observed in the mam-
malian brain, inducing a variety of behavioural effects,
including stimulation of food intake, anxiety and depres-
sion, as well as the regulation of the cardiovascular and
neuroendocrine systems. Currently, six different G pro-
tein coupled receptors (GPCR), designated NPY1–
NPY6, are know to bind NPY with high affinity.1


Through utilizing these receptor pathways, NPY induces
orexigenic signals thereby increasing food intake and
decreasing energy expenditure. It is believed that two of
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these subtypes, NPY1 and NPY5, appear to mediate the
effects of NPY on food uptake.2 There is some pharmaco-
logical evidence on the feeding of rodents that the NPY
Y5 receptormost influences feeding.3 This is also support-
ed by the inhibitory effects of NPY Y5 receptor antisense
oligonucleotides4 aswell as by usingNPYY5antagonists.
Although it is accepted thatNPY is involved in regulation
of food intake, its exact role has still to be determined.


The first NPY Y5 selective antagonists were reported in
1997.5 Since then many NPY Y5 antagonists of diverse
structural types have been reported in the literature as
potential drugs for the treatment of obesity.6


In our previous letter, we reported the synthesis and the
initial structure–activity relationship (SAR) study of ben-
zoxazinone derivatives I as potent NPY Y5 antagonists.7

A range of compounds with modifications to the substit-
uents on the northern benzoxazinone ring (R2) and to
the southern amide (R1) were prepared and tested. Most
of the compounds were found to be potent and selective
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NPY Y5 antagonists having nanomolar binding affini-
ties and showing functional antagonism in the for-
skolin-induced cyclic AMP test.

The in vitro metabolic stability was investigated8 (per-
cent of parent drug remaining at 1 h and half-life) using
human and rat liver microsomes in independent experi-
ments. Compounds 1–3 were incubated at 37 �C up to
1 h at 10 lM concentration, incubation mixtures were
sampled at selected times (0, 15, 30, 45 and 60 min),
stopped with acetonitrile and analyzed using HPLC
(reverse phase XTerra MS C18 column; Waters,
50 · 3.0 mm, particle size 2.5 lm) with PDA detection
(Waters). The results showed that the parent compounds
were significantly metabolized during this period by liver
microsomal enzymes from both species (Table 1).


In control experiments, compounds 1–3 were shown to
be hydrolytically stable (data not shown). This leads to
the conclusion that the metabolic profiles observed are
the result of transformations under the rat and human
microsomal conditions used. Of the three, compound 3
showed a better stability profile, although still at an
unsatisfactory level. The metabolic stabilities observed
for compound 1 (Table 1, entry a) under the experimen-
tal conditions employed were similar, which may suggest
related metabolic pathways.


Prompted by the poor metabolic stability displayed in the
series, further studies on the initial compounds 1–3 were
carried out to identify the major sites of metabolism. In
separate experiments, the compounds were exposed to
human and rat microsomes and the resulting mixtures
analyzed by LC–MS using electro spray ionization
(ESI) technique9. This technique allowed a number of
metabolites and transformations to be identified (Fig. 1).

Table 1. Metabolic stability of compounds 1–3


Entry Compound I: R1 R2 P


IC


a 1 H >1


b 2 H


c 3 H


a Incubation concentration: 10 lM.

Analysis of the data, led us to realize that the northern
oxazinone moiety is prone to ring opening leading to
several products a, b and c as summarized in Figure 2.
It is likely that this transformation is promoted by the
oxidation of the benzylic position. As for the southern
amide section, typical phase 1 metabolism was observed
depending upon substrate, such as hydroxylation, reduc-
tion and dealkylation.


To improve the overall metabolic profile of the series,
synthetic analogues of the core structure were prepared.
Based on the initial metabolism data, work was under-
taken in two key areas: first, the effect of substitution
on the northern benzoxazinone ring system, and second,
modifications to the southern amide substituent.


A range of compounds were prepared as outlined in
Tables 2 and 3 and tested for in vitro metabolic sta-
bility and half-life using both rat and human liver
microsomes.


We initially examined the benzoxazinone ring; thus a
small number of derivatives were synthesized to examine
the effect of the nature and the position of the substitu-
ents on the half-life (Table 2). The majority of the com-
pounds tested showed a better metabolic profile than
those displayed by the parent compounds. The 6-meth-
oxy derivative was of particular interest as it displayed
a good balance of affinity and increased half-life.


Turning our attention to the southern substituent, 10
amide substituents A–J were chosen based on the SAR
from the original investigation7 (Fig. 3). A selection of
compounds was tested in the in vitro metabolism studies
and the results are shown in Table 3. When the 6-meth-
oxy substituent was coupled with the carbazole moiety

arent drug remaining after 1 h (%)a In vitro half life (min)


50, nM Rat Human Rat Human


000 0 0 15 16


7.6 7 6 4 15


3.4 10 25 18 29







Figure 1. Metabolic profile of compounds 1–3.
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15, improved metabolic stability and a longer half-life
(human) was observed whilst affinity was maintained.


From the data it is clear that the southern substituent
plays an important role in the overall metabolism profile
of this series. The benzophenone (B), fluorenone (D),
and the reduced version (C) all correspond to low in vi-
tro half-life in both rat and human microsomes. As the

ring system becomes more electron rich, an improve-
ment in half-life is noted as with the carbazole deriva-
tives (G and H) (Figs. 3 and 4).


The combined data from Tables 2 and 3 when represent-
ed graphically, revealed several trends. In general, sub-
stitution on the benzoxazinone ring led to an increase
in the in vivo half-life with substitution at the 5-position







Figure 1. (continued)


Table 2. Study of the benzoxazinone substitution on metabolic stability


Entry Compound I: R1 R2 Pa


IC


d 4 5-F 27.


e 5 5-Cl 54.


f 6 6-MeO 9.


g 7 7-Me 28.


a Incubation concentration: 10 lM.


Figure 2. Meatabolic transformations of the benzoxazinone ring


system.
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being preferred over the alternative positions
(Fig. 5A).


No examples of disubstituted compounds were prepared
in this study. Although the selected substituents do not
cover a wide property space, they do provide an indica-
tion of the effect of electronic and steric factors on the
overall microsomal stability profiles. In general, there is

rent drug remaining after 1 h (%)a In vitro half life (min)


50, nM Rat Human Rat Human


5 42.29 38.3 53.3 48.0


6 43.3 75.2 63.6 106.4


2 41.6 48.1 50.5 69.4


9 16.2 76.9 25.8 86.1







Table 3. Study of the variation of the amide moiety on metabolic stability


Entry Compound I: R1 R2 Parent drug remaining after 1 h (%)a In vitro half life (min)


IC50, nM Rat Human Rat Human


h 8 7-F 48.4 24.3 31.1 30.1 39.1


ib 9 6-MeO 7.5 0 2.2 3.5 2.6


j 10 5-F 16.5 14.4 44.0 21.5 64.8


k 11 7-Me >1000 0 63.0 3.5 90.1


l 12 7-F 39.7 0 2.9 7.1 12.6


m 13 8-MeO 222 0 8.4 6.8 17.2


n 14 5-F 461 11.3 62.0 19.3 95.0


o 15 6-MeO 17 31.0 63.5 36.2 106.9


p 16 7-Cl 134.9 24.0 19.6 32.7 28.4


qc 17 6-F 7.7 0.9 5.4 2.5 14.4


r 18 6-MeO 41.8 23.2 43.5 28.9 43.4


a Incubation concentration: 10 lM.
b Incubation concentration: 5 lM.
c Incubation concentration: 1 lM.


Figure 3. Amide substients.


Figure 4. Analysis of the amide substituents.
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a good correlation between rat and human half-life data
for the methoxy derivatives although the carbazole deriv-
ative 15 has a significantly longer half-life in human than
rat. This trend also holds true for the fluoro derivative
14. The methyl substituent in particular confers better
stability in the human microsomes (Fig. 5B). It is inter-
esting to note the lack of correlation between rat and hu-
man half-life data with the 7-methyl derivative 11 which
is much more stable to human microsomes than to rat







Figure 5. Analysis of the benzoxazinone substituents.
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(t1/2 90 min in human versus t1/2 3.5 min in rat). To a less-
er extent this is also true for compounds 7 and 14, which
may suggest species differences with regards to metabo-
lism. Fortunately, this increase in metabolic stability
did not come at the expense of activity and these com-
pounds retained potency in the low nanomolar range.
Based on the current results, it is reasonable to suggest
that microsomal stability can be achieved through substi-
tution of the benzoxazinone ring without loss of activity.
Additional studies would be required to see the effect of
polysubstitution of the benzoxazinone ring system on
microsomal stability and activity.


In summary, the metabolic profile of a series of potent
benzoxazinone NPY5 antagonists was investigated with
the aim to relate their metabolic stability with the
structural features. From the results, the two sections
of the molecule, the northern benzoxazinone ring and
the southern substituent are both prone to metabolism.
The data set shows that by altering the substituent pat-
tern on the benzoxazinone moiety, rather than the
amide section, compounds with better microsomal sta-
bility and with equal potency to the original lead com-
pounds (1–3) were obtained. This leads to the
conclusion that the metabolism observed is not a factor
of each part of the molecule independently but rather
is a factor related to the molecule as a whole, with
the different sections acting in combination. Hence, it
seems that the metabolic pathway leading to opening
of the benzoxazinone ring does not favour the presence
of an electron rich moiety in the southern amide
section of the molecule resulting in compounds with
increased stability to microsomal degradation. The re-
sults obtained from this study will allow further opti-
mization of this new structural class of NPY Y5
antagonists.
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Ecole Polytechnique, F-91128 Palaiseau Cedex, France


(Associate Editor, Dr B. Sire)


BOARD OF CONSULTING EDITORS


P. S. Anderson, Wilmington, DE


P. G. Baraldi, Ferrara


C. F. Barbas, III, La Jolla, CA


J. K. Barton, Pasadena, CA


C. R. Bertozzi, Berkeley, CA


R. C. Breslow, New York, NY


J. A. Bristol, Ann Arbor, MI


T. C. Bruice, Santa Barbara, CA


A. R. Chamberlin, Irvine, CA


P. N. Confalone, Wilmington, DE


E. J. Corey, Cambridge, MA


B. Cravatt, La Jolla, CA


S. J. Danishefsky, New York, NY


P. B. Dervan, Pasadena, CA


A. Eschenmoser, Zürich
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Introduction


G-protein-coupled receptors in drug discovery


How many times have you heard it said that the GPCR
superfamily is themost fruitful area for drug discovery by
attracting over 30%, 40%, or an even higher percentage
of the revenue for today�s prescription drugs? Not so.
In fact, the market share for GPCR-related drugs has
been falling since those heady days of the 1970s and
1980s when selective agonists and antagonists for
GPCRs activated by the biogenic amines (noradrenaline,
dopamine, histamine, and 5-hydroxytryptamine) were
discovered. The early successes in the monoamine field
have not been matched, as yet, by successes for those
receptors where the endogenous ligand is significantly
more complex, such as for peptide-activated receptors.
This is particularly disappointing because many of the
recently deorphanised receptors fall into this class.


In a global pharmaceutical market hovering around the
$500 billion mark, sales of GPCR ligands are estimated
to be $50 billion, equating to only 10% of current sales.
Of the 35 GPCR prescription drugs in the top 200 best
sellers and accounting for around $40 billion in sales
(2003), 24 operate at monoaminergic receptors, 8 are
angiotensin-II receptor blockers, 2 are peptide ana-
logues acting at somatostatin and FSH receptors, with
a leukotriene antagonist completing the list. Starkly,
leaving aside the AT1 receptor, there is not a single
blockbuster small molecule (sales >$500 million) operat-
ing at peptide-activated GPCRs. Huge opportunities
await those groups able to design selective small mole-
cules and thence restore GPCR drugs to their previous
eminence. One such opportunity that turned out to be
only modestly successful was the approval two years
ago of an NK1 antagonist but only for chemotherapy-
induced emesis and not for the more lucrative antide-
pression market.


So what has gone wrong? Certainly for the class B
GPCRs, for which peptides are the exclusive ligands,
and for many class A receptors, there is increasing
evidence that receptor binding and activation represent


two distinct steps, each associated with its own interac-
tion domain. For example, for the CRF receptor, kinetic
data have been interpreted in terms of a two-site model
where the NT and extracellular loops provide the initial
‘‘collision complex’’ with the C-terminal region of the
peptide ligand, CRF. This complex undergoes an intra-
molecular reorganization which finally places the N-ter-
minus of CRF in juxtaposition with the helical bundle of
the receptor. Only when this second state is achieved
does binding lead to receptor activation and down-
stream signal transduction. In turn, this might suggest
two separate opportunities for small-molecule binding,
although medicinal chemists would prefer the comfort
of interacting with the helical domain since that has pro-
vided a well-defined binding site so successful in the de-
sign of drugs for the biogenic amine receptors. The
conceptual problem in achieving this objective is that
the small molecule now has to compete with what is
essentially an intramolecular peptide ligand which is
all set to activate the receptor as soon as the small-mol-
ecule antagonist is discharged in accordance with its dis-
sociation rate from the receptor. The alternative is less
attractive because it relegates the discovery problem to
interference of a protein–protein interaction which
may not be so readily amenable to a small-molecule
approach.


The end result is that drug-like, small-molecule ligands
for the new wave of GPCRs of therapeutic interest are
only now beginning to emerge. The following papers de-
scribe some new developments in both receptor struc-
ture and ligand design.
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Abstract—A computational protocol has been devised to relate 7TM receptor proteins (GPCRs) with respect to physicochemical
features of the core ligand-binding site as defined from the crystal structure of bovine rhodopsin. The identification of such receptors
that already are associated with ligand information (e.g., small molecule ligands with mutagenesis or SAR data) is used to support
structure-guided drug design of novel ligands. A case targeting the newly identified prostaglandin D2 receptor CRTH2 serves as a
primary example to illustrate the procedure.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


The G protein-coupled receptors (GPCRs) allow signals
from the exterior of cells to be communicated to second
messenger systems within the cells. The receptors are inte-
gral membrane proteins characterized by seven trans-
membrane (7TM) helical segments traversing the
membrane in an antiparallel way, with the N-terminal
on the extracellular side of the membrane and the C-ter-
minal on the intracellular side. This generic protein struc-
ture is extensively used for a variety of stimuli spanning
from protons, fatty acids, monoamines, peptide hor-
mones, glycoproteins to olfactory agents and light. The
7TMreceptor superfamily is composed ofmany hundreds
of receptors that can be further divided into smaller sub-
families of receptors.1 The largest of these sub-families is
composed of the rhodopsin-like receptors, also termed
family A receptors, named after the light-sensor in our
eye.


Despite the fact that drugs have been successfully devel-
oped for 7TM receptors, efficient structure-based drug
discovery is hampered by the lack of detailed structural
information. Hitherto only one G protein-coupled recep-
tor, bovine rhodopsin, has been subject to structural
determination byX-ray crystallography at atomic resolu-
tion in its inactive conformation with 11-cis-retinal.2

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


doi:10.1016/j.bmcl.2005.05.102


* Corresponding author. Tel.: +45 3925 7777; fax: +45 3925 7776;


e-mail: th@7tm.com

Since the three-dimensional structure of only a single
receptor has been solved to date, the helical lengths, and
the beginning, centre and ends relative to the lipid bilayer
membrane of each of the seven helices for target receptors
are dissected by sequence analysis.3 Homology models of
other rhodopsin-like 7TM receptors have been derived
from the bovine rhodopsin structure.2 These models have
been used with varying success to drive the design and
optimisation of novel ligands.4 Mutagenesis, metal-site
engineering, biophysical and spectroscopic studies have
supported the identification of a core-binding site located
in the upper part of the transmembrane helical bundle.5


Much of the success in structure-based drug design in
general for other target protein classes is driven by iter-
ative processes utilising target protein as well as ligand
information—especially ligand–protein complexes—in
the design. To compensate for the lack of detailed struc-
tural information for the 7TM receptors it was reasoned
that identification of receptors that already were associ-
ated with ligand information (e.g., small molecule
ligands with mutagenesis or SAR data) and which were
closely related to the target receptor could be used to
improve the rational drug design process.


7TM receptor proteins have traditionally been classified
based on their primary amino acid sequences, evolution-
ary phylogeny,6 or their pharmacological profile.1 How-
ever, from a drug discovery perspective, it is more
relevant to classify and characterize 7TM receptors
according to their ligand recognition properties.
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Here, we describe a computational strategy which classi-
fies 7TM receptors with respect to physicochemical fea-
tures of selected amino acid residues located in a
common structural framework constituting a core li-
gand-binding site as defined from the crystal structure
of rhodopsin. The classification procedure involves the
following steps: (i) primary sequence alignment (TM
domain) of all 7TM receptors;3,7 (ii) identification and
selection of core-binding site residues potentially in-
volved in small molecule ligand binding and recogni-
tion;4,5,8 (iii) create binding site signatures and pseudo-
sequence strings; (iv) assign physicochemical descriptors
or indicator variables;9,10 (v) compare, rank and cluster
7TM receptors of interest.

Figure 2. Helical wheel diagram of the amino acid positioning in the


transmembrane domain of the CRTH2 receptor. Highly conserved


sequence positions within the rhodopsin-like 7TM receptor family are


shown in black and binding site residues in gray.8

2. 7TM sequence alignment (step i)


To allow for this type of comparison the protein
sequences must be properly aligned using conventional
alignment algorithms such as ClustalW.7 The resulting
alignment is manually inspected and refined if necessary,
so that conserved generic sequence signatures within the
seven transmembrane helices are satisfied.

3. Definition of core-binding site (step ii)


Based on the conserved key residues in each transmem-
brane segment, a generic numbering system has been
suggested.3,8 For example, in TM-II the highly con-
served aspartate (Asp) is given the generic number 10,
i.e., AspII:10, and all other residues in the helix are
hence numbered on this basis (cf. Fig. 1).8 A large body
of research has been dedicated to identify which amino
acid residues that are associated with binding of small
molecules.4,5 A proposed core-binding site consisting
of 22 amino acids facing the binding cavity is shown
in Figure 2 for the CRTH2 receptor (vide infra).

4. Descriptors applied to binding site signatures
(steps iii and iv)


The binding site signature, represented by a �pseudo-se-
quence string� of the 22 amino acid positions, is encoded

Figure 1. Schematic representation of the secondary structure elements


of a rhodopsin-like 7TMreceptor.The conservedkey residues numbered


according to the generic numbering system are highlighted in black.8

with physicochemical descriptors relevant for ligand
binding and recognition, such as ionic, ion–dipole,
dipole–dipole, hydrogen bonding, hydrophobic,
p-stacking, edge-on aromatic, and cation-interaction
forces. The physicochemical descriptors can be experi-
mentally derived and/or theoretically calculated.9,10


Such descriptors have successfully been employed in
various types of quantitative structure–activity relation-
ships (QSAR) analyses of drug/ligand responses.9,10


A more simplistic analysis can be based on indicator
variables, e.g., 1 and 0, to denote absence or presence
of selected features as illustrated in Figure 3 for a tyro-
sine residue capable of hydrophobic, aromatic and polar
interactions. The resulting 5-digit bit string 11001 will
encode for its interaction features and the remaining res-
idues are handled analogously to produce a combined
bit string reflecting the interaction properties in the
selected site. This binary representation allows for
mathematically fairly simple Tanimoto-type compari-
sons between corresponding binding sites of large
numbers of receptor proteins.11

5. Computational classification procedure (step v)


Having defined the core ligand-binding site and associ-
ated physicochemical descriptors it is possible to com-

Figure 3. Bit map representation of potential ligand interactions with


tyrosine.
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pare, rank and cluster 7TM receptors with respect to
their potential to interact with a given ligand or structur-
ally similar ligands. By analogy to phylogenetic analysis,
this process has been referred to as physicogenetic
analysis.


Following the procedure above it is possible to quantify
how similar a given receptor-binding site or subsite is to
other receptor-binding sites and/or subsites. In general,
binary descriptors are intuitively and computationally
attractive due to their flexibility and the possibility to
handle large data sets. In this work, we have used Cosine
Coefficients to assess the similarity between binding site
signatures providing a statistically easily normalized
readout reflecting the percentage of overlap.11,12 More
advanced types of descriptors and other similarity mea-
sures rely on pattern recognition methods and principal
component analysis (PCA) (data not shown).11

6. Results and discussion


The rhodopsin-like receptor, CRTH2, was recently iden-
tified as the second high-affinity prostaglandin D2 recep-
tor.13 It is expressed on eosinophils, basophils and Th2
cells, and it has attracted attention as a novel target
for treatment of allergic diseases like asthma and rhini-
tis. It was selected as an appropriate target for applying
a structure-guided approach of identifying ligands since
indomethacin was the only identified ligand for this
receptor at the time we initiated the study descried in
this report.


It is important to emphasize that the relationship between
proteins derived on these assumptions in most cases and
for several reasons will be different from sequence align-
ment comparisons or a phylogenetic analysis based on
substitution tables such as PARM, BLOSSUM, etc.6


Other means to compare monoamine related 7TM recep-
tors based on ligand and chemogenomics input have also
been devised.14 Examples of receptors where sequence
alignment gives comparable relationships as physico-
genetic approaches are typically illustrated by certain
receptors with subclasses such as the neurokinin NK1 to
NK4 receptors and muscarinic M1 to M5 receptors.


In this study, a model using binary codes describing ab-
sence or presence of aromatic, hydrophobic, negatively
charged, positively charged and polar interactions was
used to rank the human receptors with the Cosine Coef-
ficient relative to the first noted receptor given in paren-
thesis.12 Thus, the closest receptors to the muscarinic
M3 was M2 (1.00), M4 (1.00), M1 (0.97) and M5
(0.97), which is in accordance with findings that musca-
rinic antagonists are in principle fairly subtype unselec-
tive.15 Likewise, the model ranks the receptors closest to
the neurokinin NK1 as NK4 (0.88), NK3 (0.88), NK2
(0.87) and CXCR3 (0.63).


In contrast, the model applied to histamine H2 will rank
the closest receptors as 5-HT7 (0.76), a2C (0.69), whereas
the other histamine receptors are more remote, i.e., his-
tamine H3 (0.61), H1 (0.59) and H4 (0.54).

The model applied to CRTH2 will rank the closest
receptors as chemokine-like receptor 1 (0.79), angioten-
sin AT2 (0.74) and leukotriene 1 (0.64). Besides angio-
tensin AT1 (0.61), a few less investigated GPCRs were
identified but since they are not associated with any
ligand information they were omitted. In the ordinary
phylogenetic analysis of the CRTH2 receptor, relation-
ships with a number of chemotactic receptors (CysLTs,
BLTs, FPRLs) and prostanoid receptors (TP, FP, IP,
EPs, DP) are revealed.13. In the physicogenetic analysis,
the chemotactic receptors are also identified, albeit with
a more distant relationship. Notably, the AT1 and AT2
receptors are not identified as close neighbours accord-
ing to the conventional evolutionary relationship model
and hence provide novel opportunities.


Having identified 7TM receptors which resemble each
other with respect to the physicochemical environment
in the binding site (physicogenetics), it is possible to uti-
lise known ligands which interact with one receptor as
chemical starting points for drug development on relat-
ed receptors (target jumping). It is generally recognized
that structurally related small organic molecules tend to
bind the same biological target proteins.16 Conversely,
related biological targets also tend to bind the same or
similar small organic molecule ligands. The transfer of
a specific chemical starting point from one target to
another related target could be seen as an example of
chemogenomics. Thus, an efficient physicogenetic meth-
od to compare 7TM receptors having known small mol-
ecule ligands (known or potential drug molecules) with
novel receptors lacking identified ligands allows for pos-
sibilities to identify lead structures for drug development
since no previous information regarding ligands binding
to the new receptor under investigation is needed. Our
recent identification of the related dopamine receptors
D2 and D3 to provide structural input in the design of
melanin-concentrating hormone (MCH) antagonists
may serve as an example of this process.17 Alternatively,
one can derive pharmacophore models based on specific
ligands binding to the receptors related to the receptor
under investigation. Furthermore, one can use informa-
tion supported by mutagenesis and SAR on how known
ligands are thought to be binding to a known receptor to
derive a pharmacophore based on the new target recep-
tor homology model and the ligand interaction features
obtained from the related receptor–ligand information.


The latter approach was applied to CRTH2 which at the
start of the project only had been associated with the li-
gand indomethacin besides prostaglandin D2.13 As de-
scribed above, physicogenetic analysis identified the
related receptors angiotensin AT2 and AT1, which are
associated with a wealth of ligand and mutational infor-
mation which were used in the construction of the phar-
macophore model. Especially, AT1 ligands and
mutational data18,19 were used to identify crucial inter-
action sites in the AT1 receptor, which were transformed
into the corresponding sites in the CRTH2 homology
model20 of the receptor to construct the pharmacophore
model. The assumed binding site is characterised by
a hydrophobic pocket surrounded by several phenylala-
nines, e.g., PheVI:13, PheV:09, PheV:13, PheIII:08,
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PheIII:09, PheVII:10 and the tyrosine TyrVI:16. An an-
chor point for a carboxyl functionality is LysV:08, and
potential hydrogen-bonding sites can be located at As-
nIII:11, HisIII:04 and SerIII:05. Thus, the pharmaco-

Figure 4. Pharmacophore used for in silico mining. Red, green, blue


and yellow are clusters of hydrophobic interaction sites. Red sticks are


ionic and/or hydrogen bond donor/acceptor interactions identified by


use of the structure-based focusing (SBF) module of Cerius 2.21 Gray


areas represent excluded volumes.


Figure 5. Binding affinity of hits identified by in silico screening (grey


balls) on the target receptor CRTH2 and the physicogenetically related


receptors AT1 and AT2.24 The profile of a comparative set of AT1 and


AT2 ligands is represented by black triangles.


Table 1. Tanimoto analysis using 2D fingerprints25 to compare chemotypes


(cand) and indomethacin (indo)11


Indo Cand 27464 27483 27527 27567


Indo 1.00 0.40 0.36 0.28 0.32 0.29


Cand 1.00 0.36 0.38 0.41 0.28


27464 1.00 0.35 0.38 0.39


27483 1.00 0.46 0.24


27527 1.00 0.27


27567 1.00


27603


11821


12535


13766


14121


23347

phore model contains elements for hydrophobic,
aromatic, anionic, and hydrogen bond donating and
accepting interactions as illustrated in Figure 4.


This pharamacophore model was used to mine a data-
base containing commercial compound libraries and
in-house libraries that have been converted to multi-con-
former libraries using CATALYST.22 By in silico min-
ing of this 3D multi-conformer library of 1.2 million
compounds23 a focused library was obtained after clus-
tering and diversity analysis. Thus, a selection of 600
compounds was identified and screened in a CRTH2
receptor-binding assay with a hit rate of 10% with the
cut-off of IC50 < 10 lM.24 As a reference set 30 reason-
ably sized aromatic carboxylic acids were screened with-
out producing any hits. In addition a set of 40 AT1 and
AT2 ligands were included (25% hit rate) to provide
information regarding the possibility to identify lead
structures that could be modified into selective CRTH2
ligands (Fig. 5). Notably, the compounds identified rep-
resented a broad array of chemotypes. This is illustrated
in Table 1 by a Tanimoto comparison of 10 of the most
potent compounds plus the most active AT1 ligand can-
desartan and indomethacin (Figure 6). The low Tanim-
oto scores indicate that the compounds identified are
chemically distinct from indomethacin and candesartan.
Some related compounds, e.g., TM27632, and other car-
boxylic compounds such as TM3170 were also identified
(Figure 7). These findings underline that the process is
not utilising any specific AT1 ligand scaffold or structur-
al input which could have been an alternative way of
capitalising on the related AT receptor class. More
importantly, it is also evident from the Tanimoto scores
that the 10 hits in Table 1 also are chemically distinct
from each other. This fact is attributed to the approach

of 10 submicromolar hits and the angiotensin AT1 ligand candesartan


27603 11821 12535 13766 14121 23347


0.32 0.31 0.31 0.32 0.27 0.30


0.27 0.32 0.29 0.35 0.31 0.29


0.40 0.32 0.40 0.40 0.40 0.44


0.31 0.25 0.34 0.41 0.34 0.27


0.28 0.38 0.29 0.44 0.44 0.36


0.35 0.35 0.32 0.32 0.34 0.45


1.00 0.22 0.45 0.31 0.27 0.35


1.00 0.24 0.33 0.40 0.29


1.00 0.35 0.36 0.45


1.00 0.62 0.38


1.00 0.38


1.00


Figure 6. AT1 ligand candesartan which showed the highest affinity


for the CRTH2 receptor (IC50, 2.1 lM) and indomethacin (IC50, 9.0


lM) which are used in the Tanimoto comparison in Table 1.







Figure 7. Some representative chemotypes identified after the in silico


screening: TM27632 (IC50, 2.4 lM) and TM3170 (IC50, 1.9 lM).
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of using a pharmacophore query that focuses on the
interaction features of the ligands rather than on identi-
fied chemotypes or scaffolds from ligands to related
receptors, e.g., candesartan. The graph also illustrates
that an approach utilising AT ligands as structural start-
ing points would have required substantial optimisation
to suppress the AT affinities and turn them into useful
lead structures. A diverse set of compounds with IC50�s
as low as 20–30 nM and selectivity over AT1 and AT2
were obtained. Several chemotypes have indeed served
as starting points for internal drug discovery efforts.


In summary, a novel approach to identify 7TM receptors
related with respect to ligand-binding features has been
described. By incorporation of ligand information from
related receptors identified by this protocol several
approaches of structure-guided ligand design can be envi-
sioned. A pharmacophore-based approach to retrieve a
small library targeted for the novel receptor CRTH2 pro-
duced 10% hits having a large spread in chemotypes.


Conceptually, a smaller library requires less optimisa-
tion of the assay in comparison to the throughput and
robustness needed for a conventional high-throughput
screening (HTS) campaign. The smaller library size also
permits more information-rich assays to be used and the
post-screening work of validating the hits and sorting
out non-wanted chemistries is considerably reduced.
The limitation is obviously that the smaller number of
compounds limits the possibility of covering enough
chemotypes or providing SAR information upfront.
The latter aspect is handled by using iterative loops to
enrich the library with analogs of identified hits. An
inherent risk with the small library size is that active
compounds may be removed in the clustering and diver-
sity analysis procedure, leaving only inactive representa-
tives. However, we are convinced that the advantages in
speed and saved work should in most cases outweigh
such drawbacks, which is supported by this study on
CRTH2 producing a large number of drugable hits.
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was done in accordance with strategies outlined in: Rarey,
M.; Kramer, B.; Lengauer, T. Bioinformatics 1999, 15,
243.


21. Grid interaction using different hydrophobic and polar
probes was obtained using the SBF module of Cerius 2,
Molecular Simulations Inc.: San Diego, CA.


22. Catalyst version 4.6; Molecular Simulations Inc.: San
Diego, CA, 1997.


23. The 3D multi-conformational library was constructed
from commercial compound collections including Inter-
BioScreen Maybridge ChemBridge and ChemDiv to
contain a maximum of 255 conformers per molecule with
an energy threshold not exceeding 10 kcal/mol to the
lowest energy conformation using CATALYST�s confor-
mational search module.


24. Radioligand-binding assay was conducted with stably
transfected CHO cells expressing human CRTH2 receptor
by competition binding using [3H]-PGD2. Nonspecific
binding was determined as the binding in the presence of
10 M PGD2. Data were analyzed and IC50 values deter-
mined by non-linear regression. AT receptor binding was
done according to Perlman, S.; Costa-Neto C. M.;
Miyakawa, A. A.; Schambye, H.; Hjorth, S. A.; Paiva,
A. C.; Rivero, R. A.; Greenlee, W. J.; Schwartz, T. W.;
Mol. Pharmacol. 1997, 51, 301.


25. SYBYL� 7.0, Tripos Inc., 1699 South Hanley Rd., St.
Louis, Missouri 63144, USA.
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Erratum


Erratum to ‘‘Kinetic model studies on the chemical ligation
of oligonucleotides via hydrazone formation’’


[Bioorg. Med. Chem. Lett. 15 (2005) 1229–1233]


K. Achilles and G. V. Kiedrowski*


Lehrstuhl für Organische Chemie I, Ruhr-Universität-Bochum, D-44780 Bochum, Germany

The publisher regrets that the units of k1 were missing in the abstract of the above article. The fifth sentence of the
abstract should read:


�Ligation of a 3 0-hydrazine-modified oligonucleotide with oligonucleotides bearing an aromatic aldehyde in 5 0-position
showed fast reaction kinetics (k1 about 10


�1 M�1 s�1) and irreversible hydrazone formation�.


Also, in Figure 2, �19 !k3 by-product� should read �19 !k2 by-product�.


In addition an error occurred in the data within Table 1. The value of k2/s
�1 for the ligation of 19 and 24 should be


1.08 ± 0.12 · 10�5.

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


doi:10.1016/j.bmcl.2005.02.001


DOI of original article: 10.1016/j.bmcl.2004.11.068.
* Corresponding author. Tel.: +49 234 32 23218; fax: +49 234 32 14355; e-mail: kiedro@rub.de
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Abstract—Circular dichroism (CD) and UV absorption spectroscopy were utilized for the first time to investigate the interaction
between leukotriene B4 (LTB4) and human serum albumin (HSA) in vitro. The weak intrinsic CD signal of LTB4 was enhanced
fivefold in the presence of HSA. The red-shifted, hypochromic, and reduced vibrational fine structure of the ligand/protein UV
absorption spectrum indicated complexation of the two molecules in solution. Results obtained from CD titration experiments were
subjected to non-linear regression analysis to estimate the binding parameters (Ka = 6.7 · 104 M�1, n = 1). Palmitic acid strongly
decreased the induced CD signal of the LTB4/HSA complex, suggesting the role of a high-affinity fatty acid HSA binding site in
the leukotriene complexation. Molecular modeling calculations based on the crystal structure of HSA predicted that the long-chain
fatty acid site that overlaps with drug binding site II in subdomain IIIA was the most likely binding location for LTB4. Using the
drug site II-specific marker ligand rac-ibuprofen, this prediction was confirmed with induced-CD displacement measurements. To
the authors� knowledge, the current study represents the first demonstration of binding of LTB4 to HSA in vitro and has implica-
tions for the biological transport of this important pro-inflammatory mediator in vivo.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


The metabolism of free arachidonic acid by the 5-lipoxy-
genase pathway results in the formation of several chem-
ically related leukotriene molecules.1,2 Leukotriene B4


(LTB4, Fig. 1) is an extremely potent lipid inflammatory
mediator derived from membrane phospholipids by the
sequential actions of cytosolic phospholipase A2, 5-li-
poxygenase, and leukotriene A4 (LTA4) hydrolase.3


LTB4 has been shown to exert a wide range of biological
activities. Its binding to specific G-protein-linked cell
surface receptors stimulates a number of leukocyte func-
tions, including: (1) adhesion to vascular endothelial
cells; (2) transendothelial migration; (3) chemotaxis;

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


doi:10.1016/j.bmcl.2005.05.125


Abbreviations: CD, circular dichroism; CE, cotton effect; FA, fatty


acid; HSA, human serum albumin; IBP, ibuprofen; LCFA, long-chain


fatty acid; LTB4, leukotriene B4; L/P, ligand/protein molar ratio; m-


deg, millidegree; NSAID, non-steroidal anti-inflammatory drug; UV,


ultraviolet.


Keywords: Leukotriene B4; Human serum albumin; Circular dichroism


spectroscopy; Palmitic acid; Ibuprofen; Induced chirality.
* Corresponding author. Tel.: +36 1 438 4141; fax: +36 1 325 7750;


e-mail: zsferi@chemres.hu


Figure 1. Chemical structure of leukotriene B4 (LTB4; 5S,12R-


dihydroxy-6Z,8E,10E,14Z-eicosatetraenoic acid).

(4) release of lysosomal enzymes; and (5) production
of reactive oxygen species (ROS). These properties have
implicated LTB4 as a pro-inflammatory mediator in the
pathogenesis of several important inflammatory diseas-
es, including arthritis, psoriasis, inflammatory bowel
disease, asthma, and most recently, atherosclerosis.4,5
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Human serum albumin (HSA), the most abundant pro-
tein in human plasma, is responsible for the reversible
binding and transport of a large variety of endogenous
and exogenous substances.6,7 Forty percent (40%) of
the total body store of HSA circulates in whole blood;
60% is located extravascularly, and therefore is a major
protein in the extracellular compartment where leukotri-
enes may be synthesized and exert their actions in auto-
crine and paracrine functions.6,8 Limited treatment of
the potential interactions of leukotrienes with HSA is
found in the literature; in previous reports 14,15-leuko-
triene A4 (14,15-oxido-5,8,10,12-eicosatetraenoic acid),9


thromboxane A2,
10 and leukotriene A4 (5,6-oxido-


7,9,11,14-eicosatetraenoic acid)11 have been reported
to bind to albumin.


In the current study, we have capitalized on the advan-
tageous UV and CD spectroscopic properties of the tri-
ene chromophore of the leukotrienes to investigate the
binding interactions between LTB4 and HSA. We re-
port, for the first time, spectroscopic evidence of the
complexation between this important pro-inflammatory
mediator and HSA. We subsequently utilized the avail-
able X-ray crystallographic information on HSA to
model the probable high-affinity binding site for the
LTB4 molecule. In a series of induced-CD competitive
binding experiments, we used the HSA drug-site II-spe-
cific ligand rac-ibuprofen (IBP) to competitively displace
LTB4 from HSA, confirming the probable location of
the complexation between LTB4 and HSA predicted
from the molecular modeling studies. These seminal re-
sults will likely provide support for in vivo studies of the
interaction of plasma proteins and pro-inflammatory
mediators generated by important lipoxygenase activity
in disease.

2. Materials and methods


2.1. Materials


Fatty acid-free human serum albumin (Sigma), leukotri-
ene B4 (Cayman Chemical), rac-ibuprofen (Sigma), pal-
mitic acid (Sigma), buffer constituents (Reanal,
Hungary), and organic solvents (HPLC grade) were ob-
tained commercially and used as supplied.


2.2. Preparation of HSA and LTB4 solutions


For spectroscopic measurements, solid HSA was
weighted and placed in a rectangular cuvette with 1 cm
pathlength, and then dissolved in 2 ml of a 0.1 M, pH
7.4, phosphate-buffered solution. The protein concentra-
tion was determined spectrophotometrically from theUV
spectrumusing an absorbance value of 0.531 (279 nm, 1 g/
L, optical pathlength 1 cm).6 The molecular weight (Mw)
ofHSA utilized for these calculations was 66,500 Daltons
(Da).


The LTB4 stock solution was prepared in ethanol
(EtOH; 0.1 mg/0.29 ml, Mw = 336.5). The concentration
was verified by measuring the ethanolic UV spectrum
(emax = 50,000 at 270 nm).

2.3. CD and UV spectroscopic measurements


Circular dichroism (CD) and UV spectra were recorded
on a Jasco J-715 spectropolarimeter at 25 ± 0.2 �C, in a
rectangular cell with 1.0 cm pathlength equipped with
magnetic stirring. The spectra were accumulated three
times with a bandwidth of 1.0 nm. Induced CD spectra
were obtained as the difference between the spectra of
the LTB4–HSA mixture and those of the HSA protein
solution alone. Ellipticities (H) were expressed in millide-
grees (mdeg). Ellipticity values are converted to �D�� val-
ues using the equation D� = H/(33982cl), where D� is the
molar circular dichroic absorption coefficient expressed
in M�1 cm�1, c is the concentration of the sample ex-
pressed in mol/L, and l is the path length through the cell
expressed in cm. The ligand (L) was added in small ali-
quots of stock solution in ethanol to the HSA solutions
(P), and the L/P ratio was recorded.


2.4. Evaluation of the binding stoichiometry and associ-
ation constant of the LTB4–HSA complex


The stereospecific interaction between a ligand (L) and
its primary site on the protein (P) may be quantified
by the association constant (Ka):


Lþ P�LP; Ka ¼
½LP�
½L�½P� . ð1Þ


From Eq. 1, then:


½L� ¼ cL � ½LP�; ð2Þ
and


½P� ¼ cP � ½LP�; ð3Þ
where cL and cP equal the total concentrations of the li-
gand and protein, respectively.


Because the formation of ligand–protein complexes is
responsible for the induced CD activity, it follows that:


CD ðmdegÞ ¼ k½LP�; ð4Þ
where k is a constant.


Using Eqs. (1)–(4), we obtain the following equation:


CD ðmdegÞ¼ k
2


 
cPþ cLþK�1


a


�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cPþ cLþK�1


a


� �2�4cPcL


q !
. ð5Þ


To calculate the optimal value of Ka from the experimen-
tal data, non-linear regression analysis (using the CD
titration data between 260 and 285 nm) was performed
with the NLREG� statistical analysis program (version
6.3).

2.5. Molecular modeling calculations


All computer modeling procedures were carried out
using the Sybyl 6.6 program (Tripos Inc., St. Louis,
MO) on a Silicon Graphics Octane workstation utilizing
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the Irix 6.5 operating system. The three-dimensional
coordinates of HSA complexed with palmitic acid were
obtained from the Protein Data Bank (entry PDB code
1E7H). Gasteiger–Huckel partial charges were applied
both for ligands and proteins. LTB4 was energy-mini-
mized using the MMFF94 force field by the Powell Con-
jugate Gradient method until the convergence was less
than 0.01 kcal/(molA). The multifit command was used
to perform a flexible fit between the six molecules of pal-
mitic acid bound to the long-chain fatty acid sites 1–6
and LTB4 molecules. The resulting complex was ener-
gy-minimized using the �dock� command of the Sybyl
program.

3. Results and discussion


3.1. CD and UV spectral properties of LTB4 in buffer
solution


The conjugated double-bond system of LTB4 constitutes
the light-absorbing chromophore that gives the strong
absorption band associated with an electronic dipole al-
lowed p–p* transition polarized along the long axis of

Figure 2. CD and UV spectra of leukotriene B4 in 0.1 M, pH 7.4,


phosphate buffer (c = 2.0 · 10�5 M, t = 25 �C). Maximum values of the


molar absorption (e) and circular dichroic absorption coefficients (De)
are shown.

the triene system (Fig. 2). The UV absorption peak
exhibits the resolved vibronic structure characteristic
of polyene compounds. When free in organic or aqueous
solution, LTB4 displays a weak, positive p–p* CD band
between 230 and 300 nm (Fig. 2). The conjugated triene
moiety is planar without structural features that result in
helical distortion. Thus, chiral perturbation of the in-
tense p–p* transition by the adjacent chiral centers (5S
and 12R) is responsible for the measured intrinsic CD
activity. At room temperature, free rotation of the chiral
centers around the C5–C6 and C11–C12 single bonds is
not restricted; a significant number of distinct conformer
populations therefore exist in solution.12 Conformers
exist in solution whose CD contributions are both posi-
tive and negative; an overall weak net CD signal due to
mutual cancellation effects is therefore observed.


Significant changes in both the CD and UV spectra of
LTB4 were observed after addition of the ligand to the
pH 7.4 buffer solution containing HSA. To visualize
these spectral changes, the intrinsic CD and absorption
spectra of the HSA were subtracted from those of the
mixture (Fig. 3). In comparison with the data obtained

Figure 3. Representative CD and UV spectra obtained following the


titration of the buffer solution of HSA with LTB4. Spectral contribu-


tions of the protein alone were subtracted from the spectra of the


ligand–protein mixture ([HSA] = 2.0 · 10�5 M, t = 25 �C). emax and


Demax values calculated on the basis of the total ligand concentrations


are displayed at the different ligand/protein molar ratios (L/P). Arrows


denote increasing concentration of LTB4.







Figure 4. Maximum CD band intensities measured during titration of


HSA with LTB4 plotted against the concentration of the ligand


([HSA] = 2.0 · 10�5 M, t = 25 �C). Solid line: non-linear regression


analysis (best-fit) performed on experimentally derived CD data


points. The derived value of the association constant (Ka) is indicated


(inset).


Figure 5. Titration of LTB4–HSA (21 and 22 lM) solution with


palmitic acid (FA). Inset: effect of palmitic acid on the CD and UV


spectra of the LTB4–HSA complex (pH 7.4 phosphate buffer at 25 �C).
Solid line: [FA] = 0; dotted line: [FA] = 144 lM.
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for LTB4 in buffer alone (Fig. 2), the main features of
the complexed spectra were as follows:


(1) The molar CD intensity of the LTB4 Cotton effect
was greatly increased; in buffer alone, the Demax


was +4.4 M�1 cm�1, while in the presence of
HSA, this value was amplified fivefold (+20–
22 M�1 cm�1).


(2) The UV band exhibited significant hypochromism
(47,000buffer ! 40,000buffer + HSA).


(3) The vibrational fine structure of the absorption
peak was less pronounced and the UV maximum
exhibited a slight bathochromic (red) shift.


(4) The spectral position and shape of the CD peak
matched well with that of the absorption band,
and did not change upon increasing the concentra-
tion of the ligand.


The above results strongly suggested binding of LTB4 to
HSA under these experimental conditions. It appears
that the protein environment strongly reduced the con-
formational freedom of the ligand and restricted rota-
tion of the 5S and 12R chiral centers relative that of
triene chromophore. The observation that the HSA-
bound LTB4 molecules also gave rise to a positive CD
signal suggested that the binding site preferred (and
therefore enriched) the chiral conformation likely
responsible for the weak positive CE noted in ligand-on-
ly organic and buffer solutions. The hypochromism of
the UV band indicated that the triene chromophore
was completely encompassed by the protein environ-
ment. This situation favored dispersion interactions be-
tween the conjugated leukotriene and individual HSA
protein residues, leading to the observed hypochromism
and bathochromic shift of the UV peak. Association of
LTB4 with the solvent-exposed HSA protein surface
should not result in a decrease of the measured
absorption.


The spectral characteristics of the CD bands were found
to be stable through time. It was subsequently utilized to
estimate the binding affinity (Ka) and the probable num-
ber of binding sites (n) for the LTB4/HSA interaction. A
CD titration series was performed by adding LTB4 stock
solution consecutively to a buffer solution containing
HSA at constant concentration. Non-linear regression
analysis applied to the induced CD values obtained
from the titration series yielded a Ka of 6.7 · 104 M�1


(Fig. 4). A �best curve� fit was then obtained for an
n = 1. The results of this analysis suggested that LTB4


bound to a single site of HSA with moderate affinity.


Based on the physicochemical and structural similarities
between LTB4 and long-chain fatty acids (LCFA), fur-
ther spectroscopic experiments were undertaken to ob-
tain information on the potential location of the HSA
binding site of LTB4. X-ray crystallographic studies
have previously revealed seven LCFA binding sites dis-
tributed across the three domains of HSA.13 The highest
affinity sites are associated with domains I and III. Pal-
mitic acid, one of the most physiologically important
fatty acid ligands of HSA, was used to study the effects
of fatty-acid binding on the optical properties of the

LTB4–HSA complex. As shown in Fig. 5, palmitic acid
titration rapidly reduced the induced positive CD band
of LTB4–HSA complex to zero. In addition, titration
with palmitic acid shifted the UV peak of the complex
to shorter wavelengths, with a concomittant increase
of the observed vibrational fine structure. These spectral
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changes strongly suggested the direct competition be-
tween palmitic acid and LTB4 for the binding site, with
displacement of the leukotriene ligand from the proba-
ble common binding site. Notably, nearly complete
extinction of the positive CD signal was achieved at a
[FA]/[HSA] ratio of 2, further suggesting that LTB4


did in fact bind to one of the high-affinity fatty acid
sites. Interestingly, a weak negative CE appeared after
the positive CE disappeared; the spectral shapes were
similar, with the exception that the negative CE ap-
peared at slightly longer wavelengths (Fig. 5). It is pos-
sible that after displacement from their primary binding
site, a portion of LTB4 molecules might have been asso-
ciated with a secondary binding site yielding an overall
negative CD contribution.


The results of the previous fatty-acid CD displacement
experiments prompted additional investigations employ-
ing molecular modeling methodology. The high resolu-
tion X-ray structure of the palmitic acid–HSA
complex is now available.13 We utilized the reported
crystal structure for docking calculations; the palmitic
acid molecules were replaced by LTB4 molecules using
flexible fit. The ligand–protein complex obtained after
energy minimization is displayed in Figure 6. Only the
best energy results are shown, numbered according to
the LCFA binding sites of HSA. Theoretical projections
suggested that all LCFA protein domains were suitable
binding environments for LTB4. Two high-affinity fatty
acid binding sites (3 and 5) were identified, with sites 1
and 7 classified as secondary, lower-affinity sites.13 The
X-ray crystallography and modeling studies revealed
that electrostatic interactions between the fatty acid car-
boxylate group(s) and the binding site residues crucially

Figure 6. Energy-minimized molecular model of HSA obtained by removing


molecules. According to Ref. 13, the numbers refer to the long-chain fatty a


indicated. The protein secondary structure is shown schematically with the do


lists the ionic as well as hydrogen (H)-bond interactions found between t


numbering in Fig. 1).

determine the binding affinity.13 The table in Fig. 6 sum-
marizes the ionic and hydrogen (H)-bond interactions
between LTB4 molecules and the critical protein resi-
dues. The resulting data show that the site 3 ligand (sub-
domain IIIA) established the largest number of such
interactions. In addition to the electrostatic interactions
of the carboxylate moiety, both the hydroxyl groups
were also involved in intermolecular H-bonds with argi-
nine and tyrosine residues, respectively (Fig. 7). The
computational modeling results therefore suggested that
the primary binding site of LTB4 was located within
subdomain IIIA of HSA.


The main drug binding sites I and II of HSA6,7 can each
be occupied by fatty acids (sites 7 and 3 in Fig. 6). Drug
site II (subdomain IIIA) has been suggested to have high
affinity for long-chain fatty acids, in contrast to site I,
where no fixed carboxylate interaction has been found
with these lipid ligands.13 Several exogenous and
endogenous compounds are well known which bind
selectively to either site I or II.6,7 Using such marker li-
gands, the site specificity of a given experimental com-
pound can be determined. Ibuprofen (IBP; see Fig. 8),
a non-steroidal anti-inflammatory drug (NSAID), is a
site II marker with a high affinity association constant
(3.3 · 106 M�1).6,14 Its chiroptical properties make it
ideal for CD competition measurements of the LTB4–
HSAcomplex: (1) the benzene ring is a veryweak chromo-
phore, and therefore its UV contribution is negligible;
and (2) the racemic (�rac�) sample is CD inactive.


The CD and UV spectra of the LTB4–HSA complex
were recorded during a sequential increase of the rac-
ibuprofen concentration in the sample solution (Fig.

the palmitic acid ligands and by the subsequent docking of LTB4 ligand


cid (LCFA) sites of HSA. The primary drug-binding sites I and II are


mains color-coded as follows: I, blue; II, green; III, red. The table inset


he LTB4 molecules and HSA protein residues (see the oxygen atom







Figure 7. Expanded view of the HSA FA site 3–LTB4 molecule


interaction (ball-and-stick representation) identifying the participating


HSA protein residues (denoted by their one-letter amino acid codes).


Figure 8. Effect of rac-ibuprofen (IBP) on the CD spectrum of 20 lM
LTB4 in 26 lM HSA solution (0.1 M, pH 7.4, phosphate buffer at


25 �C).
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8). The positive CD signal decreased rapidly between
[IBP]/[HSA] ratios of 0 and 1, where the rac-IBP drug
bound to its high-affinity site in subdomain IIIA. A
small negative CD peak around 287 nm again appeared
at higher concentrations of rac-IBP (data not shown).
During the titration, the UV absorption intensity and
vibronic fine structure of LTB4 increased and exhibited
a hypsochromic shift (spectra not shown). Taken togeth-
er, these spectral changes induced by the addition of rac-

IBP provided clear experimental evidence of the dis-
placement of the bound LTB4 at drug site II (=fatty acid
site 3). The results are also in full agreement with the
results obtained above with palmitic acid as well as
predictions obtained with the molecular docking
calculations.

4. Conclusions


The nature and dynamics of small molecule interactions
with biomacromolecules represents an active area of sci-
entific research. The current study explored the potential
in vitro non-covalent binding of LTB4 to human serum
albumin, the major protein in the human intra- and
extravascular space. Detailed analysis of the CD and
UV spectroscopic properties of the leukotriene–albumin
complex and molecular modeling calculations provided
essential data on the observed binding interaction.
LTB4 exhibited a single, moderate-affinity binding site
on HSA with an experimentally determined association
constant, Ka = 6.7 · 104 M�1. CD displacement experi-
ments with two well-characterized HSA ligands (palmit-
ic acid, rac-ibuprofen) strongly suggested that LTB4


bound to a long-chain fatty acid site on the protein in
close proximity or equivalent to drug binding site II in
subdomain IIIA of HSA. These results complement ear-
lier studies with eicosanoid compounds that had been
found to bind at the HSA drug site I (subdomain
IIA),10,11 and expand the potential binding capability
of HSA for leukotrienes to include drug binding site
II. The observed differential binding preferences for
these molecules may be due in part to structural differ-
ences among these arachidonic acid metabolites. Com-
petitive binding by other biologicaly important ligands
(e.g., NSAIDS and fatty acids) may influence the carry-
ing capacity of albumin for these highly potent pro-in-
flammatory mediators. Leukotrienes closely related to
LTB4 (such as its 6-trans- and 12-epi isomers, its 20-car-
boxy and 20-hydroxy derivatives, as well as leukotriene
B3) may also reasonably be expected to show similar
binding characteristics.
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Special Section: Symposium-in-Print


G-Protein-Coupled Receptors in Drug Discovery


Guest Editor: John Saunders


Neurocrine Biosciences, Inc., 12790 El Camino Real, San Diego, CA 92130, USA


Contents


Bioorganic & Medicinal Chemistry Letters Symposia-in-Print p 3652
Introduction: G-protein-coupled receptors in drug discovery p 3653


SYMPOSIUM-IN-PRINT COMMUNICATIONS


Structural biology of G protein-coupled receptors pp 3654–3657


Kenneth Lundstrom


More than 60% of the current drugs are based on G protein-coupled receptors. Paradoxically, high-resolution structures are not


available to facilitate rational drug design. Difficulties in expression, purification, and crystallization of these transmembrane


receptors are the reasons for the low success rate. Recent individual and network-based technology development has significantly


improved our knowledge of structural biology and might soon bring a major breakthrough in this area.


Oral delivery of G protein-coupled receptor modulators: An explanation for the observed
class difference


pp 3658–3664


Kevin Beaumont,* Esther Schmid and Dennis A. Smith


There is a distinct class difference between the number of drugs against aminergic and non-aminergic GPCRs. The difference lies


with the natural ligands.
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4-Fluorosulfonylpiperidines: Selective 5-HT2A ligands for the treatment of insomnia pp 3665–3669


L. Rebecca Fish, Myra T. Gilligan, Alexander C. Humphries,* Magnus Ivarsson,
Tammy Ladduwahetty,* Kevin J. Merchant, Desmond O�Connor, Smita Patel,
Elisabeth Philipps, Hugo M. Vargas, Peter H. Hutson and Angus M. MacLeod


a-Fluorosulfones, of general structure 3, were synthesized as an alternative approach


to reduce the pKa of the piperidine ring in an existing series of sulfonyl piperidine


5-HT2A antagonists. This work led to the identification of 3b, a selective 5-HT2A


antagonist that gave no significant increase in QTc in the anesthetized dog.


2-(2-Furanyl)-7-phenyl[1,2,4]triazolo[1,5-c]pyrimidin-5-amine analogs: Highly potent,
orally active, adenosine A2A antagonists. Part 1


pp 3670–3674


Julius J. Matasi, John P. Caldwell, Hongtao Zhang, Ahmad Fawzi,
Mary E. Cohen-Williams, Geoffrey B. Varty and Deen B. Tulshian*


The structure–activity relationship of this novel class of compounds based on 2-(2-furanyl)-7-phenyl[1,2,4]triazolo[1,5-c]pyrimidin-


5-amine, 1, and its analogs was evaluated for their in vitro and in vivo adenosine A2A receptor antagonism. Compound 8g displayed


an excellent in vitro profile as well as a highly promising in vivo profile.


2-(2-Furanyl)-7-phenyl[1,2,4]triazolo[1,5-c]pyrimidin-5-amine analogs as adenosine A2A antagonists:
The successful reduction of hERG activity. Part 2


pp 3675–3678


Julius J. Matasi, John P. Caldwell, Hongtao Zhang, Ahmad Fawzi, Guy A. Higgins,
Mary E. Cohen-Williams, Geoffrey B. Varty and Deen B. Tulshian*


This report discusses the strategy and outcome of an expanded SAR focused on addressing the hERG liability. As a result,


compounds 21 and 24 possess excellent in vitro profiles, highly promising in vivo profiles, and acceptable levels of hERG channel


inhibition.


A preliminary study of the metabolic stability of a series of benzoxazinone
derivatives as potent neuropeptide Y5 antagonists


pp 3679–3684


Alberto Dordal, Mike Lipkin, Jackie Macritchie,* Josep Mas, Adriana Port,
Sally Rose, Leonardo Salgado, Vladimir Savic, Wolfgang Schmidt,
Maria Teresa Serafini, William Spearing, Antoni Torrens* and Sandra Yeste


The metabolic stability of benzoxazinone derivatives, a potent series of NPY5 antagonists,


has been investigated. This study identified the moieties prone to metabolic transformation


and provides the opportunity to optimize the structure of this new class of NPY5


antagonists.
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Structure–activity relationships of 1,3,5-triazine-2,4,6-triones as human gonadotropin-releasing
hormone receptor antagonists


pp 3685–3690


Zhiqiang Guo,* Dongpei Wu, Yun-Fei Zhu, Fabio C. Tucci, Collin F. Regan, Martin W. Rowbottom,
R. Scott Struthers, Qiu Xie, Shelby Reijmers, Susan K. Sullivan, Yang Sai and Chen Chen*


SAR studies of 1,3,5-triazine-2,4,6-triones as human gonadotropin-releasing receptor antagonists resulted in potent compounds.


The best compound from the series had a binding affinity of 2 nM.


Discovery and SAR of 4-amino-2-biarylbutylurea MCH 1
receptor antagonists through solid-phase parallel synthesis


pp 3691–3695


Tao Guo,* Rachael C. Hunter, Huizhong Gu, Laura L. Rokosz,
Tara M. Stauffer and Doug W. Hobbs N
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MCH1R Ki = 3.0 nM


Discovery and SAR of biaryl piperidine MCH1 receptor antagonists through solid-phase encoded
combinatorial synthesis


pp 3696–3700


Tao Guo,* Yuefei Shao, Gang Qian, Laura L. Rokosz, Tara M. Stauffer,
Rachael C. Hunter, Suresh D. Babu, Huizhong Gu and Doug W. Hobbs


1-(4-Amino-phenyl)-pyrrolidin-3-yl-amine and 6-(3-amino-pyrrolidin-1-yl)-pyridin-3-yl-amine
derivatives as melanin-concentrating hormone receptor-1 antagonists


pp 3701–3706


Charles Q. Huang, Tracy Baker, David Schwarz, Jun Fan, Christopher E. Heise, Mingzhu Zhang, Val S. Goodfellow,
Stacy Markison, Kathleen R. Gogas, Takung Chen, Xiao-Chuan Wang and Yun-Fei Zhu*


Derivatives of 1-(4-amino-phenyl)-pyrrolidin-3-yl-amine and 6-(3-amino-pyrrolidin-1-yl)-pyridin-3-yl-amine (I) were identified as


potent and functionally active MCH receptor-1 (MCH-R1) antagonists. The compound 10 with Ki = 2.3 nM demonstrated good


oral bioavailability (32%) and in vivo efficacy in rats.
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A physicogenetic method to assign ligand-binding relationships between 7TM receptors pp 3707–3712


Thomas M. Frimurer, Trond Ulven, Christian E. Elling, Lars-Ole Gerlach,
Evi Kostenis and Thomas Högberg*


A computational protocol has been devised to relate 7TM receptor proteins (GPCRs)


with respect to physicochemical features of the core ligand-binding site. A case


targeting the newly identified prostaglandin D2 receptor CRTH2 serves as a primary


example to illustrate the procedure.


Substituted tetraazaacenaphthylenes as potent CRF1
receptor antagonists for the treatment of depression and anxiety


pp 3713–3716


Y. St-Denis,* R. Di Fabio,* G. Bernasconi, E. Castiglioni, S. Contini, D. Donati,
E. Fazzolari, G. Gentile, D. Ghirlanda, C. Marchionni, F. Messina, F. Micheli,
F. Pavone, A. Pasquarello, F. M. Sabbatini, M. G. Zampori, R. Arban and G. Vitulli


The synthesis, SAR, and in vivo characterization of a novel class of CRF1 antagonist are reported.


REGULAR COMMUNICATIONS


Microwave-assisted synthesis of imidazoles: Reaction of p-toluenesulfonylmethyl isocyanide
and polymer-bound imines


pp 3717–3719


Swapan K. Samanta, Irene Kylänlahti and Jari Yli-Kauhaluoma*


Functionalized head-to-head hairpin polyamides: Synthesis, double-stranded DNA-binding activity
and affinity


pp 3720–3724


Ludovic Halby, Vladimir A. Ryabinin, Alexandre N. Sinyakov and Alexandre S. Boutorine*
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In vitro binding of leukotriene B4 (LTB4) to human serum albumin: Evidence from
spectroscopic, molecular modeling, and competitive displacement studies


pp 3725–3731


Ferenc Zsila,* Zsolt Bikádi and Samuel F. Lockwood


Binding of leukotriene B4 to the IIIA domain of human serum albumin is reported.


Identification of potent type I MetAP inhibitors by simple bioisosteric replacement. Part 1: Synthesis
and preliminary SAR studies of thiazole-4-carboxylic acid thiazol-2-ylamide derivatives


pp 3732–3736


Yong-Mei Cui, Qing-Qing Huang, Jie Xu, Ling-Ling Chen, Jing-Ya Li, Qi-Zhuang Ye, Jia Li*


and Fa-Jun Nan*


A new series of potent type I MetAP inhibitors were obtained by simple bioisosteric replacement of previously reported pyridine-2-


carboxylic acid thiazol-2-ylamide (PCAT) MetAP inhibitors.


QSAR of adenosine A3 receptor antagonist
1,2,4-triazolo[4,3-a]quinoxalin-1-one derivatives
using chemometric tools


pp 3737–3743


Prosenjit Bhattacharya and Kunal Roy*


Considering the potential of selective adenosine A3 receptor subtype


ligands in the development of prospective therapeutic agents, an attempt


has been made to explore physicochemical requirements of 1,2,4-


triazolo[4,3-a]quinoxalin-1-one derivatives for A3 receptor binding.


Synthesis and in vitro pharmacological studies of new C(2) modified
salvinorin A analogues


pp 3744–3747


David Y. W. Lee, Vishnu V. R. Karnati, Minsheng He, Lee-Yuan Liu-Chen,
Leelakrishna Kondaveti, Zhongze Ma, Yulin Wang, Yong Chen, Cecile Beguin,
William A. Carlezon, Jr. and Bruce Cohen*


A series of salvinorin A derivatives modified at the C(2) position were prepared


and screened for binding and functional activities at the human j-opioid


receptor. A highly selective j-agonist (EC50 = 0.6 nM) was identified.
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Antibiotics GE23077, novel inhibitors of bacterial RNA polymerase. Part 3: Chemical derivatization pp 3748–3752


Riccardo Mariani,* Giorgio Granata, Sonia I. Maffioli, Stefania Serina, Cristina Brunati,
Margherita Sosio, Alessandra Marazzi, Alfredo Vannini, Dinesh Patel,
Richard White and Romeo Ciabatti


Chemical derivatization of a novel inhibitor of bacterial RNA


polymerase GE23077 (IC50 = 0.02 mg/l) is reported.


Phenylpyrroles, a new chemolibrary virtual screening class of 5-HT7 receptor ligands pp 3753–3757


Magalie Paillet-Loilier, Frédéric Fabis, Alban Lepailleur, Ronan Bureau, Sabrina Butt-Gueulle,
François Dauphin, Catherine Delarue, Hubert Vaudry and Sylvain Rault*


Virtual screening studies have identified a series of phenylpyrroles as novel 5-HT7 receptor ligands. The synthesis and the affinity for


the 5-HT7 receptor of these phenylpyrroles are described. Some of these compounds exhibited high affinity for the 5-HT7 receptors.


Chemical modification of the naphthoyl 3-position of JWH-015: In search of a
fluorescent probe to the cannabinoid CB2 receptor


pp 3758–3762


Andrew S. Yates, Stephen W. Doughty, David A. Kendall and Barrie Kellam*


Inhibition of tumor cell proliferation by thieno[2,3-d]pyrimidin-4(1H)-one-based analogs pp 3763–3766


Yanong D. Wang,* Steven Johnson, Dennis Powell, John P. McGinnis,
Miriam Miranda and Sridhar K. Rabindran


The synthesis of a series of novel tricyclic thieno[2,3-d]pyrimidin-4(1H)-one-based analogs and their anti-proliferative activities are


described.
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Hydrophobicity in the design of P2/P20 tetrahydropyrimidinone HIV protease inhibitors pp 3767–3770


Rajni Garg* and Disha Patel


Balance of hydrophobicity and volume dependent polarizability has been found to play a key role in the inhibition of HIV protease


by these inhibitors.


Synthesis and structural modeling of the amphiphilic siderophore rhizobactin-1021 and its analogs pp 3771–3774


Evgeny A. Fadeev, Minkui Luo and John T. Groves*


Structure-based design, synthesis, and in vitro assay of novel nucleoside analog
inhibitors against HIV-1 reverse transcriptase


pp 3775–3777


Xianjun Liu, Wei Xie and Raven H. Huang*


Discovery and in vitro evaluation of potent kinase inhibitors: Pyrido[10,20:1,5]pyrazolo[3,4-d]pyrimidines pp 3778–3781


Michael J. Alberti, Elizabeth P. Auten, Karen E. Lackey, Octerloney B. McDonald, Edgar R. Wood,
Frank Preugschat, Geoffrey J. Cutler, Laurie Kane-Carson, Wei Liu and David K. Jung*


The discovery, synthesis, and in vitro kinase profile of several pyrido[10,20:1,5]pyrazolo[3,4-d]pyrimidines as potent kinase inhibitors


are discussed.
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Synthesis of novel curcumin mimics with asymmetrical units and their anti-angiogenic activity pp 3782–3786


Ho Bum Woo, Woon-Seob Shin, Seokjoon Lee and Chan Mug Ahn*


Structure-based design and synthesis of novel non-zinc chelating MMP-12 inhibitors pp 3787–3790


Anne-Claude Dublanchet,* Pierre Ducrot, Charles Andrianjara, Margaret O�Gara,
Renaud Morales, Delphine Compère, Alexis Denis, Stéphane Blais, Philippe Cluzeau,
Karine Courté, Jacques Hamon, François Moreau, Marie-Laure Prunet and Anita Tertre


A new class of MMP-12 inhibitors was discovered and optimized using structure-based drug design methods. Optimization resulted


in the discovery of a compound displaying nanomolar activity against MMP-12 which was co-crystallized with MMP-12.


Bicyclic nucleoside inhibitors of Varicella–Zoster virus: The effect of branching in the
p-alkylphenyl side chain


pp 3791–3796


Giovanna Luoni, Christopher McGuigan,* Graciela Andrei, Robert Snoeck,
Erik De Clercq and Jan Balzarini


Effects of B group vitamins on reactions of various
a-hydroxyl-containing organic radicals


pp 3797–3800


P. Yu. Lagutin and O. I. Shadyro*


The interaction of a-hydroxyl-containing organic radicals with B group vitamins is reported.
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Synthesis and antibacterial activity of alkyl derivatives of
the glycopeptide antibiotic A40926 and their amides


pp 3801–3805


Sonia I. Maffioli,* Romeo Ciabatti, Gabriella Roman, Ettore Marzorati,
Maria Preobrazhenskaya and Andrej Pavlov


Lipophilic alkylated derivatives of A40926 containing basic amides


showed a strong increase in antibiotic activity.
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