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Abstract—A new series of 1-(1,3-benzodioxol-5-ylmethyl)-3-[4-(1H-Imidazol-1-yl)phenoxy]-piperidine analogs were designed and
identified as potent and selective inhibitors of NO formation based both on the crystal structure of a murine iNOS D114 monomer
domain/ inhibitor complex and inhibition of the NO formation in human A172 cell assays. Compound 12S showed high potency
and high iNOS selectivity versus nNOS and eNOS.
� 2007 Elsevier Ltd. All rights reserved.
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Nitric oxide (NO) is generated from the reaction of LL-
arginine with oxygen by an enzyme called nitric oxide
synthase (NOS).1,2 NOS exists in three distinct isoforms,
which fall into two categories: constitutive and induc-
ible. There are two constitutive isoforms, which are cal-
cium and calmodulin dependent, and there is an
inducible isoform, which is calcium independent. The
two constitutive isoforms are (1) a neuronal isoform,
NOS-1 or nNOS,3 which was first found in neuronal tis-
sue and (2) an endothelial isoform, NOS-3 or eNOS,
which is found in vascular endothelial cells. The induc-
ible isoform, NOS-2 or iNOS, is found in a wide range
of cells. The three isoforms differ in their location and
function, but are similar in that they are only active in
the dimeric form. eNOS and nNOS generate low, tran-
sient levels of NO in response to an increase in intracel-
lular calcium concentrations to regulate blood pressure,
platelet adhesion, and neurotransmission.4 However,
iNOS generates high, sustained levels of NO. These ele-
vated levels of NO and resulting NO-derived metabo-
lites result in cellular cytotoxicity and tissue damage
which may contribute to the pathophysiology of a num-
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ber of human diseases such as multiple sclerosis (MS)
and rheumatoid arthritis (RA). The non-selective inhibi-
tion of NO formation might lead to unwanted side
effects, therefore much effort has been focused on the
discovery of novel selective iNOS inhibitors in the phar-
maceutical industry.4,5


The search for direct enzyme inhibitors of iNOS led to
the discovery of N-phenylimidazoles as selective inhibi-
tors of iNOS, albeit with moderate potency.6 In addi-
tion, N-phenylimidazoles can also promote iNOS
dimer assembly5d after binding to the heme. Because
the dimer assembly is critical for NOS activity and
NO production, prevention of iNOS dimerization is a
potential mechanism for a therapeutic agent.


We have previously disclosed a class of compounds that
block iNOS dimerization.5a,b A representative of that
class is 1 (Fig. 1). A comparison of this compound
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Figure 1. iNOS dimerization inhibitor.
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bound to the murine iNOS D114 monomer domain and
the model of the iNOS dimer suggests that these inhibi-
tors occupy the same position as Glu377 in the human
iNOS dimer structure. Our working hypothesis is that
these inhibitors bind to the iNOS monomer and prevent
Glu377 of helix 7A from occupying the position that
leads to dimer formation.


The original series contain an imidazol-1-ylpyrimidine
linked to a distal benzodioxolane group with a six-atom
tether including a saturated heterocycle. From the crys-
tal structure of compound 1 bound to monomeric mur-
ine iNOS D114 (Fig. 2), we knew that the imidazole
group binds to the heme and the imidazole, pyrimidine,
and pyrrolidine ring are nearly coplanar. The benzodi-
oxolane group fits snugly between residues in the iNOS
monomer active site and the pyrimidine ring resulting in
a U-shaped conformation. This binding mode is consis-
tent with the crystal structure of the fragments, 4-imi-
dazol-1-ylphenol and piperonylamine bound, to
murine iNOSD114 (not shown).7 This prompted us to
design new inhibitors with alternate linkers connecting
the benzodioxolane and imidazole moieties (Fig. 3).
Here we report the discovery of potent, selective inhibi-
tors of NO formation, which do not inhibit iNOS en-
zyme activity.


Our initial work focused on compounds with a hydroxy-
ethylamine as a linker (Scheme 1). Reductive amination

Figure 2. The crystal structure of inhibitor 1 bound to murine iNOS


monomer (PDB entry 2ORO).
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Figure 3. iNOS dimerization inhibitor design scheme.

of 2-[4-(imidazol-1-yl)phenoxy]ethylamine 2 with piper-
onal gave monoalkylated compound 3 and dialkylated
compound 4. Alkylation of 3 with ethyl bromoacetate
under basic conditions, followed by hydrolysis with lith-
ium hydroxide, afforded compounds 5 and 6, respec-
tively. The acid, 6, was bound to an oxime resin using
DCC as coupling reagent, followed by reaction with
amines, affording products 7–9. The heterocyclic com-
pounds were prepared by standard methods (Scheme
2). The reaction of 3-hydroxypiperidine hydrochloride
10 with 3,4-methylenedioxybenzyl chloride using potas-
sium carbonate at 50 �C gave the alkylated intermediate
11. Mitsunobu reaction8 of 11 with 4-(imidazol-1-
yl)phenol afforded 12. The other phenoxy analogs were
prepared in a similar fashion. Oxidation of N-benzyl-3-
hydroxypiperidine hydrochloride 13 with PDC followed
by reductive amination with 4-(N-imidazol-1-yl)aniline
afforded intermediate 14. Further debenzylation of 14
with Pd/C followed by alkylation with 3-4-methylenedi-
oxybenzyl chloride gave 15. For the preparation of 17,
compound 13 was treated with sodium hydride followed
by reaction with 3-chloro-6-(imidazol-1-yl)pyridazine to
give 16. Debenzylation and alkylation of 16 afforded 17.


Compounds were initially tested for inhibition of NO
formation in a whole cell using human A172 cell assays
induced with cytokines.5c NO formation was monitored
with Griess reagent.9 In a standard iNOS enzyme assay,
compounds had weak activity (compound 12 had an
IC50 of 15.5 lM). Selectivity between the NOS isoforms
was determined in SF9 cells transfected with a NOS
isoform in a tetracycline-induced system.5c NOS activity
was monitored by measuring the production of radiola-
beled citrulline from radiolabeled arginine. Tet data
refer to the IC50 determined as an average of at least
two separate experiments in the iNOS transfected cells
induced by addition of tetracycline unless otherwise
stated.


We first explored straight chain tethered analogs (Table
1). The initial compound 3, with an unsubstituted linker,
had surprising activity, with an IC50 of 240 nM, but sub-
stitution of the chain was detrimental, although at-
tempts were limited. Tertiary amines were tolerated,
but compound 6 with an acetic acid substitution showed
weak activity.


Next, we explored the SAR of analogs with a heterocy-
clic linker (Table 2). Compound 18, with pyrrolidine as
a linker, exhibited low activity with an IC50 of 4 lM.
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Scheme 1. Reagents and conditions: (a) NaBH3CN, AcOH, MeOH, piperonal; (b) ethyl bromoacetate, K2CO3, MeCN, 70–80 �C, 3 h; (c) LiOH,


THF–H2O; (d) DCC, DCM, Kaiser oxime resin, 18 h; (e) NH2R2, DCM 18 h.
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Scheme 2. Reagents and conditions: (a) 3-4-methylenedioxybenzyl chloride, K2CO3, NaI (cat.), DMF, 50 �C, 4 h; (b) 4-1-imidazolylphenol, Ph3P,


DEAD, DMF; (c) PDC, DCM; (d) 4-(N-imidazolyl)aniline, Ti(OiPr)4, NaCNBH3, EtOH, 20 h; (e) 10% Pd/C, MeOH, NH4 CO2H, reflux, 4 h; (f) i—


NaH, DMF; ii—3-chloro-6-(imidazol-1-yl) pyridazine, rt.


Table 1. Inhibitory activity for compounds 3–9


Compound A172 cell IC50 (lM)


3 0.24


4 1.5


5 1.2


6 >10


7 0.64


8 1.8


9 1.6
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The activity resided in the S enantiomer, as 18R dis-
played weaker activity (IC50 > 10 lM). Changing the
linker attachment site to the 2-position with one more
carbon extension gave 22R, which exhibited 5-fold higher
potency and showed some selectivity (>80-fold for
both). When the pyrrolidine was replaced with a piperi-

dine, 12, a highly potent and selective compound was
obtained. Again, the activity resided in the S enantio-
mer, as 12R displayed weaker activity. Replacement of
the imidazol-1-ylphenyl group with a 6-(imidazol-1-yl)-
3-pyridazinyl group, 17, resulted in similar activity and
selectivity. Compound 15, an aniline analog, showed
5-fold higher potency than the ether 12. Extension by
one more carbon off the piperidine (20) significantly re-
duced the potency. Compound 19 with an azepine as the
linker showed similar activity to the piperidine analog
12. The 2-(4-imidazol-1-yl)phenoxy methyl substituted
analog 21 exhibited 2-fold more potency than the pyr-
rolidine analog 22R. The 3S-hydroxypiperidine was
optimal as a linker and compound 12S was optimal both
in high potency with IC50 value of 9 nM in a whole cell
assay and in iNOS high selectivity versus nNOS and
eNOS (>400 for both). It should be noted that the differ-







Table 2. Activity and selectivity of piperidine analogs


Compound Structure A172 cell IC50 (nM) Tet iNOS IC50 (nM) Tet selectivity ratio n/i Tet selectivity ratio e/i
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P = 3,4-methylenedioxybenzyl group. NT, not tested.
a Data were reported as for n = 1 determination.
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ences in potency between the A172 cells and the tetracy-
cline-induced cell assays are unclear, although it may
be due to differences in NO production between the
different cell types.


Further characterization of 12S was pursued due to
its activity and selectivity (Table 3). Compound 12S

exhibited a high clearance in the rat and extensive
distribution throughout the body. Oral bioavailability
is high partly because of the low systemic level after
intravenous administration. Metabolic stability in
rat, dog, and human liver microsomes revealed a
47%, 89%, and 31% parent remaining after 3 h,
respectively.







Figure 5. Comparison of crystal structure of inhibitor 12S (green,


PDB entry 2ORT)-murine iNOS monomer complex with inhibitor 1


(gold, PDB entry 2ORO).


Table 3. Rat PK data of compound 12S


Route iv po


Dose (mg/kg) 2 10


T1/2 (h) 2.2 2.9


Cl (ml/min/kg) 128 na


Vss (L/kg) 21 na


Cmax (lg/ml) na 0.8


AUCinf (h lg/ml) 0.28 2.6


%F na �100%


na, not applicable.
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These results possibly account for the high clearance.


We determined the crystal structure of 12S bound to the
murine iNOSD 114 monomer (Fig. 4). The compound
occupies the arginine binding pocket and the imidazole
directly coordinates to the iron. The benzodioxolane
and phenylimidazole adopt a favorable U-shaped con-
formation, positioning the benzodioxolane such that it
will prevent Glu377 in helix 7A from adopting a confor-
mation that is conducive to dimer formation, an essen-
tial step for activity.


A comparison between the crystal structures of 1 and
12S bound to murine iNOS D114 monomer shows that
both compounds bind in a U-shaped conformation,
and that the 4-(imidazol-1-yl)aryl binds in the same con-
formation, with the imidazole coordinating the heme
(Fig. 5). The benzodioxolane moieties occupy the same
pocket between the arylimidazole and the iNOS active
site, but have different orientations. Compound 12S is
20-fold less potent than 1. This difference of potency
could be due to the extra interactions that the
imidazolylpyrimidine of 1 has with iNOS and the heme
(methyl group with Pro344 and Gln257 and pyrrolidine
ring with heme) and/or the different orientations of the
benzodioxolane groups.


Replacement of the phenoxy oxygen atom with a nitro-
gen atom shown in structure 15 presumably does not

Figure 4. The crystal structure of inhibitor 12S-murine iNOS D114


monomer complex (PDB entry 2ORT).

change the U-shaped conformation which accounts for
the similar potency to compound 12. However, when
the linker was changed from piperidine (12S) to pyrrol-
idine (18S) the potency drops 178-fold. A model of 18S
in iNOS monomer shows that the pyrrolidine ring needs
to adapt a strained conformation in order to position
the phenylimidazole and benzodioxolane moieties in a
productive binding conformation.


In summary, a new series of 1-(1,3-Benzodioxol-5-ylm-
ethyl)-3-[4-(1H-Imidazol-1-yl)phenoxy]-piperi-dine ana-
logs have been discovered as inhibitors of NO
formation using structure-based design. Compound
12S potently inhibits iNOS activity in a whole cell assay
and demonstrates high iNOS selectivity versus eNOS
and nNOS. It is hypothesized that this compound pre-
vents iNOS monomer from dimerizing in a similar
fashion to compound 1.
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Abstract—A series of fluorenone-carboxamide compounds was analyzed with regard to DNA binding properties by UV spectros-
copy and competition dialysis methods. The morpholino derivative 10 provided interesting results in terms of affinity and specificity
toward the DNA G-tetraplex structures. Interactions against this target were evaluated by a comparative molecular modeling study
in agreement with the experimental data, proposing a model for the rational design of new agents with potent and selective DNA
tetraplex binding properties.
� 2007 Elsevier Ltd. All rights reserved.

Synthetic derivatives possessing IFN-inducing activity
have been reported in the literature as agents that, due
to their ability to intercalate DNA, could induce inter-
feron production that, in turn, might stimulate antiviral
and/or cytostatic effects in the cell.1,2 Among them, til-
orone, (2,7-bis[2-(diethylamino)ethoxy]-9H-fluoren-9-
one), was the first low molecular weight IFN-inducer
orally effective in vivo against some DNA and RNA
viruses.3,4 These considerations prompted us to design
and synthesize hybrid agents5 between the antiviral til-
orone6 and the antitumor agent daunomycin,7 two well-
known intercalators, to generate novel agents with po-
tential antiviral and antitumor activity, based on their
DNA binding properties.


DNA binding agents have for many years formed the
basis of cancer chemotherapy, with various agents based
on anthracycline or acridine scaffolds currently in the
market, exemplified by agents such as daunorubicin.7


However, DNA has been recognized as being far more
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polymorphic than originally assumed and can form
left-handed and parallel stranded duplexes, hairpins
with ordered loops, triplexes, and quadruplexes,8 which
have been shown to play an important role in the biolo-
gy of the cell. Such higher order DNA structures have
provided novel targets for drug design of compounds
with improved specificity. Thus, a plethora of molecules
have been synthesized to selectively target tetraplex
DNA (over duplex DNA).9,10 Many drugs known to
intercalate duplex DNA have been tested and subse-
quently synthetically modified to interact with a greater
selectivity towards tetraplex DNA. These include, in the
first instance, anthraquinones,11 porphyrins12, and ethi-
dium bromide derivatives,13 whereas other classes of
compounds include the fluorenones,14 heteroaromatic
tetracyclic systems15, and quinolines.16 Our own studies
on acridine compounds have resulted in molecules with
high affinity for higher order DNA structures. A trisub-
stituted acridine has been recently described as the most
potent of this new generation of telomerase inhibitor
(EC50 in the TRAP assay 0.06 lM) yet disclosed;17 the
difluorodimethyl-quinoacridinium methosulfate salt18


has an EC50 of 0.33 lM.19 Both compounds have the
potential therapeutic advantage of low overall cytotox-
icity. Finally, the diethylquinoacridinium iodide penta-
cyclic salt was found to have an unusually high affinity
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Figure 2. UV binding titration profiles of compound 10 (solid lines


and filled dots) versus compound 9 (dashed line and empty dots)


measured with different ST DNA concentrations at 302 nm.
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for triplex DNA compared to its second generation lead
compounds.20


To investigate the relationship between the biological
activity and the DNA binding properties of a series of
compounds (Fig. 1), we have characterized those using
spectroscopic techniques for their binding to Salmon
Testes (ST) DNA and potentially higher order DNA
forms.


In an attempt to further design molecules with higher
affinity and selectivity for DNA and particularly higher
isoforms, such as the tetraplex telomeric sequence, we
have explored the interactions of a series of fluore-
none-carboxamides with such sequences, using a broad
range of biophysical and spectroscopic techniques.
Structure–activity relationships on the fluorenone
framework have offered us some insight into the charac-
teristics needed for binding, whereas our binding results
have led us to some conclusions on the efficacy of these
compounds as DNA binders, pointing to novel lead
structures in anti-cancer drug design that could be used
in the development of a second generation of antitumor
agents.


The series of active reagents (Fig. 1) were investigated
for their ability to bind to double stranded DNA using
spectrophotometric approaches, including UV spectro-
photometry, ethidium bromide displacement, and ther-
mal denaturation. In the UV spectrophotometric
study, the compounds were titrated with ST DNA and
the changes in their spectrum at 302 nm were monitored.
All compounds had their main electronic transition in
the region of 260 nm, with a shoulder at around
300 nm, peaking at 302 nm, and a much weaker peak
at around 330 nm. The 260 nm region was unsuitable
for monitoring for known interference with the DNA
absorbance. The 330 nm peak was also unsuitable due
to the weakness at the concentrations tested. The
302 nm peak was thus selected for monitoring during
the titration. The DNA has a minimal contribution in
this area, which was subtracted from the spectrum of
the complex to result in the changes of the drug spec-
trum alone. Changes at the 302 nm peak were monitored
upon addition of DNA aliquots and their results plotted
in Origin (Fig. 2) using the formula shown in Supple-
mentary Information.21

CONHR


O


Compound R Compound R


1 6
2 7
3 8
4 9
5 10


-(CH2)2OH -(CH2)2N(CH3)2


-(CH2)3OH -(CH2)3N(CH3)2


-CH2CH(OH)CH3 -(CH2)2N(CH2CH3)2


-(CH2)4OH -(CH2)2-Morph
-(CH2)2O(CH2)2OH -(CH2)3-Morph


Figure 1. Chemical structures of compounds 1–10.

All measurement were performed in triplicate at a con-
centration of 100lM. Prior to the binding titration, the
compounds were found to obey the Beer–Lambert law
at a concentration of 200 mM. The binding affinities of
the compounds for ST DNA varied widely depending
on their functional groups, with Ka values ranging
from zero (no binding) to 105 M�1 observed for 9 (rel-
atively strong affinity for DNA) and with the majority
of the drugs in the 104 M�1 range (see Table 1).


The UV data appear to confirm the cytotoxicity data
previously described,5 with the compounds showing no
binding to DNA also having no cytotoxicity against
the Wish cell lines. The intriguing feature is compound
9, which presents a different profile from that observed
in the other reactive compounds, including 10, which
is structurally very similar. All reactive compounds pres-
ent a hypochromism upon binding to the DNA, with the
exception of 9 that shows hyperchromism. Furthermore,
the association constant for this compound is signifi-
cantly higher (by an order of magnitude) from the other
compounds. This was confirmed at a range of concen-
trations and in triplicate measurements (Fig. 2).


Thermal denaturation experiments were performed to
test the ability of the drugs to stabilize the DNA double
helix upon binding. The experiments were performed at

Table 1. Binding measurements by UV spectroscopy and thermal


denaturation


Compound Ka (M�1) DT mDNA


1 — 1.9


2 8.4 Æ 103 3.1


3 — 2.1


4 — �0.8


5 — 0.2


6 3.3 Æ 103 0.2


7 3.1 Æ 104 2.1


8 7.8 Æ 104 2.1


9 1.6 Æ 105 1.2


10 2.3 Æ 104 �0.8
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a ratio of DNA/drug equal to 5:1 (in base pairs). ST
DNA melts with a single transition (from double to sin-
gle stranded) at �70 �C. Many DNA interacting agents,
and particularly known intercalators such as acridines
and anthracyclines, have the ability to stabilize DNA.
However, our compounds did not show any significant
stabilization effect on the DNA double helix, with only
minor changes in the melting temperature of the ST
DNA upon addition of the drug (see Table 1).


The effects of our fluorenone-carboxamide compounds
on the fluorescence of the ethidium–DNA complex have
also been studied. The quenching values for each com-
pound were determined using native ST DNA. Com-
pound 3 gave the largest quenching of fluorescence
when using ST DNA at pH 7.4. The total ethidium–
DNA quenching of fluorescence induced by the drugs
was variable from compound to compound and ranged
between 60% and 93% (data not shown).


According to Morgan et al.22 the ethidium displacement
assay employing an excess of DNA (see Supplementary
Information) can give information on the binding site
size for a drug, and is therefore a method for distin-
guishing simple intercalating agents (which have an
effective site size of two base-pairs) from agents which
occlude a large number of base pairs. Agents which have
a large site size for DNA binding require corresponding-
ly smaller concentrations to saturate the sites.


The number of base pairs per drug molecule was found
for all compounds to be different than two. Thus, the
ethidium displacement data suggest that these com-
pounds have a large site size for DNA binding. Conse-
quently, a non-intercalating binding mode must be
also present, rather than a strict intercalation of the drug
into the double-helix. This is in accordance with previ-
ously reported results.5


To investigate the specificity of the above compounds for
various DNA isoforms, including higher order DNA struc-
tures such as triplex and quadruplex formations, we have
used competition dialysis experiments using a range of poly-
nucleotides: ST DNA, poly[dG]–poly[dC], poly[dG–dC]–
poly[dG–dC], poly[dA]–poly[dT], poly[dA–dT]–poly[dA–
dT], triplex forming poly-nucleotide poly[dT]*poly[dA]
poly[dT] (pyrimidine triplex), the d[G3A4G3]*d
[G3A4G3]d[C3T4C3] (purine triplex) oligonucleotide, and
the tetraplex forming sequence d[AG3 (T2AG3)3]. The
experiments were subsequently conducted according to
the procedure of Ren and Chaires23 (see Fig. 3).


The results indicate that the compounds 1–10 have
DNA binding activity, with varying affinities for the
individual DNA isoforms. However, most of them do
not present pronounced specificities for individual
DNA forms, but appear to be rather non-specific bind-
ers with similar affinities to all tested DNA sequences.
The only exception is represented by compound 10,
revealing a consistent preference for the tetraplex form.
Despite the close molecular similarity due to the pres-
ence of the morpholino moiety in the side chain, 9 exhib-
ited much less selective binding than compound 10.

The molecular modeling study started from previously
reported conformational analysis of these compounds.5


The goal of the theoretical work was to identify the
binding differences of the most selective tetraplex
compound 10 versus the chemically closest derivative
of this series 9. Docking studies were performed using
as target the crystallographic model of the telomeric
DNA sequence d[AG3(T2AG3)3].24


In the pre-treatment of this model, (see Supplementary
Information modeling section) the energy minimization
without the K+ counter-ions and water molecules in-
duced some modifications in the original crystallograph-
ic model (Fig. 4). The conformational effects of the
energy minimization influenced mainly the loop regions,
with differences in terms of root mean square (RMS)
deviation between the two models equal to 2.92 Å. So,
we included both X-ray and optimized conformations
in our docking experiments.


In order to take into account the conformational vari-
ability of the ligands, an energy cutting criterion was ap-
plied to select most stable conformers (see
Supplementary Information). Respectively, 16 and 21
conformers for compounds 9 and 10 were included into
the analysis. The different selection is in agreement with
the higher level of flexibility of 10 versus 9, due to the
additional methylene in its side chain (Fig. 1).


The docking experiments were carried out following our
‘quasi-flexible’ MOLINE method,25 recently successful-
ly applied to other ligand-macromolecule case studies.
A 1:1 stochiometry was considered for the molecular
recognition of both telomeric–ligand complexes. In the
first step, rigid systematic search and clustering opera-
tion were performed, generating more than 2 million
configurations in either case. In the second step, the clus-
tering and the rigid optimization procedures dramatical-
ly reduced these numbers to 3283 and 4383, respectively,
for complexes with 9 and 10. Finally the full energy min-
imization of the most stable ones yielded 344 and 455
configurations. Their analysis was carried out first by
comparing interaction free energies and type of contacts
between the ligands and the telomeric structure, second
by the RMS deviation of the DNA versus the crystallo-
graphic tetraplex conformation (Table 2).


The effects of the ligand in the recognition of the telo-
meric tetraplex DNA are different. 10 resulted in more
tight interaction than 9, with a drop in both free energy
and enthalpy of complexation to lower than �2.4 kcal/
mol. The analysis of energy minimum complex configu-
rations, seven in both cases, revealed a slight RMS
reduction of 10 with respect to 9.


A possible 2:1 stoichiometry of the ligand–DNA com-
plexes was investigated by the statistical thermodynamic
analysis of the top and bottom recognition sites of the
telomeric receptor. The energy minimized configurations
with weighted Boltzmann population at 300 �C higher
than 0.1% were clustered on the basis of the recognition
site, to evaluate each binding probability according to
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Figure 3. Competition dialysis data using various DNA base compositions and structural isoforms expressed as UV absorbance.


Figure 4. (a) top view and (b) side view of telomeric DNA sequence


d[AG3(T2AG3)3] in the crystallographic model 1KF1 (red ribbon


polytube model) superimposed after energy minimization (white


ribbon polytube model). The two putative recognition areas are


indicated as top and bottom sites.


Table 2. Thermodynamic data of the recognition process computed at


300 �C


Complex DG


(kcal/mol)


DH


(kcal/mol)


DS


(cal/mol)


RMS (Å)


9 �37.41 �37.16 0.83 3.00


10 �40.12 �39.62 1.67 2.93


The RMS deviation was computed comparing the atomic coordinates


of the telomeric structure in most stable complex with respect to the


crystallographic model.
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the MOLINE method.25 Compound 9 resulted mainly
bound to the top site (>95%) of the telomeric DNA
structure. Conversely, compound 10 showed a 72% of
top binding preference against a 28% into the bottom
site.


In order to evaluate the ionization degree of our com-
pounds, a theoretical method was employed (see Supple-
mentary Information). Three different kind of pKa were
found. Compounds with no tertiary nitrogen atoms 1–5
were predicted with extreme pKa values >14. Com-
pounds 6–8 with N-methyl/ethyl tertiary nitrogen gave
pKa results higher than 7.8. The morpholino derivatives
9 and 10 showed values around 6 and 7, respectively.


This work has focused on the interactions of a series of
fluorenone-carboxamide derivatives with different DNA
polymorphs. Ten analogs were investigated for their
ability to bind DNA, using experimental and theoretical
techniques. Most of them were found to be weak DNA
binders, as determined by UV spectroscopy and ethi-
dium bromide displacement assays. The compounds
showed a varied range of affinities for the double strand-
ed genomic ST DNA, depending on the side chains on
the fluorenone-carboxamide scaffold. Such affinities
range from no measurable interaction to affinities in
the 105 M�1 for 9, the strongest binding molecule. Fur-
thermore, the compounds did not present any significant
ability to stabilize the DNA duplex structure, with mod-
est DT values.


Competition dialysis studies, using a whole range of
DNA polymorphs, revealed unexpected complexity.
Some compounds were found to be non-specific, weak
DNA binders, well in agreement with the spectroscopic
analysis data. However, some exceptions, such as com-
pounds 2 and 8, should be appreciated as shown in
Figure 3. The particularly interesting finding from the
competition dialysis experiment was the distinct affinity
and specificity of the related compound 10 (see Fig. 1)
for the G-tetraplex structure. Furthermore, although
compounds 9 and 10 were structurally very similar, they
displayed very different DNA binding affinities. The bio-
physical studies conducted have shown that the DNA
binding profiles of the drugs also differ. 9 was found
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to have a stronger affinity to duplex DNA, GC rich du-
plex and triplex sequences when compared with 10,
which only exhibited prominent affinity for the tetraplex
structure. This characteristic specificity of the com-
pound for G-quadruplex can be exploited in future stud-
ies for the rational drug design of a second generation of
molecules with improved selectivity.


The molecular modeling study was employed to under-
stand the binding process of the most selective drug,
10, for the tetraplex DNA versus its closest analog 9,
both bearing the morpholino moiety as terminal group
of the side chains. The interaction energies obtained in
the computational work were found in agreement with
the competition dialysis observations. Moreover, the
stabilization of the telomeric structure in the presence
of 10 was evaluated by the RMS reduction of the
DNA structure, when compared to the crystallographic
conformation.


Both compounds 9 and 10 showed a preferential recog-
nition of the DNA tetraplex from the top side of the
guanine-based quadruplex structure (Fig. 5). This fea-
ture is particularly displayed by the fluorenone moiety,
establishing multiple van der Waals contacts with planar
purine groups, that is by p–p stacking interaction. In
both complexes, the amide hydrogen of the ligand estab-
lished hydrogen bonds with one guanine oxygen. Con-
versely, a consistent difference of the two recognition
models was observed in the morpholino moiety. In the
compound 9, only two methylene groups can establish
productive van der Waals interaction with the telomeric
structure, due to a bad orientation of the six-member
ring, likely induced by the short linker (two methylene
units only) to the fluorenone ring. In this configuration,
this moiety cannot give large contributions to the bind-
ing of the ligand and the stabilization of the telomeric
structure (Fig. 4a). Opposite is the morpholino recogni-

Figure 5. Superimposition of the telomeric DNA sequence


d[AG3(T2AG3)3] in the crystallographic structure (white model), after


energy minimization (red model), in the energy minimum configura-


tions with 9 (yellow model) and 10 (magenta model).

tion of 10 within the same site of interaction onto the
telomeric structure. In this case the larger flexibility of
the linker (three methylene units) allowed a better
accommodation of the terminal heterocyclic moiety in
the same site.


The analysis of the interaction energy differences be-
tween the two ligands indicated the van der Waals as
the major contributing term to the binding (about
45%), followed by the electrostatic term (about 30%)
and by the solvating term (about 25%).


The binding site population analysis suggested a possible
concurrent binding in the top and bottom DNA sites,
related to a 2:1 stoichiometry, for compound 10 only.


Regarding the ionization issue, a preliminary theoretical
analysis suggested no correlation between the pKa and
the experimental data shown in Figure 3. However,
the ionization of these ligands can play an important
role in the recognition mechanism, especially against
the tetraplex DNA, where the negatively charged phos-
phate moieties converge in ordered loops around the
putative recognition sites. This important issue will be
the object of further scientific studies on this class of
compounds.


In conclusion, in this manuscript we present the study of
a set of compounds based on the fluorenone-carboxam-
ide skeleton as novel DNA binding agents with potential
antiviral and antitumor properties. We have identified
our compounds as weak DNA binders, with the excep-
tion of the morpholino derivative 10, which resulted in
a remarkable selectivity for the quadruplex telomeric se-
quence. Consistent differential effects on the binding
preferences of the morpholino derivatives 9 and 10 were
confirmed by molecular modeling, demonstrating a ma-
jor role in the length of the linker between the aromatic
and heterocyclic rings. The results of this work can be
useful for the rational design of new telomeric ligands
based on this class of compounds.
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The pK versus pH plot in Figure 1 was published without labels on the axes. The corrected figure appears below.
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Abstract—A series of tetrahydroisoquinoline-N-phenylamide derivatives were designed, synthesized, and tested for their relative
binding affinities, and antagonistic activities against estrogen receptor (ER). Compound 1f (relative binding affinity, RBA = 5)
showed higher binding affinity than tamoxifen (RBA=1), a potent ER antagonist and currently being used for breast cancer therapy.
Compound 1f also exerted optimal antagonistic activity against ER in reporter and cell proliferation assays. Interestingly, com-
pound 1j, which only has a minor agonistic effect against ER, acted as a progesterone receptor (PR) antagonist and exerted agonistic
activity against AP-1 through ER pathway. Our results show that these new compounds can be employed as leading pharmacophore
for further development of potent selective ER and/or PR modulators or antagonists.
� 2007 Elsevier Ltd. All rights reserved.

Breast cancer is the second leading cause of cancer-relat-
ed deaths in women today and is the most common can-
cer among women, excluding non-melanoma skin
cancers. The nuclear receptors, estrogen receptor (ER)
and progesterone receptor (PR) and their associated ste-
roid hormones, are known to play essential roles in the
growth of breast tumors, and their status is also em-
ployed as diagnostic indicators for endocrine respon-
siveness and tumor recurrence.1


Physiologically, estrogen (E2, Fig. 1a) is involved in cel-
lular proliferation and differentiation of organs such as
breast, uterus, ovary, and bone.2 Its action at the cellu-
lar level is exerted through ER. To date, two subtypes of
human ERs have been cloned—hERa and hERb.3,4


Both proteins contain six functional domains, A to F.5


The A and B domains, collectively referred to as the
AF-1 domain, form the transactivation domain for
ERs. The function of the AF-1 domain is regulated by
promoter regions, as well as influenced or activated by
E2 and several antiestrogenic compounds upon binding
to the ligand binding domain (LBD). The ER’s C
domain is the DNA binding domain (DBD). The D

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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domain is a hinge domain, while the E and F domains
are commonly referred to as the AF-2 domain and make
up the second transactivation domain. The AF-2
domain contains the LBD and its function is highly reg-
ulated by compounds that bind to the LBD.6 In addition
to its ligand dependent properties, the AF-2 domain is
also responsible for the interaction between ERs and
coactivators/corepressors.7 Traditionally, ERs exert
their functions mainly via the genomic pathway where
they serve as transcription factors. Initially, ERs are
inactive and located in the cytoplasm.8 Upon E2 bind-
ing, they form an active complex that translocates to
the nucleus, dimerizes, and binds to specific promoter
or enhancer regions. Finally, this complex turns on tran-
scription action as well as regulates the transcription ac-
tions of genes involved in several essential biological
functions, including Bcl-2, cathepsin D, progesterone
receptor, and VEGF.9–12 Apart from the classic ligand
dependent transactivation mechanism, there is a DNA
binding independent transactivation mechanism for
exerting estrogen’s functions. The hER can mediate gene
transcription through the AP-1 enhancer element that
requires hER ligand and the AP-1 transcription factors,
Fos and Jun, for the transcriptional activation.13


Progesterone (Fig. 1a) also plays a major role in the
development, differentiation, and function of female
reproductive tissues required for pregnancy, and recent
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Figure 1. (a) Chemical structures of estrogen, progesterone and


novel antiestrogens. (b): Superimposition of 3-D structures of


11-[2-(3-hydroxy-benzoyl)-1,2,3,4-tetrahydroisoquinolin-3-ylmethoxy]-


undecanoic acid butylamide (yellow stick) and ICII64, 384 (green


stick). These structures and the figures were generated with Sybyl


7.0 and InsightII.
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clinical data indicate that progesterone increases breast
cancer risk and may also have a role in established
breast cancer.14 The biological effects of progesterone
are mediated by PR. Like other nuclear receptors, PR
also acts as a transcription factor and contains six func-
tional domains (A–F), similar to those described for ER.
The genes involved in cancer survival mechanism and
regulated by progesterone include Bcl-XL and trans-
forming growth factors (TGF).15,16


Structurally, most non-steroid estrogen receptor modu-
lators, including agonists and antagonists, contain three
components: a core scaffold that mimics the A (phenolic
moiety) and B rings of estrogen; a second aromatic ring
that directly connects with the B ring of the core scaf-
fold; and an antiestrogenic side chain that is substituted
on the B ring of the core scaffold (such as found in these
antiestrogen agents: ICI164, 384; ICI182, 782; and
raloxifene; shown in Fig. 1a) and can interrupt the local-
ization of helix 12 of hER/LBD. In this study, we em-
ploy a tetrahydroisoquinoline–N-phenylamide moiety
(shown in Table 1) as a chemical core scaffold. It con-
tains a carbonyl bridge between its core scaffold and a
second aromatic ring to mimic the steroidal structure
of estrogen. It also contains an antiestrogenic side chain,
similar to that of ICI164, 384, the prototype of ICI182,
780 (Fig. 1a). Importantly, the 3-D structure of this new
derivative can superimpose fairly well with that of the
side chain of the pure antiestrogen, ICII64, 384 as
shown in Figure 1b. The primary goal of this study is
to determine whether this new pharmacophore is capa-
ble of serving as potential antiestrogen. The overall goal
of our study is to generate new pure antiestrogens that
can be more potent than ICI182, 780 and act as pro-
drugs but lack its complicated synthetic routes.


The synthesis of compound 1a–1 l is generated by a sim-
ple amidation reaction to produce the core scaffold, tet-
rahydroisoquinoline-N-phenylamide, which is then
followed by addition of hydrophobic antiestrogenic side
chain as shown in Scheme 1.17


Table 1 summarizes the relative binding affinities for
compounds 1a to 1l based on a fluorescence-based com-
petitive binding assay.18 This assay utilizes a synthetic
estrogenic probe with high fluorescence polarization
property following the binding of a compound to
recombinant hERa. Individual binding affinity is further
calculated as relative binding affinity by using tamoxifen
as a standard. Our studies have identified compound 1f
as the most potent antiestrogen among the tested com-
pounds with relative binding affinity (RBA) five times
greater than that of tamoxifen. The structure–activity
relationship from this study indicates that the hydroxyl
group substituted on the D ring enhanced significant
higher binding affinity compared to other substituents
including halogens, methoxy, and hydrophobic groups.
We note that a hydroxyl group at the 3 0 position (1f,
RBA = 5) of the second aromatic ring exerts better bind-
ing affinity than at the 4 0 position (1g, RBA = 1.79).
Also, it appears that a larger size connective bridge
(1l, RBA = 0.267; compared to 1b, RBA = 0.287) and
different moieties at the side chain terminus (1k,







Table 1. Relative binding affinity of compounds 1a–1l for hERa


N


CH2


C
(CH2)n


O
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Compound N R1 R2 Relative binding affinity


1a 0 20-F Butyl 0.225


1b 0 30-F Butyl 0.287


1c 0 40-F Butyl 0.264


1d 0 30-OCH3 Butyl 0.192


1e 0 40-OCH3 Butyl 0.14


1f 0 30-OH Butyl 5.0


1g 0 40-OH Butyl 1.79


1h 0 30-CH3 Butyl 0.156


1i 0 40-CH3 Butyl 0.132


1j 0 30-Cl Butyl 0.156


1k 0 30-F Octyl 0.177


1l 1 30-F Butyl 0.267


Tamoxifen 1


ER binding: fluorescence polarization competitive binding assay with recombinant ER protein. ER binding: the polarization values versus test


compound concentration curves were analyzed by the graphfit software to generate IC50 value. The IC50 value was further converted to relative


binding affinity (RBA) by using tamoxifen’s IC50 as a standard. The RBA value of each test molecule was quantified as RBA = IC50 of tamoxifen/


IC50 of test molecule.
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RBA = 0.177) do not appear to significantly influence
the binding affinity.


Besides measuring the binding affinities, we tested the
new analogs in transient transfection assays to deter-
mine their agonist/antagonist activity and selectivity
for hERa.19 Figures 2 and 3 outline the agonistic and
antagonistic effects of these compounds, respectively,
targeting hERa. At 2.5 lM, most of the tested com-
pounds, except 1h, 1i, and 1l, did not show any obvious
estrogenic activity. 1f (relative luciferase activity,
RLA = 30% of 1 nM E2 effects) exerted the most
significant antiestrogenic activity among the studied
compounds, but slightly less than that of tamoxifen
(RLA = 20% of 1 nM E2 effects). Compounds 1b, 1d,
and 1h also showed moderate antiestrogenic activity.
Interestingly, 1l with a larger core scaffold exerted minor
estrogenic but no obvious antiestrogenic effects. Similar
results were also observed for another core scaffold, ben-
zofuran-phenylamide, with larger size than that of tetra-
hydroisoquinoline–N-phenylamide developed in our
laboratory.


We also performed a cell proliferation assay using
MCF-7 (ER positive) cells to evaluate the antiprolifera-
tion activities of the compounds, and the result is shown
in Figure 4. At 5 lM, all tested compounds did not en-
hance the growth of MCF-7 cells. In line with the results
observed with transient transfection assays, compound
1f (relative cell viability = 0.48 of vehicle effects) exerted
the most potent antiproliferation activity among the test
compounds, but slightly less than that of tamoxifen (rel-
ative cell viability = 0.43 of vehicle effects).


In order to determine the specificity of pure antiestrogen-
ic effects of compounds 1f, 1b, and 1d, the compounds

and tamoxifen were tested for their proliferation effects
against MDA-MB-231 cells (ER negative breast cancer
cells). As shown in Figure 5, unlike tamoxifen (relative
cell viability = 0.65 of vehicle effects) that has been
reported to exert significant antiproliferation activity
against MDA-MB-231 cells through ER independent
pathway to induce apoptosis, compound 1f exhibited
no obvious effects against the proliferation of MDA-
MB-231 cells.20 This result proved that compound 1f
can act as a pure antiestrogen and suggests that 1f could
potentially serve as a lead pharmacophore for the devel-
opment of potent pure antiestrogens.


Based on the new core scaffold as well as the structure–
activity relationship of the derivatives, there seem to be
three essential moieties that could be suitable for design-
ing potent antiestrogens. The first is the size of the core
scaffold. It appears that a core scaffold larger than our
new core scaffold might not serve as antiestrogens but
rather weak estrogens. This is consistent with the fact
that the other different core scaffolds (data not shown
here) with a larger core size than 1f but containing the
same antiestrogenic side chain as compound 1f showed
weak estrogenic but no antiestrogenic effects. Second,
the antiestrogenic side chain is essential for antiestrogen-
ic effects. Crystallographic study of 4-hydroxytamoxifen
bound to hER ligand binding domain shows 4-hydroxy-
tamoxifen’s antiestrogenic side chain bent toward helix 3
to make interaction with Asp351, and as a result the side
chain does not directly interact with helix 12.21 On the
contrary, compound 1f with a significantly longer side
chain than that of 4-hydroxytamoxifen, as suggested
by modeling studies, might protrude out of the ligand
binding pocket and position in such a way as to directly
interact with helix 12. In the modeling studies, we
docked 1f into the hERa LBD/4-hydroxytamoxifen







Scheme 1. Synthesis of compounds 1a–1l. (a) i—isobutylchloroformate, CH2Cl2. ii—N-butylamine, (or N-octylamine), Et3N; (b) DEC, HOBt,


DMF, RT; (c) NaH, Br(CH2)10CON(CH2CH2CH2CH3)H (or Br(CH2)10CON(n-octyl)H) DMF; (d) BBr3, CH2Cl2.
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structure (PDB code: 3ERT). After energy minimiza-
tion, the result shown in Figure 6 suggests that the core
structures of compound 1f and 4-hydroxytamoxifen
could superimpose closely, however as noted above the
mode of binding of the side chain may be different.
The suggested a side chain binding mode in 1f would
prevent helix 12 of the protein from moving toward
the ligand binding pocket, resulting in the compound
acting as a pure antiestrogen. We also point out that un-
like the antiestrogenic side chain of ICI164, 384 which
interacts with the side chain of Trp 290 of rERb LBD,

the longer antiestrogenic side chain of 1f may also pre-
vent such an interaction.22 The antagonistic mode of
binding by GW5638, a tamoxfen derivative in hERa
LBD, would support our hypothetical inference.23 The
main and only structural difference between tamoxifen
and GW5638 is the terminus of their antiestrogenic side
chains. Tamoxifen has a dimethylamino group at the
antiestrogenic side chain terminus, while GW5638 has
a terminus carboxylic acid, which does not interact with
Asp 351, but rather with Leu 536 and Tyr 537 of helix 12
of hERa LBD. This interaction induces capping of helix







Figure 5. Cell viability assay in MDA-MB-231 cells. After cells were


inoculated into 12-well culture plate and attached to the bottom, 5 lM


tested compound was added to the respective well and further


incubated with cells for 48 h. The final relative cell viability activity


was quantified as MTT assay value of 5 lM tested compound/MTT


assay value of DMSO. The MTT assay data represent means ± SD for


three determinations. Tam: tamoxifen.


Figure 4. Cell viability assay in MCF-7 cells. After cells were


inoculated into 12-well culture plate and attached to the bottom,


5 lM tested compound was added to the respective well and further


incubated with cells for 48 h. The final relative cell viability activity was


quantified as MTT assay value of 5 lM tested compound/MTT assay


value of DMSO. The MTT assay data represent means ± SD for three


determinations. Tam, tamoxifen.


Figure 3. Transient transfection reporter assay in MCF-7 cells. ER


antagonistic effect was determined by the ERE-driven transactivation


luciferase activity in the presence of 1 nM estradiol. The relative


luciferase activity was quantified as RLA of 2.5 lM tested compound/


RLA of 1 nM estradiol. The RLA data represent means ± SD for three


determinations. Tam, tamoxifen.


Figure 2. Transient transfection reporter assay in MCF-7 cells. ER


agonistic effect was determined by the ERE-driven transactivation


luciferase activity. The relative luciferase activity was quantified as


RLA of 2.5 lM tested compound/RLA of DMSO (vehicle). The RLA


data represent means ± SD for three determinations. Tam, tamoxifen.
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12 and causes it to shift to an antagonistic conforma-
tion. This antagonistic mode of binding by GW5638 is
consistent with the hypothetic mechanism of the anties-
trogenic side chain of 1f observed in our modeling study.
Further structure–activity relationship study in the mod-
ification of antiestrogenic side chain of 1f is required to
fully demonstrate this hypothesis. Finally, the last moi-
ety that is essential in modulating antiestrogenic activity
is the substituted group on the D ring of the core scaf-
fold. Most novel antiestrogens (such as raloxifene, but
not tamoxifen) contain a 4 0-hydroxyl group on their D

ring, which acts as an optimal substituent for activity.
The structure–activity relationship study of raloxifene
derivatives shows that the derivative with a 4 0-hydroxyl
group (raloxifene) exerted two-fold higher binding affin-
ity than the derivative with 3 0-hydroxyl group. On the
other hand, both derivatives showed 10-fold higher
binding affinity than the derivative with 2 0-hydroxyl sub-
stituent.24 In MCF-7 cell proliferation assays, raloxifene







Figure 6. Hypothetical model of compound 1f (in green color;


4-hydroxytamoxifen in red color; helix 12 of hERa LBD in white


color) located in hERa LBD. The 3-D structure of compound 1f was


energy-minimized and generated using Sybyl 7.0 program. The


minimized structure was further docked into hERa LBD crystal


structure (3ERT, protein data bank) and superimposed with


4-hydroxytamoxifen using Insight II program to generate the model.


Figure 7. Transient transfection reporter assay in T47D cells. hERa/


AP1 agonistic effect was determined by the AP1 promoter-driven


transactivation luciferase activity. The relative luciferase activity was


quantified as RLA of 5 lM tested compound/RLA of DMSO (vehicle).


The RLA data represent means ± SD for three determinations.
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showed 16-fold better activity than its derivative with
3 0-hydroxyl group. Addition of a 4 0-hydroxyl group on
the D ring of tamoxifen enhanced its higher binding
affinity by six-fold.25 On the other hand, the addition
of a 3 0-hydroxyl group decreased the binding affinity
by one-third. Nevertheless, and unlike raloxifene deriva-
tives, addition of a hydroxyl group to either the 3 0 or 4 0


position of tamoxifen’s D ring did not significantly in-
crease its in vivo antiestrogenic effects. For our new
scaffold, a 3 0 or 4 0-hydroxyl substituent on the D ring
also enhanced its binding affinity, with the 3 0 hydroxyl
substituent increasing binding affinity to five-fold that
of tamoxifen. Interestingly, we observed an increase of
antagonistic effects in the reporter assay. Wilhelm Stark
et al. at Norvatis have reported a new class of antiestro-
gens with N-phenyl-tetrahydroisoquinoline as the core
scaffold.26,27 In their study, the 3 0 and 4 0-hydroxyl deri-
vatives exerted similar binding affinity and cellular
antiestrogenic effects. The above studies and results sug-
gest substitution of an optimal substituent on the D ring
varies with different core scaffold structures. In conclu-
sion, the size of the core scaffold, the substitution on
the D ring, and the antiestrogenic side chain play essen-
tial roles in the observed and future design of potent
antiestrogens.


Although most antiestrogens can antagonize the actions
of hER in many human organs, they are also found to
exert estrogen-like actions in some tissues via hER.
The AP-1 mechanism has been hypothesized to be the
main pathway for estrogen-like actions of antiestrogens.
Thus, we used AP-1 luciferase reporter in transient

transfection reporter assays to investigate whether any
of our compounds can act as an estrogenic molecule
to enhance AP-1 transcription actions through hERa.
As shown in Figure 7, ICI 182, 780 at 5 lM significantly
enhance AP-1 driven transcription effects as previously
reported.28 Compound 1j also exerted a slightly less ef-
fect at the same concentration as ICI 182, 780. Impor-
tantly, although 1j does not contain any hydroxyl
group on its A ring like ICI 182, 780, it still can activate
AP-1 dependent reporter action. This result suggests
that the structural requirement of agonists in AP-1
dependent transcription in the presence of hERa/AP-1
pathway is different from the classical antiestrogenic
structures. Especially, the position of hERa helix 12 in
this mechanism could be different from that in the
classical mechanism. It will be intriguing to study the
structure–activity relationship of ER modulators against
AP-1 actions.


In addition to ER, PR is also an essential diagnostic fac-
tor for breast cancer status, and its antagonists are
known to show significant antiproliferation effects
against ER+/PR+ mediated breast cancers. Even
though PR antagonists have different structural require-
ment from ER antagonists, ICI182, 780 has been report-
ed to contain antiprogestin activity. The antiprogestin
activity of ICI182, 780 might be a contributing factor
for its significant anti-breast cancer effects.28 Since our
compounds can structurally superimpose with ICI182,
780, we also evaluated compound 1j against hPR by
employing transient transfection reporter assays in
T47D cells (ER positive/PR positive breast cancer cells).
As shown in Figure 8, at 5 lM, 1j (RLA = 54% of 1 nM
progesterone effects) exerted similar antiprogestin activ-
ity as ICI182, 780 (RLA = 48% of 1 nM progesterone ef-
fects). Compound 1j did exert moderate antiprogestin
effects in PRB/MMTV dependent transcription actions
although it has no obvious effects on ER. ER LBD
and PR LBD have quite different structural require-







Figure 8. Transient transfection reporter assay in T47D cells. PR


antagonistic effect was determined by the MMTV promoter-driven


transactivation luciferase activity in the presence of 1 nM progester-


one. The relative luciferase activity was quantified as RLA of 5 lM


tested compound/RLA of 1 nM progesterone. The RLA data represent


means ± SD for three determinations.
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ments for their ligands due to structural differences in
their ligand binding domains. In the crystal structure
of PR LBD/progesterone complex, the carbonyl group
on the 3 position of progesterone makes hydrogen-bond
contact with Gln 725 and Arg 766.29 Although, the car-
bonyl group on the 20 position of progesterone is in
proximity to Thr 894 and Cys 891, it does not form
hydrogen-bond interactions with any of the residues.
Nevertheless, structure–activity relationship studies for
progesterone derivatives suggest that the carbonyl group
at the 20 position could make contact with PR LBD.30


Like ICI182, 780, compound 1j showed no agonistic
but antagonistic effects against PR. Although both com-
pounds do not contain a carbonyl group on the A ring,
like progesterone, it is possible their long hydrophobic
side chains could be responsible for their antiprogestin
effects by directly interfering with helix 12. Unlike ICI
182, 780 that involves difficult synthetic routes, 1j could
easily be derivatized to generate potent antiprogestins.


In this study, we have identified a new type of pharma-
cophore and lead compound, 1f, as a pure antiestrogen.
Compound 1f showed higher binding affinity than
tamoxifen, and exerted no estrogenic but significant
antiestrogenic effects in transient transfection reporter
assays against hERa. It also selectively inhibited the
proliferation of ER+ but not ER� breast cancer cells.
Additionally, 1f was also found to interfere with the
dimerization of hERa in yeast two hybrid assays (data
not shown). Apart from 1f, 1j exhibited selective action
against PR and this discovery might lead to a new series
of selective antiprogestins. Finally, we evaluated if these
compounds can be employed as prodrugs by incubating
compound 1k with CYP2D6, a P450 enzyme that has
been reported to transform tamoxifen to 4-hydroxytam-
oxifen.31 HPLC analysis of the reaction products re-
vealed a mixture of new products different from 1k.
However, the amount of mixture generated was not en-

ough to run an NMR to identify these compounds.
More study will be carried out in our laboratory to
determine the possibility of our prodrug hypothesis.
The results discussed above indicate that this new phar-
macophore is capable of being further developed as po-
tent pure antiestrogens or antiprogestins.
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60.8 mmol) was then added, and later the cooling bath was
removed. After 3 h, CH2Cl2 was added and the organic
phase was washed with 1 N HCl, saturated NaHCO3, and
water. After drying with MgSO4, the solvent was removed
and the crude product purified by flash column chroma-
tography to generate compounds A1 and A2.
Synthesis of compounds 1a–1l. Benzoic acid (7 mmol) and
(s)-(�)-1,2,3,4-tetrahydro-3-isoquinoline methanol (1 g,
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gas. 1-Hydroxybenzotriazole hydrate (HOBT) (1 g,
7.4 mmol) and 1-(3-(dimethylamino) propyl)-3-ethyl-car-
bodiimide) hydrochloride (DEC) (1.5 g, 7.8 mmol) were
added to the solution and the reaction mixture stirred
overnight. EtOAc was added to the reaction mixture and
subsequently washed with 10% KHSO4 (30 mL), saturated
NaHCO3(30 mL), and brine (30 mL). After drying with
MgSO4, the solvent was removed and the crude product
was purified by flash column chromatography. The
purified compound was dissolved in DMF and mixed
with sodium hydride (0.17 g, 7 mmol) and N-butyl-11-
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bromoundecanamide (A2, 3.76 g, 10 mmol). The reaction
mixture was refluxed under nitrogen overnight. EtOAc
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brine (30 mL). After drying with MgSO4, the solvent was
removed and the crude product was further purified by
flash column chromatography to generate the final pure
product.
Synthesis of compounds 1f and 1g. Compound 1f. A
solution of compound 1d (0.54 g, 1 mmol) in dry CH2Cl2
(50 mL) was cooled to �60 �C under a nitrogen atmo-
sphere. Following, BBr3(1 mL, 10 mmol) was added. After
30 min, the cooling bath was removed and the mixture
stirred overnight. After cooling, the mixture was poured
into an aqueous solution of NaHCO3.The organic layer
was separated, and the aqueous layer was extracted with
EtOAc (50 · 3 ml). The combined organic layers were
washed with water and dried with MgSO4. After evapo-
ration of the solvent, the remaining residue was purified by
flash column chromatography (SiO2, hexane/EtOAc) to
generate compound 1f.
Compound 1 g. Using compound 1e (0.54 g, 1 mmol) in
dry CH2Cl2 (50 mL) and then BBr3(1 mL, 10 mmol),
compound 1g was synthesized following the above proce-
dure for compound 1f.


18. Fluorescence polarization competitive binding assay: the
estrogen receptor competitor assay kit (Panvera, Madison,
WI) was used to determine the ability of test molecules to
displace the synthetic estrogenic probe, ES2, with high
fluorescence polarization property when it binds to hERa,
from hERa-ES2 complex. Serial dilutions of each test
molecule were prepared in DMSO. The recombinant
hERa (7 nM) was preincubated with ES2 (1 nM) in
screening buffer. After preincubation, the test molecules
and ER/ES2 complex solution were added into a 96-well
microplate to produce a final volume of 100 ll per well.
The reaction mixture was incubated at room temperature
for 1 hr and the polarization values were measured by
using fluorescence micro plate reader, Polarion (Tecan,
Research Triangle Park, NC) with excitation wavelength
495 nm and emission wavelength 535 nm. The polarization
values versus test compound concentration curves were
analyzed by the graphfit software to generate IC50 value.
The IC50 value was further converted to relative binding
affinity (RBA) by using tamoxifen’s IC50 as a standard
that was set to 1. The RBA value of each test molecule was
calculated by using the equation, RBA =IC50 of tamox-
ifen/IC50 of test compound.

19. Cell culture, transient transfection reporter, and cell
viability assay: Human breast cancer cells, MCF-7,
MDA-MB-231, and T47D, were purchased from ATCC
(Manassas, VA). The cells routinely were cultured as
monolayer in Dulbecco’s modified minimal essential
medium for MCF-7 and MDA-MB-231 cells, and RPMI
1640 (Gibco/BRL, Grand Island, NY) for T47D cells
supplemented with 10% fetal bovine serum (Hyclone,
Logan, UT), Penicillin (100 U/ml)/streptomycin (100 lg/
ml) (GIBCO/BRL, Grand Island, NY), and incubated at
37 �C in a humidified atmosphere of 5% CO2/air. For the
transient transfection reporter assays, the MCF-7 or T47D
cells were plated in triplicate in 12-well plates at a density
of 3 · 105 cells/well in the phenol red-free DMEM or
RPMI 1640 supplemented with 10% charcoal-stripped
fetal bovine serum (Hyclone, Logan, UT), Penicillin
(100 U/ml)/streptomycin (100 lg/ml). Twenty-four hours
later, the cells were transfected with three plasmids by
using the Superfect transfection kit (Qiagen, Valencia,
CA). For the detection of wild type hERa activity, cells
were transfected with 2 lg wild type hERa expression
plasmid (pCMV-hERa), 6 lg luciferase reporter plasmid
containing estrogen receptor response element (3x-ERE-
TATA-Luc) or luciferase reporter plasmid containing AP-1
response element (AP1-Luc, Clontech, Palo Alto, CA) ,
and 1 lg normalization control, b-galactosidase reporter
plasmid (pCMV-b, Clontech, Palo Alto, CA). For the
activity against hPR, cells were transfected with 2 lg wild
type hPR expression plasmid (pCMV-hPR), 6 lg lucifer-
ase reporter plasmid containing progesterone receptor
response element (pMMTV-Luc), and 1 lg normalization
control, b-galactosidase reporter plasmid (pCMV-b).
After transfection, the cells were treated with test com-
pounds and one positive control (vehicle, DMSO) in
phenol red-free culture medium. After incubation for
further 24 h, the cells were washed with PBS and lysed
with lysis buffer (Pierce, Rockford, IL). The lysate was
used to determine the luciferase activity for ER’s activity
and the b-galactosidase activity for the normalization of
transfection efficiency. For the luciferase activity assay,
20 ll of lysate and 100 ll luciferase assay buffer (Promega,
Madison, WI) were added into a well of 96-well plate. The
luminescence was detected by using luminescence micro-
plate reader, LumiCount (Packard, Boston, MA). For the
b-galactosidase activity assay, 20 ll of lysate and 180 ll
b-galactosidase assay buffer (Clontech, Palo Alto, CA)
were added into a well of 96-well plate. The b-galactosi-
dase activity was measured as luminescence strength by
using LumiCount (Packard, Boston, MA). The normal-
ized luciferase activity was calculated by the equation,
normalized luciferase activity =luciferase activity/b-galac-
tosidase activity. For the estrogenic, antiestrogenic or
antiprogestin effects of test molecules, the normalized
luciferase activity value was further converted to relative
normalized luciferase activity by using vehicle (DMSO)
for estrogenic effects, 1 nM E2’s value for antiestrogenic
effects or 1 nM progesterone’s value for antiprogestin
effects as a standard that was set to 1. In cell viability
assays, MCF-7 or MDA-MB-231 cells were inoculated
into 12-well culture plates at 2 · 105 cells in 2 ml
maintained medium per well. Cells were allowed to attach
to the bottom for 24 h incubation, then the seeding
medium was removed and replaced by the experimental
medium (phenol red-free DMEM supplemented with 5%
charcoal-stripped fetal bovine serum and penicillin (100 U/
ml)/Streptomycin (100 lg/ml). After further 24 h incuba-
tion, the test molecules dissolved in DMSO were added in
the wells. The final concentration of DMSO in the culture
medium did not exceed 0.1%. The culture was continued
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for 2 days. The final relative cell viability was estimated
with Cell Titer proliferation assay kit (Promega, Madison,
WI) by measuring the absorbance at 570 nm, which is
directly proportional to the number of living cells in the
culture. The testing was performed by following the
manufacturer’s protocol. Experiments were triplicated
for each compound.
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Abstract—A range of novel 1,2,3-triazolylalkylribitol derivatives were synthesized and evaluated as nucleoside hydrolase inhibitors.
The most active compound (11a) has low micromolar potency and is structurally diverse from previously reported nucleoside hydro-
lase inhibitors, which, along with the simplicity of the chemistry involved in its synthesis, makes it a good lead for the further devel-
opment of novel nucleoside hydrolase inhibitors.
� 2007 Elsevier Ltd. All rights reserved.

African trypanosomiasis (sleeping sickness), American
trypanosomiasis (Chagas’ Disease) and leishmaniasis
are infections caused by parasitic protozoa from the Try-
panosomatidae family. These diseases continue to haunt
developing countries causing in excess of one hundred
thousand deaths annually.1 In order to combat these
infections, development of novel treatments is required.


As part of our ongoing research into novel agents for the
treatment of trypanosomiasis we have been investigating
the nucleoside hydrolase enzyme as a potential target.
Parasitic protozoa are unable to synthesize purines de
novo and are reliant on the purine salvage pathway to
provide purinebases obtained from the nucleosides pres-
ent in the host.2 Nucleoside hydrolase (NH) is an essen-
tial enzyme in the purine salvage pathway. NH cleaves
the N-glycosidic bond of nucleosides sequestered from
the host to provide the purinebases which are necessary
for the survival of the parasite. Based on the substrate
specificity, four enzyme-types for NH are currently
known.3 Our target enzyme is isolated from the parasite
Trypanosoma vivax and is an IAG-NH, with a high spec-
ificity for inosine, adenosine and guanosine.4

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2007.02.017
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Iminoribitol molecules, 1 and 2, originally developed by
Schramm et al.,5 have been reported with nanomolar
activity against the IAG-NH isolated from the parasite
T. vivax.6 Schramm et al. synthesized a range of structur-
ally less complex iminoribitol compounds and reported a
Ki = 3 lM against the IAG-NH from Trypanosoma brucei
brucei for the most active compound (3).7 However, imi-
noribitol-based IAG-NH inhibitors are mostly compro-
mised by their pronounced activity against nucleoside
phosphorylase, another ribonucleoside cleaving enzyme.
Moreover, there are a considerable number of synthetic
steps required to synthesize such iminoribitol com-
pounds. We were searching for IAG-NH inhibitors with
good activities, structurally distinct from iminoribitol-
based inhibitors and therefore synthetically easier to
access.


It was known from modelling studies within our group
that ribitol derivatives with an aromatic or heteroaro-
matic substituent in the correct position can fit in the ac-
tive site of the target enzyme (IAG-NH from T. vivax,
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Table 1. Inhibition of TvNH by the target compounds


Compound Inhibition Ki (lM)


9a 2.1 · 101 ± 0.6 · 101


9b 6.8 · 102 ± 1.1 · 102


10 6.3 · 101 ± 0.8 · 101


11a 2.3 ± 0.2


11b 3.2 · 101 ± 0.3 101


12 2.3 · 101 ± 0.3 · 101


13 5.6 · 103 ± 1.8 · 103


17a 8.7 · 101 ± 1.2 · 101


17b 5.2 · 102 ± 1.0 · 102
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TvNH) in an orientation that enables the aromatic sub-
stituent to participate in aromatic stacking interactions
with two tryptophan residues in the active site of TvNH.
We considered the triazolyl group as a good candidate
for these stacking interactions and in a search for bio-
logically active non-purine C-nucleosides, we synthe-
sized a series of 1,2,3-triazolylalkylribitol derivatives.
A 1,3-dipolar cycloaddition reaction was used with an
azidoalkylribitol as starting material.8 This would allow
for the possible creation of a wide range of ribitol deriv-
atives through the addition of appropriate alkynes to the
azidoalkylribitol. Herein we report our preliminary
findings.


The synthesis of the ribitol derivatives started with the
azide-alkyl-ribitol 4 (Scheme 1), which can be readily
synthesized from DD-ribose.9 Initially, phenylacetylene
was chosen as the first coupling partner for the azide.
Treatment of 4 with phenylacetylene in toluene at
80 �C yielded the desired 1,2,3-triazole as its two possi-
ble regioisomers (5a:5b). At this stage the two isomers
could be easily separated by column chromatography.
Upon global deprotection of each isomer with trifluoro-
acetic acid, the desired ribitol compounds 9a and 9b
were obtained. The assignment of regiochemistry of 9a
and 9b was based on the literature where a difference
in chemical shift of approximately 0.5 ppm was ob-
served for the triazole-hydrogens of the different
isomers.10


At this stage it was decided to test these two 1,2,3-tria-
zoles for their activity as nucleoside hydrolase inhibitors
in order to see if there is a difference in activity between
the two isomers. It was revealed through the biochemi-
cal testing that there is a significant difference, with iso-
mer 9a being 30 times more active than 9b as an
inhibitor of IAG-NH (Table 1). A preliminary selection
of commercially available alkynes was subsequently
made in order to see if the activity could be improved.


It is widely known that the addition of CuCl to the reac-
tion increases the yield of the desired 1,4-isomer in the
case of terminal alkynes.11 There are also reports that

Scheme 1. Reagents and conditions: (a) i—alkyne, toluene, 80 �C, 24 h


or ii—alkyne, toluene, CuCl, 110–130 �C; (b) TFA/H2O 1:1.

reaction times can be reduced with the addition of cop-
per (I) salts to the reaction conditions.11a


Reaction of the selected alkynes with the azide 4 in the
presence of CuCl furnished the compounds 6–8 (Scheme
1). Global deprotection with trifluoroacetic acid fur-
nished the desired ribitol compounds 10–12. Synthetical-
ly, the 1,4-isomer was the sole isomer isolated in the case
of the terminal alkyne (12) as expected. The regiochem-
istry of 11a–b and 12 was assigned using 2D NMR tech-
niques (NOESY and HMBC experiments).


1,2,3-Triazole derivatives with only one carbon atom be-
tween the ribose and 1,2,3-triazole moieties were also
synthesized to observe how this would influence IAG-
NH inhibitor activities. The synthesis started with the
synthetically available amine 1412 which underwent a
diazo transfer reaction13 to furnish the required azide
(Scheme 2). Reaction with 1-phenyl-1-propyne yielded
the desired 1,2,3-triazole as the two possible isomers
which were deprotected with 7 N ammonia in methanol
to furnish 17a and 17b. Assignment of the relative regio-
chemistry was done by comparison of the 1D NMR
spectra of 17a–b with those of 11a–b.


Our target compounds were tested as inhibitors of
TvNH. A survey of the biochemical results as reported
in Table 1 reveals that the 1,2,3-triazolylalkyl group
on ribose considerably enhances inhibition of the nucle-
oside hydrolase compared to its free azide equivalent 13.


It also appears from the biochemical results that the 4-
phenyl-triazole is the more active regioisomer and that
the addition of a methyl group at position 5 improves
potency. The most active compound in this series,

Scheme 2. Reagents and conditions: (a) triflic azide, NaHCO3,


CuSO4Æ5H2O, H2O/toluene/MeOH; (b) alkyne, toluene, CuCl,


130 �C; (c) 7 N NH3 in MeOH.







Figure 2. Binding of inhibitor 11a in the active site of the target


enzyme. The triazole moiety of the inhibitor is orientated parallel to


Trp83, enabling aromatic stacking interaction. Carbons are grey,


oxygens are red and nitrogens are blue. The colours of the enzyme


surface are according to the elements. The image was obtained with


PyMOL.15
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5-methyl-4-phenyl-1,2,3-triazolyliminoribitol derivative
11a, shows a Ki value of 2.26 lM. Shortening the alkyl
linker to one carbon, as in target compounds 17a–b,
considerably decreases potency.


In an attempt to find an explanation as to why the 4-
phenyl isomer is more active than the 5-phenyl isomer
we performed a molecular modelling study. In this
study, inhibitors 9a–b and 11a–b were docked in the ac-
tive site of the target enzyme, which was selected from
the pdb structure of TvNH co-crystallized with Immucil-
lin-H (2) (pdb code 2FF2).6 The structure of TvNH with
Immucillin-H is illustrated in Figure 1a.


Immucillin-H interacts with different active site residues
of the enzyme through the hydroxyl groups and the ring-
N of its iminoribitol moiety (Fig. 1a). The 9-deazahypo-
xanthine ring of Immucillin-H is orientated almost par-
allel between two Trp-residues (Trp83 and Trp260) of
the active site, allowing for aromatic stacking interac-
tions. The 9-deazahypoxanthine ring is also involved
in several hydrogen bonds: a first hydrogen bond is
formed between N7 and a water molecule in the active
site, a second hydrogen bond is formed between the
O6 carbonyl and amino acid residue Arg252, and a third
hydrogen bond is formed between N3 and amino acid
residue Asp40. The pKa of this Asp40 was calculated
to be approximately 7.2–7.8, making it mostly protonat-
ed in our experimental conditions (pH 7.0) and thus
allowing a hydrogen bond with N3.14


An automatic docking protocol was used to position the
inhibitors into the active site. During the docking experi-
ments with our inhibitors, it was observed that the 5-phen-
yl isomers did not fit in the active site of the target enzyme,

Figure 1. (a) The active site of TvNH co-crystallized with Immucillin-H (2) (p


For both images, the active site residues are depicted in grey (carbons), blue (n


in green, the colour code for nitrogens and oxygens is the same as for the act


ion is depicted as a magenta sphere. Distances are in Å. The images were m

whereas the 4-phenyl isomers were able to fit within the
active site. The compound with the best fit in the active site
is the most potent inhibitor of this series, namely 11a, and
docking of this inhibitor is illustrated in Figures 1b and 2.
The main interactions with the enzyme observed for our
inhibitors are illustrated in Figure 1b and they include
the interactions between the hydroxyl groups of the ribose
moiety, similar to what was observed for Immucillin-H.

db code 2FF2). (b) Inhibitor 11a in the active site of the target enzyme.


itrogens) and red (oxygens). The carbons of the inhibitors are depicted


ive site residues. Water molecules are depicted as red spheres, the Ca2+


ade with PyMOL.15
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From Figure 2 it is clear that the aromatic substituent
(1,2,3-triazole moiety) is orientated parallel with one of
the two Trp-residues from the enzyme, which suggests
the possibility for aromatic stacking interactions. In the
orientation of compound 11a, as obtained during the
docking experiments and illustrated in Figure 2, the tria-
zole-nitrogens are pointing towards the protonated
Asp40-residue of the active site. This enables an interac-
tion between N2 from the triazole with Asp40.


Utilizing the commonly used 1,3-dipolar cycloaddition
reaction we have synthesized a range of 1,2,3-tria-
zolylalkylribitol derivatives with good to moderate
activities as inhibitors of IAG-NH. We have confirmed
that the 4-phenyl isomer is the more biochemically ac-
tive of the two isomers. The most active compound,
11a with Ki = 2.3 lM, is among the most active ribitol
inhibitors for IAG-NH reported and is synthetically eas-
ier to access than the previously reported iminoribitol
inhibitors. Compound 11a therefore provides us with a
good lead for the further development of non-iminorib-
itol IAG-NH inhibitors.
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Younes Bekkali,* David S. Thomson, Raj Betageri, Michel J. Emmanuel, Ming-Hong Hao,
Eugene Hickey, Weimin Liu, Usha Patel, Yancey D. Ward, Erick R. R. Young,
Richard Nelson, Alison Kukulka, Maryanne L. Brown, Kathy Crane, Della White,
Dorothy M. Freeman, Mark E. Labadia, Jessi Wildeson and Denice M. Spero
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The synthesis and SAR of the first succinyl-nitrile-based


compounds as Cathepsin S inhibitors are described.
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Synthesis and biological evaluation of nucleoside analogues having 6-chloropurine
as anti-SARS-CoV agents


pp 2470–2473


Masahiro Ikejiri, Masayuki Saijo, Shigeru Morikawa, Shuetsu Fukushi,
Tetsuya Mizutani, Ichiro Kurane and Tokumi Maruyama*
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Prediction of binding affinities to b1 isoform of human thyroid hormone receptor
by genetic algorithm and projection pursuit regression


pp 2474–2482


Yueying Ren, Huanxiang Liu, Shuyan Li, Xiaojun Yao* and Mancang Liu
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Sesterterpene sulfates as isocitrate lyase inhibitors from tropical sponge Hippospongia sp. pp 2483–2486


Hyi-Seung Lee, Tae-Hoon Lee, Seung Hwan Yang, Hee Jae Shin, Jongheon Shin* and Ki-Bong Oh*
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The isolation and bioactivity of three sesterterpene sulfates are described.


Synthesis of new sugar derivatives from Stachys sieboldi Miq and antibacterial evaluation against
Mycobacterium tuberculosis, Mycobacterium avium, and Staphylococcus aureus


pp 2487–2491


Taku Chiba, Takemasa Takii,* Kenji Nishimura, Yoshifumi Yamamoto, Hiroko Morikawa,
Chiyoji Abe and Kikuo Onozaki
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The antibacterial properties of sugar derivatives synthesized


from stachyose obtained from the root of Stachys sieboldi Miq


12 (MIC = 3–25 lg/ml) is reported.
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Novel selective human melanocortin-3 receptor ligands: Use of the
4-amino-1,2,4,5-tetrahydro-2-benzazepin-3-one (Aba) scaffold


pp 2492–2498


Steven Ballet,* Alexander V. Mayorov, Minying Cai, Dagmara Tymecka, Kevin B. Chandler,
Erin S. Palmer, Karolien Van Rompaey, Aleksandra Misicka, Dirk Tourwé and Victor J. Hruby
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1-(1,3-Benzodioxol-5-ylmethyl)-3-[4-(1H-imidazol-1-yl)phenoxy]-piperidine analogs as potent
and selective inhibitors of nitric oxide formation


pp 2499–2504


Robert G. Wei,* Marc Adler, David Davey, Elena Ho, Raju Mohan, Mark Polokoff, Jih-Lie Tseng,
Marc Whitlow, Wei Xu, Shendong Yuan and Gary Phillips
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A new series of 1-(1,3-benzodioxol-5-ylmethyl)-3-[4-(1H-Imida-


zol-1-yl)phenoxy]- piperidine analogs were discovered as potent


and selective inhibitors of NO formation. Compound 12S


showed high potency and high iNOS selectivity versus nNOS


and eNOS.


The rational design of inhibitors of nitric oxide formation by inducible nitric oxide synthase pp 2505–2508


Marc Whitlow, Marc Adler, David Davey, Qinglan Huang, Sunil Koovakkat, John F. Parkinson,
Eric Pham, Mark Polokoff, Wei Xu, Shendong Yuan and Gary Phillips*
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A novel class of compounds that block nitric oxide formation from cells overexpressing iNOS is described.


Tetraplex DNA specific ligands based on the fluorenone-carboxamide scaffold pp 2509–2514


Stefano Alcaro,* Anna Artese, James N. Iley, Rosanna Maccari, Sotiris Missailidis, Francesco Ortuso,
Rosaria Ottanà, Patricia Ragazzon and Maria Gabriella Vigorita
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New highly hydrosoluble and not self-aggregated perylene derivatives with three and four polar
side-chains as G-quadruplex telomere targeting agents and telomerase inhibitors


pp 2515–2522


Marco Franceschin,* Emanuela Pascucci, Antonello Alvino, Danilo D�Ambrosio, Armandodoriano Bianco,
Giancarlo Ortaggi and Maria Savino


Four new perylene derivatives with three and four basic side chains, readily


soluble in water and not self-aggregated, are presented here. All four


compounds are able to inhibit human telomerase and to induce different


G-quadruplex structures.


1,2,3-Triazolylalkylribitol derivatives as nucleoside hydrolase inhibitors pp 2523–2526


A. Goeminne, M. McNaughton,* G. Bal, G. Surpateanu, P. Van der Veken,
S. De Prol, W. Versées, J. Steyaert, S. Apers, A. Haemers and K. Augustyns*


Novel 1,4-benzodiazepine derivatives with antiproliferative properties on tumor cell lines pp 2527–2530


Jennifer Dourlat, Wang-Qing Liu, Nohad Gresh and Christiane Garbay*


Novel 1,4-benzodiazepine compounds were synthesized and displayed antiproliferative activities in the micromolar


range against tumor cell lines.


Parallel synthesis and SAR study of novel oxa-steroids as potent and selective
progesterone receptor antagonists


pp 2531–2534


Fu-An Kang,* Jihua Guan, Nareshkumar Jain, George Allan, Olivia Linton,
Pamela Tannenbaum, Xin Chen, Jun Xu, Peifang Zhu, Joseph Gunnet,
Keith Demarest, Scott Lundeen and Zhihua Sui
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Thienopyrimidinone bis-aminopyrrolidine ureas as potent
melanin-concentrating hormone receptor-1 (MCH-R1) antagonists


pp 2535–2539


Mingzhu Zhang, Junko Tamiya,* Linh Nguyen, Martin W. Rowbottom, Brian Dyck, Troy D. Vickers,
Jonathan Grey, David A. Schwarz, Christopher E. Heise, Jason Haelewyn,
Monica S. Mistry and Val S. Goodfellow
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A series of thienopyrimidinone bis-aminopyrrolidine ureas were designed, synthesized, and evaluated for their ability to bind


melanin-concentrating hormone receptor-1. These compounds exhibit potent binding affinity (Ki = 3 nM) and good in vitro


metabolic stability.


Novel 2-aminobenzothiazoles as selective neuronal nitric oxide synthase inhibitors pp 2540–2544


Joanne Patman, Namrta Bhardwaj, Jailall Ramnauth,* Subhash C. Annedi, Paul Renton,
Shawn P. Maddaford, Suman Rakhit and John S. Andrews


A novel series of 2-aminobenzothiazoles were synthesized and shown to be selective inhibitors of neuronal nitric oxide synthase


(nNOS).


b-Alkylthio indolyl carbinols: Potent nonsteroidal antiandrogens
with oral efficacy in a prostate cancer model


pp 2545–2548


James C. Lanter,* James J. Fiordeliso, Vernon C. Alford, Xuqing Zhang, Kenneth M. Wells,
Ronald K. Russell, George F. Allan, Muh-Tsann Lai, Olivia Linton, Scott Lundeen and Zhihua Sui
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Non-covalent complexes between bis-b-carbolines and double-stranded DNA:
A study by electrospray ionization FT-ICR mass spectrometry (I)


pp 2549–2553


Xiaochun Dong, Ying Xu, Carlos Afonso, Weiqun Jiang, Jean Yves Laronze,
Ren Wen* and Jean-Claude Tabet*


The non-covalent complexes of five bis-b-carbolines 1-5 with three different 12-mer double-stranded oligodeoxynucleotides were


investigated by ESI-FT-ICR MS. The structure–activity relationships and sequence selectivities were discussed.
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Synthesis and characterisation of a new pH-sensitive
amphotericin B—poly(ethylene glycol)-b-poly(LL-lysine) conjugate


pp 2554–2557


Miloš Sedlák,* Martin Pravda, Lenka Kubicová, Petra Mikulčı́ková and Karel Ventura
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A new intravenous of pH-sensitive conjugate of amphotericin B (AMB) has been synthesized and characterised: poly(ethylene


glycol)-[b-poly(LL-lysine)5]2-(AMB)12 (Mw = 26,700).


Quercinol, an anti-inflammatory chromene from the wood-rotting fungus
Daedalea quercina (Oak Mazegill)


pp 2558–2560


P. Gebhardt, K. Dornberger, F. A. Gollmick, U. Gräfe, A. Härtl, H. Görls, B. Schlegel and C. Hertweck*
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Synthesis and evaluation of diverse thio avarol derivatives as potential UVB photoprotective candidates pp 2561–2565


Marı́a Amigó, Marı́a C. Terencio, Miguel Payá,* Carmine Iodice and Salvatore De Rosa
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Semisynthesis of 13 new thio avarol derivatives (4–16) and in vitro evaluation on the photodamage response induced by UVB


irradiation are described. Their ability to inhibit NF-jB activation and TNF-a generation in HaCaT cells as well as their antioxidant


capacity in human neutrophils has been also reported.


Novel naphthyridines are histamine H3 antagonists and serotonin reuptake transporter inhibitors pp 2566–2569


Michael A. Letavic,* John M. Keith, Kiev S. Ly, Ann J. Barbier, Jamin D. Boggs,
Sandy J. Wilson, Brian Lord, Timothy W. Lovenberg and Nicholas I. Carruthers
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The synthesis and in vitro activity of novel histamine H3 antagonists with serotonin reuptake activity are reported.
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Design, synthesis, and antiviral properties of 40-substituted ribonucleosides
as inhibitors of hepatitis C virus replication: The discovery of R1479


pp 2570–2576


David B. Smith,* Joseph A. Martin, Klaus Klumpp, Stewart J. Baker, Peter A. Blomgren,
Rene Devos, Caroline Granycome, Julie Hang, Christopher J. Hobbs, Wen-Rong Jiang,
Carl Laxton, Sophie Le Pogam, Vincent Leveque, Han Ma, Graham Maile, John H. Merrett,
Arkadius Pichota, Keshab Sarma, Mark Smith, Steven Swallow, Julian Symons, David Vesey,
Isabel Najera and Nick Cammack


The synthesis of 40-substituted nucleosides as potential antiviral agents is reported.


Synthesis and antifungal activity of 6-arylamino-phthalazine-5,8-diones
and 6,7-bis(arylthio)-phthalazine-5,8-diones


pp 2577–2580


Chung-Kyu Ryu,* Rae-Eun Park, Mi-Young Ma and Ji-Hee Nho
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Phthalazine-4,7-diones were synthesized and tested for in vitro antifungal activity against Fungi. Many of those tested compounds


exhibited potent antifungal activity.


Identification of a series of tetrahydroisoquinoline derivatives
as potential therapeutic agents for breast cancer


pp 2581–2589


Hsiang-Ru Lin,* Martin K. Safo and Donald J. Abraham
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The synthesis and evaluation of 1,2,3,4-tetrahydroisoquinoline-N-phenylamide derivatives as estrogen receptor antagonists are


reported.


Synthesis and evaluation of a novel lipid–peptide conjugate for functionalized liposome pp 2590–2593


Nobuhiro Yagi, Yuko Yano, Kentaro Hatanaka, Yuusaku Yokoyama and Hiroaki Okuno*


A convenient synthetic route for novel lipopeptide modified with TAT has been established, and functionalized


liposome was successfully prepared and efficiently incorporated into living cells.
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Synthesis and in vitro evaluation of tetrahydroisoquinolinyl benzamides as ligands for r receptors pp 2594–2597


Rong Xu, John R. Lever and Susan Z. Lever*
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Synthetic modification at two sites on the tetrahydroisoquinolinyl benzamide resulted in significant changes to r receptor affinity


and selectivity.


Synthesis and inhibition of cancer cell proliferation of (1,30)-bis-tetrahydroisoquinolines
and piperazine systems


pp 2598–2602


Sylvain Aubry, Stéphane Pellet-Rostaing, Jérémie Fournier dit Chabert, Sylvie Ducki and Marc Lemaire*
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The synthesis and biological evaluation of (1,30)-bis-tetrahydroisoquinolines and pentacyclic piperazine core alkaloids is


reported.


Pyrrolidino-tetrahydroisoquinolines as potent dual H3 antagonist and serotonin transporter inhibitors pp 2603–2607


John M. Keith,* Leslie A. Gomez, Ronald L. Wolin, Ann J. Barbier, Sandy J. Wilson, Jamin D. Boggs,
Curt Mazur, Ian C. Fraser, Brian Lord, Leah Aluisio, Timothy W. Lovenberg and Nicholas I. Carruthers
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A series of novel and potent pyrrolidino-tetrahydroisoquinolines with dual histamine H3 antagonist/


serotonin transporter inhibitor activity is described. A highly regio- and diastereoselective synthesis of


the pyrrolidino-tetrahydroisoquinoline core involving acid mediated ring-closure of an acetophenone


intermediate followed by reduction with NaCNBH3 was developed. In vitro and in vivo data are


discussed.


Tetrazole and ester substituted tetrahydoquinoxalines as potent cholesteryl ester
transfer protein inhibitors


pp 2608–2613


C. Todd Eary,* Zachary S. Jones, Robert D. Groneberg, Laurence E. Burgess,
David A. Mareska, Mark D. Drew, James F. Blake, Ellen R. Laird, Devan Balachari,
Michael O�Sullivan, Andrew Allen and Vivienne Marsh


The SAR and synthesis of a series of substituted tetrahydroqui-


noxaline CETP inhibitors is described from early lead to


advanced analogs.
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[d4U]-butyne-[HI-236] as a non-cleavable, bifunctional
NRTI/NNRTI HIV-1 reverse-transcriptase inhibitor


pp 2614–2617


Roger Hunter,* Clare I. Muhanji,* Ian Hale, Christopher M. Bailey,
Aravind Basavapathruni and Karen S. Anderson
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[(S)-c-(4-Aryl-1-piperazinyl)-LL-prolyl]thiazolidines as a novel series of highly potent
and long-lasting DPP-IV inhibitors


pp 2618–2621


Tomohiro Yoshida, Hiroshi Sakashita, Fumihiko Akahoshi* and Yoshiharu Hayashi
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6, IC50 = 25 nmol/L  21e, IC50 = 0.92 nmol/L


By introducing 4-arylpiperazine into the c-position of LL-proline


structure, 21e shows a sub-nanomolar (IC50 = 0.92 nmol/L)


DPP-IV inhibitory activity despite the lack of an electrophilic


trap at the P1 position.


Synthesis, biological evaluation and structural determination of b-aminoacyl-containing
cyclic hydrazine derivatives as dipeptidyl peptidase IV (DPP-IV) inhibitors


pp 2622–2628


Jin Hee Ahn,* Mi Sik Shin, Mi Ae Jun, Sun Ho Jung, Seung Kyu Kang, Kwang Rok Kim,
Sang Dal Rhee, Nam Sook Kang, Sun Young Kim, Sang-Kwon Sohn, Sung Gyu Kim,
Mi Sun Jin, Jie Oh Lee, Hyae Gyeong Cheon and Sung Soo Kim*
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4-N-Methyl-N 0-(2-dihydroxyboryl-benzyl)amino benzonitrile and its boronate
analogue sensing saccharides and fluoride ion


pp 2629–2633


Wei Tan, Deqing Zhang* and Daoben Zhu*
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DMABN derivatives 1 and 2 were designed as new ratiometric


fluorescent sensors for saccharides and fluoride ion (F)),


respectively, based on the TICT (twisted intramolecular


charge-transfer) mechanism.


2398 Contents / Bioorg. Med. Chem. Lett. 17 (2007) 2387–2400







Epoxygenase eicosanoids: Synthesis of tetrahydrofuran-diol metabolites and their vasoactivity pp 2634–2638


J. R. Falck,* L. Manmohan Reddy, Kihwan Byun, William B. Campbell and Xiu-Yu Yi


Eight tetrahydrofuran-diols (THFDs), originating from epoxyeicosatrienoic acids (EETs), were prepared from DD-(+)-glucose.


THFD 10 was eqivalent to 14, 15-EET as a vasodilator of pre-contracted bovine arteries.


Prenyloxyphenylpropanoids as novel lead compounds for the selective inhibition
of geranylgeranyl transferase I


pp 2639–2642


Francesco Epifano,* Massimo Curini, Salvatore Genovese,
Michelle Blaskovich, Andrew Hamilton and Said M. Sebti
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IC50 = 28μM


The synthesis of some natural and semisynthetic prenyloxyphenylpropanoids and their selective inhibitory activity on


geranylgeranyl transferase I are reported.


2,5-Disubstituted pyridines: The discovery of a novel series of 5-HT2A ligands pp 2643–2648


Kevin J. Wilson,* Monique B. van Niel, Laura Cooper, Dawn Bloomfield,
Desmond O�Connor, L. Rebecca Fish and Angus M. MacLeod
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This report describes the effect of replacing the central basic amine present in many known 5-HT2A ligands with an aromatic residue.


We targeted the isomeric phenethylpyridines 2 and 3 and these compounds proved to be excellent leads, possessing good 5-HT2A


receptor binding affinity and selectivity over the 5-HT2C subtype. Optimization of one isomer led to the identification of 25, a


compound with sub-nanomolar 5-HT2A affinity and selectivity over 5-HT2C of greater than 4600-fold.


M4 agonists/5HT7 antagonists with potential as antischizophrenic drugs: Serominic compounds pp 2649–2655


Colin J. Suckling,* John A. Murphy, Abedawn I. Khalaf, Sheng-ze Zhou, Dimitris E. Lizos,
Albert Nguyen van Nhien, Hiroshi Yasumatsu, Allan McVie, Louise C. Young,
Corinna McCraw, Peter G. Waterman, Brian J. Morris, Judith A. Pratt and Alan L. Harvey
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Based upon the activity of natural products, new compounds with activity in an in vivo model of schizophrenia have


been designed and synthesised.
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Further studies of tyrosine surrogates in opioid receptor peptide ligands pp 2656–2660


Roland E. Dolle,* Mathieu Michaut, Blanca Martinez-Teipel, Serge Belanger,
Thomas M. Graczyk and Robert N. DeHaven
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Methyl spongoate, a cytotoxic steroid from the Sanya soft coral Spongodes sp. pp 2661–2663


Xiao-Hong Yan, Li-Ping Lin, Jian Ding and Yue-Wei Guo*
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A new steroid with an uncommon 21-oic acid methyl ester moiety


designated methyl spongoate (1) which exhibited potent cytotoxicity


against BEL-7402 tumor cells in vitro with IC50 value of 0.14 lM has


been isolated from the Sanya soft coral Spongodes sp.. Its structure was


determined by detailed interpretation of spectroscopic data.
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Abstract—Inhibitors of dipeptidyl peptidase IV (DPP-IV) have been shown to be effective treatments for type 2 diabetes. A series of
b-aminoacyl-containing cyclic hydrazine derivatives were synthesized and evaluated as DPP-IV inhibitors. One member of this ser-
ies, (R)-3-amino-1-(2-benzoyl-1,2-diazepan-1-yl)-4-(2,4,5-trifluorophenyl)butan-1-one (10f), showed potent in vitro activity, good
selectivity and in vivo efficacy in mouse models. Also, the binding mode of compound 10f was determined by X-ray crystallography.
� 2007 Elsevier Ltd. All rights reserved.

Glucagon-like peptide-1 (GLP-1)1 is an incretin hor-
mone secreted from the L cells of the small intestine in
response to food intake. This hormone plays several bio-
logical roles including the stimulation of insulin secre-
tion, inhibition of glucagon secretion, retardation of
gastric emptying, induction of satiety and stimulating
the regeneration and differentiation of islet b-cells.2


However, GLP-1 (GLP-1[7-36]amide) is rapidly degrad-
ed in vivo (lifetime: about 1 min) through the action of
dipeptidyl peptidase IV (DPP-IV), which cleaves a
dipeptide from the N-terminus to give the inactive
GLP[9-36]amide.3


DPP-IV is a serine protease cleaving the N-terminal
dipeptide with a preference for LL-proline or LL-alanine
at the penultimate position.4 This protease is expressed
in many tissues and body fluids, and exists as either a
membrane-bound or a soluble enzyme. Inhibition of
DPP-IV increases the level of circulating GLP-1 and

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2007.01.111
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thus increases insulin secretion,5 which can ameliorate
hyperglycaemia in type 2 diabetes. A number of small
molecule inhibitors of DPP-IV have been described6


and several of these, including Vildagliptin (LAF237),7a


Saxagliptin (BMS477118)7b and Sitagliptin (MK-0431),8


are in late-stage of clinical development or approved by
the U.S. Food and Drug Administration (Fig. 1).


Since DPP-IV is a dipeptidase that selectively binds
substrates with proline at the P1 position, many of its
inhibitors investigated to date possess 5-membered het-
erocyclic rings (e.g., pyrrolidine, thiazolidine, cyano-
pyrrolidine and cyano-thiazolidine) that serve as proline
mimics. A number of DPP-IV inhibitors contain cyano-
pyrrolidine ring.6 We have recently described several
novel 5-membered proline surrogates that are based on
pyrazolidine9,10 and pyrazoline.11 Our compounds con-
taining the pyrazolidine template showed moderate in
vivo efficacy as well as in vitro activity against DPP-
IV.9a,10 A group at Merck recently described a series
of structurally novel b-amino amide derivatives that
have good in vitro potency and in vivo efficacy.8 Among
these, MK-0431, which is approved by FDA, shows
excellent selectivity and in vivo efficacy. This
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observation prompted us to explore the properties of
new DPP-IV inhibitors that possess our basic pyrazoli-
dine structure and contain appended b-amino acid
moiety (Fig. 2, n = 1). In this effort, we also investigated
related compounds that have 6- and 7-membered cyclic
hydrazine core structures (Fig. 2, n = 2 or 3). We now
wish to report the synthesis of b-aminoacyl-containing
cyclic hydrazine derivatives and their biological evalua-
tion as DPP-IV inhibitors (Fig. 2).


A series of b-aminoacyl-containing cyclic hydrazine
derivatives were synthesized by using the route shown
in Schemes 1–3. Cyclic hydrazines (3, n = 1–3), including
pyrazolidine 2HCl (n = 1), were produced by employing
a procedure we developed earlier (Scheme 1).12 Di-tert-
butyldihydrazodiformate (1) was treated with dib-
romoalkanes in the presence of Et4NBr in toluene under
reflux, followed by deprotection of Boc using 4 M HCl
in dioxane to produce the cyclic hydrazine as their bis-
HCl salts (3).


(R)-3-BocNH-4-(2,4,5-trifluorophenyl)butanoic acid (7)8


was synthesized according to a modification of one
described by the Merck group13 (Scheme 2). 2-(2,4,5-
Trifluorophenyl)acetic acid (1) was coupled with 2,2-di-
methyl-1,3-dioxane-4,6-dione (Meldrum’s acid) using
pivaloyl chloride as an activating reagent to produce
the coupling product, followed by methanolysis to yield
the b-keto ester (5). Reaction of 5 with ammonium
acetates produced the corresponding b-enamino-ester,
which was converted to the chiral b-(R)-amino ester
(6) by asymmetric catalytic hydrogenation with the

HN NH
Boc Boc N N
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1 32


Scheme 1. Reagents and conditions: (a) 50% NaOH, dibromopropane


(n = 1), dibromobutane (n = 2), dibromopentane (n = 3), Et4NBr,


toluene, reflux, 6 h, 78–95%; (b) 4M HCl, dioxane, rt, 12 h, 89–98%.


p-toluenesulfonyl chloride, and benzoyl chloride, CH2Cl2, triethyl-


amine, rt; (c) HCl, dioxane, rt, 75–90%.

chloro(1,5-cyclooctadiene)rhodium (I) dimer and (R)-
(�)-1-[(S)-2-(bis(4-trifluoromethylphenyl)phosphino)
ferrocenyl ethyl-di-tert-butylphosphine under H2


(100 psi) in trifluoroethanol. Protection of the chiral
b-(R)-amino ester (6) with Boc2O, and hydrolysis with
LiOH produced the desired (R)-3-BocNH-4-(2,4,5-tri-
fluorophenyl)butanoic acid (7).
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The synthesis of the b-aminoacyl cyclic hydrazine deriv-
atives (10) was achieved by using the 3-step procedure

Table 2. Selectivity of Compounds 10e and 10f towards DPP-IV related enz


Compound DPP-IV IC50
a (nM) DPP-2


10e 50 72,000


10f 70 18,190


APN (nM) POP (n


10e >100,000 >100,00


10f >100,000 >1,000,


aIC50 values were determined from direct regression curve analysis.

shown in Scheme 3. The cyclic hydrazines (3, n = 1–3)
were coupled with b-amino acid (7) in the presence of
EDCI to produce the coupling product (8) which upon
reaction with electrophiles yielded the corresponding
N-substituted derivatives (9). Boc-deprotection with
HCl transformed these substances into the desired
b-aminoacyl-containing cyclic hydrazine derivatives
(10).14


The b-aminoacyl-containing cyclic hydrazine derivatives
(10a–10f) were evaluated in vitro for their inhibition of
DPP-IV. MK-0431 was used as a reference compound.
Unsubstituted pyrazolidine (R = H, 10a) showed weak
inhibitory activity (IC50 = 3.85 lM). However, N-substi-
tuted pyrazolidines (10b–10d) exhibited improved in
vitro activities, among those pyrazolidines, benzoyl-
substituted pyrazolidine (10d, IC50 = 350 nM) showed

a nearly 10-fold more potency than that of the parent
pyrazolidine (R = H, 10a). Changing the pyrazolidine
ring to the larger 6- and 7-membered cyclic hydrazines

ymes
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(10e and 10f), found in 10e and 10f, resulted in improved
inhibition. Compounds 10e and 10f were the most po-
tent DPP-IV inhibitors (IC50 = 50 and 70 nM, respec-
tively) in this series, showing 5–7 times greater activity
than the 5-membered pyrazolidine (10d). Thus, we used
those compounds (10e and 10f) as representative com-
pounds for further development (Table 1).


Compounds 10e and 10f were investigated for their
selectivity towards a variety of DPP-IV related pepti-
dases, including DPP-2, DPP-8, DPP-9, APN, POP,
trypsin and elastase. Selectivity over DPP-8 and DPP-
9 was considered particularly important because inhibi-
tion of these enzymes has been ascribed to toxicity in
preclinical species.15 The results of this effort (Table 2)
showed that 10e displayed a greater than 1400-fold
selectivity over all the enzymes tested including DPP-8
and DPP-9. Also, compound 10f showed good to excel-
lent selectivity against most of the isozymes tested.


To identify the enzyme-inhibition kinetic patterns of
compound 10f, we carried out inhibition kinetic analyses
with porcine kidney DPP-IV. As shown in Figure 3,
compound 10f showed a competitive inhibition pattern
well fitted to a Lineweaver–Burk plot and had a Ki value
of 56.2 nM. Similar experiments showed that 10e is also
a competitive inhibitor (Ki = 44 nM, data not shown).
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The effect of compound 10f on DPP-IV-mediated
degradation of GLP-1 was probed in vitro by using
GLP-1 peptide (NH2-7-36) and DPP-IV. The extent
of degradation of GLP-1 was analyzed by employing
MALDI-TOF mass spectrometry. The results
(Fig. 4) showed that compound 10f blocks 85% and
46% DPP-IV-mediated degradation of GLP-1 over a
24 h period when used in concentrations of 10 and
1 lM, respectively.


Compounds 10e and 10f were evaluated in vivo for their
ability to reduce DPP-IV activity in normal C57BL/6J
mice (Fig. 5). Oral administration of compounds 10e
and 10f, at high dose (50 mg/kg), resulted in ca 75%
and 90% inhibition of plasma DPP-IV activity after
1 h, respectively. After 6 h, compound 10f exhibited
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better and longer inhibition of DPP-IV activity than
MK-0431 or 10e (ca. 65% DPP-IV inhibition).


On the basis of its in vivo DPP-IV inhibition in normal
mice, compound 10f was subjected to in vivo evaluation
by assessing its ability to improve glucose intolerance in
TallyHo mice.16 The results (Fig. 6) showed that glucose
levels were significantly reduced in a dose-dependent
manner from 10 mg/kg (52% reduction) to 50 mg/kg
(77% reduction) in treated animals when 10f was admin-
istered 30 min before an oral glucose challenge (2 g/kg).


The positive results arising from studies with 10f stimu-
lated an investigation aimed at determining the crystal
structure of recombinant human DPP-IV, complexed
with this inhibitor.

120


)


B6 vehicle 10f
0


10000


20000


30000


40000


50000


60000


70000


*


A
U


C
 o


f G
lu


co
se


 (m
g.


dl
*1


20
m


in
)


A
U


C
 o


f G
lu


co
se


 (m
g.


dl
*1


20
m


in
)


Treatment


120


g)


B6 vehicle 10f
0


5000
10000
15000
20000
25000
30000
35000
40000
45000
50000


*


Treatment


b


tolerance test in TallyHo mice. (b) Glucose AUC was determined from


d from the AUC data normalized to the 0.5% CMC (carboxyl methyl


7). *P < 0.05 versus vehicle in Student’s t test.







Figure 7. Compound 10f bound to DPP-IV. The overlay of 10f (green)


and MK-0431 (purple) shows the different binding mode. Coordinate


for the structure of DPP-IV in complex with 10f has been deposited


with the RCSB protein databank, PDB ID 2OLE.
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As can be seen by viewing the binding site region in the
complex (pictured in Fig. 7), the b-aminoacyl group has
a similar conformation as that of MK-0431.8 However,
the cyclic hydrazine moiety in 10f has different binding
modes with the carbonyl oxygen of its benzoyl moiety
forming water-bridged hydrogen bonding interactions
with the side chains of His 126 and Ser 209 and the car-
bonyl group of Glu205.


In conclusion, this investigation has led to the design,
synthesis and biological evaluation of a series of
b-aminoacyl-containing cyclic hydrazine derivatives.
In this series, 10e and 10f were found to be compet-
itive inhibitors of DPP-IV and to display excellent
selectivity over related isozymes. The in vivo efficacy
of 10f was demonstrated by its inhibition of plasma
DPP-IV activity and its suppression of blood glucose
elevation. Also, the binding mode of 10f in the bind-
ing site of DPP-IV was determined by using X-ray
crystallography. The cyclic hydrazine derivatives eval-
uated in this effort are members of an interesting
chemical class that possess two nitrogens suitable
for diverse derivatization. Further studies are under-
way to optimize this compound class for the treat-
ment of diabetes.
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J = 5.0 Hz, 1H), 3.46 (t, J = 5.0 Hz, 1H), 3.93–3.89 (m,
4H), 2.74 (dd, J = 13.1, 5.4 Hz, 1H), 2.58 (dd, J = 19.8,
4.6 Hz, 1H), 1.71–1.56 (m, 6H), 1.36 (s, 9H). To a mixture
of (R)-[3-[1,2]diazepan-1-yl-3-oxo-1-(2,4,5-trifluoroben-
zyl)propyl]carbamic acid tert-butyl ester (200 mg,
0.482 mmol) and Et3N (97 mg, 0.962 mmol)in CH2Cl2
(10 mL) was added benzoyl chloride (101 mg, 0.722 mmol)
and the mixture was stirred for 3 h at room temperature.
The solvents were evaporated, and the residue was purified
by silica gel column chromatography to give (R)-tert-butyl
4-(2-benzoyl-1,2-diazepan-1-yl)-4-oxo-1-(2,4,5-trifluor-
ophenyl)butan-2- ylcarbamate (210 mg, 84%). 1H NMR
(CDCl3, 200 MHz) d 7.61–7.37 (m, 5H), 7.20–7.02 (m,
1H), 7.01–6.83 (m, 1H), 5.50-5.20 (m, 1H), 4.45–3.99 (m,
3H), 3.98–2.40 (m, 5H), 1.90–1.50 (m, 6H), 1.37 (s, 9H).
To a solution of (R)-tert-butyl 4-(2-benzoyl-1,2-diazepan-
1-yl)-4-oxo-1-(2,4,5-trifluorophenyl)butan-2-ylcarbamate
(220 mg, 0.423 mmol) in EtOAc (2 mL) was added 4M-
HCl/1,4-dioxane (2 mL) and the mixture was stirred for
16 h at room temperature. The solvents were evaporated,
and the residue was crystallized with ether to give (R)-3-
amino-1-(2-benzoyl-1,2-diazepan-1-yl)-4-(2,4,5-trifluor-
ophenyl)butan-1-one hydrochloride (143 mg, 75%). 1H
NMR (DMSO-d6, 500 MHz) d 8.41–8.20 (br s, 2H), 7.70–
7.22 (m, 7H), 4.25–3.89 (m, 1H), 3.83–3.68 (m, 2H), 3.55–
3.30 (m, 2H), 3.18–2.67 (m, 4H), 1.82–1.46 (m, 6H);
HRMS (free base, C22H24F3N3O2): calcd, 419.1821 found,
419.1837. Analytical HPLC method A: tR = 3.17 min
(99.9% purity); method B: tR = 6.31 min (98.4% purity).
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Abstract—Affinity-based selection strategies have recently emerged as a complement to traditional high throughput screening for the
rapid discovery of lead compounds for the large number of protein targets emerging from—omics technologies. Herein, we describe
a method for the ranking of mixtures of ligands by affinity selection and apply it to rank order a set of inhibitors for the enzyme
dipeptidyl peptidase IV.
� 2007 Elsevier Ltd. All rights reserved.

Affinity selection screening has emerged as a comple-
mentary strategy to traditional high throughput
screening for small molecule lead discovery.1,2 For tar-
get validation, affinity selection offers the advantage of
requiring, once purified protein is obtained, minimal
method development in order to screen large libraries
of compounds. Screens can be run against multiple
forms and activation states of proteins and protein com-
plexes (i.e., inactive and activated forms of kinases)3 as
well as multiple binding pockets on each protein.4,5 To
date, several affinity selection (AS) technologies have
been developed which combine mass spectrometry
(MS) as a detector with various strategies to separate
protein-bound ligands from free small molecules. These
separation strategies include frontal affinity chromatog-
raphy,3,5 ultrafiltration,6,7 affinity capillary electropho-
resis,8,9 and size exclusion chromatography (SEC).10–12


Recently automated systems which integrate SEC sepa-
ration with LC–MS detection into a single platform pro-
vide a technology capable of rapidly screening large
compound libraries against a given target.13–16


Utilizing an integrated SEC–LC–MS platform, an ap-
proach to rank order ligands by affinity selection has
been reported where relative binding affinities for mem-
bers of small mixtures of compounds are determined

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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through competition with a known ligand.4 Herein, we
describe an alternative method to rank order mixtures
of ligands by affinity selection that does not require a
well-characterized ligand and present a proof-of-concept
by ranking a series of active-site inhibitors for dipeptidyl
peptidase IV (DPP-4). As a serine protease that rapidly
degrades two incretin hormones that enhance glucose
stimulated insulin secretion, glucagon-like peptide-1
(GLP-1) and glucose-dependent insulinotropic polypep-
tide (GIP), the inhibition of DPP-4 has emerged as an
attractive target for the treatment of type II diabetes.17


An integrated AS/MS platform outlined in Figure 1 was
applied to the rank ordering of a set of DPP-4 inhibi-

Figure 1. Diagram of ASMS method.
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Figure 2. DPP-4 inhibitors with their corresponding IC50 values used


in the affinity selection rank ordering experiments. Several compounds


have been reported previously: 1, 2, 4, 5, 7, 10, and 11,20 6,21 and 9.22
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tors. For a standard affinity selection experiment,18 a
mixture of compounds is pre-incubated with the protein
target at 4 �C and then injected into a two-step LC–MS
system where a fast size exclusion chromatography col-
umn rapidly separates the protein and protein-bound li-
gands from unbound compounds. The excluded protein
peak is then trapped and diverted to a reverse phase col-
umn (RPC) where low pH (�pH 2) aids in the dissocia-
tion of the ligands from the protein. The ligands are
subsequently separated and detected with MS, then cor-
related to a list of exact masses for each mixture to iden-
tify the bound ligands.


The enzyme DPP-4 was selected as a model system for
the affinity-based rank ordering method due to the avail-
ability of purified protein and a wide array of chemical
tools.19 A set of 20 DPP-4 inhibitors (Fig. 2) with IC50


values ranging from 2 nM to 2209 nM were selected
for which the synthesis and potency of many have been
disclosed previously.20–22 All ligands were detected indi-
vidually and as members of small libraries by standard
LC–MS prior to screening by affinity selection (data
not shown).


To confirm that ligands for DPP-4 can be detected with
the AS/MS system, 10 lM of each compound was
pre-incubated with 10 lM of DPP-4 and then injected
in the affinity selection system. Ligands are detected
by comparing the extracted ion chromatogram (XIC)
for the M+H+ of the protein incubated with buffer
alone (Fig. 3a, top panels) to the XIC for the sample
containing ligand and protein (Fig. 3a, bottom panels).
The spectral data for the detection of four DPP-4
ligands, 1 (IC50 = 2 nM), 17 (IC50 = 1397 nM), 18
(IC50 = 1460 nM), and 20 (IC50 = 2209 nM), are dis-
played in Figure 3a. A peak corresponding to the reten-
tion time of the small molecule is detected for the
expected M+H+ of each ligand but absent in the control
sample. As a system control, all ligands detected as
binders to DPP-4 were subsequently screened against
b-lactoglobulin, an unrelated protein with low observed
small molecule binding capacity, in order to detect any
false positives.


After confirmation that all compounds are detected as
ligands for DPP-4, the compounds were divided into
libraries containing equimolar concentrations of 10
components, with ligand mixture DP4LM1 composed
of ligands 1, 3, 4, 6, 10, 12, 14, 16, 18, and 20 and
DP4LM2 composed of ligands 2, 5, 7–9, 11, 13, 15,
17, and 19. To determine whether larger mixtures hinder
ligand recovery, 10 lM DPP-4 and 1 lM DP4LM2 were
incubated in the presence or absence of 1 lM of a library
of 250 compounds containing no known DPP-4 inhibi-
tors for a total ligand concentration of 260 lM and ana-
lyzed with the AS/MS system (Fig. 3b). Detection of
DPP-4 ligands in mixture DP4LM2 was not hindered
by the presence (Fig. 3b, violet bars) or absence
(Fig. 3b, blue bars) of the mixture of 250 compounds.
Larger mixtures of compounds did not cause ligand
breakthrough with the system control b-lactoglobulin
(Fig. 3b, yellow and turquoise bars) or with human ser-
um albumin (HSA) (Fig. 3b, green and orange bars)

indicating the feasibility of this technology for screening
large mixtures of compounds. As a negative control, two
known ligands for HSA, phenylbutazone and warfarin,
were not detected with either DPP-4 or b-lactoglobulin
but were identified as ligands for HSA further highlight-
ing the applicability of this method to identifying
selective ligands for different proteins.







Figure 4. Rank ordering mixtures of DPP-4 inhibitors by ASMS.


Graphs show normalized MS responses for each ligand recovered from


mixtures (0.5 lM to 32 lM) after pre-incubation with DPP-4 (10 lM)


and analysis by ASMS. (a) Normalized MS responses for compounds


in mixture DP4LM1: 1 ( ), 3 ( ), 4 ( ), 6 ( ), 10 ( ), 12 ( ), and 14 ( ).


(b) Normalized MS responses for compounds in mixture DP4LM2: 2


( ), 5 ( ), 7 ( ), 8 ( ), 9 ( ), 11 ( ), 13 ( ), and 19 ( ). (c) Normalized


MS responses for compounds in mixture DP4LM3: 1 ( ), 2 ( ), 3 ( ),


4 ( ), 5 ( ), 6 ( ), 7 ( ), 8 ( ), 9 ( ), 10 ( ), 11 ( ), 13 ( ), 14 ( ), and


19 ( ). (d) Normalized MS responses for compounds in mixture


DP4LM4: 1 ( ), 2 ( ), 3 ( ), 4 ( ), 5 ( ), 7 ( ).


Figure 3. DPP-4 ligands can be detected with ASMS. (a) ASMS


recovery of each ligand 1, 17, 18, and 20 (10 lM) incubated


individually with DPP-4 (10 lM) by detection of XIC of M+H+


(bottom panels) but not found in protein incubated with buffer alone


(top panels). (b) ASMS recovery of ligands in DP4LM2 (1 lM)


incubated with DPP-IV (10 lM) in the presence (violet bars) or


absence (blue bars) of a 250-member small molecule library (1 lM).


DP4LM2 was also screened with b-lactoglobulin (10 lM) in the


presence (turquoise bars) or absence (yellow bars) of the library and


with human serum albumin (10 lM) in the presence (orange bars) and


absence (green bars) of the library. Phenylbutazone and warfarin


(1 lM) were screened against each protein in the absence of the library.


Due to the variation in MS ionization efficiency between each library


member, the MS response for each ligand is normalized with the


highest response for each ligand set to 1.
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To rank order ligands for DPP-4 by affinity, the ligand
mixtures were pre-incubated with 10 lM DPP-4 at con-
centrations ranging from 0.5 to 32 lM per library mem-
ber, then analyzed with the AS/MS platform. The
integrated MS response (M+H+) for each library
member was averaged (n = 4) and normalized with the
highest averaged MS response for each molecule set to
1. At lower ligand concentrations (0.5 and 1 lM) the
protein is in excess. With increasing ligand concentra-
tion, conditions change from ligand limited to protein
limited creating a competitive environment with the
higher affinity ligands competing the lower affinity
ligands off of the protein. With library DP4LM1

(Fig. 4a), the lowest affinity ligands 16, 18, and 20 were
not detected in the rank ordering experiments due to li-
gand recovery below the limits of detection. In Figure
4a, the ligands are ranked from highest affinity to lowest
affinity by the order the normalized MS signal for each
compound reaches its maxima from right to left. With
increasing concentration of ligands, the highest affinity
ligand in the mixture 1 (IC50 = 1.6 nM) approached its
maximum at 1 with increasing ligand concentration.
The medium affinity ligands 3 and 4 (IC50 = 21 nM
and 33 nM, respectively) reach their normalized MS re-
sponse maxima around 10 lM with the lower affinity li-
gands 6, 10, 12, and 14 reaching their maxima from 2.5
to 5 lM. Similar results were achieved with mixture
DP4LM2 where the highest affinity ligand as determined
by affinity selection correlated with the most potent
inhibitor in the mixture, compound 2 (IC50 = 8 nM,
Fig. 4b). The AS/MS ranking of the ligands,
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2 > 5 > 7 > 8 � 9 > 11 � 13 > 19, correlated closely with
the relative IC50’s of the compounds. Due to weak MS
signals at low ligand concentrations, two of the weaker
ligands, 15 and 17, were not detected in the rank order-
ing experiment.


To demonstrate the applicability of the AS/MS rank
ordering method to the analysis of larger mixtures of
compounds, all 20 DPP-4 inhibitors were combined
and analyzed (Fig. 4c). With an increase in library size,
the affinity-based ranking of DPP-4 inhibitors was sim-
ilar to the activity-based ranking of ligands indicating
that library size for ranking experiments is not limited
by the concentration of protein. To find strong ligands
for high hit rate proteins, larger mixtures of compounds
could be screened under protein limited conditions to
find the highest affinity ligands, which can then be
recombined for further ranking. In Figure 4d, the
three highest affinity ligands as determined by rank
ordering from DP4LM1 (1, 3, and 4) were combined
with the three highest affinity ligands from DP4LM2
(2, 5, and 7) and analyzed by AS/MS with 10 lM
DPP-4. The affinity-based ranking of the ligands,
1 > 2 > 3 > 4 > 5 > 7, correlated with the relative IC50’s
for the six DPP-4 inhibitors demonstrating the utility
of applying an iterative approach to the affinity ranking
of molecules within a larger set of ligands.


With the rapid influx of new targets requiring valida-
tion, affinity selection techniques may be utilized to rap-
idly identify ligands for a given protein target which can
be further developed into proof-of-concept molecules.
Herein we have presented a method to rank mixtures
of ligands by affinity for their given target and provided
proof of concept with a set of inhibitors for the enzyme
DPP-4. Future studies will focus on refining the method-
ology to identify allosteric inhibitors as well as to rank
compounds to aid in the rapid identification of inhibi-
tors for new protein targets.
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Abstract—Quantitative structure–activity relationship (QSAR) has been applied to a set of thyroid hormone receptor b1 (TRb1)
antagonists, which are of special interest because of their potential role in safe therapies for nonthyroid disorders while avoiding
the cardiac side effects. Using the calculated structural descriptors by CODESSA program, principal component analysis (PCA)
was performed on the whole compounds to assist the separation of the data into the training set and the test set in QSAR analysis.
Six molecular descriptors selected by genetic algorithm (GA) were used as inputs for a projection pursuit regression (PPR) study to
develop a more accurate QSAR model. The PPR model performs well both in the fitting and prediction capacity. For the test set, it
gave a predictive correlation coefficient (R) of 0.9450, root mean square error (RMSE) of 0.4498, and absolute average relative devi-
ation (AARD) of 4.19%, respectively, confirming the ability of PPR for the prediction of the binding affinities of compounds to b1


isoform of human thyroid hormone receptor (TRb1).
� 2007 Elsevier Ltd. All rights reserved.

Thyroid hormones can exert diverse effects on growth,
development, and homeostasis in mammals.1 There are
two subtypes of the thyroid hormone receptors, TRa
and TRb. TRa1 is suggested to mediate most effects on
the heart, whilst the most actions of the hormones on
the liver and other tissues are mediated more through
the b-forms of the receptor.2,3 Based on the recently de-
scribed novel concept of ‘passive antagonism’ of estro-
gen receptors,4 a series of TR ligands selective for
TRb1 have been synthesized.5–8 These thyroid hormone
receptor antagonists could lead to safe therapies for
nonthyroid disorders while avoiding the cardiac side ef-
fects and, therefore, could be used as a short term sup-
plemental therapy to the conventional treatments.7


Also, corresponding structure–activity relationships
(SARs) were studied to identify compounds with en-
hanced TRb1 affinity and selectivity.5–8

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2007.02.025
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Quantitative structure–activity relationship (QSAR)
study is a major field of research in medicinal chemistry
and drug design. At present, various QSAR studies have
been successfully carried out in this field.9–13 For drugs
binding to TRb1, however, only Vedani et al. performed
a QSAR study which showed a certain predictive capa-
bility and was proved to be suitable for the in silico iden-
tification of adverse effects triggered by drugs and
chemicals.13


The present paper attempts to develop QSAR model of
TRb1 receptor binding using the combination of genetic
algorithm and projection pursuit regression (PPR)
method, developed by Friedman.14 The goal is to devel-
op a reliable QSAR model to correlate the TRb1 binding
affinities of compounds with structural information,
which will be very useful for the prediction of the bind-
ing affinity to TRb1 and for the design of new com-
pounds with good binding affinity.


Projection pursuit (PP) is a powerful tool for seeking
interesting projections of high-dimensional data into
lower-dimensional space and, therefore, can overcome
the curse of dimensionality. At present, it has been
applied successfully to tackle some chemical prob-
lems.15–17 The basic theory of PP can be found in details
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in Ref. 14. Therefore, we only give a brief description
here. Given a data set (X1, . . . ,Xn), X 2 IRk are k-dimen-
sional matrix (k · n), where k is the number of observed
variables and n is the number of units, and an m-dimen-
sional orthonormal matrix A(m · k), the (m · n) matrix
Z = AX represents the coordinates of the projection
data onto the m-dimensional (m < k) space spanned by
the rows of A. As such projections are infinite, it is
important to have a technique to pursue a finite se-
quence of projections that can reveal the most interest-
ing structures of the data. Projection pursuit (PP) is
such powerful tool that combines both ideas of projec-
tion and pursuit.14 In a typical regression problem, pro-
jection pursuit regression (PPR) aims to approximate
the regression function f(x) by a finite sum of ridge func-
tions with suitable choices of ai and gi:


gðpÞðxÞ ¼
Xp


i¼1


giðaT
i xÞ; ð1Þ


where ai are m · n orthonormal matrices, p is the num-
ber of ridge functions.


In this study, we have collected a data set of 80 mol-
ecules whose affinity for TRb1 was reported.5–8 The
affinities were represented using pIC50, which ranges
between 4 and 11 with an average value of 8.0592
log unit; shown in Table 1 together with the molecular
structures. The structures of these molecules were
drawn with ISIS Draw 2.3 program.18 The molecular
descriptors were calculated using CODESSA soft-
ware.19 A full list of the calculated molecular descrip-
tors as well as types is shown in Supplementary
Material 1. Principal component analysis (PCA) with
these calculated molecular descriptors was performed
on the whole data with two aims: first, to detect the
homogeneities in the data set, that is, to identify pos-
sible outliers and clusters and, second, to show spatial
location of compounds and to assist the separation of
the data set into representative training set and the
test set.


Here, PCA gives three significant PCs (eigen-
values > 1), which explains 64.99% of the variation
in the data (40.42%, 14.50%, and 10.07%, respective-
ly). Figure 1 shows the distribution of compounds
over the three first principal components. It can be
seen clearly that the compounds were clustered into
two main clusters (compounds 14–24 and the rest).
This was due to the structure deviation (shown in Ta-
ble 1) among these compounds. In addition, com-
pound 11 was found to be farther away from the
majority of compounds.


Based on the results of PCA, the whole data were split
into two subsets: the training set containing 67 com-
pounds to develop the model and the test set of the re-
mained 13 compounds to evaluate the model
performance. As can be seen from Figure 1, the com-
pounds in each subset seem to be relatively well bal-
anced over the space of the principal components. It
can confirm the representative ability of the compounds
in each subset during data set splitting.

In QSAR studies, it is believed that bioactivities were
functions of those related descriptors. Irrelevant descrip-
tors, however, can cause the system to focus attention
on the idiosyncrasies of the individual samples and lose
sight of the broad picture that is essential for generaliza-
tion beyond the training set. For this reason, variable
selection is very important. Genetic algorithm (GA), as
a powerful tool in searching the most suitable parame-
ters for a regression model,20 was applied in this study.
Genetic algorithm is a stochastic optimization method
developed by Holland et al. in the 1960s.21 It is inspired
and named by biological process of inheritance, muta-
tion, natural selection, and the genetic crossover that oc-
curs when parent mate to produce offspring.22 Here, it is
used to relate binding affinity with different combina-
tions of descriptors with appropriate physicochemical
significance in order to find out the best multiple regres-
sion. R2, the explained variance, was used as the fitness
function calculated below:


R2 ¼ 1�
Pn


i¼1ðyke � ykpÞ
2Pn


i¼1ðy � ykeÞ
2


ð2Þ


Where k represents kth molecule, yke is the desired out-
put (experimental property), ykp is the actual output of
the models, �y is the average values of the studied prop-
erty, and n is the number of compounds in analyzed set.
When adding another descriptor did not improve the fit-
ness significantly, it was determined that the optimal set
was obtained.


In this work, six descriptors were selected using GA
whose values are shown in Supplementary Material 2.
Using these variables, a linear regression model was
built and is shown in Table 2. The statistical parameters
were: n = 67, R2 = 0.7721, adjusted R2 = 0.7498, cross-
validated R2 = 0.7320, s = 0.7009, F = 33.8778 (95%
confidence level), and p < 0.0001. The interpretation of
the physical significance of each parameter in the model
is not straightforward as there are both linear (original
calculated structural descriptors by CODESSA pro-
gram) and nonlinear (in this case, the squared terms of
the original descriptors) variables. Cmin(H) means the
minimum net atomic charge for a H atom. It depends
directly on the quantum-chemically calculated charge
distribution in the molecules, and therefore describes
the polar interactions between molecules or their chem-
ical nondirectional reactivity index.23 EMainval(H) is the
minimum atomic valence state energy for a H atom
and can be used as a measure of nonspecific interactions
between the antagonists and the TRb1 receptor.
Emin, tot(C–O) means the minimum total interaction
energy for a C–O bond and is calculated as the summa-
tion of two terms, the minimum electronic exchange
energy for a C–O bond and the minimum coulomb
interaction energy for a C–O bond; it may be related
to the conformational (rotational and inversional)
changes or atomic reactivity in the molecule.24


(RMW)2 is the square of relative molecular weight; this
parameter is related to molecular size. As this value
increases, the size and the hydrophobicity of a molecule
increase, and then the affinity of the molecule to TRb1


receptor increases. (BOrp)2 and (BOAvg(C))
2, which are







Table 1. List of structures, experimental and predicted binding affinities as well as the corresponding errors of the studied compounds


Structure Compound Substituents pIC50


Exp. Linear Error PPR Error


R4


O


R4


OH


R2


R3


R1


1* �CH2CH(NH2)CO2H 9.585 10.0249 �0.4399 9.8431 �0.2581


2 �CH2CO2H 10.3188 10.3995 �0.0807 10.711 �0.3922


3 �CH2CH(NH2)CO2H 9.9586 9.991 �0.0324 10.2668 �0.3082


4 �(CH2)2CO2H 10.7213 10.2139 0.5074 10.2013 0.52


5 �(CH2)2CO2H 10.6021 8.925 1.6771 9.9112 0.6909


1,2,4: R1 = R2 = R3 = I; 6 �CO2H 8.6778 7.6919 0.9859 8.1669 0.5109


3,5–10: R1 = Isopropyl; 7* �CH2CO2H 10.0223 9.0959 0.9264 9.9204 0.1019


3: R2 = R3 = I; 8 �CO2H 7.6778 7.2734 0.4044 7.4688 0.209


5–7: R2 = R3 = Br; 9 �CH2CO2H 8.9586 9.3311 �0.3725 9.3108 �0.3522


8–10: R2 = R3 = Cl 10 �(CH2)2CO2H 9.8239 9.2198 0.6041 9.4551 0.3688


O


O


I


I


N


11 6.2218 6.0995 0.1223 6.3478 �0.126


O


OH
OH Br


Br


O


12 6.041 7.0917 �1.0507 6.7977 �0.7567


O


I


I


O
OH


O


13 5.2924 6.0824 �0.79 5.6174 �0.325


R


(CH2)nCO2H


Br Br
O


R


14 Et 4.4949 4.8366 �0.3417 4.5705 �0.0756


15 �CH2(CH2)2CH3 5.7212 5.3744 0.3468 5.4263 0.2949


16 �CH2(CH2)3CH3 5.2441 5.7471 �0.503 5.2387 0.0054


17* �CH2CH2CH(CH3)2 5.7447 6.6248 �0.8801 5.8238 �0.0791


18 �CH2(CH2)4CH3 5.8239 5.6481 0.1758 5.7095 0.1144


19 �CH2CH(CH2CH3)2 6.0969 7.0741 �0.9772 6.2584 �0.1615


20 �CH2-Cyclohexyl 6.1135 6.3365 �0.223 6.5531 �0.4396


14–20: n = 1; 21* �CH2CH2CH(CH3)2 5.7447 6.5601 �0.8154 5.6115 0.1332


21–24: n = 2 22 �CH2(CH2)4CH3 6.4437 5.8196 0.6241 6.469 �0.0253


23 �CH2CH(CH2CH3)2 6.0915 6.4799 �0.3884 5.8582 0.2333


24 �CH2–Cyclohexyl 6.7212 6.2749 0.4463 6.5997 0.1215


N–R3R4


S O


O


O


HO


R2R1


N
N


NH


O


O


R4R3N


25 Piperidinyl 8.8916 9.0902 �0.1986 8.5051 0.3865
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Table 1 (continued)


Structure Compound Substituents pIC50


Exp. Linear Error PPR Error


26 Piperidinyl 9.4405 9.0785 0.362 9.1536 0.2869


27 Piperidinyl 10.2534 10.2791 �0.0257 10.1341 0.1193


28 4-Methylpiperidinyl 7.4405 9.0415 �1.601 8.5171 �1.0766


29 Cyclohexylamino 8.8916 9.321 �0.4294 9.1374 �0.2458


30 Cyclobutylamino 8.9523 9.0278 �0.0755 8.7755 0.1768


31 Anilinyl 9.5544 8.4191 1.1353 9.6988 �0.1444


25: R1 = R2= Me; 32 Indolinyl 9.1927 8.8167 0.376 8.9411 0.2516


26, 28: R1 = Me, R2 = Cl; 33


O


OH


Cl
Cl


N
N


NH


O


O


O
R4R3N


9.063 8.4581 0.6049 9.3983 �0.3353


27, 29–34: R1 = R2= Cl 34*


OH


OCl


Cl


O


OH


R


9.1072 8.052 1.0552 8.5813 0.5259


N–R3R4


R= X
35 Piperidinyl 8.2756 9.1722 �0.8966 8.1365 0.1391


36 Piperidinyl 8.7551 8.8767 �0.1216 9.2631 �0.508


37 Cyclohexylamino 9.7093 8.7455 0.9638 9.763 �0.0537


38 Cyclobutylamino 8.7482 9.1859 �0.4377 8.8337 �0.0855


39* Morpholinyl 8.6971 8.0068 0.6903 8.5418 0.1553


40 (R)-(+)-Bornyl 8.9862 9.0263 �0.0401 8.9954 �0.0092


41*


OH


O
Br


Br


O
OH


OR


9.7762 9.5327 0.2435 9.3458 0.4304


42


R= X
9.9523 9.2187 0.7336 9.4352 0.5171


(continued on next page)
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Table 1 (continued)


Structure Compound Substituents pIC50


Exp. Linear Error PPR Error


X


OH


O


OOH


O


NH
R1


R3


R2 43 H2 8.5376 7.6676 0.87 7.7134 0.8242


44 �CF3 8.4685 8.2631 0.2054 8.0971 0.3714


45 3-CF3 9.0269 8.4452 0.5817 8.7181 0.3088


46 4-CF3 7.1739 8.1946 �1.0207 7.7157 �0.5418


47 3-Et 9.699 8.6557 1.0433 8.9556 0.7434


48 3-Isopropyl 8.3979 9.0361 �0.6382 8.8447 �0.4468


49 3-Ph 7.6778 7.9866 �0.3088 8.0761 �0.3983


50 3-OMe 7.9586 7.5655 0.3931 7.5655 0.3931


51 3-OCHF2 9.1135 7.2591 1.8544 8.8732 0.2403


52 3-OCF3 8.4685 8.4243 0.0442 8.486 �0.0175


53* 2-OH 7.301 7.0286 0.2724 6.9986 0.3024


54 3-OH 7.1249 7.727 �0.6021 7.6009 �0.476


55 4-OH 7.0605 7.7098 �0.6493 7.4717 �0.4112


N


O
O


56


N


O


6.857 7.1876 �0.3306 7.0444 �0.1874


57


N
H


Me


Me


7.3872 7.1705 0.2167 6.8832 0.504


58*


N
H


6.9066 7.2561 �0.3495 7.2226 �0.316


59


R= N
7.1739 6.8122 0.3617 7.2108 �0.0369


60


R=
N 7.5528 7.0907 0.4621 7.3536 0.1992


61 n-C6H11 8.1135 8.5727 �0.4592 8.6075 �0.494


X


R=


N
62 H 8.224 8.0826 0.1414 7.2809 0.9431


63 2-CF3 8.1175 8.927 �0.8095 8.4985 �0.381


64 3-CF3 8.9586 9.2042 �0.2456 9.1399 �0.1813


65* 4-CF3 8.0223 9.3069 �1.2846 9.1533 �1.131


66 3-Ph 7.2218 8.1665 �0.9447 7.9062 �0.6844
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Table 1 (continued)


Structure Compound Substituents pIC50


Exp. Linear Error PPR Error


67 2-OH 7.0809 7.6493 �0.5684 7.6453 �0.5644


R=
N


N
68 3-OH 7.3279 7.441 �0.1131 7.1658 0.1621


69 4-OH 8.2218 7.7021 0.5197 7.9031 0.3187


No. R1


R=


S


N
70* Ph 7.4559 7.9231 �0.4672 7.6579 �0.202


71 Bz 8.3768 8.6483 �0.2715 8.2261 0.1507


72 (CH2)2Ph 9.2076 8.835 0.3726 8.9582 0.2494


73 (CH2)3Ph 8.1675 8.5882 �0.4207 8.4141 �0.2466


74 (CH2)4Ph 7.7447 8.6959 �0.9512 8.5772 �0.8325


75


(CH2)2


O
Me


7.4318 7.7392 �0.3074 7.6646 �0.2328


76*


(CH2)2
O


Me 8.3188 7.705 0.6138 7.5927 0.7261


77


(CH2)2


O
Me


8.0706 7.7392 0.3314 7.6646 0.406


70–79: R2 = R3 = Br 78 CH2CHPh2 9.3279 8.7442 0.5837 8.6721 0.6558


80: R2 = R3 = Cl 79
N


(CH2)2


7.1739 7.9617 �0.7878 7.0367 0.1372


80* (CH2)2Ph 8.4559 8.1335 0.3224 8.3812 0.0747


* Test set.
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the squares of maximum SIGMA-PI bond order (BOrp)
and the average bond order of a C atom BOAvg(C),

Figure 1. Principal component analysis of the structural descriptors for the

respectively, are related to the strength of intramolecular
bonding interactions and characterize the stability of the

data set.







Table 3. The statistical parameters of the linear and PPR model


obtained for the six descriptors selected by GA


Model Data set R2 RMSE AARD (%)


Linear Training 0.7721 0.6633 6.87


Test 0.7233 0.7172 8.28


PPR Training 0.9097 0.4176 4.32


Test 0.8928 0.4498 4.19


Table 2. Descriptors, abbreviation, their coefficients, t test values in


the linear regression model, and their variation inflation factors


Abbreviations Unstandardized


coefficients


Standardized


coefficients


VIF


B Error Beta


Constant 53.028 8.204


Cmin(H) �17.952 3.717 �0.341 1.311


EMainval(H) �7.939 1.049 �0.521 1.248


Emin, tot(C–O) 1.712 0.166 0.669 1.105


(RMW)2 0.009 0.002 0.347 1.183


(BOrp)2 411.779 105.818 0.285 1.408


(BOAvg(C))
2 �15.169 2.124 �0.534 1.475
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molecules, their conformational flexibility, and other
valency-related properties.25 The influence of individual
descriptors on the binding affinity is different from each
other and can be reflected by the standardized regression
coefficients. As can be seen from Table 1, three descrip-
tors, that is, Emin, tot(C–O), (BOAvg(C))


2, and EMainval(H),
play major role in the binding process. The negative
coefficient of any descriptor in the regression function
means increasing this descriptor will decrease the
pIC50 values and therefore increase the binding ability.
On the contrary, an increase of the descriptor with posi-
tive coefficient would lead to a decrease of the binding
ability to TRb1 receptor.


Mechanistic interpretations of individual terms in a
regression equation may not always result in an entirely
meaningful conclusion; however, the descriptors as a
group gave the best explanation of the variation of the
dependent variable. In summary, the factors influencing
the binding strengths of antagonists to TRb1 receptor
are mainly the electronic, steric, and, to a lesser extent,
hydrophobic of the molecules.


In addition, the intercorrelations among these variables
were checked with their variation inflation factor (VIF)
values (calculated as 1/(1 � r2), where r is the correla-
tion coefficient of multiple regression between one vari-
able and the others in the model). If VIF equals to 1.0,
no intercorrelation exists for each variable; if VIF falls
into the range of 1.0–5.0, the related model is accept-
able; and if VIF is larger than 10.0, the related model
is unstable and recheck is necessary.26 In this equation,
all VIF values are far less than 5 (shown in Table 2)
indicating that the obtained model has obvious statisti-
cal significance.26


Using this model, the binding affinities were predicted
(shown in Table 1) but the results were not satisfactory.
For the test set, it gave R2 as 0.7233 indicating a poor
predictive ability to these compounds.


For that reason, the PPR method was used to perform
an effective project of the six descriptors from high-di-
mensional to the lower-dimensional space and, to per-
form a regression in this lower-dimensional space
correlating the TRb1 binding affinities of compounds
with structural information. PPR algorithm was per-
formed using R script. In this investigation, the PPR
algorithm proposed by Friedman was used where gi

are found by smoothing operation that entails a back-
fitting. Three parameters ‘nterms’, ‘optlevel’, and ‘span’
need to be determined. The parameter ‘nterms’ controls
the number of variables to be entered in the model, ‘opt-
level’ means the levels of optimization which differ in
how thoroughly the models are refitted during this pro-
cess, and ‘span’ defines the fraction of the observations
in the span of the running lines smoother. Here, optimal
‘nterms’, ‘optlevel’, and ‘span’ were determined as 6, 3,
and 0.17, respectively.


In order to check the performance of the obtained mod-
el, we compared the results of PPR with those of the
above linear model (shown in Table 3). R2 was used to
evaluate the fitness ability, whereas root mean square
error (RMSE) and the absolute average relative
deviation (AARD) were used to evaluate the model’s
predictive performance; calculated as follows:


RMSE ¼


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1ðyke � ykpÞ


2


n


s
; ð3Þ


AARD ¼ 100


n


Xn


i¼1


jyke � ykpj
yke


: ð4Þ


The smaller the RMSE and AARD, the more accurate
the proposed model is. From Table 2, it can be seen that
PPR model more stable and more predictive than the
linear model.


We further analyzed the detailed prediction results by
PPR (shown in Table 1 and Fig. 2). As can be seen from
this figure, the predicted values are in well agreement
with the experimental values for most compounds ex-
cept that 12, 28, 43, 62, 66, and 74 in the training set
and 65 and 76 in the test set showed larger relative devi-
ation as 12.53%, 14.47%, �9.65%, �11.47%, 9.47%,
10.75%, 16.59%, and �8.73%, respectively. Figure 3
shows proportion of compounds within a given devia-
tion from the experimental pIC50 by PPR. It can be seen
from Figure 3 that if one can tolerate 0.5 log unit of the
absolute error, the model can correctly predict the affin-
ity for 77.50% of the compounds for the whole data set
with 77.61% and 76.92% for the training and test set,
respectively. If one can tolerate an absolute error of 1
log unit, the model can correctly predict the affinity
for 97.5% compounds with 98.51% and 92.31% for the
training and test set, respectively. Only compound 28
in the training set and compound 65 in the test set
showed absolute deviations more than one log unit as
1.08 and 1.13, respectively.







Figure 2. Predicted versus experimental pIC50 values for the data sets


by PPR.


Figure 3. Proportion of compounds within a given deviation from the


experimental pIC50 by PPR.
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In summary, a projection pursuit regression (PPR)
based QSAR study was developed in this work. The
above calculation results, both correlations and predic-
tions, show that our model is reliable with good predic-
tive accuracy. The QSAR models developed in this
study will be very useful for the prediction of the bind-
ing affinity of the newly synthesized compounds and
also for the design of new compounds with good bind-
ing affinity.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bmcl.
2007.02.025.
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Abstract—The non-covalent complexes of five bis-b-carbolines alkaloids with three different double-stranded oligodeoxynucleotides
d(GCGCGATCGCGC)2, d(GCGCAATTGCGC)2, and d(GCGAAATTTCGC)2 were investigated by electrospray ionization Fou-
rier transform ion cyclotron resonance mass spectrometry. These five antitumor compounds all showed DNA-binding abilities.
Binding affinities in the order of 2 > 3, 4 > 5, and 1 with double-stranded DNA were obtained, which mean that the length of
the linkage chain between two b-carbolines has a remarkable effect on the formation of the non-covalent complexes. Additionally,
the preliminary results indicated that bis-b-carbolines had no notable sequence selectivities.
� 2007 Published by Elsevier Ltd.

The specific, non-covalent interaction of small organic
molecules with duplex DNA is the molecular basis of
many antitumor, antiviral, and antibiotic drugs. Com-
pounds that bind to DNA with high affinity can influ-
ence gene expression and, therefore, affect cell
proliferation and differentiation.1


Among the various DNA-binding small organic mole-
cules, natural products exert their activities through
site-specific non-covalent binding to DNA with well
established binding affinities and modes. They are
attractive as versatile platforms for the development of
DNA ligands because the structural modification of nat-
ural compounds may lead to more efficient DNA-bind-
ing agents.2 Some alkaloids have been shown to work
against cancer, such as c-carboline.3 The planar polycy-
clic aromatic residues in these molecules may be act as
intercalating moieties like some DNA-binding drugs.4
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Some studies showed that dimerization of various inter-
calating moieties can lead to a very large increase in the
affinity by bis-intercalation mechanism.5 Several years
ago, a series of bis-b-carbolines were designed and syn-
thesized by our group (Fig. 1). The preliminary in vitro
antitumor test indicated that they were active against
L1210 and that the activity could be modulated by vary-
ing the linker chain of the bis-b-carboline system.6


Researches on the non-covalent interaction of small
molecules with duplex DNA are helpful to elucidate
their structure–activity relationships and to better
understand their mechanisms, which can guide the ra-
tional design of better sequence specific DNA-binding
drugs. A wide variety of physical and chemical

Figure 1. Chemical structures of bis-b-carbolines 1–5.
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Figure 2. Negative ESI-FT-ICR MS spectrum of double-stranded


DNA. (I): d(GCGCGATCGCGC)2, (II): d(GCGCAATTGCGC)2,


(III): d(GCGAAATTTCGC)2.
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techniques such as NMR, X-ray crystallography, gel
footprinting, fluorescence spectroscopy, and mass spec-
trometry have been developed to study the non-covalent
complexes of small organic molecules and duplex
DNA.1 Among them, mass spectrometry has assumed
a more active role in investigations of non-covalent
complexes owing to the gentle nature of the electrospray
ionization process, which allows a wide range of non-
covalent complexes to be introduced intact into the
gas phase. Some known non-covalent DNA-binding
drugs have been investigated by ESI mass spectrometry
to study their antitumor activity and the corresponding
specific non-covalent interaction with DNA.7–9


Fourier transform (FT)-ion cyclotron resonance (ICR)
mass spectrometry (MS), in some respects, is the highest
performance MS method currently available. The high
mass accuracy and resolution of FT-ICR MS are mak-
ing it an increasingly useful tool in drug discovery and
development. ESI-FT-ICR has proven to be a powerful
tool in the study of non-covalent complexes.10


In this study, ESI-FT-ICR mass spectrometry was used
to investigate the complexes of five bis-b-carbolines 1–5
(Fig. 1) with double-stranded oligodeoxynucleotides of
different sequences, aiming at clarifying their struc-
ture–activity relationships and sequence selectivities,
especially the influence of the linker chain of the bis-b-
carboline system on the non-covalent interaction with
duplex DNA.11 Fluorescence spectrometric experiments
were also carried out to compare with the MS results.12


The synthetic bis-b-carbolines derivatives 1–5 were pre-
pared as previously reported.6 Three different 12-mer
self-complementary oligonucleotide single-strands:
d(GCGCGATCGCGC), d(GCGCAATTGCGC), and
d(GCGAAATTTCGC) were chosen for this study.13


Oligodeoxynucleotide stock solutions were annealed in
1 M ammonium acetate by heating at 80 �C for 10 min
and cooling to room temperature slowly to form dou-
ble-stranded oligodeoxynucleotides.


ESI-FT-ICR MS spectra of double-stranded DNA. ESI-
FT-ICR experiments of the three double-stranded
DNAs were conducted firstly to establish the optimum
conditions for the observation of the specific duplex.
We employed self-complementary oligonucleotides in
this study because less sample preparation is involved
and their mass spectra are simple and easy to interpret.
If using a normal ESI-MS instrument, peak assignment
is sometimes problematic because single-stranded and
double-stranded oligonucleotides with an even number
of charges may have the same mass-to-charge ratio.1


But the high resolution of FT-ICR MS we used can eas-
ily get the accurate mass difference between two isotopic
peaks and the correct charge state was then obtained.


Figure 2 shows the obtained negative ESI-FT-ICR spec-
tra of d(GCGCGATCGCGC)2, d(GCGCAATTG
CGC)2, and d(GCGAAATTTCGC)2. In the spectrum
of d(GCGCGATCGCGC)2 (I), the most intense ion
peak at m/z 1457.90914 was assigned to the five-charged
deprotonated molecular ion ([ds-5H]5�) of the double-

stranded oligodeoxynucleotides. The four-charged molec-
ular ion ([ds-4H]4�) at m/z 1822.14239 and three-charged
molecular ion ([ss-3H]3�) of the single-stranded oligode-
oxynucleotide at m/z 1214.58010 were also observed. Fur-
thermore, the sodium adducts of these three molecular
ions were detected. Under the same analytical condi-
tions, similar ESI-FT-ICR spectra were obtained for
the other two double-stranded DNA d(GCGCAA
TTGCGC)2 (II) and d(GCGAAATTTCGC)2 (III).


Observation of the non-covalent complexes and relative
binding affinities of five individual bis-b-carbolines with
double-stranded DNA. The annealed solution of duplex
oligodeoxynucleotides with a final concentration of
12.5 lmol/L was mixed with 1 equivalent of the stock
solution of bis-b-carbolines 1–5 (1 mg/mL in CHCl3/
MeOH, 1:9), respectively, to make the individual com-
plex. The resulting mixtures were diluted with spray sol-
vent (50/50 v/v MeOH/100 mM aq ammonium acetate)
to 200 lL and subject to negative ion ESI-FT-ICR MS
spectrometric analysis. Figure 3 shows the obtained neg-
ative ESI-FT-ICR spectra of the complexes between
d(GCGCAATTGCGC)2 and bis-b-carbolines 1 (I), 2
(II), 3 (III), 4 (IV), and 5 (V). In these spectra, ions
[ds+alkaloid�5H]5� were observed as the non-covalent







Figure 3. Negative ESI-FT-ICR MS spectra of the complexes of


d(GCGCAATTGCGC)2 with bis-b-carbolines 1 (I), 2 (II), 3 (III), 4


(IV), and 5 (IV) in 1:1 DNA-to-alkaloid molar ratio.


Table 1. Relative binding affinities (the ratio of [ds+com-


pound�5H]5�/[ds�5H]5�) of five alkaloids toward d(GCGCGATC


GCGC)2, d(GCGCAATTGCGC)2, and d(GCGAAATTTCGC)2


Compound AT AATT A3T3


1 5.82 5.56 5.10


2 19.16 18.78 15.29


3 14.82 13.84 12.44


4 14.84 14.13 12.36


5 12.21 6.09 9.20
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complexes between the bis-b-carbolines and the double-
strands DNA. In the same time, ions [ss+alka-
loid�3H]3� were found as the non-covalent complexes
between the bis-b-carbolines and single-strand DNA.
No 1:2 complexes were detected, which indicated that

bis-b-carbolines only had 1:1 binding stoichiometries.
Among the five compounds, bis-b-carbolines 2 showed
the highest relative abundance for forming oligonucleo-
tide duplex/drug complexes. The similar ESI-FT-ICR
spectra were obtained for the binding with the other
two double-stranded DNA d(GCGCGATCGCGC)2


and d(GCGAAATTTCGC)2.


The relative binding affinities of the five alkaloids to-
ward d(GCGCGATCGCGC)2, d(GCGCAATTG
CGC)2, and d(GCGAAATTTCGC)2 were evaluated
by measuring the ratios of the complex signals [ds+alka-
loid�5H]5� to those of the free duplex [ds�5H]5�. The
results are shown in Table 1. The data indicated that
the alkaloids bind in the order of 2 > 3 � 4 � 5 > 1 to
d(GCGCGATCGCGC)2 and bind in the order of
2 > 3 � 4 > 5 > 1 to d(GCGCAATTGCGC)2 and
d(GCGAAATTTCGC)2. Bis-b-carboline 2 which has a
six-carbon linkage chain between two b-carbolines
exhibits the greatest affinity. When the carbon linkage
chain is extended or shortened, the affinity toward the
double-stranded DNA will decrease. This phenomenon
is more clear in the binding experiment with
d(GCGCAATTGCGC)2 and d(GCGAAATTTCGC)2.
This result suggests that the length of linkage chain be-
tween two b-carbolines has a great effect on their bind-
ing activities toward DNA.


Competition binding experiment. Competition binding
experiments were further carried out for five bis-b-carb-
olines with d(GCGCAATTGCGC)2 to test whether the
extent of compound binding as determined by relative
ion abundances matches solution affinities. MS compet-
itive binding experiments have proven to be very prom-
ising in terms of sensitivity and specificity, and allow the
easy determination of which alkaloid of the two alka-
loids in the mixture binds to DNA duplexes preferential-
ly, because the preferential binding of the alkaloid
usually leads to greater relative abundance in the MS
spectra.14 In each competition experiment, solutions of
the oligodeoxynucleotide duplexes of fixed concentra-
tion were mixed with equimolar amounts of two alka-
loids to give final concentrations of each [alkaloid] =
12.5 lmol/L, [duplex] = 12.5 lmol/L. All the reactions
were interrogated by ESI-FT-ICR MS by using the same
spray solvent under identical ESI interface conditions.


On the basis of relative abundances of the non-covalent
complexes, we established the following ordering
(Fig. 4): of pairs of complexes: 2 > 3 (I), 3 � 4 (II),
4 > 1 (III), 1 � 5 (IV). From such a series of pairwise







Figure 4. Competitive binding of the five alkaloids to d(GCGCAATTGCGC)2 in a 1:1:1 DNA/alkaloid/alkaloid molar ratio: (I) bis-b-carbolines 2–


bis-b-carbolines 3, (II) 3, and 4, (III) 1–4, and (IV) 1–5. (a) Stands for [ds+2�5H]5� (m/z 1541.33953), (b) for [ds+3�5H]5� (m/z 1543.93682), (c) for


[ds+2+Na�5H]5� (m/z 1545.73937), (d) for [ds+3+Na�5H]5� (m/z 1548.34285), (e) for [ds+3�5H]5� (m/z 1543.94402), (f) for [ds+4�5H]5� (m/z


1546.75813), g for [ds+3+Na-5H]5� (m/it z 1548.35474), (h) for [ds+4+Na�5H]5� (m/it z 1551.14890), (i) for [ds+1�5H]5� (m/z 1535.52763), (j) for


[ds+4�5H]5� (m/z 1546.75203), (k) for [ds+1+Na�5H]5� (m/z 1539.92442), and (l) for [ds+4+Na�5H]5� (m/z 1551.14630), (m) for [ds+1�5H]5�


(m/z 1535.52738), (n) for [ds+5�5H]5� (m/z 1552.35285), (o) for [ds+1+Na�5H]5� (m/z 1539.92218), and (p) for [ds+5+Na�5H]5� (m/z 1556.74443),


respectively.
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comparisons, we determined that the overall order of
binding preferences for bis-b-carbolines is 2 > 3 �
4 > 5 � 1. This result is almost the same as that deter-
mined by relative ion abundances. The competition
binding experiments with d(GCGCGATCGCGC)2 and
d(GCGAAATTTCGC)2 were also carried out and the
similar result were obtained (data not shown).


Sequence selectivities of the five bis-b-carboline alkaloids.
The mode of non-covalent binding is crucial for under-
standing the molecular basis of the drug action. There
are two main binding modes: minor-groove binding at
AT-rich regions and intercalation at GC-rich regions.1


We used three 12-mer duplex DNA with different
sequences in this research so that the AT/GC content
in those duplexes varied from GC-rich to equal GC/
AT proportion. From the relative binding affinities we
obtained (Table 1), bis-b-carbolines 2, 3, and 4 bound
to three DNAs in the order of d(GCGCGATCGC
GC)2 > d(GCGCAATTGCGC)2 > d(GCGAAATTTC
GC)2. It indicated that the presence of G–C base pairs
enhances the non-covalent interaction between duplex
and bis-b-carbolines. But this sequence selectivity was
not remarkable, and the sequence selectivity was not
found in bis-b-carbolines 1 and 5 which possess lower
binding affinity.


Fluorescence spectrometric investigation. Fluorescence
spectrometry is a sensitive analytical technique and
widely used in the investigation of non-covalent com-
plexes of small organic molecules with biomolecules
such as DNA.15 To compare with the results obtained
by mass spectrometry, the association constants (Ka)
of the five bis-b-carbolines with calf thymus (ct) DNA
were further measured in Tris–HCl buffer (pH 7.4) by

means of fluorescence spectrometry.16 The obtained val-
ues varied in the range from 4.25 · 104 to 3.50 · 105 M�1


which indicated that all the five bis-b-carbolines showed
binding preferences for ct-DNA. Among them, the bis-
b-carbolines 2 exhibits the greatest affinity
(Ka = 3.50 · 105 M�1). This result was consistent with
what we obtained from ESI-FT-ICR mass spectrometry.


In summary, we systematically studied for the first time
the non-covalent complexes of five bis-b-carbolines
derivatives with double-stranded DNA by ESI-FT-
ICR MS. The results indicated that all the five bis-b-
carbolines can form non-covalent complexes with three
different 12-mer double-stranded oligodeoxynucleotides.
The length of linkage chain between two b-carbolines
has great effect on their binding activities. But no nota-
ble sequence selectivities were found in this research.
Chemical modifications of these alkaloids are currently
being made to improve their DNA-binding affinities
and sequence selectivities.
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Abstract—The design, synthesis, and initial inhibitory studies of di- and tetravalent glycoconjugates that target the heavy chain of
botulinum neurotoxin A are reported.
� 2007 Elsevier Ltd. All rights reserved.

Botulinum toxin, produced by the gram-positive, spore
forming Clostridium botulinum, is one of the most poi-
sonous proteins found in Nature.1 It has been estimated
that a gram of aerosolized botulinum neurotoxin A
(BoNT/A) could potentially cause over a million deaths
in a densely populated area.2 The clinical manifestations
of botulism are based on observation alone and are sub-
ject to misdiagnosis, particularly in the early stages of
intoxication. Current treatment is limited to administra-
tion of neutralizing antibodies and life support to pre-
vent respiratory failure. Furthermore, effective small
molecule inhibitors are not available as therapeutics or
prophylactics. The ease of transmission and the paralyz-
ing nature of the toxin have led the CDC and NIAID to
classify botulinum as a Category A Select Agent. The
high potency of the toxin coupled with recent bioterror-
ist events and lack of small molecule drugs has led to a
renewed interest in developing therapeutics and diagnos-
tics for these toxins.


All seven serotypes of botulinum toxin consist of two
fragments, a 50 kDa catalytic domain and a 100 kDa
binding and translocation domain. Several recent re-
ports have targeted the 50 kDa light chain to develop
small molecule inhibitors of the zinc protease,3 however,
suitable drug candidates specific to the heavy chain
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would also be valuable.4 The 100 kDa fragment consists
of HN and HC fragments, of which the HC is responsible
for binding to complex glycolipids, GD1a/b and GT1a/
b. Indeed, polysialylated GT1b has been shown to inhi-
bit synaptosomes and to quench BoNT/A fluores-
cence.5,6 Recent crystal structures of clostridial
neurotoxins provide the first direct identification and
characterization of the binding sites to their natural gan-
glioside receptors.7 It is obvious that multivalent bind-
ing is prevalent, as X-ray structures reveal that the
binding sites for individual units (monosaccharide) of
glycolipid are widely separated. The terminal sialic acid
of the two branches of the gangliosides is crucial in
binding and it induces cross-linking by binding to two
distinct sites on the Hc fragment. The structure of the
GT1b is shown in Figure 1 (left). Our interest in this
area is twofold: (1) Using the structure of the ganglio-
side as a starting point combined with a modular
synthetic approach, we were interested in developing a
panel of glycoconjugates that could potentially block
the toxin from cell entry. (2) The tailor-made soluble
GT1a/b analogues could be used for Bot epitope
mapping to define the intricate mechanism of infection.
Tailor-made soluble glycoconjugates are important for
structural biology studies; recent studies have shown
that the structural differences are present in the different
serotypes which can be exploited to differentiate between
the serotypes, and develop better inhibitors.7a,17a–c Thus,
this report describes our efforts to develop soluble glyco-
conjugates that could be used for structural biology
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Figure 1. Structures of GT1b (left) and designer divalent ligand (right).


2460 R. R. Kale et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2459–2464

studies or as competitive inhibitors to prevent toxin
binding or find use in diagnostics as front end capture
ligands.


We reasoned that a tailored bivalent molecule with car-
bohydrate residues at the termini of variable spacers
would mimic the two arms of the natural ganglioside.
The designer molecule is shown in Figure 1 (right).
The three components of the molecule are the carbohy-
drate residues, the oligoethylene oxide spacers, and the
dimeric scaffold bearing a protected amine at the meta
position. The first critical component is the variability
of the oligoethylene spacers. We have chosen tetraethyl-
ene glycol spacers as our starting material; however, we
can vary the length of the spacers to potentially control
the binding stoichiometry. Shorter spacers should result
in aggregation as the terminal sugars will be prevented
from wrapping around the molecule for a perfect fit.
The bifunctional oligoethylene glycols are designed to
terminate in an azide, which allows for facile 1,3 dipolar
addition to an alkyne bearing molecule.8 The second
component is the dimeric scaffold. The dimeric scaffold
bears two alkyne functionalities and a protected amine.
5-amino-isophthalic acid was chosen as the rigid core
because the two acid functionalities are in the meta po-
sition, reducing the possible formation of a lactone by-
product. The amine functionality is critical as it can be
used to tether the molecule to a surface/magnetic bead/
fluorophore or extended to a higher order dendron.
The third and most important piece of the molecule is
the recognition element. While we have concentrated
on the development of high affinity ligands for botu-
linum neurotoxins, any azide bearing sugar/antibody/
aptamer can be used. This modular design strategy
was utilized to synthesize five compounds (Fig. 2).


The synthesis of the dimeric scaffold is shown in
Scheme 1. First, 5-amino isophthalic acid was reacted
with chloroacetyl chloride and subsequently reacted

with aqueous ammonia and the amine formed was pro-
tected with a CBz group in high yields.9 Next, the acid
groups were activated using CDMT/NMM and reacted
with 2.2 equivalents of propargyl amine to yield 5. The
terminal alkynes of 5 resonated at 3.15 and 66.0 ppm
in the 1H and 13C NMR spectra in DMSO-d6, respec-
tively (HRMS M+H+ = 447.2182). We were also inter-
ested in studying the binding affinity of multiple sialic
acid residues with the toxin and therefore, we synthe-
sized a tetrameric scaffold as shown in Scheme 2. The
amine group of 1 was protected using Boc anhydride
and the acid groups were activated using CDMT/
NMM and reacted with 2.2 equivalents of propargyl
amine to give 7. Deprotection of the Boc group, fol-
lowed by sequential treatment with bromoacetyl bro-
mide and methanolic ammonia, furnished amine 9.
Two equivalents of 9 was reacted with the carboxylic
acid residues of the amino protected isophthalic acid
derivative 4 in the presence of CDMT/NMM to yield
a dendron, 10, bearing four terminal alkynes, in good
yields. The terminal alkynes resonated at 3.16 and
66.0 ppm in the 1H and 13C NMR spectra in DMSO-
d6, respectively (HRMS M+H+ = 961.3275).


Next, we synthesized two carbohydrate–oligoethylene
conjugates bearing an azide functionality at the termi-
nus of an oligoethylene oxide spacer. Briefly, the ano-
meric acetate of lactose octaacetate 11 was specifically
cleaved in the presence of hydrazine acetate and acti-
vated to trichloroacetimidate 13 using K2CO3. Reaction
with a tetraethylene glycol spacer in the presence of
TMSOTf yielded the desired b-lactoside 14 in reason-
able yields as shown in Scheme 3. The anomeric protons
resonated at 4.53 ppm (J1,2 = 8.0 Hz) and 4.44 ppm
(J1,2 = 8.0 Hz) in the 1H NMR spectrum, respectively,
which is in good agreement with expected values. While
a similar methodology could be used to attach an oligo-
ethylene oxide spacer to the sialic acid residue, we chose
to synthesize the thiosialoside for two reasons. One, the







Figure 2. Structures of homodimers (A and C), mixed heterodimer (B), and tetramers (D and E).


Scheme 1. Reagents and conditions: (a) chloroacetyl chloride, 4 M


NaOH 82%; (b) aq NH3, 12 h, rt, 91%; (c) CBzCl, NaHCO3, rt, 12 h,


79%; (d) propargyl amine, CDMT, NMM, THF/DMF, 0 �C! rt,


32 h, 81%.
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formation of the undesirable b-glycoside is limited and
second, the thioglycoside is more stable to cleavage reac-
tions.10 Thio-N-acetyl neuraminic acid 1511 was subse-
quently reacted with a bifunctional oligoethylene
linker 16 as shown in Scheme 4 to yield a sialic acid -
azide terminated oligoethylene oxide conjugate 17. The
reaction was monitored by 1H and 13C NMR spectros-
copy; loss of the peak at 2.28 ppm in the 1H NMR
and observation of a concomitant peak in the 13C
NMR spectrum at 32.6 ppm confirmed the formation
of the product (HRMS M+H+ = 766.2814). The cou-
pling of the carbohydrate bearing azides to the dimeric
or the tetrameric scaffold was carried out in a mixture
of THF/H2O in the presence of Cu(I) as catalyst.8


Briefly, reaction of 2.2 or 4.2 equivalents of the carbohy-
drate–oligoethylene conjugates with the dimeric (or tet-
rameric) scaffold yielded the desired products. A
representative example is shown in Scheme 5. The di-
meric scaffold 5 was treated with 1.1 equivalent of azide
17 which furnished 57% of the monomeric compound

18. The proton of the triazole ring resonated at
8.23 ppm and integrated very well with the acetate pro-
tons in the 1H NMR. 18 was treated with 1.1 equivalent
of azide 14 to give mixed heterodimer which was sub-
jected to acetate deprotection and deesterification using
NaOMe and aqueous NaOH, respectively. The final
product was purified using a Biogel P-2 column and
lyophilized to yield a white foam. The presence of
characteristic signals in the 13C NMR spectrum at
174.9 (–COOH) along with resonance signals at 102.0
and 102.9 ppm (C-1 and C-1


0
from the lactose unit)


and 85.2 ppm (C-2 from the sialic acid unit) further cor-
roborated the formation of compound 19 (HRMS =
1505.4847 for C57H87N12Na3O29S). We are currently
furthering the synthetic methodology to mix and match
sugars on different multivalent scaffolds. All other li-
gands were synthesized and purified using a similar
strategy.


The five compounds (Fig. 2) were examined for cleavage
of SNAP-25 by BoNT/A. SNAP-25 (SyNaptosomal-
Associated Protein, 25 kDa) is the intracellular protein
target selectively cleaved by BoNT/A1,2 and cleavage of
SNAP-25 by BoNT/A provides a convenient in vitro high
throughput assay to test the efficacy of potential inhibi-
tors.12 Briefly, 250 lM solutions of the compounds were
dissolved in PBS buffer and added to 500 pg of BoNT/A.
The solutions were incubated at 37 �C for 1 h and added
to single wells of a cell culture dish containing spinal cord
cells harvested from rats. After incubation for 24 h at
37 �C, LDS buffer was added and subjected to Western
blot analysis using polyclonal antibodies to SNAP-25.
The results are shown in Figure 3. Lanes A, B, C, D,
and E represent compounds A, B, C, D, and E of Figure
2, respectively. Lane F represents the mixture of ligands.
Lane G contains no sample. Lanes H, I and J are controls;
H has anti-toxin, I represents only toxin, and J has no
toxin. The Western blot analysis indicates that significant
inhibition of BoNT/A was achieved with ligands A and D,
and when a mixture of ligands (Lane F) was used. Com-
pounds A and D, and the mixture of compounds caused
significant inhibition of BoNT/A mediated cleavage of
SNAP-25.







Scheme 2. Reagents and conditions: (a) NaOH, di-tert-butyl-dicarbonate, DMF/H2O, rt, 30 h, 67%; (b) propargyl amine, CDMT, NMM, THF/


DMF, 0 �C! rt, 32 h, 85%; (c) TFA, triisopropylsilane, rt, 8 h, 80%; (d) bromoacetyl bromide, Na2CO3, CH3CN, rt, 96%; (e) NH3 in MeOH, rt,


81%; (f) 4, CDMT, NMM, THF/DMF, 0 �C! rt, 32 h, 78%.


Scheme 3. Reagents and condition: (a) NH2NH2ÆAcOH, THF, 85%; (b) Cl3CCN, K2CO3, DCM, 82%; (c) H(OCH2CH2)3N3, TMSOTf, DCM, 0 �C,


74%.


Scheme 4. Reagents: (a) Et2NH, DMF, 92%.
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This study indicates that the penultimate sugars are crit-
ical for tighter binding and the binding pockets are dee-
per. In general, carbohydrate–protein interactions can
be characterized as weak and multivalent binding is nec-
essary to increase the binding affinity.13 However, in this
situation, increase in the valency of the sialic acids does
not lead to an increase in complete inhibition, which is
in good agreement with a recent report that character-
izes the binding of botulinum neurotoxin A with gan-

gliosides as unimolecular.14 Thus, the penultimate
sugars are more critical for tighter binding as opposed
to multivalency, which is in contrast to pathogens such
as Influenza virus, where multivalency is critical for cap-
turing the pathogen.15


In summary, we have used a rational approach to syn-
thesize robust, carbohydrate based ligands for botu-
linum toxin. In this report, we have outlined our







Scheme 5. Reagents: (a) CuSO4, sodium ascorbate, THF/H2O, 57%; (b) 14, CuSO4, sodium ascorbate, THF/H2O, 71%; (c) NaOMe, MeOH ; (d) aq


NaOH, 86% (over two steps).


Figure 3. Western blot analysis depicting the inhibitory capacity of the


ligands. Lanes A, B, C, D, and E represent compounds A, B, C, D, and


E of Figure 2, respectively. Lane F represents the mixture of ligands.


Lane G contains no sample. Lanes H, I, and J are controls; H has anti-


toxin, I represents only toxin, and J has no toxin (Please see text for


details) MM is the molecular marker.
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modular synthetic strategy and successfully synthesized
dimeric and tetrameric glycoconjugates. Select first gen-
eration compounds show significant inhibition of
SNAP-25 of BoNT/A in a cell culture based assay.
The compounds could potentially be used to reduce
the toxicity when Bot NT/A is used to treat disorders
associated with the central nervous system.1a,16 How-

ever, for complete inhibition, a chimeric ligand incorpo-
rating a peptide and a ganglioside mimic is essential.
This is based on recent crystal structures of botulinum
neurotoxin B with cell surface receptors, which suggests
a double receptor model, where synaptotagmin and the
ganglioside synergistically bind the neurotoxin.17 Our
modular synthesis, presented here, allows us to intro-
duce or delete sugars/peptides and develop high affinity
inhibitors. We are currently exploring these options in
addition to obtaining quantitative binding affinity data
to develop future generation ligands.
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Abstract—A series of novel indole derivatives was designed, synthesized and evaluated by cell-based assays for their inhibitory activ-
ities against 5-LOX in rat peritoneal leukocytes. Most of them (30 out of 35) showed an inhibitory potency higher than the initial
screening hit 1a (IC50 = 74 lM). Selected compounds for concentration–response studies showed prominent inhibitory activities
with IC50 values ranging from 0.74 lM to 3.17 lM. Four compounds (1m, 1s, 4a, and 6a) exhibited the most potent inhibitory activ-
ity compared to that of the reference drug (Zileuton), with IC50 values less than 1 lM. Molecular modeling studies for compounds
1a, 3a, 4a, and 6a were also presented. The excellent in vitro activities of this class of compounds may possess potential for the treat-
ment of LT-related diseases.
� 2007 Published by Elsevier Ltd.

5-Lipoxygenase (5-LOX) is the key enzyme in the bio-
synthesis of leukotrienes (LTs) through catalyzing the
initial two steps in conversion of arachidonic acid to
LTs.1 LTB4 and the cysteinyl-leukotrienes are potent
constrictors of human airways, and have powerful pro-
inflammatory properties.2 Inhibition of 5-LOX may lead
to the development of new therapeutic treatments for
pathologies such as asthma, allergies, and other inflam-
matory disorders.1,3,4 Recent studies have implicated a
role of 5-LOX products involved in a number of other
diseases, including cancer,5 atherosclerosis,6 stroke,7


and osteoporosis.8 Therapeutic potential of 5-LOX inhi-
bition has been widely highlighted in recent years.9–13


Currently, a huge number of different types of small
molecular inhibitors of 5-LOX have been described in
the literature, classified depending on their mechanism
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of action. Three different types of inhibitors have been
considered: redox inhibitors, iron chelators, and non-re-
dox inhibitors of 5-LOX.3 Zileuton (Fig. 1) was the first
marketed 5-LOX inhibitor, with an iron chelating mech-
anism, used in the chronic treatment of asthma.14


Although numerous efforts have been done toward
5-LOX in the past two decades, and there is a strong
need for efficient drugs targeting 5-LOX pathway, no
other 5-LOX inhibitor is available on the market cur-
rently.8 Therefore, it is a great challenge to discover
and develop novel efficient compounds as 5-LOX inhib-
itors, without disadvantages of former inhibitors.


Compounds with the indole core have been widely stud-
ied due to their capability of binding to many receptors
with high affinity,15 and a few indole derivatives have
been reported for their inhibitory activities against
5-LOX.3 Recently, Landwehr et al. reported a series of
2-amino-5-hydroxyindole derivatives as inhibitors of hu-
man 5-LOX.16 By screening abundant substituted indole
compounds of our in-house collection, 4-(1-benzyl-1H-
indol-3-yl)-1-morpholinobutan-1-one (1a, Fig. 1) was
identified, with an IC50 value of 74 lM, for inhibiting
5-LOX in the cell-based assay. Using the screening hit
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screening hit 1a.
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1a as the benchmark compound, a series of novel indole
derivatives (1b–t, 3a–e, and 4–11, Table 1) was designed,
synthesized, and evaluated by the cell-based assay for
their inhibitory activities against 5-LOX in rat perito-
neal leukocytes. Molecular modeling studies were also
carried out to investigate their binding interactions with
5-LOX.


Using different aryl groups substituted at the N1 posi-
tion of 1a, we synthesized compounds 1b–e. Derivatives
1f–o were designed by changing the length of the alkyl
linkers between the indole core and the carbonyl moiety,
using methylene or ethylene displacing the propylene
linker of 1a–e. Substituting the 2,5-positions of the in-
dole core of 1a–e with methyl, methoxy or chloro sub-
stituents, respectively, analogues 1p–t were obtained.
Compounds 3a–e are the precursors of compounds 1
with no substitution at the N1 position. Using the
Boc-piperazine, piperazine or 1-methanesulfonylpiper-
azine instead of the morpholino units of 1a, 1p, 3a,
and 3d, we prepared analogues 4–7 (Table 1). Com-
pound 8 is the reduction product of 1a. The methoxy-
tetrahydropyran moiety of ZD-2138 (Fig. 1) was a
frequently reported pharmacophore of 5-LOX devoid
of redox and iron-chelating properties.17 Compounds
9–11 (Scheme 2) were designed and synthesized by intro-
ducing the non-redox 5-LOX pharmacophore to the
3-position of the indole core.


The synthesis of this class of indole derivatives is out-
lined in Schemes 1 and 2. Condensation of the appropri-
ately substituted indole-3-carboxyl acid 2a–e 18 with
morpholine or Boc-piperazine afforded derivatives 3a–
e, and 4a–b, which were subsequently reacted with var-
ious benzyl or benzoyl chlorides, respectively, in the
presence of NaH in DMF, to produce derivatives 1b–t
and 5a–b. Deprotection of 5a–b using 50% TFA in
dichloromethane afforded 6a–b. Treatment of 6a with
mesyl chloride in pyridine gave the derivative 7. Reduc-
tion the carbonyl of 1a to a methylene by LiAlH4 in
THF afforded the derivative 8.

Treatment of the commercially available tryptophol with
mesyl chloride (MsCl) in CH2Cl2 formed 2-(1H-indol-3-
yl)ethyl methanesulfonate, which was subsequently
reacted with 3-fluoro-5-(4-methoxytetrahydro-2H-pyr-
an-4-yl)phenol 19 in the presence of Cs2CO3 in DMF to
produce the methoxytetrahydropyran derivative 9.
Compound 9 was converted to the N-benzyl product
10 by reacting with BnBr in the presence of NaH in
DMF. Compound 11 was synthesized using indole-3-
propyl carboxyl acid (2d) as the starting material. Acid
2d was esterified in methanol in the presence of H2SO4


to afford the methyl ester 12. N-benzylation of the free in-
dole nitrogen of 12 with BnBr in the presence of NaH in
DMF produced compound 13, which was then reduced
by LiAlH4 in THF to give the indole-3-propyl alcohol
intermediate 14. The hydroxyl of 14 was then activated
by MsCl and reacted with 3-fluoro-5-(4-methoxytetrahy-
dro-2H-pyran-4-yl)phenol in the presence of Cs2CO3 in
DMF to form the target product 11.


All derivatives (1b–t, 3a–e, and 4–11, Table 1) were eval-
uated by the cell-based assay for their inhibitory activi-
ties against 5-LOX in rat peritoneal leukocytes,20 using
Zileuton as the reference drug. As shown in Table 1,
all the compounds showed modest to potent inhibitory
activities against 5-LOX at 5 lM, with the inhibition
range from 15.9% (3c) to 95.4% (6a). Most of them
(30 out of 35) had inhibitory activities higher than that
of the initial lead 1a (25.8% inhibition at 5 lM;
IC50 = 74 lM). Little change in activity was observed
by introducing methyl (1b) or chloro (1c) to the benzyl
of 1a. While, replacing the benzyl substituent with ben-
zoyl (1d), the activity was improved to 58.2% at 5 lM.
When the alkyl linker between the indole core and the
carbonyl moiety was changed from propylene to ethyl-
ene or methylene, the substituents’ effects at the N1 po-
sition of 1a were not in accordance with the derivatives
with propylene linker derivatives (1a–e). The N1-benzyl
derivative (1f) showed the most potent inhibitory activ-
ity among the compounds with ethylene linker (1f–j),
with 63.8% inhibition at 5 lM. However, the N1-3,4-
dichlorobenzyl derivative (1m) exhibited the most potent
activity (81.9% inhibition at 5 lM) among the com-
pounds with a methylene linker (1k–o) in the cell-based
assay. Introducing methoxy or chloro substituents to the
C5 position of the indole core (1p–t) also showed posi-
tive results. p-Chloro benzoyl substituent at the N1 po-
sition (1r) was more preferred than the corresponding
benzyl substituted ones (1p–q) by the 5-methoxy indole
core, with 1r exhibiting 70.2% inhibition at 5 lM. On
the contrary, when the 5-methoxy indole core was chan-
ged to the 5-chloro indole core, the N1-benzyl substi-
tuted derivative (1s, 80.2% inhibition at 5 lM) was
more potent than the p-chloro benzoyl substituted one
(1t, 37.9% inhibition at 5 lM). Results of N1 unsubsti-
tuted derivatives 3a–e suggested that the inhibitory
activity was affected greatly by the length of the alkyl
linker between the indole core and the carbonyl moiety,
and the propylene linker was preferred, regardless of the
substituents in C5 position (CH3O, Cl) of the indole.


An important advance in activity was achieved (95%
inhibition at 5 lM) when the morpholino unit at the







Table 1. Structures and inhibitory activities against 5-LOX in rat peritoneal leukocytes of indole derivatives


N
R


2
R1


(CH2)n


O


N


X
R3


1a–t, 3–7


Compound R1 R2 R3 X n %Inhibition at 5 lMa


1a H H Benzyl O 2 25.8


1b H H p-Methylbenzyl O 2 33.9


1c H H 3,4-Dichlorobenzyl O 2 26.7


1d H H Benzoyl O 2 58.2


1e H H p-Chlorobenzoyl O 2 32.4


1f H H Benzyl O 1 63.8


1g H H Benzoyl O 1 23.4


1h H H p-Methylbenzyl O 1 55.2


1i H H 3,4-Dichlorobenzyl O 1 38.5


1j H H p-Chlorobenzoyl O 1 26.0


1k H H Benzyl O 0 41.4


1l H H Benzoyl O 0 21.0


1m H H 3,4-Dichlorobenzyl O 0 81.9


1n H H p-Methylbenzyl O 0 34.6


1o H H p-Chlorobenzoyl O 0 22.4


1p OCH3 CH3 Benzyl O 2 54.2


1q OCH3 CH3 p-Methylbenzyl O 2 26.4


1r OCH3 CH3 p-Chlorobenzoyl O 2 70.2


1s Cl CH3 Benzyl O 2 80.2


1t Cl CH3 p-Chlorobenzoyl O 2 37.9


3a H H H O 2 62.3


3b H H H O 1 33.0


3c H H H O 0 15.9


3d OCH3 CH3 H O 2 72.9


3e Cl CH3 H O 2 71.3


4a H H H BocN 2 84.1


4b OCH3 CH3 H BocN 2 71.2


5a H H Benzyl BocN 2 38.2


5b OCH3 CH3 Benzyl BocN 2 51.5


6a H H Benzyl NH 2 95.4


6b OCH3 CH3 Benzyl NH 2 64.6


7 H H Benzyl MsN 2 23.9
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9 H H H 1 64.2


10 H H Benzyl 1 31.8


11 OCH3 CH3 Benzyl 2 46.5


Zileuton 86.9


a Values are means of three determinations and deviation from the mean is <10% of the mean value (Catalog No. 520111, Cayman Chemicals Inc.).
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C3 position of 1a was replaced by a piperazine (6a). Its
N1 unsubstituted precursor 4a also exhibited outstand-
ing activity, with 84.1% inhibition at 5 lM. Mesylation
of 6a led to a tremendous decrease in ability against 5-

LOX product synthesis, as shown by 7 (23.9% inhibi-
tion at 5 lM). Little improvement in activity was ob-
served with the reduction of carbonyl in 1a to a
methylene (8). When the methoxytetrahydropyran
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pharmacophore of 5-LOX was introduced to the C3
position (9-11), their activities were improved in com-
parison with 1a. Among them, compound 9, which
had no substitution at the N1 position, was the most
potent one, with 64.2% inhibition at 5 lM. So far, it
seems that the N1 unsubstituted case was presumed
to exhibit good inhibitory activities.


To determine the exact potency of the compounds
that demonstrated significant inhibitory activities
against 5-LOX at 5 lM, 10 compounds were selected
(1f, 1m, 1r–s, 3a, 3d–e, 4a, 6a, and 9) for further
investigation in concentration–response studies, and
the results are summarized in Table 2. All these com-
pounds concentration-dependently inhibited 5-LOX
product synthesis and showed prominent inhibitory
activities with IC50 values ranging from 0.74 lM to
3.17 lM, which were 20 to 100 times more active than
the initial screening hit 1a (IC50 = 74 lM). Derivatives
1m, 1s, 4a, and 6a showed excellent inhibitory activi-

ties (IC50s less than 1 lM) comparable to that of
Zileuton (0.83 lM), which was in accordance with
the previous report.21


Molecular modeling experiments were carried out to
investigate the binding interactions between this series
of compounds and the active site of 5-LOX. As de-
scribed in our previous report,22 3D-model of 5-LOX
was generated by homology modeling, based on rabit
reticulocyte 15-LOX (PDB entry 1LOX at 2.40 Å reso-
lution), which were found with sequence similarities of
40.68% to the target protein 5-LOX by using the
BLAST software.23 The missing atoms of residues 210,
211, 601, 602, and 177–187 of 15-LOX in its crystal
structure were added with the Loop/Search module of
InsightII,24 followed by a loop relaxing. Then 10 of
3D models of 5-LOX were generated based on the coor-
dinates of 15-LOX using MODELLER,25 and all these
3D structures were optimized with conjugate gradient
minimization scheme followed by a restrained simulated
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Table 2. Determination of IC50 values of selected compoundsa


Compound IC50 (lM)


1a 74.0


1f 3.17


1m 0.87


1r 2.25


1s 0.95


3a 2.06


3d 3.16


3e 1.33


4a 0.74


6a 0.85


9 2.38


Zileuton 0.83


a Values are means of three determinations and deviation from the


mean is <10% of the mean value (Catalog No. 520111, Cayman


Chemicals Inc.).
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annealing molecular dynamics simulation. The model
with the lowest value of the objective function was se-
lected as a representative model for further study. More
details of model equilibration by molecular dynamics
have been described in our previous report.22


In accordance with a recent report,26 the 5-LOX active
site of our 3D-model consists of a deep bent-shaped cleft
containing the non-heme iron cofactor. The bottom of
the substrate binding pocket is defined by the side chains
of Phe359, L420, Ala424, Asn425, and Ala603, and the
wall of the binding channel is mainly lined with hydro-

phobic residues, except for Asn554 and four iron ligand
residues around the iron center. Molecular modeling
studies between the 5-LOX and compounds 1a, 3a, 4a,
and 6a were carried out by using AutoDock 3.0.3 pro-
gram,27,28 and the docking parameters in our previous
study 29 were adopted. For each compound, twenty
possible binding conformations were generated, and
the conformation with the lowest predicted binding free
energy of the most occurring binding modes in 5-LOX
active pocket was selected for further analysis. Figure
2 demonstrates the results of their binding modes.


Two different conformations have been found for the
four compounds in the 5-LOX active pocket. As shown
in Figure 2(A), compounds 1a and 6a, which have benzyl
substitution at the N1 position, adopt an extended con-
formation, with the long subunit at C3 position extend-
ing deep into the cleft, in close proximity to Asn425.
Whereas, a folded conformation shown in Figure 2(B)
is taken by the N1-unsubstituted derivatives 3a and 4a,
which fit well in the central hydrophobic part of the
5-LOX active site with their long subunits at C3 position
bend back to the indole rings. The indole ring of com-
pounds 1a and 6a is positioned in the middle of the cav-
ity, interacting strongly with Leu368 and Leu607, and
the phenyl group points to the entrance of the active
pocket, having strong interactions with Ala410. The
protonized NH of 6a undergoes a strong hydrogen bond
with Od1 of Asn425 (distance = 2.14 Å). This may
contribute to the better IC50 value of 6a (0.85 lM)
than the corresponding morpholino derivative 1a







Figure 2. Binding models of compounds 1a, 3a, 4a and 6a in the binding cleft of 5-lipoxygenase via homology modeling. The left part (A) describes


the binding models of compounds 1a (green) and 6a (yellow). The right part (B) shows the binding models of compounds 3a (pink) and 4a (blue).
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(IC50 = 74 lM). However, in the folded conformation of
compounds 3a and 4a, the indole rings are closely adja-
cent to Leu414, forming strong hydrophobic interactions
with the isobutyl side chain of Leu414, and the alkyl
linkers interact with the Ala410. The better inhibitory
activity of 4a (IC50 = 0.74 lM), in comparison with 3a
(IC50 = 2.06 lM), might be ascribed to the favorable
hydrogen bond formed between the oxygen atom of
the carbonyl of 4a with the hydroxyl of the carboxyl of
Ile 673 (distance = 2.61 Å). Additionally, the Boc part
of 4a also increases hydrophobic interactions between
4a and the binding site of 5-LOX. It was noteworthy that
the results of our docking studies were in agreement with
the experimental data quite well, which validated the effi-
ciency of our homology model of human 5-LOX.


In summary, a series of novel indole derivatives was de-
signed and synthesized based on the initial hit 1a. All
the compounds were evaluated by the cell-based assay
for their inhibitory ability against 5-LOX in rat peritoneal
leukocytes. Most of the compounds (30 out of 35) exhib-
ited inhibitory potency higher than that of compound 1a.
Selected compounds for concentration–response studies
showed prominent inhibitory activities with IC50 values
ranging from 0.74 lM to 3.17 lM, which were 20 to 100
times more active than 1a (IC50 = 74 lM). Compounds
1m, 1s, 4a, and 6a showed potency comparable to that
of Zileuton, with IC50 values less than 1 lM. Molecular
modeling studies for compounds 1a, 3a, 4a, and 6a were
in agreement with the experimental data quite well. The
excellent in vitro activities of this class of compounds
may possess potential for the treatment of LT-related dis-
eases. Further studies are in progress.
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Abstract—Chronic low-dose treatment of rats with the psychomimetic drug, phencyclidine, induces regionally specific metabolic and
neurochemical changes in the CNS that mirror those observed in the brains of schizophrenic patients. Recent evidence suggests that
drugs targeting serotoninergic and muscarinic receptors, and in particular 5-HT7 antagonists and M4 agonists, exert beneficial effects
in this model of schizophrenia. Compounds that display this combined pattern of activity we refer to as serominic compounds. Based
upon leads from natural product screening, we have designed and synthesised such serominic compounds, which are principally ary-
lamidine derivatives of tetrahydroisoquinolines, and shown that they have the required serominic profile in ligand binding assays
and show potential antipsychotic activity in functional assays.
� 2007 Elsevier Ltd. All rights reserved.
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Schizophrenia is a widespread disorder that affects
approximately 1% of the population worldwide. Current-
ly available treatments for psychotic diseases including
schizophrenia have a limited response from patients but
also have significant side effects.1 The first generation anti-
psychotic drugs including haloperidol (1) are effective to
some extent against the so-called positive symptoms of
schizophrenia, which include hallucinations and delu-
sions. However such compounds are ineffective against
the so-called negative symptoms, which include loss of
emotional responsiveness, lack of motivation and social
withdrawal, and also in the remediation of cognitive de-
fects in working memory, attention and executive func-
tion. It is generally accepted that conventional
antipsychotic drugs are dopamine D2 antagonists, a prop-
erty that has been associated with their activity against
positive symptoms but also with side effects such as motor
defects and hyperprolactinemia.2 The introduction of clo-
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zapine (2) offered an improved clinical profile against the
cognitive deficits and negative symptoms. However cloza-
pine is a weak D2 antagonist at clinical doses.3 This clearly
indicates that antipsychotic activity is associated with
much more than D2 antagonist activity. Several mecha-
nisms have been proposed to explain the atypicality of clo-
zapine. These include relatively strongers 5-HT2A


receptor affinity compared with dopamine D2 receptor
affinity3 and ‘fast dissociation’ from the D2 receptor.4


However, there is no general agreement on the mecha-
nisms underlying the atypical antipsychotic profile of
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clozapine and other recently introduced drugs such as
olanzapine.
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Figure 1. Alkaloids from natural product screening that contributed to


the design of serominic compounds. The atoms in bold italics indicate


the conceptual binding determinants for the relevant receptors: 5-HT7


in 3 and 5; M in 4 and 5.

In order to establish a new basis for the discovery of
antischizophrenic compounds, we demonstrated that
chronic intermittent exposure to phencyclidine induces
schizophrenia-like patterns of activity in the rat brain
and distinguishes between the behaviour of haloperidol
and clozapine.5,6 Moreover metabolic activity mea-
sured by 2-deoxyglucose autoradiography identified
hypoactivity in the prefrontal cortex (hypofrontality),
thalamus and temporal lobes. The regionally specific
changes together with the associated cognitive deficits
mirror those observed in schizophrenic patients.5,6 M4


muscarinic acetylcholine receptors located in the pre-
frontal cortex have been implicated in the pathology
of schizophrenia.7,8 Some of the more effective atypical
antipsychotic drugs have significant 5-HT7 affinity in
their pharmacological profile and 5-HT7 receptors are
highly localized in the thalamic nuclei9 and prefrontal
cortex where their level of expression may be altered
in schizophrenia. Based upon this information, we
hypothesised that a favourable primary profile for an
antischizophrenic drug would be 5-HT7 antagonist
activity, M4 agonist activity and low affinity for the
D2 receptor. We call this the serominic concept. Impor-
tantly, neither 5-HT7 antagonists alone nor M4 antag-
onists alone have shown activity in animal models
predictive of the negative symptoms of schizophrenia
although some activity has been claimed against posi-
tive symptoms.10,11 The selective targeting of muscarin-
ic receptor subtypes as an approach to novel therapies
for psychotic disorders has been highlighted.12 and the
difficulty in obtaining selective compounds has also
been argued.13 The importance of the dual acting com-
pound expressed by the serominic concept therefore
appears strong.


Lead identification. Radioligand 5-HT7, M4 and D2


receptor binding assays were established using tritiated
5-CT (5-carboxytryptamine), N-methylscopolamine
and spiperone, respectively.14 About 2000 plant extracts
from the natural products library of SIDR, University
of Strathclyde, were screened in these ligand binding as-
says. Extracts displaying significant activity in both the
5-HT7 and M4 receptor binding assays were fractionated
by solvent partitioning and purified by HPLC before
being reassayed. Several active compounds were identi-
fied by NMR spectroscopy. Significant activity in the
5-HT7 screen was identified in aporphines of which lili-
otulipiferine 3 was one of the strongest binding (Ki


80 nM). In the M4 assay, whilst aporphines themselves
were inactive, the introduction of an oxygen atom in
ring C to give oxoaporphines, exemplified by liriodenine
4, gave compounds with activity in the micromolar
range. The common structural elements in 3 and 4 asso-
ciated with the isoquinoline suggested that it might be
possible to obtain serominic compounds designed by a
conceptual fusion of the two structures. In support of
this concept, we found that berberine 5 showed both
measurable 5-HT7 (Ki � 5lM) and M4 (Ki � 2lM)
activity.

Further consideration of these structures, those of the
natural ligands and those of known synthetic ligands
led to the following definitions of structural require-
ments anticipated for serominic activity (Fig. 1).


1. a framework that contains an N+.
2. a 5-HT7 responsive group, which would typically be


an aromatic system possibly with alkoxy substituents.
3. an M4 responsive group, which would typically be a


hydrogen bond acceptor such as methylenedioxy,
thiadiazole, or alkoxy.


4. the three components should be joined in such a way
as to provide an approximately planar or slightly
puckered molecule with some but limited conforma-
tional flexibility.


Of the known semi-selective M4 agonists, PTAC (6),10


and xanomeline (7)15 can adopt two primary conforma-
tions (Fig. 2) but only conformation 1 is available for
the M4 agonist 8 introduced by Lilly.16 In PTAC and
xanomeline, it is also possible to identify the same nom-
inal separation between the positively charged nitrogen
atom and a hydrogen bond acceptor as that noted in
berberine (5) above. Interestingly, xanomeline and
PTAC have been proposed as candidate antipsychotic
drugs.15,17 The Lilly M4 agonist 8 does not conform to
the same nominal pattern but, in view of its activity
proven for a required component of a serominic com-
pound, substructures from 8 were included in the design
of compounds (see below). These structural concepts,
although loosely drawn from screening and published
information, were sufficient to stimulate the design and
synthesis of compounds to evaluate the serominic con-
cept as a novel approach to antipyschotic drugs.

4
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These arguments suggest that the requirements for ser-
ominic compounds (Fig. 3) can be satisfied by a combi-
nation of two subunits, merged at N+ with geometries
consistent with the patterns shown in Fig. 2. In the 5-
HT7 component, X represents a hydrogen bond accep-
tor, in particular an alkoxy group. In the M4 binding
component, Y represents a hydrogen bond acceptor
or, based upon PTAC, a thioether.


Compound design and synthesis. We have studied two
series of compounds that embody the serominic concept
and avoid structural relationships with haloperidol or
clozapine. Series A includes indolylethylamine and tetra-
hydrocarboline derivatives that bear hydrogen bond
acceptors or sulfur substituent in the side chain. This
series was designed to investigate new types of molecular
scaffold differing significantly from structures that had
so far shown activity. As such, this represents the more
speculative series (Scheme 1). Series B contains tetrahy-
droisoquinoline and benzylamine analogues of the Lilly
M4 agonist (8). Muscarinic antagonists from polycyclic
alkaloid analogues have been described18 and aporphine
derivatives that bind strongly to the 5-HT7 receptor
also19 but serominic dual activity is novel. We propose
that acceptable properties of a serominic are (i) similar
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Figure 3. Proposed structural components of serominic compounds.

binding affinities for both 5-HT7 and M4 receptors and
(ii) at least 50-fold selectivity for 5-HT7 over D2 recep-
tors (Scheme 2).


The synthesis of series A compounds followed two
routes. For the aryl carbazoles (9–14), 5-methoxytrypta-
mine was acylated with the appropriate carboxylic acid
(>95%) and the resulting amide cyclised with phospho-
rus oxychloride to give dihydrocarbazoles (53–84%).20


The tetrahydrocarbazoles were obtained by reduction
with sodium borohydride. The benzyl carbazoles (15–
22) were prepared by condensation of 5-methoxytrypta-
mine (9–96%) with a series of arylidene oxazolones
themselves prepared from the corresponding aryl car-
boxaldehyde and N-acetylglycine (9–95%).21 The com-
plete series of compounds, 9–22, is shown in Table 1.


Series B is a more extensive collection of compounds
that takes the tetrahydroisoquinoline structure as its
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Scheme 2. Generalised synthetic scheme for series B.







Table 1. Carboline derivativesa


Compound R1 R2 R3 X 5-HT7 Ki (lM) M4 Ki (lM) D2 Ki (lM) D2/5-HT7 ratio


9 H ..=.. 3-OMe 0.8 42 31 39


N
H


N


R3


R2R1


X


9 - 13


10 H H H 3-OH 1.1 >30 88 80


11 OMe ..=.. 3-OMe 3.5 78 25 7


12 H H H H 97 >300 >300 >3


13 H H H 3-OMe 1.7 >300 nt —


14 OMe ..=.. Nitropyrrole 7.8 70 200 26


N
H


NHR1


X15 - 22


15 H 3-OMe 0.026 35 1.6 62


16 OMe 3-OMe 0.045 18 1.5 33


17 H 3,4-OCH2O 0.009 24 4.6 511


18 OMe 3,4-OCH2O 0.036 12 1.9 53


19 H 2-SPr 0.02 94 nt —


20 H 2-SMe 0.035 95 nt —


21 H 4-SMe 0.17 68 nt —


22 H 2-OH,3-F 0.046 >300 nt —


N
H


NMeO


N


NO2


Me


14


a 5-HT7, M4 and D2 receptor binding assays were performed using tritiated 5-CT, N-methylscopolamine and spiperone, respectively (see Supple-


mentary material). n = 1–5, variation <20%.
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basis in place of the tetrahydrocarboline of series A
compounds. The structural variations include the
substituents on the tetrahydroquinoline, the ring size
of the benzofused system connected through the ami-
dine, and the substitution pattern of the alicyclic ring.
A variety of benzofused alicyclic compounds were re-
quired; indanes, tetralins and benzocycloheptanes and
the corresponding ketones were obtained by adaptations
of standard methods.22 The amines required for amidine
preparation were obtained by nitration23 of the appro-
priate benzofused alicyclic compounds, functional
group modification of the nitro compounds to afford
the required alicyclic ring substituents (acetates, dic-
hlorobenzoates, ethers, thioethers and thioacetals).
Hydrogenation of the functionalised nitro compounds
over palladium on carbon afforded the corresponding
aromatic amines, which were converted into the re-
quired amidines by condensation with the appropriate
formamide in the presence of phosphorus oxychloride.24

Typical yields for the amidine formation were 40–60%.
Formylations of tetrahydroquinolines were facilitated
with the use of trimethylacetic formic anhydride.25 It
should be pointed out that alcohols like 29, 30 cannot
be used as precursors to make different esters as the ami-
dine group in the structure is very sensitive to acetyl
chloride, benzoyl chloride and acetic anhydride.


Evaluation of compounds. Although series A (Table 1)
did not contain a compound that satisfied all of the
requirements for a serominic described above, it has
nevertheless provided important pointers towards the
required properties. The aryl dihydrocarbolines 9, 11
and 14 show measurable binding activity in each assay
but the aryl tetrahydrocarbolines 10 and 13 have no
measured M4 activity. On the other hand, substituted
benzyl tetrahydrocarbolines have binding activity in
both assays. Tetrahydro-b-carbolines bind strongly to
5-HT7 receptors [e.g., 15, 16 and 18]; they also indicate







C. J. Suckling et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2649–2655 2653

that a single nitrogen atom can act as the cationic site to
elicit both 5-HT7 and M4 activity. 17 and 18 were pre-
pared with the methylenedioxy ring which is an isostere
of the thiadiazole ring of PTAC. These compounds
demonstrate very effective binding to 5-HT7 receptor
compared with D2 binding activity; 17, for example, is
more than 500-fold selective for the 5-HT7 receptor
compared with the D2 receptor but, like others in series
A showed insufficient M4 binding activity for further
investigation. For comparison of affinity and selectivity,
the Kis of PTAC at 5-HT7 and M4 receptors were deter-
mined in our assays to be 3.8 and 0.002 lM, respective-
ly, whilst those of the 5-HT7 selective ligand,
SB2598741, were 0.02 and 4.3 lM, respectively.


For the series B compounds, the coupling of a tetrahy-
droisoquinoline with a substituted benzocycloalkane
led to a number of dual active compounds (serominics).
Thus several compounds (23, 26, 29, 30, 33, 34, 38 and
39) all incorporate the required units and shown signif-
icant binding activity to both 5-HT7 and M4 receptors.
The tetrahydroisoquinolines may be unsubstituted or
substituted with alkoxy groups and a variety of hydroxy
and alkoxy substituents are acceptable in the cycloal-
kane ring. Encouragingly, in some compounds D2 bind-
ing activity was significantly lower (23, 25, 29 and 30)
but in others, D2 activity remained close to that at the

Table 2. Amidine derivativesa


Compound R1 R2 n X 5-H


N N
R1


R1 23


23 H OAc 2 CH 0.2


24 OMe CO2
tBu 1 N 2.2


25 OMe OAc 2 CH 0.4


26 OMe OAc 3 CH 0.5


27 OMe OPr 2 CH 5.3


28 OMe CO2Me 1 N 25.0


29 OMe OH 1 CH 0.4


30 H OH 1 CH 2.7


31 H O2CC6H3Cl2 1 CH >30


32 OMe O2CC6H3Cl2 1 CH >30


33 OMe OAc 1 CH 1.0


34 H OAc 1 CH 0.1


35 OMe S(CH2)2S 2 C 0.3


36 OMe SBu (alkene) C >30


37 OMe SBu 1 CH 36.0


38 OMe OH 3 CH 0.8


39 OMe S(CH2)2S 1 C 0.2


N N


Me


40 OAc 0.1


41 OH 3.6


a 5-HT7, M4 and D2 receptor binding assays were performed using tritiated


mentary material). n = 1–5, variation <20%.

5-HT7 and M4 receptors (27 and 34). The compound
with the most promising profile was 29, which was great-
er than 750-fold selective for the 5-HT7 receptor; it was
taken further, together with 26, into functional assays
(see below).


Bearing in mind the likely significance of sulfur in
the binding of PTAC to the M4 receptor, compounds
35–38 were prepared to explore the role of sulfur in
binding in series B. Table 2 shows that compounds
35 and 38 have similar binding affinities to the oxygen
containing compounds described above but 36 and 37
are markedly less effective in binding activity. The vinyl
sulfide 36 might have been predicted to be closer in
Lewis basicity to the sulfur in PTAC, but clearly in
our compounds, sulfur bound to a tetrahedral carbon
provides more effective binding to M4 receptors. The
bulkier dithiane groups in 35 and 39 might have caused
steric problems for binding but this appears not to be
the case. However, the most intriguing change seen
with 36 and 37 is the low binding affinities for 5-HT7


receptors.


The results of a ligand binding assay do not show
whether a compound is behaving as an agonist or antag-
onist. The most promising compounds from the ligand
binding assays were therefore evaluated in a functional

T7 Ki (lM) M4 Ki (lM) D2 Ki (lM) D2/5-HT7 ratio


X


(CH2)n


R2
 - 39


1.4 2.4 12


50.0 54.0 24


0.2 11.0 28


0.2 14.0 28


12.0 42.0 8


2.0 14.0 0.6


0.3 >300 >750


2.8 >300 >111


160.0 nt —


5.3 >300 —


0.2 12.0 12


1.6 1.7 17


0.7 >100 >333


0 11.0 8.2 <0.03


4.5 3.1 0.09


0.3 1.7 2.1


0.3 >100 >500


R2
40, 41


4.5 1.6 16


19.0 59.0 16


5-CT, N-methylscopolamine and spiperone, respectively (see Supple-







Figure 4. Functional assay of 26 and 29. Modulation of PACAP-


induced stimulation of cAMP by low concentrations (10�9 and


10�8 M). Antagonism by atropine (10�4 M) is clearly indicated.
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assay using mouse N1E-115 cells, which produce a pure
population of M4 receptors.25 Known muscarinic ago-
nists such as oxotremorine and acetylcholine act on
muscarinic M4 receptors coupled to an inhibition of
adenylyl cyclase, leading to reduced cAMP levels.26


While full dose–response curves were not obtained for
each agonist, the maximum response observed with 26
and 29 was similar to that found for PTAC suggesting
that both 26 and 29 behave as full agonists. Because it
is unclear to what extent neutral or intrinsic 5-HT7


activity is central to our serominic hypothesis, full func-
tional characterization of 26 and 29 at this receptor has
not been carried out.


As shown in Fig. 4, both 26 and 29 at nM concentra-
tions caused a substantial reduction of cAMP levels to
less than 50% of control; this decrease was blocked by
the muscarinic antagonist, atropine. To demonstrate
in vivo antipsychotic activity, three compounds, 25,
29 and 33, were examined in the amphetamine induced
hyperactivity test in rats; this test is widely used for
assessing antipsychotic activity.27 The selection of these
compounds was in part due to the higher affinity of 25
and 33 at the D2 receptor compared with 29. Com-
pounds 25, 29 and 33 were tested at a concentration
of 10 mg/kg ip. Although very similar in structure,
the small differences between these three compounds
were found to have major effects on their activity in
this test in a manner that was not predictable
(Fig. 5a). It would not be expected that all compounds
that showed an appropriate profile in receptor binding
assays would be active in vivo because such assays take
no account of bioavailability and metabolism. Howev-
er, the most active compound, 29, was found to sup-
press hyperactivity in a dose dependent manner
(Fig. 5b) with an ED50 of around 8 mg/kg ip (95% con-
fidence limits). Interestingly 29 had the most pro-
nounced effect in the amphetamine test, whereas 25
and 33 appeared ineffective. The activity of compound
29 is unlikely to be related to antagonism of dopamine
receptors since this compound has minimal binding

Figure 5. Demonstration of serominic activity by the amphetamine induce


10 mg kg�1. (b) Right: dose–response of compound 29.

affinity for the D2 receptor (Ki > 300lM) in contrast
to compounds 25 and 33, which were both measurably
active.


Beginning from studies of brain metabolism, through
lead generation by screening of natural products, li-
gand binding and functional assays, we have demon-
strated in vivo the potential of the serominic concept
as a valid basis for the discovery of new antipsychotic
compounds. Future studies will address whether com-
pounds acting at these targets display activity in our
chronic PCP model of metabolic hypofunction thereby
assessing our ability to predict an improved therapeutic
profile over existing antipsychotic drugs. The antipsy-
chotic activity of 29 without appreciable D2 antagonist
activity is a striking finding that demonstrates the po-
tential of serominic compounds as novel antipsychotic
agents.

d hyperactivity test. (a) Left: effect of compounds 23, 33 and 25 at
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Abstract—A novel lipid analog based on amino acids for liposome modification was developed. It consisted of three different kinds
of amino acid derivatives and two fatty acids, and can react directly with the peptide synthesized first on resin by Fmoc solid-phase
synthesis. In this study, lipid analog conjugated with HIV-TAT peptide (domain of human immunodeficiency virus TAT protein)
was synthesized and successfully incorporated into liposome. The liposome containing the lipopeptide bearing HIV-TAT exhibited
efficient cellular uptake.
� 2007 Elsevier Ltd. All rights reserved.

Surface modification is a key step in functionalizing
liposome, and actually encapsulated doxorubicin into
PEG (polyethylene glycol)-modified liposome has been
clinically used against kaposi-salcoma1 for a passive tar-
geted drug delivery system (DDS) through an enhanced
permeability and retention (EPR) effect.2 Furthermore,
antibody-modified liposomes3 are currently being evalu-
ated in clinical trials as an active targeted DDS. Peptide-
modified liposome has exhibited remarkable activity in
gene delivery4 and angiogenic vessel targeting.5


So far, surface modification of liposome by proteins or
peptides has been carried out in reactive groups of
pre-formed liposome in an aqueous environment. How-
ever, the efficiency of ligand binding to a liposome mem-
brane is usually relatively low6 (approximately 5%),
since the reactivity and sequence specificity in various
substrates depend largely on steric hindrance and the
electron density of peptide residues. Accordingly, the
formation of unwanted byproducts such as insufficiently
reacted materials and variants of lipid–protein conjugate
must be monitored, since it is difficult to pharmaceuti-
cally certify the structural reliance on quality control.
A promising approach to solving this problem is to pro-
duce a lipid and protein/peptide conjugate molecule by

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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total synthesis and then to subsequently incorporate it
into liposome.


Therefore, we have designed and developed a novel lipid
analog (Fig. 1) mimicking the structural features of
phospholipids to avoid harmful influence on physico-
chemical properties of the lipid bilayer. The lipid moiety
was composed of the following four domains: the an-
chor domain (anchoring the molecule into liposome),
glycero mimic domain (structural equivalent to glycerol
in phospholipids), hydrophilic domain (structural equiv-
alent of the phosphate group in phospholipids), and

Figure 1. General structure of the novel lipid analog.
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linker domain (to avoid the steric hindrance of
liposome).


In this study, we employed the 11-mer peptide sequence
(abbreviated as HIV-TAT: Tyr-Gly-Arg-Lys-Lys-Arg-
Arg-Gln-Arg-Arg-Arg) of the TAT sequence7 found in
HIV-1 as a functional ligand connected to a lipid ana-
log. The HIV-TAT peptide is well documented as a pro-
tein transduction domain, and it enables delivery of such
entities as macromolecules, nucleic acids, and liposome
into living cells.8–10 Therefore, we have examined here
the suitability of the present lipopeptide for preparation
of functionalized liposomes.


Lipopeptide (1a and 1b) conjugated with HIV-TAT peptide
was synthesized on TGS RAM resin (15.0 lmol, Shimadzu
Co.) by the Fmoc solid-phase synthesis method using an
automatic peptide synthesizer (Shimadzu PSSM-8 Peptide
Synthesizer Simultaneous Multiple) (Scheme 1). Trypto-
phan residue was added at the N-terminus of HIV-TAT
peptide as a fluorescence probe. Then, Fmoc-AEEA (9-flu-
orenylmethoxycarbonyl-8-amino-3,6-dioxaoctanoic acid,
linker domain),11 Fmoc-Asp-O-t-Bu (hydrophilic domain),
and Fmoc-Dap(Fmoc)-OH (glycero mimic domain) were
coupled sequentially. Benzotriazole-1-yl-oxy-tris-pyrroli-
dino-phosphonium hexafluorophosphate (PyBOP),
N-hydroxybenzotriazole (HOBt), and N-methylmorpholine
(NMM) were used, respectively, for the peptide coupling
reaction with 1.0, 1.0, and 1.5 equivalents based on amino
acids. Fmoc amino acid and alkyl chain were used in 7 and
5 excess equivalents, respectively. The coupling reactions
were carried out for 30 min. Since the last condensation
reaction with stearic or palmitic acid (anchor domain)
did not proceed satisfactorily on a machine due to their
insolubility in DMF, the reaction was carried out in a
manual mode with checking of the reaction progress by
a ninhydrin test. De-protection and cleavage of resin were
accomplished with a cleavage cocktail (10 mg/mL of
2-methylindole containing TFA (trifluoroacetic acid)/
H2O/thioanisole/1,2-ethanedithiol/ethylmethyl sulfide/

Scheme 1. Synthesis of the HIV-TAT peptide conjugated lipid analog.

phenol = 82.5/5/3/2/3) for 16 h at room temperature,
and 1 was then precipitated by adding a large amount
of ether (Scheme 1).


In the case of stearic acid, CN-HPLC (Cyano-column
used for high performance liquid chromatography)12


analysis showed the main peak (retention time at
10.0 min) accompanied by the existence of some impuri-
ties (2.1 and 8.4 min, Supplemental Fig. 1b). These
peaks were fractionated by HPLC, and analyzed by
MALDI-TOFMS (matrix-assisted laser desorption ion-
ization time-of-flight mass spectrometry, ABI Voyager-
DETM STR), giving an exact mass of m/z 2091, 2357
(Supplemantal Fig. 2a and 2b), and 2623 (Supplemental
Fig. 1a),13 which correspond to diamine, mono-acylated
product, and the desired products 1a, respectively (Sup-
plemental Figs. 1 and 2). In contrast, the synthesis of
conjugated lipopeptide attached with palmitoyl chain
(1b) as anchor domain proceeded very smoothly.14


HPLC analysis showed almost one peak, and MAL-
DI-TOFMS showed an exact mass of m/z 2568 M+H+


(Fig. 2a and b). In addition, 1H NMR analysis (JEOL
JMN-AL400) also showed the structure of 1b; for exam-
ple, the molar ratio of the TAT-peptide and palmitoyl
moiety showed the correct proton ratio of the ortho po-
sition on the tyrosine residue (2H as a characteristic sig-
nal of the peptide at 6.62 ppm) to the methyl signal at
0.84 ppm in the alkyl chain end (6H as characteristic sig-
nal of lipid) using an integration value of 1H NMR spec-
tra (Fig. 2c). The overall yield of 1b was greater than
80% based on the molar ratio of the amino group on
TGS-RAM resin.


The liposome containing 1b was then prepared. Com-
pound 1b was mixed with egg phosphatidylcholine
(11:89 molar ratios, 13 mmol) in chloroform, and lipid
thin film was formed by evaporation with recovery flask
and then dried in vacuo. Calcium- and magnesium-free
phosphate-buffered saline was added to lipid thin film
at a lipid concentration of 5 mg/mL, and suspended by







Figure 2. Identification of HIV-TAT peptide conjugated lipid analog


1b. (a) MALDI-TOFMS, (b) CN-HPLC, (c) 1H NMR, arrowhead and


arrow indicate methyl signal in alkyl chain and ortho position on


tyrosine, respectively.
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a vortex mixer. The lipid suspension was extruded
through polycarbonate membrane (100 nm pore,
Track-Etch membrane, Nuleopore) 21 times using an

Figure 3. Microscopic images of cellular uptake of Rh-PE labeled TAT-mo


Upper panel, optical image; lower panel, fluorescence image. Left, Untreated


right, Rh-labeled HIV-TAT-modified liposome. Cells were cultured on thin g


Carl ZEISS LSM510 MATE confocal laser microscopy equipped with 543 n

extruder (LiposoFast-basic, Avestin, Inc.), yielding the
peptide-modified liposome. The liposome showed
107 nm diameter with monodispersion (polydispersity
index = 0.07) and +15.8 mV of zeta-potential by dynam-
ic light scattering measurement (Zetasizer Nano ZS,
Malvern Instruments Ltd). The positive charge of the
peptide-modified liposome indicated the presence of ba-
sic peptide HIV-TAT on the liposome surface.


Cellular uptake of peptide-modified liposome was exam-
ined. African green monkey kidney fibroblast-like cell line
COS-7 (American type culture collection) was used, and
the liposome was labeled with 3 mol% of 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine-N-(lissamine rhoda-
mine B sulfonyl) (Rh-PE). The liposome was dispersed
in DMEM containing 10% FCS at 8.66 nmol/mL lipid
concentration and then added to cultured COS-7 cells.
After incubation for 1 h at 37 �C, the cells were inspected
by confocal microscopy. Only the cells incubated with
HIV-TAT peptide-modified liposome exhibited remark-
able fluorescence, and neither control liposome nor
untreated COS-7gave a positive indication (Fig. 3).


It has previously been reported that liposomes modified
with basic oligomer peptide are incorporated into living
cells through endocytosis and/or macropinocytosis.4 In
the present study, fluorescence was scattered in COS-7
cells, suggesting that liposomes are incorporated into
membranous organelles by basic peptide HIV-TAT
mediated cellular uptake.


In conclusion, a feasible and efficient method of novel
lipid analogs has been developed for functionalized lip-
osomes. Actually, these conjugated molecules with pep-
tide and lipid are easily incorporated into a lipid bilayer

dified liposome; 8.66 nmol/mL lipid concentration and 1 h incubation.


COS-7 cells; middle, incubated with Rh-labeled non-modified liposome;


lass. Liposome treated cells washed and directly observed in PBS using


m laser.
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by simple mixing with phospholipids, and they robustly
deliver liposomes into living cell. This method enables us
to generate functionalized liposomes with arbitrary
numbers and arbitrary sequences of peptide. Attitude
optimization of the peptide moiety will regulate lipo-
some function in a time- and environment-dependent
manner. We consider that this method could be applica-
ble to gene delivery, a tool of molecular biology, and
targeted DDS.
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Abstract—In search of new selective antagonists and/or agonists for the human melanocortin receptor subtypes hMC1R to hMC5R
to elucidate the specific biological roles of each GPCR, we modified the structures of the superagonist MT-II (Ac-Nle-c[Asp-His-DD-
Phe-Arg-Trp-Lys]-NH2) and the hMC3R/hMC4R antagonist SHU9119 (Ac-Nle-c[Asp-His-DD-Nal(2 0)-Arg-Trp-Lys]-NH2) by
replacing the His-DD-Phe and His-DD-Nal(2 0) fragments in MT-II and SHU9119, respectively, with Aba-Xxx (4-amino-1,2,4,5-tetra-
hydro-2-benzazepin-3-one-Xxx) dipeptidomimetics (Xxx = DD-Phe/pCl-DD-Phe/DD-Nal(2 0)). Employment of the Aba mimetic yielded
novel selective high affinity hMC3R and hMC3R/hMC5R antagonists.
� 2007 Elsevier Ltd. All rights reserved.

The a-melanocyte stimulating hormone (a-MSH, Ac-
Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-
Val- NH2) plays a role in a wide range of biological
responses like feeding behavior, pain modulation, learn-
ing behavior, pigmentation, sexual function, energy
homeostasis, and thermoregulation.1 In particular, the
human melanocortin 4 subtype receptor is an attractive
drug target because of its role in regulation of feeding
behavior.2,3 Design of selective hMC4R antagonists is
considered to have great potential for the treatment of
anorexia.4,5 The hMC3R on the other hand has been
shown to play a role in the physiological process of ener-
gy partitioning and body weight.6 Controlled modula-
tion of these receptors could lead to promising results
in the field of feeding disorders.


The principal pharmacophore groups of a-MSH were
found to be the side chains of the central tetrapeptide
His6-Phe7-Arg8-Trp9.7,8 Molecular modeling as well as

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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conformational analysis of a variety of cyclic analogues
led to the discovery of a superpotent lactam analogue
MT-II (Ac-Nle-c[Asp-His-DD-Phe-Arg-Trp-Lys]-NH2).9


This cyclic peptide analogue, first introduced by Al-Obe-
idi et al.9 was a very potent, but non-selective, agonist
for the human melanocortin receptor subtypes MC1R,
MC3R, MC4R, and MC5R. It also showed a very high
stability against all proteolytic enzymes and tissue
homogenates.9 Because of the lack in selectivity, finding
selective ligands for each of the four human melanocor-
tin receptors (hMC1R, hMC3R to hMC5R) was conse-
quently crucial for the determination of their individual
physiological roles. Development of selective melano-
cortin ligands can help to ascribe specific biological
functions for the corresponding receptor subtypes.


Several parameters of MT-II (e.g., ring size, introduction
of hydrophobic groups) were modified to design potent
and more selective peptide analogues.2,10,11 Recently,
Grieco et al. reported the influence of replacing the
His6 by Pro in MT-II, which resulted in retention of ago-
nist potency for most melanocortin receptors.11 Upon
substitution of His6 in SHU9119, a potent hMC3R/
hMC4R antagonist (Ac-Nle-c[Asp-His-DD-Nal(2 0)-Arg-
Trp-Lys]-NH2),12 by conformationally restricted amino
acids, selective antagonists for the hMC3R and hMC4R
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were discovered.13 In particular, several conformational-
ly constricted amino acids such as Tic, Oic, Aic, etc.,
were introduced and subsequently provided information
about well-defined conformational spaces.13 Upon sub-
stitution of His6 by Tic a potent hMC3R (IC50 = 6.7 nM)
and hMC4R (IC50 = 3.7 nM) antagonist was obtained.
This work along with that of others14–16 provided clear
evidence of the importance of position 6 for potency
and melanocortin receptor selectivity in analogues of a-
MSH.


The 4-amino-1,2,4,5-tetrahydro-2-benzazepin-3-one
scaffold (Fig. 1) has proven to be an excellent tool for
the design of novel peptide mimetics.17–22 Its qualities
can be described as two folded: (1) the scaffold can be
considered as a conformationally restricted Phe ana-
logue where the aromatic side chain is anchored to the
a-amine of the next residue by means of a methylene
bridge (dotted line);17 (2) on the other hand, one can
see the Aba template as a ‘privileged template’.23


In scaffold 1 only the g(+) (v1 = +60�) and trans
(v1 = 180�) staggered conformations are allowed for
the Ca–Cb bond. By applying this restraint bioactive
conformations can be fixed.17,18 Different substitution
patterns in 1 can induce the specific binding to certain
subtypes of receptors or enzymes, for example ACE
inhibitors,19 opioid receptors,20 B2 bradykinin recep-
tors,21 and farnesyl transferase inhibitors.22


Thus, replacement of the His6-DD-Phe7 dipeptide in
MT-II and His6-DD-Nal(2 0)7 in SHU9119 by Aba-DD-
Phe/Aba-pCl-DD-Phe and Aba-DD-Nal(2 0), respectively,
was expected to provide new structure–activity relation-
ships in the search for selective and potent ligands for
the hMC1–hMC5R.


All three a-amino protected dipeptomimetics Fmoc-
Aba-DD-Phe-OH 5a, Fmoc-Aba-pCl-DD-Phe-OH 5b, and
Fmoc-Aba-DD-Nal(2 0)-OH 5c were synthesized using a
previously reported methodology based on an intramo-
lecular benzazepinone ring formation (see Scheme 1).24


The depicted synthetic pathway starts from (S)-ortho-
cyano-phenylalanine 1, obtained through an asymmetric
phase transfer catalysis reaction.25 Using the phthaloy-
lating agent MSB (methyl 2-[(succinimidooxy)carbon-
yl]benzoate), it was possible to efficiently protect
amino acid 1.26 The conversion of the nitrile to the alde-
hyde 2 was realized in an acetic acid/water/pyridine mix-
ture with Raney nickel as catalyst in good yield. This

Figure 1. The 4-amino-1,2,4,5-tetrahydro-2-benzazepin-3-one (Aba)


scaffold.

compound served as a precursor for the Aba-DD-Xxx
dipeptomimetics 5a–c. Reductive amination of this
phthaloyl-protected o-formyl-Phe 2 with the corre-
sponding amino acid benzyl esters resulted in the sec-
ondary amines 3a–c, which were subsequently ring
closed with the activated carboxylic acids using DCC.
Removal of the benzyl-protecting moiety, followed by
phthaloyl-deprotection and final Fmoc-protection gave
Fmoc-Aba blocks 5a–c. These were building blocks in
the synthesis of the new MT-II and SHU9119 analogues
using Fmoc solid-phase peptide synthesis.36


Molecular modeling proved to be very useful in the de-
sign of these hybrid peptides of MT-II and SHU9119.
This study employed Macromodel 9.1, with the OPLS
2005 force field and a MCMM/LMCS (Monte Carlo
Multiple Minima/Low Frequency Mode) conformation-
al search method.27 We overlapped the NMR structure
of the cyclic lactam a-MSH analogue MT-II28 with the
global minima of Aba-2 (Ac-Nle-c-[Asp-Aba-DD-Phe-
Arg-Trp-Lys]-NH2), Aba-3 (Ac-Nle-c-[Asp-Aba-pCl-DD-
Phe-Arg-Trp-Lys]-NH2) and Aba-4 (Ac-Nle-c-[Asp-
Aba-DD-Nal(2 0)-Arg-Trp-Lys]-NH2), and concluded that
the backbone overlap was very good (RMSD = 1.53,
1.01, and 0.99 Å, respectively; non-hydrogen backbone
pharmacophore atoms only) (see Fig. 2). It is evident
that the backbone conformations of all three Aba pep-
tides are remarkably similar. Moreover, the Aba-bearing
peptidomimetics preserve the amphiphilic character for
the message sequence (Aba-Xxx-Phe-Arg-Trp), a prop-
erty occurring in most of the high affinity ligands for
hMC1-, hMC3-, hMC4-, and hMC5R, needed for favor-
able interactions with the melanocortin receptors.28 The
hydrophobic part, bearing the side chains of Aba, DD-
Xxx and Trp, is on one face, and the hydrophilic coun-
terpart, consisting of the side chain of Arg, is oriented
away from the aromatic moieties.


The calculated dihedral angles for the Aba-Xaa block
loosely fit the criteria for a type IV b-turn, as defined
by Scheraga and co-workers,29 although examination
of the Ca(i)–Ca(i + 3) distances reveals that they are
larger than the Ca Asp5-Arg8 distance in MT-II (Aba-
2 = 6.54 Å, Aba-3 = 7.41 Å, Aba-4 = 7.39 Å, and MT-
II = 5.28 Å), and are outside the cut off value of 7 Å usu-
ally used to define a b-turn structure.29 The distances be-
tween the CO group of Asp5 and the NH group of Arg8


(Aba-2, 2.70 Å; Aba-3, 3.71 Å; Aba-4, 3.71 Å; MT-II,
3.58 Å) are also too large to expect a stable hydrogen
bond between these groups. These observations are in
accordance with our earlier reports on structural com-
parison of the b-turn-inducing properties of Aba with
those of the so-called Freidinger lactams,30 as we found
that only its spirocyclic derivative is capable of inducing
a b-turn conformation in an Ac-spiro-Aba-Xxx-NHMe
model25 or upon introduction in a biologically active
peptide hormone like bradykinin.21 The introduction
of this Aba-moiety also clearly avoids the typical stack-
ing between the side chains of residues 6 (His) and 7 (DD-
Phe), which can be seen for MT-II (red) in Figure 2.


Nevertheless, introduction of the Aba block into the
MT-II structure resulted in largely preserved pharmaco-







Figure 3. Overlap between the pharmacophore groups of MT-II and


Aba-2.


Scheme 1. Synthetic pathway for the Aba-Xxx-dipeptomimetics 5a–c.


Figure 2. Overlap of Aba-2 (blue), Aba-3 (yellow), Aba-4 (orange), and


MT-II (red).40
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phore topography (Fig. 3), which was expected to lead
to good molecular recognition and high binding affinity
to the hMCRs. Another aspect rising from these model-
ing studies was the fact that the g(+) conformation of
the side chain of DD-Phe was retained, analogously with
MT-II.


The affinity for the Aba-containing linear and cyclic lac-
tam analogues of MT-II Aba-1–Aba-3, as well as the
cyclic SHU9119 analogue Aba-4 was evaluated by com-
petition binding experiments carried out using HEK293
cells stably expressing the human MC1, MC3, MC4,
and MC5 receptors. The binding affinities, expressed
as IC50 values, are represented in Table 1.37–39


Introduction of the Aba-DD-Phe dipeptidomimetic in the
linear sequence of MT-II (Aba-1) resulted in no binding

to the melanotropin receptors up to a concentration of
10 lM. This observation suggests that the Aba mimetic
alone cannot induce structural features necessary for
binding, such as a b-turn, and needs to be used in conjunc-
tion with a global conformational constraint. The cyclic
lactam analogue Aba-2 was found to show a good binding
affinity for the hMC3R (IC50 = 50 nM) and a weak affin-
ity for hMC5R (IC50 = 2.9 lM). No cAMP stimulation
could be detected leading to the conclusion that these data
are consistent with Aba-2 being a selective hMC3R antag-
onist (200-fold selective against the hMC4R, and about
60-fold selective against the hMC5R).


Halogenation of the para-position of DD-Phe7 with F or
Cl typically enhances agonist activity at the hMCRs,12,31







Table 1. Names/sequences, binding-, activity-, and MPE values of Aba-peptidomimetics versus MT-II35–37


Name Sequence hMC1R hMC3R hMC4R hMC5R


IC50


(nM)


EC50 (nM) Max


effect (%)


IC50


(nM)


EC50


(nM)


Max effect


(%)


IC50


(nM)


EC50


(nM)


Max


effect (%)


IC50


(nM)


EC50 (nM) Max effect (%)


Aba-1 Ac-Nle-Asp-


Aba-DD-Phe-


Arg-Trp-Lys-


NH2


>10,000 >10,000 0 >10,000 >10,000 0 >10,000 >10,000 0 >10,000 >10,000 0


Aba-2 Ac-Nle-c[Asp-


Aba-DD-Phe-


Arg-Trp-Lys]-


NH2


>10,000 >10,000 0 50 ± 6 >10,000 0 >10,000 >10,000 0 2,900 ± 300 >10,000 0


Aba-3 Ac-Nle-c[Asp-


Aba-p-Cl-DD-


Phe-Arg-Trp-


Lys]-NH2


>1,000 900 ± 100 60 29 ± 3 >1,000 55 2,000 ± 200 3,200 33 123 ± 13 180 ± 20 45


Aba-4 Ac-Nle-c[Asp-


Aba -DD-Nal-


Arg-Trp-Lys]-


NH2


580 ± 70 >2,500 60 43 ± 5 >10,000 0 1700 ± 200 >10,000 0 87 ± 10 >10,000 0


MT-II Ac-Nle-c[Asp-


His-DD-Phe-Arg-


Trp-Lys]-NH2


0.2 ± 0.01 0.3 ± 0.04 100 1.25 ± 0.2 1.85 ± 0.2 100 1.07 ± 0.3 2.87 ± 0.52 100 7.47 ± 0.23 3.3 ± 0.7 100


IC50, concentration of compound at 50% specific binding. Values are means of three experiments; standard deviation is given.37


EC50, effective concentration of compound that was able to generate 50% maximal intracellular cAMP accumulation. Compounds were tested at a range of concentrations from 10�10 to 10�5 M.38
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and some weak agonist activity was indeed observed at
all receptor subtypes for Aba-3, which bears a pCl-DD-
Phe at position 7. In addition, this substitution resulted
in somewhat improved binding affinities to all four
receptor subtypes. The Aba-DD-Nal(2 0) analogue Aba-4
displayed high affinity hMC3R and hMC5R antagonist
properties (IC50 = 43 and 87 nM, respectively), and a
weak binding affinity to the hMC4R (IC50 = 1.7 lM),
a weak partial agonist activity for the hMC1R
(EC50 = 2.5 lM, 60% max cAMP).


The observed lack of agonist activity points to possible
steric interference from Aba, analogous to the effect
of replacing His6 residue in cyclic a-MSH with bulky
Nle, recently presented by Mayorov et al.32 Their report
also describes markedly similar biological profiles
of Nle6 peptides, as the hMC3/4R agonist VJH085
(cyclo(5b! 10e)-[succinyl5-His6-DD-Phe7-Arg8-Trp9-Lys10]-
NH2) was thereby converted into a hMC3/4R antagonist
(cyclo(5b! 10e)-[succinyl5-Nle6-DD-Phe7-Arg8-Trp9-Lys10]-
NH2), with a significant decrease in binding affinities
(IC50 = 84 and 930 nM, respectively). The Nle6,
DD-Nal(2 0)7 analogue (cyclo(5b! 10e)-[succinyl5-Nle6-
DD-Nal7-Arg8-Trp9- Lys10]-NH2) was also reported to
display hMC3R/hMC5R antagonist properties (IC50 =
12 and 17 nM, respectively).32 Notably, the hMC3/5R
antagonism was also observed in cyclic Nle4, DD-
Nal(2 0)6-c-MSH analogues and was hypothesized to be
linked to steric hindrance of Arg7 binding space with
Nle4.27 It seems plausible that the steric effects of Aba
are responsible for the hMC3R and hMC3/5R antago-
nist properties of the Aba peptides described in this
report. Alternatively, the structural deviations of the
Aba-Xaa blocks from the type II b-turn structures
found in potent melanocortin agonists28 may indicate
the significance of type II b-turns for melanocortin ago-
nist activity. The unique conformational features of Aba
may also account for the enhanced receptor selectivity
displayed by these peptides.


Molecular modeling experiments40 have suggested that
the unique conformational properties of Aba mimetics
can be used to design and obtain novel melanotropin
peptides with significantly enhanced receptor selectivity.
The peptide design was based on the MT-II/SHU9119
cyclic lactam template, where the His6-Xaa7 residues
were replaced with Aba-Xaa block. The Fmoc-dipepti-
domimetics 5a–c were prepared in facile manner using
a previously reported method, which was based on a
reductive amination/cyclization sequence. The cyclic lac-
tam a-MSH analogues Aba-2–Aba-4 were synthesized
by Na-Fmoc solid-phase methodology. Competition
binding experiments, combined with the adenylate cy-
clase assay, were used to evaluate the activities of these
peptides at the human melanotropin receptors to reveal
new highly selective high affinity hMC3R antagonist
(Aba-2) and an hMC3R/hMC5R antagonist (Aba-4).
These results, in conjunction with earlier SAR work
on cyclic a- and c-MSH analogues, suggest that the
unique conformational and sterical attributes of the
Aba mimetic may be responsible for the observed
antagonist activities, and high hMC3R receptor
selectivity against the hMC1R and hMC4R. The newly

developed melanotropin peptides will be used to clarify
the exact biological functions of the physiologically
important melanocortin-3 receptor.
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48 h before assay (50,000 cells/well). For the assay, the
cell culture medium was removed and the cells were
rinsed with 100 lL MEM buffer (Gibco). An aliquot
(100 lL) of the Earle’s balanced salt solution with 5 nM
isobutylmethylxanthine (IBMX) was placed in each well
along for 1 min at 37 �C. Next, aliquots (25 lL) of
melanotropin peptides of varying concentrations were
added, and the cells were incubated for 3 min at 37 �C.
The reaction was stopped by aspirating the assay buffer
and adding 60 lL ice-cold Tris/EDTA buffer to each well,
then placing the plates in a boiling water bath for 7 min.
The cell lysates were then centrifuged for 10 min at 2300g.
A 50 lL aliquot of the supernatant was transferred to
another 96-well plate and placed with 50 lL [3H]cAMP
and 100 lL protein kinase A (PKA) buffer in an ice bath
for 2–3 h. The PKA-buffer consisted of Tris/EDTA-buffer
with 60 lg/mL PKA and 0.1% bovine serum albumin by
weight. The incubation mixture was filtered through
1.0 lm glass fiber filters in MultiScreenTM-FB 96-well
plates (Millipore, Billerica, MA). The total [3H]cAMP
was measured by a Wallac MicroBeta TriLux 1450 LSC
and Luminescence Counter (Perkin-Elmer Life Science,
Boston, MA). The cAMP accumulation data for each
peptide analogue were determined with the help of a
cAMP standard curve generated by the same method as
described above.


39. IC50 and EC50 values represent the mean of two experi-
ments performed in triplicate. IC50 and EC50 estimates
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and their associated standard errors were determined by
fitting the data using a nonlinear least squares analysis,
with the help of GraphPad Prism 4 (GraphPad Software,
San Diego, CA).


40. Molecular modeling experiments employed Macromodel
9.1 equipped with the Maestro 7.5 graphical interface

(Schrödinger, LLC, New York, NY, 2005) installed on a
Linux Red Hat 9.0 system, and were performed as
previously described using the OPLS 2005 force field.27


The superpositions of peptide structures were performed
using the a-carbons of the core sequence Xaa-DD-Phe/DD-
Nal(2 0)-Arg-Trp.
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Abstract—A series of compounds was rationally designed as inhibitors of dimer formation of the inducible isoform of nitric oxide
synthase, and subsequent nitric oxide production. The conformation of two fragments obtained from a crystal structure was utilized
to design a tether connecting those same two fragments. The resulting compounds were potent dimerization inhibitors that bound to
the enzyme in a similar conformation as the fragments.
� 2007 Elsevier Ltd. All rights reserved.

Inducible nitric oxide synthase (iNOS) has been impli-
cated in a variety of immunological diseases such as
multiple sclerosis and rheumatoid arthritis. Two consti-
tutive nitric oxide synthase (NOS) isoforms have been
identified, endothelial and neuronal NOS (eNOS and
bNOS, respectively) which are important for normal
function. The search for a selective inhibitor of iNOS
has been a priority within the industry and the work
addressing a specific enzyme inhibitor has been diffi-
cult.1 We and others have described work, leading to
inhibitors of nitric oxide (NO) production, that does
not lead directly through enzyme inhibition, but results
by not allowing the enzyme to adopt the active dimeric
form.2,3
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In our previous report, we described the optimization of


a series of imidazolepyrimidines and the discovery of 1,
with an IC50 of 0.2 nM in a whole cell assay.4 The crystal
structure of this inhibitor and the murine iNOS mono-
meric oxygenase domain (iNOS D114) in a complex
was discussed. The imidazole binds directly with the iron
and the compound loops back to position the benzodi-
oxolane moiety over the porphyrin. In fact, the soaking

Figure 1. Crystal structure of 4-(imidazol-1-yl)phenol and piperonyl-


amine overlapping (gold carbon atoms, PDB entry 2ORQ) with 1 and


bound to murine iNOSD114 (green carbon atoms, PDB entry 2ORO).
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Scheme 1. Reagents and conditions: (i) Sesamol, Cs2CO3, DMSO,


50 �C, 18 h; (ii) 4-(imidazole-1-yl)phenol, Cs2CO3, DMSO, 90 �C, 18 h.
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Scheme 2. Reagents and conditions: (a) (i)HCl, EtOH, 0 �C; (ii)NH3,


EtOH; (iii)diethyl malonate, sodium methoxide, EtOH, reflux, 5 h; (b)


POCl3, N,N-diethylaniline, 45 �C, 3 h; (c) (i)4-(imidazole-1-yl)phenol,


K2CO3, DMSO; (ii)amine, DMSO, 40 �C, 24 h.


Table 1. Inhibition of NO production in A172 cells7
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Compound X Y Z R A172 (nM) IC50


2a N CH CH H 78


2b N CF CF CH3 450


2c N CH N H 55
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of the two key fragments in the form of 4-(imidazole-1-yl)-
phenol and piperonylamine gave a very nearly identical
orientation (Fig. 1). A superposition of the two struc-
tures shows that the two fragments overlap with 1, bind-
ing in the murine iNOS monomer active site. The
arylimidazole moieties overlap nearly completely, while
the benzodioxolanes occupy the same space, but are
slightly out of plane from one another. The adopted
conformation of these two fragments within the enzyme
suggested some alternative structures that would inter-
act in a similar manner and potentially disrupt the pro-
tein–protein interaction critical for the dimerization
process and subsequent activation of the enzyme
(Fig. 2). As we wanted the two fragments to be present-
ed to the enzyme in a U-shape, our initial attempts fo-
cused on a central template we had used in the past to
present functionality in a very similar fashion, 2,6-disub-
stituted heterocycles.5


The compounds with both aromatic groups attached
through a heteroatom were prepared by standard meth-
ods (Scheme 1).6 Sequential reaction of the appropriate-
ly substituted phenols with the appropriately substituted
difluoropyridine or dichloropyrimidine gave the diphen-
oxyheterocycle. Addition to the pyrimidines typically
gave mixtures that were sometimes difficult to separate.


The pyrimidines with one of the aromatic groups at-
tached through a methylene were prepared through the
corresponding pyrimidine (Scheme 2). The nitrile of
3,4-(methylenedioxy)phenylacetonitrile was converted
to the amidine. Reaction of the amidine with diethyl
malonate gave the dihydroxypyrimidine, which was
reacted with phosphorus oxychloride to give the dichlo-
ropyrimidine. Sequential displacement of the chlorides
gave the desired compounds.


Compounds were assayed for inhibition of iNOS in a
whole cell assay using human A172 cells induced with
cytokines, which has been described previously.4,7 NO
formation was monitored spectrophotometrically with
the Griess reagent. The A172 data in the tables refer
to the IC50 determination as an average of at least two
separate experiments.


The initially prepared compounds showed good activity
(Table 1). The unsubstituted pyridine, 2a, had an IC50 of
78 nM. Additional substitution of the pyridine, as in 2b,
was detrimental. Pyrimidines were also investigated as
the central core and as long as one of the key substitu-
ents was straddled by a nitrogen (2c–e), similar potency
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Figure 2. Initial compound design hypothesis.


2d N CH N CH3 90


2e N N CH H 74


2f CH N N H >10,000


2g N CCH3 N H 130

was realized. The single 4,6-disubstituted compound, 2f,
was inactive. Placement of a hydrogen between the
two aromatic moieties may make the U-shaped confor-
mation less favorable. Unlike the pyridine, additional
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substitution of the pyrimidine gave a compound with
similar activity (2d).


In our earlier work on analogously substituted pyridines
for Factor Xa,5 we had found that the analogs that pre-
sented the binding substituent in the para position, as is
the imidazole, tended to be suboptimal from a potency
perspective, presumably due to an inability to best place
a substituent. In contrast, the 3-substituted compounds
on rotation could adopt a wider range of conformations
and were more potent. Preparation of a compound in
this case, 3, showed this not to carry over in this exam-
ple, as the compound did not attain an IC50 at 10 lM.


NO O


O
O N N


3


When the structures of the fragments are overlapped
with 2c, the overlap of the benzodioxolane moiety is
not as good as that of the previously reported com-
pound 1 (Fig. 3). This is consistent with the experimen-
tal results, as the activity difference between 2c and 1 is
approximately two orders of magnitude. The overall
structure is similar with the imidazole binding to the
iron and the benzodioxolane positioned over the por-
phyrin. Comparing the structure of 2c to the two inde-
pendent fragments, the imidazole overlaps well, but
the planes defined by the phenyl and the imidazole rings
are further from planarity (6� vs 13� for the dihedral an-
gle between the imidazole and phenyl rings). The benzo-
dioxolane is in the same area over the porphyrin, but the
conformation is different. Whereas the planes defined by
the benzodioxolane and phenyl of the two fragments are
closer to perpendicular (the angle between the plane nor-
mals is 65.1�), in 2c they are closer to parallel (35.2�).

Figure 3. Crystal structure of 4-(imidazol-1-yl)phenol and piperonyl-


amine (PDB entry 2ORQ) overlapping with 2c bound to murine


iNOSD114 (PDB entry 2ORR).

These two conformational differences may contribute
to the decrease in activity. Additional differences, substi-
tution on the pyrimidine and position of the pyrrolidine,
may also contribute to the increase in activity of com-
pound 1.


Taking into account the structural information and the
SAR of 1, we tried to effect the dihedral angle of the phe-
nyl and imidazole ring by introducing substitution on
the phenyl (Table 2). Addition of a small substituent,
such as fluoride (4a), gave a compound with similar
activity, and a larger substituent, trifluoromethyl (4c),
gave slightly less activity than the hydrogen substituted
compound, 2d. The intermediate chloride (4b) gave the
most active compound in the series.


To circumvent the chemical selectivity problem associat-
ed with the pyrimidine synthesis, an alternate set of
compounds was prepared, in which an aromatic moiety
was attached to the central template by a carbon
(Table 3). In addition, water-solubilizing groups could
be added in the 6-position of the pyrimidine to modulate
lipophilicity as the second chloride could be displaced
and the crystal structure did not indicate any detrimen-
tal steric interactions. Unfortunately, significant activity
was lost with chloro substituted analog, 5a. This loss of
activity was surprising in light of the activity of 2e and
2g. The addition of nitrogen-containing substituents
brought back some of the activity.

2d H 90


4a F 92


4b Cl 19


4c CF3 220


Table 3. Inhibition of NO production in A172 cells7
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Compound R A172 (nM) IC50


5a Cl >10,000


5b Morpholine 830


5c N(CH3)(CH2)3N(CH3)2 220







2508 M. Whitlow et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2505–2508

Although we assumed these compounds were acting as
dimerization inhibitors, we had no data to differentiate
them from direct enzyme inhibitors. Compound 2c
was assayed in standard human enzyme assays8 and
found to have very low activity (>70 lM) against the
inducible isoform, certainly not sufficient to explain
the activity in the whole cell assay. No activity against
either bNOS or eNOS was observed at 100 lM in the
corresponding assays.


In summary, we have identified compounds that potent-
ly inhibit nitric oxide formation by cytokine induced
A172 cells. The compounds were designed by first
obtaining a crystal structure of the key fragments bound
in the enzyme. A tether was designed that could induce a
similar conformation of the two substituents. Although
the compounds could be further modified, an alternate
tether was identified that had significant advantages
and is reported in the subsequent communication.9
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Abstract—Three new pseudo-symmetrical tamoxifen derivatives, RID-B (15), C (16), and D (17), were synthesized via the novel
three-component coupling reaction, and the structure–activity relationships of the pseudo-symmetrical tamoxifen derivatives were
examined. It was discovered that 15 strongly inhibits the viability of HL-60 human acute promyelocytic leukemia, whereas 16 pos-
sesses medium activity against the cell line and 17 has no effect on the cell viability. The agarose gel electrophoresis for DNA cleav-
age showed the cell death might be induced by apoptosis.
� 2007 Elsevier Ltd. All rights reserved.

Tamoxifen (1, Fig. 1),1 the early generation of SERMs
(selective estrogen receptor modulators), has been used
as the first-line agent for the treatment of estrogen-
dependent breast cancer since the 1970s. Accumulative
risk-benefit assessment of tamoxifen therapy and com-
parative studies of 1 and other new types of drugs also
established its efficacy and safety. Therefore, the devel-
opment of an expeditious synthetic route for producing
new tamoxifen-type drugs followed by the systematic
studies of their biological activities is significantly
required. In this communication, we report a novel
short-step synthesis of a new class of anti-cancer agents,
which are pseudo-symmetrical tamoxifen derivatives, via
the three-component coupling reaction, and their
cytotoxic activity against HL-60 cancer cells.


Recently, we have established a novel three-component
coupling reaction among aromatic aldehydes, cinnamyl-
trimethylsilane (4), and aromatic nucleophiles in the
presence of a Lewis acid catalyst.2 Furthermore, we
reported that the sequential one-pot allylation and
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Friedel–Crafts type alkylation reaction can be effectively
applied to the preparation of 1 and its halogenated
derivatives.3 The coupling reaction of benzaldehyde,
cinnamyltrimethylsilane (4), and anisole promoted by
1 equivalent of HfCl4 and 50 mol% of TMSOTf at
room temperature afforded 3,4,4-triarylbutene 5, which
is the basic skeleton of the tamoxifen derivatives, in a
satisfactory yield (Scheme 1). The coupling reaction
also proceeded using 3-pivaloyloxybenzaldehyde and
b-chlorophenetole as a second nucleophile, which
implemented a new route to droloxifene (2), one of
3-hydroxytamoxifen derivatives, through only three
steps.4

Figure 1. Structures of tamoxifen (1) and droloxifene (2).
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Scheme 1. Reagents and conditions (for X = H): (a) 4, HfCl4 (1 equiv),


TMSOTf (50 mol%), anisole, rt, 2 h, 57%; (b) t-BuOK, DMSO, rt,


15 min, 96%; (c) BBr3, CH2Cl2, �78 �C, 2 h, 98%; (d) 8, NaH, DMF,


50 �C, 30 min, 95% (Z/E = 54:46); (e) TfOH, CH2Cl2, 0 �C, 3 h (51% of


1, 46% of 1 0).


Scheme 2. Reagents and conditions: (a) 4, HfCl4 (1 equiv), anisole, rt,


2 h, 78%; (b) t-BuOK, DMSO, 90 �C, 1 h, 93%; (c) BBr3, CH2Cl2, 0 �C,


2 h, 86%; (d) NaH, 12, DMF, 50 �C, 30 min, 84% (for 15); NaH, 13,


DMF, 50 �C, 30 min, 95% (for 16); NaH, 14, DMF, 50 �C, 30 min,


95% (for 17).
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Based on the preliminary results for the synthesis of
tamoxifen (1) and droloxifene (2), the coupling reaction
among 4-pivaloyloxybenzaldehyde (9), cinnamyltri-
methylsilane (4), and anisole was carried out for the
preparation of pseudo-symmetrical tamoxifen analogues
(Scheme 2). The three-component coupling reaction
smoothly proceeded in the presence of a stoichiometric
amount of HfCl4 at room temperature to afford the cou-
pling product 10 in high yield. Bisphenol 115 was pre-
pared from 10 by heating with an excess amount of
t-BuOK in DMSO via the base-catalyzed double-bond

migration reaction and successive deprotection of the
O-methyl group by BBr3 in CH2Cl2 at 0 �C. Next, 11
was treated with 60% NaH followed by an excess
amount of 2-pyrroridinoethylchloride hydrochloric acid
salt (12), 2-piperidinoethylchloride hydrochloric acid
salt (13), or 2-morphorinoethylchloride hydrochloric
acid salt (14) in DMF to afford the novel tamoxifen
derivatives, RID-B (15),6 RID-C (16),7 or RID-D
(17),8 respectively.


It is well known that E-isomer of tamoxifen is not anti-
estrogenic but functions as an estrogen agonist,
although (Z)-tamoxifen is effective in treating estrogen-
dependent breast cancer. Therefore, the efficiency of
the synthesis of tamoxifen derivatives usually depends
on the stereoselectivity of the olefination step to gener-
ate the desired Z-isomer; however, it is not required to
use stereogenic reactions to produce the pseudo-symmet-
rical system included in 15, 16, and 17.


Next, the potency of the anti-tumor activities of 15, 16,
and 17 was assessed in this study. In order to evaluate
the anti-tumor activities of these newly prepared com-
pounds against HL-60 human acute promyelocytic leu-
kemia, we tried to determine the efficiency of the
pseudo-symmetrical compounds decreasing the cell via-
bility by MTT assay, a method of determining cell death
by measuring the mitochondrial succinic dehydrogenase
activity. Furthermore, it was examined whether this cell
death was due to apoptosis or necrosis by agarose gel
electrophoresis for oligonucleosomal DNA cleavage.9


We first investigated the effects on the viability of the
HL-60 cells treated with 15, 16, and 17 at various concen-
trations for 0–6 h (Fig. 2). RID-B (15) in the final concen-
trations of 5, 7.5, and 10 lM decreased the cell viability in
a time-dependent manner. A 6-h incubation with 5, 7.5,
and 10 lM final concentrations of 15 inhibited the cell
viability in more than 90% as measured by the MTT assay.
RID-C (16) in 7.5 and 10 lM concentrations also
inhibited the cell viability in more than 80% after a 6-h
treatment. Contrarily, RID-D (17) showed no effect on
the viability of the HL-60 cells after 6 h. Among them,
15 and 16 clearly induced, dose-dependently, cell death
to a greater extent than 17 as shown in Figure 2. Although
15 and 16 have strong cytotoxic activity inducing
apoptosis of the HL-60 cells, 17 including morpholine side
chain shows no activity on the same cells; therefore, it is
indicated that oxygen in morpholine side chain varied
cytotoxic characters of 15 and 16 to non-cytotoxic by
lowering its basicity.10 The specific moieties as well as
the hydrophobicity derived from the long alkyl side chain
might be both important for the strong cytotoxic activity
against the HL-60 cells.


The effect of tamoxifen itself on growth of the HL-60
human cell line was measured by the MTT assay at
5 lg/mL after a 4-h incubation. The final growth rate
of the cells was inhibited to be ca. 50% content
compared with the growth rate at 0 h. On the other
hand, the biological activity of 5 lg/mL 15 is very strong
to inhibit the cell viability in more than 90% after 4 h
under the same conditions.







Figure 2. Effects of RID-B (15), C (16), and D (17) on growth of cells.


Time-dependent effects of 15, 16, and 17 on HL-60 cells were measured


by the MTT assay. Data are expressed as growth rate (growth rate has


shown that absorbance of formazan at 0 h was 1.0), and error bars


show SD (n = 5). HL-60 cells were treated at the following four


different final concentrations: 2.5, 5, 7.5, and 10 lM, respectively.


Figure 3. Results of determination of the nature of the cell death assay


of pseudo-symmetrical tamoxifens for 6 h [for only medium (lane 1),


tamoxifen (lane 2), RID-B (15) (lane 3), RID-C (16) (lane 4), ethanol


(lane 5), or actinomycin D (lane 6)].
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The median growth-inhibitory concentrations (IC50s)
against the HL-60 cells after a 6-h incubation with 15
and 16 were as follows: 3 and 5 lM final concentrations,
respectively. Furthermore, the IC50 of 15 after a 3-h
treatment was a 4 lM final concentration. We also
determined the IC50s by neutral red assay. Neutral red
solution is taken through the cell membrane by living
cells and accumulated in the lysosomes, whereas MTT
is a substrate for mitochondrial succinic dehydrogenase.
The IC50s determined by the neutral red assay were low-
er than those determined by the MTT assay for almost
all of the tested compounds, however, the two most
effective products were still 15 and 16. On the basis of
these results, we selected these two pseudo-symmetrical
compounds 15 and 16 for further examinations.


To clarify whether the two products (15 and 16) induced
cell death by apoptosis or necrosis, we found evidence ob-
tained by agarose gel electrophoresis for the oligonucleos-
omal DNA cleavage after treatment of the HL-60 cells

with a 9 lM final concentration of any of the compounds
(Fig. 3). The HL-60 cells were treated with 15 (lane 3), 16
(lane 4), and with only medium, tamoxifen, ethanol, or
actinomycin D as the controls (lanes 1, 2, 5, or 6, respec-
tively). The cell death assay of all molecules was carried
out for 6 h although the time required for the DNA frag-
mentation clearly varied for each tested sample.


DNA fragmentation was observed after treatment of the
HL-60 cells with the pseudo-symmetrical compounds 15
and 16 using the chromatin DNA analysis, and the
DNA ladder patterns of 15 (lane 3) and 16 (lane 4) are
similar to that of tamoxifen (lane 2). Recently, it has
been reported that tamoxifen and some derivatives such
as nafoxidine induce apoptosis in HL-60 leukemic
cells;11 therefore, these results support the conclusion
that 15 and 16 induced cell death by apoptosis.


In summary, we developed the effective synthesis of the
new pseudo-symmetrical tamoxifen derivatives RID-B
(15), C (16), and D (17) from very simple molecules in four
steps. Although 17 (involving morpholine part) does not
have any biological activity in the MTT assay, 15 (involv-
ing pyrrolidine moiety) and 16 (involving piperidine
moiety) showed significant anti-tumor activities. The
latter two compounds 15 and 16 might be potent candi-
dates as anti-tumor agents with different modes of action
from existing drugs for cancer treatment. It was also dis-
covered that the time-dependent activity of 15 is superior
to that of 16 as shown in Figure 2. The synthesis of other
derivatives and further studies of the anti-tumor activities
of these new entries as pseudo-symmetrical tamoxifen
agents are now in progress.
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Abstract—Various nature-mimicking pyranones such as 6-(2,5-dimethylfuran-3-yl)-pyran-2-one and 6-(furan-2-yl)-pyran-2-one
derivatives were synthesized and evaluated for their in vivo antihyperglycemic activity in sucrose-loaded streptozotocin-induced dia-
betic rat model. Five of the test compounds showed significant lowering of plasma glucose level in STZ-S model.
� 2007 Elsevier Ltd. All rights reserved.

Type 2 diabetes is characterized by high level of blood glu-
cose, insulin and impaired insulin action.1 The remedies
available in modern system of medicine for the treatment
of type 2 diabetes patients have been focused on dietary
management of obesity2 to improve insulin sensitivity,
sulfonylureas3 to enhance insulin secretion, metformin4


to inhibit hepatic glucose output, and acarbose5 to inhibit
or reduce the rate of glucose absorption from the gut. In
current scenario, the treatment of type 2 diabetes has been
revolutionized with the advent of thiazolidinedione
(TZD) class of drugs (rosiglitazone, pioglitazone) that
ameliorate insulin resistance and thereby normalize ele-
vated blood glucose levels,6 but are associated with hepa-
totoxicity, weight gain, and edema.7 The alarming
situation emphasized the need to discover new antihyper-
glycemic agents with reduced or no hepatotoxicity. One
such alternative is to explore antidiabetic leads from tra-
ditional sources, identify a pharmacophore-based scaf-
fold, which not only retain blood sugar lowering activity
but are also known as hepatoprotectants.


Several indigenous medicinal plants of family Meni-
spermaceae have been used as a tonic, vitalizer, and as
traditional remedies for the treatment of metabolic dis-
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orders.8 Studies have shown that aqueous and alcoholic
extracts of Tinospora cordifolia Miers had caused reduc-
tion in fasting blood glucose level and increased glucose
tolerance in albino rats.9 Aqueous and alcoholic extracts
of T. cordifolia have shown reduction in blood sugar in
alloxan-induced hyperglycemic rats and rabbits. The
chief constituents of the extracts of T. cordifolia were
diterpenoid lactones, furanoid diterpene glucoside
(Fig. 1, I and II), sesquiterpenoids, many of them pos-
sessing 6-(furan-3-yl)-2-pyranone skeleton.10 Naturally
occurring 2-pyranones functionalized at position 6 with
a furan moiety in flexible or rigid conformations, partic-
ularly achrocarpins (III), are the core skeleton found in

Figure 1. Naturally occurring (furan-3-yl)-2-pyranones (I–III) and


(furan-2-yl)-2-pyranones (IV).
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Scheme 2. Reagents and conditions: (i) KOH, DMSO, rt; (ii) PPA,


100 �C; (iii) secondary amine, methanol, reflux.
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several natural products of biological importance.11


Molecules embedded with this scaffold have demon-
strated diverse interesting activities such as antifungal,
antioxidant, anticancer, antidiabetic, etc. In addition,
2-pyranones with furan moiety (IV) have been isolated
from fruit bodies of the fungus Ganoderma lucidum,
which is an important constituent of a traditional Chi-
nese drug ‘Lin-Chi’ used in the treatment of mild ail-
ments and to promote good health.12 Studies have also
shown that polysubstituted 2-pyranones possess signifi-
cant hepatoprotective activity. Ram et al.13 found that
6-furanyl-2-pyranones exhibited 71% and 72% protec-
tion in serum glutamate oxaloacetate transaminases
(SGOT) and serum glutamate pyruvate transaminases
(SGPT), respectively, in rats at 6 mg/kg (po · 7 days).
Such informations on furanyl-2-pyranones provided a
template for designing new antihyperglycemic agents
with hepatoprotective action. Thus, we envisaged that
synthesis of repertoire of nature-like 2-pyranones func-
tionalized at position 6 with a furan moiety would be
an interesting scaffold to examine the antihyperglycemic
activity.


Herein we report synthesis and in vivo antihyperglyce-
mic activity of nature-mimicking 6-(furan-3-yl)-2-pyra-
none and 6-(furan-2-yl)-2-pyranone derivatives in
sucrose-loaded streptozotocin-induced (STZ-S) diabetic
model.


Limited synthetic methodologies are available for the
preparation of furanyllactones. The most common ap-
proaches for the synthesis of furanyl-2-pyranone core
skeleton include aldol condensation14 of 3-furaldehyde
and enol silanes or enolates of substituted cyclohexa-
nones and lewis acid catalyzed aldol reactions of 1-trim-
ethylsilyloxycyclohexene with 1-(3-furanyl)-2-nitro-1-
propene followed by Baeyer–Villiger oxidation.15 Our
approach for the preparation of functionalized 6-(fur-
an-3-yl)-2-pyranones (3, 4, 5) is depicted in Scheme 1.
The ketene dithioacetal16 1 used as a parent precursor
was conveniently prepared by methyl cyanoacetate, car-
bon disulfide, and methyl iodide in presence of a base in
good yield. In order to prepare (furan-3-yl)-2-pyranon-
es, a reaction of ketene dithioacetal 1 and 1-(2,5-dim-
ethylfuran-3-yl)-ethanone 2 in the presence of
potassium hydroxide in DMSO afforded 6-(2,5-dim-

Scheme 1. Reagents and conditions: (i) KOH, DMSO, rt; (ii) PPA, 100 �C;

ethylfuran-3-yl)-4-methylthio-2-oxo-2H-pyran-3-carbo-
nitrile 3 in good yield. The reaction is possibly initiated
by Michael addition of an enolate of 2 to ketene dith-
ioacetal 1 to form an intermediate A. This intermediate
in presence of a base intramolecularly cyclizes to inter-
mediate C, which on elimination of methanol afforded
furanyllactone 3. Acid hydrolysis of 3 furnished 6-(2,
5-dimethylfuran-3-yl)-4-methylthio-2-oxo-2H-pyran-3-
carboxylic acid amide 4 in 84% yield. The methylthio
group of 2H-pyran-2-one 3 was further replaced by var-
ious secondary amines by reacting lactone 3 with a sec-
ondary amine in methanol at reflux temperature, which
afforded 4-amino-6-(2,5-dimethylfuran-3-yl)-2-oxo-2H-
pyran-3-carbonitrile 5 in 75–90% yield.


To examine the effect of point of attachment for furan
moiety toward biological activity, a series of 6-(furan-
2-yl)-2H-pyran-2-ones (7, 8, 9a–d) were prepared as
shown in Scheme 2. The reaction of ketene dithioacetal
1 with 2-acetylfuran in presence of KOH afforded 7 in
78% yield. The nitrile group of 7 was further hydrolyzed
to corresponding amide 8 in the presence of poly phos-
phoric acid at 100 �C. The amine-functionalized 2H-pyr-
an-2-ones 9a–d were prepared by replacing methylthio
group of 7 with various secondary amines in methanol

(iii) secondary amine, methanol, reflux.







Table 1. In vivo antihyperglycemic activity of compounds 3, 4, 5a–d, 7, 8 and 9a–d at 100 mg/kg dose in STZ-S model


Compound Blood glucose lowering profile (% change over control)a


30 min 60 min 90 min 120 min 180 min 240 min 5 h 24 hb


3 12.6 16.2 21.2 16.5 2.3 2.5 5.2 04.5


4 13.2 28.8 33.0 29.4 16.3 12.6 11.2 23.9


5a 12.5 17.3 20.9 20.9 7.8 1.2 4.5 10.5


5b 8.6 9.4 6.8 8.7 0.8 1.0 5.2 19.7


5c 16.6 18.4 24.0 29.0 18.5 20.7 20.3 29.7


5d 12.5 16.3 20.9 16.8 2.6 2.8 5.5 4.2


7 11.8 16.5 19.6 19.8 8.1 2.3 6.8 6.7


8 8.5 9.6 6.3 8.9 1.2 1.3 5.52 19.3


9a 12.8 17.5 21.1 21.3 7.5 1.4 4.8 10.4


9b 13.1 15.9 19.8 17.4 1.8 5.2 9.8 0.5


9c 12.5 17.5 17.3 22.8 16.8 14.6 12.8 20.0


9d 11.8 15.7 20.2 15.9 1.9 3.9 6.1 2.5


Metformin 15.9 18.2 24.5 29.2 18.7 21.1 20.7 30.0


a Sugar lowering activity was examined at different time intervals after compound treatment.
b Values in bold font emphasize significant blood sugar lowering.
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at reflux temperature. All the synthesized compounds
were characterized by their spectroscopic analyses.17–19


Most of the synthesized compounds were evaluated for
in vivo antihyperglycemic activity in sucrose-loaded
streptozotocin-induced (STZ-S) male Sprague–Dawley
diabetic rats.20 Metformin was taken as a control.
Among the 12 screened compounds, five compounds
(4, 5b,c, 8, and 9c) demonstrated good antihyperglyce-
mic activity by showing 19–30% blood sugar lowering
at 100 mg/kg dose after 24 h drug treatment (Table 1).
The structure–activity profile revealed that 2H-pyran-
2-ones with amide functionality at position 3 in 4 and
8 showed good sugar lowering activity compared to
their nitrile precursors 3 and 7. It is evident from the
activity data of 4-amino-6-(furan-3-yl)-2H-pyran-2-ones
5a–d that compounds having piperidine (5b: 19.7%) or
morpholine (5c: 29.7%) moiety showed good antihyper-
glycemic activity. Similarly in the series of 4-amino-6-
(furan-2-yl)-2H-pyran-2-ones (9a–d), only 6-(furan-2-
yl)-4-(4-methylpiperazin-1-yl)-2-oxo-2H-pyran-3-carbo-
nitrile (9c) showed 20.0% sugar lowering in Sprague–
Dawley diabetic rats. The most active compound 5c
showed 29.7% sugar lowering activity comparable to
standard drug metformin (30%).


In summary, we have demonstrated synthesis and
in vivo antihyperglycemic activity of a new class of nat-
ure-mimicking furanyl-2H-pyran-2-ones with donor-
acceptor functionalities, which are promising candidates
for the development of antidiabetic agents. Among var-
ious screened compounds, furanyllactone 5c showed
30% blood sugar lowering at 100 mg/kg dose in STZ-S
induced male Sprague–Dawley diabetic rats. Further
exploratory work on furanyllactone template is cur-
rently in progress.


Sucrose challenged low dosed streptozotocin-induced dia-
betic rats (STZ-S):20 Male albino rats of Sprague–Daw-
ley strain of body weight 140 ± 20 g were selected for this
study. Streptozotocin (Sigma, USA) was dissolved in
100 mM citrate buffer, pH 4.5, and calculated amount
of the fresh solution was injected to overnight fasted rats
(45 mg/kg) intraperitoneally. Blood was checked 48 h

later by glucostrips and animals showing blood glucose
values between 8 and 15 mM were included in the exper-
iments and termed diabetic. The diabetic animals were
divided into groups consisting of five to six animals in
each group. Rats of experimental groups were adminis-
tered suspension of the desired test samples orally (made
in 1.0% gum acacia) at 100 mg/kg dose. Animals of con-
trol group were given an equal amount of 1.0% gum aca-
cia. A sucrose load of 2.5 g/kg body weight was given
after 30 min of drug administration. After 30 min of
sucrose load, blood glucose level was again checked by
glucostrips at 30, 60, 90, 120, 180, 240, 300 min and at
24 h, respectively. Food but not water was withheld from
the cages during the experimentation. Comparing the
AUC of experimental and control groups determined
the percent antihyperglycemic activity.
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234 �C; 1H NMR (CDCl3, 200 MHz): d 2.51 (s, 3H, SMe),
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(20 mL) for 6–8 h. After completion, methanol was
evaporated under vacuum, and reaction mixture was
washed with ice-cooled water. Crude was purified on a
silica gel column using chloroform as eluent. Compound
5a: white solid; yield: 89%; mp: 224–226 �C; 1H NMR
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299 (M++1); 13C NMR (200 MHz, CDCl3): d 13.65, 15.01,
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94.45, 104.85, 114.59, 118.81, 124.48, 151.36, 152.90,
156.38, 160.19, 163.49. Compound 5d: white solid; yield:
77%; mp: 184–186 �C; 1H NMR (CDCl3, 200 MHz): d
1.01 (d, 3H, J = 6.0 Hz, Me), 1.29–1.39 (m, 2H, CH2),
1.81–1.91 (m, 3H, CH and CH2), 2.26 (s, 3H, Me), 2.56 (s,
3H, Me), 3.11–3.28 (m, 2H, CH2), 4.26–4.37 (m, 2H,
CH2), 5.96 (s, 1H, CH), 6.09 (s, 1H, CH); IR (KBr) 1686
(CO), 2208 cm�1 (CN); MS (ESI) 313 (M++1); 13C NMR
(200 MHz, CDCl3): d 13.61, 14.96, 21.74, 30.99, 34.75,
50.38, 94.16, 104.48, 114.45, 118.09, 151.73, 153.90,
158.39, 161.36, 162.81. Compound 9a: white solid; yield:
80%; mp: 184–186 �C; 1H NMR (CDCl3, 200 MHz): d
1.77–1.81 (m, 6H, 3CH2), 3.80–3.84 (m, 4H, 2CH2), 6.43
(s, 1H, CH), 6.54–6.61 (m, 1H, CH), 7.10 (d,J = 3.4 Hz,
1H, CH), 7.55 (J = 1.1 Hz, 1H, CH); IR (KBr) 1708 (CO),
2216 cm�1 (CN); MS (FAB) 271 (M++1); 13C NMR
(200 MHz, CDCl3): d 24.25, 26.78, 51.31, 72.04, 113.29,
114.53, 117.86, 146.03, 146.23, 152.58, 160.68, 162.37.
Compound 9b: white solid; yield: 78%; mp: 248–250 �C;
1H NMR (CDCl3, 200 MHz): d 3.88 (s, 8H, 4CH2), 6.40
(s, 1H, CH), 6.56–6.62 (m, 1H, CH), 7.12 (d, J = 3.4 Hz,
1H, CH), 7.56 (d, J = 1.1 Hz, 1H, CH); IR (KBr) 1686
(CO), 2208 cm�1 (CN); MS (FAB) 273 (M++1); 13C NMR
(200 MHz, CDCl3): d 51.78, 53.25, 92.37, 112.29, 114.53,
116.51, 146.97, 147.03, 152.68, 161.58, 163.81. Compound
9c: white solid; yield: 80%; mp: 172–174 �C; 1H NMR
(CDCl3, 200 MHz): d 2.37 (s, 3H, NCH3), 2.56–2.65 (m,
4H, 2CH2), 3.85–3.94 (m, 4H, 2CH2), 6.41 (s, 1H, CH),
6.54–6.62 (m, 1H, CH), 7.11 (d, J = 3.4 Hz, 1H, CH), 7.55
(d, J = 1.1 Hz, 1H, CH); IR (KBr) 1706 (CO), 2214 cm�1


(CN); MS (FAB) 286 (M++1); 13C NMR (200 MHz,
CDCl3): d 37.87, 52.25, 53.81, 92.58, 112.29, 114.86,
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116.51, 146.53, 147.63, 153.08, 161.37, 162.78. Compound
9d: white solid; yield: 82%; mp: >250 �C; 1H NMR
(CDCl3, 200 MHz): d 3.39–3.47 (m, 4H, 2CH2), 4.04–
4.20 (m, 4H, 2CH2), 6.47 (s, 1H, CH), 6.58–6.64 (m, 1H,
CH), 6.91–7.00 (m, 3H, ArH), 7.15 (d, J = 3.4 Hz, 1H,
CH), 7.28–7.38 (m, 2H, ArH), 7.59 (d, J = 1.1 Hz, 1H,

CH); IR (KBr) 1700 (CO), 2218 cm�1 (CN); MS (FAB)
348 (M++1); 13C NMR (200 MHz, CDCl3): d 49.97, 66.93,
73.11, 92.45, 113.47, 115.11, 117.52, 145.83, 146.53,
153.15, 161.48, 161.78.


20. Kumar, A.; Pathak, S. R.; Ahmad, P.; Ray, S.; Tewari, P.;
Sivastava, A. K. Bioorg. Med. Chem. Lett. 2006, 16, 2719.
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Abstract—The effects of three diosgenyl saponins isolated from Paris polyphylla on the immuno-stimulating activity in relation to
phagocytosis, respiratory burst, and nitric oxide production in mouse macrophage cells RAW 264.7 have been investigated. Our
results showed that all three diosgenyl saponins significantly enhanced phagocytic activity that increased with the concentration
of saponins to reach a maximum, and then tended to decrease with higher concentrations. Saponins with sugar moiety directly
induced respiratory burst response in RAW 264.7 cells that increased with the concentrations and reached a maximum, then
decreased with higher concentrations after 2-h incubations, however, diosgenin had no PMA-triggered respiratory burst response.
Treatment of RAW 264.7 cells with saponins with sugar moiety for 24-h caused a significant increase in the production of nitric
oxide, while diosgenin had no effect at all. Consequently, relationship between molecular structures of three diosgenyl saponins
and their immunomodulatory activities was discussed, and a possible mechanism of immuno-stimulating function of diosgenyl sap-
onins was accordingly explored.
� 2007 Elsevier Ltd. All rights reserved.

Macrophages play a significant role in the regulation of
immunological reactions through various functions
including phagocytic elimination of foreign or dena-
tured substances and secretion of cytokines and reactive
oxygen species (ROS).1 Stimulation of macrophages
leads to phagocytosis, respiratory burst, and nitric oxide
(NO) production. Macrophage phagocytosis is an essen-
tial cell defense mechanism against foreign, non-self
materials and has been used as an important non-spe-
cific immunological parameter to evaluate the immune
function.2 It is generally accepted that phagocytes are
able to generate superoxide anion and its reactive deri-
vations during a period of intense oxygen consumption
called the respiratory burst.3 Respiratory burst that
plays an important role in microbicidal activity can be
considered as functional tests for the evaluation of im-
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mune potential at a cellular and organismal level.4 In
macrophages, nitric oxide (NO) is synthesized from
LL-arginine in the presence of nitric oxide synthase
(iNOS), which is involved in various biological processes
including inflammation and immunoregulation.5


Plant of Paris polyphylla as a famous folk medicinal
herb in south of China has been used not only as an
anti-cancer, anti-biotic, and anti-inflammatory drug
but also to treat snake bite, parotitis, mastitis, chronic
bronchitis, injuries from fractures as well as to stop
bleeding.6 Diosgenyl saponins are one of the most
abundant steroid saponins, with diosgenin as the ste-
roidal sapogenin, and exert a large variety of biological
functions, such as anti-fungal, anti-bacterial, and anti-
cancer.7 In the present study, three diosgenyl saponins
(exhibited in Fig. 1), diosgenin 3-O-a-LL-rhamnopyrano-
syl(1! 4)-a-LL-rhamnopyranosyl (1! 4)-[a-LL-rhamno-
pyranosyl(1! 2)-b-DD-glucopyranoside (1), diosgenin
3-O-a-LL-rhamnopyranosyl(1! 2)-a-LL-arabino furano-
syl-b-DD-glucopyranoside (2) and diosgenin (3), were
isolated from the rhizomes of Paris polyphylla. The
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Figure 1. Molecular structures of three diosgenyl saponins.
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most indispensable non-specific parameters of immuno-
modulatory activity about phagocytosis, respiratory
burst, and NO production of the three diosgenyl sapo-
nins, and the effects of the glucoside moiety of diosge-
nyl saponins on their immunomodulatory activities
have not been reported to date, although 1 and 2
showed immunomodulatory effects on proliferative re-
sponse of mouse lymphocytes to concanavalin-A and
augmentation of mouse granulocyte/macrophage col-
ony forming cells in mouse fibroblast cell L929.9 We
investigated the effects of these three saponins on
RAW 264.7 cells’ immuno-stimulating activities in rela-
tion to phagocytosis, respiratory burst, and NO pro-
duction. Consequently, relationship between
molecular structures of three diosgenyl saponins and
their immunomodulatory activities was discussed, and
a possible mechanism of immuno-stimulating function
of diosgenyl saponins was accordingly explored.


Air-dried tubers of Paris polyphylla (3.5 kg) were ex-
tracted with 95% ethanol 3 times under reflux for 3 h.
After evaporation of ethanol in vacuo, the residue
(720 g) was suspended in water and then extracted

successively with petroleum ether, chloroform, and
n-BuOH. The n-BuOH fraction (480 g) was subjected
to pass over D-101 highly porous polymer, using an
EtOH–H2O gradient system (0–100%). The fraction
(220 g) eluted by 70% EtOH was subjected to silica gel
column chromatography with a CHCl3–MeOH–H2O
solvent system. Finally, it gives three fractions. The sec-
ond fraction (150 g) was further chromatographed on
Sephadex LH-20 and RP-18 silica gel yielding saponins
1 (25 g) and 2 (32 g). Fractionation of the CHCl3 frac-
tion (32 g) using chromatography (silica gel) eluting with
n-hexane–EtOAc of increasing polarity afforded com-
pound 3 (2.3 g). Their structures were identified by com-
parison of ESI-MS and NMR data with those in the
previous reports.8


One of the most distinguished features of macrophage
activation would be an increase in phagocytic activity.
Effects of three steroid saponins on phagocytic activity
were examined after culturing RAW264.7cells with de-
sired compounds for 24 h. Thus in the experiment, cul-
tured cells were allowed to phagocytize neutral red dye
for 30 min, washed, and then the amount of phagocy-
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Figure 2. Augmentation of phagocytotic function by three diosgenyl


saponins in RAW 264.7 cells. Data are represented as means ± SD of
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*P < 0.05, **P < 0.01. This experiment is representative of three-


independent experiments.
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tized dye was analyzed by spectrophotometry at 540 nm.
As shown in Figure 2, all the diosgenyl saponins signif-
icantly enhanced phagocytic activity that increased with
the concentration of saponins to reach a maximum, and

then tended to decrease with higher saponin concentra-
tions. In this case, more dye is phagocytized in 3 treated
cells than in 1 and 2 treated cells at the concentration
which induced the maximum absorbance.


Superoxide anion production in diosgenyl saponin-stim-
ulated RAW 264.7 cells and PMA-triggered macro-
phages was measured spectrophotometrically using the
NBT test. After 2-h incubation, 1 and 2 directly induced
respiratory burst response in RAW 264.7 cells that in-
creased with the concentrations and reached a maximum
at concentration 10 nM, then decreased with higher con-
centrations. The NBT reduction induced by 1, at a con-
centration of 10 nM, was significantly higher (P < 0.01)
than the reduction induced by 2. However, there was al-
most no obvious increase in NBT reduction induced by
3, which indicates that the superoxide generation simu-
lated by 3 did not occur (shown in Fig. 3).


When cells were preincubated with three saponins for 2,
6 or 12 h, respectively, then triggered by PMA, the respi-
ratory burst was similar to or even lower than that of
control cells without the saponin added. There were
no significant differences in the NBT responses to any
of the groups of saponins (data not shown).


To investigate the effects of three diosgenyl saponins on
NO production, we measured the accumulation of ni-
trite, a stable end product of NO, in the culture media
using Griess reagents. As shown in Figure 4, treatment
of the cells with 1 and 2 caused a significant increase
in the production of NO, while 3 had no effect on NO
production in RAW 264.7 cell at all. The NO produc-
tion had increased dose-dependently for 1 and 2 at con-
centrations of 0.1–100 nM, and reached the maximum
response at 100 nM, then the response tended to de-
crease with higher concentrations.


The present study demonstrated that three diosgenyl
saponins isolated from Paris polyphylla, a plant that
has been used in cancer treatment by folk people in
China, exerted immuno-stimulating activities on mouse
macrophage RAW 264.7 cells. Although all of three
diosgenyl saponins significantly enhanced phagocytic
activity, but only 1 and 2 directly induced respiratory
burst response and increased NO production in RAW
264.7 cells, while 3 had no effect on respiratory burst
and NO production.


Phagocytosis represents the final and most indispensable
step of the immunological defense system,10 since
phagocytes act as regulatory and effecter cells in the im-
mune system, so the enhancement of phagocyte function
is expected to be applicable for therapy of microbial
infections and cancer.11 The capacity of RAW264.7 cells
for uptaking neutral red is comparatively illustrated in
Figure 2. It is clearly indicated that the phagocytotic
function of RAW 264.7 was significantly increased by
all of three diosgenyl saponins. However, the phagocytic
activity is inhibited by 1, 2 at 10 lM, which can be ex-
plained as the cytotoxic activity of saponins at higher
concentrations (cell death was observed under light
microscope). There are a few reports showing that 2
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induced cytotoxic effects in HepG2 (IC50 = 7 lM),
R-HepG2 (IC50 = 5 lM),12 and HL-60 cells
(IC50 = 3.3 lg/ml).13 Although there was no direct re-
port on the cytotoxic effect of 1, a recent study demon-
strated that diosgenin 3-O-a-LL-rhamnopyranosyl
(1! 2)-a-LL-rhamnopyranosyl (1! 4)-b-DD-glucopyr-

anoside (dioscin), which can be considered an analogue
of 1, inhibited growth of human leukemia cell HL-60
(IC50 = 7.5 lM), human cervical cancer line HeLa
(IC50 = 4.5 lM), human mammary cancer cell line
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MDA-MB-435 (IC50 = 2.6 lM), and human lung cancer
line H14 (IC50 = 0.8 lM) in a dose-dependent manner.14


1 can be considered to attach an a-LL-rhamnopyranosyl
to C-4 of the rhamnopyranosyl moiety of dioscin, and
showed similar influence on the cytotoxic activity to 2
in our experiment that phagocytic activity is inhibited
similarly 1 and 2 incubated at 10 lM. This result agrees
with those findings in which diosgenin b-DD-glucoside
showed no cytotoxic activity against HL-60 cells, and
the attachment of an a-LL-rhamnopyranosyl group at
C-2 of the glucosyl moiety led to the appearance of con-
siderable activity, further addition of an a-LL-rhamno-
pyranosyl, an a-LL-arabinofuranosyl or a b-DD-glucosyl
to C-4 of the inner glucosyl moiety either gave no influ-
ence on the activity or slightly increased the activity.13


As shown in Figures 2 and 3 at 100 lM inhibited the
phagocytosis and enhanced phagocytotic function of
RAW 264.7 at 10 lM–1 nM, which is in relationship
to the cytotoxity. The result was consistent with re-
ported finding about 3 showing no cytotoxity against
the 1547 human osteosarcoma cell line at 40 lM by
using LDH test.15


Macrophages generate large quantities of ROS, includ-
ing superoxide anion and nitric oxide, in response to a
variety of membrane stimulants, by a coordinated
sequence of biochemical reactions known as the oxida-
tive respiratory burst. In the beginning of this process,
the membrane-bound enzyme complex, a multi-compo-
nent NADPH oxidase, assembles after binding of the
cell to a foreign particle and reduces molecular oxygen
to the superoxide anion, subsequently leading to the
production of numerous other reactive compounds.16


The superoxide anion is the first product released from
the respiratory burst, and plays an important role in
microbicidal activity,4 and therefore can be considered
as functional tests for the evaluation of immune poten-
tial at a cellular and organismal level.


Because the cytotoxic activities of the saponins appeared
at higher concentration, we chose lower concentration at
0.1 nM–1 lM for 1 and 2, and 1 nM–10 lM for 3 to
study unaffected the effects of three diosgenyl saponins
on superoxide anion and NO production of RAW
264.7 cells. Two sets of experiments, direct stimulatory
and priming effects, were carried out to evaluate the
effect of three diosgenyl saponins on the respiratory
burst of RAW 264.7 cells. In the present study, we
showed that 1 and 2 are very good stimulators of the
respiratory burst of RAW 264.7, but 3 had no effect
on it. Main difference in the structure among three dios-
genyl saponins is whether there is a sugar group bonded,
that is to say, the sugar moiety is a key functional group
that has diverse pharmacological activity. Polysaccha-
rides are known immune stimulants of which glucans
have recently received considerable attention. Glucans
or other biological response modifiers, because of their
structural identity with the conserved ‘pathogen-associ-
ated molecular patten,’ activate the immune system by
binding to specific receptors (patten recognition recep-
tors) of the innate immune system and stimulate the
phagocytic, cytotoxic, and anti-microbial activities by
the synthesis and release of cytokines, chemokines,

and reactive oxygen and nitrogen intermediates.17 Per-
haps the possible mechanism of 1 and 2 stimulates
macrophages to produce respiratory burst through the
induction of NADPH oxidase expression.


On the other hand, our results also indicated that, when
PMA was added, cells that were pre-incubated with
three diosgenyl saponins showed a respiratory burst
which was similar to the control. However, the respira-
tory burst of RAW 264.7 treated with 1 or 2 increased
with the concentrations of saponins. The present result
agrees with those findings in which in the absence of
PMA, the respiratory burst of the fish phagocytes prein-
cubated with the glucans for several hours increased
with the concentration of glucans, however, when
PMA was added, cells which were preincubated with
high doses of glucans showed a respiratory burst that
was similar to or lower than the control.18 Similarly,
our explanation could be that cells pre-incubated with
1 or 2 for several hours become exhausted and cannot
respond to PMA stimulation as control cells do.


NO is involved in various biological processes including
inflammation and immunoregulation.19 We demon-
strated that treatment with 1 and 2 significantly induced
NO production in the mouse macrophage line RAW
264.7, but 3 did not. Hongxiang Sun20 had reported that
the number, the length, and position of sugar side
chains, and various types of glucosyl group in the struc-
ture of protopanaxatriol-type saponins could not only
affect their haemolytic activities and adjuvant potentials,
but also have significant effects on the nature of the im-
mune responses. Since many reports22 have demon-
strated that polysaccharide-stimulated NO production
of the murine macrophage results from the expression
of an induction NO synthase, which catalyzes the pro-
duction of large amounts of NO from LL-arginine and
molecular oxygen,22 perhaps the possible mechanism
of 1 and 2 stimulates macrophages to produce NO
through the induction of iNOS gene expression. Since
NO is related to cytolytic function of macrophages
against a variety of tumors,24 the increased synthesis
of NO might interfere with the growth of tumors. This
was further evidenced by the experiments using the
inhibitors of NO production.25


Reactive oxygen and nitrogen species produced by mac-
rophages are considered important in pathogen killing,
particularly simultaneous generation of both nitric oxide
(NO) and superoxide O2


�� can lead to the formation of
peroxynitrite (ONOO�), which is a powerful anti-micro-
bial and anti-cancerous agent.25 Generally speaking,
macrophages produce and release reactive oxygen spe-
cies and nitric oxide in response to phagocytosis or stim-
ulation with various agents.26 In our experiments, 1 and
2 exhibited significant enhancement of phagocytosis,
respiratory burst, and NO production in RAW 264.7
cells, but 3 only showed great augmentation of phagocy-
totic function. The result agrees with the finding in
which Astragalus radix elevated phagocytosis activity
of phagocytic cells in tilapia, but had no effect on respi-
ratory burst activities.27 The similar tendency in the
respiratory burst and nitric oxide production was
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observed in our experiments. Above all, it could be con-
cluded that the presence of glucoside moieties of diosge-
nyl saponins is essential for the activation of
immunological reactions, especially during the period
of oxygen consumption such as in the process including
inflammation and microbicidal activity, although dios-
genin (3) could only stimulate the macrophage phago-
cytiosis including elimination of foreign or denatured
substances.
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Abstract—Efficient parallel synthesis of novel 7-oxa-steroids 4 has been achieved from the key intermediate 3 via a one-pot four-step
sequence. oxa-Steroids 4 with various ortho-, meta-, and para-monosubstituents on the phenyl ring, as well as disubstituted phenyl
and heterocycles, were evaluated for progesterone receptor (PR) and glucocorticoid receptor (GR) antagonist activities. SAR study
demonstrated that the para-fluorinated substituents on the phenyl ring not only increased the potency for PR in a T47D cell func-
tional assay, but also improved the selectivity over GR in an A549 cell functional assay. The para-fluorophenyl oxa-steroid 4l and
the para-trifluoromethylphenyl oxa-steroid 4p were found to be remarkably more potent and more selective PR antagonists than
mifepristone, with subnanomolar potency and about 140-fold selectivity over GR. Molecular modeling of the oxa-steroid bound
to PR provided meaningful insight for the SAR study. oxa-Steroids 4a and 4b were found to be more efficacious than mifepristone
in vivo in a rat uterine complement C3 assay via the oral route, although they were less than or equally potent to mifepristone in the
T47D assay.
� 2007 Elsevier Ltd. All rights reserved.
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The progesterone receptor (PR), like other steroid recep-
tors, plays a unique and crucial role in mammalian
development and homeostasis. Progesterone is known
to be required for mammary gland development, ovula-
tion, and the maintenance of pregnancy. It has less
clearly defined functions in bone, the cardiovascular sys-
tem, and the central nervous system. In terms of oppor-
tunities for pharmacological intervention, it has
arguably the greatest unexploited potential of the
steroids. Currently, steroidal progestin agonists and
antagonists are clinically approved for contraception,
hormone replacement therapy, and therapeutic abor-
tion. There is strong preclinical and clinical evidence
for the value of progestin antagonists for treating
endometriosis, uterine fibroids, dysfunctional uterine
bleeding, and breast cancer.1


The discovery of the first PR antagonist, mifepristone
(RU-486),2 has stimulated an intensive search for more
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potent and selective antiprogestins. This has led to the
identification of a variety of steroidal3 and nonsteroidal4


PR modulators in the past years. However, current PR
antagonists, such as mifepristone, are compromised as
clinically useful agents due to overt glucocorticoid
receptor (GR) antagonism.5 Therefore, new compounds
with antiprogestational activity devoid of antiglucocor-
ticoid activity are highly desirable for both clinical appli-
cations and basic endocrine research.6 The recent
discovery that treatment of mifepristone can potentially
prevent BRCA1-mediated breast cancer7 makes it more
urgent to discover novel potent and selective PR antag-
onists to address unmet medical needs.

H
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O
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Figure 1. Structures of mifepristone and oxa-steroids.



mailto:fkang@prdus.jnj.com





2532 F.-A. Kang et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2531–2534

We have recently achieved the first synthesis and identi-
fication of novel 7-oxa-steroids as promising potent and
selective PR antagonists (Fig. 1).8 Herein we report the
parallel synthesis and SAR study of a series of new oxa-
steroids along this line for the development of potent
and selective PR antagonists.


The oxa-steroids 4 were synthesized from (8S,13S,14R)-
7-oxa-estra-4,9-diene-3,17-dione 2 (Scheme 1),8 which
was prepared from the Hajos–Parrish ketone 1.9 It is
interesting to note that the synthesis of oxa-steroids 4
with five chiral centers in the congested heteropolycyclic
structure was efficiently achieved in a highly stereoselec-
tive fashion, with the stereochemistry of the four new

Table 1. SAR study of oxa-steroids 4


O


H


O


N
Me


Me


Compound R T47D (PR), IC50 (nM


Mifepristone — 1.4


4a Methyl 7.5


4b Phenyl 1.4


4c 2-F–phenyl 1.4


4d 2-Cl–phenyl 1.1


4e 2-Br–phenyl 8.6


4f 2-Me–phenyl 5.8


4g 2-F3C–phenyl 3.2


4h 3-F–phenyl 1.0


4i 3-Cl–phenyl 12.5


4j 3-Me–phenyl 2.9


4k 3-F3C–phenyl 2.7


4l 4-F–phenyl 0.27


4m 4-Cl–phenyl 0.61


4n 4-Br–phenyl 0.94


4o 4-Me–phenyl 1.6


4p 4-F3C–phenyl 0.75


4q 4-MeO–phenyl 3.2


4r 4-NC–phenyl 3.7


4s 4-Me3C–phenyl 19.5


4t 3,5-di-F–phenyl 0.91


4u 2-Pyridyl 34.0


4v 3-Pyridyl 21.0


4w 4-Pyridyl 39.0


4x 3-Thienyl 1.6
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Scheme 1. (a) Ref. 9; (b) Ref. 8; (c) parallel synthesis of oxa-steroids 4 via


LiHMDS, THF, rt, 15 min; (2) compound 3, THF, rt, 4 h; (3) 3 N HCl aq,

chiral centers being excellently controlled by the single
chirality of the starting material, the Hajos–Parrish ke-
tone 1.


The mifepristone-like oxa-steroid 4a has an IC50 of
7.5 nM for PR and over 10-fold selectivity over GR.
Although it is less potent than mifepristone, it is slightly
more selective than the equipotent mifepristone (Table
1). A preliminary SAR study at the C17-ethynyl position
with various substituents has led to the discovery of the
remarkably more potent and more selective PR antago-
nist 4b with the phenyl group at the C17-ethynyl
position. Compound 4b has an IC50 of 1.4 nM for PR
and over 200-fold selectivity over GR.8 Apparently,
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Figure 2. Molecular modeling of compound 4a bound to PR.


F.-A. Kang et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2531–2534 2533

compound 4b is a new PR antagonist that is as potent
as, but much more selective than, mifepristone. There-
fore, it became the new lead for further SAR study.
For a focused SAR study, we were interested in fine-tun-
ing the substitution pattern at the C17-ethynyl position
of these oxa-steroids by installing various substituted
phenyl groups and heterocycles, while keeping the rest
of the molecule the same as that of mifepristone.


The oxa-steroids 4 were originally synthesized in two
steps from compound 3, including stereoselective Grig-
nard addition and subsequent deprotection and dehy-
dration.8 For a more efficient parallel synthesis of oxa-
steroids 4, we developed a one-pot four-step sequence
from compound 3, which includes in situ generation of
arylethynyl lithium, stereoselective addition to the
C17-carbonyl group, deprotection of the C3-ketal
group, and dehydration of the C5-hydroxy group. Thus,
new oxa-steroids 4c–4x were efficiently synthesized
through this one-pot reaction in 60–80% yields after pre-
parative TLC purification.10


Compounds 4c–4x were evaluated for PR antagonist
activity based on their ability to block progesterone
induction of alkaline phosphatase activity in the human
breast cancer cell line T47D. They were also tested for
GR antagonist activity based on their ability to inhibit
corticoid-induced transcription from a glucocorticoid re-
sponse element (GRE)-linked luciferase reporter gene in
the human lung carcinoma cell line A549. The IC50 values
of the compounds from the T47D and A549 assays are
listed in Table 1. The ratio of their IC50 values was calcu-
lated as a measure of the separation of PR and GR antag-
onist activities. Mifepristone was tested as a control.


The PR and GR activities of oxa-steroids 4c–4g with
ortho-substituted phenyl groups at the C17-ethynyl posi-
tion are listed in Table 1. It seems that PR activity toler-
ates the ortho-substitution with F, Cl, Br, Me, and CF3


well, which results in potent PR antagonists with IC50s
ranging from 1 to 10 nM. However, the ortho-substitution
with these substituents also gives rise to relatively potent
GR antagonists, with only a small separation between
PR and GR. Compared to the phenyl group of compound
4b, the small substituents on the phenyl group such as F
and Cl retain PR potency (1–2 nM) and moderate selec-
tivity over GR (about 50-fold selectivity).


The PR and GR activities of oxa-steroids 4h–4k with
meta-substituted phenyl groups at the C17-ethynyl posi-
tion are listed in Table 1. Similar to the ortho-substitution,
the meta-substitution with F, Cl, Me, and CF3 leads to po-
tent but less selective PR antagonists. Interestingly, the F
substituent makes the oxa-steroid slightly more potent
and selective than the Cl substituent, with an IC50 of
1.0 nM for PR and over 50-fold selectivity over GR.


The PR and GR activities of oxa-steroids 4l–4s with
para-substituted phenyl groups at the C17-ethynyl posi-
tion are listed in Table 1. One half of these para-substi-
tuted phenyl groups make the oxa-steroids even more
potent than mifepristone and compound 4b. The F,
Cl, Br, and CF3 substituents result in PR antagonists

with subnanomolar potency (0.27–0.94 nM). The F
and CF3 substituents also lead to about 140-fold selec-
tivity for PR over GR. Therefore, compounds 4l and
4p are promising potent and selective PR antagonists
identified in the oxa-steroid series after compound 4b.
In addition, the bulky tert-butyl group causes more than
10-fold reduction in PR potency suggesting a size limita-
tion at this position.


The PR and GR activities of oxa-steroids 4t–4x with
disubstituted phenyl and heterocycles at the C17-ethynyl
position are listed in Table 1. It appears that 2-, 3-, and 4-
pyridyl groups result in up to 20-fold loss of PR potency,
while 3,5-difluorophenyl and 3-thienyl groups exhibit
similar potency but less selectivity for PR versus GR.


On the basis of the SAR of the minor modifications at
the C17-ethynyl position, the trend is that small substit-
uents such as F, Cl, Me, and CF3 at the ortho-, meta-,
and para-positions of the phenyl group retain or in-
crease PR potency, compared to the unsubstituted phen-
yl group in compound 4b. Interestingly, the small and
electron-withdrawing substituents, such as F and CF3,
on the para-substituted phenyl groups not only enhance
PR potency, but retain good selectivity over GR.


The possible binding modes of compound 4a in the li-
gand-binding domain of PR suggested by molecular mod-
eling are shown in Figure 2. The model was built based on
the X-ray crystal structures of hPR-norenthindrone and
hGR-mifepristone complexes.8 The molecular modeling
suggests that there is an open space available around the
C17-ethynylmethyl group, which is consistent with our
SAR study. Therefore, bigger groups, such as phenyls
and heterocycles in compounds 4b–4x, can be accommo-
dated at this binding site. Compared to the methyl groups
at the C17-ethynyl position of mifepristone and com-
pound 4a with up to about 10-fold selectivity toward
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PR over GR, the phenyl groups in compounds 4b, 4l, and
4p with up to about 200-fold selectivity for PR over GR
should play an important role in increasing PR potency
and simultaneously decreasing GR potency. In contrast
to the equipotent mifepristone, this potency and selectiv-
ity profile might result from the unique combination of
ligand–protein interactions between the O7-oxygen atom
and the nearby MET756, VAL760, LEU887, and
MET801, as well as those between the C17-ethynylphenyl
group and the phenyl groups of the nearby TYR890 and
PHE794.


To investigate the in vivo profile of this novel series of
oxa-steroids, compounds 4a and 4b were tested orally in
ovariectomized Sprague–Dawley rats in a rat uterine
complement C3 assay.11 In this assay, ethynyl estradiol
(EE) is used to stimulate C3 expression. Progestins inhibit
EE-induced expression. In turn, antiprogestins counter-
act progestin-dependent inhibition. When compounds
4a and 4b were administered via the oral route along with
EE and progesterone, they were found to be more
efficacious than mifepristone, although they were less
than or equally potent to mifepristone in vitro. This out-
come demonstrated that these oxa-steroids, particularly
the more potent ones with the relatively large phenyl
groups at the C17-ethynylmethyl position, still have good
oral exposure from the pharmacokinetic perspective.


In summary, efficient parallel synthesis via a one-pot four-
step sequence led to a series of novel oxa-steroids 4. SAR
study on the C17-ethynyl position with various phenyl
groups and heterocycles resulted in new PR antagonists
4l and 4p that are more potent and more selective than
mifepristone. Molecular modeling of the oxa-steroid in
PR provided meaningful insight for the SAR study.
oxa-Steroids 4a and 4b were found to be more efficacious
than mifepristone in vivo in a rat uterine complement C3
assay via the oral route, although they were less than or
equally potent to mifepristone in vitro. Our study of 7-
oxa-steroids as potent and selective PR antagonists dem-
onstrated that the unnatural 7-oxa-steroids not only
excellently mimic the natural steroids in terms of shape
and activity, but also exhibit significant differentiation
from similar steroid receptors and excellent in vivo
efficacy. Further profiling of selected compounds in this
series will be reported in due course.

References and notes


1. (a) Murphy, A. A.; Kettel, L. M.; Morales, A. J.; Roberts,
V. J.; Yen, S. S. J. Clin. Endocrinol. Metab. 1993, 76, 513;
(b) Murphy, A. A.; Morales, A. J.; Kettel, L. M.; Yen, S.
S. Fertil. Steril. 1995, 64, 187; (c) Kettel, L. M.; Murphy,
A. A.; Morales, A. J.; Yen, S. S. Am. J. Obstet. Gynecol.
1998, 178, 1151; (d) Kettel, L. M.; Murphy, A. A.;
Morales, A. J.; Yen, S. S. Hum. Reprod. 1994, 9 (Suppl. 1),
116.


2. Brogden, R. N.; Goa, K. L.; Faulds, D. Drugs 1993, 45,
384.


3. (a) Teutsch, G.; Philibert, D. Hum. Reprod. 1994, 9,
12; (b) Chwalisz, K.; Perez, M. C.; DeManno, D.;
Winkel, C.; Schubert, G.; Elger, W. Endocr. Rev.
2005, 26, 423; (c) Chabbert-Buffet, N.; Meduri, G.;
Bouchaard, P.; Spitz, I. M. Hum. Reprod. Update
2005, 11, 293.


4. (a) Allan, G. F.; Sui, Z. Mini-Rev. Med. Chem. 2005, 5,
701; (b) Zhang, P.; Fensome, A.; Wrobel, J.; Winneker,
R.; Zhang, Z. Expert Opin. 2003, 13, 1839.


5. Lazar, G.; Lazar, G., Jr.; Husztik, E.; Duda, E.; Agarwal,
K. K. Ann. NY Acad. Sci. 1995, 277, 248.


6. Michna, H.; Parczyk, K.; Schneider, M. R.; Nishino, Y.
Ann. NY Acad. Sci. 1995, 761, 224.


7. (a) Poole, A. J.; Li, Y.; Kim, Y.; Lin, S.-C. J.; Lee, W.-H.;
Lee, E. Y.-H. P. Science 2006, 314, 1467; (b) Marx, J.
Science 2006, 314, 1370.


8. Kang, F.-A.; Allan, G.; Guan, J.; Jain, N.; Linton, O.;
Tannenbaum, P.; Xu, J.; Zhu, P.; Gunnet, J.; Chen, X.;
Demarest, K.; Lundeen, S.; Sui, Z. Bioorg. Med. Chem.
Lett. 2007, 17, 907.


9. Kang, F.-A.; Jain, N.; Sui, Z. Tetrahedron Lett. 2007, 48,
193.


10. General procedure for the one-pot parallel synthesis of
oxa-steroids 4: 1 M LiHMDS in THF (48.6 lL,
0.048 mmol) was added to the stirred solution of the aryl
alkyns (0.06 mmol) in THF (0.5 mL) at room temperature.
After 15 min, compound 3 (5.5 mg, 0.012 mmol) in THF
(0.5 mL) was added to the reaction mixture. After 4 h,
acetone (1.0 mL) and 3 M HCl (0.15 mL) were added to
the reaction mixture. After 4 h, sat. NaHCO3 aq solution
(5 mL) and EtOAc (5 mL) were added to the reaction
mixture. The aqueous layer was extracted with EtOAc (2·
5 mL) and the combined organic layer was dried with
brine and MgSO4. Purification by preparative TLC eluted
with 50–70% EtOAc in hexane gave compounds 4 in 60–
80% yields.


11. Lundeen,S.G.;Zhang,Z.;Zhu,Y.;Carver, J.M.;Winneker,
R. C. J. Steroid Biochem. Mol. Biol. 2001, 78, 137.





		Parallel synthesis and SAR study of novel oxa-steroids as potent and selective progesterone receptor antagonists

		References and notes








Bioorganic & Medicinal Chemistry Letters 17 (2007) 2545–2548

b-Alkylthio indolyl carbinols: Potent nonsteroidal antiandrogens
with oral efficacy in a prostate cancer model


James C. Lanter,* James J. Fiordeliso, Vernon C. Alford, Xuqing Zhang,
Kenneth M. Wells, Ronald K. Russell, George F. Allan, Muh-Tsann Lai,


Olivia Linton, Scott Lundeen and Zhihua Sui


Johnson & Johnson Pharmaceutical Research and Development L.L.C., 665 Stockton Drive, Exton, PA 19341, USA


Received 26 November 2006; revised 21 January 2007; accepted 6 February 2007


Available online 8 February 2007

Abstract—Through an in vivo screening model, we developed the in vivo SAR of b-alkylthio indolyl carbinols. Through these efforts
we identified a compound with potent oral in vivo efficacy in both immature and mature rat prostate weight reduction models and in
a murine xenograft prostate cancer model.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Bicalutamide and our lead compound.
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The androgen receptor1 (AR), a member of the nuclear
hormone receptor superfamily, is responsible for a vari-
ety of developmental and myotropic events through
modulation by its principal circulating ligand testoster-
one (T) and its more potent tissue metabolite 5a-dihy-
drotestosterone (DHT).2 Although these anabolic
processes are critical to the development of male sexual
and physiologic characteristics, the stimulatory effects of
T and DHT are also key contributors to proliferative
disease states such as benign prostatic hyperplasia
(BPH) and prostate carcinoma (PC). The side effects
associated with the clinical use of steroidal antiandro-
gens3 prompted research4 into nonsteroidal scaffolds as
a means of mitigating the potential for crosstalk within
the endocrine system. The culmination of these efforts,
bicalutamide (Casodex�, 1), has been the gold standard
for antiandrogen treatment for the past decade (Fig. 1).
This success along with a suboptimal side effect profile
has prompted further research5 in the field though, to
date, no third generation compounds have been com-
mercialized. As part of our interest6 in the field we pur-
sued bioisosteric replacement7 of the anilide portion of
1, establishing the indole carbinol moiety as a potent
androgen receptor ligand.8 Through our in vivo screen-
ing model,9 we found that compound 2 was orally effica-
cious; the novelty of the structure coupled with its
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synthetic tractability prompted further investigation.
Retrosynthetically, these compounds can be prepared
by Sonogashira coupling–cyclization10 of the appropri-
ate iodosulfonamide C1 and propargyl alcohol C2
(Scheme 1). The iodosulfonamides were prepared by
the iodination of commercially available anilines using
Boger’s conditions11 followed by mono-mesylation with
KOtBu and mesyl chloride. Preparation of the other
coupling partner was achieved by Grignard addition to
the appropriate a-thio ketone. The ketones were either
purchased or prepared in one step by condensation12


of the corresponding sulfide and a-halo ketone.

A N
HR2


A
NHMs


R2


R+


C1 C2


Scheme 1. Retrosynthetic analysis of the target molecules.
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Table 2. Indole ring SAR


A


R1


B


R2
OH


S


Compound A R1 R2 B % Redna Pros Wt


4 CCF3 NO2 H NH 75


20 CCF3 NO2 H O 38


21 CH NO2 CF3 NH 66


22 CH NO2 H NH 34


23 CH CN H NH na


24 CH Cl H NH na


25 CH H H NH 26


26 CCF3 F H NH 58


27 CCl F H NH 60


28 CCF3 Cl H NH 54


29 CCl Cl H NH na


30 CCF3 NH2 H NH na


31 CCF3 CH3 H NH 22


32 CCF3 CN H NH 100


33 CCl CN H NH 83


34 COCH3 CN H NH na


35 CCH3 CN H NH na


36 N CN H NH na


Bical. — — — — 75


a Values are means of three experiments (na, not active).
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The SAR of the indole 2-substituent represented our
first point of exploration (Table 1). While transposition
of the methylthio and hydroxy moieties (3) reduced
activity, extension of the sulfur alkyl chain by one car-
bon (4) brought the efficacy to the same level as bicalu-
tamide. Extending the angular methyl group by one
carbon atom (5) maintained the level of potency while
substitution with an additional thiomethyl group (6) or
replacement with a hydrogen atom (7) led to a substan-
tial loss in activity. Trifluorination (8) of the sulfur chain
of 4 as well as chain lengthening to the S-propyl (9) and
S-butyl (10) analogs reduced potency. Although branch-
ing next to the sulfur atom (11) of 4 greatly reduced
potency, intercalation of a methylene group (12)
returned it, indicating the need for some flexibility in
the sulfur side chain. This was supported by the observa-
tion that tying the sulfur chain terminus of 4 into a five-
membered ring with the angular methyl group (13) also
resulted in a loss of potency. While some flexibility on
the sulfur substituent improved potency, loosening the
connection either to the sulfur atom (14) of the indole
moiety (15) led to a substantial loss of activity. Aryl
(16) and heteroaryl (17 and 18) substitution of the thi-
omethyl group in 2 also resulted in a loss of efficacy.
Finally O-methylation of 4 was well tolerated (19).


With these results in hand we turned our attention to the
SAR of the indole ring using 4 as our comparator mol-
ecule (Table 2). Changing the indole nitrogen to an oxy-
gen (20) resulted in a substantial loss of efficacy while
moving the trifluoromethyl group from the 6 to the 7
position (21) had a minimal effect. Removal of the tri-
fluoromethyl substituent reduced or abolished activity
over a range of 5-substitutions (22–25). Replacement

Table 1. Carbinol SAR


F3C


O2N


N
H


R


Compound R % Redna


Pros Wt.


2 CMe(OH)CH2SCH2H 66


3 CMe(SCH2H)CH2OH 49


4 CMe(OH)CH2SCH2Me 75


5 CEt(OH)CH2SCH2Me 73


6 C(OH)(CH2SCH2Me)2 32


7 CH(OH)CH2SCH2Me 30


8 CMe(OH)CH2SCH2CF3 46


9 CMe(OH)CH2SCH2Et 40


10 CMe(OH)CH2SCH2
nPr 40


11 CMe(OH)CH2SCHMe2 42


12 CMe(OH)CH2SCH2CHMe2 75


13 3-(3-OH)-Tetrahydrothiophene 49


14 CMe(OH)CH2CH2SMe 44


15 CH2CMe(OH)CH2SCH2Me na


16 CMe(OH)CH2SCH2Ph 54


17 CMe(OH)CH2SCH2(2-furyl) 46


18 CMe(OH)CH2SCH2(2-thiophenyl) 28


19 CMe(OMe)CH2SCH2Me 76


Bical. — 75


a Values are means of three experiments (na, not active).

of the nitro group with fluorine (26), chlorine (28), and
methyl (31) groups reduced efficacy to varying degrees
while reduction (30) abolished activity. Exchanging the
nitro group with a nitrile (32) provided better efficacy
than bicalutamide. Replacement of the trifluoromethyl
group of 32 with a chlorine atom (33) was tolerated
while introduction of a methoxy (34), methyl (35) or
nitrogen (36) at this position was not.


We then focused our efforts on optimizing the substitu-
ents on 32. In order to make some of the desired substi-
tution patterns, we needed to modify our synthesis
(Scheme 2). Introduction of a methyl group to the indole
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Scheme 2. Preparation/derivatization of analogs of 32. Reagents and


conditions: (a) 5 mol% Pd(OAc)2, 10 mol% PPh3, KOAc, LiCl/DMF;


(b) NaOMe, NIS/MeOH; (c) 5 mol% PdCl2(PPh3)2, 10 mol% CuI,


TMSA, Et3N/THF, then TBAF/THF; (d) 10 mol% Pd/C, H2/MeOH;


NaH/DMF, then XCH2R.
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C3 position required Larock’s indole annulation meth-
odology.13 Coupling of the iodo aniline and 1-ethyl-
sulfanyl-2-methyl-pent-3-yn-2-ol in the presence of
palladium delivered the target molecule in good yield.
Introduction of an ethyl group at the same position
could be achieved through direct derivatization of 32.
An iodine atom was introduced at C3 by deprotonation
of the indole in the presence of NIS. Sonogashira cou-
pling of this compound with TMS–acetylene followed
by TBAF deprotection afforded the 3-ethynyl com-
pound which was hydrogenated to provide the sulfide.
Sulfide oxidation of this and all other compounds was
achieved using Oxone� under phase-transfer condi-
tions.14 Alkylation of the indole nitrogen was effected
by treatment with sodium hydride in anhydrous DMF
followed by introduction of the appropriate electrophile.
Key compounds were resolved into their constituent
enantiomers by chiral chromatography. The absolute
configuration of 44 was determined by X-ray crystallog-
raphy and used as a point of reference for related
analogs.


Alkylation of the indole nitrogen of 32 with a range of
substituted methylenes (38–42) decreased or abolished
activity (Table 3). Of the two enantiomers of 32, the
(R) antipode had all the activity while the (S) enantio-
mer was inactive. Oxidation of the sulfur to the sulfox-
ide (43) reduced potency while further oxidation to the
sulfone (44) restored it. In a six week intact mature rat
(2-month-old) model for prostate weight reduction,
compounds R-32 and 44 displayed the same potency.
We examined the pharmacology of (R)-32 and found
that it was consumed after only 30 min in vivo, metabo-

Table 3. Lead compound fine tuning


NC


N OH


S(O)n


F3C


R2


R1


Compound R1 R2 n % Redna


Pros. Wt.


ID50
b


Pros.


ID50
c


Pros.


32 NH H 0 100 — —


38 NCH2H H 0 43 — —


39 NCH2CH3 H 0 55 — —


40 NCH2CF3 H 0 53 — —


41 NCH2OCH3 H 0 37 — —


42 NCH2CN H 0 na — —


S-32 NH H 0 na — —


R-32 NH H 0 100 0.44 22


43d,e NH H 1 62 — —


44d NH H 2 100 0.89 22


45d NH Me 0 61 0.82 >60


46d NH Me 2 — 2.40 >30


47d NH Et 2 — 1.40 —


Bical. — — — 75 0.44 44


a For immature rats; values are means of three experiments (na, not


active).
b For immature rats in mg/d.
c For mature rats in mg/kg.
d (R)-absolute configuration at the tertiary carbinol center.
e A mixture (ca. 1:1) of diastereomers at the sulfur atom.

lizing to a mixture of 43 and 44. Within 24 h, only 44
was observable; further studies on this sulfone indicated
that it had high oral bioavailability (68%) and a 52-h
half-life. This long half-life was maintained over a vari-
ety of species (dog, guinea pig, and monkey). Given the
target indication, we felt that 44 represented an excellent
molecule for further characterization. In vitro studies
indicated that it was as potent in a COS AR whole cell
binding assay as bicalutamide and nearly as potent in an
L929 cell-based antagonist functional assay. It did not
have any binding to other nuclear steroid hormone
receptors (estrogen, progestin, mineralocorticoid or glu-
cocorticoid). Compound 44 did not have any in vivo
prostate agonist activity in castrated mature rats when
dosed orally.


While modification to the C3 position of 44 from a
hydrogen to a methyl (46) and ethyl (47) improved
potency up to 10-fold in vitro, the modification led to
a slight erosion in the immature rat screening assay,
an observation which was even more pronounced in
the mature rat model. Investigation of the pharmacoki-
netic parameters of 46 and 47 in mature rats revealed
that the half-life of these analogs dropped to 2 h and
0.9 h, respectively. This implies that metabolism occurs
on the C3 position of the analogs and suggests a possible
reason for their lower efficacy in spite of their superior
in vitro activity.


To evaluate the potential of 44 to treat prostate cancer,
we utilized a mouse xenograft of the LNCaP cell line. It
was effective in slowing tumor growth in and prolonging
the survival of three out of ten mice through 51 days
after tumor inoculation, while all of the vehicle-treated
mice died by Day 44. Bicalutamide had identical activity
to 44 (Fig. 2). The compound was also found to be as
efficacious or more so than bicalutamide in two other
prostate tumor models—Dunning and CWR-22. Those
data as well as the beneficial effects of 44 in bone are dis-

Figure 2. The effect of 44 in a LnCAP tumor model.
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cussed in a separate publication.15 On the basis of these
data, compound 44 was selected as a development
candidate.


In summary, through an in vivo screening approach, we
have discovered a potent novel antiandrogen. This com-
pound was evaluated in mature male rats and found to
shrink the prostate with greater potency than bicaluta-
mide. Further testing of this compound indicated that
it had efficacy equal to or greater than the market leader
in three prostate cancer models. Preliminary data from
other in vivo models suggest that this molecule has
beneficial effects in both bone and muscle tissue.
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Abstract—Semisynthesis of 13 new thio avarol derivatives (4–16) and in vitro evaluation on the photodamage response induced by
UVB irradiation are described. Their ability to inhibit NF-jB activation and TNF-a generation in HaCaT cells as well as their anti-
oxidant capacity in human neutrophils has also been studied. Among them we have identified two monophenyl thio avarol deriv-
atives (4–5) lacking cytotoxicity which can be considered promising UVB photoprotective agents through the potent inhibition of
NF-jB activation with a mild antioxidant pharmacological profile.
� 2007 Elsevier Ltd. All rights reserved.

Ultraviolet radiation (UVR) is known for its negative
impact on health. The skin, situated at the interface be-
tween the body and its environment, directly suffers
from the deleterious effects of UV radiation. This UV
radiation jeopardizes the integrity of the skin that is crit-
ical for cellular homeostasis. The component of the solar
UV-light that reaches the earth’s surface and that is
most responsible for acute and long-term effects is
UVB (280–320 nm). Acute effects include erythema, tan-
ning, and inflammatory and immune modulatory chang-
es. Chronic exposure eventually leads to photoaging1


and photocarcinogenesis.2,3 In recent years, photo-
chemoprevention has matured into an accepted modali-
ty for controlling skin cancer. UVB mediated
inflammation that includes the release of growth factors,
proinflammatory cytokines, infiltration of inflammatory
cells, and radical oxygen species (ROS) production,4


plays an important role in skin cancer development. Dif-
ferent studies have demonstrated that UV-induced acti-
vation of NF-jB-dependent gene transactivation
pathways is a critical event for the subsequent develop-
ment of sunburn reactions in skin.5,6 Supplementation
of antioxidants a-lipoic acid, N-acetyl-LL-cysteine
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(NAC), and the flavonoid extract silymarin modulates
the activation of the transcription factor NF-jB in
HaCaT keratinocytes after exposure to a solar UV
simulator.7,8 These results indicate that some antioxi-
dants can efficiently amend the cellular response to UV
radiation through their selective action on NF-jB
activation.9,10 It is well established that NF-jB is activat-
ed upon UV irradiation and induces various genes includ-
ing IL-1 and TNF-a, which subsequently stimulate
the signal transduction pathway to activate NF-jB.11


Cutaneous alterations mediated by UV irradiation
through the NF-jB activation pathway could be likewise
effectively prevented by blocking NF-jB activation.


Keratinocytes are the major target of UVR and play a
central role in the inflammatory and immune modulato-
ry changes observed after UV exposure, at least partly
via the UV-induced release of cytokines.12


Avarol is a marine sesquiterpenoid hydroquinone with
interesting pharmacological properties13 including anti-
inflammatory,14 antitumor,15 antioxidant,16 antiplate-
let,17 anti-HIV,18 and antipsoriatic19 effects. Recently,
we reported that its derivative 3 0-(salicylthio) avarol
(3) inhibited superoxide generation in stimulated human
neutrophils and PGE2 release in the human HaCaT
keratinocyte cell line,20 offering interesting perspectives
as a possible anti-inflammatory or antipsoriatic drug.
In this paper, the effects of 3 and 13 new thio avarol
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derivatives (4–16) are investigated, with respect to the
response induced by UVB irradiation in HaCaT cells.
Their ability to inhibit in vitro NF-jB activation and
TNF-a generation, as well as their antioxidant capacity
in human neutrophils, has also been studied.


Avarol (1) was isolated from the sponge Dysidea
avara,21 collected in the Bay of Naples, Italy. Avarone
(2) was obtained by Ag2O oxidation of avarol, in etha-
nol, as previously reported.21 The compound 3 was
obtained by adding thiosalicylic acid to a solution of
avarone (2) in ethanol, as previously reported.20 Thio
derivatives (4–16) (Fig. 1) were generally obtained by
slowly adding the corresponding thio compound dis-
solved in ethanol to a solution of avarone in ethanol.22


On the one hand, for the thioglycerol and thioglycolic
acid two isomers were obtained with substitution at 3 0


(13 and 15) and 4 0 (14 and 16) of the benzoquinone ring.
On the other hand, for the thiophenol, p-thiocresol, and
thioglycol three isomers were obtained with substitution
at 3 0 (4, 7, and 10), 4 0 (5, 8, and 11), and in both 3 0 and 4 0


(6, 9, and 12). The position of the substituent was
determined by the analysis of 1H NMR spectra. Signals
of protons in the benzoquinone ring are doublets in
3 0-substituted compounds and singlets in 4 0-substituted
compounds, whereas 3 0,4 0-disubstituted compounds
show only one signal of proton as singlet. Only chemical
shifts of hydroquinone and thio residues are reported
because all other signals belonging to the sesquiterpe-
noid portion were earlier reported.20,23


Biological activities of the thio avarol derivatives were
evaluated in spontaneously immortalized human kerati-
nocyte cell line (HaCaT)24 for cellular viability, TNF-a
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Figure 1. Chemical structures of the thio avarol derivatives.

production, and NF-jB activation. Cells were cultured
in DMEM supplemented with 100 U/mL penicillin,
100 lg/mL streptomycin, and 10% fetal bovine serum
at 37 �C in 5% CO2. For TNF-a experiment cells were
seeded in 96-well plate at 2 · 105 cells/mL and in 6-well
plate at 4 · 105 cells/mL for NF-jB activation experi-
ment. HaCaT cells were incubated overnight until con-
fluence was reached. Two hours before irradiation, the
cells were washed twice in phosphate-buffered saline
(PBS) and the compounds were added dissolved in eth-
anol. Cells were irradiated through a thin film of PBS
with a single sublethal UVB dose (40–50 mJ/cm2) using
a LuzChem LZC-5 photoreactor calibrated for UVB
irradiation (280–320 nm) with an emission peak cen-
tered at 313 nm. After the UVB exposure, fresh culture
medium was added to the cells and media were harvest-
ed at the appropriated time points. Control conditions
consisted of cells pretreated with identical concentra-
tions of ethanol. Final ethanol concentration did not
exceed 0.1% and did not affect the experiments. The
mitochondrial-dependent reduction of 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
to formazan25 was used to assess the possible cytotoxic
effects of compounds on HaCaT cells after 24 h of
irradiation. The concentration of TNF-a in the
culture supernatants derived from HaCaT cells 24 h
after UVB irradiation26 was determined by time-re-
solved fluoroimmunoassay.27 NF-jB activation was
performed 18 h after irradiation26 by the electrophoretic
mobility shift assay (EMSA).28 Human neutrophils
(2.5 · 106 cells/mL) stimulated with 12-O-tetradecanoyl
phorbol 13-acetate (TPA) were used to evaluate the
inhibitory effect on ROS of the thio avarol derivatives
studied.29
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Table 1. Inhibitory effect of thio avarol derivatives on cellular viability and TNF-a production in UVB irradiated HaCaT cells


Compound Viability TNF-a


% I (10 lM) % I (5 lM) % I (10 lM) % I (5 lM) IC50 (lM)


3 15.7 ± 1.9* 0.6 ± 0.3 ND 76.3 ± 6.4** 3.3 (2.3–5.0)


4 0.0 ± 0.0 0.0 ± 0.0 92.7 ± 2.5** 55.4 ± 3.7** 3.7 (2.5–4.9)


5 0.0 ± 0.0 0.0 ± 0.0 74.3 ± 10.7** 53.6 ± 4.6** 4.2 (2.1–5.6)


6 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0


7 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0


8 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0


9 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0


10 22.5 ± 2.0* 20.6 ± 2.6* ND ND


11 48.4 ± 1.8** 21.4 ± 1.3* ND ND


12 28.5 ± 3.0** 18.1 ± 1.2* ND ND


13 14.0 ± 2.3 13.6 ± 0.2 ND ND


14 18.6 ± 1.5* 12.6 ± 3.8 ND ND


15 28.5 ± 3.5** 18.3 ± 1.2* ND ND


16 13.3 ± 1.1 12.4 ± 2.9 ND ND


Fraxetin 3.4 ± 2.1 0.0 ± 0.0 68.1 ± 6.6** 58.6 ± 3.7** 2.8 (1.4–8.7)


Data were calculated as inhibitory percentages (% I) by taking the values of maximal viability or TNF-a production in drug-free samples as 100%.


Values represent means ± SEM (n = 6). IC50 values and 95% confidence intervals were calculated from at least four significant concentrations for


those compounds that reached 50% of inhibition at 10 lM. **P < 0.01 and *P < 0.05 with respect to the control group.
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Figure 2. Inhibitory effect of compounds 3–5 on NF-jB activation in


nuclear extracts of UVB-irradiated (40–50 mJ/cm2) HaCaT cells. B,


non-UVB-irradiated cells. C, UVB irradiated cells. MG, MG132. The


figure is representative of three independent experiments.
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Figure 3. Inhibitory effect of compounds 3–5 on radical oxygen species


in TPA stimulated human neutrophils. Results show percentages of


inhibition. Statistical evaluation included one-way analysis of variance


followed by Dunnett’s t test. Data represent means ± SEM (n = 6).
**P < 0.01 and *P < 0.05 with respect to the control group.
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Table 1 shows the inhibitory effect of thio avarol deriv-
atives (3–16) on cellular viability and TNF-a production
in UVB-irradiated HaCaT cells. The glycyl thio (10–12),
glyceryl thio (13–14), and glycolyl thio (15–16) avarol
derivatives exerted a significant cytotoxicity at both dos-
es tested, whereas phenyl thio (4–6) and cresyl thio (7–9)
avarol derivatives showed absence of cytotoxicity. TNF-
a production was only determined at concentrations
which showed an inhibition of cell viability lower than
10%. Among the noncytotoxic compounds only the
monophenyl thio (4–5) and the salicyl thio (3) avarol
derivatives were able to inhibit TNF-a production with
IC50 values very close to the reference compound fraxe-
tin, antioxidant capable to inhibit TNF-a release.30


Then, we investigated whether the changes in TNF-a
production produced by the thio avarol derivatives (3–
5) correlated with changes in NF-jB activation. Nuclear
protein extracts from UVB-irradiated HaCaT cells were
analyzed for NF-jB-DNA binding activity using a radi-
olabeled NF-jB-specific oligonucleotide, either in the
presence or absence of compounds (3–5) (Fig. 2). The
inhibitory effect of compounds (3–5) was more potent
than proteasome inhibitor MG132 at 10 lM.


In the assay of ROS generation in stimulated human neu-
trophils, all of these compounds inhibited the generation
of oxygen-derived species in a concentration-dependent
manner, being the salicyl thio avarol derivative the most
potent antioxidant compound (Fig. 3).


The importance of the skin as an immunologic organ is
now recognized. In addition to being a mechanical barri-
er, the skin is critically involved in the regulation of im-
mune responses that can affect the health of the entire
organism.31 Keratinocytes are the major constituent of
the epidermis and can synthesize, store, and release differ-
ent cytokines, including TNF-a.31,32 The skin is continu-
ally exposed to oxidants such as UVR, air pollutants, and
chemicals. In order to prevent deleterious oxidative reac-
tions, endogenous antioxidants (both enzymatic and non-

enzymatic) are present in the skin. UVB is considered to
be the main component of the solar UV irradiation acti-
vating NF-jB in HaCaT cells,8 being the activation of
NF-jB significantly enhanced 18 h after UVB irradia-
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tion.26 Topical application of antioxidants has been used
to prevent skin antioxidant loss and photooxidative dam-
age. However, in addition to the capacity of antioxidants
to prevent this damage in the skin, growing evidence indi-
cates that they also play a role in modulating the expres-
sion of genes whose products are involved in
inflammation, aging, and carcinogenesis.7,8,33


It is reported that NF-jB activation and translocation is
previous to TNF-a production26 and that not all antiox-
idants are equally effective inhibitors in UVB-irradiated
keratinocytes.34 The critical event for UVB erythema-
tous damage seems to be the NF-jB-dependent gene
transactivation.10


We have identified several thio derivatives of avarol, a
well-reputed antipsoriatic drug, as effective UVB photo-
protective candidates acting mainly through the potent
inhibition of NF-jB activation. In addition, these prod-
ucts clearly reduced TNF-a generation in keratinocytes
and demonstrated antioxidant properties. These results
are according to other studies indicating that ROS are
implicated in the induction of TNF-a expression by
UVB via NF-jB-dependent pathway.10,26,34 In this regard
it is interesting to note that the best antioxidant properties
of compound 3 correlate with the more potent inhibition
of NF-jB activation showed by this compound.


Results obtained in the present study show some clear
structure–activity relationships. In this regard, monophe-
nyl thio avarol derivatives (4–5), as well as salicyl thio ava-
rol derivative (3), are the only ones that exert a potent
UVB photoprotective profile. The disubstituted phenyl
thio avarol derivative (6) presents a total reduction in
activity probably related with the higher steric hindrance
of the bulk. The methylation of phenyl thiol moiety in
order to get the respective cresyl thio derivatives (7–9)
produces a lack of inhibitory activity. In addition, the
presence of glycyl thio/glyceryl thio and glycolyl thio
moieties seems to increase the cytotoxicity (10–16).


In summary, salicyl thio avarol and monophenyl thio
avarol derivatives can be considered promising UVB
photoprotective agents through the potent inhibition
of NF-jB activation and the interference with cellular
processes mediated by ROS generation.
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M. Amigó et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2561–2565 2565

600), 6.65 (1H, s, H-6 0); EIMS m/z 532 [M+2]+ (0.6), 530
[M]+ (12), 233 (30), 192 (12), 189 (8), 107 (35), 95 (100);
HREIMS m/z 530.2310 (Calcd for C33H38O2S2, 530.2313).
Synthesis of 3 0-(cresylthio)avarol (7), 40-(cresylthio)ava-
rol (8), and 3 0,4 0-(cresylthio)avarol (9). p-Thiocresol
(100 lL) dissolved in EtOH (5 mL) was added to a
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5 min at room temperature. After evaporation of EtOH, the
residue was chromatographed on a Si gel column and eluted
with petroleum ether/Et2O/HOAc (7:3:0.1), to give 3 0-
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D 7.1� (c 0.15, CHCl3);
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HREIMS m/z 390.2230 (calcd for C23H34O3S, 390.2228), 40-
(glycylthio)avarol (11) (40 mg; yield 32.0%): amorphous
solid; ½a�25


D 11.0� (c 0.20, CHCl3); UV (MeOH) kmax (log e)
310 (3.61), 433 (2.39); 1H NMR (CDCl3) d 6.86 (1H, s, H-3 0),
6.73 (1H, s, H-6 0), 3.73 (2H, t, J = 5.9 Hz, H-200); 2.89 (2H, t,
J = 5.9 Hz, H-100); EIMS m/z 392 [M+2]+ (0.4), 390 [M]+


(12), 343 (5), 258 (10), 196 (15), 189 (25), 107 (35), 95 (100);
HREIMS m/z 390.2230 (Calcd for C23H34O3S, 390.2228),
and 30,4 0-(glycylthio)avarol (12) as the more polar compo-
nent (6 mg; yield 4.0 %): amorphous solid; ½a�25


D 20.4� (c 0.05,
CHCl3); UV (MeOH) kmax (log e) 327 (3.94), 433 (2.28); 1H
NMR (CDCl3) d 6.85 (1H, s, H-6 0), 3.66 (2H, t, J = 5.9 Hz,
H-200), 3.60 (2H, t, J = 5.9 Hz, H-200), 2.96 (2H, t, J = 5.9 Hz,
H-100), 2.92 (2H, t, J = 5.9 Hz, H-100); EIMS m/z 468 [M+2]+


(0.6), 466 [M]+ (10), 343 (3), 258 (5), 196 (15), 189 (20), 107
(30), 95 (100); HREIMS m/z 466.2214 (Calcd for
C25H38O4S2, 466.2211).
Synthesis of 3 0-(glycerylthio)avarol (13) and 40-(glyceryl-
thio)avarol (14). 1-Thioglycerol (100 lL) dissolved in
EtOH (5 mL) was added to a solution of avarone (2)

(100 mg) in EtOH (10 mL) and stirred for 30 min at room
temperature. After evaporation of EtOH, the residue was
chromatographed on a Si gel column and eluted with ethyl
acetate, to give 3 0-(glycerylthio)avarol (13) as the less polar
component (45 mg; yield 33.4 %): amorphous solid;
½a�25


D 8.6� (c 0.20, CHCl3); UV (MeOH) kmax (log e) 310
(3.18), 433 (2.32); 1H NMR (CDCl3) d 6.85 (1H, d,
J = 2.7 Hz, H-4 0), 6.63 (1H, d, J = 2.7 Hz, H-6 0), 3.67 (2H,
m, H-200 and H-3a00); 3.50 (1H, m, H-3b00), 2.77 (1H, dd,
J = 13.9 and 6.4 Hz, H-1a00), 2.59 (1H, dd, J = 13.9 and
7.6 Hz, H-1b00); EIMS m/z 422 [M+2]+ (0.4), 420 [M]+ (10),
258 (8), 229 (35), 191 (25), 155 (15), 107 (60), 95 (100);
HREIMS m/z 420.2330 (Calcd for C24H36O4S, 420.2334),
and 4 0-(glycerylthio)avarol (14) as the less polar component
(40 mg; yield 29.7 %): amorphous solid; ½a�25


D 32.7� (c 0.20,
CHCl3); UV (MeOH) kmax (log e) 309 (3.86), 433 (3.07); 1H
NMR (CDCl3) d 6.86 (1H, s, H-3 0), 6.73 (1H, s, H-6 0), 3.72
(2H, m, H-200 and H-3a00); 3.51 (1H, dd, J = 11.2 and
6.30 Hz, H-3b00), 2.87 (1H, dd, J = 13.8 and 4.1 Hz, H-1a00),
2.74 (1H, dd, J = 13.8 and 8.3 Hz, H-1b00); EIMS m/z 422
[M+2]+ (0.4), 420 [M]+ (12), 258 (8), 229 (30), 191 (20), 155
(20), 107 (50), 95 (100); HREIMS m/z 420.2330 (Calcd for
C24H36O4S, 420.2334).
Synthesis of 3 0-(glycolylthio)avarol (15) and 4 0-(glycolyl-
thio)avarol (16). Thioglycolic acid (200 lL) dissolved in
EtOH (5 mL) was added to a solution of avarone (2)
(100 mg) in EtOH (10 mL) and stirred for 3 h at room
temperature. After evaporation of EtOH, the residue was
chromatographed on a Si gel column and eluted with
petroleum ether–Et2O–HOAc (7:3:0.1), to give 3 0-(glycol-
ylthio)avarol (15) as the less polar component (34 mg; yield
26.3%): amorphous solid; ½a�25


D 14.4� (c 0.15, CHCl3); UV
(MeOH) kmax (log e) 312 (4.35), 433 (2.93); 1H NMR
(CDCl3) d 6.88 (1H, d, J = 2.9 Hz, H-4 0), 6.65 (1H, d,
J = 2.9 Hz, H-6 0), 3.47 (2H, s, H-100); EIMS m/z 406 [M+2]+


(0.4), 404 [M]+ (12), 229 12(35), 191 (25), 107 (60), 95 (100);
HREIMS m/z 404.2017 (Calcd for C23H32O4S, 404.2021),
and 4 0-(glycolylthio)avarol (16) as the less polar component
(28 mg; yield 21.6%): amorphous solid; ½a�25


D 14.0� (c 0.15,
CHCl3); UV (MeOH) kmax(loge) 311 (3.52), 433 (2.20); 1H
NMR (CDCl3) d 6.81 (1H, s, H-3 0), 6.65 (1H, s, H-6 0), 3.43
(2H, s, H-100); EIMS m/z 406 [M+2]+ (0.4), 404 [M]+ (8), 229
(25), 191 (20), 107 (50), 95 (100); HREIMS m/z 404.2025
(Calcd for C23H32O4S, 404.2021).
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Abstract—Some (1,3 0)-bis-tetrahydroisoquinolines were reported as scaffold intermediates for the synthesis of pentacyclic piperazine
core alkaloids and their cytotoxicity against cancerous cell lines was evaluated. The NMR and X-ray structural assignments revealed
an anti C3–C11 backbone stereochemistry of piperazine structures. Inhibition of cancer cell proliferation of (1,3 0)-bis-tetrahydroiso-
quinoline scaffolds and pentacyclic piperazine systems was assessed against three human cancer cell lines (K562 myelogenous leu-
kemia, A549 lung carcinoma, MCF-7 breast adenocarcinoma) and both mouse tumor cell lines of blood (P388) and lymphocytic
(L1210) leukemia with considerable activity against the latter. The cell cycle analysis was also studied by flow cytometry measure-
ment on K562 cell line.
� 2007 Elsevier Ltd. All rights reserved.
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Our interest for the tetrahydroisoquinoline alkaloid,
essentially aroused from their natural architectural com-
plexity and their noteworthy biological properties as
antitumor antibiotics.1 The most active member of this
family, Ecteinascidin 743 (1, Et 743), was isolated from
the Caribbean tunicate Ecteinascidia turbinate2 (Fig. 1)
and displayed highly potent cytotoxic activity against
a variety of tumor cancer cells in vitro and is currently
undergoing phase II/III clinical trials.3 The natural scar-
city and potent medical use of Et 743 have attracted sev-
eral groups to embark on its total synthesis.4 With
regard to the structural complexity of Et 743, a synthetic
analogue, phthalascidin 650 (2, Pt 650), which exhibits
similar biological activity to the natural product, has
also been prepared (Fig. 1).5 Since their discovery, inter-
est in their biological activity has increased with several

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Et 743 (1), Pt 650 (2), pentacyclic piperazine systems (3), and


(1,3 0)-bis-tetrahydroisoquinolines (4).
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Figure 2. Single-crystal X-ray analysis of 11 and 17.
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2) LiOH, 
MeOH/ H2O,16 h


10: HX=Hβ (1,3'-trans),
R1=Me, R2=MeO, R3=H  85


11: HX=Hα (1,3'-cis), R1=Me,


R2=MeO, R3=H 39 and


12: HX=Hβ (1,3'-trans),
R1=Me, R2=H, R3=MeO  38


13: HX=Hβ (1,3'-trans),
R1=H, R2=MeO, R3=H 95


14: HX=Hα (1,3'-cis),
R1=H, R2=MeO, R3=H 95


15: HX=Hβ (1,3'-trans),
R1=H, R2=H, R3=MeO  94


Scheme 2. Synthesis of esters 10–12 and acids 13–15.
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reports dealing with the synthesis and biological evalua-
tion of piperazine systems 3 (Fig. 1).6 Moreover, the
structure-activity relationship study of synthetic com-
pounds having an anti C3–C11 backbone stereochemis-
try in contrast with the syn relationship of their
corresponding natural compounds has recently been
investigated.6e It has been postulated that their ability
to alkylate DNA in its minor groove could explain their
highly antiproliferative activity against tumor cells.7


A program directed toward the synthesis of ecteinasci-
din and phthalascidin analogues by a novel synthetic ap-
proach was initiated in our laboratory, giving rise to the
formation of reactive (1,3 0)-bis-tetrahydroisoquinolines
4 (Fig. 1) and pentacyclic piperazine cores 3.8 This pro-
gram also involved the biological evaluation of synthetic
intermediates and simplified pentacyclic structures to
study structure–activity relationship in order to establish
pharmacophoric features. Herein, we report the synthe-
sis and characterization of potentially reactive (1,3 0)-bis-
tetrahydroisoquinolines and piperazine pentacyclic sys-
tems, with respect to DNA alkylation and formation
of covalent adducts. Inhibition of cancer cell prolifera-
tion of synthetic intermediates and modified pentacyclic
systems is also discussed.


In a previous communication,8 we have reported the
synthesis of (1,3 0)-bis-tetrahydroisoquinolines via a Pic-
tet–Spengler reaction9 between N-Boc-1,2,3,4-tetrahy-
droisoquinoline-3-carboxaldehyde 5 and LL-3,4-
dihydroxyphenylalanine methyl ester hydrochloride 6,
under non-acidic conditions (EtOH, NEt3, rt),10 with
complete cis-stereoselectivity. Isomers 7 and 8 aroused
from cyclization para- to the 3-phenolic group of 6
and 9 from cyclization ortho- to the same phenolic group
obtained with an overall yield of 78% (Scheme 1). Struc-
tural elucidation of 7–15 was determined by 2D NMR
(HSQC, COSY, and NOESY techniques). Moreover,
1H NMR experiment in DMSO-d6 at 80 �C confirmed
the mixture composition of 8 and 9 (due to the presence
of rotamers).


Depending on the reaction conditions, the optical integ-
rity of the aldehyde stereocenter was sensitive to epimer-
ization11 and confirmed by X-ray analysis of 11 and 17
(Fig. 2).12


After trimethylation of 7, 8, and 9, the corresponding
methyl ethers 10, 11, and 12 were obtained (Scheme
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7: HX=Hβ (1,3'-trans) R1=Me,
R2=MeO, R3=H 49
8:  HX=Hα (1,3'-cis), R1=Me, 
R2=MeO, R3=H and
9: HX=Hβ (1,3'-trans), R1=Me,
R2=H, R3=MeO 29


Scheme 1. Synthesis of (1,3 0)-bistetrahydroisoquinolines 7, 8, and 9.

2). A tunable amino acid functionality was then intro-
duced in a two-step sequence. Hydrolysis of the ester
moiety in 10, 11, and 12 to give 13, 14, and 15, respec-
tively (Scheme 2), followed by the N-Boc cleavage of
13 and 15 to allow cyclization, via an intramolecular
peptide coupling, afforded lactams 16 and 17(Scheme 3).


Complete structural characterization of 16 was achieved
by NMR experiments, which displayed the same distinc-
tive feature as 17 (JH1–H3 = 0 Hz). Structural elucidation
by single-crystal X-ray analysis of 1712 also revealed an
anti C3–C11 stereochemistry formed by epimerization of
the N-protected-a-aminoaldehyde during the Pictet–
Spengler cyclization (Fig. 2). The dihedral angle ob-
served between H1 and H3 by X-ray analysis of 17
(73.7�) correlates with the negligible coupling constant
(JH1–H3 = 0 Hz) found by 1H NMR (Karplus correla-
tion). Taking into account the postulated reasons for
the antiproliferative activities of this alkaloid family
through the DNA alkylation of a potent electrophilic
iminium species, the reduction of the lactam ring of 16
and 17 was implemented.7 Thus, the reduction of 16
and 17 was performed with 2.2 equiv of DIBAL-H in
THF at �78 �C, affording the corresponding carbinol-
amine which was converted,


Under acidic conditions with trimethylsilyl cyanide, to
a-amino nitrile 18 and 19 in 72% and 69% yield, respec-
tively. On the other hand, reduction of 16 and 17 with
seven equivalents of DIBAL-H in THF at �78 �C affor-
ded the benzylamines 20 and 21 in good yields (Scheme
3). We then reduced the nitrile functionality of 18 with
LiAlH4 in THF to the corresponding primary amine.
Subsequent functionalization with phthalic anhydride
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or
C: LiAlH4, THF, 0 ˚C, 15 min. then
Pht2O, CDI, CH2Cl2, 20 ˚C, 24 h


Scheme 3. Synthetic procedure for the pentacyclic systems 18–22.
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and carbonyldiimidazole afforded the phthalimide 22.
For this compound the phthalimide group is located at
C21, and not at C1 like in the Pt 650 structure (Scheme
3). In our study, the compounds exhibited the opposite
C3–C11 backbone stereochemistry recurrent in the nat-
ural alkaloid family which was confirmed by single-crys-
tal X-ray analysis of 11 and 17 (Fig. 2).12 After
deprotection of the N-Boc linkage of 14, the final cycli-
zation did not occur with the established conditions.
Due to the steric hindrance imposed by the activated
acid intermediate, the intramolecular peptide coupling
was inefficient. As previously observed by several
groups, the fatal epimerization occurred at C3 through
the phenolic Pictet–Spengler cyclization step.6d,13 Based
on the ability of escteinascidin to alkylate DNA in the
minor groove, the synthesis of (1,3 0)-bis-tetrahydroiso-
quinolines derivatives bearing a highly reactive leaving
group was envisioned by carboxylic acid esterification
with pentafluorophenol in presence of PyBoP�. This
reaction produced the pentafluorophenyl esters 23
and24 in moderate yields from 13 and 14(Scheme 4).

NBoc
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MeO


H


HX


MeO


Me


C6F5OH, PyBop,
i-Pr2NEt, CH2Cl2


13: HX=Hβ (1,3'-trans)
or
14: HX=Hα (1,3'-cis)


Scheme 4. Synthesis of reactive (1,3 0)-bis-tetrahydroisoquinolines.

Starting from acid 15, the corresponding ester proved
unstable.


3-(4 0,5 0-Dimethylthiazol-2 0-yl)-2,5-diphenyltetrazolium
bromide (MTT) colorimetric assay is widely used to as-
sess the effect of potential anticancer agents on the pro-
liferation of cancer cells in vitro. Cultured cancer cells
were grown in the presence of the putative anticancer
agent in 96-well plates using previously published proce-
dures.14 The amount of viable cells, before and after
treatment, can be determined spectrophotometrically
by measuring the optical density of the solutions using
a UV–vis spectrophotometer (k = 540 and 610 nm). This
is based on the reduction of the yellow MTT by mito-
chondrial dehydrogenases of metabolically active cancer
cells to a purple blue formazan after 3 h of incubation.
The bioactivity is most often reported as its IC50; that
is, the concentration of drug resulting in inhibition of
50% of cell proliferation relative to an untreated control
after five days of incubation. All compounds were eval-
uated against three human cancer cell lines (K562 mye-

, 18 h
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logenous leukemia, A549 lung carcinoma, MCF-7
breast adenocarcinoma) and two mouse tumor cell lines
of blood (P388) and lymphocytic (L1210) leukemia (Ta-
ble 1). Compounds were tested in triplicate. All com-
pounds described in this paper were first evaluated for
their ability to inhibit cancer cell proliferation against
the K562 cell line in vitro. The most active compounds
were selected for further study. In agreement with re-
ports concerning the ecteinascidin mode of action,7


compounds 18 and 19 harboring an a-amino nitrile
functionality proved substantially more cytotoxic in all
cell lines. In absence of a leaving group at C21 (e.g.,
amide derivatives 16 and 17, and benzylamines 20 and
21) and as observed for some isolated saframycin, renie-
ramycin, safracin, and ecteinascidin which lack a leaving
group at C21,1 cytotoxicities were less relevant.


The phthalimide derivative 22 displayed no antiprolifer-
ative activity confirming that the presence of a leaving
group enabling the formation of an iminium species
through dehydration of the C21 nitrile group is essential
for bioactivity, presumably via DNA alkylation. Finally
while the synthetic intermediates 8–12 displayed cyto-
toxicity in the micromolar range, compounds 23 and
24 displayed similar cytotoxicity to compounds 18 and
19. The cytotoxicity may depend on the carboxylate
functionalization as RCO2C6F5 > RCO2Me. This may
be linked to the mode of action of the ecteinascidin fam-
ily, by DNA alkylation of activated pentafluorophenyl
ester. Interestingly, L1210 tumor cell lines displayed
the highest sensitivity with all of the compounds.

Table 1. Inhibition of cancer cell proliferation of (1,3 0)-bis-tetrahy-


droisoquinolines and pentacyclic piperazine systems


Compound IC50 (lM)


K562 A549 MCF-7 P388 L1210


8, 9 34.6 >100 56.6 12.4 12.1


10 44.3 62.0 37.4 57.0 6.4


11 20.8 67.5 37.5 24.6 10.0


12 40.2 55.6 37.9 19.6 15.8


16 >100 >100 >100 >100 >100


17 >100 >100 >100 >100 >100


18 24.7 33.4 21.7 11.6 1.4


19 15.2 19.4 38.6 9.3 1.1


20 79.8 >100 >100 11.1 5.1


21 >100 >100 >100 >100 6.4


22 >100 >100 >100 >100 >100


23 18.8 10.5 8.1 6.1 6.1


24 15.9 40.0 37.2 19.0 7.3


Table 2. Cell cycle distribution by flow cytometry in K562 cells treated


for 24 ha


Compound G0/G1 (%) S phase (%) G2/M (%)


Control 45.2 31.5 23.3


Cisplatin 60.5 24.1 15.4


18 55.4 29.2 15.4


19 54.8 35.1 10.1


23 51.2 26.5 22.3


24 55.4 36.3 8.3


a Percentage of cells in each phase of the cell cycle as measured by flow


cytometry (according to previously described methods15).

Next flow cytometry was used to evaluate the effects of
the most active compounds (18, 19, 23, and 24) on the
growth and division of K562 cells, by measuring the
DNA content of eukaryotic cells. The results show the
proportion of cells emitting a given level of fluorescent
proportional to the DNA content.15 Unlike antimitotic
agents which accumulate their DNA content in the
G2/M phase of the cell cycle, the results in Table 2 show
that three of the compounds (18, 19, and 24) cause sig-
nificant arrest of the cell cycle at the G0/G1 and S phases
(84.6–91.7% vs 76.7% for untreated control). This result
is consistent with the behavior of a DNA-interfering
agent such as cisplatin16 and as previously described
for Et 743.17


To conclude, an efficient synthesis of anti C3–C11 pen-
tacyclic systems harboring the requisite function for
the biological evaluation was realized through the syn-
thesis of (1,3 0)-bis-tetrahydroisoquinoline scaffolds. Pre-
liminary biological evaluation of our compounds
showed antiproliferative activity against a variety of
cancer cell lines in the micromolar range in spite of the
absence of complete aromatic functionalization and a
propensity to promote the arrest of the cell cycle at
the G0/G1 and S phases. Further biological evaluation
is undergoing to evaluate the mode of action of these
agents.
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Abstract—Novel analogues of the microtubule-stabilising agent dictyostatin were designed using existing SAR information from the
structurally related discodermolide, synthesised by a late-stage diversification strategy and evaluated in vitro for growth inhibition
against a range of human cancer cell lines, including those known to exhibit Taxol-resistance (AsPC-1, DLD-1, PANC-1, NCI/
ADR).
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of dictyostatin, Taxol and discodermolide.

The marine sponge-derived macrolide dictyostatin (1,
Fig. 1) displays powerful growth inhibitory activity
against a wide range of human cancer cell lines.1,2 Its
initial isolation by Pettit in 1994 in the Republic of
Maldives enabled only a partial assignment of stereo-
chemistry, hindering further synthetic development
for nearly a decade.1a Upon re-isolation by Wright,1b


sufficient natural dictyostatin became available in
2004 for a conclusive reassignment of the stereochemis-
try by detailed NMR analysis combined with molecular
modelling.3 Subsequent total synthesis efforts con-
firmed these structural revisions,4 facilitating the pro-
duction of larger quantities of this otherwise scarce
marine macrolide for more extensive biological evalua-
tion. Dictyostatin has been identified as a potent
microtubule-stabilising agent (MSA) which like Taxol
(2) binds to the taxoid binding site on b-tubulin.1b,2


Its cytotoxicity is more pronounced than that of Taxol
and is further retained against (P-glycoprotein efflux-
mediated) Taxol-resistant cell lines. Thus, dictyostatin
represents a promising antimitotic natural product
drug lead for cancer chemotherapy development.


The development of natural product analogues is an
appealing goal from a pharmaceutical perspective,
which provides exciting opportunities for structural sim-
plification whilst maintaining biological potency.5 A few
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dictyostatin analogues have been reported,6 which,
despite displaying potent cytotoxicities against some
human cancer cell lines, appear to be much less active
against those lines exhibiting Taxol-resistance. Their
design was influenced by the structurally related MSA
discodermolide (3),7 for which a more substantial num-
ber of analogue studies have been reported.8,9 The
resulting SAR information, together with more recent
NMR experiments and binding studies, has led to the
proposal of a b-tubulin bound bioactive conformation
for discodermolide and a common pharmacophore
model with the epothilones.10,11
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Herein, we describe the synthesis of 16-desmethyl- (4,
Fig. 2), 9-epi-16-desmethyl- (5), 9-methoxy- (6) and 9-
epi-dictyostatin (7), and disclose the cancer cell growth
inhibitory activity of these analogues relative to the nat-
ural product MSAs dictyostatin, discodermolide and
Taxol in both Taxol-sensitive and -resistant cell lines.


Initial efforts were focused towards the synthesis of 16-
desmethyl-dictyostatin (4), which has also been prepared
by the Curran group.6b Previously, Smith had shown
that removal of the C14 methyl in discodermolide had
little effect upon cytotoxicity in non-resistant cell lines,
but reduced activity against Taxol-resistant cell lines.9d,f


We postulated that removal of the corresponding C16
methyl of dictyostatin would produce a similarly active
analogue. From a synthetic viewpoint, deletion of the
C16 methyl would permit a simplification of the overall
synthesis: replacing the Myers alkylation (previously
implemented to establish the remote C16 stereocentre)
with a Horner–Wadsworth–Emmons/conjugate reduc-
tion sequence would access the complete C11–C26 car-
bon framework (minus the C16 methyl). Completion
of the analogue would then follow the same strategy
as previously reported for our total synthesis of dictyost-
atin (Scheme 1).4a


Preparation of the C11–C26 fragment started from
known aldehyde 8 (Scheme 2).12 HWE olefination of 8
with triethyl phosphonoacetate and subsequent TBS
ether formation provided exclusively the E-enoate 9
(90%). Conjugate reduction of the enone using Stryker’s
reagent13 and treatment with DIBALH directly afforded
aldehyde 10 (73%). A barium hydroxide-mediated HWE
olefination14 of phosphonate 114 with aldehyde 10 pro-
vided the E-enone, which was similarly reduced with
Stryker’s reagent.


Reduction of the resulting ketone with LiAlH(OtBu)3


gave the desired (19R)-alcohol 12 with 96:4 dr (79%).
Protection of this secondary alcohol as its TBS ether,
oxidative cleavage of both PMB ethers using DDQ
and selective primary oxidation15 using catalytic
TEMPO and PhI(OAc)2 provided aldehyde 13, in read-
iness for the Still-Gennari olefination (93%). Synthesis
of the fluorinated phosphonate started from the Brown
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Figure 2. Structures of dictyostatin analogues.


Scheme 2. Synthesis of aldehyde 13.

crotylation16 product 14 (Scheme 3).4a PMB ether for-
mation followed by ozonolysis provided aldehyde 15
(77%). Takai olefination17 of 15 effected installation of
the E-vinyl iodide functionality; subsequent TBAF-med-
iated silyl ether cleavage and oxidation under Dess-Mar-
tin periodinane/Pinnick conditions afforded acid 17
(60% over four-steps). Transformation of 17 into the
corresponding acid chloride was performed using the
Ghosez reagent 18.18 Pleasingly, addition of the lithium
anion of (CF3CH2O)2P(O)CH3 at �98�C provided
b-ketophosphonate 19 in 83% yield.19


Still-Gennari olefination of aldehyde 13 using phospho-
nate 19 employed K2CO3, 18-crown-6 in a mixture of
toluene and HMPA (10:1), and gave Z-enone 20 in mod-
erate yield with good selectivity (5:1 Z:E, 41%) (Scheme 4).
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Oxidative PMB ether cleavage (DDQ) and subsequent
hydroxyl-directed 1,3-anti reduction20 provided separa-
ble diols 21 and 22 (83:17 dr, 61%).


After first masking 1,3-anti diol 21 as its acetonide 23, a
copper-mediated Stille coupling21 with Z-vinyl stannane
24 smoothly installed the required E,Z-dienoate. In situ
TIPS ester cleavage using KF provided the correspond-
ing sec-acid, which afforded the macrocycle under
Yamaguchi macrolactonisation conditions (50%) with
little or no dienoate isomerisation. Finally, exposure to
3N HCl in MeOH effected concomitant silyl ether and
acetonide cleavage to provide 16-desmethyl-dictyostatin
4. Synthesis of the C9-epimeric analogue 5 could be
achieved by progression of 1,3-syn diol 22 through the
same five-step sequence described above (21%). Both
the 16-desmethyl and 9-epi-16-desmethyl analogues were
purified by HPLC prior to biological evaluation.


It had been observed that discodermolide analogues with
modification of the C7 hydroxyl group (removal/methyl-
ation/acylation) displayed similar antiproliferative activi-
ties to discodermolide.9b–d Interestingly, methylation or
acylation resulted in comparable and occasionally
increased cytotoxicities relative to discodermolide,
including in those cell lines resistant to Taxol. Thus, we
targeted the synthesis of the corresponding C9-methyl
ether dictyostatin congener 6, anticipating that it may
display nanomolar cytotoxicities in both Taxol-sensitive
and resistant human cancer cell lines. The synthesis of
the (C16-methyl containing) 9-epi and 9-methoxy
analogues was envisioned via late-stage diversification
of known intermediates from our dictyostatin synthesis
(Scheme 5).4a Direct methylation/deprotection of the
(9S)-alcohol 26 arising from C9-enone reduction would
lead to 9-methoxy-dictyostatin 6, while deprotection of
the minor (9R)-alcohol product 27 of the same reduction
would afford 9-epi-dictyostatin 7. Both analogues should
provide further insight into the importance of the C9 con-
figuration within dictyostatin.


The Still-Gennari olefination of known aldehyde 284a


and phosphonate 29 afforded Z-enone 30 (5:1 Z:E,
75%) (Scheme 6). Its elaboration via a copper-mediated
Stille coupling with vinyl stannane 24, in situ KF TIPS

cleavage and macrolactonisation under improved Yam-
aguchi conditions provided macrolactone 31 (85%).
Reduction of enone 31 under Luche conditions provided
epimeric alcohols (9S)-26 and (9R)-27 (68:32 dr, 94%).
Methylation of the (9S)-alcohol 26, using proton sponge
and Meerwein’s salt, afforded methyl ether 32 (78%).
Global deprotection of both 32 and its (9R)-epimer 27
was effected cleanly using HFpyridine,22 which after
HPLC purification gave 9-methoxy-dictyostatin 6
(47%) and 9-epi-dictyostatin 7 (79%), respectively, in
readiness for biological evaluation.


The cell growth inhibitory activities of the dictyostatin
analogues 4, 5, 6 and 7 were evaluated in vitro, and mea-
sured relative to dictyostatin (1), Taxol (2) and disco-
dermolide (3) against four cancer cell lines: AsPC-1
(pancreatic), DLD-1 (colon), PANC-1 (pancreatic) and
NCI/ADR (Taxol-resistant) (Table 1). The NCI/ADR
cell line contains an overexpressed P-glycoprotein efflux
pump within the cell membrane, which is responsible for
its resistance to Taxol.


Our synthetic dictyostatin analogues showed a broad
spectrum of activities, which correlated well with
those of the corresponding discodermolide analogues.
Encouragingly, the 16-desmethyl-analogue 4 displayed a
moderate level of antiproliferative activity in the







K2CO3, 18-C-6, PhMe:HMPA 1:10


OH


O


TBSO


TBS


O OTBS


I


+28 29


(75%, 5:1 Z:E)


30


31


1. CuTC, 24 , NMP
2. KF, THF: MeOH 4:1
3. Cl3C6H2C(O)Cl, Et3N, DMAP, PhMe


O


O


TBSO


OR OTBS


O O


O


TBSO


OH OTBS


O


6: 9-methoxy-dictyostatin 7: 9-epi-dictyostatin


(85% over 3 steps)


O


O


TBSO


TBS


O OTBS


O


CeCl3•7H2O, NaBH4, EtOH(68:32 dr, 94%)


TBS TBS


Me3OBF4,
proton sponge, 
CH2Cl2 (78%)


26


O


OH


HO


OMe OH


O


HF•pyridine, THF
(79%)


27


O


OH


HO


OH OH


O


+


9S 9R


HF•pyridine, THF (47%)


R = H


R = Me32


Scheme 6. Completion of the synthesis of 9-methoxy- and 9-epi-


dictyostatin.


O


O


TBSO


OH OTBS


O
1


9S


26


O


O


TBSO


O OTBS


O
1


9


26
TBS


Stille coupling


O OTBS


I


Still-Gennari
olefination


enone reduction


26


31


+


29


28


macrolactonisation


P


O


CF3CH2O
CF3CH2O


O


O


TBSO


OH OTBS


O


24


27


9R


TBSTBS


1


26


+


methylation


O


OH


HO


OMe OH


O


6


1


9


26


global deprotection


O


OH


HO


OH OH


O


7


1


9


26


OH


O


TBSO


O


TBS


H
CO2TIPS


Bu3Sn


Scheme 5. Retrosynthetic analysis of 9-epi- and 9-methoxy-


dictyostatin.


2446 I. Paterson et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2443–2447

non-resistant cell lines, however, this was lost upon the
switch to the NCI/ADR resistant cell line. The contrast
in these findings to those reported by Curran et al.6b can
possibly be attributed to differences in cell line selection
and experimental parameters. From this result, we can
conclude that the C16 methyl group on dictyostatin is
both highly important in maintaining low nanomolar
cytotoxicity of the natural product, and in helping it to cir-
cumvent the P-glycoprotein efflux pump.


Inversion of the C9 hydroxyl stereocentre in both the
9-epi-16-desmethyl- and 9-epi-dictyostatin analogues (5
and 7) resulted in a substantial drop in cytotoxicity rela-
tive to both 4 and 1, respectively. These results reflect
the importance of the configuration of this C9 hydroxyl
group. We postulate that its configuration may be
important in controlling the bioactive conformation of
dictyostatin. Most pleasing were the results from the
9-methoxy analogue 6. As observed with the corresponding
discodermolide analogue, low nanomolar cytotoxicities
were evident in both the resistant and non-resistant cancer
cell lines, making this the most active dictyostatin ana-

logue reported to date. The effect of ‘capping’ the C9
hydroxyl group with a methyl had an insignificant effect
on the binding ability of the analogue. From this finding,
it is proposed that the C9 hydroxyl group of dictyostatin
does not act as a significant intermolecular hydrogen-
bond donor with proximal tubulin residues, and does
not form any intramolecular hydrogen bonds, which
might stabilise the bioactive conformation.


In conclusion, we have designed and synthesised a small
library of active dictyostatin analogues. Notably,
9-methoxy-dictyostatin 6 represents the most active
dictyostatin analogue prepared, and, importantly, shows
comparable cytotoxicity relative to dictyostatin against a
Taxol-resistant cell line. Moreover, we have shown that
the dictyostatin framework can withstand structural
modification, providing encouragement that simplified
analogues with similar dictyostatin-like antiproliferative
activity may be synthesised.







Table 1. Cytotoxicity of dictyostatin (1), Taxol (2), discodermolide (3) and dictyostatin analogues 4, 5, 6 and 7 in cultured human cancer cells as


determined by MTT metabolism following 72-h exposure to the test agent


Compound IC50/nMa


AsPC-1 pancreatic DLD-1 colon PANC-1 pancreatic NCI/ADR Taxol-resistant


1 9.0 (±5.6) 0.8 (±3.8) 3.4 (±0.2) 9.8 (±1.5)


2 20 (±23) 11 (±1) 7 (±2) 1000 (±140)


3 98 (±34) 29 (±8) 59 (±34) 160 (±34)


4 170 (±19) 85 (±19) 130 (±19) 1500 (±460)


5 2100 (±210) 790 (±710) 1500 (±140) 2100 (±680)


6 31 (±9.2) 2.4 (±1.1) 9.7 (±1.8) 8.2 (±1.8)


7 410 (±200) 150 (±36) 240 (±2) 1100 (±230)


a Values are ± standard deviation (in parentheses) from a minimum of four separate experiments.
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Abstract—Cholesteryl ester transfer protein is a plasma glycoprotein that transfers cholesterol ester between lipoprotein particles.
Inhibition of this protein, in vitro and in vivo, produces an increase in plasma high density lipoprotein cholesterol (HDL-C). This
communication will describe the SAR and synthesis of a series of substituted tetrahydroquinoxaline CETP inhibitors from early l
lead to advanced enantiomerically pure analogs.
� 2007 Elsevier Ltd. All rights reserved.

Atherosclerosis is a systemic disease that consists of the
accumulation of lipid-rich plaques within the walls of
large arteries; it contributes to coronary heart disease,
stroke, and peripheral vascular disease. Atherosclerosis
is the leading cause of deaths in industrialized nations
and the standard for treatment is the administration of
statins to decrease low density lipoprotein cholesterol
levels (LDL-C). In addition to reducing the number of
coronary events through the reduction of LDL-C, stat-
ins have been shown to modestly increase (5–10%) high
density lipoprotein cholesterol (HDL-C).1


The anti-atherogenic role of HDL in reverse cholesterol
transport is now well established and the elevation of
HDL has become a therapeutic target. Studies have
shown an inverse relationship between HDL and cardio-
vascular disease, even a modest 1 mg/dL elevation of
HDL may reduce the risk of cardiovascular disease by
2–3 percent.2 At present, niacin and Niaspan, extended
release niacin, are the most effective therapeutic agents
to elevate HDL-C.3 These treatments can elevate
HDL-C from 15% to 35% however; niacin can produce
undesirable side effects such as flushing and
hepatotoxicity.4

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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Cholesteryl ester transfer protein (CETP) is a plasma
glycoprotein that transfers cholesteryl ester between
lipoprotein particles with a balanced exchange of triglyc-
eride (TG). The net effect of CETP is to remove cho-
lesteryl ester from HDL and transfer it to LDL and
VLDL. Populations deficient in CETP do show in-
creased levels of HDL.5 Several research programs are
currently targeting the inhibition of CETP as a method
to raise HDL-C levels and several potent inhibitors have
been disclosed (Fig. 1).6–8 The most advanced programs
are Pfizer’s Torcetrapib and Roche/Japan Tobacco’s
JTT-705, these programs entered into phase III with sig-
nificant elevations of HDL-C observed in phase II clin-
ical trials.9


We recently became interested in pursuing a research
program on CETP inhibition and, following an evalua-
tion of published work, we chose a substituted tetrahy-
droquinoxaline as a potentially novel lead structure
(Fig. 2). This type of core would provide multiple points
for further synthetic diversification as shown.


The substituted tetrahydroquinoxaline cores were pre-
pared in a three-step sequence beginning with SNAr
reactions on commercially available ortho nitro aryl flu-
orides (Scheme 1). The appended alcohols 1 and 2 were
converted to mesylates under standard conditions. The
tetrahydroquinoxalines 5 and 6 were formed through
reduction of the nitro group followed by intramolecular
SN2 displacement of the mesylate group. Compound 7
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Figure 2. Substituted tetrahydroquinoxalines as CETP inhibitors.
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was prepared from selective reductive amination of the
less hindered nitrogen with ethyl oxoacetate and conver-
sion to the methyl ester. The remaining aniline was
capped with an ethyl carbamate group followed by sub-
sequent enolate alkylation to give 9 and 10.10


The chain-shortened analogs (n = 0) were prepared from
benzylic bromination of methyl 3,5-bis(trifluorometh-
yl)phenyl acetate (11) (Scheme 2).11 The resulting bro-
mides were treated with tetrahydroquinoxaline core 5
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Scheme 2. Reagents and condition: (a) NBS, AIBN, CCl4, D (50%); (b) 5,


(5–22%); (d) ClCO2Et, py, DCM (44–65%).
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under SN2 conditions to provide 13.12 Compound 13
underwent electrophilic aromatic halogenation to give
1413 and 15. The remaining unsubstituted anilines were
capped with the ethyl carbamate functionality to give
analogs 16–18.


Since the SN2 approach utilized to prepare 13 was
unsuccessful for the 6-trifluoromethyl series an alternate
route was undertaken (Scheme 3). Selective reductive
amination with 3,5-bis(trifluoromethyl)benzaldehyde
followed by acylation with ethyl chloroformate gave
compound 21. Selective benzylic lithiation and subse-
quent trapping with methyl chloroformate produced
the desired carbon–carbon bond in 22.


The preliminary SAR of these series (Table 1) from a
human plasma CETP assay14 indicated that direct
attachment of the aryl ring to the N2 methine was opti-
mal to inhibit CETP. Additionally it was found that
deviation away from an ester to methyl, dimethyl, and
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Table 1. Activity of preliminary analogs in the plasma CETP assay
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OO
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nR1


R4


R5
(+/-)


Compound R1 R2 R3 R4 R5 n IC50 (lM)


D1a D2a


9a,9b OCH3 H H H H 1 >100 >100


10a,10b OCH3 CF3 CF3 H H 1 >100 >100


16a,16b OCH3 CF3 CF3 H H 0 5.0 8.6


17 OCH3 CF3 CF3 Br H 0 1.9b


18a,18b OCH3 CF3 CF3 Cl Cl 0 92.5 93.4


22a,22b OCH3 CF3 CF3 CF3 H 0 0.5 0.56


a The D1 and D2 nomenclature denotes the first and second eluting diastereomers undergoing chromatography. This convention is used throughout


this work.
b Diastereomers were not separated (�1:1 mixture).
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Figure 3. Separated methyl tetrazole diastereomers differ in potency.
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hydroxyethyl amides resulted in a complete loss of activ-
ity (data not shown). The introduction of aryl substitu-
ents (R4 and R5) increased potency, except for chloro
disubstitution. The R4 trifluoromethyl group was opti-
mal with both diastereomers providing an IC50 of about
500 nM, a 10-fold increase in potency over compounds
16a, 16b.


To suppress potential metabolic liabilities we became
interested in substituting a methyl tetrazole group in

Table 2. Activity of Nl derivatives in the plasma CETP assay


N


NF3C


N
N


NN


F3C


CF3


(+, -)


Compound Methoda IC50 (nM)


D1 D2


28a,28b A
O O


870 230


29 A
O O


1110


30 A O O 4400


31 A O O 232


32 A O O 62,590


33a,33b B O N
H


OH 100,000 4570


34 B O N
H


46,380


35 B O N 100,000


36 B O N 100,000


37 B O N
O


36,900


38 C 854


39a,39b C 1300 5700


40 C O


OH


2915


a Prepared from compound 26 utilizing method (A) RCO2Cl, py,


DCM; (B) Cl2CO, DIEA, DCM then ROH or RNH (R or H); (C)


RCHO, NaCNBH3, MeOH, D.

place of the methyl ester.15 The tetrazole group was pre-
pared in a five-step sequence which began with the rad-
ical bromination of 3,5-bis-trifluoromethyl benzonitrile
(23) (Scheme 4). Alkylation of the more reactive aniline
with 24 produced the desired derivative for cycloaddi-
tion with sodium azide to the free tetrazole. Subsequent
selective16 N2 methylation with TMS-diazomethane
produced diastereomers that could be separated via sili-
ca gel chromatography.17 Finally, the free aniline was
capped as the ethyl carbamate group. The methyl tetra-
zole substitution did produce a boost in potency over
the ester series for one of the diastereomers, D2. The
second eluting diastereomer 28b (D2) was found to be

Table 3. Activity of tetrazole analogs in the plasma CETP assay
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N
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OO


Compound IC50 (nM)
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O


O
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O


O
4420
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O


O
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46a,46bb OH
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50a,50ba
O


H2N
5220 100,000


51a N 7815


52a
O


HO
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53a NC 3420


54a 4555


a Analog prepared by converting the aniline of compound 27 to the


ethyl carbamate (EtCO2Cl, pyridine, DCM) followed by tetrazole


formation (N3, NH4Cl, DMF, D). This material was then alkylated16


with the corresponding alkyl halide utilizing DIEA or NaH as base.
b This analog was prepared through the reduction of compound 44


with LiBH4.
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Figure 4. Preparation of all four stereoisomers of analog 28 reveals a preferred enantiomer 55d.
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�4-fold more potent as compared to the first eluting
diasteromer 28a (D1) (Fig. 3).


Since the diastereomerically pure tetrazole analog was
more potent than the corresponding methyl ester and of-
fered esterase stability we conducted a more thorough
exploration of the SAR. Our strategy was to explore
the N1 position of the tetrahydroquinoxaline core as
well as substitution of the tetrazole ring. The synthetic
routes were amenable to these substitutions since both
sites are elaborated late in the synthesis.


In addition to the ethyl carbamate moiety at N1, several
other carbamate analogs were prepared and the com-
pounds were tested as single diastereomers or �1:1 mix-
tures of diastereomers (Table 2). The most potent of the
analogs was the isobutyl carbamate 31 with an IC50 of
232 nM as a D1/D2 mixture. This analog was much pre-
ferred over the benzyl, butyl, and 2-ethyl hexyl analogs.
To determine the effect of replacing the carbamate oxy-
gen with nitrogen a series of ureas were prepared. Both
mono- and disubstituted ureas produced a loss in poten-
cy. The D2 diastereomer 33b of the hydroxy ethyl urea
was much more potent than the D1 diastereomer
(33a). Interestingly the direct nitrogen analog of 28
(compound 34) was >40· less potent. We also investi-
gated direct alkyl substituted analogs with the cyclopen-
tyl methyl diastereomers 38 being the most potent at
854 nM. Increasing the bulk of the appended cycloal-
kane produced a negative effect on potency since ana-
logs 39a, 39b, and 40 were in the single digit lM range.


The SAR of the tetrazole group was also investigated
(Table 3). Replacing the methyl group with methyl
and tert-butyl acetoxy groups 43 and 45 produced a
large decrease in potency. The homologated methyl
acetoxy group (44) retained some potency at 4.4 lM.
Substitution with the hydroxy ethyl group produced
analogs 46a and 46b, which displayed modest potency.
The amide and acid functionalities 50 and 52 produced
a large loss of potency, while the basic amine 51, nitrile
53, and cyclopropyl group 54 displayed moderate activ-
ities. None of the analogs were superior to the 2-methyl
tetrazole moiety in analog 28.


The discovery that one of the tetrazole diastereomers
was much more potent prompted us to pursue an opti-

cally active synthesis. Preparation of all four stereoiso-
mers of 28 (55a–d)18 revealed that the C2-R-second
eluting diastereomer (55d) was the most potent at
143 nM (Fig. 4). The stereochemistry at the benzylic po-
sition was not assigned. Analog 55d was found to have
low clearance following iv dosing in rats, however, the
solubility of 55d was extremely poor at <10 ng/mL.


In summary, we have utilized a tetrahydroquinoxaline
core to produce potent CETP inhibitors. A key obser-
vation in this process was that a shortened headpiece
is optimal for the tetrahydroquinoxaline core. The
replacement of the methyl ester with the methyl tetra-
zole moiety was also an important advance for the
program. The methyl tetrazole offered improved
potency and potential metabolic stability. Efforts to
improve on tetrazole substitution and N1 aniline sub-
stitution were not successful in producing superior
compounds to 28. The synthesis of all four stereoiso-
mers 55a–d revealed that compound 55d was by far
the most potent with an IC50 = 143 nM in a human
plasma CETP assay. This compound, 55d, displays a
rat PK profile with low clearance, moderate volume
of distribution, and low solubility.
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Abstract—Eight members of a recently identified family of tetrahydrofuran-diols (THFDs), originating from epoxyeicosatrienoic
acids (EETs), were prepared stereospecifically from DD-(+)-glucose. The THFDs potently induced relaxation of pre-contracted bovine
arteries.
� 2007 Elsevier Ltd. All rights reserved.

Arachidonic acid is metabolized by the cytochrome P450
epoxygenase pathway into four regioisomeric epoxyei-
cosatrienoic acids (EETs),1 whose varied contributions
to homeostasis and pathophysiology have attracted con-
siderable attention.2 Secondary metabolism results in
even greater structural diversity by converting the EETs
into vic-diols,3 S-glutathione adducts,4 or more highly
oxygenated products5 including a family of bioactive tet-
rahydrofuran-diols (THFDs).6–8 It is unclear, at present,
if the THFDs originate from completely enzymatic pro-
cesses9 or from spontaneous, nonenzymatic epoxide ann-
ulations (e.g., Eq. 1).10 To expedite current structural and
pharmacological investigations, we report herein the syn-
thesis of eight isomers of defined stereochemistry starting
from an inexpensive member of the chiral pool and their
evaluations as vasomodulators. A structurally similar,
but biosynthetically distinct, class of endogenous arachid-
onate tetrahydrofuran-diols,11 known collectively as
isofurans,12 has also been described and representative
members prepared by chemical synthesis.13
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Since the ‘mid-chain’ THFDs, that is, those derived
from transannular cyclizations between epoxides at the
original D8,9- and D11,12-olefins, were found to be the
most efficacious for increasing intracellular free Ca2+


in rat pulmonary alveolar cells,6b our initial synthetic ef-
forts focused on this system. Our strategy (Scheme 1)
utilized furanoside 1,14 readily obtained from DD-(+)-glu-
cose, as a convenient starting point.15 Alkynylation of 1
using the dianion of commercial 5-hexynoic acid and
esterification of the adduct with diazomethane provided
the known homopropargylic alcohol 2.14 Benzoylation
of 2 followed by reductive allylation at the anomeric
center induced with BF3ÆEt2O according to the method
of Garcı́a-Tellado16 afforded a chromatographically sep-
arable mixture (5:1) of 3 and its a-isomer 4 in good com-
bined yield.17 Sequential silylation of the newly liberated
alcohol, OsO4 dihydroxylation of the terminal olefin,
and cleavage of the resultant vic-diol converted 3 into
the somewhat labile aldehyde 5 which was immediately
subjected to Wittig cis-olefination using n-hexylidenetri-
phenylphosphorane in a non-polar solvent to minimize
b-elimination. Semi-hydrogenation of the acetylene over
P-2 nickel18 and fluoride-induced desilylation gave 6.
Saponification of the esters in 6 delivered 8(R),9(S),
11(R),12(S)-THFD (7) without incident, whereas Mits-
unobu inversion19 at C(11) prior to saponification led
to 8(R),9(S),11(S),12(S)-THFD (8).


An analogous series of transformations as described in
Scheme 1, when applied to a-isomer 4, yielded 8(R),
9(S),11(R),12(R)-THFD (10) and 8(R),9(S),11(S),
12(R)-THFD (11) by way of methyl ester 9 (Scheme 2).
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Scheme 1. Reagents and conditions: (a) 5-hexynoic acid, n-BuLi (2 equiv), HMPA, 5 �C for 1 h, then 23 �C for 12 h; CH2N2, 5% MeOH/Et2O, 23 �C,


1 h, 60–65%; (b) PhC(O)Cl, DMAP, Et3N, CH2Cl2, 23 �C, 12 h, 97%; (c) Me3SiCH2CH@CH2/BF3ÆEt2O, CH2Cl2, 23 �C, 18 h, 82% (a-/b-isomers


combined); (d) t-BuMe2SiCl, ImH, DMF, 50 �C, 12 h, 95%; (e) OsO4 (2 mol %), NMO, t-BuOH, 23 �C, 12 h; (f) NaIO4/SiO2, CH2Cl2, 23 �C, 1.5 h;


(g) H3C(CH2)5PPh3Br, NaN(SiMe3)2, PhCH3/THF (1:1), �90 �C for 0.5 h, then warm to 23 �C overnight, 70% over three steps; (h) Ni(OAc)2,


NaBH4, (H2NCH2)2, H2 (1 atm), EtOH, 23 �C, 5 h, 85%; (i) n-Bu4NF, THF, 23 �C, 12 h, 70%; (j) LiOH, THF/H2O (3:1), 92%; (k) DEAD/PPh3/


PhCO2H, THF, 1 h, 0 �C, 93%.


Scheme 2. Reagents and conditions: (a) steps (d)–(i) from Scheme 1; (b) LiOH, THF/H2O (3:1), 23 �C, 10 h, 92–96%; (c) DEAD/PPh3/PhCO2H,


THF, 1 h, 0 �C, 90–93%.


Scheme 3. Reagents and conditions: (a) 5-hexynoic acid, n-BuLi (2 equiv), HMPA, 5 �C for 1 h, then 23 �C for 12 h; CH2N2, 5% MeOH/Et2O, 23 �C,


1 h, 60–65%; (b) PhC(O)Cl, DMAP, Et3N, CH2Cl2, 23 �C, 12 h, 93%; (c) Me3SiCH2CH@CH2/BF3ÆEt2O, CH2Cl2, 23 �C, 18 h, 80–82% (a-/b-isomers


combined); (d) steps (d)–(i) in Scheme 1; (e) LiOH, THF/H2O (3:1), 23 �C, 10 h, 92–96%; (f) DEAD/PPh3/PhCO2H, THF, 1 h, 0 �C, 90–93%.


J. R. Falck et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2634–2638 2635

Regrettably, all attempts to access the 8(S)-series of
THFDs via Mitsunobu inversion19 of alcohol 2 or the
derived 5(Z)-olefin were discouraged by a facile dehy-
dration. Only minor amounts of the desired 8(S)-ester
could be obtained. Oxidation/reduction sequences
through the corresponding ketone as a means of estab-

lishing the S-alcohol were also stymied by poor yields
and/or migration of the adjacent olefin. Consequently,
the known20 epimeric epoxide 12 (Scheme 3) was used
to prepare benzoates 13 and 17 following the now
well-established protocols from Scheme 1. After chroma-
tographic separation, 13 and 17 were elaborated into 14
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Figure 1. Relaxation of pre-contracted bovine arteries by THFDs and


14,15-EET.
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and 18, respectively. In turn, these intermediates were
advanced to 8(S),9(S),11(R),12(S)-THFD (15)8(S),
9(S), 11(S),12(S)-THFD (16) and 8(S),9(S),11(R),
12(R)-THFD (19)/8(S),9(S),11(S),12(R)-THFD (20),
accordingly.


The THFDs were tested for vasodilatory activity using
bovine coronary arteries preconstricted with the throm-
boxane-mimetic U-46619 (10–20 nM).21 All caused relax-
ation of the arteries when used from 10�8 to 10�5 M
(Fig. 1a and b). In the same assay, the endogenous dilator
14,15-epoxyeicosatrienoic acid (14,15-EET) also relaxed
coronary arteries over a similar concentration range.22


Notably, THFD 10 (ED50 = 3.0 ± 0.11 lM) and 14,15-
EET (ED50 = 2.5 ± 0.10 lM) were equally active, while
the other THFDs were less efficacious. These studies indi-
cate that, in this series, a trans-tetrahydrofuran skeleton
and 11(R)-hydroxyl are necessary for full agonist activity
with respect to the parent EETs. The physiological signif-
icance of these secondary metabolites and their utility as
EET mimetics are under investigation and the results will
be published in due course.
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3.81 (m, 1H), 4.10 (dt, J � 2.8, 5.6 Hz, 1H), 4.31 (dt,
J � 6.0, 8.8 Hz, 1H), 5.27–5.51 (m, 5H), 7.44 (apparent t,
J � 7.6 Hz, 2H), 7.56 (apparent t, J � 7.6 Hz, 1H), 8.01–
8.04 (m, 2H); 13C NMR (75 MHz, CDCl3) d 14.25, 22.74,
24.84, 26.86, 27.52, 29.39, 29.58, 31.64, 32.12, 33.62, 36.16,
51.71, 74.88, 75.51, 78.67, 86.48, 124.24, 125.04, 128.56,
129.79, 130.53, 131.93, 133.02, 133.15, 166.02, 174.29.
Compound 7: TLC, EtOAc, Rf � 0.18; ½a�D23 �26.5 (c 1.03,
CHCl3); 1H NMR (400 MHz, CDCl3) d 0.88 (t,
J � 6.8 Hz, 3H), 1.22–1.39 (m, 6H), 1.70 (q, J � 7.2 Hz,
2H), 1.78 (ddd, J � 4.0, 6.0, 13.2 Hz, 1H), 2.03 (apparent
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m/z 354 (M+, 100%).
Compound 8: TLC, EtOAc, Rf � 0.29; ½a�D23 15.3 (c 0.96,
CHCl3); 1H NMR (400 MHz, CDCl3) d 0.88 (t, J � 6.8 Hz,
3H), 1.24–1.40 (m, 6H), 1.65–1.78 (m, 2H), 2.00 (dd,
J � 3.2, 12.8 Hz, 1H), 2.04–2.26 (m, 7H), 2.34 (t,
J � 7.2 Hz, 2H), 2.38–2.51 (m, 2H), 3.61(td, J � 2.4,7.2 Hz,
1H), 3.88 (apparent t, J � 6.4 Hz, 1H), 5.40–5.55 (m, 4H);
13C NMR (75 MHz, CDCl3) d 14.27, 22.79, 24.65, 26.66,
27.17, 27.55, 29.50, 31.73, 31.94, 33.46, 34.31, 71.21, 72.01,
80.07, 83.77, 125.12, 125.93, 132.21, 132.71, 178.56; MS
(AP-LC) m/z 354 (M+, 100%).
Compound 9: TLC, EtOAc/hexane (1:1), Rf � 0.52; ½a�D23
�26.5 (c 1.0, CHCl3); 1H NMR (400 MHz, CDCl3) d 0.87
(t, J � 10.0 Hz, 3H), 1.19–1.39 (m, 6H), 1.59–1.70 (m,
4H), 2.00–2.20 (m, 6H), 2.27 (t, J � 10.0 Hz, 2H), 2.31–
2.58 (m, 4H), 3.64 (s, 3H), 3.82–3.86 (m, 1H), 4.30 (br s,
1H), 4.41 (dt, J � 9.2, 12.0 Hz, 1H), 5.24 (dt, J � 7.2,
9.2 Hz, 1H), 5.29–5.53 (m, 5H), 7.41–7.46 (m, 2H), 7.52–
7.57 (m, 1H), 7.99–8.03 (m, 2H); 13C NMR (75 MHz,
CDCl3) d 14.22, 22.70, 24.81, 26.81, 27.44, 27.56, 29.36,
29.53, 31.65, 33.57, 37.35, 51.67, 72.97, 75.61, 77.86,
83.01, 124.55, 125.01, 128.56, 129.76, 130.45, 131.89,
132.90, 133.15, 166.09, 174.24.
Compound 10: TLC, MeOH/CH2Cl2 (1:9), Rf � 0.28; ½a�D23
�12.4 (c 1.10, CHCl3); 1H NMR (400 MHz, CDCl3) d
0.88 (t, J � 6.8 Hz, 3H), 1.22–1.40 (m, 8H), 1.71 (apparent
p, J � 7.2 Hz, 2H), 1.93 (dd, J � 6.0, 13.2 Hz, 1H), 2.24–
2.22 (m, 7H), 2.35 (t, J � 7.2 Hz, 2H), 2.38–2.49 (m, 2H),
3.84–3.94 (m, 2H), 4.19–4.24 (m, 1H), 4.33 (t, J � 3.2 Hz,
1H), 5.36–5.55 (m, 4H); 13C NMR (75 MHz, CDCl3) d
14.25, 22.75, 24.71, 26.71, 27.59, 29.44, 29.88, 31.01,
31.70, 33.65, 34.78, 72.33, 73.05, 80.09, 83.42, 124.65,
126.33, 131.48, 132.95, 179.00; MS (AP-LC) m/z 354 (M+,
100%).
Compound 11: TLC, MeOH/CH2Cl2 (1:9), Rf � 0.29; ½a�D23
16.9 (c 1.00, CHCl3); 1H NMR (400 MHz, CDCl3) d 0.89
(t, J � 6.8 Hz, 3H), 1.22–1.40 (m, 7H), 1.62– 1.78 (m, 2H)
1.92–2.30 (m, 10H), 2.35 (t, J � 6.8 Hz, 2H), 3.85–3.90 (m,
1H), 4.03 (t, J � 7.2 Hz, 1H), 4.07 (d, J � 5.6 Hz, 1H),
4.15 (dt, J � 2.8, 9.2 Hz, 1H), 5.34–5.55 (m, 4H); 13C
NMR (75 MHz, CDCl3) d 14.25, 22.74, 24.66, 26.68,
27.58, 29.42, 31.31, 31.69, 31.89,32.82, 33.60, 72.20, 74.48,
80.54, 87.13, 124.47, 125.99, 131.89, 132.88, 178.69; MS
(AP-LC) m/z 354 (M+, 100%).
Compound 13: TLC, 3% MeOH/CH2Cl2, Rf � 0.26; ½a�D23
1.1 (c 1.0, CHCl3); 1H NMR (400 MHz, CDCl3) d 1.68 (s,
1H), 1.75 (apparent p, J � 7.2 Hz, 2H), 1.90–2.00 (m, 3H),
2.16–2.21 (m, 2H), 2.33– 2.41 (m, 3H), 2.59–2.74 (m, 2H),
3.65 (s, 3H), 3.86 (td, J � 2.8, 6.4 Hz, 1H), 4.12 (apparent
q, J � 2.8 Hz, 1H), 4.70 (td, J � 4.0, 8.4 Hz, 1H), 5.07–
5.14 (m, 2H), 5.19 (td, J � 4.0, 6.8 Hz, 1H), 5.82–5.94 (m,
1H), 7.42 (apparent t, J � 7.6 Hz, 2H), 7.55–7.60 (m, 1H),
8.06–8.09 (m, 2H); 13C NMR (75 MHz, CDCl3) d 18.32,
21.81, 24.07, 32.95, 36.51, 38.64, 51.76, 73.58, 75.28,
76.24, 77.47, 81.38, 85.85, 117.62, 128.57, 129.94, 130.17,
133.29, 134.38, 166.17, 174.00.
Compound 14: ½a�D23 11.9 (c 0.9, CHCl3); 1H NMR
(400 MHz, CDCl3) d 0.87 (t, J � 7.1 Hz, 3H), 1.16–1.38
(m, 6H), 1.65 (quintet, J � 7.3 Hz, 2H), 1.88–2.18(m, 6H),
2.23–2.41 (m, 4H), 2.54 (t, J � 6.3, Hz, 2H), 3.65 (s, 3H),
3.81 (ddd, J � 3.2, 6.2, 7.6 Hz, 1H), 4.05–4.09 (m, 1H),
4.37 (dt, J � 3.9, 7.0 Hz, 1H), 5.17 (dt, J � 3.9, 6.6 Hz,
1H), 5.40–5.56 (m, 4H), 7.40–7.47 (m, 2H), 7.53–7.60 (m,
1H), 8.04–8.08 (m, 2H); 13C NMR (75 MHz, CDC13) d
14.23, 22.73, 24.84, 26.81, 27.63, 29.45, 29.54, 31.67,
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32.18, 33.63, 36.57, 51.69, 74.79, 75.46, 77.98, 86.26,
124.49, 125.20, 128.56, 129.91, 130.38, 132.08, 132.93,
133.18, 166.36, 174.31.
Compound 15: ½a�D23 �10.0 (c 0.7, CHCl3); 1H NMR
(400 MHz, CDCl3) d 0.88 (t, J � 7.0 Hz, 3H), 1.24–1.40
(m, 6H), 1.70 (quintet, J � 7.0 Hz, 2H), 1.85 (apparent ddd,
J � 2.8, 5.9, 13.1 Hz, 1H), 1.93–2.06 (m, 3H), 2.12 (apparent
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NMR (75 MHz, CDC13) d 14.26, 22.75, 24.57, 26.64, 27.64,
29.43, 31.71, 32.11, 32.22, 33.31, 36.98, 73.72, 75.96, 80.56,
86.14, 124.20, 126.51, 131.23, 133.35, 178.66.
Compound 16: ½a�D23 25.0 (c 0.68, CHCl3); 1H NMR
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Abstract—Nucleoside analogues that have 6-chloropurine as the nucleobase were synthesized and evaluated for anti-SARS-CoV
activity by plaque reduction and yield reduction assays in order to develop novel anti-SARS-CoV agents. Among these analogues,
two compounds, namely, 1 and 11, exhibited promising anti-SARS-CoV activity that was comparable to those of mizoribine and
ribavirin, which are known anti-SARS-CoV agents. Moreover, we observed several SAR trends such as the antiviral effects of the
6-chloropurine moiety, unprotected 5 0-hydroxyl group and benzoylated 5 0-hydroxyl group.
� 2007 Elsevier Ltd. All rights reserved.

ribose derivatives
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Severe acute respiratory syndrome (SARS) is an emerg-
ing infectious disease of the 21st century and poses a
global threat to public health, mainly leading to fatal
infection with influenza-like symptoms such as high
fever, dry cough, pneumonia and dyspnoea.1 This dis-
ease appeared in the Guandong province of southern
China in late 2002, and subsequently spread to 29 coun-
tries in early 2003, affecting approximately 8000 persons.
The overall mortality rate of SARS has amounted to
approximately 10%. Following the identification of the
causative pathogen—a new coronavirus (CoV) named
SARS-CoV—in 2003, several compounds have been
reported to exhibit antiviral activity against SARS-
CoV.2 However, thus far, no effective treatment has
been developed.


In our previous studies, several nucleoside derivatives
having 6-chloropurine as the nucleobase showed potent
antiviral activity against some types of viruses.3 We pre-
sume that the 6-chloropurine moiety could play an
important role in the antiviral activity; in fact, several
6-chloropurine analogues are known to inhibit bacterial
RNA polymerases.4 Therefore, we expected that nucleo-
side analogues that have 6-chloropurine would be effica-
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cious against SARS-CoV. Thus, several nucleoside
analogues, namely, 1–11, which could be readily pre-
pared or are commercially available, were designed as
anti-SARS-CoV agents (Fig. 1). In this report, we

OH


8: R4 = OH
9: R4 = OBz


OH
10: R5 = OH
11: R5 = OBz


Figure 1. Structures of the nucleoside analogues.
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Scheme 2. Reagents and conditions: (a) 6-Chloropurine, PPh3, 1,


1 0-azobis(N,N-dimethylformamide), THF, rt, 2 days; (b) p-TsOH,


MeOH, rt, 24 h, 66% from 16; (c) PhC(OMe)3, p-TsOH, MeCN, rt,


4 h, followed by water, rt, 3 h, 67%; (d) TBSCl, Pyr, �20 �C to rt, 18 h,


37%; (e) 6-chloropurine, PPh3, 1,1 0-azobis(N,N-dimethylformamide),


THF, rt to 45 �C, 18 h, 44% (recovery of 19, 40%); (f) p-TsOH, MeOH,


rt, 18 h, 96%.
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describe the syntheses and anti-SARS-CoV activities of
the nucleoside analogues 1–11.


Compounds 1, 4 and 5 were purchased from chemical
companies, and 3, 7 and 11 were prepared according
to previous literatures.5 Syntheses of the (deoxy)ribonu-
cleoside derivatives 2 and 6 are illustrated in Scheme 1.
Regioselective protection of the 2 0,3 0-diol moiety of 1
yielded acetonide 12,6 which was subsequently benzoy-
lated to afford 13 with a 91% yield over two steps. Cleav-
age of the acetonide group produced the desired product
2 with a 61% yield. Acetylation of both hydroxyl groups
of 2 0-deoxyadenosine afforded 14,7 which was trans-
formed to 6-chloropurine 15 with a 57% yield over
two steps. The deprotection of the acetyl groups was
accomplished at ice-water temperature to avoid decom-
position of the 6-chloropurine moiety, thereby produc-
ing the desired product 6 with a 76% yield. Syntheses
of the acyclic analogues 8 and 9 and the carbocyclic
oxetanocin analogue 10 are outlined in Scheme 2. The
Mitsunobu reaction of known alcohol 168 with 6-chlo-
ropurine, followed by the removal of the acetonide
group in 17, resulted in the desired diol 8 with a 66%
yield over two steps. Subsequently, monobenzoylation
of 8 was carried out via hydrolysis of the corresponding
orthobenzoate9 to afford the desired benzoate 9 with a
67% yield. Triol 18, which was prepared as described
in a previous literature,10 was converted to bis-silyl ether
19; this compound was then subjected to a Mitsunobu
reaction to yield the 6-chloropurine derivative 20. Final-
ly, cleavage of the TBS groups produced the desired
product10 with a 96% yield. We could not directly con-
vert benzoate 115c to 10 because of the instability of the
6-chloropurine moiety under basic conditions.

Scheme 1. Reagents and conditions: (a) Me2C(OMe)2, p-TsOH,


acetone, rt, 4 h, 91%; (b) BzCl, Et3N, DMAP, CH2Cl2, 0 �C to rt,


2 h, quant; (c) AcOH/water (4:1), 60 �C, 5 h, 61%; (d) Ac2O, DMAP,


Pyr, 4 h; (e) t-BuONO, Et4NCl, CCl4, CH2Cl2, 0 �C to 50 �C, 4.5 h,


57% from 2 0-deoxyadenosine; (f) 2 M NH3–MeOH, 0 �C, 9 h, 76%.

The antiviral effect of the prepared nucleoside ana-
logues was evaluated by a plaque reduction assay
and a yield reduction assay with SARS-CoV Frank-
furt-1 strain in Vero E6 cells as described in a previ-
ous report.11 The anti-SARS-CoV activities
determined by the plaque reduction assay are shown
in Figure 2 and Table 1. Compounds 1 and 11
showed potent activity (IC50: 48.7 lM and 14.5 lM,
respectively), and compound 2 showed weak activity
(IC50: 108 lM), while the other analogues 3–10 did
not show any significant activity (IC50 > 300 lM).
Notably, the inhibitory activities of compounds 1
and 11 against SARS-CoV were comparable to those
of mizoribine and ribavirin, which were reported as
potential anti-SARS-CoV agents by our group,11


although the antiviral indices of 1 and 11 were smaller
than those of mizoribine and ribavirin. Figure 3 illus-
trates the anti-SARS-CoV activities of 1, 2, and 11
determined by the yield reduction assay. The inhibito-
ry effect of 1 was the greatest among the three com-
pounds; the virus yield at a concentration of
approximately 20 lM decreased to one-hundredth or
less of the control (Fig. 3, left). It is important to note
that this inhibitory effect was superior to those of
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Figure 2. Inhibitory effect of compounds 1, 2 and 11 on plaque


formation of SARS-CoV Frankfurt-1 strain in the plaque reduction


assay.







Table 1. Inhibitory and cytotoxic concentrations of nucleoside ana-


logues 1, 2, 3–10 and 11; ribavirin; and mizoribine in the plaque


reduction assaya


Compound IC50 (lM)b CC50 (lM)c Antiviral indexd


1 48.7 279 5.7


2 108 174 1.6


3–10 >300 — —


11 14.5 78 5.4


Ribavirine 82 >850 >10


Mizoribinee 13.5 >700 >52


a The same experiment was performed at least three times indepen-


dently with SARS-CoV Frankfurt-1 strain and Vero E6 cells.
b Average of 50% inhibitory concentrations or concentration required


to reduce virus plaque formation by 50%.
c Average of 50% cytotoxic concentrations (CC) or concentration


required to reduce cell growth by 50%. The CC was measured using


the WST-1 cytotoxicity assay kit.
d Antiviral index was defined as the 50% toxic dose divided by the 50%


inhibitory dose.
e Extracts obtained from a previous study.11


2472 M. Ikejiri et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2470–2473

mizoribine and ribavirin since approximately 35 lM of
mizoribine or 200 lM of ribavirin was required to
decrease the virus yield to one-tenth of the control.11


In the case of compounds 2 and 11, approximately
50–70 lM of each compound was required to reduce
the virus yield to one-hundredth of the control
(Fig. 3, middle and right).


These results revealed several structure-activity rela-
tionship (SAR) trends. A chlorine atom at the 6-posi-
tion of the purine base was considered to be
important for the anti-SARS-CoV activity (compound
1 vs 3 and 4); however, an introduction of the amino
group at the 2-position of 6-chloropurine, which cor-
responds to a guanine derivative, was unfavourable
for the antiviral activity (compound 5). Although the
reason for this trend is unclear, there is a possibility
that due to its electrophilic nature,12 the 6-chloropu-
rine moiety can form a covalent bond with the target
enzyme and can induce an effective irreversible inhibi-
tion.13 The substitution of weak leaving groups (e.g., –
OMe (compound 3) or –SMe (compound 4)) for the
chlorine atom at the 6-position that led to the diminu-
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Figure 3. Inhibitory effect of nucleoside analogues 1, 2 and 11 in the yield red


independently with SARS-CoV Frankfurt-1 strain and Vero E6 cells.

tion of the antiviral activity also supports this possi-
bility. In the case of ribofuranosyl structure,
unprotected 5 0-hydroxyl group was important in the
antiviral effect (compound 1 vs 2); this would indicate
that following the intracellular phosphorylation of the
5 0-hydroxyl group to the corresponding triphosphates,
compound 1 exhibited antiviral activity in the same
manner as common nucleoside antivirals.14 The type
of sugar moiety also influenced the anti-SARS-CoV
activity. For example, the 2 0-deoxy- and 3 0-deoxyribo-
nucleoside derivatives 6 and 7 showed weak antiviral
activity as compared to the ribonucleoside derivative
1. The conversion to an acyclic backbone that imitates
the antiviral agent penciclovir (i.e., 9-[4-Hydroxy-3-
(hydroxymethyl)butyl]guanine) also decreased the
activity (compound 1 vs 8 and 9). Interestingly, the
carbocyclic oxetanocin analogue 11 whose hydroxyl
group was protected by benzoylation exhibited poten-
tial activity as compared to unprotected 10 that exhib-
ited almost no activity.15 This trend seems to be
different from those of the common nucleoside antivi-
rals (including compound 1), and could indicate that
compound 11 acts on SARS-CoV through another
pathway that does not involve the intracellular
phosphorylation.


In conclusion, we have synthesized several nucleoside
analogues having 6-chloropurine as the nucleobase.
Among these analogues, two compounds, namely, 1
and 11, were found to be efficacious against SARS-
CoV and showed antiviral activities comparable to
those of mizoribine and ribavirin. This study revealed
several curious SAR trends such as the antiviral effects
of the 6-chloropurine moiety (compounds 1 and 11),
unprotected 5 0-hydroxyl group (compound 1), and
protected (benzoylated) 5 0-hydroxyl group (compound
11). Although some issues such as reduction of cyto-
toxicity remain to be resolved, we hope that the re-
sults of the present study will contribute to further
development of antiviral agents against SARS-CoV.
Studies that focus on further optimisation of the syn-
thesized compounds and their biological evaluation
will be reported in due course.
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Abstract—DMABN (4-N,N-dimethylaminobenzonitrile) derivatives 1 and 2 were designed as new ratiometric fluorescent sensors for
saccharides and fluoride ion (F�), respectively, based on the TICT (twisted intramolecular charge transfer) mechanism.
� 2007 Elsevier Ltd. All rights reserved.
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For better understanding the biological roles of saccha-
rides and diagnostic purposes for some diseases, devel-
opment of efficient methods to detect saccharides is
highly desired. Due to the interdisciplinary efforts, a
number of saccharides sensors have been developed.1


Most of the saccharides sensors reported so far contain
the boronic acid groups which can bind saccharides
leading to either absorption or fluorescence changes.
For instance, Shinkai et al.2 and James et al.3 have
reported a series of saccharides sensors containing three
components: a fluorophore, an amine group, and a
boronic acid group based on the photoinduced electron
transfer (PET) mechanism. In recent years, Wang et al.
have designed saccharides sensors also featuring boronic
acid groups by employing intramolecular charge-trans-
fer (ICT) mechanism.4 We have recently reported a
new saccharide sensor based on the tetrathiafulvalene-
anthracene dyad with a boronic acid group.5 Besides,
other saccharides sensors by making use of the multiple
H-bonding formation have also received attention.6


To the best of our knowledge, however, no saccharides
sensors using typical 4-N,N-dimethylaminobenzonitrile
(DMABN)-based TICT mechanism have been reported,
although James et al. have reported an aniline-based
ICT sensor showing no dual fluorescence but emission
wavelength shift upon saccharide binding.3g,h Herein
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we report a saccharide sensor based on 4-N-methyl-N 0-
(2-dihydroxyborylbenzyl)-benzonitrile (1, Scheme 1),
which shows ratiometric fluorescence change upon bind-
ing with saccharides. Besides, the results show that com-
pound 2, the boronate analogue of 1, can be a selective
sensor for F�.


The design rationale is schematically illustrated in
Scheme 1. Compound 1 can be regarded as the close
derivative of DMABN. It is well known that DMABN

CNCN 2


Scheme 1. Illustration of the design rationale for new saccharides and


F� sensors based on TICT mechanism.
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Figure 1. The fluorescence spectra of 1 (5.0 · 10�5 M) in the presence


of different concentrations of fructose (0–20 mM) at pH 7.3 adjusted


by 0.033 M phosphate buffer in THF/H2O (1:2, V/V); kex. = 298 nm.
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shows a dual fluorescence consisting of two bands, one
being related to the local excited state (‘B’ band) and
the other being ascribed to the twisted intramolecular
charge-transfer (TICT) state (‘A’ band).7 Moreover,
the fluorescence intensity ratio between the ‘A’ band
and ‘B’ band (IA/IB) can be affected by the electron
donating ability of the amino group and the substituted
groups on the N atom of amino group.8 Compared to
DMABN, one of the methyl groups is replaced by
2-dihydroxyborylbenzyl in compound 1. It is reported
that the boronate shows enhanced Lewis acidity com-
pared to boronic acid.9 As a result, the B–N interaction
would be strengthened after the binding of boronic acid
with saccharides. Accordingly, the corresponding charge
transfer extent from the amino group to the benzonitrile
unit would be reduced. Therefore, the corresponding
fluorescence intensity ratio IA/IB for compound 1 is
expected to be reduced after binding saccharides. Fur-
thermore, the amino group of 1 would be surrounded
by a bulky substituent after binding with saccharides.
This structural alteration would also affect the dual fluo-
rescence behavior. Therefore, compound 1 is designed as
a potential saccharide sensor by combining the features
of boronic acid and TICT phenomenon.7


Alternatively, compound 2, the boronate analogue of
compound 1, was prepared as a potential sensor for
F� because of the following consideration: boronate is
able to bind with F� strongly to form the anion adduct
and concomitantly the boron electronic configuration
will be changed from sp2 to sp3.10 Thus, compound 2
would be transformed into the anion adduct in the pres-
ence of F�. As a result, the B–N interaction would be
weakened, and the extent of charge transfer would be
enhanced (Scheme 1). Accordingly, the dual fluores-
cence behavior of compound 2 is expected to be altered.
But, as to be discussed below the fluorescent spectral
variation of 2 in the presence of F� behaves in an unex-
pected way.
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Scheme 2. Synthesis of compounds 1 and 2.

Compounds 1 and 2 were synthesized according to
Scheme 2.11 Briefly, the condensation of 4-methylami-
no-benzonitrile (3) and 2-formyl phenylboronic acid
(4) followed by reduction yielded compound 1 in 30%
yield. Compound 2 was prepared by the reaction of 3
and 2-(2-(bromomethyl)phenyl)-5,5-dimethyl-1,3,2-
dioxaborinane (5) in 27% yield.


Figure 1 shows the fluorescence spectrum of compound
1 and those in the presence of different amounts of fruc-
tose. As expected, compound 1 displayed two bands at
350 and 472 nm. These two fluorescent bands can be
regarded as the corresponding ‘B’ band (from the local
excited state) and ‘A’ band (from the TICT state),
respectively. After reaction with fructose, the fluores-
cence intensity of ‘A’ band decreased gradually, while
that of ‘B’ band was only slightly reduced. The inset
of Figure 1 displays the variation of the fluorescence
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Table 1. The binding constants (Ka) of 1 with saccharides based on the


fluorescence changes measured in THF/H2O (1:2, V/V) at room


temperature


Saccharides Ka (M�1)


Fructose 175.1 ± 2.8


Galactose 42.1 ± 0.9


Mannose 26.5 ± 0.3


Glucose 14.3 ± 0.1
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intensity ratio IA/IB in the presence of different amounts
of fructose. Obviously, the fluorescence intensity ratio
IA/IB decreased by increasing the amounts of fructose
added to the solution, reaching the minimum when the
concentration of fructose became larger than 20 mM.
In addition, the fluorescence spectra of compound 1 in
the presence of fructose (20 mM) were also measured
at different pH values. The results (see Fig. S1 of SI)
showed that more dramatic fluorescence spectral varia-
tion occurred at about pH 7. This was in agreement with
the previous results.


The fluorescence spectral change observed for com-
pound 1 in the presence of fructose can be understood
as follows: as reported early, binding of boronic acid
group of 1 with fructose would strengthen the B–N
interaction (see Scheme 1),9 and consequently the charge
transfer extent between the benzonitrile and amino
groups of 1 would be reduced. The decrease of the char-
ge transfer extent is expected to result in the reduction of
the fluorescence intensity ratio IA/IB.8


Under identical conditions, the fluorescence spectra of
compound 1 were also measured in the presence of other
saccharides such as galactose, mannose, and glucose.
Figure 2 displays the plot of the fluorescence intensity
ratio IA/IB versus the concentrations of the four saccha-
rides. After reaction of compound 1 with galactose,
mannose, and glucose, the fluorescence intensity ratio
IA/IB decreases. But, compared to fructose, the decrease
extent is relatively small for galactose, mannose, and
glucose.


The binding constants Ka between 1 and the four sac-
charides were estimated based on the fluorescence inten-
sity variation at 472 nm in the presence of different
amounts of saccharides at pH 7.3 adjusted by 0.033 M
phosphate buffer in THF/H2O (1:2, V/V). The corre-
sponding binding constants of compound 1 with four
saccharides were obtained as listed in Table 1, indicating
that compound 1 binds more strongly with fructose.


In the following, we will describe the fluorescent spectral
variation of compound 2 in the presence of F� in DMF.

As shown in Figure 3a, compound 2 also shows a dual
fluorescence with two emission bands at 464 nm (‘A’
band) and 352 nm (‘B’ band). After introducing F� to
the solution of compound 2, the fluorescence intensity
at 464 nm (‘A’ band) decreased, while that at 352 nm
(‘B’ band) increased. The fluorescence intensity ratio
IA/IB varied almost linearly with the concentration of
F� when less than 1.0 equiv of F� was added as shown
in Figure 3b. Almost no further fluorescent spectral
changes were observed after more than 1.0 equiv of F�


was introduced. Similar fluorescent spectral variation
was also detected for compound 2 after addition of F�


in THF and CH2Cl2. The corresponding binding con-
stants of compound 2 with F� were estimated to be
1.47 · 104, 2.37 · 103, and 2.10 · 103 in DMF, THF,
and CH2Cl2, respectively. Under the same conditions
no fluorescent spectral variation was observed for
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compound 2 in the presence of Cl�, Br�, I�, AcO�, and
HPO4


2�=H2PO4
�. These results show that compound 2


can be a selective sensor for F�.


As discussed above, due to the binding of F�, the extent
of charge transfer between the amino and benzonitrile
groups of 2 would be enhanced. Based on this consider-
ation, it was expected that the fluorescence intensity ratio
IA/IB would increase for 2 in the presence of F�. But, as
shown in Figure 3, the fluorescence intensity ratio IA/IB


decreased after binding of 2 with F�. This unexpected
variation of the fluorescence intensity ratio IA/IB of 2 in
the presence of F� was tentatively explained as follows:
before binding with F� the 2-dihydroxyboryl-benzyl
group of 2 was more rigid due to the ‘B–N’ interaction.
In comparison, after binding with F� the ‘B–N’ interac-
tion would be weakened and as a result the 2-
dihydroxyboryl-benzyl group of 2 would become more
flexible; this may result in reducing the rotational free-
dom of the amino group,12 and thus the formation of
TICT state would be prohibited to some extent leading
to the decrease of the fluorescence intensity of ‘A’ band.


In summary, by coupling the features of boronic acid
and the TICT phenomenon, compound 1 was designed
and synthesized as a new saccharide sensor. Ratiometric
fluorescence change was observed upon its binding with
saccharides. The results also indicated that compound 1
can bind with fructose more strongly than other saccha-
rides tested. In addition, compound 2, the boronate ana-
logue of compound 1, was found to be a potentially
selective sensor for F�. We also suggested possible
explanation for the unexpected variation of the fluores-
cence intensity ratio IA/IB of 2 in the presence of F�.
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Abstract—This paper reports on the synthesis, characterisation, and efficiency of a new intravenous conjugate of amphotericin B
(AMB). Twelve molecules of AMB were attached to block copolymer poly(ethylene glycol)-b-poly(LL-lysine) via pH-sensitive imine
linkages. In vitro drug release studies demonstrated the conjugate (Mw = 26,700) to be relatively stable in human plasma and in
phosphate buffer (pH 7.4, 37 �C). Controlled release of AMB was observed in acidic phosphate buffer (pH 5.5, 37 �C) with the
half-life of 2 min. The LD50 value determined in vivo (mouse) is 45 mg/kg.
� 2007 Elsevier Ltd. All rights reserved.

The polyene macrocyclic antifungal antibiotic ampho-
tericin B (AMB) belongs among life-saving drugs1,2 in
treatment of systemic fungal diseases due to failure of
patient’s immunity caused by severe illnesses.1 Ampho-
tericin B was isolated by Trejo and Bennett3 half a cen-
tury ago along the Orinoco River in Tembladora
(Venezuela) from the Streptomyces nodosus. However,
clinical application of AMB is limited by its poor solu-
bility and also potential serious organ toxicities,
particularly nephrotoxicity, which mainly appear to be
dose-dependent.4 A number of conjugates have been
used in order to increase the therapeutic index of
AMB: they enable solubilisation in aqueous media and
also continuous dosage, which usually lowers the toxicity,
too.5 The conjugates clinically applied so far are non-
covalent bio-degradable phospholipid complexes of the
type amphotericin B lipid complex (ABLC).6


Such lipid formulations of amphotericin B often signifi-
cantly increase the antifungal activity in vitro as com-
pared with the amphotericin B itself.7 In our previous
paper, we described the preparation of conjugate of
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AMB with poly(ethylene glycol) (PEG), where AMB is
bound partly by covalent bond and partly by non-cova-
lent interactions.8 In another type of conjugate, AMB
was attached to PEG by means of labile carbamate
link,9 which decomposes in blood plasma by 1,6-benzyl
elimination mechanism10 to give free AMB (t1/2 = 1.5–
3 h, blood rat plasma). However, this principle is not
generally suitable and applicable to any arbitrary group
of medical drugs. For instance, in the case of PEG-AMB
conjugates this system of 1,6-benzyl elimination leads to
a relatively fast release of free AMB directly into blood
circulation, which rapidly increases its concentration in
kidneys, and this is undesirable especially because of
its nephrotoxicity. The AMB set free in the blood under-
goes subsequent distribution11 among the present
lipoproteins [high-density-lipoprotein (HDL) and low-
density-lipoprotein (LDL)], and it is presumed12 that
the increased level of the complexes of AMB with
LDL results in the nephrotoxic effect of AMB. Another
disadvantage of the above-described AMB conjugates
lies in low capacity of the poly(ethylene glycol)
chain,13,14 the relatively large carrier molecule carrying
only two AMB molecules. This present paper deals with
synthesis and characterisation of a new type of conju-
gate of AMB with block copolymer poly(ethylene gly-
col)-b-poly(LL-lysine) (PEG-b-PLL), which is considered
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to be fully biocompatible, non-toxic and has been often
used for drug or gene delivery systems15 or for biomi-
metic applications.16 However, in comparison with the
poly(ethylene glycol) itself14, it enables attachment of a
larger number of AMB molecules, whereby it approaches
the supramolecular arrangement similar to the attach-
ment of four amphotericin B molecules to one molecule
of calix[4]arene.17 The bond type between the carrier
PEG-b-PLL and AMB was chosen in such a way as to
prevent release of free AMB in blood circulation during
intravenous application: the targeted release of AMB
only takes place at the location of fungal pathogens.
One of the methods that enable targeted antimycotic ac-
tion is based on the fact that a number of pathogens—
inter alia fungal agents—start such biochemical process-
es in the attacked tissue18 that lead to local decrease of
pH value down to pH �5. This finding has been recently
used in construction of highly effective pH-sensitive lipid
formulations (liposomes) of nystatin19 and the covalent
conjugate poly(ethylene glycol)-AMB.13 We have cho-
sen imine group as pH-sensitive link between amino
group of mycosamine AMB and polymeric carrier. This
link should be sufficiently stable at the pH values usual
in blood and tissues (pH 7.4–7.6), e.g., in blood plasma
and/or blood serum. On the other hand, it should be
very easily hydrolysable at lower pH value (Fig. 1).


First, we used well-known NCA method15: ring-opening
polymerization of a-(Ne -benzyloxycarbonyl)-L-L-ly-
sine15,20 initiated by a,x-diaminopoly(ethylene glycol)14


(Mw = 10,000) and followed by hydrogenolytic deblock-
ing of benzyloxycarbonyl group to obtain the block
polymer poly(ethylene glycol)-b-poly(LL-lysine) (PEG-b-
PLL) (Mw = 13,200).21 This block copolymer was
characterised by means of GPC22, 1H NMR22, IR spec-
troscopy22 and elemental analysis.22 The results of GPC,
elemental analysis and integral intensities of 1H NMR
signals of individual hydrogen atoms indicate21 that at
either end of the poly(ethylene glycol) chain there are
(statistically) five LL-lysine units. A comparison of inte-
gral intensities of hydrogen signals of e-CH2 group in
1H NMR spectrum21 at 2.74 ppm and at 3.01 ppm indi-
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Figure 1. Structure of poly(ethylene glycol)-[b-poly(LL-lysine)5]2-(AMB)12.

cated that approximately 40% of poly(LL-lysine) chain is
present in the a-helix arrangement (deuteriochloroform
solution), while the remaining approximately 60% is in
the form of random coil.23 In the second step, we pre-
pared poly(ethylene glycol)-b-poly(N-(4-formylphenyl-
carboxamino)-LL-lysine)24 (PEG-b-PFLL) by reaction of
PEG-b-PLL with 4-formylbenzoic acid,19,25 which was
activated with diisopropylcarbodimide (DIC). The IR
spectrum of PEG-b-PFLL contains the typical band of
aldehyde group (1701 cm�1), and the results of 1H
NMR measurements indicate23,24 that all the terminal
amino groups of PEG-b-PLL have been quantitatively
substituted with formylbenzoic acid, which means that
at either end of the chain there are six aldehyde func-
tional groups attached to aromatic ring. Moreover we
have found from 1H NMR24 that due to this substitu-
tion the proportion of the chain in a-helix arrangement
decreased to 20% in accordance with Ref. 23 The syn-
thesis of the conjugate of PEG-b-PFLL with AMB in-
volves reaction of terminal aldehyde functional groups
in the PEG-b-PFLL chain with the primary amine group
of amphotericin B in the presence of activated molecular
sieves 4 Å and trimethyl orthoformate to form the imine
bond25 (Schiff’s base) (Scheme 1).


The final conjugate, poly(ethylene glycol)-[b-poly(LL-ly-
sine)5]2-(AMB)12 (PEG-b-PFLL-AMB), was character-
ised26 by means of infrared spectroscopy: the IR
spectra exhibit band at 1638 cm�1 which is typical for
CH@N bond. The 1H NMR spectrum was unclear,
and the individual signals could not be assigned. The
GPC method was used for determination of Mw, and
the HPLC technique for determination of purity of the
conjugate (the content of free AMB was always less than
1 mol %). Furthermore, by means of UV/Vis spectrosco-
py (typical maxima corresponding to polyene system of
AMB26) it was proved that the content of AMB in the
conjugate corresponds to the molar ratio of 1:12
(PEG-b-PLL/AMB). The prepared conjugate is very
well soluble in water and forms finely opalescent solu-
tions. The next part of our work deals with investigation
of behaviour of the conjugate prepared in various
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Table 1. Acute toxicity of conjugate: poly(ethylene glycol)-[b-poly(LL-


lysine)5]2-(AMB)12 (PEG-b-PFLL-AMB)


Compound Control (AMB) Conjugate


LD50 mouse iv (mg/kg) 3.7 45.1


95% confidence intervals (mg/kg) 3.2–4.2 42.1–48.1
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media. First, we studied the stability of the conjugate in
phosphate buffers and then in human blood plasma. The
time changes of the conjugate concentration in human
blood plasma during 24 h at 37 �C were negligible and
their values were comparable with error of estimation.27


From the time changes in the UV/Vis spectra we have
found that in solutions of phosphate buffer with pH
7.4, (7 · 10�2 M, 37 �C) the conjugate is relatively sta-
ble, being hydrolysed only very slowly at the imine
bond, so that less than 5 mol % AMB is released from
the conjugate during 24 h. The conjugate has been
designed in order to achieve targeted release of AMB
only in the places with pathologically lowered pH value.
The solution of phosphate buffer28 (pH 5.5; 7 · 10�2 M)
was adopted as a model of medium imitating affected
tissue with lowered pH value. The acid-catalysed29


hydrolysis of the conjugate was accompanied by
decrease of absorbance at 346 nm and an increase of
absorbance at 386 and 409 nm (Fig. 2).


The absorption band at 409 nm is specific30 for mono-
meric AMB, and its increase with time corresponds to

Figure 2. Time changes of UV/Vis spectrum of conjugate in phosphate


buffer (pH 5.5; 7 · 10�2 M).

the rate of free AMB release. From the absorbance–time
dependence at 409 nm we calculated28 the pseudo-first-
order rate constant for AMB release from conjugate
which is kobs = (5.6 ± 0.1) · 10�3 s�1, i.e., t1/2 = 2 min.
Acute toxicity was tested31 on mice with the conjugate
PEG-b-PFLL-AMB in comparison with AMB itself.
Most deaths occurred 5 min to 24 h after iv administra-
tion of the tested compounds. When compared to con-
trol, PEG-b-PFLL-AMB increased LD50 12 times for
conjugate itself or five times related to content of
AMB in polymer (see Table 1).


Both the toxicity of the conjugate found in vivo and the
results of hydrolysis study in vitro are in accordance
with the presumption that our suggested system of
pH-sensitive release of AMB minimizes the level of free
AMB and of its complexes with LDH in blood circula-
tion and thereby lowers the risk of toxic injury to
patient12. In contrast to the earlier8,9,13 intravenous con-
jugates of AMB with poly(ethylene glycol)s releasing
free AMB in blood circulation, we have suggested and
prepared new conjugate allowing selective release of
AMB only through acid-catalysed hydrolysis of imine
bond, i.e., only at the places of anticipated activities of
fungal pathogen. Our new conjugate contains 12
molecules of amphotericin B attached to one molecule
of biocompatible carrier, namely poly(ethylene glycol)-
b-poly(LL-lysine). In conclusion it can be stated that the
conjugate prepared by us represents another promising
candidate for new intravenous forms of AMB, suitable
for further tests on animal model.
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Holčapek, M.; Kašparová, P. Bioorg. Med. Chem. Lett.
2001, 11, 2833.


9. (a) Conover, C. D.; Zhao, H.; Clifford, B.; Longley, C. B.;
Shum, K. L.; Greenwald, R. B. Bioconjugate Chem. 2003,
14, 661; (b) Greenwald, R. B.; Choe, Y. H.; McGurie, J.;
Conover, C. D. Adv. Drug Delivery Rev. 2003, 55, 217.


10. Wakselman, M. Nouv. J. Chim. 1983, 7, 439.
11. Sivak, O.; Lau, B.; Patankar, N.; Wasan, K. M. Pharm.


Res. 2004, 21, 2336.
12. Wasan, K. M.; Wong, J. C.; Corr, T.; Pritcharrd, S.


Cancer Chemother. Pharmacol. 2006, 57, 120.
13. Sedlák, M.; Staud, F.; Pravda, M.; Kubicová, L.; Týčová,
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Abstract—An asymmetric synthesis of a-amino acids with novel b-branched side chains has been implemented. The syntheses fea-
ture a p-toluenesulfinylimine induced chiral Strecker approach and were found to be applicable to the introduction of both aliphatic
and aromatic b-branched sidechains for preparation of previously unknown a-amino acids.
� 2007 Elsevier Ltd. All rights reserved.
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In an effort to discover metabolically more stable and
biologically interesting pharmacophore components
for our current medicinal chemistry programs, we have
implemented an asymmetric synthesis of a-amino acids
with novel b-branched side chains.1 The syntheses fea-
ture a p-toluenesulfinylimine induced chiral Strecker ap-
proach and were found to be applicable to the
introduction of both aliphatic and aromatic b-branched
sidechains for the preparation of previously unknown
a-amino acids.2 Herein, we wish to report three exam-
ples of such a-amino acid syntheses shown in Figure 1.


Bis-(trifluoromethyl)-valine 1 is believed to be metabol-
ically more stable due to its fluorine cap. It, therefore, is
a much desired building block for drug design; however,
its synthesis had proved much more difficult than ini-
tially thought. The presence of polyfluoro groups has a
major impact on the reactivity and stability of the syn-
thetic intermediates, therefore, reaction conditions
applicable to normal nucleophilic or electrophilic reac-
tions cannot be applied directly to these cases. Shown
in Schemes 1 and 2 are synthetic routes that helped re-
solve these issues and led to the successful preparation
of this fluorine-capped a-amino acid.


Pivotal to the success for the synthesis of 1 was the prep-
aration of the key Horner–Emmons precursor 6. While
conversion of trifluoropropyl iodide 4 to its phospho-
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nium salt 5 is easily accomplished, preparation of 6 via
nucleophilic addition of 5 to ethyl chloroformate using
two equivalents of potassium hexamethyldisilazide was
problematic, affording only 30–40% yield of 6 under
the optimum carefully controlled conditions. A simple
change of the base from potassium to lithium hexameth-
yldisilazide improves the yield dramatically. As illus-
trated in Scheme 1, the proposed side reaction is
largely due to the nucleophilicity of the potassium base
toward ethyl chloroformate and leads to undesired car-

H2N
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O HO


R3


Figure 1. Retrosynthesis of b-branched a-amino acids 1, 2, and 3.
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bamate by-product. The lithium counter ion is probably
modulating the nucleophilicity of the base and suppress-
ing the side product formation.


Scheme 2 illustrates the synthetic route from intermediate
6 to the desired methyl ester of bis-(trifluoromethyl)-va-
line 13. The key precursor to the asymmetric Strecker
reaction is the aldehyde 10. The precursor 6 is converted
to 8 via the proposed Horner–Emmons reaction of 6 with
excess trifluoroacetaldehyde at reflux conditions in THF
followed by hydrogenation of the olefin 7. LAH reduction
of the ester 8 and oxidation of the resulting alcohol 9 with
Dess–Martin periodinane at 0–25 �C in CH2Cl2 provided
the aldehyde 10. The asymmetric induction of the desired
amino ester 13 was accomplished by using p-toluenesulfi-
nylimine as a chiral auxilliary originally introduced by

F


Franklin Davis and coworkers.2 As illustrated in Figure 2,
the sulfinylimine 11 is believed to form an aluminum com-
plex with the cyanide source and isopropanol in a least
crowded chair-like transition state to deliver diastereose-
lectivity. Consequently, use of (S)-p-toluenesulfinamide
leads to (S)-12.


Due to the volatility of the aldehyde, crude 10 was used
in the preparation of 11, resulting in an overall yield of
23% for the two steps (un-optimized). The diastereose-
lectivity from 11 to 12 is over 90% on repeated trials
and can be further enriched in subsequent purifications
by re-crystallization. The sulfinylimine 12 is converted
to the desired methyl ester of bis-(trifluoromethyl)-va-
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line 13 by refluxing in methanol in presence of catalytic
sulfuric acid, or to 1 in presence of sulfuric acid and
water.3,4


The asymmetric Strecker synthesis of novel a-amino
acids demonstrated above were also applied to the syn-
theses of the previously unknown a-amino acids 14 and
15 as shown in Schemes 3 and 43–6


A typical procedure for the asymmetric synthesis of a
b-branched a-amino acid from a b-branched primary
alcohol outlined above is given in the references and
notes section.3


Applications of these novel a-amino acids as new build-
ing blocks and key pharmacophore components for
drug design in our medicinal chemistry programs will
be reported in future publications.
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1. (a) Kreft, A.F.; Resnick, L.; Mayer, S.C.; Diamantidis, G.;
Cole, D.C.; Harrison, B.L.; Zhang, M.; Hoke, M.; Ting,
W.; Galante, R.C.U.S. Patent 20040198778, 2004; (b).
Chem. Abstr. 2004, 141, 314147.

2. Davis, F. A.; Portonovo, P. S.; Reddy, R. E.; Chiu, Y.
J. Org. Chem. 1996, 61, 440.


3. To a solution of the primary alcohol (5.8 mmol) in
methylene chloride (17 mL) at 0 �C was added Dess–Martin
periodinane (2.5. g, 5.9 mmol) slowly. The reaction mixture
was left to stir and warm to room temperature overnight.
The solution was diluted with diethylether (15 mL) and a
solution of Na2S2O4 (3.2 g) in a saturated aqueous solution
of NaHCO3 (30 mL). The liquid layers were extracted with
ethyl acetate. The organic layer was separated and concen-
trated to afford the crude aldehyde. The crude aldehyde in
methylene chloride was then treated with titanium (iv)
ethoxide (4 mL, 20 mmol) followed by (S)-toluenesulfini-
mide (0.85 g, 5.5 mmol). The solution was refluxed for
approximately 5 h. Water (18 mL) was added dropwise to
precipitate titanium salts. The suspension was filtered
though Celite and the filter cake was washed with CH2Cl2.
The layers of filtrate were separated and the aqueous layer
was extracted with CH2Cl2. The combined organic extracts
were dried (Na2SO4) and concentrated. Column chroma-
tography affords the purified sulfinylimine. To diethylalu-
minum cyanide (5 mL, 1.0 M in toluene, 5.2 mmol) in THF
(12 mL) at 0 �C was added i-PrOH (267 lL, 3.5 mmol).
After 15 min, this solution was added to a �78 �C solution
of the sulfinylimine (3.5 mmol) in THF (19 mL). After 1 h,
an additional solution of diethylaluminum cyanide and i-
PrOH (in the same amounts) was added to the reaction.
After another 2 h, the reaction mixture was quenched into
saturated aqueous solution of ammonium chloride and
extracted 2· with ethyl acetate. Column chromatography
with ethyl acetate–hexane (0–50% gradient) affords the
chiral Strecker product. A solution of this product
(3.5 mmol) in MeOH (8 mL) was treated with H2SO4


(2 mL) dropwise and refluxed for 5 h and then left to stir at
room temperature overnight. Extraction with 1 N NaOH
and EtOAc affords the methyl ester of the desired a-amino
acids.4–6


4. For 13: mass spectrum (+ESI): 268.1 (M+H)+. 1H NMR
(DMSO-d6) d: 2.3 (4H, m, 2CH2), 2.7 (1H,m, CH), 2.9 (2H,
d, NH2), 3.6 (1H, 2t, CHN).


5. For 14: mass spectrum (+ESI): 222.7 (M+H)+. 1H NMR
(CDCl3) d:1.0 (3H, m, CH3), 1.2 (2H, m, CH2CH3), 1.3
(1H, m, CH2CH ), 2.0 (1H, m, CHN), 2.2 (2H, m, NH2), 2.7
(2H, m, ArCH2), 3.7 (3H, s, OCH3), 7.0–7.4 (5H, m, ArH).


6. For 15: mass spectrum (+ESI): 208.3 (M+H)+. 1H NMR
(CDCl3) d: 0.5 (3H, m, CH3), 1.7 (2H, m, CH2), 1.9 (2H, m,
NH2), 2.8 (1H, m, CH), 3.5 (3H, s, OCH3), 3.6 (1H, 2t,
CHN), 7.0–7.4 (5H, m, ArH).
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Abstract—A series of 4 0-substituted ribonucleoside derivatives has been prepared and evaluated for inhibition of hepatitis C virus
(HCV) RNA replication in cell culture. The most potent and non-cytotoxic derivative was compound 28 (4 0-azidocytidine, R1479)
with an IC50 of 1.28 lM in the HCV replicon system. The triphosphate of compound 28 was prepared and shown to be an inhibitor
of RNA synthesis mediated by NS5B (IC50 = 320 nM), the RNA polymerase encoded by HCV. Data on related analogues have
been used to generate some preliminary requirements for activity within this series of nucleosides.
� 2007 Elsevier Ltd. All rights reserved.

Hepatitis C virus (HCV) is a major causative agent of
chronic liver disease and it is estimated that more than
170 million individuals worldwide are infected with this
pathogen.1 After initial infection, the majority of HCV
infections become chronic which can lead to cirrhosis
of the liver, hepatocellular carcinoma, and eventually
death. Furthermore, HCV infection is a leading cause
of liver disease, necessitating organ transplantation.
Currently, interferon-based therapies are the only
FDA-approved regimens for the treatment of HCV
infection. Response rates are in the 50–90% range
depending on the genotype of the infecting virus. In
addition, response rates are markedly reduced in indi-
viduals co-infected with HIV, with cirrhosis, and in
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older patients. Most individuals experience undesirable
side effects with the currently available therapies and
in many cases patients choose to discontinue their treat-
ment. In addition, there are significant numbers of indi-
viduals who do not respond to interferon-based
therapies, therefore, there is an urgent need to discover
and develop new HCV therapeutic agents that are more
effective either alone or in combination with interferon.


Historically, the majority and most successful antiviral
agents in terms of efficacy and side-effect profile have
been targeted against viral-encoded enzymes. The larg-
est group of antiviral agents approved by regulatory
authorities inhibit viral nucleic acid polymerases, and
within that group nucleoside analogues represent the
majority, exemplified by agents approved to treat HIV,
hepatitis B (HBV), and the herpes group of viruses.
All of these are inhibitors of DNA synthesis catalyzed
by the virally encoded DNA polymerases. In fact, the
active entity is the triphosphate of the nucleoside
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analogue, which is formed by metabolism within the
infected cell. The polymerase encoded by HCV (NS5B)
is an RNA dependent RNA polymerase, and since there
are no marketed inhibitors of viral RNA polymerases,
this provides both a challenge and an opportunity to dis-
cover potent and selective inhibitors of HCV replication
that could form the basis of new treatment regimens.


There are recent reports of 2 0-modified ribonucleoside
analogues that inhibit HCV replication (Fig. 1).2 One
example is 2 0-deoxy-2 0-a-fluorocytidine 12a–c, but this
and other examples of 2 0-deoxy-2 0-a-fluoronucleosides
have been shown to have low selectivity for HCV, which
can probably be attributed to their ability to inhibit both
viral and cellular polymerases. Because of their poor
selectivity this class of nucleosides is unlikely to form
the basis of a useful drug candidate. The 2 0-O-meth-
ylcytidine analogue 2 has also been reported as an inhib-
itor of HCV, although the cellular activity reported for
this compound is an order of magnitude lower than that
of compounds currently in clinical development.2d


Another group of nucleosides that possess a 2 0-b-methyl
substituent has provided several examples of inhibitors
of HCV replication, and the corresponding triphos-
phates have been shown to be inhibitors of HCV poly-
merase. While 32d and its 7-deaza analogue2e have
been reported to have interesting preclinical properties,
of particular interest is 2 0-b-methylcytidine 42f which is
currently in Phase II clinical trials for the treatment of
HCV infection. Another recent disclosure combines ele-
ments of both of the above structural classes, that is, 2 0-
deoxy-2 0-b-methyl-2 0-a-fluorocytidine 5.2c,g


Here, we present our early studies directed toward the
design and discovery of the totally different class of 4 0-
substituted ribonucleoside analogues that are potent
and selective inhibitors of NS5B and of HCV
replication.


All of the marketed HIV, HBV and herpes antiviral
nucleoside analogues inhibit viral DNA synthesis
mediated through virally encoded polymerases. The
majorities of these are either 3 0-deoxy- or 2 0,3 0-dide-
oxy-nucleoside analogues, and thus act as obligate chain
terminators. Chain termination is effected by these mol-
ecules after the corresponding nucleoside analogue has
been phosphorylated and becomes incorporated into
the growing chain of DNA. Since there is no 3 0-hydroxy
group, further elongation of the growing nucleic acid
chain is not possible. For a 4 0-substituted ribonucleo-
side, which possesses the 3 0-hydroxyl necessary for

further chain elongation, an alternate avenue for chain
termination after incorporation would have to be
operative. In order to qualitatively explore the possible
structure–activity relationships, we targeted a range of
4 0-substituents which varied in size, shape, and polarity.
Here we describe the SAR of cytidine and uridine
analogues from this series (Fig. 2).


Synthetic routes used to prepare the target molecules
were chosen according to the nature of the 4 0-substituent
and were based on procedures described in the litera-
ture. Cytidine derivatives were in general prepared from
the corresponding uridine analogues.


Compound 10 (4 0-azidouridine) was prepared as out-
lined in Scheme 1, which is a modification of the proce-
dures described by Verheyden and Moffatt.3 Treatment
of 64 with iodine azide, generated in situ from iodine
chloride and sodium azide, gave compound 7 which
was benzoylated with benzoyl chloride in pyridine to
give 8. Oxidative de-iodination of compound 8 with
m-chloroperbenzoic acid gave 9, which after deprotec-
tion with methanolic ammonia gave the desired 4 0-azi-
douridine 10 in good overall yield.


4 0-Propynyluridine 15 was readily prepared as illustrat-
ed in Scheme 2 from compound 115 by treatment with
propynyl magnesium bromide followed by ozonolysis
of the isopropenyl group to give as a key intermediate
the hemiacetal 12. Removal of the isopropylidine pro-
tecting group from 12 with acetic acid, followed by per-
acetylation with acetic anhydride in pyridine, gave
compound 13. Condensation of 13 with persilylated ura-
cil using the conditions of Vorbrüggen6 gave the protect-
ed uridine 14, which upon treatment with methanolic
ammonia gave the target uridine 15 in good yield. Com-
pound 16 was also prepared from 11 in a similar manner
as described for 15, but using ethyl Grignard in the first
step. For the coupling step, persilylated N-benzoyl
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cytidine was used, and the corresponding uridine deriv-
ative was not prepared.


A range of other 4 0-substituted uridines were prepared
as shown in Scheme 3 from the key starting material
17.7 Deprotection of compound 17 with TBAF (tetrabu-
tylammonium fluoride) gave 4 0-hydroxymethyl uridine
188 in excellent yield. Selective protection of the 4 0-a-hy-
droxymethyl substituent of compound 17 was achieved
by treatment with dimethoxytrityl chloride in pyridine,
and was followed by protection of the 4 0-b-hydroxy-
methyl group with TBDMS chloride. Removal of the
dimethoxytrityl group with acetic acid, followed by
Swern oxidation,9 gave the aldehyde derivative 19. Con-
densation of the aldehyde function in compound 19 with
hydroxylamine gave the corresponding oxime which was
dehydrated with acetic anhydride in the presence of
sodium acetate to give the nitrile. Global deprotection
with TBAF gave 4 0-a-cyanouridine 20. Alternatively,
treatment of 19 with methylene triphenylphosphorane
under Wittig conditions followed by deprotection with
TBAF gave 4 0-a-vinyl-uridine 21. Next, intermediate
19 was condensed with a chloromethylene triphenyl-
phosphorane Wittig reagent, which was followed by
dehydrohalogenation with butyl lithium to provide com-
pound 22. Deprotection with TBAF was conducted to
afford the target molecule, 4 0-a-ethynyluridine 23.

4 0-Allyluridine was prepared according to Scheme 4.
Protection of the previously described olefin 6 with
TBDMS chloride followed by reaction with dimethyldi-
oxirane gave the b-epoxide 24. Treatment of the epoxide
with allyl trimethylsilane in the presence of anhydrous
stannic chloride gave the protected uridine 25.10 Depro-
tection of 25 with TBAF afforded the target uridine,
compound 26.


An efficient method for the conversion of uridines to the
corresponding cytidines has been described by Divakar
and Reese,11 and was used in this work as shown in
Scheme 5. Accordingly, each of the uridines 10, 15, 18,
20, 21, 23, and 26 was peracetylated with acetic anhy-
dride in pyridine to give the corresponding protected
derivatives represented by the generic structure 27. Acti-
vation of the 4-keto group using phosphorus oxychlo-
ride and triazole was followed by treatment with
aqueous ammonia to afford the corresponding triacety-
lated cytidine derivatives, which after treatment with
methanolic ammonia gave the desired cytidines 28–34,
respectively, in good overall yield.


Finally, the synthesis of 4 0-ethoxycytidine is presented in
Scheme 6. For this compound, we did not discretely pre-
pare the corresponding uridine analogue, but utilized a
minor variation of the procedure reported by Verheyden







Table 1. Initial evaluation of activity and cytotoxicity in the Huh-7


replicon assay


Compound


(base C/U)


4 0-a-Substituent


(R)


Replicon


inhibition


at 20 lM


Cytotoxicity


at 20 lM


10 (U) N3 13% 17%


28 (C) N3 97% 13%


16 (C) Et 20%a 20%a


36 (C) EtO 11% 0%


18 (U) CH2OH 1% 0%


30 (C) CH2OH 13% 2%


20 (U) C„N 0% 0%


31 (C) C„N 99% 100%


23 (U) C„CH 0% 0%


33 (C) C„CH 3% 0%


15 (U) C„CMe 76%a 19%a


29 (C) C„CMe 11% 0%


26 (U) CH2CH@CH2 N.D.b N.D.b


34 (C) CH2CH@CH2 0% 0%


21 (U) CH@CH2 50%a 0%


32 (C) CH@CH2 53%a 0%


C, cytidine; U, uridine.
a Activity at 100 lM.
b IC50 and CC50 are reported in Table 2.
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Table 2. IC50, CC50, and CT50 determination


Compound Replicon


IC50 (lM)


Cytotoxicity


CC50 (lM)


Cytostaticity


CT50 (lM)


28 40-Azido-cytidine 1.28 >2000 >100


26 40-Allyl-uridine 22 39 N.D.


1 2 0-Deoxy-20-a-F-


cytidine


0.58 >100 0.8


4 2 0-b-Me-cytidine 1.23 >33 >100


Table 3. Inhibition of the RNA polymerase activity of NS5B


Compound TP NS5B inhibition (IC50 lM)


10 TP 0.30


28 TP 0.29


33 TP 2.7
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and Moffatt.3b Starting from 6, addition of iodine in
ethanol in the presence of lead carbonate installed the
requisite 4 0-ethoxy group. Following protection of the
2 0- and 3 0-hydroxyl groups with benzoyl chloride, dis-
placement of the iodide as previously described for the
conversion of 8–9 in Scheme 1 furnished 35. Acetylation
of the newly liberated 3 0-hydroxy was followed by con-
version of uridine to cytidine in the usual manner, with
global deprotection using ammonia providing the target
compound 36.


HCV replicon assays.12 The evaluation of compounds,
inhibitory activity at 20 lM and/or the determination
of the inhibitory concentrations at which a 50% reduc-
tion in replicon replication was observed (IC50) were ob-
tained using replicon cell line 2209-23. This cell line was
established from the Huh-7 cells expressing a HCV
genotype 1b subgenomic replicon including Renilla
luciferase as a reporter gene. Quantification of Renilla
luciferase activity was performed using the Renilla lucif-
erase assay kit (Promega) according to manufacturer’s
instructions. The WST-1 or MTT assays (Roche Diag-
nostics) were used to measure cell viability.


Replicon proliferation assay.12 The effect of compounds
on the incorporation of tritiated thymidine into cellular
DNA was measured using the SPA [3H]-thymidine
incorporation assay system from Amersham
Biosciences.


HCV polymerase assay.12 The enzymatic activity of
NS5B570-BK proteins was measured as incorporation
of radiolabeled nucleoside monophosphate into acid-in-
soluble RNA products using HCV cIRES RNA as a
template.


Table 1 shows the results obtained with the compounds
prepared and evaluated for inhibition of HCV replica-
tion. Only compounds 28 and 31 were active in the rep-
licon system, with >50% inhibition at 20 lM.
Importantly, compound 28 was not cytotoxic up to
>2 mM, but compound 31 displayed a level of cytotox-
icity similar to its inhibitory activity in the replicon. We
concluded that the activity of compound 31 is due to
inhibition of cell viability; therefore, further evaluation
of this compound was not undertaken.


In Table 2, we present comparative data for compounds
28, 26, 1, and 4. Compounds 28 and 4 displayed good
activity in the replicon assay with no measurable cyto-
toxic or cytostatic effect. Compound 26 showed a cyto-

toxic effect of the same order of its replicon potency,
indicating the replicon activity observed is likely due
to reduction in cell viability. Compound 1 showed cyto-
static activity at levels similar to the IC50 value. Cyto-
static activity is consistent with inhibition of DNA
synthesis and of cell proliferation that has been shown
to result from non-specific inhibition of HCV replicon
RNA replication.13







D. B. Smith et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2570–2576 2575

In order to elucidate the mechanism of action of com-
pound 28, the corresponding triphosphate derivative
was prepared. The triphosphate of 28 inhibited RNA
synthesis by HCV polymerase in a template dependent
manner, consistent with competitive inhibition of
CMP incorporation by HCV polymerase (Table 3).12


These data are consistent with compound 28 being effi-
ciently metabolized to the corresponding triphosphate
in cell culture and inhibition of HCV replication being
mediated through competitive inhibition by the triphos-
phate. Once incorporated into the nascent RNA chain, a
terminal 28 acts as a chain terminator with efficiency
similar to that of 3 0-deoxy-CTP.12 Our favored mecha-
nism to explain how a nucleoside bearing the 3 0-hydrox-
yl can act as a chain-terminator is both conformational
and steric in nature. Based on related work in 2 0-deoxy
systems, the 4 0-a-azido substituent introduced into the
carbohydrate moiety of a nucleoside will prefer to exist
in a pseudo-axial orientation, which in turn will induce
the nucleoside to exist predominantly in the northern
conformation.14 In this conformation, the 3 0-hydroxyl
group resides in a pseudo-equatorial orientation and is
closely flanked by the adjacent 4 0-azido group, which
would serve to encumber the ability of the 3 0-hydroxyl
to act as a nucleophile.


The inactivity of the other derivatives in the replicon
system might be explained through either lack of phos-
phorylation or through non-acceptance or poor fit of
the 4 0-substituted triphosphate in the active site of the
HCV polymerase. We selected compounds 10 (4 0-azido-
uridine) and 33 (4 0-ethynylcytidine) to differentiate
between these possibilities.


Compounds 10 and 33 did not inhibit HCV replica-
tion in the replicon system, but their triphosphates
were inhibitors of NS5B mediated RNA synthesis (Ta-
ble 3). From these data, we conclude that 10 and 33
were inefficiently phosphorylated in Huh-7 cells but
that their triphosphates could productively bind in
the active-site of NS5B.


The comparative results with 10 and 28 also suggest
that uridine analogues may be less efficiently phos-
phorylated than cytidine analogues in Huh-7 cells.
The synthesis and evaluation of additional triphos-
phate derivatives of nucleosides described in Table 1
would have helped to further delineate the SAR for
binding of 4 0-a-substituted nucleoside triphosphates
to HCV polymerase. Unfortunately, the limited supply
of key compounds precluded such studies from being
undertaken.


In conclusion, data reported here show that com-
pound 28, designated as R1479, is a potent and highly
specific inhibitor of HCV replication in cell culture,
and that its triphosphate is a potent and highly selec-
tive inhibitor of NS5B mediated RNA synthesis, the
HCV encoded RNA polymerase. These interesting
preclinical results have led to the selection of R1479
as a clinical candidate. Further details of the advance-
ment of R1479 into clinical studies have been reported
elsewhere.15
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6. Vorbrüggen, H.; Bennua, B. Chem. Ber. 1981, 114, 1279.
7. Nomura, M.; Shuto, S.; Tanaka, M.; Sasaki, T.; Mori, S.;


Shigeta, S.; Matsuda, A. J. Med. Chem. 1999, 42, 2901.
8. Jones, G. H.; Taniguchi, M.; Tegg, D.; Moffatt, J. G.


J. Org. Chem. 1979, 44, 1309.
9. Mancuso, A. J.; Swern, D. Synthesis 1981, 165.


10. Haraguchi, K.; Takeda, S.; Tanaka, H. Org. Lett. 2003, 5,
1399.


11. Divakar, K. J.; Reese, C. B. J. Chem. Soc., Perkin Trans. 1
1982, 1171.


12. Klumpp, K.; Leveque, V.; Le Pogam, S.; Ma, H.; Jiang,
W-R.; Kang, H.; Granycome, C.; Singer, M.; Laxton,
C.; Hang, J. Q.; Sarma, K.; Smith, D. B.; Heindl, D.;
Hobbs, C. J.; Merrett, J. H.; Symons, J.; Cammack, N.;
Martin, J. A.; Devos, R.; Najera, I. J. Biol. Chem. 2006,
281, 3793.


13. Pietschmann, T.; Lohmann, V.; Rutter, G.; Kurpanek, K.;
Bartenschlager, R. J. Virol. 2001, 75, 1252.


14. Prisbe, E. J.; Maag, H.; Verheyden, J. P. H.; Rydzewski,
R. M. Nucleosides and Nucleotides as Antitumor and







2576 D. B. Smith et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2570–2576

Antiviral Agents. In Chu, C. K., Baker, D. C., Eds.;
Plenum Publishing Corporation: New York, 1993; p 101.


15. Smith, D. B.; Martin, J. A.; Swallow, S.; Smith, M.;
Kaiser, A.; Yee, C.; Crowell, M.; Kim, W.; Sarma, K.;
Najera, I.; Jiang, W-R.; Le Pogam, S.; Rajyaguru, S.;
Klumpp, K.; Leveque, V.; Ma, H.; Tu, Y.; Chan, R.;

Brandl, M.; Alfredson, T.; Wu, X.; Birudaraj, R.; Tran,
T.; Cammack, N. ‘‘From R1479 to R1626: Optimization
of a Nucleoside Inhibitor of NS5B for the Treatment of
Hepatitis C.’’ 232nd ACS National Meeting, September
10–14, 2006, Abstract #269, Medicinal Chemistry, San
Francisco, California.





		Design, synthesis, and antiviral properties of 4 prime -substituted  ribonucleosides as inhibitors of hepatitis C virus replication: The discovery of R1479

		Acknowledgment

		References and notes








Bioorganic & Medicinal Chemistry Letters 17 (2007) 2527–2530

Novel 1,4-benzodiazepine derivatives with antiproliferative
properties on tumor cell lines


Jennifer Dourlat, Wang-Qing Liu, Nohad Gresh and Christiane Garbay*
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Abstract—Novel 1,4-benzodiazepine compounds were synthesized and evaluated for their ability to inhibit the proliferation of
tumor cells. Some compounds revealed activities in the micromolar range and were more efficient than reference compound Ro
5-4864. Preliminary SAR helped to identify critical motifs for antiproliferative activity and led to the discovery of a compound selec-
tive for a melanoma cell line, known for its resistance to chemotherapy.
� 2007 Elsevier Ltd. All rights reserved.

Figure 1. Structure of the 1,4-benzodiazepine compounds.

Benzodiazepines are widespread compounds used for
the treatment of mental disorders. A few years ago,
some of these compounds showed antiproliferative
properties against some tumor cell lines. This highlights
them as potential anticancer agents.1,2


We are presently resorting to the 1,4-benzodiazepine
scaffold, a suitable template for combinatorial chemis-
try,3 to design small inhibitors of STAT3 dimerization.
STAT3 (Signal Transducer and Activator of Transcrip-
tion 3) plays a key role in cancer, by regulating as a di-
mer the expression of anti-apoptotic or pro-survival
genes.4 Dimerization occurs upon phosphorylation on
its Tyr705, through reciprocal interaction between the
SH2 (Src Homology 2) domain of STAT3 and the pTyr
residue.


On the basis of preliminary molecular modeling based
on the X-ray crystal structure of STAT3,5 the N-1 posi-
tion on the 1,4-benzodiazepine structure (Fig. 1) was
used to substitute phosphate or phosphonate analogs,
mimicking the role of pTyr in its SH2 domain interac-
tion. The C-3 position was used to introduce a basic sub-
stituent to probe the effect of a possible ionic interaction
with the SH2 domain.
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The compounds were evaluated by an ELISA for their
ability to disrupt in vitro STAT3 dimerization but
showed no significant activity. Nevertheless, they were
further evaluated for their possible antiproliferative
activities on two STAT3-dependent cell lines, NIH
3T3/v-Src cells6 and melanoma cells A2058,7 as well as
on HeLa cells, a cervical carcinoma tumor cell line,
whose growth is not dependent on STAT3.8 Here, we re-
port the synthesis and biological evaluation of our
derivatives.


The synthesis of the diazepine core is described in
Scheme 1. Peptidic coupling of 2-aminobenzophenone
with suitably protected alanine or lysine could be
achieved by the in situ formation of acyl-fluoride9 com-
pounds with the use of tetramethylfluoroformamidini-
um hexafluorophosphate (TFFH) to give 1 and 2 in
69–85% yields. Boc- and Cbz-protecting groups were



mailto:christiane.garbay@univ-paris5.fr





Scheme 1. Reagents and conditions: (a) TFFH, DIEA, CH2Cl2, rt; (b)


i—20% TFA/CH2Cl2 for 3 or H2/Pd–C, MeOH for 4; ii—5% AcOH in


CH2Cl2, reflux.
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completely removed, respectively, by treatment with
20% trifluoroacetic acid (TFA) in methylene chloride
and by Pd-catalyzed hydrogenolytic cleavage.


Cyclization to obtain the diazepine core was achieved
using 5% of acetic acid in methylene chloride to give 3
and 4 in quantitative yield.


The preparation of two brominated derivatives neces-
sary for the N-alkylation of the core diazepine is de-
scribed in Scheme 2. 4-hydroxybenzylalcohol was
treated with dibenzylphosphite10 to give dibenzyl-pro-
tected phosphate derivative 5 in 70% yield. Transforma-
tion of the benzyl alcohol 5 to the bromide derivative 6
was achieved in 63% yield using triphenylphosphine and
carbon tetrabromide.11 Bromide 8 was obtained by Boc-
protecting p-cresol followed by N-bromosuccinimide
(NBS) bromination in 65% yield. The 4-(di-tert-buty-

Scheme 2. Reagents and conditions: (a) Dibenzylphosphite, DIEA,


CCl4, DMAP, CH2Cl2, �15 �C; (b) CBr4, PPh3, CH2Cl2, rt; (c) Boc2O,


Na2CO3, THF, rt; (d) NBS, dibenzoylperoxide, CCl4, reflux.

lphosphonomethyl)benzylbromide used to synthesize
10 and 13 was prepared as previously described.12


Alkylation of diazepines 3 and 4 (Scheme 3) with benzyl
bromide derivatives in the presence of the mild base cesi-
um carbonate13 afforded 9–13 in 80–90% yields. Final
compounds 16, 17, and 20 were obtained in quantitative
yield, by treatment with 50% TFA in methylene chloride
for 3 h. Under such conditions, compounds 9 and 12
gave monobenzyl-protected compounds 14 and 18,
and the unprotected analogs 15 and 19 in about equal
proportions.


The lack of inhibitory effects of these benzodiazepines
against STAT3 dimerization led us to investigate if alter-
natively, and in line with the findings reported in the lit-
erature,14 they could inhibit Src kinase activity.
However, no inhibitory effect was found in the case of
the present compounds.


Nevertheless, in cell assays, some of the benzodiazepine
derivatives demonstrated efficient antiproliferative activ-
ities, inhibiting cell growth with IC50 in the micromolar
range.


Cell growth inhibition was first evaluated on v-Src trans-
formed mouse fibroblasts.15 The cytotoxic activity of all
the compounds was then tested against two human
tumor cell lines, A2058 and HeLa cells, using a WST-1
colorimetric test.16 Results are given in Table 1. In addi-
tion, the benzodiazepine Ro 5-4864 (4 0-chlorodiaze-
pam), whose antiproliferative activity has already been

Scheme 3. Reagents and conditions: (a) Cs2CO3, CH2Cl2, rt; (b) 50%


TFA/CH2Cl2, rt.







Table 1. Antiproliferative activity against tumor cell lines


Compound R4 R5 IC50 ± SEMa (lM)


NIH 3T3/v-Srcb A2058c HeLac


Ro 5-486417 — — 31.9 ± 4.4 P100 P100


3 CH3 N-1 unsubstituted n.ad n.a n.a


14 CH3 49.5 ± 3.2 61.5 ± 7.9 40.5 ± 0.5


15 CH3 36.6 ± 5.9 28.9 ± 1.5 21.3 ± 1.7


16 CH3 n.a n.a n.a


17 CH3 38.6 ± 3.5 27.2 ± 0.3 29.3 ± 0.6


19 P80 33.8 ± 0.5 P80


20 n.a n.a n.a


a IC50 values expressed with standard error.
b Cell growth determined by counting cells with a particle counter.15


c Cytotoxic activity determined by a WST-1 test.16


d Showed no activity at 150 lM.
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demonstrated against some tumor cell lines,17–19 was
also evaluated as the reference compound.


These data indicate that whilst the unsubstituted benzo-
diazepine 3 is inactive toward any of the three cell types,
some of our substituted benzodiazepines are more effi-
cient than reference compound Ro 5-4864, on both hu-
man tumor cell lines.


N-1 unsubstituted compound 3 showed no antiprolifer-
ative activity toward any of the three cell types, indicat-
ing that further substitutions are necessary for biological
activity.


For the C-3 methyl series (R4 = CH3), N-substitution
with a p-phosphorylated benzyl moiety improved activ-
ity in each cell type with IC50 in the micromolar range
(15). Monobenzyl-protected phosphate derivative 14,
initially synthesized to improve cell penetration, was less
potent than the free phosphate analog 15 against the
three cell types. Interestingly, phosphate replacement

with phosphonate abrogated biological activity in each
cell type. The higher pKa value of phosphonate deriva-
tive may be the cause for the loss of activity.20 The pres-
ence of an oxygen atom at the p-position on the benzyl
ring may also be important.


We therefore investigated if a hydroxyl group could be
sufficient to retain activity. 4-Hydroxylated compound
17 was accordingly synthesized and was found to be as
efficient as the phosphate analog 15. These data indicate
that the presence of an oxygen atom seems critical for
antiproliferative activity. Moreover, they suggest that
it may be possible to optimize potency with other
O-substituted compounds. On the other hand, the most
potent compounds (14, 15, and 17) were also active on
HeLa cells, indicating that they probably do not target
the STAT3 pathway.


For the C-3 aminobutyl series (R4 = (CH2)4NH2), the
phosphonate derivative 20 was also inactive. These data
confirmed the importance of a phenolic group or a
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p-phosphorylated benzyl moiety. Monobenzyl-protected
phosphate derivative 18 could not be tested because of
low solubility. Surprisingly, introduction of a basic alkyl
chain in C-3 position led to a compound (19) rather
selective of melanoma cells, with only weak potency
on the two other cell types.


In the literature, other benzodiazepines, such as Ro
5-4864, have been shown to have antiproliferative activ-
ity, most of the time via an undefined or uncertain mech-
anism.17–19 Whilst PBR (Peripheral Benzodiazepine
Receptor) has been reported to be a possible target,18,19


benzodiazepine derivative Bz-423 has recently been
found to induce antiproliferative activity independent
of the PBR.21


Thus, to our knowledge, the present work reports one of
the first SAR studies, regarding the effects of substitu-
tion on both N-1 and C-3 position, on antiproliferative
properties of 1,4-benzodiazepines.


Although our compounds did not inhibit STAT3 dimer-
ization in the Src–STAT3 pathway, they displayed inter-
esting antiproliferative activities against different tumor
cell lines. Benzodiazepines 14, 15, and 17 were even
more efficient than reference compound Ro 5-4864 on
both human tumor cell lines.


Preliminary SAR helped us to identify critical motifs for
activity and led to the discovery of a compound selective
for a melanoma cell line, known for its resistance to
chemotherapy.22


In conclusion, these two series of benzodiazepines are
promising leads for the development of anticancer
agents. Further experiments will be done to identify
their physiological target and improve the potency and
the selectivity of both series of compounds.
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Abstract—Side-chain analogs of Annonaceous acetogenins with a threo, trans, threo, trans, threo-bis-tetrahydrofuran core unit have
been prepared and tested for cytotoxicity against HCT-116 human colon cancer cells.
� 2007 Elsevier Ltd. All rights reserved.
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First described in 19821, the class of natural products
known as Annonaceous acetogenins now number more
than 350 members.2 All are isolated from members of
the plant family Annonaceae, and many show potent
antitumor, antimicrobial, antimalarial, pesticidal, and
antifeedant activities. Biogenetically derived from poly-
oxygenated C32 or C34 fatty acids and a branched pro-
pionate moiety at C2 as part of a butenolide terminus,
the most active compounds generally possess one or
two tetrahydrofuran rings flanked by hydroxyl substitu-
ents near the center of the fatty acid chain (Fig. 1).


The biological activity of these compounds stems from
their inhibition of the terminal electron transfer step of
cell membrane mitochondrial Complex I. It is postu-
lated that the oxygenated central segment of the bis-tet-
rahydrofuran acetogenins acts as a hydrophilic anchor
to the glycerol backbone region of liposomal mem-
branes with the appended aliphatic arms extending into
the lipid bilayer.3 These arms are thought to control the
positioning of the butenolide terminus within the bilayer
and its proximity to the active site of Complex I.4 Since
the requisite hairpin conformation of the membrane-
bound acetogenin can be realized with a variety of core
stereoisomers it is further postulated that the length of
the butenolide spacer chain has a greater influence on
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biological activity than the stereochemistry of the bis-
tetrahydrofuran core.3 However, this postulate has not
been much explored because few examples of natural
Annonaceous acetogenins differing only in spacer chain
length are known. Furthermore, most synthetic studies
have focused on relatively few of the natural acetogenins
or core stereoisomers of natural acetogenins.5


We recently reported a highly convergent bidirectional
route to acetogenins with a threo, trans, threo, trans,
threo core unit by a modular approach involving Grub-
bs cross-metathesis methodology for attachment of the
aliphatic side chains to a readily prepared core unit.6


This route seemed ideally suited for a preliminary exam-
ination of the influence of side chains on bioactivity in
acetogenin analogs with a common core
stereochemistry.


Our overall plan, as summarized in Figure 2, consisted of
three stages starting with a synthesis of the aforementioned

OH H HH
HO OH


Me
threo, trans, threo, trans, threo


73


Figure 1. Asimicin. A typical threo, trans, threo, trans, threo bis-


tetrahydrofuran Annonaceous acetogenin derived from a C34 fatty


acid.
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core unit A which would then be elaborated by a Grubbs
cross-metathesis reaction with a terminal alkene precursor
B of one of the side chains to form the symmetric diene
ABB.7 This ’type III’ diene would then be subjected to a sec-
ond cross metathesis with a terminal alkene precursor C of
the second side chain to yield the unsymmetrical diene
ABC. Final elaboration of this intermediate to the targeted
acetogenin analog would then require only hydrogenation
and global deprotection. An excess of the initial terminal al-
kene B would be employed to minimize the potentially
competing oligomerization of the diene A. The expected
byproducts of the second cross metathesis, an equilibrium
mixture of ACC, BC, CC, and recovered ABB, can be
resubjected to cross metathesis thereby generating addi-
tional quantities of ABC. For our initial studies we focused
on functional variations in the nonbutenolide side chain to
evaluate the flexibility of the approach. Additional studies
on systematic chain length variations of the butenolide
chain are planned for a future date.


As the B components of the present analog synthesis, we
chose readily available alkenes as these would be em-
ployed in excess for the initial cross metathesis
(Fig. 3). For the C components we mainly used the hy-
droxy butenolide C1 because 4-hydroxy substituted ace-
togenins show some of the highest reported activity
against tumor cells. In these initial studies we were more
interested in exploring the versatility of the synthetic
methodology than devising a series of closely related
(R = Me, Et, Pr, Bu, etc.) series of analogs. We were
particularly interested in the previously unknown termi-
nal alcohol analogs derived from B3 and B4 as these

R1 = CH3(CH2)7, CH3(CH2)5, TBSO(CH2)4, TBSO(CH2)9,


B1 B2 B3 B4


R2 =
(  )7


TBSO
O


Me


O


O


Me


O
(  )8


C1 C2


Figure 3. Terminal alkenes R1CH@CH2 and R2CH@CH2 employed in


cross metathesis.

compounds and possible derivatives might have higher
water solubility than their alkyl counterparts.


The core tetrahydrofuran segment A was prepared as
previously described starting from 4-penten-1-ol (1
Scheme 1).6 Dimerization with the Grubbs II catalyst7


followed by in situ Swern oxidation and Horner–Em-
mons phosphonate homologation afforded the triene
diester 2 which was selectively dihydroxylated with the
Sharpless AD-mix a reagent. Conversion to the dimesy-
late 3 then dihydroxylation of the conjugated double
bonds with AD-mix b led to a tetraol, which was heated
in pyridine to effect conversion to the bis-tetrahydrofu-
ran diester 4. Protection of the diol with MOMCl fol-
lowed by reduction of the diester 5 with lithium
aluminum hydride afforded the diol 6. Oxidation to dial-
dehyde 7 and Wittig homologation of dialdehyde 7com-
pleted the sequence to diene A in an overall yield of 18%.


The terminal alkene precursors to side chain B1(1-de-
cene) and B2 (1-octene) are commercially available and
those of B3 and B4 are the TBS ethers of commercially
available 5-hexen-1-ol and 10-undecen-1-ol.


Our synthesis of the 4-hydroxy butenolide side-chain
precursor 17, outlined in Scheme 2, is an improved ver-
sion of our previous sequence. Asymmetric dihydroxyla-
tion of 1,11-dodecadiene (9), easily prepared from 10-
undecenal (8) by Wittig homologation, afforded the diol
10 of 92% enantiomeric purity in 60% yield.8 Selective
tosylation then TBS protection and treatment with
NaI then led to the iodide 13. Alkylation of White’s
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lactone 149 with this iodide proceeded in 88% yield. The
homologated lactone 15 was converted to the sulfoxide
16 which underwent elimination in refluxing toluene to
the butenolide 17 in 91% yield.5b The butenolide precur-
sor 20 of side chain C2 was prepared analogously
(Scheme 3).


We next addressed coupling of the core unit A with the
various B and C side chain alkenes by cross metathesis
(Scheme 4). In our preliminary report of this methodol-
ogy, in which the unfunctionalized alkenes 1-decene and
1-octene were employed in the initial cross metathesis,
we found that the reaction proceeded smoothly with
5 mol% of the Grubbs II catalyst. However, with the
oxygenated alkenes related to B3 and B4 of the current
study, this protocol was not successful owing to exten-
sive migration of the terminal double bonds and catalyst
deactivation. Fortunately, this side reaction could be
shut down through use of added p-benzoquinone to
intercept the responsible RuH intermediate.10 However,
it was necessary to increase catalyst loading to 35 mol%.
These same conditions were successfully employed for
the cross-metathesis reactions as summarized in Scheme
5. In each case we obtained the ABC products in about
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40% yield and recovered approximately 20% of the ABB
starting material, 20% of the ABB double exchange
product, and 10% each of the dimeric CC and cross
BC products. Typically, more than 90% of the total
material could be accounted for. We have previously
shown that recycling of the recovered materials results
in additional quantities of the ABC product along with
the others in a comparable ratio.6 This option was not
examined in the present cases.


Reduction of the disubstituted alkenes and global
deprotection of the ABC intermediates was smoothly ef-
fected by sequential treatment with diimide and methan-
olic HCl (Scheme 5).6 The terminal OH derivative 26
was chain-extended by selective reaction with MOMCl
leading to the MOM derivative 31 (Scheme 6). We had
hoped that replacing two of the methylene groups of
the side chain with oxygen would increase water solubil-
ity, but this was not the case. Ether 31 exhibited no mea-
surable solubility in water.


Table 1 summarizes cytotoxicity data for the acetogenin
analogs 26–31 against HCT-116 colon cancer cells.5b


Notably all analogs show IC50values in the nanomolar
range. Of the terminal hydroxy analogs 26, 27, and 28
the latter, lacking a C4 OH, is the least active in keeping
with expectation based on reported activities of natural
acetogenins. Interestingly, the truncated analog 30 of
asimicin (29) is some 20 times more active than its nat-
ural counterpart. Although an exact comparison is not
possible owing to differing chain lengths, the compara-
ble activity exhibited by the terminal hydroxy com-
pounds 26 and 27 and the related alkyl compounds 30
and 29 suggests that the added terminal OH group does
not markedly affect cytotoxicity. While enhanced water
solubility was not observed with the hydroxylated com-
pounds, it may be possible to realize that goal through
conversion of the OH to a water soluble derivative that
could be cleaved in vivo.

Table 1. Cytotoxicity against HCT-116 colon cancer cells


Compound IC50 (ng/mL) IC50 (nM)


26 2.2 3.8


27 0.39 0.60


28 22 35


29a 5.5 8.8


30a 0.30 0.50


31 9.9 16


a Ref. 6.
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Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bmcl.
2007.02.033.
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Abstract—A series of opioid peptide ligands containing modified N-terminal tyrosine (Tyr) residues was prepared and evaluated
against cloned human l, d, and j opioid receptors. This work extends the recent discovery that (S)-4-carboxamidophenylalanine
(Cpa) is an effective tyrosine bioisostere. Amino acids containing negatively charged functional groups in place of tyrosine’s phenolic
hydroxyl lacked receptor affinity, while exchange of Tyr for (S)-4-aminophenylalanine was modestly successful. Peptides containing
the new amino acids, (S)-4-carboxamido-2,6-dimethylphenylalanine (Cdp) and (S)-b-(2-aminobenzo[d]thiazol-6-yl)alanine (Aba),
displayed binding (Ki) and functional (EC50) profiles comparable to the parent ligands at the three receptors. Cdp represents the
best performing Tyr surrogate in terms of overall activity, while Cpa and Aba show a subtle proclivity toward the d receptor.
� 2007 Elsevier Ltd. All rights reserved.

Opioid peptide ligands continue to be of interest as
pharmacological tools for advancing opioid receptor
biology and as potential therapeutic agents.1 The discov-
ery of endogenous opioid peptides,2 principally the
enkephalins, initiated an intense search for potent, selec-
tive ligands for the l, d, and j opioid receptor types.3


Examples of such ligands, derived from either natural
sources or de novo synthesis, include DPDPE4a and
DSLET4b (d selective), endomorphins4c, and DAM-
GO4d (l selective) and the dynorphins4e (j selective).
The N-terminal tyrosine residue [Tyr1] is universally
found in the expansive family of opioid peptide ligands.3a


It satisfies a minimal pharmacophore model character-
ized by an appropriately spatially oriented basic nitrogen
and a hydroxylated phenyl ring.3a,b These two binding
elements constitute the putative message of the message-
address concept of opioid ligand–receptor interaction.5


SAR studies conducted more than 25 years ago demon-
strated that the Tyr amino group may be alkylated
yielding peptide analogs that retain potency. Extensive

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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structure–activity relationship (SAR) studies conducted
over the past two decades have demonstrated that the
Tyr amino group may be alkylated, yielding peptide
analogs that retain potency.6a,b N-Acylation or exchange
of the amino group for a hydrogen atom or a methyl
group can result in the conversion of agonists to antago-
nists.6c–h In contrast, removal or derivatization of the
tyrosine phenolic hydroxyl group leads to a loss in opioid
receptor binding affinity.3 Replacement of tyrosine with
phenylalanine or tyrosine O-methyl ether gives rise to pep-
tides with 100- to >1000-fold decreased activity relative to
the parent ligands. These and other SAR studies suggest
an apparent immutable quality of the phenol hydroxyl.


We recently disclosed a highly effective amino acid sur-
rogate for the terminal tyrosine residue.7 The surrogate,
(S)-4-carboxamidophenylalanine (Cpa) 3, possesses a
primary carboxamide (–CONH2) group in place of the
tyrosine phenolic OH. A selection of classical opioid
peptide analogs were prepared with a [Tyr1]! [Cpa1]
modification.7 As exemplified by the [Leu5]-enkephali-
namide pair 1 and 2, the Cpa-containing peptides
consistently displayed binding affinities (Ki) comparable
to the tyrosine reference peptides at the three cloned
human l, d, and j opioid receptors. The [Cpa1] peptides
retained agonist potency (EC50) as measured by their
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ability to stimulate the binding of [32S]GTPcS to the
cloned human receptors. The [Cpa1] congeners of d
selective peptides generally showed enhanced d receptor
selectivity relative to the l receptor. Reports by Welt-
rowska8 and Breslin9 have likewise documented the util-
ity of 4-carboxamidophenylalanine derivatives as
tyrosine bioisosteres in opioid peptides. In this report,
the effectiveness of 3 is further demonstrated by incorpo-
rating the amino acid into three additional acyclic and
cyclic peptides. Six other amino acids 4–9 are surveyed
as potential surrogates for the N-terminal Tyr residue
in a series of representative opioid peptides i.10


Tyrosine phenolic OH to CONH2 exchange in opioid peptide ligands.


X


H2N
(Aa)n-Z


O


i: opioid peptide ligands 
with modified [Tyr1]


1: [Leu5]-enkephalinamide7


X = OH; Ki = 25 nM  (μ); 5.3 nM  (δ); 440 nM  (κ)
2: [Cpa1-Leu5]-enkephalinamide
X = CONH2; Ki = 43 nM  (μ); 3.3 nM  (δ); 240 nM  (κ)
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H2N
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4: (S)-4-Carboxy-
phenylalanine (Cxp)


5: (S)-4-Aminophenyl-
alanine (Apa)


7: (S)-β-(4-Pyridinyl-1-oxide)-
alanine (Poa)


8: (S)-4-Carboxamido-2,6-
dimethylphenylalanine (Cdp)


9: (S)-β-(2-Aminobenzo[d]thiazol-
6-yl)alanine (Aba)


H2N
OH


O
6: (S)-3-Carboxamido-
phenylalanine (mCpa)


CONH2


As an extension of our previous work,7 [Met5]-enkepha-
lin 10 was targeted for modification with amino acid 3.
Enkephalin 10 is an opioid peptide modestly selective
for the d versus l receptor. In the cloned human recep-
tor binding assays 10 displayed Ki = 19 nM (l), 2.0 nM
(d), and >1000 nM (j); l/d = 9.5. Replacement of [Tyr1]
in 10 with 3 furnished peptide 11, [Cpa1, Met5]-enkeph-
alin. Binding affinity and selectivity obtained for 11
reveals that it was nearly equivalent to the parent ligand:
Ki = 28 nM (l), 1.8 nM (d), and >1000 nM (j); l/d = 16.
In the [35S]GTPcS functional assay, 11 was 9-fold more

potent as a d agonist: EC50 = 5.2 nM for 11 versus
47 nM for 10. The corresponding amide 13, [Cpa1,
Met5]-enkephalinamide, was then synthesized and com-
pared to [Met5]-enkephalinamide 12. The Ki and EC50


values for the d receptor were significantly enhanced in
the [Cpa1] analog 13 (Ki = 10 and 1.3 nM; EC50 = 300
and 10 nM; 12 and 13, respectively) with a modest
12-fold improvement in selectivity over the l receptor
(l/d = 1.2 for 12 vs 14 for 13). The affinity for 13
(Ki = 460 nM) at the j receptor was approximately
2-fold that of 12. The Cpa derivative 15 of the well-
known selective d ligand DPDPE 14 was also prepared.
The activity and d selectivity of this peptide pair was
again comparable (Ki = 3.2 nM (14) vs 19 nM (15)). This
result is in agreement with the recent work of Schiller
and coworkers,8 who reported that the Cpa derivative
of the cyclic enkephalin analog, H-Tyr-c[cys-Gly-Phe(p-
NO2)-cys]NH2, (IC50 = 19 pM, mouse vas deferens (d
receptor enriched)) displayed subnanomolar potency in
the mouse vas deferens assay (IC50 = 232 pM). The
binding and functional data obtained for peptide pairs
10/11, 12/13, and 14/15 are consistent with previous re-
sults employing 3 as a surrogate for [Tyr1].7


Homology modeling and site-directed mutagenesis stud-
ies suggest that the tyrosine OH in the peptide (and non-
peptide) ligands may form a hydrogen bond to a lysine
e-amino group or a histidine NH group in the putative
binding cavity of the d receptor.11 It is therefore conceiv-
able that a negatively charged carboxylate could poten-
tially engage the basic active-site residues through either
hydrogen bonding or a productive charge–charge inter-
action. For this reason, [Tyr1] in the selective d peptide
DADLE 16 (Ki = 0.89 nM; l/d = 39) was exchanged
with (S)-4-carboxyphenylalanine (Cxp) 4. The new pep-
tide analog 19 was found to be weakly active at d with a
micromolar Ki value.12 DADLE analog 20, containing
the (S)-pyridinyl-1-oxide amino acid (Poa) 7,10b, was ex-
plored as a potential tyrosine mimic ([Tyr1] ! [Poa1]).
This analog, possessing a more compact negative point
charge, was devoid of activity. [Poa1]-containing pep-
tides 26 and 32 were weakly active. The suitability of
(S)-4-aminophenylalanine 5 was then examined in the
DADLE series (16 vs 18). In this case, the anilino moiety
was reasonably tolerated by the d receptor (Ki = 19 nM
(18); 0.89 nM (16) in contrast to the Cxp and Poa analogs.
The aniline group was less tolerated at the l receptor,
where 18 exhibited a 40-fold decrease (Ki = 1400 nM vs
35 nM) in affinity for this receptor.


The next mini series of peptides scrutinized were those
containing a (S)-3-carboxamidophenylalanine (mCpa)
6. The [Tyr1] in [Leu5]-enkephalin, DADLE, and
DSLET was replaced with 6 to yield the corresponding
peptides 21, 27, and 33, respectively. This was carried
out for three reasons. First, a N-terminal m-tyrosine res-
idue has been shown to possess modest affinity for the
opioid receptors.13 Second, Sperlinga and coworkers
found 6-hydroxy-1,2,3,4-tetrahydro-isoquinoline-3-car-
boxylate to be an effective constrained tyrosine mimet-
ic.14 The corresponding 7-hydroxy isomer lost its
affinity for the l receptor but d receptor affinity was pre-
served. Third, the primary carboxamide as a direct
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replacement of phenol in nonpeptide opioid ligands has
been thoroughly documented.15 However, the CONH2


at other positions in the central aromatic ring of these
ligands has not been explored, perhaps due to a lack
of synthetic accessibility. Hence, the meta-disposed
CONH2 in 6 could potentially present an opportunity
to discover alternative hydrogen-bonding interactions
between the opioid receptors and these modified ligands.
Unfortunately, this was not the case. Peptides 21, 27,
and 33 all experienced a minimum of a 10-fold loss in
binding at both l and d relative to the parent ligands
16, 24, and 30.16


Returning to (S)-4-carboxamidophenylalanine 3 as a
favored surrogate, the SAR in the series was explored
further by introducing methyl groups at the 2- and
6-positions of the aromatic ring. The resulting amino
acid Cdp 8 is a direct analog of 2,6-dimethyltyrosine
(Dmt). Dmt imparts greater potency and l selectivity
relative to tyrosine in a range of peptide ligands.17 This
is presumably due to a combination of the greater lipo-

Table 1. In vitro binding and functional data for opioid peptides with [Tyr1


Peptide sequence (No.) Ligand


H-Tyr-Gly-Gly-Phe-Met-OH (10) Met-enkephalin


H-Cpa-Gly-Gly-Phe-Met-OH (11)


H-Tyr-Gly-Gly-Phe-Met-NH2 (12) Met-enkephalinamide


H-Cpa-Gly-Gly-Phe-Met-NH2 (13)


H-Tyr-c[pen-Gly-Phe-pen]OH (14) DPDPE


H-Cpa-c[pen-Gly-Phe-pen]OH (15)


H-Tyr-ala-Gly-Phe-leu-OH (16)e,f DADLE


H-Cpa-ala-Gly-Phe-leu-OH (17)e


H-Apa-ala-Gly-Phe-leu-OH (18)


H-Cxp-ala-Gly-Phe-leu-OH (19)


H-Poa-ala-Gly-Phe-leu-OH (20)


H-mCpa-ala-Gly-Phe-leu-OH (21)


H-Cdp-ala-Gly-Phe-leu-OH (22)


H-Aba-ala-Gly-Phe-leu-OH (23)


H-Tyr-Gly-Gly-Phe-Leu-OH (24)e Leu-enkephalin


H-Cpa-Gly-Gly-Phe-Leu-OH (25)e


H-Poa-Gly-Gly-Phe-Leu-OH (26)


H-mCpa-Gly-Gly-Phe-Leu-OH (27)


H-Cdp-Gly-Gly-Phe-Leu-OH (28)


H-Aba-Gly-Gly-Phe-Leu-OH (29)


H-Tyr-ser-Gly-Phe-Leu-Thr-OH (30)e DSLET


H-Cpa-ser-Gly-Phe-Leu-Thr-OH (31)e


H-Poa-ser-Gly-Phe-Leu-Thr-OH (32)


H-mCpa-ser-Gly-Phe-Leu-Thr-OH (33)


H-Cdp-ser-Gly-Phe-Leu-Thr-OH (34)


H-Aba-ser-Gly-Phe-Leu-Thr-OH (35)


H-Tyr-ala-Gly-Phe-Met-OH (36)e [ala2]-Met-enkephalin


H-Cpa-ala-Gly-Phe-Met-OH (37)e


H-Aba-ala-Gly-Phe-Met-OH (38)


a The binding affinities (Ki) of the peptides were determined by testing the abil


the non-selective opioid antagonist, [3H]diprenorphine, to cloned human l, d
the geometric means computed from at least three separate determinations


b The potencies (EC50) of the peptides were determined by testing the ability o


[35S]GTPcS to cloned human l, d, j opioid receptors expressed in separate c


three separate determinations.
c Ki or EC50 estimated to be >10,000 nM.
d Not determined.
e See Ref. 7.
f


DD-Amino acids are indicated by all lower case letters.

philicity of the amino acid and a favorable conforma-
tional bias of the aromatic ring imposed by the methyl
groups flanking the b-carbon of the side chain. Peptides
16, 24, and 30 were again targeted for modification with
8, affording the new peptides [Cdp1]-DADLE 22, [Cpd1,
Leu5]-enkephalin 28, and [Cdp1]-DSLET 34. [Cdp1]
proved to be a surrogate for tyrosine. The binding con-
stants for 22, 28, and 34 against d were equivalent to the
parent ligands: Ki (d) 28/24 = 1.0 nM/1.1 nM; 22/
16 = 0.78 nM/0.89 nM; 34/30 = 1.2 nM/1.1 nM. Equipo-
tent EC50 values were also observed for the peptide
pairs. As noted previously, Cpa had a tendency to skew
l/d selectivity in favor of the d opioid receptor by a fac-
tor of 2- to 50-fold in several [Tyr1]/[Cpa1] peptide pairs.
Cdp showed no such tendency. In all three [Cdp1]-pep-
tides, the l binding affinity exceeded those values deter-
mined for the parent peptides: Ki (l) 28/24 = 9.8 nM/
50 nM; 22/16 = 4.3 nM/35 nM; 34/30 = 19 nM/140 nM.
The corresponding l/d ratios were 9.8 versus 45 for
28/24, 5.5 versus 39 for 22/16, and 16 versus 130 for
34/30. The data are in agreement with the opioid recep-

] replacements


Ki
a (nM) EC50


b (nM)


l d j l/d l d


19 2.0 c 9.5 620 47


28 1.8 1030 1.6 140 5.2


12 10 210 1.2 630 300


18 1.3 460 14 270 10
c 3.2 c — d 21
c 19 c — d 320


35 0.89 c 39 330 12


120 8.2 c 15 640 130


1400 19 c 75 d 74
c 1100 c — d d


c c c — d d


560 170 c 3.3 d 1700


9.8 0.78 2400 5.5 49 2.5


1200 10 c 29 d 150


50 1.1 c 45 140 13


110 1.9 c 58 c 15
c c c — d e


c 475 c — d e


9.8 1.0 1300 9.8 180 4.1


1200 19 c 63 d 580


140 1.1 c 130 150 5.1


370 1.2 c 308 d 9.9
c 360 c — d d


1100 42 c 26 d 730


19 1.2 c 16 250 3.5


640 3.8 c 170 d 97


14 0.35 c 40 210 1.0


110 0.72 c 150 320 1.4


100 1.0 c 100 350 24


ity of a range of concentrations of each peptide to inhibit the binding of


, and j opioid receptors, expressed in separate cell lines.20 Ki values are


.


f a range of concentrations of each peptide to stimulate the binding of


ell lines.20 EC50 values are the geometric means computed from at least
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tor binding data (rat) reported by Breslin for a related
series of Cdp-containing phenylimidazoles.9


2-Aminothiazole has been employed as a heterocyclic
bioisostere of the phenol moiety in dopamine agonists18a


and the antiparkinsonian agent pramipexole.18b Neu-
meyer and coworkers recently applied the modification
to the morphinan and benzomorphan classes of opi-
ates.19 It is apparent that the 2-amino group of the het-
erocycle does not overlay directly onto the phenolic OH
of Tyr or the carboxamide NH2 of Cpa, but rather ex-
tends further into the hydrogen-bonding region of the
receptor. It was therefore of interest to incorporate
(S)-2-aminobenzothiazoyl alanine (Aba) 9 into opioid
peptides and compare their behaviors relative to the par-
ent ligands and [Cpa1] analogs. Several [Aba1] peptides
were prepared and evaluated against the cloned human
receptors. These included peptides derived from DA-
DLE (16! 23), [Leu5]-enkephalin (24! 29), DSLET
(30! 35), and [ala2, Met5]-enkephalin (36! 38). As
shown in Table 1, all of the [Aba1] peptides bind to both
the d and l receptors, demonstrating a proclivity toward
d. Their binding and selectively profiles were more sim-
ilar to Cpa than Tyr: [Aba1]-DADLE Ki = 10 nM, d and
290 nM, l; [Cpa1]-DADLE Ki = 8.2 nM, d and 120 nM,
l; DADLE Ki = 0.89 nM, d and 35 nM, l. The most po-
tent and selective Aba analog was [Aba1, ala2, Met5]en-
kephalin 38. It possessed a Ki = 1.0 nM, a l/d
ratio = 100 and potent agonist action (EC50 = 24 nM).


In summary, Cpa 3 was successfully incorporated into
[Met5]-enkephalin and DPDPE, further demonstrating
the capacity of this unique amino acid as a surrogate
for [Tyr1] in opioid peptides. In addition, a survey of
six other potential amino acid surrogates was carried
out. Amino acid derivatives carrying a negative charge,
for example 4 and 7, lacked affinity for the cloned hu-
man opioid receptors, despite their potential to engage
in a favorable charge–charge interaction with putative
basic hydrogen-bonding residues in the active site. Ami-
no acid 6, a regioisomer of 3, resulted in peptides with
muted opioid receptor affinity. The 2,6-dimethyl analog
of 3, Cdp 8, displayed equivalent binding against d and
an enhanced affinity for the l receptor relative to the Tyr
reference peptides. Aba 9 possessed a binding and func-
tional profile comparable to Cpa. Amino acids Cpa,
Cdp, and Aba are all reasonably effective surrogates
for [Tyr1]. Cdp represents the best performing surrogate
in terms of overall binding affinity, while Cpa and Aba
are more readily accommodated by the d receptor.

References and notes


1. (a) Witt, K. A.; Davis, T. P. AAPS J. 2006, 8, E76; (b)
Gentilucci, L.; Tolomelli, A.; Squassabia, F. Curr. Med.
Chem. 2006, 13, 2449; (c) Schiller, P. W. AAPS J. 2005, 7,
E560.


2. Hughes, J.; Smith, T. W.; Kosterlitz, H. W.; Fothergill, L.
A.; Morgan, B. A.; Morris, H. R. Nature 1975, 258, 577.


3. (a) Hruby, V. J.; Gehrig, C. A. Med. Res. Rev. 1989, 9,
343; (b) Hansen, P. E.; Morgan, B. A.. In The Peptides;
Undenfriend, S., Meienhofer, J., Eds.; Academic Press,
Inc.: New York, 1984; Vol. 6, Chapter 8 (c) Aldrich, J. In

Burger’s Medicinal Chemistry and Drug Discovery; Wolf,
M., Ed.; John Wiley & Sons Inc.: New York, 1996; Vol. 3,,
5th ed., Chapter 41.


4. (a) Akiyama, K.; Gee, K. W.; Mosberg, H. I.; Hruby, V.
J.; Yamamura, H. I. Proc. Natl. Acad. Sci. U.S.A. 1985,
82, 2543; (b) Zajac, J.-M.; Gacel, G.; Petit, F.; Dodey, P.;
Rossignol, P.; Roques, B. P. Biochem. Biophys. Res.
Commun. 1983, 111, 390; (c) Zadina, J. E.; Hackler, L.;
Ge, L.-J.; Kastin, A. J. Nat. 1997, 386, 499; (d) Handa, B.
K.; Lane, A. C.; Lord, J. A. H.; Morgan, B. A.; Rance, M.
J.; Smith, C. F. C. Eur. J. Pharmacol. 1981, 70, 531; (e)
Chavkin, C.; Goldstein, A. Proc. Natl. Acad. Sci. U.S.A.
1981, 78, 6543.


5. (a) Portoghese, P. S.; Sultana, M.; Takemori, A. E.
J. Med. Chem. 1990, 33, 1714; (b) Portoghese, P. S.
J. Med. Chem. 1991, 34, 1757.


6. (a) Morgan, B. A.; Bower, J. D.; Guest, K. P.; Handa, B.
K.; Metcalf, G.; Smith, C. F. C. In Peptides: Preceedings
of the Fifth American Peptide Symposium; Goodman, M.;
Meienhofer, J., Eds.; John Wiley & Sons, Inc.: New York,
1977; p.111; (b) Summers, M. C.; Hayes, R. J. J. Biol.
Chem. 1981, 256, 4951; (c) Schiller, P. W.; Berezowska, I.;
Nguyen, T. M.-D.; Schmidt, R.; Lemieux, C.; Chung, N.
N.; Falcone-Hindley, M. L.; Yao, W.; Liu, J.; Iwama, S.;
Smith, A. B., III; Hirschmann, R. J. Med. Chem. 2000, 43,
551, and references therein.; (d) Bennett, M. A.; Murray,
T. F.; Aldrich, J. V. J. Med. Chem. 2002, 45, 5617; (e) Lu,
Y.; Nguyen, T. M.-D.; Weltrowska, G.; Berezowska, I.;
Lemieux, C.; Chung, N. N.; Schiller, P. W. J. Med. Chem.
2001, 44, 3048; (f) Lu, Y.; Weltrowska, G.; Chung, N. N.;
Lemieux, C.; Schiller, P. W. Bioorg. Med. Chem. Lett.
2001, 11, 323; (g) Schiller, P. W.; Weltrowska, G.; Nguyen,
T. M.-D.; Kemieux, C.; Chung, N. N.; Lu, Y. Life Sci.
2003, 73, 691; (h) Lu, Y.; Lum, T. K.; Augustine, Y. W.
L.; Weltrowska, G.; Nguyen, T. M.-D.; Lemieux, C.;
Chung, N. N.; Schiller, P. W. J. Med. Chem. 2006, 49,
5382.


7. Dolle, R. E.; Michaut, M.; Martinez-Teipel, B.; Belanger,
S.; Cassel, J. A.; Stabley, G. J.; Graczyk, T. M.; DeHaven,
R. N. Bioorg. Med. Chem. Lett. 2004, 14, 3545.


8. Weltrowska, G.; Lemieux, C.; Chung, N. N.; Schiller, P.
W. J. Pept. Res. 2005, 65, 36.


9. Breslin, H. J.; Cai, C.; Miskowski, T. A.; Coutinho, S. V.;
Zhang, S.-P.; Hornby, P.; He, W. Bioorg. Med. Chem.
Lett. 2006, 16, 2505.


10. (a) Boc-protected amino acids 3–6, 8–9 are commercially
available from RSP Amino Acids, Boston, MA; (S)-b-(4-
pyridinyl-1-oxide)alanine 7 was prepared by the method of
Cushman: (b) Cushman, M.; Chinnasamy, P.; Chakraborti,
A. k.; Jurayj, J.; Geahlen, R. L.; Haugwitz, R. D. Int. J.
Pept. Protein Res. 1990, 36, 538; (c) The modified peptides in
Table 1 were prepared on Wang or Rink resin using classical
Fmoc chemistry with commercially available appropriately
protected amino acids wherein the N-Boc protected 3–9
were used in the final coupling step. Acid-mediated cleavage
of the penultimate resin resulted in simultaneous peptide
release and Boc-deprotection. Peptides were purified to
>98% purity by HPLC and exhibited physical and spectro-
scopic properties consistent with their structure.


11. (a) Shenderovich, M. D.; Liao, S.; Qian, X.; Hruby, V. J.
Biopolymers 2000, 53, 565; (b) Wilkes, B. C.; Schiller, P.
W. Biopolymers 1995, 37, 391; Dondio, G.; Ronzoni, S.;
Petrillo, P.; DesJarlais, R. L.; Raveglia, L. F. Bioorg. Med.
Chem. Lett. 1997, 7, 2967; Filizola, M.; Carteni-Farina,
M.; Perez, J. J. J. Comput. Aided Mol. Des. 1999, 13, 397;
(c) Chaturvedi, K.; Christoffers, K. H.; Singh, K.;
Howells, R. D. Biopolymers 2000, 55, 334.


12. Accordingly, Cxp and Apa were substituted for [Tyr1] in
cyclic opioid peptide analogues (see Ref. 8). In this case,







2660 R. E. Dolle et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2656–2660

[Cxp1] was 39,000-fold and [Apa1] was 640-fold less active
than its [Tyr1] parent.


13. Loew, G. H.; Olsen, C.; Uyeno, E.; Toll, L.; Polgar, W.;
Judd, A.; Keys, C. Adv. Biosci. 1989, 75, 97.


14. Sperlinger, E.; Kosson, P.; Urbanczyk-Lipkowska, Z.;
Ronsisvalle, G.; Carr, D. B.; Lipkowski, A. W. Bioorg.
Med. Chem. Lett. 2005, 15, 2467.


15. (a) Wentland, M. P.; VanAlstine, M.; Kucejko, R.; Lou,
R.; Cohen, D. J.; Parkhill, A. L.; Bidlack, J. M. J. Med.
Chem. 2006, 49, 5635, and references therein; (b) Le
Bourdonnec, B.; Belanger, S.; Cassel, J. A.; Stabley, G. J.;
DeHaven, R. N.; Dolle, R. E. Bioorg. Med. Chem. Lett.
2003, 13, 4459.


16. A 37-fold decrease in j receptor binding was observed for
a j selective peptide modified with 6: Ki for [mCpa1]-
dynorphin (1–11) = 9.8 nM (j), 3563 nM (l), 1514 nM (d)
versus Ki for dynorphin (1–11) = 0.26 nM (j), 61 nM (l),

9.1 nM (d). For the [Cpa1]-dynorphin (1–11) binding data,
see Ref. 7.


17. Hansen, D. W., Jr.; Stapelfeld, A.; Savage, M. A.;
Reichman, M.; Hammond, D. L.; Haaseth, R. C.;
Mosberg, H. I. J. Med. Chem. 1992, 35, 684.


18. (a) Jaen, J. C.; Wise, L. D.; Caprathe, B. W.; Tecle, H.;
Bergmeier, S.; Humblet, C. C.; Heffner, T. G.; Meltzer, L.
T.; Pugsley, T. A. J. Med. Chem. 1990, 33, 311; (b) van
Vliet, L. A.; Rodenhuis, N.; Wikstrom, H. J. Med. Chem.
2000, 43, 3549.


19. Zhang, A.; Xiong, W.; Hilbert, J. E.; DeVita, E. K.; Bidlack,
J. B.; Neumeyer, J. L. J. Med. Chem. 2004, 47, 1886.


20. Raynor, K.; Kong, H.; Chen, Y.; Yasuda, K.; Yu, L.; Bell,
G. I.; Reisine, T. Mol. Pharmacol. 1994, 45, 330; DeHa-
ven, R. N.; DeHaven-Hudkins, D. L. In Current Protocols
in Pharmacology; Enna, S. J., Williams, M., Eds.; John
Wiley & Sons, Inc.: New York, 1998, 1.4.1.





		Further studies of tyrosine surrogates in opioid receptor peptide ligands

		References and notes








Bioorganic & Medicinal Chemistry Letters 17 (2007) 2643–2648

2,5-Disubstituted pyridines: The discovery of a novel
series of 5-HT2A ligands


Kevin J. Wilson,* Monique B. van Niel, Laura Cooper, Dawn Bloomfield,
Desmond O’Connor, L. Rebecca Fish and Angus M. MacLeod


The Neuroscience Research Centre, Merck Sharp and Dohme, Terlings Park, Harlow, Essex CM20 2QR, UK


Received 13 December 2006; revised 29 January 2007; accepted 30 January 2007


Available online 2 February 2007

Abstract—This report describes the effect of replacing the central basic amine present in many known 5-HT2A ligands with an aro-
matic residue. We targeted the isomeric phenethylpyridines 2 and 3 and these compounds proved to be excellent leads, possessing
good 5-HT2A receptor binding affinity and selectivity over the 5-HT2C subtype. Optimization of one isomer led to the identification
of 25, a compound with sub-nanomolar 5-HT2A affinity and selectivity over 5-HT2C of greater than 4600-fold.
� 2007 Elsevier Ltd. All rights reserved.
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A recent meta-analysis of epidemiological studies on
insomnia indicated that between 30% and 48% of the
global population find difficulty in initiating or main-
taining sleep.1 Moreover, a significant proportion of
people (9–15%) exhibit insomnia symptoms that are
accompanied by daytime consequences. These effects
range from sleepiness, irritability, and memory impair-
ment to clinically significant anxiety and depression.2


There is also a higher incidence of serious accidents
among insomniacs, along with increased job absenteeism
and health care costs.3 All currently approved
prescription remedies for the condition are sedative hyp-
notic agents that act by allosterically modulating the
GABA-A ion channel. Benzodiazepines are one such class
of compounds that have been in use since the 1960s.
Although they significantly increase sleep bout duration
they are also associated with numerous side effects.4 These
include withdrawal reactions, daytime drowsiness, and
cognitive impairment—effects not unlike the symptoms
of insomnia. Newer, non-benzodiazepine hypnotic
agents, including Ambien� and Lunesta�, have addressed
some of these issues. However, they are listed by the
DEA under Schedule IV as they retain potential for
abuse.5 Hence an unmet medical need persists for novel,
non-sedating therapies that lack abuse potential.
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Selective antagonism of the 5-HT2A receptor has
emerged as a promising new mechanism for the treat-
ment of insomnia. In fact, the non-selective 5-HT2


antagonist Ritanserin was first shown to enhance slow-
wave sleep (SWS), a component of deep sleep, in
humans 20 years ago.6 Much more recently, the bench-
mark selective 5-HT2A antagonist M100907 (Fig. 1) has
been shown to increase SWS and total sleep time, and
reduce the time spent awake after sleep onset (WASO)
in elderly patients.7 In-house preclinical studies with rats
fitted with telemetry devices showed that our proprietary
selective antagonist 1 (Fig. 1) significantly enhanced
SWS and reduced the number of awakenings without
effecting REM bout duration.8 No effect was observed
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N
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Figure 1. Selected 5-HT2A antagonists.
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on sleep onset latency, strongly suggesting that sleep
architecture can be beneficially modified without induc-
ing somnolence. In addition, selective 5-HT2A antago-
nists should lack the adverse effects associated with
GABA-receptor pharmacology, such as memory loss
and residual sedation.


The focus of our ongoing program had centered on the
4-sulfonylpiperidine series, exemplified by 1, which we
have previously disclosed.8,9 Recent work in our labora-
tory identified a series of high affinity non-basic piperi-
dines.10 These ligands are structurally related to
‘‘linear’’ antagonists such as M100907, EMD 281014
(Fig. 1), and our own 4-sulfonylpiperidines but lack
the central ammonium ion previously considered to be
an essential recognition feature. We hoped to further
extend existing pharmacophore models11 by replacing
the central cyclic amine with an aromatic unit. Hence
we targeted the isomeric sulfonylpyridines 2 and 3 as
potential new leads.12


Both isomers were accessed from 2-chloro-5-iodopyri-
dine 4 following analogous synthetic routes differing
only in the first step (Schemes 1 and 2). Thus, for 2, sul-
fide 5 was generated by nucleophilic displacement of the
2-chloro substituent. The complementary sulfide 8
(R1 = 4-F) was constructed via a copper-catalyzed Ull-
man reaction of the 5-iodo group.13 Oxidation to the
halo sulfonylpyridines 6 and 9 (R1 = 4-F) was carried
out using either MCPBA or Oxone�. Subsequent incor-
poration of the styryl side-chain via a microwave14


assisted Suzuki protocol provided 7 and 10 (R1 = 4-F,
R2 = H). Finally, hydrogenation of the olefins gave the
target phenethylpyridines 2 and 3.


The binding affinities of compounds 2, 3, 7, and 10 were
measured for the human 5-HT2A receptor, related
GPCRs (h5-HT2C and hD2), and the hERG potassium
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Scheme 1. Reagents and conditions: (a) ArSH, K2CO3, MeCN, reflux;


Pd(PPh3)4, THF, 2 N Na2CO3, 150 �C, 10 min, microwave reactor; (d) H2 (

ion channel (Table 1). We were gratified to see the high
affinity and selectivity for the target receptor of these
new pyridine ligands. The 2-sulfonylpyridine isomers
(2 and 7) showed a small increase in binding affinity
for the hERG channel. Blockade of this ion channel
in vivo can lead to prolongation of the QTc interval
and ultimately cardiac arrhythmia. Hence the improved
off-target profile exhibited by 3 and 10 prompted us to
focus on the 5-sulfonylpyridine isomer for further struc-
tural modifications.


The decision was made to concentrate on the styryl side-
chain since 10 had improved selectivity over 3 and was
significantly more stable when incubated with rat (turn-
over: 29% and 83%, respectively) and human (0% and
18%, respectively) liver microsomes. We were able to
efficiently explore the SAR of the distal aromatic units
by constructing a small series of 2-chloro-5-sulfonylpyri-
dines 9 (Scheme 2, steps a and b). The 4-fluoro and
2,4-difluorostyrene15 side-chains were accessible via the
Suzuki chemistry described above (Scheme 2, step d).
All attempts to react 9 directly with substituted styrenes
according to various Heck protocols proved unsuccess-
ful. Alternatively, a vinyl group was installed via a
microwave assisted Stille coupling with tribu-
tyl(vinyl)stannane, yielding 11. A ‘‘reverse’’ Heck cou-
pling was then employed to vary the side-chain
aromatic, again using microwave acceleration (Scheme
3).


Binding affinities of a range of compounds are shown in
Table 1. Moving the fluorine atom from the 4-position
of the phenylsulfone to the 3- and 2-positions or remov-
ing it altogether resulted in a 2- to 3-fold increase in
5-HT2A receptor binding relative to 10 (compounds
12, 13, and 14). The very low binding affinities for the
5-HT2C subtype and hERG ion channel were retained.
The 2-fluorostyrene side-chain imparted further
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Scheme 2. Reagents and conditions: (a) ArSH, K2CO3, CuI, ethylene glycol, IPA, reflux; (b) MCPBA, DCM, rt; (c) oxone, MeOH, rt; (d) [(E)-2-(4-


fluorophenyl)vinyl]boronic acid or [(E)-2-(2,4-difluorophenyl)vinyl]boronic acid, Pd(PPh3)4, THF, 2 N Na2CO3, 150 �C, 10 min, microwave reactor;


(e) H2 (1 atm), AcOH, PtO2.
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improvements in 5-HT2A affinity (compound 15), giving
rise to a compound with selectivity in excess of 1500-fold
and lacking hERG binding. The 3-fluorostyrene analog
16 and heterocycles such as pyridine 17 gave a signifi-
cant reduction in potency.


Contrary to the lack of 5-HT2C binding observed for
4- and 2-fluorostyrenes 13 and 15, an order of magnitude
increase in potency was observed for 18 bearing both
fluorine atoms. Further losses in selectivity were found
with 2-chloro-4-fluorostyrene 19 (36-fold), 2-methyl-4-
fluorostyrene 20 (27-fold), and 2-cyano-4-fluorostyrene
21 (2-fold). In contrast, the 2-hydroxy-4-fluoro analog
22 was found to be especially selective for the 5-HT2A


receptor (3000-fold) by virtue of its sub-nanomolar
binding to this subtype. Removal of the 4-fluoro substitu-
ent to give 2-hydroxystyrene 23 resulted in an order of
magnitude drop in 5-HT2A affinity and selectivity. Cap-
ping the hydroxy with a methyl group was poorly tolerat-
ed, illustrated by the much reduced affinity of 24. All
oxygenated styrene analogs had prohibitive hERG
binding.


Interestingly, the loss in selectivity observed for 2,4-di-
substituted styrenes 18–21 was not seen for 2,4-difluoro-
styrene 25 lacking a substituent on the phenylsulfone. In
contrast, a significant enhancement of 5-HT2A binding
was achieved while maintaining the lack of affinity for
the 5-HT2C subtype. Consequently 25 was found to pos-
sess the best in vitro data with an excellent off-target
profile (hERG binding: 27% inh at 10 lM) and excep-
tionally high selectivity over 5-HT2C (>4600-fold). These
data are indicative of a lack of additivity between the
substituents on the phenylsulfone and styrene units.


During the course of our studies with the sulfones we be-
came interested in profiling the related 5-sulfinylpyri-

dines in the hope that the more polar sulfoxide unit
would improve the physical properties of the compounds.
The synthetic route is analogous to that of the sulfones
except that only one equivalent of MCPBA is used
for the oxidation step to provide the complementary
racemic chloropyridine intermediates 26 (Scheme 4). No
effect on 5-HT2A binding resulted from the change in
oxidation state (Table 2). Hence affinities of the 5-sulfinyl-
pyridines 27–32 were almost identical to the correspond-
ing analogs from the parent series. However, a dramatic
increase in 5-HT2C affinity was consistently observed,
resulting in diminished selectivity. For example 30, the
sulfoxide analog of 25, showed only a 38-fold separation
over 5-HT2C equating to a decrease of at least two orders
of magnitude. We hoped that resolution of 30 would
furnish a more selective compound but, as shown with
31 and 32, the high affinity for both receptor subtypes
resided with the same enantiomer. An additional draw-
back of the sulfoxides, with the exception of 28, was a
substantial increase in hERG binding.


Having identified 25 as a potent and selective 5-HT2A li-
gand we now wished to measure the pharmacodynamic
response of this analog in vivo. To investigate the effect
of the sulfur oxidation state we also assayed 30 despite
the shortcomings of this series. The compounds were
dosed in rats at 5 mg/kg po. with co-administration of
a radiolabeled selective 5-HT2A ligand.16 Receptor occu-
pancy17 and drug concentrations in both plasma and
brain were determined at 1 h (Table 3). Using this pro-
tocol we were able to determine brain permeability
and gain some indication of pharmacokinetic parame-
ters and exposure-occupancy relationships.


The sulfone proved to be inferior to the corresponding
sulfoxide, with 30 attaining 3-fold higher plasma levels,
6-fold higher brain levels, and 2-fold higher occupancy.







Table 1. Binding affinities of the sulfonylpyridines


N


S
O2


ArR


Compound R Ar h5-HT2A Ki (nM)a h5-HT2C Ki (nM)a 2C/2A ratio hD2 Ki (nM)a hERG Ki (nM)a


M100907b 0.31 13 42 1300 1100


1 0.39 180 460 310 5600


2 19 >4000 >210 >1000 6900


3 23 2700 120 >1000 8200


7 28 >4000 >140 >1000 3300


10 4-F
F


17 >4000 >230 >1000 9500


12 3-F
F


9.6 >4000 >420 >1000 >9000


13 2-F
F


5.4 >4000 >740 >1000 >9000


14 H
F


7.4 >4000 >540 >1000 >9000


15 2-F


F


2.6 >4000 >1500 >2000 >9000


16 2-F


F
150 >4000 >27 >2000 >9000


17 2-F
N


790 >4000 >5 >2000 4200


18 2-F


F


F


2.6 410 160 >1000 >9000


19 2-F


F


Cl


1.8 64 36 >2000 4800


20 2-F


F


Me


8.2 220 27 >2000 5000


21 2-F


F


CN


9.9 19 2.1 >2000 1500


22 2-F


F


OH


0.19 580 3000 >2000 2100


23 2-F


OH


3.6 810 220 >2000 1400
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Table 1 (continued)


Compound R Ar h5-HT2A Ki (nM)a h5-HT2C Ki (nM)a 2C/2A ratio hD2 Ki (nM)a hERG Ki (nM)a


24 2-F


F


OMe


65 1400 22 >2000 1400


25 H


F


F


0.86 >4000 >4600 >2000 >9000


a h5-HT2A, h5-HT2C, hD2, and hERG binding affinities were determined as described in Ref. 9 (n P 2).
b Data from Ref. 9.
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Scheme 3. Reagents and conditions: (a) tributyl(vinyl)stannane, Pd(PPh3)4, THF, 150 �C, 10 min, microwave reactor; (b) ArI, Pd(PPh3)2Cl2, tri-o-


tolylphosphine, MeCN, Et3N, 170 �C, 20 min, microwave reactor.
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[(E)-2-(4-fluorophenyl)vinyl]boronic acid or [(E)-2-(2,4-difluorophenyl)vinyl]boronic acid, Pd(PPh3)4, THF, 2 N Na2CO3, 150 �C, 10 min, microwave


reactor.
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Both compounds achieved exposure in the brain 250-
fold above their Ki for the rat 5-HT2A receptor
(0.72 nM for 25; 4.1 nM for 30). Receptor occupancy
is often poorly correlated with concentration of drug
in the brain and is highly dependent on the degree of
non-specific protein binding. It is feasible that the en-
hanced occupancy of 30 over 25 is a reflection of their
relative cLog P values (4.2 for 25; 3.4 for 30). Due to this
decrease in lipophilicity, the non-specific binding of 30
will likely be reduced relative to the sulfone resulting
in increased binding to the target receptor. By extrapo-

lation, a logical strategy to improve the pharmacody-
namic response of the sulfonylpyridines is to reduce
lipophilicity by adding polar groups that are compatible
with partitioning across the blood–brain barrier. Work
of this nature, including the application of related bia-
rylsulfones to the modification of sleep architecture, is
the subject of a forthcoming publication.12


In conclusion, we have discovered a novel series of
isomeric sulfonylpyridines that show high affinity for
the 5-HT2A receptor. Initial optimization of one isomer







Table 2. Binding affinities of the sulfinylpyridines


N


S
O


R1


R2


F


Compound R1 R2 h5-HT2A Ki (nM)a h5-HT2C Ki (nM)a 2C/2A ratio hD2 Ki (nM)a hERG Ki (nM)a


27 F H 4.6 160 35 >2000 2900


28 F F 3.5 43 12 >2000 >9000


29 H H 7.7 200 26 >2000 3900


30 H F 0.79 30 38 >2000 2800


31 (R or S) H F 30 2400 80 >2000 4200


32 (S or R) H F 0.70 25 36 >2000 6500


a h5-HT2A, h5-HT2C, hD2 and hERG binding affinities were determined as described in Ref. 9 (n P 2).


Table 3. Occupancy data


Compound Occupancy (%) [Plasma] (nM) [Brain] (nM)


25 45 80 180


30 90 230 1070
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demonstrated that selectivity over the 5-HT2C subtype
was highly dependent on the nature of the substituents
carried by the styrene side-chain. Hence, selectivity ran-
ged from as low as 2-fold to greater than 4600-fold. The
corresponding sulfoxide analogs showed consistently
reduced selectivity but improved physicochemical prop-
erties, reflected in their superior in vivo occupancy.
These new compounds illustrate that the central cyclic
aliphatic amine present in many 5-HT2A ligands can
be replaced by an aromatic residue. The sulfonyl and
sulfinyl groups are sufficiently electron-withdrawing to
effectively render the pyridines non-basic, with calculat-
ed pKa values for representative compounds 7, 25, and
30 of �3.0, 0.1, and 0.8, respectively. This provides fur-
ther evidence that a basic amine is not a prerequisite for
efficient 5-HT2A receptor binding. Thus the compounds
presented belong to a new family of ligands that contin-
ue to expand the established pharmacophore models.
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Abstract—4-Morpholin-4-ylpyrido[3 0,2 0:4,5]thieno[3,2-d]pyrimidine 2a was discovered in our chemical library as a novel p110a
inhibitor with an IC50 of 1.4 lM. By structural modification of 2a, the 2-aryl-4-morpholinopyrido[3 0,2 0:4,5]furo[3,2-d]pyrimidine
derivative 10e was discovered as a p110a inhibitor with approximately 400-fold greater potency than 2a. Evaluation of isoform selec-
tivity showed that 10e is a potent inhibitor of p110b. Furthermore, 10e showed anti-proliferative activity in various cell lines, includ-
ing multi-drug resistant MCF7/ADR-res cells, and was effective against HeLa human cervical tumor xenografts in nude mice.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of PI3K inhibitors.

Phosphoinositide 3-kinase (PI3K) is an enzyme that cat-
alyzes phosphorylation of the 3-hydroxyl position of
phosphatidylinositides (PIs) and plays a crucial role in
mitogenic signal transduction.1–4 PI3K is negatively reg-
ulated by the lipid-phosphatase PTEN, which is one of
the most commonly mutated proteins in human can-
cers,5–7 and therefore PI3K inhibitors are considered
to be potential anti-cancer agents (Fig. 1).


Among the various subtypes of PI3K identified to
date,8–11 class Ia PI3Ks (p110a, p110b, and p110d) are
known to play critical roles in cell growth and survival.12


The PIK3CA gene that encodes p110a is amplified and
overexpressed in ovarian and other cancers,13,14 and is
mutated in a variety of cancers.15–18 Therefore, inhibi-
tors of class Ia PI3Ks, and particularly PI3K p110a,
are likely to be useful in cancer treatment.


Several non-selective PI3K inhibitors have been identi-
fied, including wortmannin and LY294002,19–21 but
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few isoform-specific PI3K inhibitors are available.22,23


We have reported that the thieno[3,2-d]pyrimidine deriv-
ative 1 is a highly potent and selective p110a inhibitor,
but it is not effective in vivo because of a poor
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pharmacokinetic profile due to a short half-life of less
than 10 min.24,25 In screening our chemical library, we
identified 2a as another lead compound with structural
similarity to 1. Through structural modification of 2a,
the novel pyrido[3 0,2 0:4,5]furo[3,2-d]pyrimidine 10e was
identified as a potent p110a inhibitor that is also effec-
tive in HeLa xenografts in mice. Although biological
evaluation of 10e has been recently reported after our
publication of the patent,26–28 the generation of 10e
and SAR of its derivatives has not yet been described.
Herein, we report the synthesis, SAR, and biological
data for a series of pyrido[3 0,2 0:4,5]furo[3,2-d]pyrimidine
derivatives as novel PI3K p110a inhibitors.


The lead compound 2a was synthesized according to the
literature29 and its furan analogue, 2b, was prepared as
shown in Scheme 1. Treatment of 2-chloronicotinonitri-
le 3 with 4 in the presence of DBU afforded a bicyclic
acid ester 5a, which was treated with formamide to give
a pyrimidone 6. Chlorination of 6 with phosphorus oxy-
chloride followed by substitution with morpholine gave
the desired product 2b. The synthesis of compounds 10,
each of which has an aryl group on the pyrimidine ring,
is illustrated in Scheme 2. Synthetic methods for the
derivatives were generally analogous to those previously
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Scheme 2. Reagents and conditions: (a) ArCOCl, Et3N or pyridine, THF or C


2 N NaOH, MeOH or 2-PrOH, reflux; (d) i) POCl3, D; ii) morpholine, tolu


AcOH, reflux; ii) Ac2O, AcONa, reflux; (g) R 0-Cl, K2CO3, DMF; (h) i) BrC

described.24 Acylation of 5 with the appropriate aryl
acid chloride, ester hydrolysis, chlorination with SOCl2,
and subsequent treatment with NH4OH afforded the
series of amides 8. Cyclization of 8 under previously re-
ported conditions using MeOH as a solvent24 provided 9
in low yield due to cleavage of the amide linkage of 8,
while reaction in 2-PrOH instead of MeOH gave cyc-
lized 9 in better yield. Chlorination of 9 with phospho-
rus oxychloride and substitution with morpholine gave
the desired compounds 10a–b and 10h. The amino deriv-
ative 10g was synthesized from the corresponding nitro
derivative via a reduction with iron. Demethylation of
9a with HBr, acetylation, chlorination, and treatment
with morpholine afforded compounds 10d–f. Alkylation
of the phenol derivative 10e gave 10i–k. The acetic acid
derivative 10l was prepared from the corresponding es-
ter derivative by hydrolysis under basic conditions.


Inhibition of p110a was determined by a scintillation
proximity assay (SPA), as previously reported,24,25


which gave similar results to those obtained by a con-
ventional TLC method.21 The lead compound 2a had
an IC50 of 1.4 lM for p110a in the SPA assay. In this
assay, LY294002 inhibited p110a with an IC50 of
0.63 lM, showing approximately 2-fold greater potency
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Table 2. Inhibition of p110a by pyridofuropyrimidine derivatives


N
O


N


N


N


O


R


Compound R IC50
d (lM)


p110a A375


10ba H 0.16 NT


10da 2-OH 0.40 >30


10eb 3-OH 0.0036 0.33


10fb 4-OH 0.026 >30


10gc 3-NH2 0.14 3.87


10hb 3-OMe 0.10 15.78


10ic 3-(Piperidinoethoxy) 0.17 9.67


10jc 3-(Morpholinoethoxy) 0.016 12.32


10kc 3-(Thiomorpholinoethoxy) 0.079 11.76


10lb 3-OCH2CO2H 0.024 >30


NT, not tested.
a Free base.
b HCl salt.
c 2HCl salt.
d IC50 values represent means of at least two separate determinations


with typical variations of less than ±20% for the p110a enzyme and


A375 cell proliferation assays.
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than 2a. Since the morpholino group is important for
p110a inhibitory activity in derivatives of 1,24 the mor-
pholino group in 2a was retained and other groups in
2a were modified with the goal of obtaining p110a inhib-
itors with greater potency.


First, modifications on the tricyclic ring of 2a were
investigated (Table 1). Replacement of sulfur with oxy-
gen at Y in 2a resulted in a 3-fold increase in p110a
inhibitory activity (2b: IC50 = 0.56 lM), whereas the
pyrazole derivative 2c (Y = NH) was inactive against
p110a. Introduction of a phenyl group at R of the thio-
phene derivative 2a retained similar p110a inhibitory
activity (10a: IC50 = 1.7 lM), whereas the furan deriva-
tive 10b with a phenyl ring at C2 was about 10-fold more
potent than 2a (10b: IC50 = 0.16 lM). The benzothieno-
pyrimidine derivative 2d (X = C) showed comparable
potency to 2a; however, introduction of a benzene ring
at C2 (10c) eliminated the p110a inhibitory activity.


The 3-hydroxy group on the benzene ring of 1 was pre-
viously found to be important for p110a inhibitor activ-
ity.24 Considering the structural similarity between 1
and 10b, introduction of a hydroxy group on the ben-
zene ring of 10b was investigated (Table 2). The 2-hy-
droxy derivative 10d showed about a 3-fold decrease
in potency compared with 10b. As expected, the 3-hy-
droxy derivative 10e and the 4-hydroxy derivative 10f
were approximately 45- and 6-fold more potent p110a
inhibitors compared with the unsubstituted 10b (10e,
10f: IC50 = 3.6, 26 nM, respectively). Since the hydroxy
group at the 3-position on the benzene ring of 10e was
especially effective in producing p110a inhibitory activ-
ity, other hydrophilic substituents at C3 on the benzene
ring were introduced, based on the possibility of a
hydrophilic binding pocket in the binding site. The
3-amino derivative 10g showed almost the same p110a
activity compared with 10b. Introduction of a 3-meth-
oxy group at C3 on the benzene ring of 10b retained
the same p110a inhibitory activity, but most compounds
with ether substituents at this position showed increased

Table 1. Inhibition of p110a by tricyclic derivatives


X
Y


N


N


N


O


R


Compound X Y R IC50
c (lM)


p110a


LY294002a 0.63


2aa N S H 1.4


2ba N O H 0.56


2ca N NH H >30


10aa N S Ph 1.7


10ba N O Ph 0.16


2db C S H 2.4


10ca C S Ph >30


a Free base.
b HCl salt.
c IC50 values represent means of at least two separate determinations


with typical variations of less than ±20%.

activity. Among these compounds, the morpholinoeth-
oxy derivative 10j and the carboxylic acid derivative
10l were potent p110a inhibitors, with IC50 values of
16 and 24 nM, respectively. Preliminary studies indi-
cated that the inhibitors are ATP competitive but fur-
ther work is required to investigate the inhibition
kinetics in more detail.


The inhibitory activities of these derivatives were evalu-
ated against serum-induced proliferation of A375 hu-
man melanoma cells. The 3-hydroxy derivative 10e
showed a potent anti-proliferative effect in vitro with
an IC50 of 0.33 lM, whereas compounds 10f, 10j, 10k,
and 10l, which had relatively potent p110a inhibitory
activities in the enzyme assay, did not show cellular
activity; it can be speculated that this may be due to
poor permeability through the cell membrane.


Further evaluation of compound 10e was performed,
since this was the most potent p110a inhibitor in the ser-
ies and was effective as an anti-proliferative agent
in vitro. To examine selectivity for p110a, the inhibitory
activity of 10e was evaluated against other PI3K iso-
forms. As shown in Table 3, 10e was also a potent inhib-
itor of p110b (class Ia), which is also a potential target
for cancer treatment.12 Although 10e showed excellent
selectivity for p110a over p110c (class Ib), the selectivity
for p110a over PI3K C2b (class II) was not very high. It
is of interest that the thienopyrimidine derivative 1,
which is structurally similar to 10e, is a more isoform-
selective p110a inhibitor than 10e. Concerning selectiv-
ity against protein kinases, 10e was inactive at 100 lM
against protein kinases such as KDR, PKA, PKCa,
and cyclin E/CDK2. Recent publications reported that
10e also inhibited other kinases such as DNA-PK or
mTOR.27,28 Although we have not yet determined the







Table 3. Selectivity of 10e against PI3Ks and protein kinases


Compound IC50
c (lM)


p110a p110b p110c PI3K C2b KDR PKA PKCa Cyclin E/CDK2


LY294002a 0.63 0.34 1.6 2.1 NT NT NT NT


10eb 0.0036 0.0030 0.25 0.010 >100 >100 >100 >100


1b 0.0025 0.016 0.66 0.22 91 3.4 466 28


NT, not tested.
a Free base.
b HCl salt.
c IC50 values represent means of at least two separate determinations with typical variations of less than ±20%.


Table 4. Inhibition of human tumor cell proliferation in vitro by 10e


Compound IC50
b (lM)


A375 (Melanoma) HeLa (Cervix) A549 (Lung) MCF7 (Breast) MCF7 ADR-res (Breast)


10ea 0.33 0.54 0.54 0.18 0.13


a HCl salt.
b IC50 values represent means of at least two separate determinations with typical variations of less than ±20%.
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inhibitory activity of 10e and its derivatives against
mTOR and DNA-PK, the inhibitory potencies of the
compounds in A375 melanoma cell proliferation assay
were well correlated with those in a PKB phosphoryla-
tion assay (data not shown). This observation suggested
that the tumor suppressive actions of 10e and its deriv-
atives may depend mainly on PI3K inhibition. The
involvement of mTOR and DNA-PK inhibition should
be further investigated.


Evaluation of the effects of 10e in several human tumor
cell lines showed that 10e exerted anti-proliferative
activity at submicromolar concentrations (Table 4).
Notably, 10e was active in MCF7 ADR-res human
breast cancer cells, which display a high level of
resistance to doxorubicin and several other anti-cancer
agents due to overexpression of P-glycoprotein.30,31 Fi-
nally, the activity of 10e was evaluated in vivo using a
HeLa human cervical tumor xenograft model in mice.
The half-life of 10e, as measured by HPLC/MS/MS,
was 4.1 h, when administered intraperitoneally. 10e sig-
nificantly suppressed tumor growth by 45% in this mod-
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Figure 2. Effect of compound 10e on the growth of HeLa human


cervical tumor xenografts. Compound 10e (100 mg/kg) suspended in


20% hydroxypropyl-b-cyclodextrin/saline was administered intraperi-


toneally daily for 2 weeks to nude mice carrying a subcutaneous HeLa


xenograft. Error bars show ±SE.

el when dosed intraperitoneally at 100 mg/kg daily for 2
weeks, and did not cause any associated weight loss
(Fig. 2).


In summary, structural modification of 4-morpholino-
pyrido[3 0,2 0:4,5]thieno[3,2-d]pyrimidine 2a led to the dis-
covery of 10e as a p110a inhibitor of approximately 400-
fold greater potency than 2a. Compound 10e is also a
potent inhibitor of p110b and showed selectivity over
several tested protein kinases. Furthermore, 10e exhib-
ited anti-tumor activity against the MCF7 ADR-res tu-
mor cell line, which shows multi-drug resistance to anti-
cancer drugs, and was effective in a HeLa human cervi-
cal cancer xenograft model without causing weight loss.
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Abstract—A series of sugar derivatives (7–14) were synthesized from stachyose, a sugar compound of Stachys sieboldi Miq, and eval-
uated for antibacterial activity against Mycobacterium tuberculosis, Mycobacterium avium, and Staphylococcus aureus, and their
structure–activity relationships were studied. The results showed that the compound OCT359 (allyl O-(2,3,4,6-tetra-O-acetyl-
a-DD-galactopyranosyl)-(1! 6)-O-(2,3,4-tri-O-acetyl-a-DD-galactopyranosyl)-(1! 6)-O-2,3,4-tri-O-acetyl-b-DD-glucopyranoside) (12)
exhibited in vitro antibacterial activity. The allyl group at C-1 and the acetoxy groups of the manninotrioside were requisite for
the antibacterial activity.
� 2007 Elsevier Ltd. All rights reserved.

Manninotriose is obtained by hydrolysis of stachyose, a
sugar compound abundantly present in the root of
Stachys sieboldi Miq. Chung et al. have previously
reported the synthesis of methyl O-b-DD-galactopyranosyl-
(1! 6)-O-a-DD-galactopyranosyl-(1! 6)-O-a-DD-galacto-
pyranosyl-(1 ! 6)-O-b-DD-glucopyranoside,1 from
manninotriose (1). Biological activities of manninotriose
are largely unknown. Kubo et al. studied the biological
effect of a stachyose-containing extract from the root of
Rehmannia glutinosa on hemorheology. A 50% ethanolic
extract from the steamed root of R. glutinosa decreased
erythrocyte deformability, inhibited polybrene-induced
erythrocyte aggregation, and promoted the activity of
the fibrinolytic system.2 In the present study, we showed
that a new sugar compound derived from manninotriose
exhibited antibacterial activity against Mycobacterium
tuberculosis, Mycobacterium avium, and Staphylococcus
aureus.


The trisaccharide OCT359 (allyl O-(2,3,4,6-tetra-O-
acetyl-a-DD-galactopyranosyl)-(1! 6)-O-(2,3,4-tri-O-acetyl-
a-DD-galactopyranosyl)-(1! 6)-O-2,3,4-tri-O-acetyl-b-DD-

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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glucopyranoside) (12) consists of one glucose and two
galactose residues. This compound was prepared from
manninotriose obtained by partial hydrolysis of stachy-
ose (1), followed by acetylation, bromo-substitution,
and allylation (Schemes 1 and 2). An aqueous solution
of O-a-DD-galactopyranosyl-(1! 6)-O-a-DD-galactopyr-
anosyl-(1! 6)-O-DD-glucopyranose (manninotriose),
prepared from O-(2,3,4,6-tetra-O-acetyl-a-DD-galacto-
pyranosyl)-(1! 6)-O-(2,3,4-tri-O-acetyl-a-DD-galacto-pyr
(1,2,20,200, 3,30,300,4,40,400,600-undeca-O-acetyl- b-mannino-
triose) (2) known in the literature and positive for Feh-
ling’s reaction, was treated with sodium borohydride to
afford a sugar alcohol as an amorphous powder
(94.6%) which was then negative for Fehling’s reaction.
After acetylation with acetic anhydride and pyridine,
the acetate of a sugar alcohol was obtained as an amor-
phous powder (100%) and its 1H NMR spectrum showed
signals of acetyl groups at d 1.96 (·2), 2.04, 2.05, 2.07,
2.08, 2.09, 2.13 (·2), 2.14 (·2), and 2.15 (Scheme 1).


The allyl group of OCT359 (12) was replaced with seven
other types of functional groups; namely, methyl (7),
ethyl (8), n-propyl (9), i-propyl (10), n-butyl (11), crotyl
(14), and propargyl (13) (Scheme 2). The general
method for modification is as follows. The mixture of
O-(2,3,4,6-tetra-O-acetyl-a-DD-galactopyranosyl)-(1! 6)-
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Scheme 1. Synthesis of sugar alcohol of manninotriose.
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O-(2,3,4-tri-O-acetyl-a-DD-galactopyranosyl)-(1! 6)-O-2,3,4-
tri-O-acetyl-a-DD-glucopyranosyl bromide (2,20,200,3,30,300,
4,40,400,600-deca-O-acetyl-a-manninotriosyl bromide) (6), an
appropriate alcohol, mercury (II) oxide (yellow), mercury
(II) bromide, and Drierite (calcium sulfate) in dry chloro-
form was stirred overnight at room temperature. After
workup, the resulting syrup or amorphous powder was puri-
fied by column chromatography. The yield of each com-
pound was from ca. 61% to 94% (Scheme 2). The
antibacterial activity of compounds (7–14) was investigated.
The target bacteria were M. tuberculosis H37Rv, M. avium
724S, and S. aureus including multi drug-resistant M. tubercu-
losis (MDR-MTB) and methicillin-resistant S. aureus MRSA)
(Tables 1 and 2). The MICs of OCT359 (R@allyl) (12) with
these bacteria were between 3.13 and 25 lg/ml. However, no
other derivatives exhibit antibacterial activity (>400 lg/ml)
(Table 1). The isomer (16) of a-configuration did not exhibit
antibacterial activity, either (>400 lg/ml) (Table 1). The
deacetylated form (17) of (12) did not exhibit antibacterial
activity (Table 1). It suggests that hydrophobic nature of the
compound could play an important role in an integration of
the compound to the thick lipidic cell wall of bacilli.


In conclusion, the allyl group at C-1 of manninotrio-
side is critical for antibacterial activity. The acetyla-

tion of all the hydroxyl groups of b-manninotrioside
is also critical for the antibacterial effect. One of the
compounds with an allyl group, allyl isothiocyanate
(AITC), is found in plants and AITC was reported
to be mutagenic3,4 and clastogenic,5 while other re-
ports indicated no genotoxic activity in this com-
pound.6–8 Wei and his co-workers also reported that
not only allyl but also methyl isothiocyanate exhibit
bactericidal activity against a rifampicin-resistant
strain of Salmonella Montevideo, streptomycin-resis-
tant strains of Escherichia coli O157:H7 and Listeria
monocytogenesis Scott A.9 Other groups of researchers
reported that modification of penam sulfones with an
allyl group rendered the compounds to be inhibitors
of b-lactamase.10 However, neither allyl alcohol
(>400 lg/ml) nor AITC (>800 lg/ml) exhibited anti-
bacterial activity against M. tuberculosis H37Rv and
S. aureus (Table 1). These findings strongly suggest
that allyl b-manninotrioside (OCT359) (12) exerts
antibacterial activity by a mechanism distinct from
that of AITC. The cell wall architecture of mycobac-
teria is only partly known. Daffe et al. reported that
oligosaccharide fragments, 5-Gal-(1! 6)-Gal-(1! 5)-
Gal or 5-Gal-(1! 6)-Gal, were components in the cell
wall of M. tuberculosis.11 But manninotriose structure
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Scheme 2. Chemical modification of C-1 site of b-manninotrioside.12


Table 1. Antibacterial effects of manninotriose derivatives (MIC, lg/ml)a


Compound Organisms


M. tuberculosis H37Rv M. avium 724S S. aureus MRSA 873 MRSA 906 MRSA 908 MRSA 910


4 >800 ne >800 ne ne ne ne


5 >800 ne >800 ne ne ne ne


7 >800 ne >800 ne ne ne ne


8 >800 ne >800 ne ne ne ne


9 >800 ne >800 ne ne ne ne


10 >800 ne >800 ne ne ne ne


11 >800 ne >800 ne ne ne ne


12 3.13 3.13 3.13 3.77 15.1 7.54 15.1


13 >400 ne >400 ne ne ne ne


14 >800 ne >800 ne ne ne ne


16 >800 ne >800 ne ne ne ne


17 >100 >100 >100 100 >100 >100 >100


Allyl alcohol >400 ne >400 ne ne ne ne


AITC >800 ne >800 ne ne ne ne


Anti-MTB Antibiotics


INH 0.075 12.5 >100 >100 >100 >100 >100


RIP 0.008 0.004 0.004 0.004 0.004 0.004 0.004


STM 0.20 0.40 100 >100 100 100 50


EMB 1.25 3.00 >100 >100 >100 >100 >100


a Broth dilution methods10 using MiddleBrook 7H9 broth containing albumin, dextrose, and catalase for derivatives (ne, not examined). For


Staphylococcus aureus, we used the heart-infusion broth. INH, isoniazide; RIF, rifampicin; STM, streptomycin; EMB, ethanbutol.
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Table 2. Antimycobacterial effects of OCT359 on drug-sensitive and


resistant clinical isolates of M. tuberculosis


Clinical isolates Resistance to MIC for


OCT359 (lg/ml)


Drug-susceptive strains


A-1-1 6.25


A-1-2 6.25


A-1-3 6.25


A-2-5 12.5


A-3-1 25


A-3-2 25


A-3-5 6.25


A-3-6 6.25


A-3-9 3.13


A-3-11 3.13


A-3-12 6.25


A-3-15 3.13


A-3-16 6.25


A-3-17 3.13


A-3-19 3.13


A-3-20 6.25


A-3-21 6.25


A-3-22 3.13


Drug-resistant strains


A-2-1 INH 3.13


A-2-3 INH, RIF 3.13


A-2-4 RIF 12.5


A-2-6 INH, RIF, STR, EMB 6.25


A-3-47 STR 3.13


A-4-8 STR 6.25


A-4-25 INH, STR 12.5


A-4-30 INH, RIF, EMB 6.25


C-1-29 INH, RIF, STR, EMB 12.5


E-1-40 INH, RIF, STR, EMB 6.25


J-1-19 INH, RIF, EMB 3.13


K-3-6 INH 3.13


M-1-32 INH, RIF, STR, EMB 3.13


N-4-11 INH, RIF, EMB 3.13


N-5-2 INH, RIF, STR, EMB 3.13


P-1-50 INH, RIF, STR, EMB 3.13


P-4-11 INH, RIF, STR, EMB 3.13


Q-4-1 INH, RIF, STR, EMB 6.25


R-1-38 INH, RIF, STR, EMB 6.25


S-1-14 INH, RIF, STR, EMB 6.25


U-2-15 INH, RIF, STR, EMB 6.25


U-4-6 INH, RIF, STR, EMB 1.56


V-1-16 INH, RIF, STR, EMB 6.25


Z-1-2 INH, RIF, STR, EMB 3.13


Z-1-4 INH, RIF, STR, EMB 6.25


Reference strain


M. tuberculosis H37Rv 3.13


Proportion methods using Middlebrook 7H11 agar plates for INH


(isoniazide), RIF (rifampicin), STR(streptomycin), EMB (ethambutol)


and 7H9 broth for OCT359. Cut off concentrations of each antibiotic


were 10, 10, 100, and 100 lg/ml, respectively.
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is not known. But, OCT359 may show anti-bacterial
activity by inhibiting the glycosyltransferases of bacilli.
It should be noted that 25 clinical isolates of drug-re-
sistant MTB and 19 drug-sensitive MTB were sensitive
to OCT359. The MICs of OCT359 with these clinical
isolates were from 3.13 to 25 lg/ml. The results
strongly indicate that OCT359 could be a useful anti-
bacterial compound against M. tuberculosis, M. avium,
and S. aureus.
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the elute provided alkyl b-glycoside as an amorphous
powder in 61–94% yields. The appropriate alcohols used
were:methanol, ethanol, n-propyl alcohol, i-propyl
alcohol, n-butyl alcohol, allyl alcohol, propargyl alcohol,
and crotyl alcohol. Methyl b-glycoside (7): 74%, an
amorphous powder, ½a�22


D þ 118:3� (c 1.09,CHCl3) lit. (2)
an amorphous powder, ½a�19


D þ 128:2� (c 1.70, CHCl3), IR
(Nujol) cm�1:1750 (C@O). 1H NMR (CDCl3) d: 1.98,
2.01, 2.05 (·2), 2.07 (·3), 2.08, 2.11, 2.14 (s, 30H,
OAcx10), 3.53 (s, 3H, OMe), 4.45 (d, 1H, J1,2 = 7.9 Hz,
H-1), 4.97(d, 1H, J10;20or100 ;200 ¼ 4:0 Hz, H-1 0 or H-100) and
5.10 (d, 1H, J 10;20or100;200 ¼ 4:3 Hz, H-1 0 or H-100). Ethyl b-
glycoside (8): 95%, an amorphous powder, ½a�22


D þ 120:5�


(c 1.15, CHCl3), IR (Nujol) cm�1:1750 (C@O). 1H NMR
(CDCl3) d: 1.21(t, 3H, J = 7.0 Hz, OCH2CH3), 1.98, 2.01,
2.05 (·2), 2.07 (·2), 2.08, 2.11, 2.13, 2.14 (s, 30H,
OAcx10), 4.53(d, 1H, J1,2 = 8.2 Hz, H-1), 4.97(d, 1H,
J 10;20or100;200 ¼ 3:4 Hz, H-1 0 or H-100) and 5.10 (d, 1H,
J 10;20or100;200 ¼ 3:4 Hz, H-1 0 or H-100). Anal. Calcd for
C40H56O26: C, 50.42; H, 5.92. Found: C, 50.50; H, 6.00.
n-Propyl b-glycoside (9):68%, an amorphous powder,
½a�23


D þ 116:8� (c 1.01,CHCl3), IR (Nujol) cm�1:1750
(C@O). 1H NMR (CDCl3) d: 0.91 (t, 3H, J = 7.5Hz,
OCH2CH2CH3), 1.60 (m, 2H, OCH2CH2CH3), 1.98 (·2),
2.01, 2.04, 2.06, 2.08 (·2), 2.12, 2.14, 2.15 (s, 30H,
OAcx10), 3.47, 3.80(m, 2H, OCH2CH2CH3), 4.05 (dd,
1H, J5,6a = 7.3 Hz, J6a,6b = 11.3 Hz, H-6a), 4.17 (dd, 1H,
J5,6b = 5.8 Hz, H-6b), 4.50 (d, 1H, J1,2 = 8.2 Hz, H-1), 4.95
(d and dd, 2H, J2,3 = 9.1 Hz, J10;20or100 ;200 ¼ 4:3 Hz, H-2, H-
1 0 or H-100), and 5.16 (d, 1H, J10;20or100 ;200 ¼ 3:7 Hz, H-1 0 or
H-100). Anal. Calcd for C41H58O26: C, 50.93; H, 6.05.
Found:C, 50.88; H, 6.09. i-Propyl b-glycoside (10):77%, an
amorphous powder, ½a�22


D þ 111:8� (c 1.17, CHCl3), IR
(Nujol) cm�1: 1750 (C@O). 1H NMR (CDCl3) d: 1.15,
1.24 (each d, 6H, CH(CH3)2), 1.98 (·2), 2.01, 2.04, 2.06,
2.09 (·2), 2.12, 2.14, 2.15 (s, 30H, OAcx10), 3.93 (m, 1H,
CH(CH3)2), 4.05 (dd, 1H, J5,6a = 7.3 Hz, J6a,6b = 11.3 Hz,
H-6a), 4.17 (dd, 1H, J5,6b = 5.8 Hz, H-6b), 4.56 (d, 1H,
J1,2 = 8.2 Hz, H-1), 4.90 (dd, 1H, J2,3 = 9.4 Hz, H-2),
4.95(d, 1H, J10;20or100 ;200 ¼ 3:4 Hz, H-1 0 or H-100), and 5.15
(d, 2H,J10;20or100;200 ¼ 3:4 Hz, H-1 0 or H-100). Anal. Calcd
for C41H58O26: C, 50.93; H, 6.05. Found: C, 50.76; H,
6.02. n-Butyl b-glycoside (11): 78%, an amorphous

powder, ½a�22
D þ 127:0� (c 0.74, CHCl3), IR (Nujol) cm�1:


1750 (C@O). 1H NMR (CDCl3) d: 0.91 (t, 3H, J = 7.3Hz,
OCH2CH2CH2CH3), 1.35 (m, 2H, OCH2CH2CH2CH3),
1.56 (m, 2H, OCH2CH2CH2CH3), 1.98 (·2), 2.01, 2.04,
2.06, 2.08 (·2), 2.12, 2.14 (·2) (s, 30H, OAcx10), 3.50, 3.85
(m, 2H, OCH2CH2CH2CH3), 4.04 (dd, 1H, J5,6a = 7.3 Hz,
J6a,6b = 11.3 Hz, H-6a), 4.17 (dd, 1H, J5,6b = 5.5 Hz, H-
6b), 4.50 (d, 1H, J1,2 = 8.2 Hz, H-1), 4.94 (dd, 1H,
J2,3 = 8.9Hz, H-2), 4.95(d, 1H, J10;20or100;200 ¼ 3:7 Hz, H-1 0


or H-100) and 5.16 (d, 1H, J10 ;20or100 ;200 ¼ 3:4 Hz, H-1 0 or
H-100). Anal. Calcd for C42H60O26: C, 51.43; H, 6.17.
Found: C, 51.22; H, 6.18. Allyl b-glycoside (12), OCT359:
84%, an amorphous powder, ½a�23


D þ 123:6� (c 1.01,
CHCl3), IR (Nujol) cm�1: 1750 (C@O), 1648 (C@C). 1H
NMR (CDCl3) d: 1.98 (·2), 2.01, 2.05, 2.06, 2.08, 2.09,
2.12, 2.14 (·2) (s, 30H, OAcx10), 4.05 (dd, 1H,
J5,6a = 7.4 Hz, J6a,6b = 11.3 Hz, H-6a), 4.13, 4.33(m, 2H,
OCH2CH@CH2), 4.18 (dd, 1H, J5,6b = 5.5 Hz, H-6b), 4.57
(d, 1H, J1,2 = 7.9 Hz, H-1), 4.96(d, 1H, J10;20or100;200 ¼
3:7 Hz, H-1 0 or H-100), 5.17 (d, 1H, J 10;20or100;200 ¼ 4:3 Hz,
H-1 0 or H-100), and 5.87 (m,1H, OCH2CH@CH2). Anal.
Calcd for C41H56O26ÆH2O: C, 50.10; H, 5.95. Found: C,
50.19; H, 5.95. Propargyl b-glycoside (13): 81%, an
amorphous powder, ½a�22


D þ 117:8� (c 1.07, CHCl3), IR
(Nujol) cm�1: 1750 (C@O), 2150 (C„C). 1H NMR
(CDCl3) d: 1.98 (·2), 2.01, 2.05, 2.06, 2.07, 2.09, 2.11,
2.13 (·2) (s,30H, OAcx10), 2.59 (t, 1H, J = 2.4 Hz,
OCH2C„CH), 4.39, 4.44 (dd, 2H, J = 15.9Hz,
OCH2C„CH), 4.80 (d, 1H, J1,2 = 7.9 Hz, H-1), 4.96 (d,
1H, J10;20or100 ;200 ¼ 3:1 Hz, H-1 0 or H-100), and 5.16 (d, 1H,
J10;20or100 ;200 ¼ 3:4 Hz, H-1 0 or H-100). Anal. Calcd for
C41H54O26: C, 51.14; H, 5.65. Found: C, 50.85; H, 5.60.
Crotyl b-glycoside (14): 61%, an amorphous powder,
½a�22


D þ 120:0� (c 1.10, CHCl3), IR (Nujol) cm�1: 1750
(C@O), 1648 (C@C). 1H NMR (CDCl3) d: 1.73 (dd, 3H,
J = 6.7 Hz, J = 0.9 Hz, OCH2CH@CHCH3), 1.98 (·2),
2.01, 2.04, 2.05, 2.08 (·2), 2.12, 2.13, 2.14 (s, 30H,
OAcx10), 4.04, 4.25 (m, 2H,OCH2CH@CHCH3), 4.56
(d, 1H, J1,2 = 7.9 Hz, H-1), 4.96 (d, 1H, J10;20or100;200 ¼
3:7 Hz, H-1 0 or H-100), 5.17 (d, 1H, J 10;20or100;200 ¼ 3:7 Hz,
H-1 0 or H-100), 5.50 (m, 1H, OCH2CH@CHCH3), and 5.74
(m, 1H, OCH2CH@CHCH3). Anal. Calcd for C42H58O26:
C, 51.53; H, 5.97. Found: C, 51.27; H, 5.98.
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Abstract—A series of thienopyrimidinone bis-aminopyrrolidine ureas were designed, synthesized, and evaluated for their ability to
bind melanin-concentrating hormone receptor-1. These compounds exhibit potent binding affinity (Ki = 3 nM) and good in vitro
metabolic stability.
� 2007 Elsevier Ltd. All rights reserved.

Melanin-concentrating hormone (MCH) is a 19-member
cyclic peptide strongly associated with feeding behavior
in mammals.1 Although MCH is expressed throughout
the brain, concentrations are higher in the hypothala-
mus, a region linked with control of feeding.2 Elevated
levels of MCH peptide have been observed in both
fasting ob/ob and wild-type mice3 and central adminis-
tration of MCH induces hyperphagia and diet-induced
obesity (DIO).4,5 Knockout mice which lack the MCH
peptide (mch �/�) are lean and hypophagic,6 while mice
which lack the MCH-R1 receptor (mchr1 �/�) are lean
and hyperphagic, indicating alterations occur in metab-
olism as well as in feeding.7 Recently, structurally di-
verse small molecule MCH-R1 antagonists have been
reported and several have shown oral efficacy in various
animal models.8 These data suggest that a potent oral
antagonist of MCH-R1 would be clinically useful as
an anti-obesity agent.


Our group has previously reported a novel aminopyrr-
olidine urea (APU) core that has produced potent
MCH-R1 antagonists, exemplified by 1 (Fig. 1).9 Com-
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pound 1 displayed potent binding (Ki = 7 nM) and func-
tional activity (IC50 = 14 nM); however, the compound
was rapidly metabolized in an in vitro human liver
microsome (HLM) assay with an intrinsic clearance of
59 mL/min/kg.10 In addition, 1 was a moderately
potent inhibitor of CYP2D6 (IC50 = 4.9 lM). Scientists
at GlaxoSmithKline recently disclosed a series of con-
strained-amide MCH-R1 antagonists (e.g., 2)8o,11,12


with good pharmacokinetic characteristics (bioavailabil-
ity = 31%, t1/2 = 11 h). We hypothesized that constrain-
ing the amide in our APU system in a similar manner
might improve the metabolic stability and modifications
near the basic nitrogen might alter inhibition of
CYP2D6.13 In this letter, we report the synthesis and
SAR of APU compounds with a thienopyrimidinone
ring (3) and the effect these changes have on metabolic
stability and CYP2D6 inhibition.


The synthesis of the thienopyrimidinone APU series is
shown in Scheme 1. 3-Amino-5-(4-chloro-phenyl)-thio-
phene-2-carboxylic acid methyl ester 7 was treated with
N,N-dimethylformamide dimethyl acetal followed by
reaction with Boc-protected (S)-3-aminopyrrolidine to
form the thienopyrimidinone 8. Subsequent deprotec-
tion followed by coupling with p-nitrophenyl carbamate
derivative 6 gave urea 10. Finally, removal of the Boc
protecting group gave amine 11 and reductive alkylation
or acylation provided an efficient method to compounds
12 with a variety of substituents.
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Figure 1. MCH-R1 antagonists.
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Scheme 1. Reagents and conditions: (a) (Boc)2O, DCM, 0 �C, 1 h, 99%; (b) 4-nitrophenyl chloroformate, TEA, THF, 0 �C to rt, 12 h, 97%; (c) N,N-


dimethylformamide dimethyl acetal, EtOH, 90 �C, 2 h; (d) (S)-3-amino-1-N-Boc-pyrrolidine, EtOH, 100 �C, 16 h, 74% over 2 steps; (e) TFA, DCM,


0 �C, 30 min, 89%; (f) 6, TEA, DMA, 80 �C, 24 h, 95%; (g) TFA, DCM, 0 �C, 30 min, 76%; (h) for 12a–m: aldehyde or ketone, NaBH(OAc)3, DCM,


MeOH, rt, 12 h, 20–70%; for 12n–o: acyl bromide, TEA, DMF, 60 �C, 24 h, 10–30%.
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Data from both MCH binding and GTPcS functional
assays for the thienopyrimidinone APUs are shown in
Table 1. The thienopyrimidinone 12a is analogous to
compound 1 and showed comparable binding activity
(Ki = 6 nM). Intrinsic clearance (41 mL/min/kg) and
CYP2D6 inhibition (8.6 lM) were moderately improved
relative to 1, providing a promising starting point for
SAR studies. When the 3-phenylpropyl side chain was
removed (11), the binding affinity decreased 3-fold rela-
tive to 12a, although no decrease in functional activity
was observed. A methyl substituent (12b) retained most
of the binding affinity of 12a and had very low CYP2D6
inhibition (IC50 = 99 lM). Small cyclic aliphatics (12d–
g) gave potent MCH antagonists; however, these com-
pounds showed moderate CYP2D6 inhibition (12f,
IC50 = 3.4 lM). In contrast, ether derivatives (12j–
12m) were equally potent, but showed significantly less
CYP2D6 inhibition (12k, IC50 = 22.5 lM). Although

aliphatic ketone 12n was moderately potent
(Ki = 17 nM), aromatic ketone 12o had significantly re-
duced binding affinity (Ki = 80 nM). Based on the bind-
ing and CYP2D6 data, compounds 12b and 12k were
chosen for further optimization.


The other three stereoisomers of 12k were synthesized
(Table 2) to determine the effect of stereochemistry on
binding affinity. The two chiral centers in the molecule
could be independently controlled by using different chi-
ral aminopyrrolidines at steps d and f (Scheme 1). The
stereochemistry of the pyrrolidine closer to the thieno-
pyrimidinone had a greater effect on binding. The
(S,S) diastereomer 12k was the most potent isomer with
a Ki of 3 nM. Binding affinity decreased 7-fold for the
(S,R) diastereomer 13 (Ki = 21 nM) and 20-fold for the
(R,R) diastereomer 14 (Ki = 69 nM). The (R,S) diaste-
reomer 15 was the least potent with a 50-fold decrease







Table 1. Binding affinities and functional activities for 11 and 12


NN


O


N
S


N


N


O


Cl


R


Compound R Ki
a (nM) IC50


a (nM)


11 H 17 29


12a 6 31


12b Me 10 20


12c iPr 5 23


12d 1 9


12e 4 13


12f 2 10


12g 3 10


12h 50 53


12i
O


4 15


12j
O


4 10


12k O 3 23


12l
O


7 11


12m
O


7 11


12n


O


17 44


12o


O


OCF3


80 N.D.b


a Values are averaged from at least two experiments. Observed values


typically fell within a 2-fold range of this mean.
b Not determined.


Table 2. Effect of stereochemistry on MCH-R1 receptor binding


affinity


S


N


N


O


Cl
N


O


N N


O


a
b


Compound a,b Ki
a (nM)


12 S,S 3


13 S,R 21


14 R,R 69


15 R,S 154


a Values are averaged from at least two experiments. Observed values


typically fell within a 2-fold range of this mean.
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(Ki = 154 nM) compared to 12k. This stereochemical
preference is slightly different from the original APU
series where the most potent isomer is the (S,R)
diastereomer.9


To further explore the SAR of the thienopyrimidinone
APU series, the aryl group was modified on 12b and
12k. Scheme 2 shows how the synthetic route was
altered to allow different phenyl groups to be introduced
late in the synthesis. 3-Amino-thiophene-2-carboxylic

acid methyl ester 17 was reacted with trifluoroacetic
anhydride and pyridine to give the protected amine 18.
Lithiation at the C-5 position of the thiophene was
achieved using LDA, followed by bromination with dib-
romoethane to give 19. Removal of the trifluoroacetyl
group, condensation with N,N-dimethylformamide
dimethyl acetal, and reaction with amine 16 gave the
versatile intermediate 21, which allowed modifications
to be introduced at both ends in the last stages of syn-
thesis. Removal of the Boc protecting group, then
reductive alkylation, followed by Suzuki couplings with
aryl boronic acid gave compounds 22 and 23.


The binding affinities for the methyl and tetrahydropyr-
anyl derivatives are shown in Table 3. The tetrahydro-
pyranyl derivatives (12k and 23) generally had 2- to
3-fold higher binding affinity for MCH-R1 than the
methyl derivatives (12b and 22). The two series showed
similar SAR around the substitution on the phenyl
group. Small substitutents in the para position were
the most favorable with chloro (12b and 12k) and ethyl
(22b and 23b) giving the most potent compounds. The
electronic nature of the substituent did not appear to
have an effect on binding affinity since the 4-methyl
derivatives (22a and 23a) had the same binding affinity
as the 4-trifluoromethyl derivatives (22d and 23d). The
larger ethylenedioxy ring (22i and 23h) substantially
reduced affinity. Incorporation of a methyl group in
the ortho position also led to decreased potency (22a
vs 22c; 22f vs 22g), in contrast to our previous APU
series in which 2,4-disubstituted aryls were preferred.14


These data and the different stereochemical preferences
suggest that constraining the amide forces these mole-
cules to adopt a subtly different conformation in the
binding pocket.


The CYP2D6 inhibition and intrinsic clearance of the
4-chloro and 4-ethyl phenyl derivatives are shown in
Table 4. The methyl derivatives (12b and 22b) had virtu-
ally no inhibition of CYP2D6 and the tetrahydropyranyl
derivatives (12k and 23b) had weak inhibition. The
intrinsic clearance of the 4-ethyl phenyl derivatives
(22b and 23b) was very high, indicating the ethyl moiety
as a probable site of metabolism. In contrast, the 4-chlo-
ro phenyl derivatives (12b and 12k) had much lower
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Scheme 2. Reagents and conditions: (a) (S)-3-aminopyrrolidine, TEA, DMA, 70 �C, 15 h, 58%; (b) trifluoroacetic anhydride, pyridine, MeCN, 0 �C,


2 h, 99%; (c) i—LDA, THF, �78 �C, 1 h; ii—dibromoethane, �78 �C to rt, 1 h, 44%; (d) K2CO3, MeOH, H2O, rt, 30 min, 98%; (e) N,N-


dimethylformamide dimethyl acetal, EtOH, 90 �C, 1 h, 99%; (f) 16, EtOH, 90 �C, 15 h, 57%; (g) TFA, DCM, 0 �C, 30 min, 98%; (h) formaldehyde or


tetrahydro-4H-pyran-4-one, NaBH(OAc)3, DCM, MeOH, rt, 1 h, 97% for 22, 80% for 23; (i) ArB(OH)2, Pd(PPh3)4, Na2CO3, 1,4-dioxane, H2O,


100 �C, 4 h, 10–70%.


Table 3. Binding affinities for 12b, 12k, 22, and 23


NN


O


N
S


N


N


O RR'


22: R = Me
23: R = THP


Compound R 0 Ki
a (nM)


12b 4-Cl 10


22a 4-Me 15


22b 4-C2H5 5


22c 2,4-Me 49


22d 4-CF3 17


22e 4-CF3O 39


22f 4-CH3O 21


22g 2-CH3,4-CH3O 46


22h 2-Cl,4-C2H5O 26


22i 3,4-O(CH2)2O 143


12k 4-Cl 3


23a 4-Me 14


23b 4-C2H5 8


23c 2,4-Me 70


23d 4-CF3 19


23e 4-CF3O 18


23f 2-CH3,4-CH3O 28


23g 2-Cl,4-C2H5O 14


23h 3,4-O(CH2)2O 45


a Values are averaged from at least two experiments. Observed values


typically fell within a 2-fold range of this mean.


Table 4. CYP2D6 inhibition and intrinsic clearance data


Compound CYP2D6 (lM) Clearance (mL/min/kg)


12b 99 16


22b 42%a 200


12k 23 24


23b 57 85


a % inhibition at 120 lM.
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intrinsic clearance. Compounds 12b and 12k showed the
best balance of potent binding, low CYP2D6 inhibition,
and low intrinsic clearance in the thienopyrimidinone
bis-aminopyrrolidine urea series.

In summary, we discovered a new class of potent and
functional MCH-R1 antagonists containing a thieno-
pyrimidinone bis-aminopyrrolidine urea. The substitu-
tion on the basic nitrogen altered the interaction with
CYP2D6 and very small (methyl) or hydrophilic
(THP) groups significantly reduced the inhibition of
CYP2D6. The series also showed improved intrinsic
clearance resulting in compounds that may have a satis-
factory in vivo profile.
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Abstract—In the search for an inhibitor of dipeptidyl peptidase IV (DPP-IV) highly potent both in vitro and in vivo, we synthesized
a series of LL-prolylthiazolidine-based DPP-IV inhibitors having 4-arylpiperazine or 4-arylpiperidine at the c-position of the proline
structure. Of these compounds, the 4-(5-nitro-2-pyridyl)piperazine analog 21e showed a sub-nanomolar (IC50 = 0.92 nmol/L)
DPP-IV inhibitory activity and a long-lasting in vivo DPP-IV inhibition profile.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. DPP-IV inhibitors.

Glucagon-like peptide (GLP)-1 is an incretin hormone
that has multifaceted actions, including glucose-induced
stimulation of insulin biosynthesis and secretion, regula-
tion of gene expression, trophic effects on b cells, inhibi-
tion of food intake, and slowing of gastric emptying.
These effects, which contribute to the normalization of
elevated blood glucose and to the control of body
weight, are tempered by the rapid enzymatic degrada-
tion of the peptide. Inhibition of dipeptidyl peptidase
IV (DPP-IV) suppresses the degradation of many pep-
tides, including GLP-1, thereby extending their bioactiv-
ity. Indeed, many DPP-IV inhibitors have been reported
and several of them are undergoing late-stage clinical
trials.1–5 Recently, sitagliptin (1, MK-0431)6 was ap-
proved as the first-in-class DPP-IV inhibitor for treat-
ment of type 2 diabetes.


DPP-IV is a dipeptidase that recognizes an amino acid
sequence having a proline or alanine residue at the P1


position,7 and many known DPP-IV inhibitors therefore
have substituted pyrrolidines or thiazolidines as a pro-
line mimetic in the P1 part.8 In particular, inhibitors pos-
sessing a (S)-2-cyanopyrrolidine moiety, for example
NVP-DPP728 (2),9–11 vildagliptin (3, LAF237),11,12


and saxagliptin (4, BMS-477118)13 (Fig. 1), interact with
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the Ser630 of the catalytic triad in DPP-IV and have
highly potent inhibitory activities. We previously report-
ed14 that a series of [(S)-c-(alylamino)-LL-prolyl]-(S)-2-
cyanopyrrolidine analogs (e.g., 5) showed highly potent
DPP-IV inhibitory activity. These compounds were,
however, chemically unstable due to the intramolecular
cyclization between the secondary amine of the proline
and the electrophilic nitrile of the (S)-2-cyanopyrroli-
dine moiety. We also reported15,16 that thiazolidide
replacement (e.g., 6) in this series conferred chemical
stability, and that efforts to optimize the c-alylamino
moiety led to improved in vitro activity against
DPP-IV (Fig. 2). The in vivo efficacy was nevertheless
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Table 1. Inhibition of ((S)-c-substituted-prolyl)thiazolidines
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Figure 2. Design of (S)-c-substituted LL-prolylthiazolidines as DPP-IV inhibitors.
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still insufficient. We focused further on c-substituents of
the proline moiety at the P2 position in the search for
highly potent DPP-IV inhibitor both in vitro and in vivo.
Here we describe how the 4-aryl-1-piperazine or 4-aryl-
1-piperidine substitution at the c-position of proline
resulted in not only increased potency, but also im-
proved in vivo efficacy.


The synthesis of a series of cyclic amine substituted prol-
ylthiazolidine compounds is shown in Scheme 1. The
key intermediate 8 was prepared by coupling the
N-Boc-trans-4-hydroxy-LL-proline 7 with thiazolidine,
followed by DMSO-oxidation, as previously report-
ed.14,15 Reductive amination of the ketone 8 with a vari-
ety of cyclic amines afforded only cis-configuration
intermediates and subsequent removal of the Boc group
yielded analogs 10–21.


Table 1 summarizes the DPP-IV inhibitory activity17 of
LL-prolylthiazolidide DPP-IV inhibitors bearing a repre-
sentative cyclic amino group at their c-position. Substi-
tution of a 5- or 6-membered cyclic amino group
undoubtedly increased the activity compared to the
non-substituted compound 9. Of these compounds, the
4-phenylpiperazine analog 14 exhibited almost 50-fold
more potent activity. We therefore next examined the
substituent of the phenyl ring of compound 14. The
results are shown in Table 2.


4-Methoxy (17a) or 4-fluoro (17b) substituents were sim-
ilar to 14, while 4-chloro (17c) or 4-bromo (17f) substit-
uents led to a slight improvement in potency.
Comparison of potency according to the substituted po-
sition on the phenyl ring indicated that the 3-chloro
(17c) substituent was superior to the 2-chloro (17e) or
the 4-chloro (17c) analog. A more significant improve-
ment was seen with the 4-nitro (17g) substituent
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roethane; (d) H+.

(IC50 = 1.6 nmol/L), which was 7-fold more potent than
the unsubstituted phenyl analog 14. Similar improve-
ment was found in electron-withdrawing 4-cyano (17h)
and 4-trifluoromethyl (17i) analogs. Moreover, disubsti-
tution of the electron-withdrawing group increased
potency compared with monosubstitution (17c vs 17j,
17h vs 17k). The 4-phenylpiperidine analogs 18 and 19
also had a strong potency and produced similar SAR
results to the piperazine analogs. These results suggested
that the piperazine and the piperidine play linker roles
and arrange the aryl moiety in the appropriate space
in the S2 pocket. Replacement of the piperazine linker
in this series with a homopiperazine led to a slight de-
crease in potency (17g vs 20). In light of the SAR results







Table 3. Inhibition of ((S)-c-pyridylpiperazinylprolyl) thiazolidines
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from Table 2, it appears that the introduction of the
electron-withdrawing group to the phenyl ring is desir-
able to improve potency.


These results encouraged us to incorporate a pyridine
substitution as an electron-deficient aromatic ring into
the piperazine scaffold (Table 3). As expected, each of
the pyridine analogs had a highly potent activity. Most
noteworthy among them was the 5-nitro-2-pyridine ana-
log 21e, which provided a sub-nanomolar activity
(IC50 = 0.92 nmol/L) despite the lack of an electrophilic
trap at the P1 position. Comparison of potency accord-
ing to the substituted position on the pyridine ring indi-
cated the superiority of the 4-cyano position (21g vs 21d,
21h). From the many SAR studies of DPP-IV inhibitors
reported by other groups, it seems that the S2 pocket in
DPP-IV is able to accommodate a large substituent.18 It
was hypothesized that the 4-arylpiperazine group in this
series filled the S2 pocket better than our prototype com-
pound 6 (Fig. 1) and as a result compensated for the
potency lost due to the lack of an electrophilic trap at
the P1 position.


Evaluation of plasma DPP-IV activity after oral dosing
of the compounds can be used to predict the efficacy of
antihyperglycemic activity and the pharmacokinetic
profile. The representative compounds 17k and 21e
and the prototype compound 6 were tested for in vivo
DPP-IV inhibition. Each compound was administered
orally to Wistar rats at a dose of 10 lmol/kg and the
plasma DPP-IV activity was evaluated ex vivo.19 As
shown in Figure 3, compound 6 showed only 70% max-
imum inhibition of plasma DPP-IV activity and its effi-
cacy diminished within 5h, whereas the maximum
inhibition of both compounds 17k and 21e reached
about 95% within 30 min, with more than 60% inhibi-
tion of DPP-IV persisting for 9 h after oral dosing.
These fast-onset and long-lasting DPP-IV inhibitory
activities were most likely due to the increased potency

and good PK profile of the 4-arylpiperazine analogs
(PK profile not evaluated).


In conclusion, the present report details our program
of optimizing c-substituted LL-prolylthiazolidine-based
DPP-IV inhibitors by introducing 4-arylpiperazine,
which resulted in highly potent and long-lasting inhib-
itors. SAR study revealed that the introduction of an
electron-deficient 4-arylpiperazine scaffold was desir-
able for improved potency, as demonstrated by com-
pounds 21a–h. In particular, compound 21e proved
exceptionally potent in vitro (IC50 = 0.92 nmol/L) de-
spite the lack of an electrophilic trap at the P1 position.
Moreover, this compound showed in vivo DPP-IV
inhibition of fast-onset and of longer duration than
that of the prototype compound 6. Further efforts fo-
cused on the aromatic ring in this arylpiperazine scaf-
fold and its predicted interaction mode with DPP-IV
will be reported in due course.

Acknowledgments


We thank Dr. Hiroshi Kitajima for discussion. We also
thank Dr. Tohru Nakajima and Dr. Takao Kondo for







T. Yoshida et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2618–2621 2621

their insight and guidance during the course of this
work.

References and notes


1. Kieffer, T. J.; Habener, J. F. Endocr. Rev. 1999, 20, 876.
2. Drucker, D. J. Diabetes 1998, 47, 159.
3. Holst, J. J. Curr. Med. Chem. 1999, 6, 1005.
4. Conarello, S. L.; Li, Z.; Ronan, J.; Roy, R. S.; Zhu, L.;


Jiang, G.; Liu, F.; Woods, J.; Zycband, E.; Moller, D. E.;
Thornberry, N. A.; Zhang, B. B. Proc. Natl. Acad. Sci.
U.S.A. 2003, 100, 6825.


5. Nielsen, L. L. Drug Discovery Today 2005, 10, 703.
6. Kim, D.; Wang, L.; Beconi, M.; Eiermann, G. J.; Fisher,


M. H.; He, H.; Hickey, G. J.; Kowalchick, J. E.; Leiting,
B.; Lyons, K.; Marsilio, F.; McCann, M. E.; Patel, R. A.;
Petrov, A.; Scapin, G.; Patel, S. B.; Roy, R. S.; Wu, J. K.;
Wyvratt, M. J.; Zhang, B. B.; Zhu, L.; Thornberry, N. A.;
Weber, A. E. J. Med. Chem. 2005, 48, 141.


7. Heins, J.; Welker, P.; Schönlein, C.; Born, I.; Hartrodt, B.;
Neubert, K.; Tsuru, D.; Barth, A. Biochim. Biophys. Acta
1988, 954, 161.


8. For comprehensive reviews on DPP-IV inhibitors, see: (a)
Villhauer, E. B.; Coppola, G. M.; Hughes, T. E. Annu.
Rep. Med. Chem. 2001, 36, 191; (b) Weber, A. E. J. Med.
Chem. 2004, 47, 4135.


9. Hughes, T. E.; Mone, M. D.; Russell, M. E.; Weldon, S.
C.; Villhauer, E. B. Biochemistry 1999, 38, 11597.


10. Villhauer, E. B.; Brinkman, J. A.; Naderi, G. B.; Dunning,
B. E.; Mangold, B. L.; Mone, M. D.; Russell, M. E.;
Weldon, S. C.; Hughes, T. E. J. Med. Chem. 2002, 45, 2362.


11. Villhauer, E. B.; Brinkman, J. A.; Naderi, G. B.; Burkey, B.
F.; Dunning, B. E.; Prasad, K.; Mangold, B. L.; Russell,
M. E.; Hughes, T. E. J. Med. Chem. 2003, 46, 2774.
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Abstract—A series of novel and potent pyrrolidino-tetrahydroisoquinolines with dual histamine H3 antagonist/serotonin transporter
inhibitor activity is described. A highly regio- and diastereoselective synthesis of the pyrrolidino-tetrahydroisoquinoline core involv-
ing acid mediated ring-closure of an acetophenone intermediate followed by reduction with NaCNBH3 was developed. In vitro and
in vivo data are discussed.
� 2007 Elsevier Ltd. All rights reserved.

Depression is a major health issue, with more than 340
million people affected worldwide.1 There is a growing
awareness that patients with depressive disorders often
also suffer cognitive impairment,2 and some studies indi-
cate that these deficits may persist even after remission.3


Fatigue is another prominent symptom of depression.4


Selective serotonin reuptake inhibitors (SSRIs) are the
most frequently prescribed antidepressant drugs. How-
ever, these drugs often fail to improve these symptoms
even as mood improves.5,6 Some SSRIs even induce fa-
tigue and excessive sleepiness.7,8


Attempts to address these therapeutic needs have largely
relied on the use of modafinil in conjunction with an
SSRI. This drug, a molecule of undetermined mecha-
nism of action,9 improves cognition and increases wake-
fulness.10,11 In recent years, several small trials
investigating the usefulness of modafinil as antidepres-
sant monotherapy or as co-therapy with SSRIs have
been published, bearing witness to the medical interest
in the addition of a mild wakefulness promoting agent
to the current antidepressant regimes.12–15
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Histamine H3 receptor antagonists also improve cogni-
tion in a variety of animal models16 and increase wake-
fulness17 without showing nonspecific stimulant effects
such as increased locomotor activity.18 H3 receptor
antagonists have also been shown to decrease REM
sleep,17 which has been observed to improve the mood
of depressed patients in sleep deprivation studies.20 Thus
the case can be made that H3 antagonists would be use-
ful adjuncts to antidepressant therapy for partial
responders to SSRI therapy with persistent fatigue and
sleepiness.21 In the current paper, we describe some as-
pects of our medicinal chemistry efforts to synthesize
molecules that are both H3 receptor antagonists and
serotonin reuptake inhibitors.


One of our strategies for the preparation of a dual activ-
ity H3 antagonist/serotonin transporter (SERT) inhibi-
tor was to introduce an H3 pharmacophore22,23 to a
known SERT inhibitor.24,25 As one part of our efforts
to do this, we elected to use a pyrrolidino-isoquinoline
scaffold, developed as part of an earlier inhouse anti-de-
pressant program,26 as a template to which H3 activity
could be added (Fig. 1A). Pharmacophore models for
the H3 receptor suggest a near linear disposition (m-
or p-) of two tertiary amines separated by a 3- or 4-
substituted phenylene and a hydrophobic chain of at
least four atoms should lead to potent antagonists.22


We envisioned attachment of a piperidinylpropyloxy
side chain to the pyrrolidino-isoquinoline scaffold in
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such a way as to give a complete H3 pharmacophore
(Fig. 1B).


Our early synthetic approach to this class of molecules
was to couple a suitably functionalized aryl pyrrolidine
with a mandelic acid derivative and then perform an
acid mediated ring closure on the a-hydroxyamide
(Scheme 1). Reduction of the resultant lactam and
installation of the basic side chain would follow.


Unfortunately, preparation of the amide (either with
HATU or thermally) was low yielding and produced a
number of side products. Subsequent ring closure with
polyphosphoric acid (PPA) or methanesulfonic acid
(MSA), then gave a mixture of regio- and diastereomeric
products, of which, the desired 9-cis isomer was a minor
component.27 Further difficulty in installing the H3


pharmacophore led us to examine alternate synthetic
approaches to these molecules.


As it was desirable to have a common intermediate from
which to develop SAR, we elected to construct an aryl
pyrrolidine28 bearing the desired basic side chain
(Scheme 2). The route in Scheme 2 can be performed
on a 100g scale without the use of chromatography by
subjecting the crude products to short-path or Kugel-
rohr distillation.
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Scheme 1. Reagents and conditions: (a) refluxing in xylenes for 2 d


with a Dean–Stark trap or HATU 30–50%; (b) MSA, rt, 40–85%; (c)


BH3ÆTHF, 50–90%.

With intermediate 1 in hand we examined the use of sty-
rene oxides and bromo-acetophenones as mandelic acid
surrogates.


Alkylation of 1 with substituted styrene oxides gave suit-
able precursors for acid mediated ring closure (Scheme
3). The regioselectivity of epoxide opening was highly
dependent on the aryl ring substituent. Strongly elec-
tron-withdrawing substituents preferentially gave prod-
ucts of attack at the terminal carbon. With all other
substituents, significant (>50% with 4-methyl) opening
occurred at the benzylic position. The regioisomeric
alcohols were difficult to separate from 2 and, if carried
forward, complicated isolation of products 3 and 4.


However, formation of the regioisomeric alcohol could
be avoided by alkylation of 1 with suitably functional-
ized 2-bromo acetophenones followed by reduction of
the amino ketone 5 with NaBH4 to give aminoalcohol
2 (Scheme 4). This approach allowed for the introduc-
tion of strongly electron-donating substituents on the
phenyl ring that were otherwise inaccessible via the
epoxide route. Despite improvements to reaction clean-
liness, the reaction still suffered from poor regio- and
diastereoselectivity. Of four possible isomers, the desired
9-cis product remained a minor component.


In contrast, acid mediated ring closure of ketone 5 was
regiospecific, giving only the 9-substituted product as a
mixture of dihydroisoquinoline and isoquinolinium spe-
cies 6 (Scheme 5). Reduction of products 6 to give 7 was
then achieved using NaCNBH3 and HCl.29 Both prod-
ucts are reduced under these conditions and with com-
plete diastereoselectivity for the desired 9-cis isomer 7.


Binding affinities for compounds 7a–u are shown in
Table 1.30 It is apparent from Table 1 that H3 receptor
affinity is minimally influenced by the substituents on
the pendant aryl ring. All compounds in this series were
shown to be potent antagonists of the H3 receptor in our
functional assay with pA2 values ranging from 8.5 to 10.
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In contrast, rSERT and hSERT Ki values were strongly
influenced by aryl ring substitution. Generally, substitu-
ents in the 3- or 4-positions gave more potent analogs
than their 2-substituted counterparts. Both electron-do-
nating and electron-withdrawing groups were tolerated.
Exceptions include 4-CN (7i), 3- and 4-CF3 (7k and 7l),
and 4-OH (7r). Compounds 7i and 7k are especially
interesting as these moieties are found in the marketed
anti-depressants citalopram (4-CN) and fluoxetine
(4-CF3). With one exception (7m), these compounds
demonstrated somewhat weaker binding affinities for
the human serotonin transporter than the rat serotonin
transporter.


Racemate 7o was resolved via chiral HPLC and the indi-
vidual enantiomers examined in our in vitro binding

assays. Consistent with earlier work on the pyrrolidi-
no-isoquinoline scaffold,31 most of the rSERT and
essentially all of the hSERT affinity was due to the (-)-
enantiomer.32 Affinity for the H3 receptor was slightly
higher for the (+)-isomer.


The 4-methoxyphenyl derivative (Table 1, 7o) was exam-
ined in the 5-hydroxytryptophan potentiated (5-HTP)
head twitch model for SERT inhibition.33 Mice dosed
ip with this compound exhibited significant and dose-de-
pendent increases in head twitches 24 h after administra-
tion. At 3 mg/kg the head twitch response (HTR)
averaged 384% (n = 3) above vehicle treated mice
(n = 3). At 10 mg/kg the HTR increased to 661%
(n = 3) above vehicle. The HTR did not differ signifi-
cantly from the vehicle treated animals 1 h after dosing
suggesting slow uptake into the brain.


Evaluation of 7o in a rat PK study34 revealed the com-
pound reached a maximal plasma concentration rela-
tively quickly (0.67 h for the oral dose), but had a long
plasma half-life (15.7 h). Bioavailability was modest at
16%. A mouse blood–brain barrier (BBB) penetration
study (30mg/kg ip) gave results consistent with the phar-
macology observed in the rat 5-HTP study in that 7o
was demonstrated to slowly absorb into the brain
(Cmax = 1.28 lM at 24 h). The BBB coefficient was
0.96.35


In vivo microdialysis coupled with HPLC-electrochemi-
cal detection was used to assess the effects of 7o on the
extracellular concentration of serotonin (5-HT) and
dopamine in the frontal cortex of the rat brain.36 Com-
pound 7o increased extracellular levels of 5-HT 500%
and dopamine (300%) over basal values 8 h after ip
administration (1 mg/kg) and maintained those levels
of elevation for the duration of the experiment (24 h).


The above in vivo experiments describe a compound
with a delayed but prolonged pharmacological response
due to slow absorption into, and subsequent very slow







Table 1. Binding data for rat and human serotonin reuptake transporters and for the human histamine H3 receptor for compounds 7a–u


Compound 7 R rSERT Ki (nM) hSERT Ki (nM) hH3 Ki (nM)


a H 2 (± 0.7) 4 (± 0) 0.9 (± 0.1)


b 4-Me 3 (± 0) 4.7 (± 0.8) 2 (± 0)


c 4-C„CH 7 (± 1.2) 15.7 (± 4) 4 (± 1.2)


d 3-C„CH 8.7 (± 1.8) 14.3 (± 4.1) 2 (± 0)


e 4-Cl 6.3 (± 1.5) 7.3 (± 1.6) 2.2 (± 0.5)


f 3-Cl 4.0 (± 1.9) 4.7 (± 2.8) 1.2 (± 0.5)


g 2-Cl 8.7 (± 1.8) 10.7 (± 1.8) 2.3 (± 0.4)


h 4-F 3.7 (± 1.1) 4.3 (± 1.1) 1.7 (± 0.4)


i 4-CN 24.7 (± 2.3) 59 (± 5) 1.2 (± 0.5)


j 4-NO2 5.3 (± 2.3) 6.8 (± 0.7) 1.3 (± 0.4)


k 4-CF3 26.7 (± 5.8) 40.3 (± 17.8) 4.7 (± 1.5)


l 3-CF3 21.7 (± 4.0) 24 (± 7.4) 2.0 (± 0.7)


m 4-OCF3 11 (± 0.7) 8.7 (± 1.5) 4 (±0)


n 4-SMe 3.3 (± 0.4) 5.2 (± 1.0) 2.5 (± 0.9)


o 4-MeO 2.3 (± 1.0) 3.3 (± 0.8) 0.7 (± 0.2)


(+) o 4-MeO 50.5 (± 2.9) 2000 (± 0) 0.8 (± 0.2)


(�) o 4-MeO 2.2 (±1.0) 2.3 (±1.6) 2.5 (±0.4)


p 3-MeO 4.7 (± 1.5) 7.5 (± 3.0) 1.7 (± 0.4)


q 2-MeO 14.0 (± 1.9) 33.5 (± 7.40) 1.3 (± 0.4)


r 4-OH 9.3 (± 2.3) 68.7 (± 12.5) 1.7 (± 0.4)


s 3-OH 1.3 (± 0.4) 5.3 (± 2.3) 0.7 (± 0.1)


t 2-OH 20.7 (± 4.7) 150 (± 32) 3.7 (± 1.1)


u 4-Me2N 3.3 (± 1.1) 5.3 (± 2.0) 1.6 (± 0.5)


rSERT = rat serotonin transporter, hSERT = human serotonin transporter, hH3 = human histamine H3 receptor: numbers in parentheses are the


standard error of the mean (SEM) for each data set: n P 3 for all in vitro data.
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elimination from, the brain. Despite the modest bio-
availability of the compound, the relatively high brain
concentrations obtained coupled with the high affinity
of 7o for the SERT, robust pharmacology was observed
in both the 5-HTP and microdialysis experiments.


In conclusion, we have developed a regio- and diastereo-
specific synthesis of pyrrolidino-tetrahydroisoquinolines
possessing potent dual H3 antagonist/SERT inhibitor
activity. A profiled member of this class gave robust
responses in both 5-HTP and microdialysis experiments.
Such dual activity compounds could be useful in the
treatment of depression.
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Abstract—A series of substituted 2-aminobenzothiazole compounds have been synthesized and evaluated as nitric oxide synthase
(NOS) inhibitors. Compound 14 shows activity in the nM range and is selective for the human neuronal NOS isoform. We have
also evaluated the compounds against the rat NOS isoforms. For some of the compounds, there are significant differences in
NOS inhibitory activities between the human and rat enzymes. For example, compound 10b has nM activity against the rat nNOS
while low lM activity against the human nNOS.
� 2007 Elsevier Ltd. All rights reserved.

Nitric oxide (NO) has diverse roles both in normal and
pathological processes including the regulation of blood
pressure, in neurotransmission, and in the macrophage
defense systems.1 NO is synthesized by three isoforms of
nitric oxide synthase (NOS), two of which, one in the
endothelial cells (eNOS) and one in the neuronal cells
(nNOS), are constitutive while the one in macrophage
cells is inducible (iNOS).2 These enzymes are homodimer-
ic proteins that catalyze a five-electron oxidation of LL-ar-
ginine, yielding NO and citrulline. The role of NO
produced by each of the NOS isoforms is quite unique.
Overstimulation or overproduction of individual NOS
isoforms plays a role in several disorders including septic
shock, arthritis, diabetes, ischemia-reperfusion injury,
pain, and various neurodegenerative diseases.3–5 NOS
inhibitors can be therapeutic in many disorders, but
preservation of physiologically important nitric oxide
synthase function requires the development of isoform-
selective inhibitors. In particular, when designing nNOS
inhibitors, selectivity for nNOS relative to eNOS is of
paramount importance in order to avoid adverse cardio-
vascular effects.6


A number of different classes of NOS inhibitors have
been reported in the literature. Early NOS inhibitors
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were structural analogs of the natural substrate LL-argi-
nine, which lack isoform selectivity.7 However, some lat-
er generations of LL-arginine analog NOS inhibitors are
potent and selective.8,9 In addition, potent and selective
non-amino acid NOS inhibitors have been reported.10–14


The general pharmacophore model for a NOS inhibitor
that targets the arginine binding site is a guanidine isos-
teric group and a basic site attached to a central linker
(Fig. 1). The minimum requirement is an isostere of
the substrate’s guanidine group to make a bidentate
interaction with a conserved glutamic acid residue of
the enzyme.


In our research on designing selective nNOS inhibitors
for treating CNS disorders, we envisioned using a bicy-
clic heterocyclic scaffold as a central linker. In this re-
port, we present novel substituted 2-aminobenzothiazole
inhibitors of NOS that are potent and selective for the
neuronal isoform.15


Our initial focus was to determine if the 2-aminobenzo-
thiazole scaffold is tolerated in the NOS active site. We

Figure 1. NOS inhibitor pharmacophore model.
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synthesized a few analogs containing guanidine isosteric
groups with no other substitution on the bicyclic hetero-
cyclic ring. The syntheses of 5- and 6- substituted
2-aminobenzothiazoles are outlined in Scheme 1.
Reduction of the commercially available nitro com-
pounds furnished the anilines. These anilines provided
a handle for attaching the guanidine isostere. Two com-
mon guanidine isosteric groups were employed: a thio-
phene amidine and an S-ethyl isothiourea.


The inhibitory activities of these compounds16 against
all three human isoforms of NOS were measured by fol-
lowing the conversion of [3H]LL-arginine into [3H]LL-cit-
rulline. The observed NOS IC50 values and the
selectivity for nNOS ratios, defined as IC50 (eNOS)/
IC50 (nNOS) and IC50 (iNOS)/IC50 (nNOS), are shown
in Table 1.


The data indicated that compounds with the thiophene
amidines (4a and 4b) displayed better NOS inhibitory
activities over the S-ethyl isothioureas (5a and 5b). Also,
compounds 4a and 4b showed excellent selectivities for
nNOS over iNOS (400- and 90-fold, respectively). Sim-
ilar inhibitory activities against nNOS and eNOS were
obtained regardless of whether the guanidine isostere
is attached at the 5- or 6-position of the 2-aminobenzo-
thiazole scaffold. Compounds with the 6-substituted
guanidine isostere are slightly more active against iNOS
than their 5-substituted counterpart, however, all of the
compounds displayed poor inhibitory activity against
this isoform.


In an effort to improve nNOS potency and selectivity for
nNOS over eNOS, we explored substitution of the amin-
obenzothiazole by tethering different groups from the
2-position. These analogs were synthesized according

Scheme 1. Reagents and conditions: (a) SnCl2Æ2H2O, EtOH, reflux; (b)


EtOH, rt; (c) (i) benzoyl isothiocyanate, THF; (ii) 1 N NaOH, THF;


(iii) EtI, K2CO3, THF.


Table 1. Inhibition of human NOS isozymes by 2-aminobenzothiazoles


Compound Subst. nNOS IC50
a (lM) eNOS IC50


a (lM


4a 5 0.2 2.3


4b 6 0.2 2.9


5a 5 4.6 12


5b 6 1.4 9.2


a Inhibitory activity for human NOS was measured by monitoring the co


inhibition was determined in duplicate at 8–12 different concentrations.
b Selectivity against nNOS over eNOS is the ratio of eNOS IC50/nNOS IC50
c Selectivity against nNOS over iNOS is the ratio of iNOS IC50/nNOS IC50.

to Scheme 2. The 2-hydrazinylnitrobenzothiazoles 6a,b
were obtained from the corresponding nitro-
aminobenzothiazole compounds by treating with hydra-
zine at elevated temperature.17 These compounds were
then converted to the 2-chloronitrobenzothiazoles 7a,b
in refluxing thionyl chloride.18 Treatment of the 2-chlo-
ronitrobenzothiazoles with a series of amines in H2O or
DMF with K2CO3 at 90 �C gave the corresponding
2-amino substituted nitrobenzothiazoles of general
structure 8. These compounds were reduced with SnCl2
in refluxing ethanol to furnish the anilines with the gen-
eral structure 9. Since the thiophene amidine proved to
be more potent and selective for nNOS than the corre-
sponding isothioureas, it was used as a guanidine isoste-
re for all subsequent compounds. Thus, this group was
coupled to the anilines to give the final compounds
10–21.


The inhibitory activities and selectivities of the 2,5- and
2,6-di-substituted aminobenzothiazoles against the hu-
man NOS isozymes are presented in Table 2. In general,
introduction of the sidechains did not have any detri-
mental effects on the inhibitory activity against all three
NOS isoforms. Similar inhibitory activities against
nNOS were obtained regardless of whether the thio-
phene amidine is attached at the 5- or 6-position of
the 2-substituted aminobenzothiazole scaffold. Howev-
er, for eNOS and iNOS, the 6-substituted thiophene
amidines showed an increase in activity when compared
to their corresponding 5-substituted analogs. In a simi-
lar fashion to the mono-substituted analogs, all com-
pounds displayed poor inhibitory activity against iNOS.

) iNOS IC50
a (lM) eNOS/nNOSb iNOS/nNOSc


79 13 395


25 18 90


97 3 21


46 7 32


nversion of [14C]-Arg to [14C]-Cit. For each compound, the percent


.


Scheme 2. Reagents and conditions: (a) NH2NH2HCl, NaOH, ethyl-


ene glycol, 145 �C; (b) SOCl2, reflux; (c) RNH2, H2O, 90 �C or DMF,


K2CO3, 90 �C; (d) SnCl2Æ2H2O, EtOH, reflux; (e) EtOH, rt.







Table 2. Inhibition of human NOS isozymes by di-substituted aminobenzothiazoles


N
S


NHRHN
HN


S


5


6


Compound Subst. R nNOS IC50
a


(lM)


eNOS IC50
a


(lM)


iNOS IC50
a


(lM)


eNOS/nNOSb iNOS/nNOSc


10a 5 2-(Pyridin-2-yl)ethyl 1.1 6 139 5 126


11a 5 2-Morpholinoethyl 1.3 12 141 9 108


12a 5 1-Benzylpiperidin-4-yl 0.4 16 48 40 123


13a 5 1-(4-Fluorobenzyl)piperidin-4-yl 0.8 13 91 16 118


14 5 (±)-2-(1-Methylpyrrolidin-2-yl)ethyl 0.03 1.6 15 53 483


10b 6 2-(Pyridin-2-yl)ethyl 1.3 0.9 13 1 10


11b 6 2-Morpholinoethyl 2.0 1.5 37 1 18


12b 6 1-Benzylpiperidin-4-yl 0.5 6 14 12 28


13b 6 1-(4-Fluorobenzyl)piperidin-4-yl 0.2 8 14 40 70


15 6 2-(1H-Imidazol-5-yl)ethyl 0.3 0.7 6 2 19


16 6 4-Bromophenethyl 4.4 2.1 75 0.5 17


17 6 Tetrahydro-2H-pyran-4-yl 2 16 64 8 32


a Inhibitory activity for human NOS was measured by monitoring the conversion of [14C]-Arg to [14C]-Cit. For each compound, the percent


inhibition was determined in duplicate at 8–12 different concentrations.
b Selectivity against nNOS over eNOS is the ratio of eNOS IC50/nNOS IC50.
c Selectivity against nNOS over iNOS is the ratio of iNOS IC50/nNOS IC50.
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The most potent and selective nNOS inhibitor obtained
was with the racemic sidechain 2-(1-methylpyrrolidin-2-
yl)ethyl, compound 14 (nNOS IC50 = 0.03 lM, 53- and
483-fold selectivity against eNOS and iNOS, respective-
ly). No attempts were made to separate the enantiomers.
This compound contains a basic group with a 3-carbon
linker separating the basic nitrogen from the 2-amino
group on the heterocyclic core. In general, a 3-carbon
linker from the 2-aminobenzothiazole scaffold to a basic
site provided potent nNOS inhibitors in the sub-micro-
molar range (compounds 12a,b, 13a,b, 14, and 15).
Although compounds 10a and 10b contain this structur-
al requirement, these compounds did not give sub-mi-
cromolar activity in the nNOS inhibition assay. One
possible reason for this could be the reduced basicity
of the pyridine group as compared to an alkyl substitut-
ed nitrogen. Further evidence for the importance of the
basicity of the nitrogen comes from comparing the
nNOS inhibitory activity of the imidazole analog 15
(nNOS IC50 = 0.3 lM) with that of the pyridine analog
10b (nNOS IC50 = 1.3lM). For these analogs, one

Table 3. Inhibition of human NOS isozymes by substituted benzylpiperidine


N
S


H
N


NH
S N


Compound R nNOS IC50
a (lM) eNOS IC50


a (lM


18 3-OMe 0.1 3.8


19 4-OMe 0.2 5.7


20 4-CO2Me 0.3 5.2


21 4-CO2H 5.1 59


a Inhibitory activity for human NOS was measured by monitoring the co


inhibition was determined at 8–12 different concentrations.
b Selectivity against nNOS over eNOS is the ratio of eNOS IC50/nNOS IC50
c Selectivity against nNOS over iNOS is the ratio of iNOS IC50/nNOS IC50.
d No inhibition at the highest test concentration of 100 lM.

would expect the imidazole to be more basic than the
pyridine. Also, compounds 16 and 17 do not contain ba-
sic groups in the sidechain and as a result weaker activ-
ities were observed.


As a sub-series, the N-benzylpiperidine analogs (Table 2,
compounds 12a,b and 13a,b) gave potent and selective
nNOS inhibitory activities. We focused our attention
on optimizing this series by exploring substitution on
the phenyl ring. Keeping the amidine group at the 6-po-
sition of the heterocyclic scaffold, a few analogs were
synthesized according to Scheme 2 and evaluated for
NOS inhibitory activity (Table 3). Compounds contain-
ing the 3- and 4-methoxyphenyl groups, 18 and 19,
respectively, proved to be potent nNOS inhibitors. In
addition, comparing iNOS inhibitory activities for these
two compounds revealed that the position of the meth-
oxy group is crucial for activity. This could be attributed
to a steric clash between 18 and the iNOS enzyme. For
nNOS and eNOS, it is interesting that an ester 20 is tol-
erated at the 4-position of the phenyl ring but not an

aminobenzothiazoles


H


N


R


) iNOS IC50
a (lM) eNOS/nNOSb iNOS/ nNOSc


>100d 27 >1000


9 28 45


>100d 18 >300


>100d 12 >20


nversion of [14C]-Arg to [14C]-Cit. For each compound, the percent


.







Table 4. Inhibition of rat NOS isozymes by di-substituted aminobenzothiazoles


Compound nNOS IC50
a


(lM)


eNOS IC50
a


(lM)


iNOS IC50
a


(lM)


eNOS/nNOSb iNOS/ nNOSc


10b 0.05 3.4 25 63 500


11b 0.8 9.1 44 12 55


12b 0.09 12.5 36 139 400


15 4.8 4.6 26 1 5


16 4.7 5.2 NT 1 ND


18 6.7 1.3 19 0.2 3


NT, not tested.


ND, not determined.
a Inhibitory activity for rat NOS was measured by monitoring the conversion of [14C]-Arg to [14C]-Cit. For each compound, the percent inhibition


was determined in duplicate at 8–12 different concentrations.
b Selectivity against nNOS over eNOS is the ratio of eNOS IC50/nNOS IC50.
c Selectivity against nNOS over iNOS is the ratio of iNOS IC50/nNOS IC50.
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acid 21 which is probably due to electrostatic repulsion.
Excellent selectivity for nNOS against iNOS was ob-
tained for compounds 18 and 20.


Since there are species differences among the NOS en-
zymes and we would like to evaluate our compounds
in rat models of disease states, a few compounds have
been tested for inhibitory activity in the rat NOS assays
(Table 4). In a similar fashion to the human enzymes,
inhibition was determined by measuring their effect on
the conversion by NOS of [3H]LL-arginine into [3H]LL-cit-
rulline. While there are differences between the rat and
human NOS enzymes, we were somewhat surprised by
the dramatic differences in nNOS activities and selectiv-
ities of some of the compounds. For example, com-
pound 10b (human nNOS IC50 = 1.3 lM vs rat nNOS
IC50 = 0.05 lM) and compound 12b (human nNOS
IC50 = 0.5 lM vs rat nNOS IC50 = 0.09 lM) showed
the largest differences in nNOS inhibitory activities be-
tween the two species. In the case of 10b, there was no
selectivity for the human nNOS over eNOS while there
was a 60-fold selectivity for the rat nNOS over eNOS.
Similarly, compound 12b was much more selective
(140-fold) for the rat nNOS over eNOS. In addition
compounds 10b and 12b showed excellent selectivity
(500-fold and 400-fold, respectively) for rat nNOS over
iNOS. It should be noted that while the inhibitory activ-
ities can vary by as much as 2 orders of magnitude for
nNOS (compound 10b) in the two species, such is not
the case for eNOS and iNOS inhibition. Interestingly,
18 showed a dramatic loss of nNOS potency but an in-
crease in its eNOS activity.


In summary, we have designed and synthesized a series
of 2-aminobenzothiazole inhibitors that are selective
for human and rat nNOS. Compound 14 was the most
potent and selective for human nNOS over eNOS and
iNOS, while compound 12b was the most selective for
rat nNOS over eNOS. We have shown that by introduc-
ing substituents at the 2-position of the heterocyclic
scaffold we were able to design nNOS selective com-
pounds by as much as 50-fold over eNOS for the human
enzymes. We have also shown that for a few compounds
significant differences in NOS inhibitory activities
among the rat and human enzymes can occur. We are
currently evaluating some of our selective compounds

in rat models of disease states in which nNOS is thought
to play a role and will present the results in due course.
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Abstract—The synthesis of bifunctional compound 10 consisting of d4U joined at C-5 to a butynyl spacer attached to HI-236 is
reported using a Sonogashira coupling as a key step. As a non-cleavable bifunctional HIV inhibitor incorporating an NRTI with
an NNRTI, 10 shows good inhibitory activity (EC50 = 250 nM) against HIV (IIIB) replication in MT-2 cell culture, which is eight
times greater than that of d4T and between those of the two component drugs.
� 2007 Elsevier Ltd. All rights reserved.

The use of combination therapy (HAART) for HIV is
designed to prevent the development of resistant HIV
strains by effectively suppressing viral replication, thus
denying HIV the opportunity to produce new muta-
tions.1 Non-nucleoside reverse transcriptase inhibitors
(NNRTIs) act allosterically by slowing down the chem-
ical step catalysed by the HIV reverse transcriptase (RT)
enzyme, and this retardation allows the two-step binding
of the nucleoside analogues (NRTI) to come to equilib-
rium leading to tighter binding of the nucleotide.2 These
studies suggested that the nucleotide triphosphate and
non-nucleoside inhibitors could simultaneously bind to
their respective NRTI and NNRTI sites in RT and that
there was communication between the two sites. The
close proximity (10–15 Å) of the NRTI/NNRTI binding
sites has inspired several groups to synthesize bifunc-
tional heterodimers containing one of each class of drug
separated by a spacer following an original suggestion
by Nanni.3a The heterodimers (double-drugs) reported
fall into two distinct classes, with the more common of
the two joining the two drugs via a cleavable linker in
the expectation that both drugs will be released into
the cell cytoplasm, resulting in synergistic inhibitory ef-
fects. The other class involves incorporation of a non-
cleavable linker in the hope of achieving concurrent

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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inhibition at both target sites. In principle, such a
bifunctional inhibitor would utilize the additive binding
energies from the interactions at each site, translating
into very tight binding.3b


Such NRTI/NNRTI double-drugs have used the C-5 0,
C-5 or N-3 positions of the nucleosides for attachment
of the linker. The first examples were reported by the
Camarasa4a group in 1995 and incorporated a TSAO
derivative linked to AZT via a polymethylene spacer be-
tween N-3 on each drug. Subsequent work by these
authors extended to incorporating d4T as a nucleoside
as well as derivatising to form phosphoramidate4b dou-
ble-drugs. Foscarnet was also evaluated as an NNRTI
option.4c Subsequently, the Ladurée group reported
the synthesis and activity of both non-cleavable5a,b and
cleavable systems5c in which the former type as a
[d4T]-spacer-[imidazo{1,5-b}pyridazine] system was
found to be the most active. Similarly, Pedersen6 recent-
ly reported the synthesis and antiviral activities of dou-
ble-prodrugs incorporating d4T as an S-acyl-2-thioethyl
(SATE) 5 0-phosphate ester linked to N-3 of MKC-442
(a HEPT derivative) via a cleavable p-hydroxybenzoyl
linker. These double-drugs displayed good anti-HIV
activity which was attributed to the d4T part of the mol-
ecule, Figure 1.


The objective of the present study was to synthesize and
evaluate the anti-HIV activity of bifunctional com-
pounds of the general formula [d4U]-spacer-[HI-236]
in the search for evidence of synergism between the
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Figure 1. Structures of known NRTI/NNRTI double-drugs.
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Scheme 1. Reagents and conditions: (a) BnBr, K2CO3, EtOH, reflux,


16 h, (95%); (b) CH3NO2, NH4OAc, 70 �C, 14 h, (75%); (c) LiAlH4,


THF, reflux, 4 h; (d) (Boc)2O, Et3N, CH3CN, rt, overnight, (76%, 2


steps); (e) H2, Pd/C, EtOH, rt, 5 h, (66%); (f) 3-butynyl-1-tosylate (6


equiv), K2CO3 (1.5 equiv), CH3CN, reflux, 5 d, (70%).
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two drug sites. A biologically non-cleavable butynyl
spacer was chosen for the prototype, Figure 2. HI-236
was selected due to its potency against wild-type and
NNRTI-resistant HIV-1 strains,7 while d4T is currently
used to treat HIV. Regarding the attachment points for
the linker, on the NRTI side, the pyrimidine C-5 posi-
tion was selected in view of its anticipated low interfer-
ence with base pairing.8 On the NNRTI side,
attachment to the C-2 phenolic oxygen (see Fig. 2 for
numbering) was chosen in view of structural studies
reported by Uckun and co-workers,7 which revealed
that the C-2 phenolic oxygen substituent of HI-236 is
located beneath the ethyl linker and points into a size-
able hydrophobic space. Attachment of the linker to
the C-5 position of the nucleoside was thought to be
accessible via a Sonogashira9 palladium cross-coupling
reaction of a terminal alkyne with the 5-iodo nucleoside.
During the course of this study, C-5 tethered heterodi-
mers were reported5c by the Ladurée group in which a
Sonogashira coupling strategy was demonstrated.


Various synthetic disconnections were investigated, and
eventually it became clear that the thiourea moiety needed
to be introduced last. Thus, the key alkyne 4 was
synthesized in six steps starting from commercially avail-
able 2-hydroxy-5-methoxybenzaldehyde (Scheme 1),
beginning with chemistry described by Glennon10 and
coworkers to afford amine 1. To assist with isolation
and subsequent elaboration, 1 was protected as its Boc-
carbamate with di-tert-butyldicarbonate and triethyl-
amine in acetonitrile at room temperature to give 2 in
76% yield (over 2 steps) after purification by column
chromatography (mp: 103–104 �C). Hydrogenolytic
debenzylation of 2 in the presence of 10% palladium-
on-carbon in ethanol at room temperature led to phenol
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Figure 2. Structures of d4T, HI-236 and [d4U]-butyne-[HI-236].

3 in good yield (mp: 116–117 �C; m/z HRMS (EI)
267.1433, C14H21NO4 requires m/z 267.1471), which was
alkylated with 3-butynyl-1-tosylate (6 equiv)11 using
K2CO3 (1.5 equiv) in acetonitrile at reflux for 5 days to
produce 4 in 70% yield after chromatography (mp: 76–
77 �C; m/z HRMS(EI) 319.1776, C18H25NO4 requires
m/z 319.1784).


The Sonogashira coupling partner 6 was synthesized by
iodinating 5 0-O-benzoyl d4U 5, which was prepared in
four steps from uridine according to the Bristol-Myers
Squibb procedure for producing d4T from 5-methyluri-
dine.12 Iodination of 5 was accomplished using elemen-
tal iodine and ceric ammonium nitrate (CAN)13 in
acetonitrile at 60 �C in 80% yield (Scheme 2) to afford
6, which underwent Sonogashira coupling with alkyne
4 to yield the desired coupled product 7 in 69% yield.
With 7 in hand, benzoyl deprotection, Boc removal
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Table 1. Inhibition and cytotoxicity assaya results for d4T, HI-236, 10,


11 and 12 against HIV -1 (IIIB) in MT-2 cell culture


Compound EC50
b (lM) Cytotoxicityc IC50 (lM) TId


d4T 2 >100 >50


HI-236 0.042 >1 >24


10 0.25 17 68


11 0.023 >1 >44


12e 120 360 3


a Ref. 16; MOI was 0.1.
b Effective concentration that inhibits viral-mediated T-cell death by


50% and as an average of three results.
c Concentration that kills 50% of the T-cells and as an average of three


results.
d In vitro therapeutic index (IC50/EC50).
e See Ref. 17.
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Scheme 2. Reagents and conditions: (a) I2, CAN, CH3CN, 60 �C, 1 h, (80%); (b) alkyne 4, (PPh3)4Pd, CuI, Et3N, DMF, THF, rt, 4 h, (69%); (c)


CF3COOH, CH2Cl2, 0 �C; (d) EtN(i–Pr)2 followed by 8, THF, rt/overnight, (60% for 2 steps); (e) NaOMe (cat), MeOH, 0 �C, 20 min, (51%).
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and thiourea installation remained for completion of the
synthesis, and a number of permutations were tried out.
Eventually, it was established that debenzoylation as the
final step worked best, as the protected alkylated d4U
moiety appeared to be less prone to acid-catalysed ano-
meric cleavage with the trifluoroacetic acid used to
deprotect the Boc group. Thus deprotection of the Boc
group of 7 using trifluoroacetic acid in methylene chlo-
ride at 0 �C furnished the crude amine as a trifluoroace-
tate salt. Processing involved adding Hünig’s base to
liberate the amine, and condensing directly with thiocar-
bonyl derivative 87 at rt overnight in THF. This con-
trasted with the much harsher conditions used by
Sahlberg and co-workers14 of heating in DMF at
100 �C.


In this fashion, bifunctional benzoate 9 was produced in
60% for the two steps. Final deprotection with catalytic
methoxide in methanol furnished the target 10 in 51%
yield and in an acceptable level of purity15 after
chromatography.


The inhibition of viral replication in HIV-infected cells
of the prototype bifunctional compound 10 together
with HI-236, d4T, and the truncated constituent of
bifunctional 10, compound 11– see Figure 3– were mea-
sured against HIV-1 (IIIB) replication in MT-2 cell cul-
tures using an MTT assay.16 The other truncated
component of 10, compound 12, has already been eval-
uated by Ladurée.17 The results of inhibition are shown
in Table 1.


An examination of the inhibitory properties for these
compounds offers insight into the design of a prototyp-
ical bifunctional compound. Earlier studies from
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Figure 3. Truncated components of bifunctional 10.

Laduree’s work17 showed that elongating d4T at C-5
with a hydroxybutynyl spacer (compound 12) results
in a drastic reduction in activity (see Table 1). Interest-
ingly, our current study showed that in elongating the
NNRTI, the butynylated HI-236 11 was found to be
twice as active as the parent HI-236. The inhibitory
activity of the bifunctional compound 10 as an NRTI-
spacer-NNRTI non-cleavable inhibitor is 250 nM. This
level of inhibition is eight times greater than that of
d4T in this system, and lies between that of HI-236
and d4T, indicating our prototype may be a promising
lead for this type of inhibitor. Studies are underway to
establish if the NRTI and NNRTI moieties of 10 are in-
deed simultaneously binding in their respective target
sites. The rather potent EC50 result for 10 together with
the previous results from compound 1217 argues that at
least a portion of the potential binding interactions for
the NRTI sites are being realized. Work is currently in
progress to evaluate the influence of changing the spacer
as well as derivatising to the C-5 0 phosphoramidate.18
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Abstract—The synthesis and in vitro activities of a series of succinyl-nitrile-based inhibitors of Cathepsin S are described. Several
members of this class show nanomolar inhibition of the target enzyme as well as cellular potency. The inhibitors displaying the
greatest potency contain N-alkyl substituted piperidine and pyrrolidine rings spiro-fused to the a-carbon of the P1 residue.
� 2007 Elsevier Ltd. All rights reserved.

Antigen processing and presentation is a process during
which foreign proteins are degraded into smaller pep-
tides by antigen presenting cells (APCs) and then deliv-
ered to the cell surface in association with major
histocompatibility complex (MHC) class II molecules.1


The recognition of the MHC class II/peptide complex
by CD4+ T cells triggers an immune response.2 The
MHC class II molecules are associated in the endoplas-
mic reticulum with invariant chain (Ii) which, acting as a
chaperone peptide,3 mediates the delivery of the MHC
class II–Ii complexes into the endocytic compartment
where the antigenic peptides are generated. The invari-
ant chain must be proteolyzed prior to MHC binding
of the antigenic peptides. The proteolysis of the invari-
ant chain involves the participation of endosomal/lyso-
somal proteases, such as aspartate and cysteine
proteases.4


Cathepsin S (Cat S) is a 24 kDa monomeric cysteine
protease, which is a member of the papain super-fam-
ily.5 Cat S is involved in the last step of the proteolysis
of Ii, where it degrades the remaining invariant chain
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p10 oligomer (Iip10) to a small peptide called CLIP.
CLIP is subsequently released from the MHC class II
binding groove by association with a third protein called
HLA-DM.6,7 Due to its involvement in the antigen pro-
cessing and presentation process, Cat S became an
attractive target for medicinal chemists as inhibition
may modulate autoimmune diseases such as rheumatoid
arthritis (RA) and multiple sclerosis (MS).8


The catalytic site of Cat S contains a thiolate anion
formed by the Cys25 and His164 pair. Nucleophilic
addition of the thiolate anion at the carbonyl carbon
of the peptide bond followed by hydrolysis produces
the proteolyzed Ii. Most cysteine protease inhibitors
reported in the literature are peptide based and act
through the chemical interaction of an electrophilic
‘warhead’ with the thiolate anion of the active
site.9,10


We previously reported the design and synthesis of such
inhibitors of Cat S (Fig. 1) and their inhibitory activities
as well as their cellular potencies. From this study we
ascertained that the nitrile ‘warhead’ is critical for po-
tency against Cat S.11 It was thought that such dipeptide
inhibitors may suffer pharmako-kinetic limitations com-
monly seen with peptidic compounds. With an attempt
to reduce peptide character of our first series our search
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Scheme 1. Reagents and conditions: (i) LiAlH4, Et2O (98%); (ii) HBr,


H2SO4 (82%); (iii) NaOEt, diethyl malonate (47%); (iv) KOH, MeOH,


180 �C (89%); (v) oxalyl chloride, CH2Cl2 (43%); (vi) (S)-(�)-4-


isopropyl-2-oxazolidinone, n-BuLi, THF (77%); (vii) NaHMDS (1 M
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LiOH, H2O2, THF, H2O (80%); (ix) morpholine, EDC, HOBt, DMF,


0 �C–rt (99%); (x) LiOH, THF, MeOH/H2O (76%). The yields reported


here were for R = 2-indanyl.
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Figure 1. Dipeptide based inhibitor of Cathepsin S.
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for new and novel Cat S inhibitors led us to a series of
succinate-based compounds (Fig. 2) which are reported
herein.


From our earlier work on peptidic inhibitors,11,12 we
were aware of the importance of the hydrogen bond
established between the P2 amide hydrogen and the car-
bonyl of Gly69 of the protein. However, we envisioned
overcoming any loss in binding potency caused by the
removal of this key hydrogen bond interaction through
structural modifications of the P1 and P2 side chains.


During the course of this study several structural models
and X-ray structures of Cat S complexed with inhibitors
were elucidated.11 The structural information was par-
ticularly helpful in guiding the design and optimization
of the side chains. We also took advantage of struc-
ture–activity relationships generated from the peptide
series.11,13


To examine the optimal substitution in the P2 side
chain, several compounds were made using alkylated
succinic acid derivatives which were either commercially
available or synthesized using the general process de-
scribed in Scheme 1.


The requisite acid chlorides 6 were synthesized from
carboxylic acids 1 using a standard malonate ester
homologation sequence. Reduction of the carboxylic
acid 1 with lithium aluminum hydride gave the primary
alcohol 2. Compound 2 was converted to bromide 3
using hydrobromic acid. Reaction of 3 with the anion
of diethyl malonate gave malonic ester 4 which was
hydrolyzed and decarboxylated to the corresponding
carboxylic acid 5 using potassium hydroxide. Reaction
of 5 with oxalyl chloride gave the acid chloride 6.

NO
R 1 R 2


N
O


O


N


R


P1 side chain


P2 side chain


P3 side chain


Figure 2. Succinate-based inhibitor of Cathepsin S.

The absolute stereochemistry of the P2 side chain was
set using Evans’ chiral oxazolidine methodology.14,15


The chiral auxiliary was introduced by reacting acid
chloride 6 with the lithium anion of (S)-(�)-4-isopro-
pyl-2-oxazolidinone. The alkylation of 7 with 2-bro-
mo-1-morpholin-4-yl-ethanone, which was prepared
via the reaction of morpholine with bromoacetic anhy-
dride, provided the desired compound 8 which was iden-
tified by 1H NMR as a single diastereomer. Oxidative
hydrolysis of the chiral auxiliary gave the key carboxylic
acid intermediate 9. Compound 9 could also be obtained
through amide coupling of morpholine with commer-
cially available succinic acid derivatives 10 followed by
hydrolysis of the resulting methyl esters 11.


Several P1 amino amides 13 were prepared by treatment
of the commercially available N-Boc-amino acids 12
with EDC, HOBt, and NH4OH followed by Boc re-
moval with HCl (Scheme 2). Additional P1 residues,
amino nitriles 15 and 19 identified from our earlier work
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for R1 = 3,3-dimethyl-butyl.
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on dipeptide inhibitors,13 were synthesized from com-
mercially available cyclic piperid-4-ones 14 and pyrroli-
din-3-ol 16, respectively (Scheme 3). In the first case,
Strecker reaction of commercially available ketone 14
with ammonium chloride and potassium cyanide in
water gave compound 15. In the second case, reductive
amination of the pyrrolidin-3-ol 16 with aldehydes or
ketones afforded 17 in high yields. Swern oxidation of
17 gave ketones 18. Strecker reaction of 18 with ammo-
nium chloride, ammonia, and potassium cyanide in
methanol gave amino-nitriles 19 in good yields.


The targeted inhibitors 20 were then prepared via stan-
dard peptide coupling conditions of 9 and amino nitriles

Y


R 1


NH2


R 2


R


O


O


N
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OH i or 


9


+


Y = CONH2, CN
13, 15 or 19


Scheme 4. Reagents and conditions: (i) EDC, HOBt, Hunig’s base , DMF


reported here were for compound 22h.


Table 1. SAR of the P1 side chain
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Compound R1 R2


21a H –CH2CH2Ph


21b H –CH2OCH2Ph


21c H –CH2OCH2(p-Cl)Ph


21d –CH2CH2–


21e –CH2CH2NMeCH2CH2–


21f –CH2CH2N(CH2Ph)CH2CH2–

15, 19 or amino-amide salts 13 (Scheme 4). In the latter
case the intermediate amide products were dehydrated
using cyanuric chloride. Further experimental details
of the preparation of these succinate inhibitors of Cat
S are available in the patent literature.16


The synthesized succinates were tested in a Cat S
binding assay as described in our previous published
studies11 and in a similar cellular assay to that developed
by Riese et al.17 in which the presence or absence of the
p10 invariant chain fragment (the natural Cathepsin S
substrate) was determined and the minimal inhibitory
concentrations (MICs) at which the p10 band can be de-
tected were reported.


Our optimization work began at the P1 site and the re-
sults are summarized in Tables 1 and 2. The P2 side
chain was kept as cyclohexylmethyl, which was previ-
ously determined to be a preferred P2 substituent.11


Table 1 shows several P1 substituents that were selected
and incorporated in the succinate series based on
previous dipeptides SAR.11,13 Compound 21b with ben-
zyloxy-methyl as P1 showed an improvement over 21a
in the binding activity and gave a hint of cellular po-
tency. Compound 21e with a piperidine based P1 group
showed potent cellular activity despite poorer binding
affinity; the boost in cellular activity could be explained
by the presence of the basic nitrogen in 21e as identified
in our previous investigations.13 Several N-substitution
variants, such as 21f, were prepared but they showed
no improvement over 21e.


Further investigations were performed using N-substi-
tuted pyrrolidines as P1 groups. These compounds are
generally more potent in both the binding and cellular

R 1


CN


O


N


O


O


N
H


R


R 2


i and ii


20


, 0 �C–rt (69%); (ii) cyanuric chloride, DMF, 0 �C (57%). The yields


N
H


CN


R 1 R 2


IC50 (nM) Kd (nM) [p10 MIC]17(nM)


171–187 25 5000


37–63 4.39 1000


62 4.86 5000


135–154 12 5000


251–641 177 50


207–347 52 1000







Table 2. SAR of the P1 side chain
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22 (1R, 2S) (1R, 2R)22


1
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1
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Compound Configurationa R IC50 (nM) Kd (nM) [p10 MIC]17 (nM)


22a (1R,2R) H 141 123 100


22b (1R,2R) Me 155–172 161 1000


22c (1R,2R) i-Pr 66–82 60.6 100


22d (1R,2R) –CH2CH(CH3)2 39–89 55.3 1000


22e (1R,2R) –CH2CH(CH2CH2) 22–39 20 100


22f (1R,2R) Cyclopentyl 75–78 n.d. 100


22g (1R,2R) Cy 23–49 17.8 50


22h (1R,2S) –CH2Cy 41–79 13.8 100


22i (1R,2R) Cycloheptyl 23–35 11 100


22j (1R,2S) –CH2Ph 29–31 3.64 100


22k (1R,2R) –CH2CH2Ph 22.32 15.2 100


a The diastereomers were separated by reverse-phase HPLC. The assignment of relative stereochemistry was performed by analogy based on the


assignments of similar analogues in the dipeptide series.13 X-ray crystal structure determination of inhibitor 22h co-crystallized with Cathepsin S


confirmed our assignment of the relative stereochemistry.


Table 3. SAR of the P2 side chain
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Compound R IC50


(nM)


Kd


(nM)


[p10 MIC]17


(nM)


22g


*
23–49 17.8 50


23a


*
47–62 77.3 100


23b


*
14–17 13.8 100


23c


*


1.9 5.4 100


23d


*


3136 nda nd


23e
*


63–74 59 100


23f


*


42 23.1 100


a nd, not determined.
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assays. A variety of N-substituents investigated are well
tolerated. This exploration revealed 22g as the best
inhibitor in this series in terms of binding and cellular
potency Table 3.


Next, we sought to optimize compound 22g by fine-tuning
the cyclohexylmethyl P2 residue. Several substituted
cyclohexyl and related P2 side chains were incorporated
in an attempt to properly fill the lipophilic S2 pocket of
the enzyme and enhance the binding and cellular potency
of this series. This exercise demonstrated that a variety of
sterically demanding groups are tolerated at the P2
position and identified inhibitor 23c (Kd = 5 nM) as the
most potent Cat S inhibitor in the series in terms of
binding. However, we did not observe a corresponding
increase in cellular potency.


In conclusion, this study shows that the novel succinate
scaffold approach was successful in providing several
potent and cellularly active Cat S inhibitors such as
22g and 23c. These compounds are being evaluated in
other assays and the results will be reported in due
course.
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Abstract—The fungus Daedalea quercina (oak mazegill) was examined for its capability of producing antioxidative and anti-inflam-
matory compounds. Bioactivity guided fractionation of the extract from a mycelial culture led to the isolation of quercinol, which
was identified as (�)-(2S)-2-hydroxymethyl-2-methyl-6-hydroxychromene 1 by NMR and X-ray analyses. The cryptic hydroquinone
1 shows a broad anti-inflammatory activity against cyclooxygenase 2 (COX-2), xanthine oxidase (XO), and horseradish peroxidase
(HRP) at micromolar concentrations.
� 2007 Elsevier Ltd. All rights reserved.

Reactive oxygen species (ROS), such as hydroperoxide
and superoxide radicals, and singlet oxygen, are involved
in various processes triggered by biotic or abiotic stress-
es.1,2 In many organisms ROS represent a first line of
defense that is usually set up immediately or shortly after
contact with a pathogen.3 Such hypersensitive response is
a common induced plant defense mechanism to combat
invasion by pathogens like saprotrophic fungi.4 In
humans, however, ROS not only play a role in immune
response in macrophages, but also in unwanted deleteri-
ous reactions. In fact, various diseases such as inflamma-
tion, arteriosclerosis, allergies, and neuropathological
destruction are also initiated by reactive oxygen species
and oxygenated signaling molecules. Enzymes involved
in the formation of inflammation mediators have thus
emerged as important targets for drug development.5


In the course of our search for novel anti-inflammatory
and antioxidative compounds from fungi6,7 we were
intrigued by the metabolic capabilities of the wood-
rotting basidiomycete Daedalea quercina (commonly
known as Oak Mazegill). This wood decay fungus,
which generally grows on living oaks, appeared to be
well equipped to neutralize first line defense chemicals
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of the plant. We actually noticed that culture extracts
show strong inhibition of enzymes generating or utiliz-
ing ROS. Here we report the isolation and full structure
elucidation of the active principle, quercinol, and its
evaluation as potent anti-inflammatory agent.


The producing strain, D. quercina HKI 0319, was col-
lected from an oak tree in a forest near Jena, Germany.
Mycelial cultures of the strain HKI 0319 were derived
from tissue plugs of the fruiting body. The crude extract
from an up-scaled fermentation (20 L) was subjected to
bioassay-guided fractionation. Open column chroma-
tography on Amberlite XAD 1180 and silica with subse-
quent recrystallization yielded 1.0 g of quercinol as a
colorless solid. The structure of 1 (Fig. 1) was assigned
on the basis of optical spectroscopy, mass spectrometry
(ESI-MS, HREI-MS), and 1D/2D NMR spectroscopy,
and X-ray crystallography.


The molecular formula of 1 (C11H12O3) was established
by HRESI-MS and 13C NMR, suggesting the presence
of six double bond or ring equivalents in the molecule.
Conclusive evidence for the structure of 1 was obtained
from NMR data (1H, 13C, DEPT, COSY, HMQC,
HMBC, and NOESY). The 1H- and 1H,1H-COSY
NMR spectra indicated an olefin structure (H-3; H-4)
and the occurrence of ortho- and meta-coupled protons
(H-5; H-7; H-8). The partial structures of 1 (Fig. 1) were
strongly supported by 13C NMR data. 11 carbons were
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Figure 1. Structures of quercinol (1) with selected connectivities,


trolox� and a-tocopherol.


Table 1. In vitro inhibitory potencies (IC50 in lmol L�1) of 1 and


standard substances to cyclooxygenase 1 and 2 (COX-1, COX-2), 3a-


hydroxysteroid dehydrogenase (3a-HSD), xanthine oxidase (XO), and


horseradish peroxidase (HRP)


Compound COX-1 COX-2 3a-HSD XO HRP


(-)-1 4.7 0.63 114 21 68


Trolox� 0.13 0.15 >1000 >1000 150


Indomethacin 5.6 77.1 14 — —


Allopurinol — — — 2.2 —


NAC — — — — 31
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visible. The signal at 149.9 ppm (C-6) was attributed to a
phenolic carbon, while the signal at 145.8 ppm (C-8a)
indicated a heteroatom substituted aromatic carbon. Car-
bons resonating at 127.6 (C-3), 124.8 (C-4), 121.6 (C-4a),
116.7 (C-8), 115.8 (C-7), and 113.2 (C-5) ppm indicated
aromatic and olefinic protons. In addition, the data im-
plied the presence of a fourfold substituted ether carbon
(d 79.0, C-2), a secondary carbinol (d 68.3, 2-CH2O),
and a methyl (d 22.2, 2-CH3). HMBC correlations were
observed for C-3 and the 2-methyl as well as the 2-hy-
droxymethyl protons, respectively, between C-4 and
H-5, between C-4a and H-8, between C-6 and H-8, be-
tween C-7 and H-5, and between C-8a and H-8 and H-5.


All 1D and 2D NMR data unequivocally established the
structure of 1 as 2-hydroxymethyl-2-methyl-2H-chro-
men-6-ol, named quercinol, which represents a new
member in the chromene family of natural products.8


1 features a single chiral center and shows optical activ-
ity (½a�22


D (MeOH, c = 0.66), �9.9�). In order to solve the
absolute configuration of (�)-1, crystals were raised by
slow recrystallization from diethyl ether/hexane and
examined by X-ray (Fig. 2). By this way the structure
determined by 2D NMR experiments was confirmed,

2


3
4


4a
56
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Figure 2. X-ray structure of quercinol (1).

and the absolute configuration at the C-2-position was
established as (2S).9


1 was subjected to a panel of assays using enzymes in-
volved in inflammatory processes and oxidative burst.
In xanthine oxidase (XO)10 and horseradish peroxidase
(HRP) assays11 the hydroxychromene showed moderate
enzyme inhibition similar to the standard agents allopu-
rinol and acetylcysteine (see Table 1).


Furthermore, 1 efficiently blocked 3a-hydroxysteroid
dehydrogenase (3a-HSD) and proved to be a potent
inhibitor of COX-1 and COX-2. In the COX-2 and
HRP assays, the bioactivity profile of 1 is moderate
and similar to Trolox� (6-hydroxy-2,5,7,8-tetrame-
thylchromane-2-carboxylic acid, 2), a water-soluble syn-
thetic vitamin E analogue (3), albeit structural
differences are obvious. Nonetheless, these cryptic
hydroquinones may act as potent radical and ROS scav-
engers.12 In analogy to tocopherol the mode of antioxi-
dant activity can be rationalized as shown in Scheme 1.


It should be noted that 1 has already been prepared in the
course of synthetic studies, but its potent antioxidative
and anti-inflammatory effects have been overlooked.13,14


A few naturally occurring 2-methyl-2-hydroxymethyl-
chromene derivatives have been reported, albeit only
from plant sources, such as Pteris longipinna,15 Ageratina
riparia,16 Blepharispermum subsessile,17 and Garcinia
kola.18 2,2-Dialkyl substituted chromenes were isolated
from the fungal Crucibulum, Lactarius, Aspergillus silvat-
icus, and Cylindrocarpon species.19–22


It is tempting to speculate about the role of quercinol in
its natural context. Obviously the fungus, which infects
pruning wounds of oak trees, can cope with the hyper-
sensitive response. Considering the high potency against
ROS quercinol might serve the fungus to dampen the
plant defense mechanism.

NAC, N-acetylcysteine. Values are means of three experiments.
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In summary we have isolated quercinol from a mycelial
culture of the fungus Quercina daedalea and identified it
as a new member of the chromene family of natural
products. The structure and absolute configuration of
1 were established by NMR and X-ray studies. In vari-
ous assays using enzymes that are commonly involved in
inflammation processes and oxidative burst, 1 showed
inhibitory activities at micromolar concentrations. It is
remarkable that 1 showed a broad-band anti-inflamma-
tory profile. In its natural context, 1 might play a role in
fungal pathogenesis as it would efficiently neutralize the
first line of plant defense upon infection. Thus, fungi
growing on living trees should be investigated further
as a promising source for anti-inflammatory natural
products.
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Abstract—A series of N-(3-(4-hydroxyphenyl)-propenoyl)-amino acid tryptamides was based on a previously reported new SIRT2
inhibitor from our group, and it was designed to study if the molecular size of the compound could be reduced. The most potent
compounds, N-(3-(4-hydroxyphenyl)-propenoyl)-2-aminoisobutyric acid tryptamide and N-(3-(4-hydroxyphenyl)-propenoyl)-LL-ala-
nine tryptamide, were equipotent, 30% smaller in molecular weight, and slightly more selective (SIRT2/SIRT1) than the parent
compound.
� 2007 Elsevier Ltd. All rights reserved.

Silent information regulator human type 2 (SIRT2) en-
zyme belongs to the class III histone deacetylase
(HDAC) protein family.1,2 SIRT2, which is located prin-
cipally in the cytoplasm of brain and muscle cells,3 is one
of the seven human sirtuin type homologues.1,4 The
class III proteins are nicotinamide adenine dinucleotide
(NAD+) dependent proteins, from which SIRT2 has
been shown to catalyze the deacetylation of an acetylat-
ed lysine-40 of a-tubulin, resulting in free nicotinamide
and 2 0- and 3 0-O-acetyl-ADP-ribose.1,5–7 The Sir2 pro-
tein family have been connected with several cellular
functions, for example, chromatin silencing, cell cycle,
metabolism, and life span.1,8–10 It has been shown that
SIRT2 is a mitotic checkpoint protein11 and it interacts
with the homeobox transcription factor, HOXA10.12 It
has been postulated that inhibitors of SIRT2 might be
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beneficial in the treatment of cancer and neurodegener-
ative diseases.13,14


The NAD+-dependent deacetylase activity is inhibited
by nicotinamide. A few other SIRT2 inhibitors have
also been reported. A3 and sirtinol were the first potent
SIRT2 inhibitors.15 1,4-Bis-[2-(4-hydroxy-phenyl)-eth-
ylamino]-anthraquinone,16 para-sirtinol,17 EX-527,18


cambinol,13 and Ro 31-822019 have been reported
recently.


Based on our previous results16,20 and examinations of
favorable interactions between the known SIRT2 inhib-
itors and the putative binding site, a receptor-based vir-
tual screening was carried out. Compound 1 (Tripos
360702) was the most potent compound that was found

O
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N
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Figure 1. Compound 1 found by modeling and virtual screening.21
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in this study and it had an IC50 of 51 lM (Fig. 1).21


Compound 1 had a structural scaffold that was new
for SIRT2 inhibitors. The desire to reduce the molecular
size of compound 1 was the main focus for the present
study. The design of the new series of compounds was
based on simplifying the structure and finding the essen-
tial parts of 1 for the inhibitory activity.


The synthetic routes are presented in Scheme 1. The
starting material 4-amino-1-Boc-piperidine-4-carboxyl-
ic acid was synthesized as described in the literature.22


The amino groups of the amino acids 2a, 2b, and 2f
were protected with benzyl chloroformate. The carbox-
ylic acid was activated with ethyl chloroformate23 or
DCC24 and reacted with tryptamine. N-Cbz-LL-alanine
N-hydroxysuccinimide ester and N-Cbz-DD-alanine
N-hydroxysuccinimide ester were reacted with trypt-
amine in THF.25 The Cbz group was removed with
palladium (10%) on activated charcoal and either
ammoniumformate or hydrogen gas in methanol. 3-
(4-Benzyloxyphenyl)-propenoic acid (5) was synthe-
sized from 3-(4-hydroxyphenyl)-propenoic acid and
benzyl bromide. 3-(4-Acetoxyphenyl)-propenoic acid
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Scheme 1. Reagents and conditions: (a) 1—Et3N, ethyl chloroformate, DCM


DCC, CHCl3, 0 �C to reflux (N-Cbz-L-alanine N-hydroxysuccinimide ester


tryptamine in THF, yielding compounds [S]- and [R]-3e.); (b) ammoniumfor


chloroformate, THF or DCM, -20 or 0 �C, 2—Et3N, 4a or 4b or [S]-4e or [R]


anisole, sodium thiophenolate, DCM, 0 �C; (e) 1—oxalyl chloride, DMF, DC


in MeOH, DCM, 0 �C; (g) 1—Et3N, pivaloyl chloride, DCM, 0–25 �C, 2—Et


(i) 1—Et3N, ethyl chloroformate, DCM, -20 �C, 2—Et3N, tryptamine.

(6) was synthesized by protecting the phenolic hydrox-
yl group with acetic anhydride. Compound 7a was
synthesized from 5 with ethyl chloroformate activation
followed by reaction with 4a.23 The removal of the Boc
group yielded compound 7a. To form compound 7b,
compound 5 was reacted with oxalyl chloride to form
the acid chloride which was reacted with 2-amino-
isobutyric acid tryptamide (4b) in DCM. Compounds
7d, [S]-7e, [R]-7e, and 7g were also synthesized from
6 with ethyl chloroformate activation followed by reac-
tion with the appropriate amino acid tryptamide.23


Compound 7f was synthesized from compound 6 with
DCC activation followed by reaction with glycine try-
ptamide (4f). The acetyl protection group was hydro-
lyzed with K2CO3 in water and methanol or
CH3ONa in methanol, yielding compounds 7d–7g. In
most amide formation reactions ethyl chloroformate
activation was found to be the most successful method.
The yields of the amide bond formations varied be-
tween 14% and 93%.


Another synthetic procedure was used for compound
7c. 3-(4-Methoxyphenyl)-propenoic acid (8) was syn-
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thesized as described in the literature.26 Compound 8
was activated with pivaloyl chloride and reacted with
2-amino-isobutyric acid methyl ester. The methyl ester
of the obtained product 9 was hydrolyzed with LiO-
HÆH2O in water and methanol. The obtained free car-
boxylic acid was activated with ethyl chloroformate
and reacted with tryptamine to yield compound 7c.
This synthetic procedure was not useful when 3-(4-
hydroxyphenyl)-propenoic acid was used because the
removal of the methyl ester would also have removed
the acetyl protection group of the phenolic hydroxyl
group. EX-527 was used as a reference compound.
EX-527 was synthesized as described in the
literature.18


The compounds and their inhibitory activities are pre-
sented in Table 1. The inhibitory activities were tested
in a Fluor de Lys fluorescence-based assay. Poor water
solubility of some compounds was observed when
determining the inhibition at higher concentrations.
This was the main reason not to determine the IC50


values of the compounds with less than 50% inhibition
at 200 lM. The importance of the fluorine atoms for
the inhibitory activity of 1 was investigated with 7a.
Removal of the fluorine atoms did not have a signifi-
cant effect on the inhibitory activity. Opening the
piperidine ring and removing the amine functionality
in the side-chain by using a 2-aminoisobutyric acid
group in the middle of the structure resulted in 7b, with
a significantly lower inhibitory activity, inhibition of
32.6% at 200 lM. Furthermore, removal of the phenyl
group resulted in 7c, which was slightly more potent,
with an inhibition of 55.4% at 200 lM and an IC50


of 99 lM. The structure was further simplified by
removing the methyl group from the methoxy group,

Table 1. Compounds and their inhibitory activities for SIRT2 and SIRT1 (9


O
N
H O


O
7


R1


R2 R


Compound R1 R2 R3 R4 Inhibition


200 lM ±


SIRT2


1 CH2-Ph-F (CH2)2–NH–(CH2)2 F 77.3 ± 4.8


7a CH2–Ph (CH2)2–NH–(CH2)2 H 79.1 ± 1.4


7b CH2–Ph CH3 CH3 H 32.6 ± 18


7c CH3 CH3 CH3 H 55.4 ± 3.3


7d H CH3 CH3 H 83.3 ± 3.7


[S]-7e H CH3 H H 88.6 ± 0.8


[R]-7e H H CH3 H 8.5 ± 6.0


7f H H H H 44.3 ± 10


7g H CH3 CH3 F 67.5 ± 1.1


1018 EX-527


N
H O NH2


Cl
89.4 ± 2.8


a SD, standard deviation.
b IC50 were determined for compounds which had over 50% inhibition at 20

resulting in 7d. Compound 7d was equipotent with 1
and it showed that the chemical structure could be re-
duced in size without affecting the inhibitory activity
for SIRT2. The molecular weight of 1 was reduced
about 30%. Replacing the aminoisobutyric acid group
by an LL-alanine group gave [S]-7e, which had an inhi-
bition of 88.6% at 200 lM and an IC50 of 47 lM. Com-
pound [S]-7e showed also selectivity for SIRT2.
However, replacing the aminoisobutyric acid group
by a DD-alanine group gave [R]-7e, with an inhibition
of 8.5% at 200 lM. The structure was further simpli-
fied by replacing the alanine group by a glycine group
resulting in 7f, which was less potent than a LL-alanine
group but more potent than a DD-alanine group. Final-
ly, the effect of the fluorine atom on the indole ring was
studied with 7g. Compound 7g showed that the fluo-
rine atom does not have a positive effect on the inhib-
itory activity since 7g had a slightly lower inhibitory
activity compared to 7d.


In addition, the selectivity for SIRT2 was studied (Table
1). As earlier reported, SIRT2 inhibitors are also good
SIRT1 inhibitors. Interestingly, compound 7d showed
a slightly higher selectivity for SIRT2 than 1. At the con-
centration of 200 lM compound 1 inhibits SIRT1 94.1%
but 7d only 6.6%. Compound [S]-7e is almost as selec-
tive as 7d.


In conclusion, the essential parts of compound 1 for the
inhibitory activity were identified, and the study showed
that the molecular weight of compound 1 could be re-
duced 30% while maintaining the inhibitory activity.
In addition, the most potent compounds 7d and [S]-7e
were slightly more selective for SIRT2 (SIRT2/SIRT1)
than compound 1.

5% confidence intervals for IC50 given in parentheses)


N
H


NH


3


R4


at


SD,a (%)


Inhibition at


200 lM ± SD,a (%)


SIRT1


IC50 (lmol/L)


SIRT2b


IC50


(lmol/L)


SIRT1b


94.1 ± 3.5 51 (27–75) 73 (47–114)


97.0 ± 1.9 63 (41–96) 52 (38–70)


.2 10.2 ± 6.4 — —


10.3 ± 4.3 99 (66–150) —


6.6 ± 1.8 50 (23–109) —


17.7 ± 1.0 47 (28–79) —


3.2 ± 5.5 — —


.6 9.9 ± 1.2 — —


7.0 ± 4.0 80 (53–120) —


98.9 ± 0.3 14 (8–25) 0.28 (0.23–0.34)


0 lM for SIRT2 or SIRT1.
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Abstract—Two sesterterpene sulfates (1–2) were isolated from tropical sponge Hippospongia sp. and their inhibitory activities
against isocitrate lyase (ICL) from the rice blast fungus Mgnaporthe grisea were evaluated. Compound 3 was obtained by hydrolysis
of compound 1. Compounds 1 and 3 were found to be potent ICL inhibitors, which inhibited appressorium formation and C2 car-
bon utilization in M. grisea. Our results suggest that ICL plays crucial role in appressorium formation of M. grisea and is a new
target for the protection of rice blast disease.
� 2007 Elsevier Ltd. All rights reserved.

In microorganisms, the glyoxylate bypass of the tricar-
boxylic acid (TCA) cycle provides the means to grow
on C2 compounds by converting them into C4 dicarbox-
ylic acids.1 This is achieved through the activity of two
unique enzymes, isocitrate lyase (ICL) and malate syn-
thase (MLS). The oxaloacetate supplied by the bypass
maintains the TCA cycle by replacing intermediates that
are removed for biosynthesis. This is an archetypal ana-
plerotic reaction.2,3 The carbon conserving glyoxylate
pathway is present in most prokaryotes, lower eukary-
otes, and plants, but has not been observed in verte-
brates.4 In microorganisms, it provides a means to
survive on fatty acids as the sole carbon source and in
plants it serves to utilize seed lipids for growth. Bacterial
and fungal mutants lacking ICL are unable to grow on
acetate as the sole carbon source.2,3


Mgnaporthe grisea (Hebert) Barr (anamorph: Pyricular-
ia grisea) is a typical heterothallic ascomycete and the
causal agent of rice blast, one of the most destructive
diseases of cultivated rice worldwide.5,6 M. grisea causes
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plant infection by means of a specialized infection struc-
ture called an appressorium. Recently, it has been
reported that the genes of the glyoxylate cycle are highly
induced, when M. grisea infects rice.7,8 Dicl mutants are
less virulent than an isogenic wild-type strain of M. grisea
and impaired in virulence-associated functions such as
germ tube emergence, appressorium development, and
cuticle penetration.9 Therefore, ICL could be promising
target for the control of rice pathogenic fungal infection
and development of antifungal agents.


Our group has been interested in the search for biolog-
ically active secondary metabolites from marine spong-
es. During our continuing program with this aim, we
encountered the marine sponge Hippospongia sp. from
Federated States of Micronesia whose crude extract
exhibited significant inhibitory activity toward M. grisea
ICL. Bioassay-guided separation of the crude extract
using various chromatographic techniques yielded two
sesterterpene sulfates as potent ICL inhibitors. Herein
we report the isolation and biological activities of these
compounds.


The specimens of Hippospongia sp. (family Spongidae)
were collected by hand using SCUBA at 10–20 m depth
from Chuuk Atoll, Federated States of Micronesia, in
June 2003 and July 2005. Frozen sponge (760 g) was
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Table 1. Inhibitory effect of sesterterpene sulfates on the activity


of isocitrate lyase (ICL) and malate synthase (MLS) from M. grisea


Guy 11


Compound IC50
a (lM)


MLS ICL


1 226.8 12.6


2 1145.3 67.4


3 273.6 15.0


3-Nitropropionate 1570.2 92.4


a IC50 values were calculated from the concentration at which 50%


enzyme activity was inhibited by compounds. 3-Nitropropionate was


used as a reference inhibitor of ICL and MLS.
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repeatedly extracted with MeOH (1.5 L · 2) and CH2Cl2
(1.5 L). The extract was filtered and concentrated under
reduced pressure to afford 87.7 g of crude extract. The
residue was partitioned between H2O and n-BuOH to
yield 21.4 g of organic-soluble material. The n-BuOH
layer was re-partitioned between 15% aqueous MeOH
and n-hexane. The residue of aqueous MeOH layer
(18.2 g) was subjected to C18 reversed phase flash chro-
matography using gradient mixture of MeOH and H2O.
The fraction eluted with 30% aqueous MeOH was dried
(3.36 g) and separated by reversed phase HPLC to give
2.28 g of compound 1 as major products. A portion
(470 mg) of the fraction eluted with 20% aqueous
MeOH (4.75 g) in flash chromatography was separated
by reversed phase HPLC to yield 105 and 7.2 mg of
compounds 1 and 2, respectively.


Based on the results of combined spectroscopic analyses,
the structures of these compounds were defined as hali-
sulfate 1 (1) and halisulfate 5 (2). The spectral data of
these compounds were in good agreement with those
reported previously.10 These two metabolites were previ-
ously reported as a phospholipase A2 inhibitor and anti-
microbial constituent.10,11 Compound 1 (57 mg) was
treated as described by Kernan and Faulkner.10 After
workup, the residue was subjected to chromatography
over silica gel (EtOAc/Hexane = 15:85) to yield hydro-
halisulfate 1 (3) (41 mg) (Fig. 1).


The cloning and purification of ICL and MLS from the
genomic DNA of M. grisea Guy 11 were carried out as
described previously.12–14 The compounds 1–3 were
evaluated for their inhibitory activities toward M. grisea
ICL and MLS according to a previously documented
procedure.13,15 The inhibitory potencies (IC50 values)
of the tested compounds were compared with that of a
known ICL inhibitor, 3-nitropropionic acid (Table
1).16 The IC50 value of ICL and MLS from Guy 11 by
3-nitropropionic acid was 92.4 and 1570.8 lM, respec-
tively, which was similar to the value reported for ICL
and MLS from Aspergillus fumigatus.15 As shown in
Table 1, compounds 1–3 also had weak inhibitor activity
against MLS, but were potent inhibitory to ICL. These
results suggest that halisulfates are relatively specific
inhibitors against ICL. In addition, compounds 1 and
3 exhibited 7- (IC50 = 12.6 lM) and 6-fold (IC50 =
15.0 lM) stronger ICL inhibitory activities than that
of 3-nitropropionic acid (IC50 = 92.4 lM), respectively.

OR


OH


HO


H


1  R = SO3Na, Halisulfate 1
3  R = H, Hydrohalisulfate 1


Figure 1. Structures of sesterterpene sulfates.

Interestingly, compound 3, which was prepared by
hydrolysis of the sulfate ester at the C-12 position of
compound 1, was found to have similar inhibitory activ-
ity compared with 1. In contrast, substitution of a
hydroquinone moiety for furan moiety (compound 2)
resulted in a decrease in the ICL inhibitory activity
(IC50 = 67.4 lM). These results suggest that the hydro-
quinone moiety is important for the ICL inhibitory
activity of halisulfate compounds.


To investigate the influence of ICL inhibitors on the
appressorium formation in M. grisea Guy 11, the devel-
opment of appressoria in germinating conidia was mon-
itored on the hydrophobic surface of GelBond film
according to a previously documented procedure.13,17,18


In the appressorium formation assay, the conidia of iso-
genic knockout mutant I-10 (Dicl) were germinated and
mycelial growth continued without the formation of
infectious structure (appressorium), whereas 98% of
the conidia formed appressoria in wild-type rice patho-
genic fungus Guy 11 (data not shown). Treatment of
strain Guy 11 with compounds 1–3 reduced the appres-
sorium formation ability of the fungus in a dose-depen-
dent manner (Fig. 2). It is important to note that the
inhibition of appressorium formation in M. grisea Guy
11 treated with compounds 1 and 3 (at 50 lM) is compa-
rable to the behavior of I-10 (Dicl).


The strategy for survival during appressorium-mediated
infection in a nutrient-free environment entails a meta-
bolic shift in the fungi’s carbon source to C2 substrates
generated by b-oxidation of fatty acids.7,8 Under these
conditions, glycolysis is decreased and the glyoxylate
shunt is significantly upregulated to allow anaplerotic

H
O


NaO3SO


2  Halisulfate 5







Figure 2. Effect of sesterterpene sulfates on the appressorium forma-


tion of wild-type rice pathogenic fungus M. grisea Guy 11 and its


isogenic knockout mutant I-10 (Dicl). Conidial suspension of Guy 11


(1 · 105 conidia/mL) with different concentrations of sesterterpene


sulfates was placed on the hydrophobic side of GelBond and incubated


in a moistened box at 24 �C for 14 h. 3-Nitropropionate was used as a


reference inhibitor of ICL.
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maintenance of the TCA cycle and assimilation of car-
bon via gluconeogenesis.9,16,17 Therefore, we investigat-
ed the effect of compounds 1–3 on the fungal growth
and survival, when M. grisea in media containing either
glucose or sodium acetate as sole carbon source. A min-
imal growth medium containing variable concentrations
of halisulfates was inoculated with M. grisea and inhibi-
tion was evaluated based on the minimum inhibitory
concentration (MIC).13,19 In this study, both wild-type
Guy 11 and Dicl mutant I-10 grew normally on glucose.
However, I-10 failed to grow in acetate, whereas the
Guy 11 grew normally (data not shown). As shown in
Table 2, compounds 1–3 had weak inhibitory effect on
the Guy 11 grown in glucose, but were inhibitory to
Guy 11 grown in acetate, albeit at high concentration.
These results indicate that halisulfates are good starting
candidates for structure based ICL inhibitor design.

Table 2. Inhibitory effect of sesterterpene sulfates on M. grisea Guy 11


grown in glucose or acetate as sole carbon source


Compounds MIC (lM)a


Glucose Acetate


1 701.4 87.7


2 853.4 106.7


3 842.8 105.4


3-Nitropropionate >3361.3 2941.2


a Conidia (2.5 · 105 conidia/ml) were incubated for 6 days at 28 �C in a


minimal growth medium containing variable concentrations of test


compound and 1% glucose or 1% sodium acetate as sole carbon


source. The MIC was defined as the lowest concentration of com-


pound at which no growth was observable. 3-NP, 3-nitropropionate


(positive control).

In conclusion, sesterterpene sulfates were isolated and
evaluated for their activities against ICL from the rice
blast fungus M. grisea. These compounds were found
to be strong ICL inhibitors, which inhibited appressori-
um formation and C2 carbon utilization. This is the first
report of ICL inhibitors from marine natural products.
Since the enzymes of the glyoxylate cycle are not found
in mammals, sesterterpene sulfates are good starting
candidates for antifungal agent design.
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Abstract—5-Bromo-N-[4-(6,7-dimethoxy-3,4-dihydro-1H-isoquinolin-2-yl)-butyl)]-2,3-dimethoxy-benzamide (1) is one of the most
potent and selective r2 receptor ligands reported to date. Previous structure-activity relationship studies of such tetrahydroisoquin-
olinyl benzamides have focused on the linker that connects the ring systems and the effects of benzamide ring substituents. The pres-
ent study explores the effects of fusing methylene-, ethylene-, and propylenedioxy rings onto the tetrahydroisoquinoline in place of
the two methoxy groups. These modifications decreased r2 affinity by 8- to 12-fold, with no major differences noted with ring size.
By contrast, the methylenedioxy analog showed a 10-fold greater r1 affinity than 1, and progressively lower r1 affinities were then
noted with increasing ring size. We also opened the tetrahydroisoquinoline ring of 1 to study the effects of greater conformational
fluidity on r receptor binding. The r2 affinity of the open-ring compound decreased by 1700-fold, while r1 affinity was not changed.
Thus, a constrained tetrahydroisoquinoline ring system is key to the exceptional r2 receptor binding affinity and selectivity of this
active series.
� 2007 Elsevier Ltd. All rights reserved.

Functional sigma (r) receptors are located throughout
the brain and periphery, and can be differentiated into
r1 and r2 subtypes.1–4 These subtypes play distinct func-
tional roles and have different pharmacological charac-
teristics. Both r1 and r2 subtypes are involved in
central nervous system disorders such as schizophrenia,
depression, and dementia.1,2 Certain r receptor antago-
nists can ameliorate the effects of cocaine and other psy-
chostimulant drugs of abuse, and have potential as
medications.1–3 Moreover, r receptors are over-ex-
pressed by many cancers.4 Some r receptor ligands in-
duce apoptosis in cancer cells,5–7 and one is in a
clinical trial for prostate cancer treatment.8 Thus, there
is much interest in subtype selective r receptor ligands
as molecular probes and as therapeutic agents.


A variety of structural classes are avid binders to both r
receptor subtypes which has hampered the development

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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of selective binding models.9,10 Although a number of
studies have investigated the effects of structure on rela-
tive r1/r2 receptor binding affinity and selectivity, few
truly selective compounds are known. Recently, Mach
and colleagues11 identified a series of tetrahydroisoquin-
olinyl benzamides that rank among the most selective r2


receptor ligands known to date. For example, 1 displays
high apparent affinity, Ki = 8.2 nM, for r2 sites in vitro
accompanied by 1573-fold selectivity over r1 sites.


1


N
N
H


OH3CO


H3CO


Br


OCH3


OCH3


Published structural modifications have concentrated on
the length of the alkyl spacer connecting the two differ-
ent ring systems, and the effects of various benzamide
substituents.11–13 To extend the structure-activity rela-
tionships for this active series, we report on the effects
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of fusing methylene-, ethylene-, and propylenedioxy
rings onto the tetrahydroisoquinoline. This stems from
work on 1,4-disubstituted piperazines, where we found
that r receptor subtype affinity and selectivity can be
modulated by similar manipulations of dimethoxyben-
zene moieties.14 In addition, we noticed that C–N bond
rotation in 1 is limited by the tetrahydroisoquinoline
ring. Thus, we wished to open this ring to gain insight
into the contributions of conformational fluidity to r
receptor binding.


Compound 1 was obtained for reference using the
reported methods.11 The novel congeners were prepared
as shown in Schemes 1–3. For methylenedioxy analog 2,
the corresponding tetrahydroisoquinoline was synthe-
sized from piperonal using an established route that cul-
minates with the Pictet–Spengler reaction.15–17


Alkylation with 4-bromobutanenitrile, followed by
reduction and amidation with 5-bromo-2,3-dim-
ethoxybenzoyl chloride, afforded 2 which was character-
ized as the oxalate salt (Scheme 1).18


Ethylenedioxy (3) and propylenedioxy (4) analogs were
synthesized in parallel fashion from their corresponding
tetrahydroisoquinolines (Scheme 2). In turn, these three-
ring heterocycles were obtained from N-Boc protected
tetrahydroisoquinoline diol by base-promoted cyclo-
alkylation with the appropriate dibromoalkane cata-
lyzed by tetrabutylammonium bromide (Scheme 2).


As shown in Scheme 3, open-ring compound 5
was prepared by alkylation of the commercially
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available 2-(3,4-dimethoxyphenyl)ethanamine, followed
by N-Boc protection, reduction, amidation, and
deprotection.







Table 1. Binding properties of compounds 1–5 at r1 and r2 receptors19


Compound Ki (nM) Ratio r1/r2


r1 r2


1 881 ± 15 2.7 ± 0.1 326


2 82.2 ± 5.6 20.7 ± 2.0 4


3 338 ± 8.4 21.7 ± 1.2 16


4 1430 ± 36 32.6 ± 1.5 44


5 880 ± 60 4616 ± 247 0.2


Values are means ± SEM (n = 3–5) from competition assays against


[3H](+)-pentazocine (r1) and [3H]DTG/(+)-pentazocine (r2) in mem-


branes from male guinea pig brains.
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As expected, compound 1 displayed very high affinity
and selectivity for r2 sites in vitro (Table 1). The degree
of r2 selectivity, based upon Ki ratios, was somewhat
less than previously found11 as a consequence of a high-
er apparent affinity for r1 sites. The r1 receptor assay in
guinea pig brain membranes is susceptible to slight
changes in conditions. So, we also tested 1 using the pre-
viously reported regimen (pH 8.0 vs pH 7.4 buffer,
3.0 nM vs 1.0 nM [3H](+)-pentazocine, 25 �C vs 37 �C,
120 min vs 150 min, and 10 lM (+)-pentazocine vs
1.0 lM haloperidol to define nonspecific binding). The
r1 receptor IC50 value of 1273 ± 22 nM found for 1 un-
der the present conditions increased substantially, about
50%, to 1895 ± 110 nM. Comparing this lower affinity
r1 receptor IC50 with the r2 receptor IC50 of 3.0 ± 0.11
for 1 under the present conditions would double the
selectivity assigned. Also, the r2 receptor binding was
assessed using rat liver membranes in the previous work,
while guinea pig brain membranes were employed in the
present study. In such ways, experimental factors can
impact the r1/r2 subtype selectivity determinations from
various laboratories.


Replacement of the two methoxy groups by a methy-
lene-, ethylene- or propylenedioxy ring decreased r2


affinity by 8- to 12-fold, with no major effects attribut-
able to the specific sizes of the rings (Table 1). By con-
trast, methylenedioxy analog 2 showed a 10-fold
greater r1 affinity than the parent scaffold 1. Further
effects of ring size were well defined, with progressively
4-fold lower r1 affinities noted for the ethylenedioxy (2)
and propylenedioxy (3) analogs. Thus, r1 binding
exhibits the most sensitivity to these perturbations.
Together, the data indicate that r1/r2 receptor binding
affinity and selectivity can be modulated by subtle
changes in molecular volumes, ring conformations,
and the precise orientations of the oxygen atoms in this
region.


Remarkably, the r2 affinity of open-ring compound 5
decreased by 1700-fold, while the r1 affinity was not
changed (Table 1). It is difficult to provide a molecular
explanation for such an interesting result. Nevertheless,
this observation may aid in developing r receptor bind-
ing models for tetrahydroisoquinolinyl benzamides.
Clearly, the greater conformational freedom of 5 with
respect to 1 is detrimental to r2 receptor binding but
has no influence on binding interactions with r1 recep-
tors. The effect is pronounced and leads to a low affinity

compound having 5-fold selectivity for binding to r1


receptors. Thus, the constrained tetrahydroisoquinoline
ring is critically important to high r2 receptor binding
affinity and selectivity.


In conclusion, we determined that modifications of the
two methoxy groups of the tetrahydroisoquinolinyl ben-
zamides can be used to modulate the relative affinities
and selectivities of ligand binding to r1 and r2 receptor
subtypes. We also demonstrated that a constrained tet-
rahydroisoquinoline ring system is key to the exception-
al r2 receptor binding affinity and selectivity observed
for this active series.
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Abstract—A new series of heterobase-modified 2 0-C-methyl ribonucleosides was synthesized and tested as inhibitors of hepatitis C
virus (HCV) RNA replication. The nucleosides showed a weak inhibitory activity in a HCV replicon system (EC50 = 92 lM) and did
not exhibit any cytotoxicity (CC50 > 300 lM). Cyclic monophosphate (cMP) prodrugs of the same nucleosides were synthesized and
also tested in the HCV replicon system. Prodrugs exhibited strong potency (EC50 = 0.008 lM) without significant cytotoxicity
(CC50 > 50 lM).
� 2007 Elsevier Ltd. All rights reserved.

The hepatitis C virus (HCV) was identified in the late
1980s as the etiological agent of non-A, non-B hepati-
tis.1 HCV is a positive-stranded RNA virus in the family
of Flaviviridae. It is estimated that more than 170 million
people are infected by HCV worldwide. In the majority
of cases (70–80%), the immune system is not capable of
clearing the infection which results in a chronic infec-
tion. Such persistent infection can lead to end-stage liver
diseases such as cirrhosis and hepatocellular carcinoma
in a proportion of patients (up to 20%).2 The FDA-ap-
proved HCV therapies include interferon (IFN) mono-
therapies and combinations of interferon-a, usually
pegylated IFN-a, with ribavirin. However, efficacy is
less than ideal as only about 52–54% of patients achieve
a sustained virological response. Treatment is also asso-
ciated with severe side effects, so there exists an urgent
need for better antiviral agents to fight chronic HCV
infection.


Historically, nucleoside derivatives have been success-
fully employed as antiviral agents, especially in the treat-
ment of HIV, HBV, and HCV. Nucleoside inhibitors are
usually phosphorylated to their triphosphate deriva-
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tives, and act as competitive substrate analogs, which
can cause premature chain termination during replica-
tion of the viral genome. In the last few years, several
novel nucleoside analogs have been described in the lit-
erature3 (compounds 1–4) which exhibited respectful
cell-based activities against HCV, EC50 values in the
range of 0.2–13.0 lM, without any significant cytotoxic-
ity (Fig. 1).


It was recently reported that compound 3 (MK-0608,
Merck)4 dosed in chimpanzees infected with hepatitis
C virus demonstrated robust suppression of viral repli-
cation.5 NM283 (Idenix), a prodrug of compound 4
(currently in phase II clinical development for the treat-
ment of chronic hepatitis C), has demonstrated dose-re-
lated viral load reduction alone and in combination with
pegylated interferon.6


To explore this class of 2 0-methyl ribonucleosides which
has exhibited a relatively good safety profile, two novel
nucleosides7 were synthesized. These nucleosides
showed very low (5, EC50 = 300 lM) to weak anti-
HCV replicon activity (6, EC50 = 92 lM), but no cyto-
toxicity was observed (CC50 > 300 lM). In contrast to
compounds 1–4, compounds 5 and 6 were not substrates
for adenosine kinase, which might indicate that intracel-
lular formation of the monophosphate (MP), and ulti-
mately the triphosphate, may be inefficient. To obtain
MPs 7 and 8, the corresponding nucleosides (5 and 6)
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were reacted with POCl3 in the presence of PO(OMe)3


(Scheme 1). The cMPs 9 and 10 were synthesized by ring
closure with DCC in pyridine. The MPs 7 and 8 were
tested against the HCV replicon, and the activities were
better than those of the nucleosides (EC50 = 100 and
23.8 lM, respectively) despite diminishing cell penetra-
tion capabilities. By synthesizing cyclic monophosphates
(cMP, 9 and 10), the polarity of the compounds was re-
duced and the potency against the HCV replicon was
further enhanced (EC50 = 68.5 and 1.7 lM, respective-
ly). These data suggest that intracellular formation of
MP from nucleosides 5 and 6 is limited.


To enhance the cell permeability characteristics of this
series, a prodrug strategy was initiated. The S-acetyl-2-
thioethyl (SATE) MP prodrugs were synthesized and
tested for anti-HCV activity, with encouraging results.7


In this article, the design and synthesis of cMP-prodrugs
is described (Table 1). Compounds 11 and 15 were ob-
tained by coupling cMP (9 or 10) with chloromethyl piv-
alate in the presence of DIEA in DMF, while 12 and 16
were generated by coupling the cMP (9 or 10) with chlo-
romethyl isopropyl carbonate, also in the presence of
DIEA in DMF. For compounds 13, 14, 17, and 18,
the cMP (9 or 10) was coupled with S-2-hydroxyethyl
2,2-dimethylpropanethioate or S-2-hydroxyethyl 2,2-di-
methyl-3-propoxypropanethioate (Scheme 2) in the
presence of MSNT in pyridine.


The data in Table 1 show that cMP prodrugs of nucleo-
sides 5 and 6 displayed remarkable improvement in
HCV replicon inhibition. Enhancement in potency was
more than 7000-fold for compound 14 (R1 = H) versus
compound 5 and more than 11,000-fold for compound
18 (R1=NH2) vs. compound 6. The activities observed
with SATE MP prodrugs7 were similar to those of
SATE-cMP prodrugs (13, 14, 17, and 18). On the other
hand, pivaloyloxymethyl (POM)-cMP prodrugs (12 and
16) and carbonate-cMP prodrugs (11 and 15) had com-
parable HCV replicon activities. In addition to the

5. R1 = H
6. R1 = NH2
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Scheme 1. Reagents and conditions: (a) POCl3, PO(OMe)3, 0 �C, 5 h, 86% for


R1 = H and 28% for R1 = NH2.

extraordinary improvement in HCV replicon activities
from the parent nucleosides (5 and 6), compounds
12–18 showed consistent antiviral activity when tested
against BVDV, a surrogate replicon model for HCV.
Compounds 12–18 were analyzed for cytotoxicity, and
no significant cytotoxicity was observed.


Compounds 12–18 represent three classes of cMP nucle-
oside prodrugs with SATE, POM, and carbonate resi-
dues which mask the negative charge of cMPs 9 and
10. All three classes of prodrugs were stable for two
hours in simulated intestinal fluid (SIF) and simulated
gastric fluid (SGF) stability studies. This good stability
in SIF contrasts with the stability observed with 5 0-phos-
phoramidate prodrugs attached to the same
nucleosides.8


The ultimate goal of this prodrug strategy was to deliver
the cMP or MP species to the hepatocyte where it will be
trapped due to its charge. To determine the stability of
these compounds in plasma, compound 18 was selected
for further biological evaluation. After 1 h incubation in
rat plasma, only 4% of compound 18 remain intact. The
major metabolites were cMP (10, 59%), MP (8, 19%),
and nucleoside (6, 18%). In contrast, compound 18
was stable in monkey and human plasma for one hour.
These data suggest that compound 18 may reach the
hepatocyte intact after intravenous administration to
monkeys or humans.


The structure–activity relationship (SAR) analysis of
these prodrugs demonstrates that potency is in direct
correlation with lipophilicity of the prodrug residue,
probably due to better cell penetration capabilities.
Additional SAR studies for cMP prodrugs by monitor-
ing cell penetration and/or release of monophosphates in
hepatocytes may be warranted. Through our work, a
cMP-prodrug approach can potentially become a
valuable technology platform for any nucleoside which
needs to be delivered intracellularly as a MP.
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a 9 or 10, chloromethyl isopropyl carbonate, DIEA, DMF, 60 �C, 29–40%.
b 9 or 10, chloromethyl pivalate, DIEA, DMF, 80 �C, 8 h, 38–41%.
c 9 or 10, S-2-hydroxyethyl 2,2-dimethylpropanethioate or S-2-hydroxyethyl 2,2-dimethyl-3-propoxypropanethioate, MSNT, pyridine, rt, 48 h,


42–46%.
d See Scheme 2 for synthesis of R2-OH.
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18 h, 88%; (d) TBAF, THF, rt, 2 h, 94%.
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Abstract—A series of novel tetrahydronaphthyridine-based histamine H3 ligands that have serotonin reuptake transporter inhibitor
activity is described. The 1,2,3,4-tetrahydro-2,6-naphthyridine scaffold is assembled via the addition of a nitrostyrene to a metalated pyr-
idine followed by reduction and cyclization to form the naphthyridine. In vitro biological data for these novel compounds are discussed.
� 2007 Elsevier Ltd. All rights reserved.

Depression is a major health issue that affects millions of
people worldwide.1 Many of these individuals also suffer
from cognitive impairment2 and fatigue.3 Selective sero-
tonin reuptake inhibitors (SSRIs) are the most frequently
prescribed antidepressant drugs, however these agents
often fail to improve the cognitive impairment and
fatigue observed in many patients even as mood
improves.4,5 Some treatments even induce fatigue and
excessive sleepiness.6,7 Co-administration of wake-pro-
moting agents such as modafinil8–10 with SSRIs repre-
sents one viable strategy to improve the efficacy of
SSRI therapy. However, although effective, modafinil
has not seen widespread use in part because it is a Sche-
dule IV compound11 and a P450 inhibitor.12


Since H3 receptor antagonists are known to improve
cognition13 and increase wakefulness14,15 in animal
models without showing nonspecific stimulant effects16


we hypothesized that dual H3 antagonists/serotonin
reuptake inhibitors might be useful for the treatment
of depression. Toward this goal, we recently disclosed
the combination of our potent propyloxypiperidine-
based H3 pharmacophore 117 with tetrahydroisoquino-
line-based transporter inhibitors related to 4.18 This
work led to the discovery of potent dual H3 antago-
nists/serotonin reuptake transporter (SERT) inhibitors
exemplified by 5.19
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In this report, we describe the combination of a tetra-
hydronaphthyridine core 6 and previously described
H3 pharmacophores 1, 2,20 and 3 to produce a new class
of dual H3 antagonists/SERT inhibitors 6. Introduction
of the nitrogen in the core naphthyridine ring structure
was expected to alter the physical properties of these
dual ligands, however it was not clear at the outset of
this research what effect the nitrogen would have on
activity at either target. We now describe the prepara-
tion and biological activity of novel 2,6- and 2,5-tetra-
hydronaphthyridines 6.
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Scheme 1. Synthesis of 2,6-naphthyridines. Reagents and conditions:


(a) NaH, DMF, R1OH, 23 �C, 16 h, 37–84%; (b) diisopropylamine,


n-butyl lithium, THF, �78 �C, then DMF, �78 �C, 0.5 h, then 23 �C,


0.5 h; (c) H2SO4, MeOH, 23 �C, 18 h, 38–89% for two steps; (d) n-butyl


lithium, THF, �78 �C, 0.5 h; (e) various nitrostyrenes, �78 �C, 0.5 h,


then HOAc, 21–65%; (f) Zn, HOAc, 40 �C, 18 h; (g) Zn, 6 N HCl, 18 h;


(h) NaBH4, EtOH, 23 �C, 1 h, 21–96% for three steps; (i) (CH2O)n,


MeOH, 55 �C, then NaBH4, 23 �C, 1 h, 14–51%.
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Scheme 2. Synthesis of 2,5-naphthyridines. Reagents and conditions:


(a) Br2, 50% NaOH, H2O, 0–50 �C, 18 h, 78%; (b) thionyl chloride,


DMF, 70 �C, 4 h, 99%; (c) isobutyl chloroformate, Et3N, THF, 0 �C,


then NaBH4, 0–23 �C, 18 h, 70%; (d) MeSO2Cl, DIPEA, THF, 0 �C;


(e) 40% aqueous MeNH2, 23 �C, 2 h, 47% two steps; (f) 4-methoxyph-


enylacetyl chloride, N-methylmorpholine, DCM, 0–23 �C, 18 h, 94%;


(g) NaH, DMSO, 23 �C, 2 h, 65%; (h) BH3THF, THF, 60 �C, 2 h,


71%; (i) PPh3, 1-but-3-ynyl-piperidine, CuI, (Ph3P)2PdCl2, DMF,


Et2NH, 120 �C, 75 min, 67%; (j) H2, Pd/BaSO4, EtOH, 23 �C, 4 h,


96%.

The synthesis of the 2,6-naphthyridines began with the
preparation of the trisubstituted pyridine 9 from 2,5-
dibromopyridine as shown in Scheme 1.


Reaction of 2,5-dibromopyridine with pre-formed
sodium alkoxides provided the 2-alkoxy-5-bromopyri-
dines 8 in good yield. Subsequent metalation of the
4-position of the pyridine ring with LDA21 was fol-
lowed by reaction with DMF to form the unstable
aldehydes 9, which were converted directly to the
dimethoxy acetals 10 in reasonable overall yields.
The key step in the sequence was the low temperature
lithium-halogen exchange on the bromopyridines 10,
followed by reaction with a nitrostyrene22 to form
the nitroalkanes 11. It was important to maintain
the temperature of this reaction at �78 �C in order
to obtain reasonable yields. Yields dropped precipi-
tously when the reaction temperatures were higher.
For this reason the nitrostyrene was typically added
as a pre-cooled solution in tetrahydrofuran and the
reaction was quenched with acetic acid at �78 �C
prior to work-up. Reduction of the nitroalkane to
an alkyl amine was then accomplished by reaction
with zinc in acetic acid. As this procedure variably
produced a small amount of cyclized imine product,
it was generally best to treat the crude mixture direct-
ly with zinc in 6 N HCl to form the imines, which
were then reduced with sodium borohydride to form
12. Alternatively, zinc in 6 N HCl could be used to
form the imines directly from 11. Reductive amination
of 12 then produced the N-methyltetrahydronaphthyri-
dines 13 in moderate yields.

The synthesis of the 2,5-naphthyridines (Scheme 2) pro-
ceeded smoothly from 2-hydroxynicotinic acid 14 via
bromination of the 5-position of the pyridine ring,
which was followed by chlorination of the hydroxypyri-
dine and reduction of the acid to form the (5-bromo-2-
chloropyridin-3-yl)-methanol 16 in 54% yield over three
steps. The alcohol was then converted to the mesylate
and treated with methylamine to form the benzyl amine
17 (47% for two steps), which was acylated to give the
acyclic amide 18. Treatment of the amide with NaH in
DMSO then gave a good yield of the lactam provided
the reaction was monitored closely. Allowing the ring
closure reaction to proceed beyond the time required
to consume starting material consistently resulted in
diminished yields. Borane reduction of the lactam then
gave the desired 2,5-naphthyridine ring system 20. Palla-
dium-catalyzed coupling of 1-but-3-ynylpiperidine
formed the alkyne 21 in good yield. The alkyne was then
reduced to the alkane via hydrogenation.


Rat and human SERT data, human histamine H3 bind-
ing data, and functional antagonist data for the 2,6-
naphthyridines 12 and 13 are shown in Table 1.16,19,20







Table 1. Binding data for the rat and human serotonin reuptake transporters and for the human histamine H3 receptor for compounds 12 and 13


N


A


Et2N


B


O
N


C


N
i-Pr


D


Compound R1 R2 Rat SERT Ki
a (nM) Human SERT Ki


a (nM) Human H3 Ki
a (nM) Human pA2


b


12a A 3,4-Dichloro 20 (±7) 32 (±23) 5 (±1) 7.95 (n = 2)


13a A 3,4-Dichloro 15 (±3) 120 (±66) 18 (±8) 7.74 (n = 3)


12b A 4-Chloro 30 (±5) 141 (±12) 2 (±1) 8.41


13b A 4-Chloro 22 (±2) 106 (±7) 15 (±3)


12c A 2-Chloro 194 (±51) 1333 (±408) 1 (±1) 8.98


13c A 3-Chloro 144 (±68) 826 (±214) 7 (±3) 8.01


13d A 4-Chloro-3-fluoro 26 (±1) 147 (±66) 7 (±2) 7.78


13e A 3-Methoxy 59 (±8) 302 (±61) 8 (±4) 7.59


12d A 4-Methoxy 46 (±10) 147 (±17) 4 (±0) 8.23


13f A 4-Methoxy 34 (±8) 107 (±69) 12 (±6)


13g A 4-Fluoro 186 (±59) 362 (±43) 9 (±3) 8.45


13h A H 569 (±282) 1137 (±548) 5 (±2) 7.67


12e A H 1667 (±408) 2333 (±548) 1 (±0) 9.14


13i A 2-Fluoro 191 (±57) 768 (±458) 2 (±0) 8.98


12f B 3,4-Dichloro 15 (±2) 26 (±7) 7 (±0) 7.85


13j B 3,4-Dichloro 33 (±11) 30 (±15) 16 (±2)


12g B 4-Methoxy 129 (±51) 226 (±104) 23 (±5)


13k B 4-Methoxy 19 (±3) 66 (±12) 13 (±1)


13l B H 583 (±256) 2000 (±0) 4 (±2) 9.18


12h C 4-Methoxy 53 (±9) 189 (±19) 43 (±10)


13m C 4-Methoxy 29 (±15) 70 (±5) 90 (±17) 7.93 (n = 2)


12i C H 2000 (±707) 4767 (±286) 13 (±2)


12j D 3,4-Dichloro 18 (±3) 37 (±12) 13 (±3)


13n D 3,4-Dichloro 23 (±8) 31 (±5) 13 (±4)


12k D 4-Methoxy 15 (±6) 93 (±31) 4 (±0) 8.45


13o D 4-Methoxy 45 (±19) 62 (±4) 13 (±1)


Fluoxetine 2.9(±0.6) 2.2 (±0.6) 7300 (±1100)


a Values are means of at least three experiments in triplicate, standard error of the mean is in parentheses.
b Unless indicated, this is the result of a single experiment.
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All compounds in Table 1 were tested as racemic mix-
tures.23 Data for the more conformationally restricted
piperidinemethanol compounds 12j–k and 13n–o are
also detailed in Table 1. Most of the compounds in
the table are potent human histamine H3 ligands. Excep-
tions are the morpholine analogs 12h and 13m. In most
cases the N–H tetrahydronaphthyridines 12 have higher
affinity for the H3 receptor than the N-CH3 analogs 13.
All of the compounds tested were functional antagonists
of the histamine H3 receptor (pA2’s between 7.59 and
9.14).


Substituents on the aromatic ring (R2) have a dramatic
effect on rat and human SERT activity. Substitution in
the 3- or 4-position is preferred for SERT activity.
SERT activity is practically eliminated when the 3-
and 4-positions of the aromatic ring are not substituted
(e.g., 13h and 12e). The most potent analogs at the
SERT are the 3,4-dichloro- or 4-methoxy derivatives.
Noticeable differences between the rat and human SERT
potency are observed in many cases. Typically these
compounds are less potent at the human SERT than
at the rat SERT, reinforcing the need to screen at the
human transporter. The 2,5-naphthyridines 21 (hSERT
Ki = 1800 nM, hH3 Ki = 38 nM) and 22 (hSERT
Ki = 2500 nM, hH3 Ki = 57 nM) are significantly less po-
tent ligands for either target, suggesting a strong prefer-

ence against the presence of a nitrogen at this position
on the tetrahydronaphthyridine.24


In order to assess the brain-penetrating ability of a pro-
totype compound, 12i was dosed orally at 10 mg/kg in
rats and the brain and plasma concentrations were mea-
sured at 1, 6, and 24 h. In this experiment, the plasma
Cmax was 0.22 lM at 1 h and the brain Cmax was
5.56 lM at 6 h postdose. Significant brain concentra-
tions (>0.6 lM) were also observed at 24 h, indicating
that this prototype compound should be expected to
have a long duration of action.


In conclusion, we have developed viable synthetic routes
to novel 4-aryl-2,6-tetrahydronaphthyridines and 4-aryl-
2,5-tetrahydronaphthyridines. The 4-aryl-2,6-tetra-
hydronaphthyridines represent a novel class of potent
dual H3 antagonists/SERT inhibitors. A prototype com-
pound in this series was shown to readily penetrate the
brain of a rat indicating that these compounds may be
viable leads for CNS targets. We have also demonstrated
that the 2,5 tetrahydronaphthyridine core, at least in the
case of the 7-alkyl analogs shown, is not favored for
SERT affinity. Further studies detailing the pharmacology
of dual histamine H3 antagonists and serotonin
reuptake inhibitors will be the subject of future
disclosures.
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Abstract—In this study, we synthesized some natural and semisynthetic prenyloxyphenylpropanoids (e.g., coumarins and cinnamic
acid derivatives) and we assessed their in vitro inhibitory activity against farnesyl transferase (FTase) and geranylgeranyl transferase
I (GGTase I). No compound was an effective inhibitor of FTase, while farnesyloxycinnamic acids were shown to selectively inhibit
GGTase I with IC50 values ranging from 28 to 39 lM.
� 2007 Elsevier Ltd. All rights reserved.

Prenyltransferases such as farnesyltransferase (FTase)
and geranylgeranyltransferase I (GGTase I) are excel-
lent targets for designing novel anticancer drugs since
the small GTPases of the Ras superfamily are involved
in neoplastic transformation.1–5 For example, Ras pro-
teins which are farnesylated and Rho and Ral proteins
which are geranylgeranylated are found persistently acti-
vated in human cancers. Furthermore, a large number
of studies demonstrated the involvement of these GTP-
ases in uncontrolled cell division, resistance to apopto-
sis, angiogenesis, invasion and metastasis.1–6 The fact
that post-translational modifications of small GTPases
by FTase or GGTase I are required for their cancer
causing activity prompted us and others to design and
develop inhibitors of these two enzymes as novel anti-
cancer drugs. FTase and GGTase I transfer the 15-car-
bon farnesyl and the 20-carbon geranylgeranyl,
respectively, from farnesylpyrophosphate (FPP) and
geranylgeranylpyrophosphate (GGPP) to the cysteine
of proteins that end with CaaX sequence (C = cysteine,
a = aliphatic amino acid, and X = any amino acid) at
their carboxyl termini.1–6 FTase prefers when X is

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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methionine or serine, whereas GGTase I prefers when
X is leucine or isoleucine. To date most FTase and
GGTase I inhibitors have focused on the development
of inhibitors that compete with the CaaX binding site,
and only a few have targeted the FPP and GGPP bind-
ing sites.


In the last five years, our research group studied chem-
ical and pharmacological properties of secondary
metabolites of phenylpropanoid biosynthetic origin con-
taining a sesquiterpenyl, monoterpenyl, and isopentenyl
chains attached to a phenol group, that represents quite
a rare group of natural products.7–11 Among these the
ethyl ester (2) of 3-(4 0-geranyloxy-3 0-methoxyphenyl)-
2-trans propenoic acid (1), the latter isolated in 1966
from the bark of Acronychia baueri Schott, an Austra-
lian small plant belonging to the family of Rutaceae,12


showed a series of interesting biological effects such as
cancer chemoprevention by dietary feeding in rats and
other effects closely related to cancer growth and devel-
opment, that were recently reviewed.13


In continuation of our studies aimed to evaluate phar-
macological properties of natural and semi-synthetic
prenyloxyphenylpropanoids, we wish to report herein
the activity of these compounds as in vitro inhibitors
of prenyl transferases, namely FTase and GGTase I.
In addition to compounds (1) and (2), we synthesized
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acetone, reflux 2 h; (c) crystallization.


Table 1. Effects of prenyloxyphenylpropanoids 1–16 (100 lM) on


FTase and GGTase I inhibition in vitro


Compound % Inhibition


FTase GGTase I


1 13.4 ± 6.4 78.6 ± 12.8


2 5.5 ± 0.6 3.0 ± 13.4


3 12.7 ± 23.0 72.4 ± 9.4


4 �7.4 ± 22.1 7.5 ± 21.5


5 9.3 (n = 2) 31.0 (n = 2)


6 43.2 (n = 2) 46.4 (n = 2)
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and evaluated six natural prenyloxyphenylpropanoids,
namely 3-(4 0-geranyloxy-3 0-OH-phenyl)-2-trans prope-
noic acid (3), isolated from the same source of com-
pound (1),12 boropinic acid (5), isolated from Boronia
pinnata Sm.,14 valencic acid (9), isolated from Citrus sin-
ensis L. and Aegle marmelos (Fam. Rutaceae),15 4-iso-
pentenyloxy-3-methoxy benzoic acid (11), 4-
geranyloxy-3-methoxy benzoic acid (12), both isolated
as methyl esters from the liverwort Trichocolea lanata
(Ehrh.) Dumm. (Fam. Trichocolaceae),16 umbellipre-
nine (13), a farnesyloxycoumarin commonly found in
Ammi, Ruta and Citrus species,8 auraptene (14), the
most abundant geranyloxycoumarin extracted from
plants belonging to genus Citrus,8 collinin (15), isolated
from Zanthoxylum schinifolium,8 7-isopentenyloxy-
coumarin (16), extracted from plants belonging to genus
Ruta,8 and four semi-synthetic compounds, namely (4),
the ethyl esters of acid (3), 3-(4 0-isopentenyloxy-3 0-OH-
phenyl)-2-trans propenoic acid (6), 3-(4 0-farnesyloxy-3 0-
OH-phenyl)-2-trans propenoic acid (7), 3-(4 0-farnesyl-
oxy-3 0-methoxyphenyl)-2-trans propenoic acid (8) and
finally 4 0-geranyloxybenzoic acid (10).


R'''O


OR''


R'


3 R' =-CH=CH-COOH, R'' = -H, R''' = geranyl
4 R' = -CH=CH-COOEt, R'' = -H, R''' = geranyl
5 R' = -CH=CH-COOH, R'' = -OMe, R''' = isopentenyl
6 R' = -CH=CH-COOH, R'' = -H, R''' = isopentenyl
7 R' = -CH=CH-COOH, R'' = -H, R''' = farnesyl
8 R' = -CH=CH-COOH, R'' = -OMe, R''' = farnesyl
9 R' = -COOH, R'' = -H, R''' = isopentenyl
10 R' = -COOH, R'' = -H, R''' = geranyl
11 R' = -COOH, R'' = -OMe, R''' = isopentenyl
12 R' = -COOH, R'' = -OMe, R''' = geranyl


O O


OR'


R''O


13 R' = -H, R'' = farnesyl
14 R' = -H, R'' = geranyl
15 R' = -OMe, R'' = geranyl
16 R' = -H, R'' = isopentenyl

7 16.2 (n = 2) 93.5 (n = 2)


8 11.0 (n = 2) 83.9 (n = 2)


9 0 (n = 2) 0 (n = 1)


10 17.6 (n = 2) 0 (n = 1)


11 2.4 (n = 2) 0 (n = 1)


12 0 (n = 2) 0 (n = 1)


13 12.5 ± 4.8 13.4 ± 6.4


14 7.9 ± 9.9 18.6 ± 6.1


15 15.5 ± 15.9 34.2 ± 6.9


16 14.1 ± 14.8 �10.3 ± 15.4

Compounds (1), (3), (5), (9), (11), (12), (14), and (15)
were synthesized as already reported.11 The synthesis
of compounds (2), (4), (6), (7), (8), (10), (13), and (16)
was accomplished following an environmentally friendly
route similar to that already described.7,11 Ethyl esters
(2) and (4) were obtained in 89% and 92% overall yield,
respectively, starting from commercially available ferulic
and trans p-coumaric acids, that were first converted

into ethyl esters by reaction in refluxing EtOH under
catalysis of concd H2SO4, alkylated with geranyl bro-
mide in refluxing acetone using dry K2CO3 as base
and finally purified by crystallization in n-hexane
(Fig. 1).18


Acids (7) and (8) were obtained by the same procedure
reported for the synthesis of compounds (1), (3) and
(5)11 in 78% and 84% yield, respectively, and using all
trans-farnesyl bromide as alkylating agent.17 Finally
prenyloxycoumarins (13) and (16) were synthesized in
86% and 99% yield, respectively, by the same procedure
reported for the synthesis of auraptene and collinin,7


using all trans-farnesyl bromide and 4-bromo-2-meth-
yl-2-butene as alkylating agents.16


Compounds 1–16 were then evaluated for their ability to
inhibit in vitro FTase and GGTase I at a concentration
of 100 lM (Table 1).


As shown in Table 1 a well defined and distinguished
pattern of results was recorded. None of the 16 com-







Table 2. IC50 values for inhibition of GGTase I for compounds 1, 3, 7


and 8


Compound IC50 (lM)


1 55 ± 14


3 39 ± 9.5


7 28 (n = 1)


8 66 (n = 1)
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pounds evaluated inhibited FTase potently. Compound
(6) was the most potent and only inhibited FTase by
43% at 100 lM. In contrast, four compounds, (1), (3),
(7), and (8) namely acids containing a geranyl or farnes-
yl side chain attached to the phenol group, inhibited
GGTase I with values ranging from 72.4% to 93.5%.
For compounds (1), (3), (7), and (8) subsequent dose re-
sponse experiments were performed, and the corre-
sponding IC50 values are shown in Table 2.


The most potent compound was the farnesyloxy deriva-
tive of trans p-coumaric acid (7) that inhibited GGTase I
with an IC50 value of 28 lM. Substituting the farnesyl
side chain with a geranyl one as in (3) (IC50 = 39 lM)
or an isopentenyl one as in (6) (IC50 � 100 lM) decreas-
es the ability of the prenyloxy derivative to inhibit
GGTase I, suggesting that the length of the isoprenyl
moiety is crucial for fully occupying the 20-carbon
GGPP binding pocket of this enzyme. Addition to (7)
of a methoxy group ortho to the 4-prenyloxy chain as
in (8) decreased its potency from an IC50 value of 28–
66 lM. Similarly, addition of a methoxy to (3) as in
(1) also decreased its potency suggesting that a methoxy
group is not preferred by the GGTase I binding pocket.
Benzoic acids are totally inactive towards inhibition of
both enzymes suggesting that an a, b-unsaturated conju-
gated carbon–carbon double bond is a main structural
feature for compounds to be active as GGT-ase I inhib-
itors. Furthermore, free acids are by far better GGTase I
inhibitors than the corresponding ethyl esters, indicating
that the binding pocket in GGTase I requires a negative-
ly charged carboxylate anion that probably mimics the
negatively charged pyrophosphate of the GGPP mole-
cule. Finally from data reported herein, it is evident that
lactones are less efficient inhibitors of GGTase I than the
corresponding cinnamic acid derivatives.


In conclusion, the findings described in this paper indi-
cate that farnesyloxy- and geranyloxycinnamic acids
are potential lead compounds of a novel class of selec-
tive GGTase I inhibitors. It is noteworthy that the inter-
est towards molecules having this kind of mechanism of
inhibition as potential cancer therapeutic agents has
greatly increased over the past few years, and some com-
pounds having GGTase I inhibitory effects have been
reported.6 Considering that all compounds tested have
been easily synthesized from widely available and non-
toxic starting materials by a high-yielding, environmen-
tally friendly and cheap synthetic route, these results
provide further insights into the mechanism of action
and help to better define the pharmacological profile
of these secondary metabolites and related semi-synthet-
ic derivatives.
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Abstract—A new steroid with an uncommon 21-oic acid methyl ester moiety designated methyl spongoate (1) which exhibited
potent cytotoxicity against BEL-7402 tumor cells in vitro has been isolated from the Sanya soft coral Spongodes sp. Its structure
was determined by detailed interpretation of spectroscopic data and by comparison with related compounds.
� 2007 Elsevier Ltd. All rights reserved.

Marine organisms have been proven to be a prolific
source of unique steroids.1 The origin of these sterols
from marine invertebrates is complicated by the fact
that they may be of dietary origin or produced by a sym-
biont and later modified biochemically in the inverte-
brate.2 The diversity of these sterols is mainly
displayed in the side chain. Literature survey revealed
that the steroids with 21-oic acid functionality are rare
and biologically interesting though their biosynthetic
origin is a puzzle. So far kiheisterones A-E (exemplified
by kiheisterone A 2) are found to be the only steroids
with 21-oic acid moiety, which were all isolated previ-
ously from the Maui sponge Strongylacidon sp.3,4 In
our search for bioactive substances from South China
Sea marine organisms,5–9 we encountered the title soft
coral whose organic crude extract exhibited significant
cytotoxicity against several tumor cell lines. Chemical
investigation of this animal resulted in the isolation of
a new cytotoxic 21-oic acid methyl ester steroid, methyl
spongoate (1). In this paper we describe the isolation
and structural elucidation of this new compound.


The soft coral Spongodes sp.,10 was collected off Sanya,
Hainan Province, China, in December 2001 and identi-
fied by Professor R.-L. Zhou of South China Sea Insti-
tute of Oceanology, CAS. Freshly collected soft coral
tissue was frozen on site and stored at �20 �C until

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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work-up. A voucher specimen (01-HN-99) is available
for inspection at the Herbarium of Shanghai Institute
of Materia Medica, CAS.

The frozen soft coral (dry weight 456 g) was extracted
with acetone exhaustively at room temperature. The ace-
tone extract was concentrated in vacuo and the resulting
residue was partitioned between H2O and Et2O. The
Et2O-soluble extract (3.2 g) was chromatographed on a
silica gel column using eluents of increasing polarity
from light petroleum ether to Et2O. The fraction eluted
with 10% Et2O/petroleum ether, that mainly contained
compound 1, was further purified by Sephadex LH-20
gel column chromatography eluting with light petroleum
ether/CHCl3/MeOH (2:1:1) affording pure methyl
spongoate (1, 2.5 mg, 0.0005%).


Methyl spongoate (1)11 was isolated as a UV-absorbing
[kmax 228 nm, e = 12,412] amorphous powder. Its molec-
ular formula, C28H44O3, was deduced from its HREIMS
{m/z 428.3295, D 0.5 mmu}. 1H, 13C NMR and DEPT
(Table 1) spectral analysis of 1 showed the presence of
five methyls, ten sp3 methylenes, seven sp3 methines,
two sp2 methines, two sp3 quaternary carbons, and
two sp2 quaternary carbons in the molecule. The carbon
signals were correlated with proton signals by the anal-
ysis of the HMQC spectrum. The molecular formula
C28H44O3 led to seven degrees of unsaturation, two of
which were due to the ketone carbonyl, one due to car-
bon–carbon double bond, and consequently the rest
four were ascribable to four rings. In the 1H NMR spec-
trum, two typical singlets at d 0.72 (3H, Me-18) and 0.98
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(3H, Me-19) as well as two doublets at d 0.83 (3H,
J = 6.7 Hz, Me-26) and 0.84 (3H, J = 6.7 Hz, Me-27)
suggested that compound 1 is a steroid. The presence
of an a,b-unsaturated carbonyl group in the molecule

Table 1. 13C NMR dataa of compounds 1–3 in CDCl3


No. d (mult.)


1 23 312


1 158.4 d 129.6 d 158.5 d


2 127.4 d 144.9 s 127.4 d


3 200.1 s 196.1 s 200.0 s


4 41.0 t 37.4 t 41.0 t


5 44.3 d 41.4 d 44.3 d


6 27.1 t 26.0 t 27.6 t


7 31.2 t 25.9 t 31.2 t


8 35.7 d 35.1 d 35.7 t


9 50.0 d 47.0 d 49.9 d


10 38.9 s 38.0 s 39.0 s


11 21.1 t 22.3 t 21.3 t


12 37.3 t 37.4 t 39.8 t


13 42.3 s 42.5 s 42.5 s


14 55.7 d 55.3 d 56.3 d


15 23.6 t 23.6 t 24.0 t


16 27.6 t 27.1 t 27.9 t


17 52.7 d 52.5 d 52.6 d


18 12.3 q 12.0– 12.0 q


19 13.0 q 21.8 q 13.0 q


20 47.4 d 46.8 d 36.8 d


21 176.7 s 180.6 s 12.5 q


22 32.2 t 28.6 t 77.0 d


23 38.8 t 146.0 s 70.3 d


24 25.1 t 127.1 s 123.8 d


25 27.8 d 24.2 d 138.5 s


26 22.3 q 23.7 q 18.6 q


27 22.7 q 24.0 q 26.0 q


28 50.9 q 108.6 d —


29 — 140.8 d —


a The 13C NMR data were measured at 125 MHz; assignments were


deduced from analysis of 1D and 2D spectra and comparison with


known compounds.

was straightforward from NMR signals at dH 5.83
(1H, d, J = 10 Hz)/dC 127.4 (d); dH 7.11 (1H, d,
J = 10 Hz)/dC 158.5 (d), and dC 200.0 (s), as well as from
an intense IR absorption at 1687 cm�1. The 13C NMR
data from C-1 to C-19 were found to be in excellent
agreement with those of 22, 23-dihydroxycholesta-
1,24-dien-3-one (3),12 suggesting that compound 1 had
the same steroidal nucleus as 3. A comparison of overall
1H and 13C NMR data (Table 1) revealed that 1 shared
A, B, C, and D rings with 3 but differed at the side chain,
where the presence of a methoxycarbonyl group was evi-
dent by the NMR signals at dH 3.65 (3H, s)/dC 50.9 (q)
and dC 176.7 (s). Furthermore, the carbonyl methyl ester
was located at C-21 by the fact of lack of typical NMR
data of Me-21 and confirmed by 2JCH HMBC cross-
peaks of H-20 (d 2.25)/d 176.7 (C-21) and H-20/C-17(d
52.7) (Fig. 1).


Comparison of 13C NMR chemical shift values of 1 with
3 (Table 1) in combination of NOE correlations of
H3-19/H-8, H-5/H-9, H3-18/H-8, and H-17/H-14, dis-
closed the expected all-trans stereochemistry at the ring
junctures of 1. The absolute stereochemistry of C-20 was
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tentatively assigned as R, the same as that of model
compound 2, through comparison of 13C NMR data
of 1 with those of 2, showing almost identical chemical
shift values for C-17, C-20, and C-21. Therefore, the
structure of compound 1 was established as 1-en-3-
one-cholest-20(R)-oic acid methyl ester (Fig. 2).


As we mentioned above, an intriguing feature of 1 is the
oxygenation pattern of the side chain. Oxidation of C-21
to an alcohol is not uncommon in marine sterols, but we
are unaware of any soft coral sterols oxidized to a C-21
carboxylic acid. This is the first report of steroid with
C-21 methoxycarbonyl group from soft coral though
similar compounds were previously found from a mar-
ine sponge.3,4 The origin of compound 1 is a matter
needing discussion. To determine if 1 was a natural
product or it was probably derived from its C-21 car-
boxylic acid form (1a) during the isolation process, we
re-checked the crude extract of the soft coral by both
comparison of the Rf values of metabolites in the crude
extract with that of pure sample 1 on co-plate TLC and
the retention time on HPLC. We did detect the com-
pound 1 present in the Et2O-soluble portion but failed
to observe its demethyl form (1a) from either the
Et2O-soluble portion or the more polar fraction
(n-BuOH extract) of the acetone extract of the specimen.
These evidences excluded the possibility that 1 was an
artifact obtained during the work-up. In addition, it
may be worthy to point out that the crude 1, which
was eluted from the Si gel column by using petroleum
ether–Et2O (1:9), was subjected to Sephadex LH-20 col-
umn chromatography just for the purpose of removing
color impurities (e.g., pigments) present in the crude 1.


Methyl spongoate (1) exhibited potent cytotoxicity
against BEL-7402 cells in vitro with an IC50 of
0.14 lg/mL and mild cytotoxicity toward several cell
lines. IC50 values of 5 lg/mL were determined in assays
against A-549 lung carcinoma and HT-29 colon adeno-
carcinoma human tumor cell lines, and 3.8 lg/mL
against the P388 murine lymphocytic leukemia cell line.
Unfortunately, limited amounts of 1 prevented further
structural derivartization/modification as well as SAR
studies. Further study should be conducted to perform
the total or hemi-synthesis of 1 in order to carry out a
more-in-depth in vivo anti-tumor study, as well as to
understand the real biological role of 1 played in the life
cycle of the animal.
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Abstract—A novel series of benzimidazol-2-yl or benzimidazol-2-ylthiomethyl benzoylguanidines were designed and synthesized as
Na+/H+exchanger inhibitors. Most of them were found to inhibit NHE1-mediated platelet swelling in a concentration-dependent
manner, and to have significant cardioprotective effect against myocardial ischemic-reperfusion injury, among which compounds
10a and 34 were more potent than cariporide in both in vivo and in vitro tests.
� 2007 Elsevier Ltd. All rights reserved.

The Na+/H+ exchanger (NHE), an integral membrane
protein ubiquitously expressed in mammalian cells,
maintains intracellular pH homeostasis by exchanging
one intracellular H+ for an extracellular Na+. The bio-
logical function of NHE also incorporates its participa-
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tion in cell proliferation and differentiation, roles in
cytoskeletal organization and cell migration, regulation
of cell volume, and cooperation on ion transportation.
Among the nine isoforms1 that have been identified so
far, NHE-1 is the most intensively studied one, for its
over-activation is implicated in a series of pathological
processes such as essential hypertension, myocardial
ischemic-reperfusion injury, post-ischemic dysfunction,
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and cellular death. This is because excessive activation
of NHE1 during ischemia and reperfusion leads to in-
creased intracellular Na+ that results in increased intra-
cellular calcium through the Na+/Ca2+ exchanger (NCE)
and ultimately cell damage and cell death.

NHE inhibitors developed thus far can be structurally
categorized into three major classes, i.e. aroyl guani-
dines (including monocyclic and bicyclic), exemplified
by cariporide;2 non-aryl acylguanidines, exemplified by
S-3226,3 an NHE3 selective inhibitor; and non-acylgua-
nidines, exemplified by T-162559.4 In most cases, the
acylguanidine functional group is considered as the ac-
tive site of the inhibitors, and thus is applied by many
drug designers. The bioisosteres of acylguanidines such
as aminoimidazoles have also been investigated.5


Recognizing its importance in NHE inhibition, we chose
benzoylguanidine as main structure, and introduced a
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Table 1. In vivo and in vitro test results of target compounds


Compounda CKb (U/ml) Infarct size c (%) PSA IC50
d (nM)


Control 67.27 ± 4.82 66.70 ± 4.26 –


Cariporide 37.73 ± 3.70** 44.55 ± 3.45** 65.0


9a 45.48 ± 4.64** 49.16 ± 4.14** >104


9b 58.46 ± 3.83* 51.28 ± 3.74** >104


9c 57.61 ± 7.56 58.50 ± 2.28* 295


10a 32.05 ± 4.40** 39.34 ± 2.72** 11.0


10b 50.66 ± 7.41* 59.72 ± 3.23* 1.42


10c 46.02 ± 5.97** 47.56 ± 2.53** 4.05


11a 49.37 ± 3.42** 43.65 ± 3.38** 264


11b 53.69 ± 4.75* 61.05 ± 5.40 267


11c 45.66 ± 5.60** 50.61 ± 7.15* >104


31a 60.94 ± 8.21 60.17 ± 4.05 >104


31b 53.95 ± 7.49* 54.73 ± 4.28* 332


32a 43.59 ± 4.79** 48.75 ± 1.34** 79.0


32b 37.84 ± 4.68** 46.52 ± 0.57** 40.2


33 55.25 ± 4.87* 63.08 ± 3.57 147


34 34.20 ± 3.27** 35.49 ± 4.53** 27.8


35 38.39 ± 5.83** 45.20 ± 5.40** 27.1


*p < 0.05, **p < 0.01 compared with baseline value.
a Cariporide and the tested compounds were injected intravenously 5 min before LAD occlusion at the dose of 0.01 mmol/kg.
b The amount of creatine kinase (CK) was determined using a CK-NAC kit (Nanjing JianchengBioengineering Institute, Nanjing, China) and a 722


grating photospectrometer (Shanghai Precision & Scientific Instrument Co., Ltd, Shanghai, China). Serum CK activity was expressed as U/ml.


Values are means ± SD, n = 6 or higher.
c Infarct size was expressed as the ratio of myocardial infarct area to area at risk. Values are means ± SD, n = 6 or higher.
d Drug concentration to achieve half-maximal inhibition of acid-induced swelling in rat platelets.
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benzimidazole ring (1H-benzo[d]imidazol-2-yl), respec-
tively, at its ortho, meta, and para position to form com-
pounds 9a–c, 10a–c, and 11a–c. Primary pharmacological
test gave more favorable results for para substituted com-
pounds, especially compounds with 5-nitro substituente
at the benzimidazole moiety. In light of this finding, we
tried to increase the flexibility of the molecule through
extending the hinge between the benzimidazole ring and
benzoylguanidine moiety by inserting a thiomethyl group
there and at the para position of benzoylguanidine, thus
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formed compound, 31a–b, 32a–b, and 33–35. Various sul-
fonyl groups which were present in many successful NHE
inhibitors were also employed in compound, 32a–b, 34,
and 35 (Table 1).


Synthetic routes of target compounds are depicted in
Schemes 1 and 2. Cyanobenzoic acids 1a–c, obtained
by oxidation of corresponding cyanotoluene, were trea-
ted with SOCl2 to offer benzoylchlorides 2a–c, which
were then cyclocondensed with 4- or 1N-substituted
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1,2-diaminobenzene to give benzimidazolyl phenylnitr-
iles 3a–c, 4a–c, and 5a–c. Subsequent hydrolysis and
esterification converted the phenylnitriles to correspond-
ing ethyl benzoates. One exception is intermediate 8a,
which was prepared by N-methylation of 6a with
CH3I in the presence of KOH in anhydrous acetone.
Target compounds 9a–c, 10a–c, and 11a–c were
obtained by treatment of the corresponding ethyl benzo-
ates with excessive guanidine in absolute isopropanol,
followed by hydrochlorination with gaseous HCl. The
salts thus formed were further purified by silica gel col-
umn chromatography (CH2Cl2/CH3OH, 7:1).


Synthesis of compounds 31a–b, 32a–b, and 33–35 is
illustrated in Scheme 2. Introduction of a chlorosulfo-
nyl or bromo group into the 3-position of 4-methyl
benzoic acid resulted in 12 and 19. Further alteration
of the chlorosulfonyl group of 12 obtained 13, 15, and
17. Then the acids 13, 17, and 19 were esterified to
give their ethyl esters 14, 18, and 20, while 16 was ob-
tained by CH3I methylation of both the carboxyl and
the sulfinic acid group of 15. These esters were brom-
ized with NBS to afford corresponding benzyl bro-
mines 23–26, which were subsequently treated with
2-mercapto-(5-nitro)-1H-benzimidazole to give inter-
mediates 27a–b and 28–30. Intermediates 22a–b came
from the nucleophilic substitution of p-carbo-
xylbenzylbromide with 2-mercapto- (5-nitro)-1H-benz-
imidazole followed by esterification. The synthesis of
2-mercapto-(5-nitro)-1H-benzimidazoles referred to lit-
erature method.6 The final benzoylguanidine products
were obtained similarly with the above compounds
9a–c, 10a–c, and 11a–c.


NHE1 inhibitory activity of 16 target compounds and
cariporide was evaluated in rat platelet swelling assay
(PSA), in which the swelling of rat platelets was induced
by a propionate buffer (pH 6.7). The experiment was
performed as described by Rosskopf et al.,7 with minor
modifications. The half-maximal inhibitory concentra-
tion (IC50) value of the tested compounds was obtained
from the linear part of the relationship between the log
concentration and NHE activity using linear regression
analysis.


All the target compounds were also tested for the protec-
tion against myocardial ischemic-reperfusion injury in
SD rat hearts. The pharmacological model was created
by ligating the left anterior descending coronary artery
(LAD) for 1 h and then releasing the ligature for 2 h, fol-
lowed by immediate euthanization and heart-excision.
The hearts were stained by Evans blue injection and
TTC immersion respectively to measure the area at risk
and infarct area. Infarct size was expressed as the ratio
of infarct area to area at risk. Besides, blood sample was
taken and blood serum was prepared to undergo creatine
kinase (CK) activity determination.


The PSA results showed that most of the tested com-
pounds inhibited rat platelet NHE-1 in a concentra-
tion-dependent manner. Compounds 10a–c, 32b, 34,
35 were superior to cariporide in NHE inhibition. The
IC50 values of 10b and 10c were 1.42 and 4.05 nM,

respectively, making them 45 and 15 times more potent
than cariporide, the IC50 of which was 65 nM in the
same test.


In the in vivo study, 15 of the 16 tested compounds (ex-
cept for 31a) had cardioprotective activity against IR in-
jury at various degree (p < 0.05), among which the
infarct size and the CK level of 9a, 10a, 10c, 11a, 32a–
b, 34, 35 were significantly lower than those of the con-
trol group (p < 0.01). The infarct size of 11a, 32b, and
35, the CK level of 32b and 35 were comparable with
those of cariporide. Both the parameters of 10a and 34
consistently implied a more favorable activity than
cariporide.


In concern with the structure–activity relationship, it is
obvious that the para-benzimidazolyl substituted ben-
zoylguanidines were more potent than the ortho- and
meta-substituted ones, the order being para > ortho > -
meta. As mentioned earlier, that is the reason we chose
the para-substituted compounds for further chemical
investigation. Also mentioned earlier is that 5-nitro
benzimidazolyl benzoylguanidines were more active
than their non-substituted counterparts. This is recon-
firmed by compound 31a versus 31b and 32a versus
32b. Among compounds 31a–b, 32a–b, and 33–35, the
3-methylsulfonyl (34), 3-morpholinylsulfonyl (35), and
3-aminosulfonyl (32a–b) benzoylguanidines were better
than non-substituted ones (31a–b), whereas the 3-bromo
substituted analog (33) represented even less activity. By
comparing compound 9a versus 31a, 10a versus 31b, the
prolongation of the hinge seemed to diminish the activ-
ity. Thus, we may infer that the remarkably good results
of compound 34 and other compounds possessing a sul-
fonyl group may come mainly from the various sulfonyl
substituents.
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Abstract—6-Arylamino-phthalazine-5,8-diones and 6,7-bis(arylthio)-phthalazine-5,8-diones were synthesized and tested for in vitro
antifungal activity against two pathogenic strains of fungi. Among those tested, many compounds showed good antifungal activity.
The results suggest that phthalazine-5,8-diones would be potent antifungal agents.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Quinoline-5,8-dione and phthalazine-5,8-dione derivatives.

Heterocyclic quinone compounds represent an impor-
tant class of biologically active molecules.1 5,8-Quinolin-
edione derivative, a heterocyclic quinone, inhibits
cytochrome B-complex by the blockade of mitochondri-
al electron transport in Saccaromyces cerevisiae, which
is different from commonly used antifungal drugs.2 In
our previous reports,3,4 6-arylamino-quinoline-5,8-
diones 1 and 6,7-bis(arylthio)-quinoline-5,8-diones 2
have demonstrated potent antifungal activity against
pathogenic fungi (Fig. 1). Structure–activity relationship
studies from quinonoid compounds indicated that the
number and position of nitrogen (N) atoms substituted
in the heterocyclic ring were considerably important fac-
tors to affect the biological activities.5,6 Generally,
increasing the number of substituent nitrogen atoms in
the ring enhances the activities. We speculated that
incorporation of a nitrogen atom into the ring of the
quinone skeleton in compounds 1 and 2 would change
the physicochemical properties, and lead to a new phar-
macophore with a different biological profile from com-
pounds 1 and 2. The presence of arylamino, arylthio or
chloro moiety on the quinones was considerably impor-
tant factor to affect their antifungal activity.7 Based on
this speculation, 6-arylamino-phthalazine-5,8-diones 3
and 6,7-bis(arylthio)-phthalazine-5,8-diones 4, which
would be bioisosteres of quinones 1 and 2, were synthe-
sized and evaluated for their antifungal activity.
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There have been a few reports5,8 on phthalazine-5,8-
diones exhibiting cytotoxic activity8 against cancer cell
lines. However, the inhibitory activity of compounds 3
and 4 on the antifungal properties has not been reported
to the best of our knowledge. Therefore, phthalazine-
5,8-diones 3 and 4 with various substituents were de-
signed and synthesized to elucidate their contribution
to the antifungal activity.


A method for the synthesis of phthalazine-5,8-
diones 3a–m and 4a–i (Table 1) is shown in Scheme 1.
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Table 1. Structures and in vitro antifungal activity for phthalazine-5,8-dione derivatives
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Compound X R1 R2 MICa (lg/mL)


Candida


albicansb


Candida


tropicalis


Candida


krusei


Cryptococcus


neoformans


Aspergillus


niger


Aspergillus


flavus


3a Cl H H 50 25 25 3.2 100 25


3b Cl H F 50 50 50 6.3 >100 >100


3c Cl H Cl 12.5 12.5 6.3 100 >100 >100


3d Cl Cl H 25 25 25 3.2 12.5 25


3e Cl H Br 25 12.5 25 3.2 25 25


3f Cl H I 12.5 12.5 12.5 100 >100 50


3g Cl F F 25 3.2 >100 50 100 100


3h Cl CF3 H 25 12.5 100 50 50 50


3i H H F 50 25 25 6.3 >100 100


3j H H Br 12.5 3.2 12.5 12.5 50 50


3k H H CH3O 12.5 6.3 12.5 6.3 25 25


3l H H CH3 6.3 12.5 12.5 6.3 50 25


3m H CH3 CH3 3.2 100 50 25 >100 >100


4a — H H 12.5 >100 0.8 1.6 6.3 100


4b — H F 6.3 6.3 100 >100 12.5 >100


4c — H CH3O 25 100 100 >100 12.5 >100


4d — Cl H 12.5 100 >100 >100 6.3 >100


4e — CH3 H 12.5 50 >100 >100 6.3 100


4f — F F 3.2 12.5 >100 100 3.2 25


4g — H H 50 100 >100 >100 6.3 >100


4h — H OH 100 >100 >100 >100 >100 >100


4i — H Br 50 50 >100 >100 >100 50


7 — — — >100 >100 100 6.3 >100 100


9 — — — >100 >100 100 25 >100 100


5-FCc — — — 25 12.5 50 12.5 25 100


a The MIC value is defined as lowest concentration of the antifungal agent exhibiting no fungal growth. MIC values were read after 1 day for Candida


species and C. neoformans, and 2 days for A. niger, A. flavus in 37 �C. The inoculum sizes contained approximately 1 · 105 cells/mL. Culture media


tested were the modified Sabouraud dextrose broth (Difco Laboratory). The final concentration of antifungal agents was between 0.2 and 100 lg/mL.
b Fungi tested: Candida albicans Berkout KCCM 50235, C. tropicalis Berkout KCCM 50662, C. krusei Berkout KCCM 11655, Cryptococcus


neoformans KCCM 50564, Aspergillus niger KCTC 1231, and A. flavus KCCM 11899.
c 5-FC: 5-fluorocytosine.
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8-Nitrophthalazine-5-amine (6)9 was synthesized by the
amination of 5-nitrophthalazine (5) with HONH2 and
KOH in EtOH in 87% yield according to the reported
method10 with minor modification.


The compound 6 was reduced to phthalazine-5,8-
diamine (7) by catalytic hydrogenation. The 6,7-
dichloro-phthalazine-5,8-dione (8)5 was synthesized by
oxidizing compound 7 with the NaClO3/HCl variation
in 76% yield.


Phthalazine-5-amine (9) was prepared by catalytic
hydrogenation of 5-nitrophthalazine (5) according to
the reported method11 with minor modification. The
preparation of phthalazine-5,8-dione (10) by oxidation
of compound 9 was carried out with K2Cr2O7 in concd
H2SO4.


6-Arylamino-phthalazine-5,8-diones 3a–m were synthe-
sized by nucleophilic substitution of compound 8 or 10

with appropriate arylamines. When compound 8 or 10
with equivalent amount of appropriate arylamines in
EtOH was refluxed for 5 h, compounds 3a–m were
formed. Most of these substitutions went as expected
and had overall high yields of 42–95%.


6,7-Bis(arylthio)-phthalazine-5,8-diones 4a–i were
synthesized by nucleophilic substitution on 6,7-dichlo-
ro-phthalazine-5,8-dione (8) with two equivalents of
appropriate arylthiols. Most of the substitutions went
as expected and had an overall yield of 55–86%.


The synthesized phthalazine-5,8-diones 3a–m and 4a–i
were tested in vitro for their growth inhibitory activity
against pathogenic fungi by the standard twofold
broth dilution method.12 The MIC (minimum inhibi-
tory concentration) values were determined by com-
parison with 5-fluorocytosine as a standard agent.12


As indicated in Table 1, most of 6-arylamino-phthal-
azine-5,8-diones 3a–m generally showed potent anti-
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fungal activity against Candida albicans, Candida trop-
icalis, Candida krusei, and Cryptococcus neoformans.
In contrast, 6,7-bis(arylthio)-phthalazine-5,8-diones
4a–i did not show significant antifungal activity
against C. krusei andC. neoformans, although many
of compounds 4a–i also showed potent antifungal
activity against C. albicans and Aspergillus niger.
Actually, the activity of compounds 3d, 3e, 3k,
and 3l was superior or comparable to that of 5-fluoro-
cytosine against all tested fungi. The compounds 3d,
3e, 3k, and 3l completely inhibited the growth of
all fungal species tested at the MIC level of
3.2–25 lg/mL.


In terms of structure–activity relationship, the 6-
arylamino-phthalazine-5,8-diones 3 showed, in
general, a more potent antifungal activity than
the other 5,6-bis(arylthio)-phthalazine-5,8-diones 4.
The 6-arylamino-compounds 3 exhibited good activ-
ity, indicating a correlation that may offer insight
into the mode of action of these compounds.
The activity of 6-arylamino-7-chloro-phthalazine-
5,8-diones 3a–h was comparable to that of 6-aryla-
mino-phthalazine-5,8-diones 3i–m. Thus, the 7-chlo-
ro moiety of compounds 3a–h appears to be not
important factor to affect their antifungal activity.
The substituents (R1, R2: H, F, Cl, etc.) for the
6-arylamino and 6,7-bis(arylthio) moieties of com-
pounds 3 and 4 may contribute partially toward
biological potency.

In addition, phthalazine-5,8-diamine (7) and phthal-
azine-5-amine (9) exhibited no or poor, if any, anti-
fungal activity. The phthalazine-5,8-diones 3 and 4
showed, in general, more potent antifungal activity than
compounds 7 and 9. Thus, the quinone moiety in
phthalazine-5,8-diones 3 and 4 could be essential for
the activity, for example, as nonquinonoid compounds
7 and 9 lost the activity.


In conclusion, phthalazine-5,8-diones 3a–m and 4a–i
were synthesized by nucleophilic substitution of
6,7-dichlorophthalazine-5,8-dione (8) and phthalazine-
5,8-dione (10) with equivalent of arylamine.
6,7-Bis(arylthio)-phthalazine-5,8-diones 4a–i were
synthesized by nucleophilic substitution on 6,7-dichlo-
ro-phthalazine-5,8-dione (8) with two equivalents of
appropriate arylthiols. Among those tested, many of
compounds 3a–m showed potent antifungal activity
against C. albicans, C. tropicalis, C. krusei, and C. neo-
formans. These phthalazine-5,8-diones may thus be a
promising lead for the development of antifungal
agents. Moreover, the results should encourage the syn-
thesis of phthalazine-5,8-dione analogs for improving
antifungal properties.
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Abstract—A series of 6-hydrazinopurine 2 0-methyl ribonucleosides was synthesized and tested for its inhibitory activity against the
hepatitis C virus (HCV). The lack of antiviral activity of these nucleosides was associated with a poor affinity for adenosine kinase,
which prompted us to synthesize several of their 5 0-monophosphate prodrugs. Some of these prodrugs exhibited more than 1000-
fold improvement in anti-HCV activity when compared to their parent nucleosides (EC50 of 24 nM vs 92 lM for the parent).
� 2007 Elsevier Ltd. All rights reserved.
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Scheme 1. Reagents and conditions: (a) TMSOTf, DBU, THF, 18 h,


rt; (b) methyl hydrazine, TEA, THF, 8 h, rt; (c) MsCl, TEA, THF, 8 h


rt; (d) NH3, methanol, 18 h, rt.

Hepatitis C virus (HCV) is a virus that infects approx-
imately 3.5% of the world’s population (170 million
people). It is primarily a chronic disease that can lead
to cirrhosis and hepatocellular carcinoma over time.
The current standard of care is a combination of pegy-
lated interferon alpha and ribavirin, but this regimen
suffers from various side effects (anemia, CNS toxicity)
and shows a limited efficacy in patients with genotype 1
infection (less than 50% of treated patients achieve a
sustained viral response).1 These limitations encour-
aged our team to search for a more effective nucleoside
analogue that would target the HCV polymerase
NS5B.


Our group recently published2 several series of 6-hydraz-
inopurine 2 0-methyl nucleosides, but these compounds
suffered from poor chemical stability and/or poor selec-
tivity index. We are now presenting our work on a new
series of methylsulfonyl-substituted hydrazine com-
pounds that benefit from much improved chemical sta-
bility. Compounds 5a,b (Scheme 1) were obtained by
condensation of 1,2,3,4-tetra-O-benzoyl-2-methyl-ribo-
furanose (1) with 6-chloropurine or 2-amino-6-chlorop-
urine in the presence of trimethylsilyl trifluoromethane
sulfonate (TMSOTf) and 1,8-diazabicyclo[5.4.0]undec-
7-ene (DBU). The resulting protected nucleosides 2a

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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and 2b were reacted with 2-methyl hydrazine, followed
by methanesulfonyl chloride (MsCl) to obtain 4a and
4b. The benzoyl groups were removed with methanolic
ammonia to afford 5a and 5b in good yields.3 The
HCV replicon activity (Table 1) of these purine nucleo-
side analogues 5a and 5b was rather modest (EC50 of
300 and 92 lM, respectively) and most probably ex-
plained by the fact that neither nucleoside was a sub-
strate for adenosine kinase, and therefore was
probably not converted into the 5 0-monophosphate.
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Table 1. Anti-HCV activity of compounds 5a–42b


Compound R1 R2 R3 R4 R5 EC50, lMa


5a H na na na na 300


5b NH2 na na na na 92


7a H na na na na 0.060


7b NH2 na na na na 0.024


34a H Me H Me H 26


34b NH2 Me H Me H 1.2


35a H Me H Me Cl 2.6


35b NH2 Me H Me Cl 0.80


36a H H H Me H 220


36b NH2 H H Me H 22


37a H H H Me Cl 39


37b NH2 H H Me Cl 8.9


38a H Me H Bn H 2.9


38b NH2 Me H Bn H 2.2


39a H Me H Bn Cl 0.68


39b NH2 Me H Bn Cl 0.11


40a H Me H iPr Cl 2.5


40b NH2 Me H iPr Cl 0.27


41a H Me Me Me Cl 1.4


41b NH2 Me Me Me Cl 0.26


42b NH2 Me H cPent Cl 0.15


a Values are means of multiple experiments. na, not applicable.
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In order to bypass this first enzymatic phosphorylation
step, we elected to synthesize the bis(tBuSATE) mono-
phosphate prodrugs of these nucleosides following a
well-established literature procedure.4 The phospho-
ramidite 6 was synthesized and condensed with 5a and
5b in the presence of tetrazole in dimethylformamide,
followed by oxidation of the resulting phosphite triesters
to afford the phosphotriesters 7a and 7b (Scheme 2).
These two prodrugs were tested for their antiviral activ-
ity in the replicon assay (Table 1). Their EC50s were 60
and 24 nM, respectively, which represents a 3 log
improvement in antiviral efficacy when compared to
their parent nucleosides 5a and 5b. However, these
SATE prodrugs showed poor stability in human plasma
with half-lives of just a few minutes. This characteristic
was also observed with similar prodrug moieties at-
tached to cyclic monophosphates.5 This limitation led
us to turn our focus toward a different prodrug ap-
proach involving phosphoramidate esters. These pro-
drugs are also well documented in the literature6 and
have demonstrated some good plasma stability in vari-
ous species.


The aminoacids 8–10 were esterified, then their Boc pro-
tecting group was removed before condensation with
phosphodichlorides 23 and 24 which yielded the chloro-
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Scheme 2. Reagents and conditions: (a) 5a or 5b, tetrazole, DMF, rt,


2 h; (b) tBuOOH, DMF, rt, 3 h.

phosphoramidates 25–33. These amidates were con-
densed with 5a and 5b to afford prodrugs 34a,b–42a,b
in decent yields Scheme 3. Each compound was a diaste-
reoisomeric mixture that we did not attempt to separate.
These phosphoramidate prodrugs were tested for their
anti-HCV activity, and most of them showed submi-
cromolar activity without any cytotoxicity. Several
trends were noticeable: the first one was that, as previ-
ously noticed with the SATE prodrugs, the 2-amino
nucleosides were more active than their 2-hydrogen ana-
logues. This result was interesting because our nucleo-
sides are bearing a heterocyclic base that is a hybrid
between a guanine and an adenine. The other observa-
tion was that the prodrugs with a methyl group at the
R2 position were generally a lot more potent than those
with a hydrogen at the same position, as seen with the
pairs 34a–36a, 34b–36b and 35b–37b. Adding a second
methyl at R3 neither improved nor diminished the activ-
ity further, as shown with compounds 35a–41a and 35b–
41b. The most active compounds (39b and 42b) were
4- to 6-fold less potent than their SATE prodrug coun-
terparts (7b), but at this point, we were more interested
in pharmacokinetic properties than optimized activities.
It is interesting to note that the cyclic monophosphate
SATE prodrugs of the same nucleosides exhibited very
similar antiviral activities.5


Selected compounds were tested for their in vitro stabil-
ity in multiple assays, including human plasma, human
simulated gastric fluid (SGF), and human simulated
intestinal fluid (SIF). All were stable in human plasma
and SGF for up to 1 h, but the SIF stability proved to
be more problematic. As described in the literature,7


the degradation products observed resulted from the
hydrolysis of the amino acid ester followed by a hydro-
lysis of the phenol group. As seen in Table 2, com-
pounds with R2 and R3 as hydrogens performed
poorly. This was not an issue for us because they were
also poorly active (36a,b–37a,b). However, the most ac-
tive compounds bearing a methyl as R2 and a hydrogen
as R3 also showed poor stability, especially when R4 was
a benzyl (38a,b–39a,b). Interestingly, replacing the ben-
zyl by a more bulky cyclopentyl (42b) did not help the
situation. However, replacing the R4 benzyl with an iso-
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Scheme 3. Reagents and conditions: (a) TEA, DMAP, isopropenyl
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TEA, DCM, �10 �C, 2 h; (d) 1-methylimidazole, DCM, rt, 20 h.







Table 2. SIF stability (1 mg/mL, 37 �C)


Compound % Remain, 30 min % Remain, 60 min


36a 0 0


36b 0 0


37a 0 0


37b 0 0


38a 0 0


38b 0 0


39a 0 0


39b 0 0


40a 67 48


40b 61 37


41a 100 100


41b 100 100


42b 0 0
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propyl group clearly improved the stability of these mol-
ecules as seen with compounds 40a,b. The best results
were obtained when the hydrogen in R3 was replaced
by a methyl (compounds 41a,b). In these cases, we did
not observe any degradation for up to 1 h. Further tests
showed no evidence of degradation at the 2 h timepoint.


In conclusion, we synthesized a series of 5 0-monophos-
phate prodrugs of two novel nucleoside analogues.
These prodrugs exhibited potent anti-HCV activity with
EC50s ranging from 24 nM to several micromolar in our
replicon assay. We also tested the in vitro stability of
these prodrugs under various conditions. Several com-
pounds were potent and stable under these conditions.
In particular, compounds 41a and 41b displayed potent
EC50 values (260 and 150 nM, respectively) and were
100% stable after 1 h incubation in SIF. These favorable
characteristics warrant studying the pharmacokinetic

properties of these compounds in an in vivo system.
The result of these studies will be reported in due course.
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aDipartimento di Chimica, Università di Roma ‘‘La Sapienza’’, Piazzale A. Moro 5, 00185 Roma, Italy
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Abstract—Four new perylene derivatives with three and four basic side-chains are reported here as G-quadruplex interactive com-
pounds. The new perylene derivatives are readily soluble in water and not self-aggregated, in contrast to what happens with the
previously reported two side-chain perylene derivatives. All four compounds are able to induce the G-quadruplex and to inhibit
50% of telomerase activity at about 5 lM concentration, showing a similar efficiency with respect to each other. Molecular model-
ling studies are presented to try to explain these findings.
� 2007 Elsevier Ltd. All rights reserved.

Human telomeric DNA consists of tandem arrays of the
sequence TTAGGG at the 3 0-end of the chromosome
which can reach several kilobases in length.1 A single-
stranded overhang of about 200 nucleotides protrudes
at the 3 0 terminus of telomeric DNA and in the nonrepli-
cative state this strand interacts with duplex DNA to
form a loop structure that stabilizes and protects the ter-
minal end of chromosomes.2 The terminal single-strand-
ed DNA of telomeres is the substrate for telomerase, a
ribonucleoprotein reverse transcriptase enzyme involved
in the maintenance of telomere length in eukaryotic
cells.3 Telomerase has therefore become an highly selec-
tive target for antitumour drug design since this enzyme
is active in most of human tumours (more than 85%)
and inactive in the somatic cells of normal tissues.4


In the last few years, an interesting approach for target-
ing telomerase has been developed with the use of mol-
ecules able to bind the G-rich strand of telomeric DNA
and to force it to assume unusual secondary structures

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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inaccessible to the enzyme, known as G-quadruplexes.5


G-quadruplex structures are based on the association
of four guanine bases in a planar stable hydrogen-bond-
ed arrangement, called a G-tetrad or G-quartet.6 Several
tetrads can be stacked on one another and held together
by intervening sequences to form G-quadruplexes.


Molecules able to induce and/or stabilize G-quadruplex
structures have been intensively studied for their ability
to inhibit telomerase in cell-free systems and thus act as
potential antitumoural agents. Many compounds such
as porphyrins,7 trisubstituted acridines,8 telomestatin,9


berberine10 and perylene11 derivatives are well known
as telomerase inhibitors and potential anticancer agents.


Recently, we have studied a library of N-N 0-disubstituted
perylene diimides having the same perylene core and dif-
ferent side chains.12 We have shown that electrostatic
interactions between ligand side-chains and DNA phos-
phates play a main role in the formation and stabilization
of G-quadruplex structures and in selecting its topology;
we also found that different side-chains attached to the
perylene core led to different efficiencies in telomerase
inhibition. Furthermore, we have shown that the side-
chain basicity plays a significant role in drug water solu-
bility: the tertiary amines present in the hydrophilic
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side-chains can be converted to the respective hydrochlo-
rides, leading to a moderate water solubility of the other-
wise very hydrophobic perylene core, but these
compounds nevertheless undergo extensive self-aggrega-
tion in aqueous media.12b The self-association properties
of the perylene-based ligands in water have been shown to

Figure 2. (A) Complexes between DAPER3C (left) and DAPER4C(1,7) (rig


ions are violet spheres) obtained by simulated annealing.16 (B) The same st


derivatives as atom type coloured sticks and yellow surfaces.
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polar side-chains should lead to enhanced water solubility
of the perylene core and to a smaller amount of self-
aggregation.


In order to obtain perylene derivatives with these molec-
ular features, in this paper we present four new perylene
derivatives with three and four basic side-chains (Fig. 1).
According to the model proposed by Hurley and
co-workers15 for perylene diimides interacting with G-
quadruplex structures, we can suppose that four
positively charged side-chains should improve the inter-
action between these molecules and the G-quadruplex,
leading to higher binding constants and consequently
to increased telomerase inhibition. In fact, molecular
modelling simulations16 of the designed compounds per-
formed on a G-quadruplex monomeric structure17 show
a good interaction between the new perylene derivatives
and the terminal G-tetrad, with the side chains correctly
directed towards the DNA grooves (Fig. 2). Neverthe-
less, the effect of an increased amount of ligand positive
charges on the electrostatic interaction with DNA phos-
phates could cause a decrease in selectivity for the G-
quadruplex.
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In order to obtain the designed perylene derivatives, we
have functionalized the aromatic area of perylene by
dibromination of 3,4:9,10-perylenetetracarboxylic dian-
hydride (1), as previously described.18 We obtained a
mixture of the two possible isomers 2 and 3, which were
not separable in this step of the synthesis (Scheme
1).19,20 The mixture was then reacted with the commer-
cially available 3-dimethylamino-1-propylamine and
converted to the respective dibromo diimides (DA-
PER-Br).21 In the final step of the synthesis, the mixture
of the two isomeric diimides was treated with a large ex-
cess of the same amine used in the preceding step at
110 �C, obtaining a mixture of different products, which
were successfully separated by column chromatography:
the four-substituted perylene derivatives DA-
PER4C(1,7) (5% yield) and DAPER4C(1,6) (9% yield),
having the additional chains in the 1,7 and 1,6 positions,
respectively, and the trisubstituted derivative DA-
PER3C (14% yield), obtained by partial dehalogenation
of the dibromo diimides.21 Moreover, we performed the
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diimides at room temperature and we found that only
one bromine atom was readily substituted by the nitro-
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Table 1. Molar extinction coefficients of the four perylene derivatives and DAPER12,24 at the indicated wavelengths, corresponding to a maximum in


the UV/vis spectrum in DMSO


Compound k (nm) e · 10�3 (M�1 cm�1)


DMSO


e · 10�3 (M�1 cm�1)


MES buffer, pH 6.5, T = 25 �C


e · 10�3 (M�1 cm�1)


MES buffer, pH 6.5, T = 90 �C


DAPER4C(1,7) 695 24.0 17.2 19.8


DAPER4C(1,6) 681 20.0 15.8 18.0


DAPER3C 640 24.7 16.9 19.4


DAPER3C-Br 661 21.2 15.2 17.9


DAPER 528 54.1 15.2 24.6
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Figure 3. UV/vis absorption spectra of DAPER3C-Br performed in


DMSO (A) and in MES (pH 6.5) buffer (B) at different temperatures.23


The arrow indicates an increasing temperature from 25 to 90 �C. The


analogous experiments for the other perylene derivatives are reported


in the Supplementary data. (C) Absorbance of DAPER3C-Br in MES


buffer as a function of the concentration.
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gen of the amine, while the other one still remained on
the aromatic core even after a long reaction time (12–
24 h). In this way, we obtained the compound DA-
PER3C-Br, which presents one polar side-chain and
one bromine atom on the perylene bay-area (Fig. 1).
This interesting feature could allow the displacement
of the two bromine atoms in two separate steps, by dif-
ferent reactants, carrying out the reactions at different
temperatures. In this way, we could obtain asymmetric
compounds with the ability to interact specifically with
asymmetric G-quadruplex structures.


The study of the behaviour of the synthesized com-
pounds in different solvents, paying particular atten-
tion to self-aggregation, was performed by UV/vis
absorption spectroscopy and NMR. Previously we
have shown that perylene diimides12b and coronene
derivatives20,22 are characterized by a strong decrease
of the molar extinction coefficients in water with re-
spect to organic solvents and by a low resolution of
the NMR spectra in D2O, because of strong self-ag-
gregation processes. On the other hand, in the case
of the new three- and four-chained perylene deriva-
tives, the UV/vis spectra in aqueous buffer at pH 6.5
showed little differences with respect to the spectra ob-
tained in organic solvent (Table 1).23 Furthermore,
when increasing the temperature, small changes in
the spectra were observed (Fig. 3 and Supplementary
data S1–S4). These data suggest that the new perylene
derivatives in solution are not aggregated, in contrast
to what happens for the previously reported two-side-
chain perylene derivatives12b (DAPER24 is reported
for comparison in Table 1). NMR data confirmed this
hypothesis, since the NMR spectrum in D2O for one
of these compounds [DAPER4C(1,6)] shows three dis-
tinct peaks in the aromatic region (d 8.14, 7.96, 7.48),
while the analogous spectra for the two-side-chain per-
ylene derivatives were almost flat in the aromatic re-
gion, due to self-aggregation (Supplementary data
S5). Moreover, the three aromatic peaks of DA-
PER4C(1,6) in D2O remain substantially unmodified
in the NMR spectra carried out at high temperature,
being correctly proportional to the aliphatic signals
(Supplementary data S6–S8). Furthermore, the lack
of self-aggregation is confirmed by the unchanged
UV/vis spectra as a function of the concentration
(Fig. 3C), in contrast to the two-side-chain perylene
derivatives.12b


It has been clearly shown that bay-substituted perylene
diimides present a twisting of the two naphthalene sub-
units in the perylene core by about 20 deg.25 It is

reasonable to suppose that the self-aggregation of this
class of compounds in water solution is very much
reduced with respect to the two-side-chain perylene
derivatives, because of the effect of the greater number
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of polar side-chains introduced on the perylene moiety
and of the distortion of the planar area of perylene
due to the presence of one or two side-chains in the
bay area. Indeed, very recently the effects of core twist-
ing on self-assembly of perylene diimides have been
exploited.26


The ability of the new three- and four-chained perylene
derivatives to induce G-quadruplex structures was inves-
tigated by polyacrylamide gel electrophoresis (PAGE)27,
using the DNA oligomer TSG4 (5 0-GGGATTGG
GATTGGGATTGGGTT-3 0). TSG4 is able to form
an intramolecular G-quadruplex and can act as a sub-
strate for telomerase elongation in a modified TRAP as-
say.28 This oligonucleotide was used in our previous
works to test the ability of berberine,10b perylene12b


and coronene22 derivatives to induce intramolecular G-
quadruplex structures. The oligonucleotide was incubat-
ed in the presence of increasing concentrations of the
four new perylene derivatives and the formation of
G-quadruplex structures was investigated by PAGE
analysis, as reported in Figure 4. Considering the
electrophoretic mobility of the bands obtained for the
G-quadruplex induced by 20 lM PIPER, the major elec-
trophoresis bands were identified as single-stranded (ss)
and monomeric G-quadruplex (M). The intramolecular
G-quadruplex (M) corresponds to the band showing the
highest mobility; its particular structure favours the fast-
er running in the gel grid with respect to the single-
stranded DNA, which has the same molecular weight.
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It is worth noting that the fraction of G-quadruplex
structures stabilized by the new three- and four-chained
perylene derivatives is approximately the same for the
four compounds, if it is evaluated as the decrease of
the free single-strand DNA at different drug concentra-
tions. However, the electrophoretic band analysis shows
that, while in the case of three-chained perylenes only
the bands corresponding to the intramolecular G-quad-
ruplex are present, as usually found for perylene dii-
mides,12b in the case of four-chained derivatives
electrophoretic bands having significantly lower mobili-
ty than ss-DNA are present. These bands, which are
likely to correspond to G-quadruplex complexes charac-
terized by a higher molecular weight with respect to ss-
DNA, could be due to intermolecular G-quadruplex
structures induced by these ligands or to complexes be-
tween two or more oligonucleotides held together by the
four-chained perylene derivatives. At the highest drug
concentration (20 lM), the electrophoretic band fea-
tures suggest the presence of equivalent amounts of
the two G-quadruplex structures.


The new perylene derivatives were evaluated for their
telomerase inhibition properties as determined by a
TRAP assay29 (Fig. 5). A modified TRAP protocol,28


using the DNA oligomer TSG4 as a substrate for telo-
merase elongation, was performed. Previously we have
shown that the results obtained with this assay are the
same as in the standard TS-based TRAP assay.12b We
have found a similar efficiency by the four different per-
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Table 2. Percentage of telomerase inhibition for the four perylene


derivatives at the indicated concentrations


2 lM (%) 5 lM (%) 10 lM (%) 20 lM (%)


DAPER3C 24 39 57 59


DAPER3C-Br 18 49 55 59


DAPER4C(1,7) 8 41 54 54


DAPER4C(1,6) 12 47 56 59


Errors estimated on at least three independent experiments are about
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ylene derivatives (Table 2): all of them are able to inhibit
50% of the enzyme activity at about 5 lM concentra-
tion. This value is lower than those found in the case
of the two-side-chained perylene derivatives, which we
previously showed to be in the range of 10–20 lM.12


The inhibition trend of the new perylene derivatives is
characterized by an asymptotic behaviour around 60%
of inhibition starting from 10 lM drug concentration,
which is quite unexpected and requires further
investigations.

It is interesting to note that perylene derivatives with
three and four side-chains show a similar efficiency with
respect to each other, both in the PAGE and in the
TRAP assay. This can be explained by looking more
closely at the molecular models (Fig. 2): the perylene
area is superimposed on approximately half the G-tet-
rad area. In fact, as in the case of trisubstituted acri-
dines,8b the third side-chain on the minor axis of the
perylene anchors the ligand to one orthogonal groove
with respect to the two grooves where the two side
chains on the major axis of the perylene lie. On the con-
trary, the fourth side-chain (when present) cannot reach
the opposite groove when the ligand is in this position,
so that its presence is not useful for improving the bind-
ing to the G-quadruplex. The presence of this highly
mobile side-chain could explain the unique ability of
these compounds to hold together two different TSG4
oligonucleotide chains (Fig. 4). This behaviour of the
four-chained perylene derivatives surely deserves further
investigation, since it seems to characterize only these
molecules, in contrast to the perylene derivatives with
two and three side-chains.


A major improvement in the biological activity of the
new perylene derivatives hereby reported, due to the
greater number of positively charged side-chains with
respect to the two-side-chained perylene derivatives,
could have been expected. However, the distortion
of the planar area of the perylene core due to the
presence of the new side chains25,26 (Fig. 2) should
be taken into account to explain this result. Neverthe-
less, the balance between hydrophobic and hydrophilic
interactions is a complex topic, which surely requires
further study.


Further investigation will be carried out to fully exploit
the experimental data here reported, but the distortion
of the planarity of the perylene core (well known for
the bay-substituted perylene diimides) and the self-ag-
gregation of the synthesized compounds must be care-
fully considered in the model of the interaction
between the different ligands and the G-quadruplex
DNA. In fact, self-association is reported to favour
the specific recognition of the G-quadruplex with respect
to duplex DNA.13 Nevertheless, it has been recently
shown by Palumbo and coworkers14 that strong drug
self-aggregation is related to a minor telomerase inhibi-
tion and weaker interactions with the G-quadruplex,
suggesting that the higher selectivity for G-quadruplex
arrangements upon aggregation is due to a reduced
binding efficiency to duplex and single-stranded DNA
rather than a greater affinity for G-quartets. We have
recently derived analogous conclusions in a series of cor-
onene derivatives.22 Moreover, Hurley and co-work-
ers15,30 proposed also that the self-stacking properties
of perylene diimides are important in determining their
ability to induce the formation of G-quadruplex struc-
tures, acting in the manner of a chaperone protein. Since
the perylene derivatives hereby reported do not show
significant self-stacking in water (Table 1), further inves-
tigation will be devoted by our group to clarify the ef-
fects of the lack of self-association on the kinetic
aspects of the induction of G-quadruplex structures by
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these new compounds and on their selectivity for the G-
quadruplex with respect to duplex DNA.
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