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Abstract—A series of fluoro-substituted imipramines and its analogues, 6a–6e, were synthesized and evaluated for their in vitro local
anesthetic activity. Compound 6b was found to have potency, onset, and duration of action comparable to those of lidocaine (lido-
caine hydrochloride, CAS:6108-05-0). Dissociation constants (pKa) of these compounds have been determined to be 7.6–7.9.
� 2007 Elsevier Ltd. All rights reserved.

Local anesthetics interrupt conduction of neural mes-
sages in sensory, motor, and autonomic nerves. They
prevent both the generation and conduction of the nerve
impulse in a circumscribed area by binding to the so-
dium channel and blocking sodium entry into neuron.


Tri-cyclic antidepressants (TCAs) have been widely used
in treating major depressive disorders. Recent studies
further demonstrated that TCAs have potent sodium
channel blocking effect.1–6 For example, imipramine at
5 mM elicited a longer complete sciatic nerve blockade
than that of bupivacaine at 15.4 mM (0.5%).7 About
50 new substituted local anesthetics where the benzene
ring is substituted by fluorine in the o-, m-, and p-posi-
tions were synthesized in our previous work. Some of
these compounds exhibited infiltration and surface local
anesthetic actions, and the potency was higher than that
of lidocaine. When fluorine is at position 1 of the phenyl
ring, amitriptyline exhibits substantially increased anti-
depressant activity and significantly decreased anticho-
linergic toxicity.8 So far, there were no reports about
the change of the sodium channel blocking effect of fluo-
rine substituted amitriptyline. The biological properties
of fluoro-TCAs raised our interest to focus on their der-
ivations as potential long-acting local anesthetics.
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Five fluoro-substituted imipramines and its analogues
which were mainly modified at positions 3 and 7 with
two fluorines on phenyl ring and different substitutions
on the amines were designed and synthesized. Their
in vitro local anesthetic activity was evaluated by sciatic
nerve block.


The target compounds 6a–6e were prepared as shown in
Scheme 1.


4-Fluoro-2-nitro-toluene was condensed with each other
in the presence of sodium methoxide in petroleum ether
at 5–15 �C to give the 4,4 0-difluoro-dinitrodibenzyl (2) in
a yield of 72%. It was reduced to give compound 3 in
ethanol at 60 �C by Fe powder as reductive agent under
acidic condition in a yield of 76%. The compound 3 was
condensed at 290 �C for 1 h to obtain compound 4 in a
yield of 5%. Other resultants were removed by tritur-
ation of the reaction mixture between petroleum ether
and water. Treatment of 4 with NaNH2 in refluxing tol-
uene, followed by the addition of N,N-dimethyl-3-chlo-
ride propylamine with further refluxing, gave compound
5 in a yield of 67%. An excess of reactant was removed
using column chromatography on silica gel. Compound
5 was dissolved in anhydrous ether and dried gas of
hydrogen chloride was added at rt for 5 min, 5 was
transformed into 6a.9 Compounds 6b–6e10 were pre-
pared by following the same procedure as shown in
Scheme 1.


3,7-Difluoro-10,11-dihydro-5H-dibenz[b,f]azepine (com-
pound 4) was the key intermediate. The parent 10,11-
dihydro-5H-dibenz[b,f]azepine was first synthesized in
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Table 1. Sciatic nerve block activities of compounds 6a–6e


Compound ED50 (%) Latent


period (min)


Effect versus


lidocaine 0.019 = 100


6a 0.094 30.7 20.2


6b 0.018 38.2 105.5


6c 0.069 40.6 27.5


6d 0.039 39.8 48.7


6e 0.029 37.3 65.5


Lidocaine 0.019 37.2 100


i ii iii iv


1
2 3 4 5a-5e


6a-6e


v
5a 5b 5c 5d 5e
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Scheme 1. Synthesis procedure for compounds 5a–5e. Reagents and conditions: (i) CH3ONa, 5–15 �C, 4–5 h; (ii) Fe/HCl, 60–70 �C, 3 h; (iii) 290 �C,


1 h; (iv) NaNH2/ClCH2CH2CH2NR1R2, 110 �C, 12 h; (v) HCl, rt, 5 min.
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1899 by Thiele and Holzinger11 and since then many
substituted 10,11-dihydro-5H-dibenz[b,f]azepines have
been prepared.12 The derivatives have been made either
directly by substitution reactions on the parent unsubsti-
tuted tricycle or by ring synthesis starting from substi-
tuted synthons. Most direct substitution reactions, for
example, nitration,13 bromination14 and Friedel-Crafts
acylation,15 are possible, but in general proceed in low
yields and either give mixtures of regioisomers or limit
to only one accessible position on the ring system. Ring
synthesis of 10,11-dihydro-5H-dibenz[b,f]azepines has
been approached in a few different ways.16 All methods
require relatively harsh conditions or inconvenient mul-
ti-steps with very low yields. We obtained compound 4
by only three steps from 4-fluoro-2-nitro-toluene
through the ring synthesis method which differs from
the methods mentioned above. The yield of the key step
is only 5% because the great mass of reactant was car-
bonized at the reactive temperature. Compound 4 was
dissolved in petroleum ether while the carbonizations
did not, so carbonizations could be easily removed by
the trituration of the reaction mixture between petro-
leum ether and water conveniently. A facile, flexible,
and easily accessible synthetic route toward 3,7-diflu-
oro-10,11-dihydro-5H-dibenz[b,f]azepine is still under
investigation.


Dissociation constant (pKa) is an important physico-
chemical parameter for local anesthetic. Most of the
clinically useful local anesthetics have pKa values of
7.5–9.0. This implies that compounds with pKa values
below 7.0 are not sufficiently ionized at physiological
pH to be effective in bringing about anesthesia even
though they can penetrate the axon. In contrast, drugs
with pKa values above 9.5 are almost fully ionized at
physiological pH. Consequently, these drugs are less
effective because they have difficulty in penetrating the
cell membrane. The pKa values of these compounds
have been determined by potentiometric titration meth-
od.17 A graph was plotted for volume of hydrochloric
acid added versus pH of the solution. The dissociation
constant (pKa) values were obtained from the pH at half
neutralization point of the titration curves. The pKa of
compounds 5a–5e obtained from this method were 7.7,
7.7, 7.9, 7.6, and 7.6, respectively. This means com-
pounds 5a–5e have the appropriate pKa values for use
as potent Na-channel blockader.

All target compounds 6a–6e were evaluated for their lo-
cal anesthetic effects of sciatic nerve block in toads.18–20


Electrophysiological experimental data were obtained
on Doctor-95 Super Lab (Jingsu Medicine technological
institute). All of the experiments were performed with
wild adult toads (two available isolated sciatic nerves
of one toad). Lidocaine (lidocaine hydrochloride,
CAS: 6108-05-0) was obtained from Shanghai Xidi Bio-
tech. Co., Ltd and was used after dissolving in Ringer’s
solutions. Experimental data21 and results are summa-
rized in Table 1.


The new compounds increased the ED50 (%) to the
electric stimuli applied on the injected area with value
ranging between 0.018 and 0.094. Under the same
conditions lidocaine had an effect equal to 0.019.
The analysis of the results showed that the most active
compound which produced an effect versus lidocaine
hydrochloride was 6b with 105.5. Its analogues 6d,
6e also exhibited significant efficacy with 48.7 and
65.5, respectively. Compounds 6a and 6c (20.2,27.5)
were less effective than lidocaine. The latent period
of these compounds was 30.7–40.6 min, which were
very close to that of lidocaine (37.2 min) at the same
test conditions.


Structurally, the most active compound was character-
ized by the presence of the diethyl amine group on the
side chain. The least active compound 6a had 20.2 of
the lidocaine action, which possesses the dimethyl amine
group. The side chain of compounds 6c, 6d, and 6e was
tetrahydropyrrolyl, piperidino, and morpholine group,
respectively.


To summarize, a series of fluoro-substituted imipram-
ines and its analogues, 6a–6e, were synthesized and eval-
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uated for their in vitro local anesthetic activity. The
compounds 6a–6e were obtained starting from 4-flu-
oro-2-nitro-toluene. The in vitro local anesthetic activity
was evaluated by sciatic nerve block. Dissociation con-
stants (pKa) of these compounds have been determined
to be 7.6–7.9. These compounds have different degrees
of local anesthetic action. Compound 6b was found to
have potency, onset, and duration of action comparable
to those of lidocaine. The new compound 6b may de-
serve further evaluation as potential local anesthetic.
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Abstract—During an effort to search for more potent growth hormone secretagogues, we discovered a class of compounds of which
the best compound 8 was 7-fold more active in vitro than the best compound in the series we revealed before [Tata, J. R.; Lu, Z.;
Jacks, T. M.; Schleim, K. D.; Cheng, K.; Wei, L.; Chan, W.-S.; Butler, B.; Tsou, N.; Leung, K.; Chiu, S.-H. L.; Hickey, G. J.; Smith,
R. G.; Patchett, A. A. Bioorg. Med. Chem. Lett. 1997, 7, 2319.]. Animal studies show that compound 8 can stimulate growth hor-
mone release at the oral dose as low as 0.06 mpk. Chemistry and biological studies are discussed.
� 2007 Published by Elsevier Ltd.
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Growth hormone secretagogues were the subject of
intensive studies in past years due to their potential in
the clinic.1 In the previous communication, we described
a class of short acting growth hormone secretagogues
that were orally active (represented by ester
L-163,833).2 We were also interested in studying long
duration compounds that might closely mimic the natu-
ral pulsatile release of GH based on our clinic data from
MK-0677,1j another long duration secretagogue. In this
communication, we describe a series of potent long
duration spiroindane growth hormone secretagogues in
which the best compound 8 shows excellent in vitro
and in vivo activity (Fig. 1 and Scheme 1).


The synthesis of this class of compounds started from
chiral acid 18. Compound 18 and some related interme-
diates were discussed previously.2 Acid 18 was coupled
with benzyl alcohol to afford benzyl ester 19 in 75%
yield. Acidic cleavage of the Boc group followed by
EDC coupling with Boc-phenylpropyl amino acid gave
20 in 83% yield. Treatment of 20 with TFA and EDC
coupling of N-Boc a-methylalanine afforded compound
21 (87%). Final compounds were obtained by catalytic
hydrogenolysis and subsequent EDC coupling with
amine RNH2 and acidic cleavage of the Boc group
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(50–80%). All amines RNH2 were commercially
available.


All the compounds were evaluated for their ability to
stimulate growth hormone in the rat pituitary cell as-
say.3 In our earlier article, we discussed that an ester
analog was a short acting secretagogue of GH.2 In order
to find alternative long duration GH secretagogues, we
decided to test if an amide analog in this series would
be of a longer duration of action in vivo. We first exam-
ined the primary amides. Both enantiomer 1 and 12 are
very potent. In fact, they are the most active analogs in
the respective series. The R isomer 1 is 4-fold more po-
tent than the S isomer 12. In general, the R isomers are
more active than the corresponding S isomers.

N
MeO2S


MK-0677 8


O


Figure 1. Potent growth hormone secretagogues.
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Scheme 1. Reagents: (a) BnOH, EDC, NMM,CH2Cl2; (b) TFA, CH2Cl2; (c) Boc-phenylpropyl amino acid, EDC, HOBT, NMM,CH2Cl2; (d) TFA,


CH2Cl2; (e) N-Boc-a-methylalanine, EDC, HOBT, NMM,CH2Cl2; (f) Pd/C, H2, MeOH; (g) RNH2, EDC, NMM,HOBT, CH2Cl2; (h) EtOAc/HCl.
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In a series of R isomers, extension of the chain length re-
sults in a potency improvement. The 3-carbon straight
chain is optimal. The propyl amide 8 is as potent as
the allyl analog (10). However, the branched i-Pr amide
11 is 2-fold less potent than 8. Introduction of a terminal
hydroxyl group at the carbon chain affords very active
analogs and their potency seems insensitive to the length
change of the chain (4–6). Replacement of the hydroxyl
with methyl sulfonamide results in a better GH secreta-
gogue (7). Bulky groups like phenyl cause a drop in po-
tency (9). The S isomer series displays a similar trend

Table 1. SAR studies of amide analogs in the in vitro assay


N


RHN


O


H
N


NH2.HCl
OO


R


Compound R EC50 (nM)


1 H 0.09


2 Me 0.4


3 Et 0.9


4 –(CH2)2OH 0.51


5 –(CH2)3OH 0.41


6 –(CH2)4OH 0.44


7 –(CH2)2NHMs 0.21


8 Pr 0.15


9 Ph 1.2


10 Allyl 0.14


11 i-Pr 0.3


Data from the rat pituitary cell assay. All EC50 are normalized against our

(13–17). One interesting observation is that the R iso-
mers of the amides are more active than the correspond-
ing S isomers; however, the S isomers of the esters are
more potent than the R isomers instead.2 Due to insuf-
ficient structural information at the receptor level, it was
unclear why the ester series showed a different SAR
from the amide series. Nonetheless, in general, the
amides are more active than the esters. The SAR of
these amides is summarized in Table 1. For comparison,
the data for the ester analogs can be referred to our
earlier paper.2

N


RHN


O


H
N


NH2.HCl
OO


S


Compound R EC50 (nM)


12 H 0.35


13 Me 3.8


14 Et 2.1


15 –(CH2)2OH 0.45


16 –(CH2)3OH 0.85


17 –(CH2)4OH 0.73


MK-0677 1.5


L-163,833 1.0


internal standards. Single data point.







Table 2. In vitro response of growth hormone secretagogues


Compound Dog GH release Respondersa


iv (mpk) po (mpk)


1 0.25 4/4


2 0.125 5/6


3 0.10 0.25 6/7


4 0.50 (weak) 4/4


8 0.01 0.06 6/6


MK-0677 0.025 0.125 8/10


a Doses shown represent the lowest dose where 4-fold elevations over


basal GH levels were recorded.
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Five compounds in the R isomer series were evaluated
in vivo for their ability to stimulate the release of GH
in beagle dog model as summarized in Table 2. The min-
imum effective dose that caused at least a 4-fold increase
in serum GH levels was regarded as a positive response.
In general, the alkyl amides responded better than the
more polar analogs (2, 3 and 8 vs 1 and 4). Compound
8 (the propyl analog) performed the best compared to
the shorter chain analogs (Me analog 2 and Et analog
3). Another observation we had during the study of this
class of compounds was that the female animals gener-
ally responded better than the male counterpart. All
compounds tested in vivo have a long duration of
action. The GH levels remain well above the basal level
even after 2 h. In case of the short acting series, the level
of GH returned to the base line after 1.5 h.2 In the same
assay, compound 8 showed similar duration of action to
MK-0677 at 1 mpk. There was no follow-up chronic
study for these compounds. Therefore it remains unclear
whether these amide analogs would mimic the natural
pulsatile release of GH or affect IGF-I level in vivo.
Compared to MK-0677, compound 8 is 10-fold more
potent in vitro and 2-fold more potent in vivo.


In summary, a new class of potent GH secretagogues
has been reported. The best compound 8 is not only
highly potent in the rat pituitary cell assay but also
orally active at a very low dose in dogs to stimulate
growth hormone.
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Abstract—A series of pharmacophoric hybrids of ameltolide-c-aminobutyric acid (GABA)-amides was designed, synthesized, and
evaluated for their anticonvulsant and neurotoxic properties. Initial anticonvulsant screening was performed using intraperitoneal
(ip) maximal electroshock-induced seizure (MES), subcutaneous pentylenetetrazole (scPTZ), and subcutaneous picrotoxin (scPIC)-
induced seizure threshold tests. All the compounds had improved lipophilicity and the pharmacological activity profile confirmed
their blood–brain barrier penetration. The titled compounds showed promising activity in scPIC screen indicating the involvement
of GABA-mediation. Compound 4-(2-(2,6-dimethylaminophenylamino)-2-oxoethylamino)-N-(2,6-dimethylphenyl) butanamide (7)
emerged as the most potent derivative effective in all the three animal models of seizure with no neurotoxicity at the anticonvulsant
dose.
� 2007 Published by Elsevier Ltd.

Epilepsy is a disorder characterized by recurrent seizures
of cerebral origin, presenting with episodes of sensory,
motor or autonomic phenomenon with or without loss
of consciousness. Epilepsy is the second most common
chronic neurological condition reported by neurolo-
gists.1 Despite the optimal use of available antiepileptic
drugs (AED), many patients with epilepsy fail to
experience seizure control and others do so only at the
expense of significant toxic side effects.2 In recent years,
the field of antiepileptic drug development is quite
dynamic, affording many promising research opportuni-
ties. c-Aminobutyric acid (GABA) is the major inhibi-
tory neurotransmitter in the mammalian brain.3 It has
been well documented that the reduction of GABAergic
neuronal activity plays an important role in a number of
neurological disorders, including epilepsy.4,5 The periph-
eral administration of GABA cannot be usefully per-
formed since this neurotransmitter is able to cross the
blood–brain diffusion barrier (BBB) only at extremely

0960-894X/$ - see front matter � 2007 Published by Elsevier Ltd.


doi:10.1016/j.bmcl.2007.04.032


Keywords: Anticonvulsant; GABA; Ameltolide; Pharmacophore; 2,6-


Dimethylphenyl.
* Corresponding author. Tel.: +91 1596 245073; fax: +91 1596


244183; e-mail: pyogee@bits-pilani.ac.in

high doses, which produce severe adverse side effects.6


Hence, over the past few decades, research aimed at
achieving successful delivery of GABA into the CNS
has resulted in the discovery of various GABA analogs
with improved pharmacological activities.7 We under-
took a drug discovery program on designing newer
GABA derivatives and recently two series of pharmaco-
phoric hybrids of phthalimide-GABA-anilides/hydraz-
ones were reported as anticonvulsants in which the
most active compound was found to be 4-(1,3-dioxo-
1,3-dihydro-2H-isoindol-2-yl)-N-(2,6-dimethyl phenyl)
butanamide.8 4-Amino-N-(2,6-dimethylphenyl)phthali-
mide was previously designed from the models of
ameltolide and thalidomide.9 In view of the above re-
sults, the present work is aimed at combining the phar-
macophoric features of ameltolide, a 2,6-
dimethylanilide, GABA, and amide as novel class of
GABA derivatives.


The synthesis of pharmacophoric hybrids of ameltolide-
GABA-amides was accomplished as presented in
Scheme 1. The coupling of the 2,6-dimethylphenyl ami-
no group with GABA was achieved via an intermediate
acetanilide obtained by chloroacetylation reaction in
dichloromethane and the latter was condensed with
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Scheme 1. Synthetic protocol of the titled compounds.
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GABA in ethanol in the presence of triethylamine under
microwave10 for 30 s at 60% intensity to yield 75% of 4-
(2-(2,6-dimethylphenylamino)-2-oxoethylamino)butanoic
acid (1).14 The 4-(2-(2,6-dimethylaminophenylamino)-2-
oxoethylamino)-N-(aryl/alkyl/heteroalkyl) butanamides
(2–13) were obtained by reaction of 1 with respective ani-
lines or alkyl amines or secondary amines at ice cold con-
dition (0–5 �C) in presence of N,N0-dicyclohexyl
carbodiimide (DCC) (Table 1). The purity was assessed
by TLC; and the assignments of the structures were
based on elemental and spectroscopic methods of anal-
ysis. The IR spectral data of the synthesized compounds
(1–13) were identical in the following aspects, 3200–
3100, 3030, 1640, 1400, 780 cm�1. In the 1H NMR spec-
tra the signals of the respective protons of the prepared
butanamides were verified on the basis of their chemical
shifts, multiplicities, and coupling constants. The spec-
tra showed a signal at d � 2.0 ppm correlated to be the
amino group at c carbon of GABA; NH proton
attached to aromatic nucleus appeared at d � 10.02 ppm
in addition to a singlet signal at d � 3.49 ppm corre-
sponding to the methylene proton of COCH2N group.
Elemental analysis results were within ±0.4% of the the-
oretical values. logP for all the synthesized compounds
were calculated using chemdraw ultra 9.0 (Cambridge
software).


The anticonvulsant activity of the synthesized com-
pounds (1–13) was determined using three animal mod-
els of seizure which included maximal electroshock
seizure11 (MES), subcutaneous pentylenetetrazole12


(scPTZ), and intraperitoneal picrotoxin13 (ipPIC)-
induced seizure threshold tests. The acute neurological
toxicity was determined in the rotorod test. The results

are summarized along with the data for standard drugs
in Table 2. All of the compounds except 4, 8, 12, and 13
showed activity in the MES screen at 100 mg/kg except
10 at 300 mg/kg after 0.5 h of drug administration indic-
ative of their ability to prevent seizure spread. In the
subcutaneous pentylenetetrazole (scPTZ) screen, a test
used to identify compounds that elevate seizure thresh-
old, only two compounds with dimethyl phenyl group
(6 and 7) showed protection at 300 and 30 mg/kg,
respectively. In the scPIC-induced seizure threshold test,
all of the compounds exhibited activity indicative of the
possible involvement of GABA-mediation in the anti-
convulsant action. The compound 2,6-dimethylanilide
(7) showed pronounced activity at 10 mg/kg and com-
pounds that showed protection at 30 mg/kg include 1,
3, 4, 9, and 13. All other compounds showed activity
at 100 mg/kg. In general, it appears that except com-
pounds 4, 8, 12, and 13, all other compounds were found
to be effective in at least two models of seizure with com-
pounds 6 and 7 effective in three animal models of sei-
zures. In the acute neurological toxicity screen, the
compounds 1–5, 7–9, and 13 emerged as promising anti-
convulsants with less or no neurotoxicity. There was no
separation between the anticonvulsant dose and the
neurotoxic dose (300 mg/kg) for compounds 6, and
10–12. Compound 4-(2-(2,6-dimethylaminophenylami-
no)-2-oxoethylamino)-N-(2,6-dimethylphenyl) butana-
mide (7)15 emerged as the most potent derivative
effective in all the three animal models of seizure with
no neurotoxicity at the anticonvulsant dose when com-
pared to the standard drugs.


In the present study, we have demonstrated that combi-
nation of ameltolide-GABA-amide pharmacophores







Table 1. Physical constants of the titled compounds


CH3


CH3


H
N


O


N
H


O


NRR
1


Compound NRR1 Yield (%) Mp (�C) Molecular formulaa Molecular weight logPb


1 — 60 133 C14H20N2O3 264 0.54


2 –NHPh 60 92 C20H25N3O2 339 2.44


3 –NH(2-BrPh) 59 123 C20H24N3O2Br 418 3.27


4 –NH(3-CH3Ph) 81 131 C21H27N3O2 353 2.93


5 –NH(3-Cl-2-CH3Ph) 84 128 C21H26N3O2Cl 388 3.49


6 –NH(2,4-dimethylPh) 63 74 C22H29N3O2 367 3.42


7 –NH(2,6-dimethylPh) 62 113 C22H29N3O2 367 3.42


8 –N(CH3)2 83 121 C16H25N3O2 291 1.01


9 –N(n-Bu)2 92 112 C22H37N3O2 375 3.50


10 –N(Ph)2 63 93 C26H29N3O2 476 4.34


11 N 73 98 C19H29N3O2 331 1.75


12 N CH3 75 104 C20H21N3O2 345 2.08


13


N N


CF3


68 223 C25H31N3O2F3 490 3.77


a Elemental analyses for C, H, N were within ±0.4% of the theoretical values.
b Calculated using chemdraw ultra 9.0 program (Cambridge software).


Table 2. Anticonvulsant activity and minimal motor impairment of the titled compounds


Compound Intraperitoneal injection in micea


MES screen scPTZ screen scPIC screen Neurotoxicity


0.5 h 0.5 h 0.5 h 4 h 0.5 h 4 h


1 100 — 30 100 300 —


2 100 — 100 — 300 300


3 100 — 30 30 300 300


4 — — 30 100 300 —


5 100 — 100 100 300 —


6 100 300 100 100 300 300


7 100 30 10 30 300 —


8 — — 100 100 — 300


9 100 — 30 100 300 —


10 300 — 100 300 300 —


11 100 — 100 — 100 —


12 — — 100 100 100 100


13 — — 30 100 — —


Phenytoin 30 — — — 100 100


Ethosuximide — 100 — — — —


Phenobarbital 100 30 30 100 100 300


a Doses of 30, 100, and 300 mg/kg were administered. Control study with vehicle treatment produced no anticonvulsant activity. The figures in the


table indicate the minimum dose whereby bioactivity was demonstrated in half or more of the mice. The dash (—) indicates an absence of activity at


the maximum dose administered (300 mg/kg).
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yielded newer prototypic GABA derivatives with poten-
tial activity in the preliminary testing. The pharmacolo-
gical activity profile confirmed their blood–brain barrier
penetration. Thus, these newer derivatives would be
beneficial for a wide range of seizures and furthermore
this logical thinking can be extended in combining other
anticonvulsant pharmacophores in the future.
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Abstract—A series of fluconazole analogues 5–20 incorporating azaindole and indole moieties were prepared using oxirane interme-
diates synthesized under microwave irradiation. All of the compounds were evaluated in vitro against two clinically important fungi,
Candida albicans and Aspergillus fumigatus. Four derivatives 6, 13, 14 and 18 exerted high antifungal activity against C. albicans with
MIC80 values 3- to 28-fold lower than that of fluconazole.
� 2007 Elsevier Ltd. All rights reserved.
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Invasive fungal infections have increased in frequency
and severity over the last two decades as a result of an
increasing number of immunocompromised hosts.1


Widespread use of antifungal therapies for curative,
pre-emptive or prophylactic purposes has been devel-
oped to overcome the threat of Candida colonisation
and infection, but has also led to the development of
resistance to the currently available antifungals.2 Intrin-
sic (C. krusei, C. glabatra) or acquired (C. albicans) resis-
tances to azole compounds have been observed with an
increasing occurrence, particularly among HIV infected
patients suffering from oropharyngeal candidiasis. This
situation highlights the need for advent of new and effec-
tive antimycotic agents.


In our on-going interest in the preparation of new anti-
fungals,3 our attention has been focused on fluconazole
because of its broad antifungal spectrum, its low toxicity
and its excellent pharmacokinetic properties.4 Further-
more, the indole and its azaheterocycle bioisosters such
as indazole and 7-azaindole, which present considerable
biological importance, are embedded in a wide range of
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natural products and medicinal synthetic compounds
exerting antifungal activity.5 We describe in the present
study the synthesis and the antifungal activities of new
fluconazole analogues incorporating indole and other
azaheterocycle moieties.


Recently, our group has developed a new synthetic
method of the Corey–Chaykovsky reaction under
microwave heating to obtain oxiranes, precursors
widely used in the synthesis of conazoles.3b These
key intermediates were prepared in two steps from
2,2 0,4 0-trihalogenoacetophenones 1, 2 by N-alkylation
of 1H-1,2,4-triazole and then Corey–Chaykovsky reac-
tion of phenacyltriazoles under microwave irradiation
(Scheme 1).

N


1  2,4-diF
2  2,4-diCl


3  2,4-diF
4  2,4-diCl


Scheme 1. Two-step synthesis under microwave irradiation of inter-


mediate oxiranes 3–4.
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Scheme 2. Reagents and conditions: (a) K2CO3, indazole or benzotriazole, CH3CN, reflux, 12 h; (b) NaH, benzimidazole or 7-azaindole, rt, 12 h.
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The preparation of azaheterocycle derivatives is re-
ported in Scheme 2. Compounds with indazole and
benzotriazole moieties have been obtained by ring open-
ing of oxiranes 3–4 in the presence of potassium carbon-
ate in acetonitrile.6 Although N1 and N2-alkylation was
observed for the two heterocycles, the two regioisomers
could be isolated by silica gel column chromatography
only in the benzotriazole sub-series in a ratio of about
1/0.4, as evaluated in the crude extracts. In the case of
the indazole sub-series, compounds from N1-alkylation
have been isolated after purification, whereas N2-alkyl-
ation compounds were in mixture with N1-alkylation
compounds. Benzimidazole and 7-azaindole, which are
less acidic than indazole and benzotriazole rings, need
a stronger base for the deprotonation of NH group.
The compounds 11–14 have been obtained by condensa-
tion of benzimidazole or 7-azaindole on oxiranes 3–4 in
the presence of sodium hydride in DMSO.7


To investigate the importance of the pyrrole ring and the
N1-fixation of the propan-2-ol chain, we decided to pre-
pare indoline and 5-aminoindole analogues, respectively
(Scheme 3).

N


N


N
OH


Cl


Cl


R


a
R =


N N
H


NH


4


15 16


Scheme 3. Reagents and condition: (a) K2CO3, indoline or 5-amino-


indole, DMF, 90 �C, 72 h, 8–10%.

Pharmacomodulations of the azaheterocycle moiety
have been accomplished by the ring opening of oxirane
4 with appropriate azaheterocycles using potassium car-
bonate in DMF at 90 �C for 72 h.8 Due to tedious puri-
fication workup, yields of the desired compounds 15 and
16 remained very poor: 8% and 10%. In the case of
compound 16, only regioisomer in position 5 has been
observed without by-product resulting from the N1-
alkylation of the indole ring. The NH group of 5-amino-
indole is less acidic than those of indazole or
benzotriazole and cannot be deprotonated by potassium
carbonate. Then the most potent nucleophilic position is
the amino group in position 5 of the indole nucleus.


Additionally, opening of oxirane 4 was carried out using
diverse C-3 substituted indoles (3-formylindole, 3-eth-
oxycarbonylmethylindole, and 3-ethoxycarbonyl-ethyl-
indole) leading, after metallation by NaH in DMSO,
to compounds 17–19.9 Furthermore, condensation with
4-oxo-4,5,6,7-tetrahydro-1H-indole afforded selectively
the N1-substituted compound 20; this enaminone seems
to be a valuable moiety.10 The synthetic pathway to
achieve these fluconazole analogues 17–20 is presented
in Scheme 4.


The target azaheterocycle analogues of fluconazole 5–20
were screened for antifungal activities against
C. albicans and Aspergillus fumigatus. The growth inhi-
bition test for drug evaluation against C. albicans and
A. fumigatus was carried out by the method based on
the fluorometric properties of alamar blue.11 Amphote-
ricin B, itraconazole and fluconazole were used as posi-
tive controls. The minimum inhibitory concentration
(MIC80) values (in lg mL�1) are gathered in Table 1.
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The MIC80 values of the azaindole derivatives indicate
that the most active compounds were the 2,4-dichloro-
phenyl derivatives 6, 8, 10, 12, 14 which showed
generally remarkable activities against C. albicans,
in particularly 6 (indazole) and 14 (7-azaindole)
(IC80 = 0.0007 and 0.0031 lg mL�1, respectively)
which were more potent than fluconazole
(IC80 = 0.020 lg mL�1). The difluoro analogues 5, 7, 9,
11, 13 were consistently less active against C. albicans
but still some of them (5, 7, 13) are among the most
potent compounds.


The MIC80 values of the indole derivatives 17–19 denote
that compound 17 showed comparable antifungal activi-
ty to that of fluconazole and that compound 18
(IC80 = 0.006 lg mL�1) was the most potent.


Only three compounds 5, 13 and 14 exerted moderate
inhibitory activity against A. fumigatus; they remain 50
times less active than itraconazole: �25 and
0.50 lg mL�1. Surprisingly, comparison between 5, 13
and 6, 14, respectively, brings to the fore, in that case,
the favourable influence of a 2,4-difluorophenyl
grouping.

Table 1. In vitro antifungal activity of azaheterocyclic derivatives 5–20


Compound Azaheterocycle X


5 N1-Indazole 2,4-diF


6 N1-Indazole 2,4-diCl


7 N1-Benzotriazole 2,4-diF


8 N1-Benzotriazole 2,4-diCl


9 N2-Benzotriazole 2,4-diF


10 N2-Benzotriazole 2,4-diCl


11 Benzimidazole 2,4-diF


12 Benzimidazole 2,4-diCl


13 7-Azaindole 2,4-diF


14 7-Azaindole 2,4-diCl


15 Indoline 2,4-diCl


16 5-Aminoindole 2,4-diCl


17 3-Formyl-1H-indole 2,4-diCl


18 3-Ethoxycarbonylmethyl-1H-indole 2,4-diCl


19 3-Ethoxycarbonylethyl-1H-indole 2,4-diCl


20 4-Oxo-4,5,6,7-tetrahydro-1H-indole 2,4-diCl


Amphotericin B


Fluconazole


Itraconazole

These data demonstrate that the presence of a 2,4-
dichlorophenyl ring increases the in vitro activity against
C. albicans by comparison with the 2,4-difluorophenyl
moiety. The fact that indazole and 7-azaindole deriva-
tives are the most potent compounds could highlight
the influence of number and position of nitrogen atoms
in the heterocycle; these atoms may contribute to the for-
mation of hydrogen bonds within the target enzyme ac-
tive site and thereby stabilize the drug–enzyme complex.


Replacement of the azaindole ring by other azaheterocy-
cles such as indoline (compound 15), 5-aminoindole
(compound 16) or 4-oxo-4,5,6,7-tetrahydro-1H-indole
(compound 20) decreases the activity against C. albi-
cans. Thus, the activity seems to be related to the aroma-
ticity of pyrrole and benzene rings in the indole moiety,
and the N1-fixation of the propanol chain on the hetero-
cycle. Incorporation of a ethoxycarbonylalkyl chain at
C-3 position of the indole core gives disparate results;
the highest activity in this sub-series has been obtained
with a 3-ethoxycarbonylmethyl chain.


Analysis of the activity of this series of compounds
against C. albicans and A. fumigatus shows a high selec-
tivity of action against C. albicans. As fluconazole, these
analogues seem to be selective of the cytochrome P450-
dependent 14a-lanosterol demethylase (P45014DM) of
C. albicans. We detected high levels of 14a-méthylsterols
after treatment of a C. albicans strain with NL114, a
1H-1,2,4-triazole derivative. No significative inhibitions
of aromatase and 17a-hydroxylase/17,20-lyase were also
found.12


Encouraging in vitro results obtained with both 2,4-
dichlorophenyl and difluorophenyl derivatives, and
especially 6, 13, 14 and 18, prompt us to carry out
in vivo evaluation so as to confirm their surprisingly
higher antifungal potency. In parallel, we are developing
a chiral HPLC method to separate the racemic com-
pounds presenting highest anti-Candida activities.

MIC80 (lg mL�1)


Candida albicans (CA980001) Aspergillus fumigatus (AF980003)


0.019 ± 0.003 24 ± 0.4


0.0007 ± 0.00001 >100


0.025 ± 0.001 >100


0.020 ± 0.004 >100


>0.036 >100


0.010 ± 0.002 >100


0.233 ± 0.001 >100


0.026 ± 0.001 >100


0.007 ± 0.002 21 ± 1.0


0.0031 ± 0.0004 29 ± 3.0


2.720 ± 0.80 >100


0.026 ± 0.001 >100


0.045 ± 0.003 >100


0.006 ± 0.003 >100


0.330 ± 0.005 >100


0.070 ± 0.030 >100


0.120 ± 0.01 0.14 ± 0.04


0.020 ± 0.001 —


— 0.50 ± 0.10
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Abstract—Two novel anthraquinones, lupinacidins A (1) and B (2), have been isolated from the culture broth of a new endophytic
actinomycete belonging to the genus Micromonospora. Lupinacidins were found to show significant inhibitory effects on the invasion
of murine colon 26-L5 carcinoma cells without inhibiting cell growth.
� 2007 Elsevier Ltd. All rights reserved.

Tumor metastasis is comprised of a complex cascade of
sequential events including the release of tumor cells
from the primary site, invasion into the connective tissue
barriers, dissemination through the blood or lymphatic
circulation, and invasion and proliferation at distant
sites.2 Since tumor metastasis is the leading cause of high
cancer mortality, there is substantial need and interest in
discovering an inhibitor for metastatic events. During
the metastatic cascade, tumor cells must pass through
the basement membrane consisting of various extracel-
lular matrix proteins such as fibronectin, laminin, colla-
gens, and proteoglycans secreted by vascular endothelial
cells. The process of invasion into the basement mem-
brane is understood to mainly involve tumor cell adhe-
sion, enzymatic degradation of extracellular matrix
proteins, and migration. Inhibition of these steps is thus
expected an effective approach to control metastasis and
invasion.3 In our continuous effort to obtain an anti-
invasive compound from microbial secondary metabo-
lites, two novel anthraquinones were isolated from the
culture broth of an endophytic Micromonospora lupini
Lupac 08.4 In this report, we have employed an experi-
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mental model of tumor cell invasion using transwell cell
culture chamber and Matrigel�, the reconstituted base-
ment membrane.5 This assay enables to detect an inhib-
itor of cell adhesion, enzymatic degradation of
extracellular matrix, or migration. Herein, we report
the structure elucidation and anti-invasive activity of
two novel anthraquinones.


Lupinacidin A (1) was obtained as orange needles.6,7


The high-resolution FABMS coupled with the 13C
NMR indicated a molecular formula of C20H20O5 for
1. The 13C NMR spectrum of 1 displayed carbon signals
including two carbonyl, 12 carbons in the olefinic re-
gion, and six aliphatic carbons. Analysis of the com-
bined 1D and 2D spectral data established that 1
possessed three olefinic methine, 11 quaternary sp2 car-
bons, one aliphatic methine, two methylene, three
methyl carbons, and two phenolic protons. The presence
of another phenolic proton was suggested by the molec-
ular formula and the presence of three oxygenated sp2


carbons around 162 ppm. The methyl proton signal that
was observed as a doublet at 0.91 ppm corresponded to
six protons, suggesting the presence of an isopropyl
group. The IR spectrum was consistent with the pres-
ence of hydroxyl (3450 cm�1) and carbonyl functional
groups (1620 and 1600 cm�1). The UV–vis spectrum
showed absorption at 212, 254, and 446 nm, suggesting
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Figure 1. Structures of lupinacidins A (1) and B (2).


Y. Igarashi et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3702–3705 3703

an anthraquinone chromophore.8 The 11 degrees of
unsaturation inherent in the molecular formula of 1,
coupled with data showing the presence of two carbonyl
and 12 olefinic carbons (8 degrees of unsaturation), indi-
cated that 1 must possess three rings. Further analysis of
1H–1H COSY and HMBC NMR spectra provided three
substructures including two aromatic and one aliphatic
moieties. The first aromatic part, the 1,2,3-trisubstituted
benzenoid substructure, was established by 1H–1H cou-
plings between H-7 and H-8, and between H-8 and H-9,
and the three-bond HMBC correlations from H-7 to C-
5a and C-9, from H-8 to C-6 and C-9a, and from H-9 to
C-5a and C-7. A three-bond HMBC correlation from H-
9 to C-10 established the location of the carbonyl at C-
10. The HMBC correlations from the phenolic proton at
12.72 ppm to C-5a, C-6, and C-7 showed the attachment
of the hydroxyl group at C-6. Another carbonyl C-5 was
suggested to connect at C-5a by the four-bond HMBC
correlations from H-7 and H-9 to C-5. This connection
was supported by a sharp singlet peak of 6-OH that was
considered hydrogen-bonded to a carbonyl oxygen. The
aliphatic substructure was elucidated starting from the
two equivalent methyl proton doublets (H-15 and H-
16) that showed HMBC correlations to one another,
to C-13, and to C-14. The proton signal attached to
C-13 showed a COSY correlation to the methylene pro-
ton signals H2-12, which in turn showed HMBC correla-
tions to three olefinic quaternary carbons C-3, C-4, and
C-4a. The second aromatic part was assembled from the
three-bond HMBC correlations from the methyl proton
singlet at 2.02 ppm to C-1 (162.3 ppm) and C-3
(162.0 ppm) that indicated that the two phenolic hydro-
xyl groups were located at the ortho-positions of the
methyl substituent. The aforementioned HMBC correla-
tions from the aliphatic methylene protons H-12 to the

Table 1. 1H and 13C NMR data for lupinacidins A (1) and B (2) in DMSO


Position Lupinacidin A (1)


dH mult (J in Hz) dC


1 162.3


2 117.8


3 162.0


4 130.6


4a 127.3


5 189.9


5a 116.5


6 161.6


7 7.18 (1H, d, 8.3) 123.8


8 7.62 (1H, d, 8.3, 7.6) 136.4


9 7.51 (1H, d, 7.6) 117.7


9a 132.6


10 185.4


10a 108.9


11 2.02 (3H, s) 9.1


12 2.94 (2H, t, 7.9) 24.6


13 1.24 (2H, m) 37.3


14 1.62 (1H, m) 28.4


15 0.91 (3H, d, 5.9) 22.5


16 0.91 (3H, d, 5.9) 22.5


1-OH 14.19 (1H, s)


6-OH 12.72 (1H, s)


a 1H spectrum was recorded at 400 MHz referenced to residual (CHD2)2SO


(CD3)2SO (39.5 ppm).

aromatic nucleus showed the location of the aliphatic
side chain at the ortho-position of the hydroxyl group
at C-3. The phenolic hydroxyl proton 1-OH, which
showed HMBC correlations to C-1, C-2, and C-10a,
was observed as a sharp singlet at 14.19 ppm, indicating
its hydrogen-bonding to the oxygen of a quinone car-
bonyl. Furthermore, the four-bond HMBC from 1-OH
to C-10 established the connection between C-10 and
C-10a. Finally, the connection between C-4a and C-5
was deduced from the requirement from the molecular
formula to complete the structure of 1.


Lupinacidin B (2) was isolated as orange needles.9 Its
molecular formula was deduced as C19H18O5 from
high-resolution FABMS and 13C NMR data (Table 1).
All of the resonances attributable to the anthraquinone
skeleton (C-1 to C-11) were present in the 1H and 13C
NMR spectra of 2 (Table 1). The differences observed
in the NMR spectra corresponded to differences in the
aliphatic side chain (C-12 to C-15). The most significant
change was the loss of the resonance observed for the
doublet methyl groups and the addition of resonance

-d6
a


Lupinacidin B (2)


HMBC dH mult (J in Hz) dC


162.4


117.8


162.3


130.3


127.6


190.1


116.7


161.5


5, 5a, 9 7.28 (1H, dd, 8.3, 1.0) 123.9


6, 9a 7.72 (1H, t, 7.8) 136.5


5a, 7, 10 7.64 (1H, dd, 7.6, 1.0) 117.9


132.8


185.5


108.9


1, 2, 3 2.12 (3H, s) 9.1


3, 4, 4a 3.10 (2H, m) 26.2


1.43 (2H, m) 30.8


1.43 (2H, m) 22.8


13, 14, 16 0.94 (3H, t, 6.8) 13.9


13, 14, 15


1, 2, 10, 10a 14.20 (1H, s)


5a, 6, 7 12.77 (1H, s)


(2.50 ppm). 13C spectrum was recorded at 100 MHz referenced to
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Figure 2. Effects of compounds 1 and 2 on proliferation and invasion of murine colon 26-L5 cells. The cytotoxicity was determined by incubation of


the cells for 24 h with various concentrations of 1 and 2, using WST-1 staining method (a and c). In the invasion assay, colon 26-L5 cells were seeded


into Transwell chambers and cultured for 8 h in the presence of compound 1 or 2. Invading cells were detected by the crystal violet staining method (b


and d). *P < 0.05, **P < 0.01.
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for a triplet methyl group. COSY correlations from H3-
15 to H2-12 and the HMBC correlations from H3-15 to
C-13 and C-14 allowed the assignment of a butyl group
in the aliphatic side chain (Fig. 1).


The effects of novel anthraquinones on the proliferation
of murine colon 26-L5 carcinoma cells were initially as-
sessed at concentrations from 0.3 to 10 lg/ml (Figs. 2a
and c). Lupinacidin A (1) showed inhibitory effects on cell
growth at 3 lg/ml and more, while lupinacidin B (2) was
less toxic than compound 1 and not cytotoxic even at
3 lg/ml. Anti-invasive effects of lupinacidins were next
examined at non-cytotoxic concentrations.1 Compounds
1 and 2 exhibited dose-dependent inhibition of in vitro
invasion of colon 26-L5 cells with IC50 values of
0.07 lg/ml (=0.21 lM) and 0.3 lg/ml (=0.92 lM), respec-
tively (Figs. 2b and d). Compound 1 was more potent
both in cytotoxic and anti-invasive activities than com-
pound 2, suggesting that the alkyl substituent is involved
in these activities. Among a number of naturally
occurring anthraquinones, R1128 B (1,3,6-trihydroxy-8-
n-butylanthraquinone) is structurally similar to lupinaci-
dins.10 R1128 B is the estrogen receptor (ER) antagonist
and has been shown to exhibit antitumor activity in
mouse model experiments. Recently, inhibition of tumor
cell invasion by ER antagonist, tamoxifen, has been dem-
onstrated, although detailed mechanisms remain to be
solved.11 In addition, two classes of microbial aromatic
polyketides, anthracyclines12 and tetracycline deriva-
tives13, have been reported to inhibit tumor cell invasion
through inhibition of collagenase gene expression and

matrix metalloproteases, respectively. Lupinacidins de-
scribed herein represent an additional candidate for the
development of anti-invasive drugs. Further investiga-
tions on their biological activities are in progress.
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Abstract—Artemisinin was reduced to dihydroartemisinin and coupled to a carboxylic acid derivative of quinine via an ester link-
age. This novel hybrid molecule had potent activity against the 3D7 and (drug-resistant) FcB1 strains of Plasmodium falciparum in
culture. The activity was superior to that of artemisinin alone, quinine alone, or a 1:1 mixture of artemisinin and quinine.
� 2007 Elsevier Ltd. All rights reserved.
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Malaria is a devastating disease, with an annual mortal-
ity rate of over one million. The protozoal parasite
responsible, Plasmodium falciparum, has gained resis-
tance to most forms of monotherapy especially in
Southeast Asia, South America and East Africa.1 For
this reason, the use of combination chemotherapy that
incorporates the use of a fast acting antimalarial agent
of the artemisinin family 1–5 with other antimalarials
like quinine2 or lumefantrine3 is now recommended.
Combinations of artemisinins, which kill parasites rap-
idly but are also rapidly excreted, with longer half-life
antimalarial agents are favoured in order to achieve full
eradication of parasites and prevent the recrudescence
commonly found with artemisinin monotherapy.


The artemisinin group of compounds includes artemisi-
nin 1, isolated from Artemisia annua, and its semisynthetic
derivatives, the reduced lactol, dihydroartemisinin 2, the
oil-soluble artemether 3 and arteether 4 and the water-sol-
uble derivative artesunate 5,4 all of which are effective
against both asexual and sexual blood-stage parasites.
Their mode of action is mediated by a unique structural
component, the endoperoxide bridge. The target is con-
troversial but recent evidence suggests that an Fe2+-acti-
vated form of the drug potently inhibits PfATP6, a key
parasite Ca2+ transporter.5


Quinine 6 is still the drug of choice for the treatment of
severe malaria and has been since the introduction of
Cinchona bark to European medicine in the 1630s.6 It
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is effective against the asexual erythrocytic forms of
malaria, possibly as a result of interference with host
haemoglobin digestion.4
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In view of this background and of the reported antimalar-


ial synergism between artemisinins/other endoperoxides
and quinine,7 this article reports on the first example of
a covalently linked artemisinin–quinine hybrid 7 in which
the vinyl functionality of quinine was modified to allow
for the attachment of dihydroartemisinin.
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Hybrid molecules in which the two compounds are
linked offer a simpler and possibly more effective way
to deliver these agents. With respect to artemisinin,
modification to the lactone functionality is well tolerated
with derivatives 2–5 all possessing potent antimalarial
activity.8 As dihydroartemisinin 2, containing the easily
esterifiable hemiacetal functionality, is one of the princi-
pal artemisinin metabolites formed in vivo, it was
selected as the most appropriate artemisinin derivative
to form the artemisinin–quinine hybrid. The decision
to modify the vinyl functionality of quinine was based
on previous studies with this compound which indicated
that modification to other potential sites had unfavour-
able effects on activity. In particular, the hydroxyl group
and the quinoline ring are essential for activity but the
quinuclidine ring can be substantially modified without
loss of activity. Alterations to the stereochemical centres
on quinine have mixed effects with erythro configura-
tions at the C-8 and C-9 positions of quinine analogues
being more active than the threo isomers for some, but
not all, derivatives.9


The first steps in the synthesis of the artemisinin–quinine
hybrid 7 involved the conversion of the alkene function-
ality of quinine into its carboxylic acid derivative 9. The
method chosen followed that of a literature procedure.10


In brief, the hydroxy functionality of quinine 6 was pro-
tected as a tert-butyldimethylsilyl (TBDMS) ether, using
Et3N, DMAP and TBDMSCl. Conversion of the vinyl
functionality of TBDMS quinine 8 to the carboxylic
acid derivative 9 involved a hydroboration step with
BH3/THF in diglyme and cleavage of the borane com-
plex with Me3NOÆ2H2O to yield the primary alcohol
which following oxidation with Jones’s reagent afforded
the acid 9. Dihydroartemisinin was obtained following
reduction of artemisinin with NaBH4 in methanol and
was coupled to 9 using 2,6-dichlorobenzoyl chloride as
coupling reagent, Et3N as base and DMAP as acylation
catalyst11. Removal of the TBDMS group from 10 was
accomplished following treatment with TBAF in
THF.11 Only the most significant isomer of the hybrid
was obtained following purification by preparative
TLC. From the 1H NMR spectrum, the isomer isolated
was the alpha isomer 7 as the large coupling constant for
H-10 at d 5.74, J = 10.0 Hz, is indicative of a trans

Table 1. Fifty percent inhibitory concentrations (IC50) of the artemisinin–qu


Compound 3D7 (48 h) 3D7 (7


Geometric mean IC50/nM (95% confidence limits)


Quinine 149 (95.1, 232) 73.5 (5


Artemisinin 49.4 (40.7, 60.0) 45.5 (3


Art-Qui-OH 8.95 (6.59, 12.2) 10.4 (6


Quinine + artemisinina,b 31.8 (27.4, 37.0) 28.6 (2


Activities against cultured, asychronous, blood-stage P. falciparum strains 3D


dehydrogenase assay as previously described.17,18 Dose–response curves were


means of IC50 from three duplicate determinations.
a Values represent concentrations of each of quinine and artemisinin in a


artemisinin inhibited the growth of 3D7 by 50% after 48 h.
b Difference from Art-Qui-OH (artemisinin–quinine hybrid) by Student’s t tes


(FcB1, 72 h).

diaxial relationship between H-10 and H-9, whereas
for a gauche relationship to exist between these protons
the coupling constant would be expected to be of the or-
der of 3–4 Hz.12 Utilizing a combination of 1H, 13C,
HH, HC and HMBC COSY spectra, all of the proton
and carbon signals on the artemisinin–quinine hybrid
7 were assigned.11


We confirmed that this compound has superior activity
to that of artemisinin alone, quinine alone, or a 1:1 mix-
ture of artemisinin and quinine. The artemisinin–qui-
nine hybrid had potent antimalarial activity in culture
(see Table 1). P. falciparum 3D7 was inhibited by much
lower concentrations of the hybrid than of quinine or
artemisinin alone, suggesting that the actions of both
quinine and artemisinin moieties were preserved. More-
over, when the activity of the hybrid was compared with
that of a 1:1 mixture of quinine and artemisinin (on a
mol quinine/mol artemisinin basis), the hybrid was
about threefold superior. This suggested that the two
molecules joined together were more active than the
same two molecules administered separately. The higher
activity of the hybrid may however be the result of its
cleavage to form quinine and dihydroartemisinin, the
latter compound being more active than artemisinin
itself.13 Similar results were obtained with the chloro-
quine-resistant strain FcB1 (Table 1). Note that the anti-
malarial activities were determined after both 48 and
72 h of incubation because of the relatively slow action
of quinine.


The reported results demonstrate a proof of concept for
the linkage of artemisinin and quinine in a single mole-
cule that retains and possibly enhances the antimalarial
activity of the parent compounds. Given the metabolic
lability of the ester linkage it is uncertain whether the
link would be preserved in vivo but the general synthetic
approach could also be used for both ether and amide
linkages. Hybrids of synthetic, artemisinin-like trioxanes
and chloroquine14,15 and of trifluoromethylartemisinin
and mefloquine16 have also been shown to possess anti-
malarial activity. Such hybrids may be more effective in
some respects than fixed-ratio combinations of the indi-
vidual drugs. This compound is expected to readily form
soluble salts in the same way as quinine so may offer an

inine hybrid compared with the individual drugs


2 h) FcB1 (48 h) FcB1 (72 h)


7.0, 94.6) 96.8 (74.5, 126) 75.3 (59.0, 96.1)


5.3, 58.6) 50.0 (43.7, 57.3) 55.0 (39.0, 77.4)


.06, 17.9) 9.59 (7.06, 13.0) 10.2 (4.73, 21.9)


1.5, 38.2) 27.9 (26.5, 29.5) 26.3 (24.7, 28.0)


7 and FcB1 were determined after 48 and 72 h using the parasite lactate


used to determine the IC50 and the results are expressed as geometric


1:1 ratio, for example, a combination of 31.8 nM quinine + 31.8 nM


t: p = 0.0001 (3D7, 48 h), 0.015 (3D7, 72 h), 0.0011 (FcB1, 48 h), 0.056
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Scheme 1. Reagents and conditions: (a) TBDMSCl, Et3N, DMAP,


DMF, rt; (b) i—BH3–THF, diglyme, 0 �C; ii—Me3NOÆ2H2O, 100 �C;


iii—Jones reagent, acetone, rt; (c) i—2,6-dichlorobenzoyl chloride,


dihydroartemisinin, Et3N, DMAP, DCM, rt; (d) TBAF, THF, rt.
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improvement in formulation and allow for shorter treat-
ment with enhanced compliance. The increased potency
of the hybrid may arise through its enhanced cellular
uptake over that of the individual components. Addi-
tionally, this new hybrid may act as a ‘mutual prodrug’
in the case where the ester group is hydrolysed to the
individual components and thus act as a unique way
of delivering these antimalarial agents to the protozoal
site of action. Also the combination might be expected
to show a decrease in the duration of the side effects that
are often associated with quinine regimens and addition-
ally offer the possibility of a new antimalarial drug with
discrete activity in its own right (Scheme 1).
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Abstract—3-Amino-2-keto-7H-thieno[2,3-b]pyridin-6-one derivatives were discovered as moderately potent inhibitors of ubiquitin
C-terminal hydrolase-L1 (UCH-L1) utilizing an assay that measures hydrolysis of the fluorogenic substrate Ub-AMC. SAR studies
revealed that both the carboxylate at the 5-position and the 6-pyridone ring were critical for inhibitory activity. Furthermore, activ-
ity was dependent on the nature of the ketone substituent at the 2-position, with 4-Me-Ph and 2-naphthyl being best. Kinetic mech-
anism studies revealed that these compounds were uncompetitive inhibitors of UCH-L1, binding only to the Michaelis-complex and
not to free enzyme. The active compounds were selective for UCH-L1, exhibiting neither inhibition of other cysteine hydrolases
(e.g., UCH-L3, papain, isopeptidase T, caspase-3, and tissue transglutaminase) nor cytotoxicity in N2A cells.
� 2007 Elsevier Ltd. All rights reserved.

Deubiquitinating enzymes (DUBs) comprise a large
family of enzymes that specifically cleave ubiquitin-
derived substrates of general structure Ub1–72-Leu73-
Arg74-Gly75-Gly76-X, where X can be any number of
leaving groups ranging from small thiols and amines
to ubiquitin (Ub) and other proteins.1–4 While at least
five families of DUBs1 have been identified,4 the two
largest subsets and best characterized are the ubiquitin
C-terminal hydrolases (UCHs) and the ubiquitin prote-
ases (UBPs). UBPs are generally high molecular weight
enzymes (�100 kDa) that cleave substrates where X is a
protein or another molecule of Ub. These enzymes are
thought to have domains adjacent to the primary
Ub-substrate binding site that can recognize and bind
these proteinaceous leaving groups. Perhaps the most
thoroughly studied UBP is isopeptidase T,5–7 which
cleaves substrates where X is Ub. In contrast, UCHs
are lower molecular weight enzymes (�30 kDa) that
hydrolyze Ub derivatives where X is a thiol or an amine
and are thought not to have a binding domain for
protein leaving groups.
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Both UBPs and UCHs are cysteine hydrolases and
catalyze the hydrolysis of amide bonds of their
substrates according to a mechanism in which substrate
and enzyme combine to form a non-covalent Michaelis-
complex, from within which the sulfhydryl of the active-
site cysteine attacks the carbonyl carbon of the amide
bond of the substrate to generate an acyl-enzyme inter-
mediate and liberate the first product. Hydrolysis of the
acyl-enzyme produces the reaction’s second product Ub
and regenerates free enzyme.


Our interest in these enzymes originates in the potential
involvement of UCH-L1 in Parkinson’s disease8–10 and
cancer.11–13 In the course of screening for UCH-L1
inhibitors, we discovered that the 3-amino-2-keto-7H-
thieno[2,3-b]pyridin-6-one derivative 1 was a moderately
potent inhibitor (Ki app = 2.8 lM). Herein, we report an
initial structure–activity relationship (SAR), kinetic
mechanism, and selectivity studies for this class of
UCH-L1 inhibitors.
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Most of the 3-amino-2-keto-7H-thieno[2,3-b]pyridin-6-


one derivatives were prepared according to the general
procedure outlined in Scheme 1.14 Meldrum’s acid, 2,
was treated with triethyl orthoformate and aniline to
give derivative 3. Cyclization of 3 in the presence of cya-
nothioacetamide under basic conditions gave the 1-pyri-
done 4. Alkylation with an a-bromoketone under basic
conditions followed by acidification with HCl gave 5.


Initial attempts to prepare the methyl ester of 3-amino-2-
keto-7H-thieno[2,3-b]pyridin-6-one derivatives by esteri-
fication (e.g., with methanol or diazomethane) or by
alkylation (e.g., with MeI) of the corresponding carbox-
ylic acids failed to yield the desired products. Instead an
alternative synthetic procedure was utilized as depicted
in Scheme 2. The dimethyl malonate derivative 6 was
allowed to react with cyanothioacetamide in the presence
of N-methylmorpholine in ethanol to give 7.15 This mate-
rial was alkylated with a-bromo-4-methylacetophenone
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Scheme 1. Reagents and conditions: (a) HC(OEt)3, PhNH2, D until


solution formed then allowed to cool (85%); (b) NCCH2C(S)NH2,


KOH, EtOH, rt, 16 h (69%); (c) RC(O)CH2Br, KOH, EtOH, rt, 16 h,


then HCl (34–84%).
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ylmorpholine, EtOH, rt, 30 min (45%); (b) p-Me–C6H4C(O)CH2Br,


MeOH, D, 1 h (79%); (c) KOH, DMF, rt, 2 h (31%).

to give 8. Finally, treatment with KOH in DMF gave
the methyl ester 9.


A derivative containing a thieno[2,3-b]pyridine in place of
the 7H-thieno[2,3-b]pyridin-6-one was prepared accord-
ing to the procedure outlined in Scheme 3. Methyl aceto-
acetate, 10, was converted to 11 with dimethylformamide
dimethyl acetal. Cyclization in the presence of cya-
nothioacetamide gave pyridine 12.16 Again, alkylation
with a-bromo-4-methylacetophenone followed by base
cyclization utilizing sodium methoxide gave methyl ester
14. Ester hydrolysis followed by acidification gave pyri-
dine-5-carboxylate 15.


The prepared compounds were evaluated for UCH-L1
inhibitory activity utilizing an assay in which hydrolysis
of the fluorogenic substrate Ub-AMC, the 7-amido-4-
methylcoumarin C-terminus derivative of ubiquitin, is
measured in the presence of different compound concen-
trations.7 Kiapp values were calculated using a four-
parameter fit from the dependence of the initial velocity
values on inhibitor concentration.


Esterification of the carboxylic acid in the 5-position of
the 3-amino-2-keto-7H-thieno[2,3-b]pyridin-6-one ring
(9) or replacing the 6-pyridinone portion with a pyridine
(15) resulted in complete loss in UCH-L1 inhibitory
activity (Table 1). Furthermore, the inhibitory activity
was dependent on the nature of the ketone substituent
at the 2-position. Substituents at the ortho-position
(17, 20, and 24) or electron-donating substituents at
the para-position of the aromatic ketone (19) were detri-
mental to activity. Introduction of alkyl (16) or electron-
withdrawing groups at the para-position of the aromatic
ketone (23) improved activity. Also, introduction of a 2-
naphthyl ketone (26) resulted in improved inhibitory
activity. Heterocyclic ketones (27 and 28) or aliphatic
ketones (29 and 30) with the exception of cyclohexyl ke-
tone (31) were detrimental to activity. Replacement of
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Scheme 3. Reagents and conditions: (a) Me2NC(OMe)2, DMF, rt,
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(1:1), D, 1 h then HCl (58%).
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Figure 1. Uncompetitive inhibition of UCH-L1 by 1 (LDN-91946). At


seven fixed concentrations of 1 that ranged from 0.3 to 20 lM, we


determined the dependence of initial reaction velocity on substrate


concentration for the UCH-L1-catalyzed hydrolysis of Ub-AMC.


Each of these data sets, comprising no less than six (vo, [S]) pairs, was


then fit by non-linear least squares to the Michaelis–Menten equation


to provide apparent values of Vmax and Vmax/Km, which are plotted


here as a function of 1. The solid line through the data set for the


dependence of Vmax,i/Vmax on [1] was drawn using a simple binding


isotherm and the best fit Ki value of 2.8 ± 0.1 lM.


Table 2. Activity of 7H-thieno[2,3-b]pyridin-6-one derivatives against


other cysteine hydrolases


Compound Enzyme Result (lM)


1 UCH-L3 No activity at 20


TGase 2 No activity at 40


Papain No activity at 40


Caspase-3 No activity at 40


16 UCH-L3 30% inhibition at 20


Papain No activity at 40


Isopeptidase T No activity at 40


23 Papain No activity at 40


Table 1. 7H-Thieno[2,3-b]pyridin-6-one derivatives prepared for struc-


ture–activity relationship study and Ki app values for UCH-L1


inhibition


N
H


O


R1O


O


S


NH2
R2


O


Compounda R1 R2 Ki app
b (lM)


1 H Ph 2.8


9 Me 4-Me-Ph >30


16 H 4-Me-Ph 0.91


17 H 2-Me-Ph 10


18 H 4-t-Bu-Ph 1.4


19 H 4-OMe-Ph 30


20 H 2-OMe-Ph 5.3


21 H 4-CF3-Ph 3.6


22 H 2-CF3-Ph 30


23 H 4-Cl-Ph 1.2


24 H 2-Cl-Ph 11


25 H 1-Naphthyl 1.5


26 H 2-Naphthyl 0.74


27 H 4-Pyridyl 30


28 H 2-Thienyl 20


29 H Me >30


30 H t-Bu 20


31 H c-Hexyl 2.0


32 H NH2 >30


33 H N-Piperidinyl >30


a HCl salt.
b Standard deviation <10%.
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the ketone with a primary (32) or tertiary amide (33) was
also not tolerated.


The kinetic mechanism of inhibition for these com-
pounds was elucidated in experiments in which we
determined Vmax and Vmax/Km values for the UCH-L1-
catalyzed hydrolysis of Ub-AMC at various fixed
concentrations of inhibitor. An example is shown in
Figure 1 for inhibition by 1, where we observed that
while Vmax titrates with a Ki value of 2.8 lM, values of
Vmax/Km were independent of inhibitor concentration.
Such behavior is diagnostic of uncompetitive inhibition
where inhibitor binds not to free enzyme but to some
form of the enzyme that is complexed with substrate.
For cysteine and serine hydrolases, the form of the en-
zyme can be either the Michaelis-complex or the acyl-en-
zyme. To probe this, we conducted transient-state kinetic
experiments and found that the acyl-enzyme does not
accumulate in the steady-state; that is, acylation of the
active-site cysteine is rate-limiting (data not shown). This
indicates that 1 must bind to the Michaelis-complex.
However, we cannot exclude the possibility that the
inhibitor also stays bound to the acyl-enzyme and per-
haps even to forms of the enzyme with product bound.


The selectivity of 1 toward UCH-L1 was demonstrated
in experiments in which we observed no inhibition of
other cysteine hydrolases, including UCH-L3, tissue
transglutaminase (TGase 2), papain, and caspase-3

(Table 2). Compounds 16 and 23 were also inactive
against papain at 40 lM. Compound 16 demonstrated
very weak activity (30% inhibition at 20 lM) against
UCH-L3 and no activity against isopeptidase T at
40 lM. In addition, we observed no cytotoxicity when
serum-starved N2A cells were treated with 1 at concen-
trations as high as 0.1 mM.


In conclusion, a class of 3-amino-2-keto-7H-thieno[2,3-
b]pyridin-6-one derivatives were discovered as moder-
ately potent UCH-L1 inhibitors. A preliminary SAR
study revealed that both the carboxylate at the 5-posi-
tion and the 6-pyridinone ring were necessary for inhib-
itory activity. Furthermore, inhibitory activity was
dependent on the nature of the ketone substituent at
the 2-position, with 4-Me-Ph and 2-naphthyl being best.
A kinetic mechanism study revealed that these com-
pounds were uncompetitive inhibitors of UCH-L1,
binding only to the Michaelis-complex and not to free
enzyme. Finally, the active compounds were selective
for UCH-L1, exhibiting no inhibition of other cysteine
hydrolases (e.g., UCH-L3, papain, isopeptidase T,
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caspase-3, and TGase 2) or cytotoxicity in serum-
starved N2A cells. The UCH-L1 inhibitors reported
herein provide useful tools for investigating the role of
UCH-L1 in normal cellular physiology, as well as in
pathological conditions, such as Parkinson’s disease
and some forms of cancer.
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Abstract—A series of 9-aminoalkanamido-1-azabenzanthrones derviatives (3a–i Ar–NHCO(CH2)nNR1R2) and their quaternary
methiodide salts (4a–g Ar–NHCO(CH2)nN+(CH3)R1R2I�) were designed and synthesized as acetylcholinesterase (AChE) or butyr-
ylcholinesterase (BuChE) inhibitors. The synthetic compounds exhibited high AChE inhibitory activity with IC50 values in the nano-
molar range and high selectivity for AChE over BuChE (45- to 1980-fold). The structure–activity relationships (SARs) were
discussed.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Chemical structures of some alkaloid inhibitors of AChE.

Acetylcholinesterase (EC 3.1.1.7, AChE) is a hydrolase
that catalyzes the hydrolysis of neurotransmitter acetyl-
choline and is present in the most prominent constitu-
ents of central cholinergic pathways. AChE plays a
crucial role in central and peripheral nervous systems.
Terminating the impulse transmission at cholinergic
synapses, rapid hydrolysis by AChE into acetylcholine
(ACh) is the vital function of AChE. Controlling the
inhibition of the AChE enzyme activity can be used
for treatment of diseases associated with ACh depletion,
such as Alzheimer’s disease,1 myasthenia gravis,2 and
glaucoma.3


The comprehensive study of the AChE/inhibitor com-
plexes by X-ray crystallography had indicated that
AChE possessed a narrow gorge with two separate li-
gand binding sites, an acylation site (active site) and a
peripheral site which was also called peripheral anionic
site (PAS). Ligands which either occupied the active site
or the PAS could inhibit the AChE activity, such as ta-
crine4 (Fig. 1a) and propidium5 (Fig. 1b).
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Recent study showed that AChE could also play a key
role in accelerating senile amyloid b-peptide (Ab) plaque
deposition.6 It was likely that AChE interacted with Ab
and promoted amyloid fibril formation through a pool
of amino acids located in the proximity of PAS.7


Moreover, a peculiar structural difference between ace-
tylcholinesterase (AChE) and butyrylcholinesterase
(BuChE) was the lack of the PAS moiety in BuChE,8
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that seems to prevent the interaction of BuChE with Ab,
resulting ineffective on Ab aggregation.9 Actually, an
inhibitor of AChE that strongly interacted with the
PAS, that would be showing high AChE/BuChE selec-
tivity, and that would exhibit inhibitory effect against
AChE-induced Ab aggregation is required. It implied
that AChE inhibitors that were recognized at the PAS
or interacted with both the catalytic site and PAS might
exert a dual pharmacological effect,10 which combined
the enhancement of the cholinergic neurotransmission
and the reduction in the pro-aggregating action of
AChE, thus opening the way to a new promising thera-
peutic approach to Alzheimer’s disease (AD). Based on
the strategy, a number of studies had been performed,
which included that of tacrine-related homo- and het-
erobivalent ligands (Fig. 1c),11 and tacrine-melatonin
hybrids (Fig. 1d).12


Oxoisoaporphine alkaloids13,14 were isolated from the
rhizome of Menispermum dauricum DC. (Menisperma-
ceae) which were widely present in the People’s Republic
of China. The rhizomes of the plant were used in tradi-
tional Chinese medicine and are officially listed in the
Chinese Pharmacopoeia as an analgesic and antipyretic.
Oxoisoaporphine alkaloids possessed a 1-azabenzan-
throne moiety in their structures. Based on the struc-
tural information of AChE and AChE inhibitors, the
planar 1-azabenzanthrone moiety with an ammonium
group might bind to PAS by p–p stacking and electronic
interaction. Introduction of a side chain with terminal
amines or ammonium groups in the 1-azabenzanthrone
could greatly improve AChE/BuChE selectivity and
water-solubility of the alkaloids.


In view of the above reasons, a series of oxoisoapor-
phine derivatives (3a–i and 4a–g in Scheme 1) with dif-
ferent basic side chain (n = 1, 2, and 3) at 9-position of
1-azabenzanthrone were designed and synthesized, and
their anti-AChE and BuChE activities were tested. The
structure-activity relationships (SARs) were also
discussed.


Target compounds 3a–i and 4a–g were synthesized as
shown in Scheme 1. Reaction of 9-nitro-1-azabenzan-
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Scheme 1. Synthesis of oxoisoaporphine derivatives. Reagents and conditi


CHCl3/rt/24 h.

throne15,16 with Na2S led to 9-amino-1-azabenzanthrone
1 in 95% yield. The x-haloalkanamides 2a–c were pre-
pared in quantitative yield by acylation of 1 with the
appropriate acid halide. Subsequent aminolysis of 2a–c
by reflux treatment with the appropriate secondary
amines or primary amines gave compounds 3a–i. Final-
ly, the corresponding quaternary methiodide salts 4a–g
were obtained by treatment with CH3I in CHCl3.


Inhibitory activities toward AChE and BuChE in vitro
of synthetic compounds were determined according to
the modified Ellman method17 using commercially avail-
able galanthamine as the reference standard. AChE18


from electric eel and BuChE from equine serum were
purchased from Sigma Corporation.


The IC50 values for AChE and BuChE inhibition are
summarized in Table 1. All the synthesized com-
pounds demonstrated much higher inhibitory potency
against AChE than the lead compound 1, inhibitory
activity with IC50 values in the nanomolar range,
and high selectivity for AChE over BuChE. This re-
sult indicated that introduction of the amino group
side chains could increase the inhibitory capacity
and selectivity.


According to the data shown in Table 1 and Figure 2 the
synthesized cationic compounds with quaternary nitro-
gen showed higher inhibitory effects on AChE (4a and
4b with AChE inhibitory activity at 1.08 and 1.06 nM,
respectively), comparing with the corresponding non-
quaternary nitrogen compounds (3a and 3b with AChE
inhibitory activity at 6.18 and 2.47 nM, respectively).
Similar tendency was also found in compounds 3c–g
and their corresponding quaternary methiodide salts
4c–g. Structural resemblance of quaternary functionality
between the synthesized cationic compounds and ACh
would be responsible for competition for the binding site
of AChE.


The structure of terminal groups of side chain has also
effects on their inhibitory activities (Fig. 3). High inhib-
itory potency was found to be associated with pyrroli-
dine at the end of side chain (3a–c and 4a–c).
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Table 1. In vitro inhibition and selectivity of compounds 1, 3a–i, 4a–g and Galanthamine on AChE and BuChE


N


O
NHCO(CH2)nN


N


O
NHCO(CH2)nN


orR1


R2
R2
R1


CH3
3a-i 4a-g


Compound
N


R1


R2


n Yield (%) IC50
a(nM) for AChE IC50


b(nM) for BuChE Selectivity for AChE/BuChEc


1 88 26900 ± 1430 >105


3a


N


1 87 6.18 ± 1.33 3490 ± 52 560


3b 2 88 2.47 ± 0.15 2410 ± 27 980


3c 3 20 12.08 ± 0.74 3610 ± 61 300


4a
N


1 90 1.08 ± 0.11 1690 ± 23 1565


4b 2 88 1.06 ± 0.17 1960 ± 25 1850


4c 3 65 2.51 ± 0.26 3230 ± 57 1290


3d
–N(CH


3
)
2


1 80 96.46 ± 3.7 4370 ± 91 45


3e 2 70 33.87 ± 0.53 1950 ± 22 58


3f 3 15 30.51 ± 0.93 4400 ± 63 144


4d


N(CH3)3


1 85 14.95 ± 1.13 1310 ± 20 88


4e 2 87 4.81 ± 0.36 2820 ± 23 590


4f 3 67 4.79 ± 0.44 2370 ± 31 490


3g –N(CH2CH3)2 2 78 11.59 ± 1.28 6060 ± 68 523


4g N(CH3)(CH2CH3)2
2 85 2.62 ± 0.19 5190 ± 84 1980


3h –NH(CH2)2N(CH3)2 2 70 119.9 ± 3.5 5370 ± 78 45


3i –NH(CH2)2OH 2 90 55.1 ± 1.9 5340 ± 88 97


Galanthamine 550 ± 8.74 14400 ± 120 26


a IC50, 50% inhibitory concentration (means ± SEM of three experiments) of AChE.
b IC50, 50% inhibitory concentration (means ± SEM of three experiments) of BuChE.
c Selectivity for AChE = IC50 (BuChE)/IC50 (AChE).
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Figure 2. In vitro effects of cationic derivatives on AChE.
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Figure 3. Effects of structure of terminal groups on AChE.
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Dimethylamine derivatives showed less potency (3d–f
and 4d–f).


The effects on AChE inhibition of synthetic compounds
with variation of chain length (n = 1, 2, or 3) are shown
in Table 1. It had less influence on activity than the func-
tional group structure.


All the synthetic compounds showed high selectivity for
AChE over BuChE. The range of AChE/BuChE selec-

tivity ratios was from 45- to 1980-fold. The selectivity
ratios of compounds were dependent on their inhibitory
potential against AChE. The compounds showed higher
inhibitory potential against AChE that would possess
higher AChE/BuChE selectivity ratios. Compounds 4b
showed the highest inhibitory activity (IC50 1.06 nM)
and also had highest selectivity ratios (1850-fold). This
result indicated that the synthetic compounds could fa-
vor binding to PAS and have a strong binding affinity
with PAS of AChE.


In conclusion, a novel class of synthetic 9-aminoalka-
namido-1-azabenzanthrone derivatives were designed







3768 H. Tang et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3765–3768

and synthesized. All the synthetic compounds showed
high AChE inhibitory activity with IC50 values in the
nanomolar range. The synthesized cationic compounds
with quaternary nitrogen showed higher inhibitory ef-
fects on AChE. The compounds with pyrrolidine at
the end of side chain possessed higher inhibitory activ-
ity. But the compounds with variation of chain length
showed less influence on inhibitory activity. Moreover,
the synthetic compounds also showed high selectivity
for AChE over BuChE (45- to 1980-fold). The selec-
tivity ratios of compounds were dependent on their
inhibitory potential against AChE, which resulted
from the binding of compounds with PAS of AchE.
We hope that the work could be beneficent for devel-
opment of potential AChE inhibitors with higher
inhibitory activity and good selectivity for AChE over
BuChE in the future.

Acknowledgments


We thank the Natural Science Foundation of China
(Grant 20472117), the NSFC/RGC Joint Research
Scheme (Grants 20710006, N_PolyU 508/06), the Sci-
ence Foundation of Guangzhou (2006Z2-E402), and
the Hong Kong Polytechnic University Area of Strategic
Development Fund for financial support of this study.

Supplementary data


Supplementary data (such as synthetical procedure,
structural analysis data, and in vitro AChE and
BuChE assay method) associated with this article can
be found, in the online version, at doi:10.1016/j.bmcl.
2007.04.015.

References and notes


1. Ibach, B.; Haen, E. Curr. Pharm. Des. 2004, 10, 231.
2. Wittbrodt, E. T. Arch. Intern. Med. 1997, 157, 399.
3. Millard, C. B.; Broomfield, C. A. J. Neurochem. 1995, 64,


1909.
4. Wlodek, S. T.; Antosiewicz, J.; McCammon, J. A.;


Straatsma, T. P.; Gilson, M. K.; Briggs, J. M.; Humblet,
C.; Sussman, J. L. Biopolymers 1996, 38, 109.


5. Szegletes, T.; Mallender, W. D.; Thomas, P. J.; Rosen-
berry, T. L. Biochemistry 1999, 38, 122.


6. Hardy, J.; Selkoe, D. J. Science 2002, 297, 353.
7. De Ferrari, G. V.; Canales, M. A.; Shin, I.; Weiner, L. M.;


Silman, I.; Inestrosa, N. C. Biochemistry 2001, 40, 10447.
8. Massoulie, J.; Sussman, J.; Bon, S.; Silman, I. Prog. Brain


Res. 1993, 98, 139.
9. Inestrosa, N. C.; Alvarez, A.; Perez, C. A.; Moreno, R. D.;


Vicente, M.; Linker, C.; Casanueva, O. I.; Soto, C.;
Garrido, J. Neuron 1996, 16, 881.


10. Castro, A.; Martinez, A. Mini Rev. Med. Chem. 2001, 1, 267.
11. Savini, L.; Campiani, G.; Gaeta, A.; Pellerano, C.;


Fattorusso, C.; Chiasserini, L.; Fedorko, J. M.; Saxena,
A. Bioorg. Med. Chem. Lett. 2001, 11, 1779.


12. Rodriguez-Franco, M. I.; Fernandez-Bachiller, M. I.;
Perez, C.; Hernandez-Ledesma, B.; Bartolome, B. J.
Med. Chem. 2006, 49, 459.


13. Kunitomo, J.; Satoh, M. Chem. Pharm. Bull. 1982, 30,
2659.


14. Guinaudeau, H. J. Nat. Prod. 1994, 57, 1033.
15. Iwashima, S.; Ueda, T.; Honda, H.; Tsujioka, T.; Ohno, M.;


Aoki, J.; Kan, T. J. Chem. Soc., Perkin Trans. 1 1984, 2177.
16. Ueda, T.; Abliz, Z.; Sato, M.; Nishimura, M.; Iwashima,


S.; Aoki, J.; Kan, T.; Matsunaga, S.; Tanaka, R. J. Mol.
Struct. 1990, 224, 313.


17. Ellman, G. L.; Courtney, K. D.; Andres, V., Jr.; Feath-
erstone, R. M. Biochem. Pharmacol. 1961, 7, 88.


18. Harel, M.; Schalk, I.; Ehret-Sabatier, L.; Bouet, F.;
Goeldner, M.; Hirth, C.; Axelsen, P. H.; Silman, I.;
Sussman, J. L. Proc. Natl. Acad. Sci. U.S.A. 1993, 90,
9031, PDB ID: 1ACL.



http://dx.doi.org/10.1016/j.bmcl.2007.04.015

http://dx.doi.org/10.1016/j.bmcl.2007.04.015



		Derivatives of oxoisoaporphine alkaloids: A novel class of  selective acetylcholinesterase inhibitors

		Acknowledgments

		Supplementary data

		References and notes








Bioorganic & Medicinal Chemistry Letters 17 (2007) 3558–3561

Synthesis and SAR studies of potent imidazopyridine
anticoccidial agents


Gui-Bai Liang,a,* Xiaoxia Qian,a Dennis Feng,a Michael Fisher,a Christine M. Brown,b


Anne Gurnett,b Penny Sue Leavitt,b Paul A. Liberator,b Andrew S. Misura,b


Tamas Tamas,b Dennis M. Schmatz,b Matthew Wyvratta and Tesfaye Biftua


aMerck Research Laboratories, Department of Medicinal Chemistry, Merck and Co., Inc., PO Box 2000, Rahway, NJ 07065, USA
bHuman and Animal Infectious Disease Research, Merck and Co., Inc., PO Box 2000, Rahway, NJ 07065, USA


Received 27 March 2007; revised 16 April 2007; accepted 18 April 2007


Available online 24 April 2007

Abstract—Diaryl imidazo[1,2-a]pyridine derivatives, such as 6a and 7i, have been synthesized and found to be potent inhibitors of
parasite PKG activity. The most potent compounds are the 7-isopropylaminomethyl analog 6a and 2-isopropylamino analog 7i.
These compounds are also fully active in in vivo assay as anticoccidial agents at 25 ppm in feed.
� 2007 Elsevier Ltd. All rights reserved.

Coccidiosis is the major cause of morbidity and mortal-
ity in the poultry industry. Protozoan parasites of the
genus Eimeria, which invade intestinal epithelial cells,
are the causative agents.1 The standard therapeutic
practice used in commercial poultry operations to com-
bat the disease is to include anticoccidial agents in the
feed prophylactically. Polyether ionophore anticoccidial
agents, discovered over 30 years ago, have been success-
fully used in this manner. However, this strategy has led
to the erosion of efficacy and development of resistance
in the field.2 Accordingly, the need for novel anticocci-
dial chemotherapeutic options is considerable.


Previous work has demonstrated that small molecule
inhibitors of Eimeria tenella cGMP-dependent protein
kinase (Et-PKG) block parasite motility and host cell
invasion in vitro, and prevent parasite infection and
associated pathology in a chicken model of infection.3,4


Analogs in the 2-(4-fluorophenyl)-3-pyrimidin-4-ylimi-
dazo[1,2-a]pyridine structural series are among the most
potent compounds identified to date.5,6 In this report,
we have extended our medicinal chemistry effort by
incorporating various nitrogen containing substituents
at the 7-position of the imidazopyridine ring and the
2-position of the pyrimidine ring.
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Biological evaluation of compounds includes a measure
of the ability to inhibit native Et-PKG enzyme activity
(IC50—compound required to inhibit enzyme activity
by 50%), as well as their in vivo potency.7 In the animal
model, chickens are infected with either Eimeria tenella
(Et) or Eimeria acervulina (Ea) parasites and treated
with a compound (parts per million) mixed in the feed.
Antiparasitic efficacy is measured as a function of para-
site oocyst burden 7 days following the infection. Treat-
ments resulting in reduction of oocyst burden by >80%
are scored a ‘3’, 50–79% reduction is scored a ‘2’, and
those treatments with <50% reduction of oocyst burden
are scored a ‘0’.


Synthesis of the previously reported compound 16,8 was
scaled up and has served as an advanced intermediate in
the synthetic process outlined in Scheme 1. Displace-
ment of the sulfone group of 1 with an amine yielded
the 2-aminopyrimidine 2. The hydroxyl group of com-
pound 2 was either oxidized by manganese (IV) oxide
to carboxaldehyde 3, or converted to mesylate 4 under
standard conditions. Carboxaldehyde 3 was then con-
verted to alkylamine derivatives 5 via reductive amina-
tion, whereas mesylate 4 was converted to alkylamine
derivatives 5 by nucleophilic displacement. In most
cases, the overall yields of the final products were com-
parable. In some cases, however, the reductive amina-
tion route works better, and in others, the mesylate
displacement route. Because structural variability was
introduced at the last step, a big diversified collection
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Table 1. Inhibition of Et-PKG enzyme activity and in vivo anticoc-


cidial activity of diaryl imidazo[1,2-a]pyridine derivatives 6


N N


N


N
N R'


R


F


NH


6a-m


Compound R–N–R0 Et-PKG


IC50 (nM)


Dose


(ppm)


Et


score


Ea


score


6a H
N


0.05 25 3 3


6b N 0.13 50 3 3


6c
N


0.11 25 0 3


6d N
OH 0.11 25 3 0


6e


N


OH


OH
0.15 50 3 0


6f N
O


0.27 25 3 0


6g
N


N 0.10 50 3 0


6h N N 0.07 12.5 0 2


6i N
N


O
C 0.57 50 0 0


6j N
N


O
C 0.39 50 3 0


6k N
N


O
C 0.26 25 2 2


6l N
N
H


O2
S 0.15 25 3 0


6m NN CO2Et 5.6 50 0 0
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of diaryl imidazo[1,2-a]pyridine derivatives was built
rather efficiently for the SAR study.9


Table 1 summarized the SAR of various amino substit-
uents on the 7 position of the imidazopyridine ring
(compounds 6a–m). The (S)-methyl benzylamino group
was chosen as the fixed substitution at the 2 position of
the pyrimidine ring based on results from earlier stud-
ies.6 All but one compound (6m) showed subnanomolar
IC50’s for the inhibition of Et-PKG enzyme activity. In
this group, compounds 6a and 6h are particularly potent
with IC50 values approaching picomolar range. Com-
pounds with small alkylamino substitutions are effica-
cious against both parasites in the chicken model of
infection. Introduction of hydroxyl groups (6d and 6e)
had little effect on in vitro inhibition of Et-PKG enzyme
activity, but reduced in vivo efficacy against E. acervuli-
na. Similar observations were made on compounds with
amino (6g and 6h) or amido (6i–l) functionalities—
in vitro potencies are comparable to simple alkylamino
substituents, but in vivo activities against one or both
parasitic species are compromised. Broad spectrum
activity is a necessary requirement for the development
of new anticoccidial agents, but historically has been a
difficult objective to achieve.2 The data here highlight
an SAR trend that polar substituents, such as a hydroxyl
group, tend to decrease efficacy against E. acervulina,
whereas nonpolar substituents are more likely to impact
efficacy against E. tenella.


Small alkylamino groups at the 7-position of the imi-
dazopyridine ring are optimal for balanced in vitro
and in vivo activities. Listed in Table 2 are compounds
with other small alkylamino substituents at this posi-
tion, as well as some modifications to the substituent

on the 2-position of the pyrimidine ring. Consistent with
our earlier findings,6 aniline (7a) and benzylamino (7b)
substituents at the 2-position of the pyrimidine ring
are preferred in terms of inhibition of Et-PKG activity,
with IC50 values approaching picomalor range. When
these aromatic groups are replaced by alkyl substituents,
in vitro potencies as inhibitors of Et-PKG enzyme activ-
ity decrease somewhat. Nevertheless, these alkyl analogs
are still highly potent Et-PKG inhibitors with most IC50


values in the sub-nanomolar range. Only 7h and 7k have
IC50 values >1 nM. Both of these compounds have an
isopropylmethylamino substituent at the 7-position of
the imidazopyridine ring.







Table 2. Inhibition of Et-PKG enzyme activity and in vivo anticoccidial activities of diaryl imidazo[1,2-a]pyridine derivatives 7


N N


N


N


F


R


7a-k


R'


Compound R,R 0 Et-PKG IC50 (nM) Dose (ppm) Et score Ea score


7a
N
H


N∗
∗


0.06 12.5 3 0


7b H
N N∗ ∗


0.081 25 3 3


7c
H
N N∗ ∗


0.28 25 3 0


7d H
N N∗∗


0.29 25 3 0


7e
H
N N∗ ∗


0.45 25 0 0


7f H
N N∗ ∗


0.60 25 0 0


7g N
H


N∗
∗ 0.31 — n/a n/a


7h N
H


N
∗


∗
2.8 — n/a n/a


7i N
H


N∗
∗ 0.20 25 3 3


7j N
H


N
∗


∗
0.86 — n/a n/a


7k N
H


N
∗


∗
1.3 — n/a n/a


n/a, date not available.
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While the majority of these compounds are potent inhib-
itors of Et-PKG enzyme activity, many showed little to
no control of parasite oocyst production in the animal
model. In vivo efficacy following oral dosing in the feed
is dependent upon many additional factors, including
oral bioavailability in chicken, and the ability of the
compound to access the intracellular enzyme target in
the parasites. One notable exception in Table 2 is com-
pound 7i. While compound 7i is a less potent Et-PKG
inhibitor than compound 7b (by about 2.5 times), the
two compounds have similar in vivo efficacy in the ani-
mal infection model, and reached total control of oocyst
production at levels of 25 ppm in feed.


Further evaluation of compounds 6a and 7i against
other Eimeria spp. of parasites has pointed to holes in
the spectrum of antiparasitic activity. For example,

neither compounds offer good control of oocyst produc-
tion in Eimeria maxima or Eimeria brunette infected
chickens (data not shown). Broad spectrum activity
against seven commercially important species of chicken
Eimeria is an absolute requirement for any new anticoc-
cidial agent and remains a significant challenge for
medicinal chemistry.2


In summary, this SAR study on diaryl imidazo[1,2-
a]pyridine derivatives demonstrated that simple alkyl-
amino substituents at the 7-position of the imidazopyri-
dine ring with an aromatic group on the 2-aminopyrim-
idine ring (e.g., 6a and 7a) improve the potency of
inhibitory activity against Et-PKG, with IC50 values
approaching picomolar range. Meanwhile improvement
of in vivo anticoccidial activities was observed not only
with a benzyl group on the 2-aminopyrimidine ring (6a
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and 7b) but also with an isopropyl group (7i) at this po-
sition. Two of the major Eimeria species (E. tenella and
E. acervulina) are effectively controlled at the level of
25 ppm in feed. Lack of broader spectrum activity
against other Eimeria spp. has prevented further devel-
opment of these compounds.
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Abstract—SAR study of the biphenyl region of cyclopropanecarboxamide derived bradykinin B1 antagonists was examined. Incor-
poration of a pyridine in place of the proximal phenyl ring and chlorination of the distal phenyl ring proved to be well tolerated and
provided compounds with improved pharmacokinetic profiles, CNS penetration, and enhanced receptor occupancy.
� 2007 Elsevier Ltd. All rights reserved.

NH


NH


CO2Me


O


O CF3


B


Bradykinin (BK) peptides are rapidly produced in plas-
ma after tissue insult and exert a variety of physiological
effects, including pain and inflammation.1 Two known
G-protein-coupled receptors, designated as B1 and B2,
regulate these effects.2 The constitutively expressed B2


receptor is believed responsible for the initial acute pain
response following tissue injury and is mediated by the
peptides bradykinin (BK = Arg-Pro-Pro-Gly-Phe-Ser-
Pro-Phe-Arg) and kallidin (Lys-BK). Their correspond-
ing metabolites, [des-Arg9]bradykinin and [des-Arg10]-
kallidin, serve as agonists for the B1 receptor, which is
induced in the hours following the injury.3


In support of their therapeutic potential,4 bradykinin B1


receptor antagonists have been shown to ameliorate
pain responses in animal models5,6 and transgenic B1


receptor knockout mice exhibit reduced sensitivity to
painful stimuli while appearing normal in all other re-
spects. In addition to peripheral B1 receptors, a central
role for the B1 receptor has been implied based on evi-
dence that it is constitutively expressed in the central
nervous system of rats and mice.7–9 Thus, CNS pene-
trant bradykinin B1 receptor antagonists are of consid-
erable interest as they may have superior efficacy
relative to peripheral B1 antagonists, and might also find
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additional application in the treatment of neuropathic
pain.10


We recently reported the synthesis and biological char-
acterization of a series of biphenylcyclopropane carbox-
amide based bradykinin B1 receptor antagonists as
exemplified by compound 1, which was selected for fur-
ther development.11 While 1 exhibited high affinity for
the human B1 receptor and was reasonably CNS pene-
trant in animals, it lacked ideal pharmacokinetic proper-
ties and exhibited only moderate CNS receptor
occupancy in a transgenic mouse model. In this commu-
nication we describe our efforts to improve these proper-
ties via modulation of the biphenyl region, with the goal
of finding a backup candidate to compound 1 (Fig. 1).


The general synthesis of target compounds 2a–p is illus-
trated in Scheme 1. In situ conversion of the appropriate

F
Cl


C


Figure 1. Bradykinin B1 antagonist 1.
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bromide 3a, b to the pinacol boronate ester is followed
by a Suzuki coupling with the requisite C-ring bromide
4a–h to afford the biaryls 5a–p. Removal of the sulfina-
mide group to provide amines 6a–p was accomplished
using HCl in MeOH followed by subsequent EDCI-
mediated acylation with 1-(trifluoroacetyl)aminocyclo-
propanecarboxylic acid to provide 2a–p.


The synthesis of phenyl bromide 3a is shown in Scheme 2.
The chiral center was constructed employing the Ellman
tert-butanesulfinimine methodology.12 Aldehyde 7 was
condensed with (S)-tert-butane sulfinamide in the
presence of magnesium sulfate to provide imine 8.
Addition of methylmagnesium chloride in DCM
provided 3a in good yield with 9:1 diastereoselection.


Scheme 3 details the synthesis of pyridyl bromide 3b.
The hydroxy group of pyridine 9 was converted to a
bromide which underwent selective cyanation to afford
10. Reduction of the nitro group with stannous chloride
was accompanied by contaminant hydrolysis of the
nitrile to amide 11. Diazotization of 11 was followed
by thermal decomposition of the resultant diazonium
tetrafluoroborate salt in toluene to afford fluoride 12.
The amide was converted to aldehyde 13 in three steps
via the intermediacy of a Weinreb amide. Subsequent
imine formation and addition of methylmagnesium
chloride as described for 3a provided 3b in 6:1 diastereo-
selection. It should be noted that the (R)-tert-butane

OHC


F Br F Br


NH
S


t-Bu


O


a b


F Br


N
S


t-Bu


O


Scheme 2. Reagents and condition: (a) (S)-tert-butane sulfinamide,


CH2Cl2, MgSO4; (b) MeMgCl, CH2Cl2, �48 �C.

sulfinamide was required as there was a reversal of dia-
stereoselectivity observed due to the presence of the pyr-
idine nitrogen at the 2-position.13


SAR work has shown that the trifluoroacetamide was
essential to provide compounds that are not substrates
for human P-glycoprotein (P-gp) mediated efflux which
otherwise would limit human CNS exposure.11 The
cyclopropane ‘A-ring’ carboxamide sector of 1 has been
optimized in order to avoid prohibitively high levels of
bioactivation while maintaining high B1 receptor affin-
ity.14,15 Accordingly, our focus for improving this series
was directed toward the biphenyl region of 1 (designated
as the B- and C-rings). Results for chosen compounds
2a–p are shown in Table 1.


Moving the 3 0-chloro group to the 4 0-position on the
distal C-ring (2a, R3 = Cl) led to a >300-fold loss in po-
tency while a chloro at the 5 0-position provided an ana-
log with good potency (2b, hKi = 2.05 nM) for further
SAR evaluation. Since we have previously observed that
the 3 0-chloro group was essential to mitigate hydrolysis
of the methyl ester,11 a number of heterocyclic isosteres
were incorporated into 2a to evaluate their effects on
potency and pharmacokinetic properties. The 5-methyl-
oxadiazole (2d) and 2-methyltetrazole (2e) showed
equivalent B1 receptor affinity compared to 2b, while
3-methyloxadiazole (2c) was less potent. Moreover, both
2d and 2e had improved rat pharmacokinetic profiles in
terms of longer half-lives and decreased clearance rela-
tive to 1, while maintaining low P-gp transport
susceptibility.


The most exciting results were obtained when the
5 0-chloro group was incorporated onto the C-ring in
combination with the 3 0-chloro group. The resulting
dichloro compound (2f) exhibited a dramatically im-
proved rat half-life of 4.6 h and a low clearance of 1.9
mL/min/kg while maintaining equivalent B1 receptor
affinity relative to 1. The 3 0-fluoro analog (2g) was equi-
potent, but showed a poorer rat pharmacokinetic profile
further validating the importance of the 3 0-chloro group
at mitigating the ester hydrolysis.


To further improve upon 2f, replacement of the methyl
ester with heterocyclic isosteres and other esters was







Table 1. Bradykinin B1 receptor binding affinities and pharmacokinetics


X
NH


R1


2a-p


R2


O


NH


O CF3


F


R4
R3


2'


5'


B


C


3'


Compound R1 R2 R3 R4 X hBK1
a P-gpb Papp


c Rat F (%)d Rat t1/2 Rat Cl


1 CO2Me Cl H H CH 0.44 1.9 34 34 0.4 40


2a CO2Me H Cl H CH 134 nd nd — — —


2b CO2Me H H Cl CH 2.05 nd nd — — —


2c
N


N


O
Me H H Cl CH 7.60 nd nd — — —


2d
O


N


N
Me H H Cl CH 1.39 2.4 31 38 1.4 5.3


2e
N


N N
N Me H H Cl CH 1.45 2.7 28 47 3.8 2.7


2f CO2Me Cl H Cl CH 0.46 1.8 18 38 4.6 1.9


2g CO2Me F H Cl CH 0.68 2.1 27 21 0.8 13


2h CO2Et Cl H Cl CH 1.85 1.7 25 52 2.2 12.1


2i
O


N


N
Me Cl H Cl CH 2.4 2.7 23 39 5.6 0.8


2j
N


N N
N Me Cl H Cl CH 1.58 2.6 28 55 8.7 0.8


2k
N


N N
N Me F H Cl CH 1.1 3.5 23 64 3.5 2.3


2l CO2Me Cl H H N 0.77 1.9 25 21 1.2 19.6


2m CO2Me Cl H Cl N 2.6 2.2 29 19 1.3 16.6


2n CO2Et Cl H H N 1.2 2.6 28 52 0.8 6.8


2o CO2Et Cl H Cl N 1.8 2.2 25 57 2.0 12.6


2p
N


N N
N Me Cl H Cl N 3.8 9.1 27 65 6.4 1.2


a Values represent the numerical average of at least two experiments. Interassay variability was ±25% (Ki, nM).
b MDR1 directional transport ratio (B to A)/(A to B). Values represent the average of three experiments and interassay variability was ±20%.
c Passive permeability (10�6 cm/s).
d F% oral bioavailability, half-life is represented in hours, Cl in mL/min/kg. Sprague–Dawley rats (n = 3). Oral dose = 10 mg/kg, iv dose = 2 mg/kg.


Interanimal variability was less than 20%.
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examined. Ethyl ester 2h led to a decrease in both B1


receptor potency and rat pharmacokinetic properties,
while heterocycles 2i–k were tolerant of the replacement
with respect to receptor affinity. While the heterocyclic
isosteres (2i–k) proved to have excellent rat pharmacoki-
netic profiles, their P-gp transport ratios began to rise
with the increasing number of heteroatoms they pre-
sented. For example, tetrazole 2k (P-gp = 3.5) was
above the acceptable level for defining compounds as
P-gp substrates (P-gp transport ratio >2.5), while 2i–j
were borderline.16 The apparent permeabilities (Papp)
of all the compounds examined were well above

the generally accepted value for CNS penetrant
compounds (Papp > 15 · 10�6 cm/s). Hence the esters
remained as the most promising candidates for further
evaluation.


Compound 1 was highly lipophilic and showed low
aqueous solubility. In an effort to improve the physical
properties, a nitrogen was inserted into the B-ring phe-
nyl of selected compounds (2l–p, Table 1). The pyridine
analog of 1 (2l) showed similar potency with an
improved half-life and reduced clearance in the rat.
Moreover, the inclusion of an additional heteroatom
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in the form of the B-ring pyridine did not lead to an in-
crease in human P-gp susceptibility. Addition of the 5 0-
chloro on the C-ring provided compound 2m, but did
not greatly improve pharmacokinetics in the rat as was
noted for the B-ring phenyl (compounds 1! 2f). The
related ethyl ester variants (2n–o) also showed good B1


receptor affinity and superior oral bioavailability
(>50%) in the rat. As exemplified by tetrazole 2p, hetero-
cyclic replacements for the ester were not tolerated in
combination with the B-ring pyridine, due to the unac-
ceptably high human P-gp efflux ratios.


To further evaluate modifications made to the biphenyl
region of 1, select compounds were evaluated in the
ex vivo transgenic receptor mouse occupancy model.17


In addition, CNS penetration studies in African green
monkey (AGM) were implemented.18 Results are shown
in Table 2.


Addition of the 5 0-chloro group to the C-ring (2f) exhib-
ited improvement in both receptor occupancy efficiency
(Occ90 = 450 nM) and increased CNS brain to plasma
ratio in the AGM compared to 1. The closely related tet-
razole 2j did not result in any improvement in occu-
pancy or CNS levels over the ester. The most
important result obtained was the boost in receptor
occupancy efficiency afforded by the compounds con-
taining the B-ring pyridine. For example, pyridine 2l
had an Occ90 of 350 nM (vs 520 nM for 1) without less-
ening the CNS levels in the AGM. Gratifyingly, the
inclusion of the 5 0-chloro group on the C-ring of 2l pro-
vided 2m which exhibited the best occupancy (Occ90 =
210 nM) in the series, as well as the highest brain to plas-
ma ratio in the AGM for compounds bearing the B-ring

Table 2. Receptor occupancy and monkey CNS penetration for


selected compounds


Compound Occ90
a (nM) AGM brain/plasmab PBc logP


1 520 0.4 98.6 >3.6


2f 450 1.1 97.4 >3.8


2j 540 0.3 99.1 >3.8


2l 350 0.5 97.2 3.2


2m 210 0.8 97.5 3.3


2n 225 0.7 98.4 3.6


a Values are means of at least eight experiments.
b Values are a mean of two experiments.
c Protein binding measured using 10% rat serum.


Table 3. Dog and Rhesus Pharmacokinetics for select compounds


Compound Dog PKa Rhesus PKb


F (%) t1/2 (h) Cl F (%) t1/2 (h) Cl


1 33 1.8 9.0 31 1.7 13


2f 19 1.6 20 20 3.9 11.2


2j 87 13 1.2 75 4.2 3.4


2m 66 6.6 6.2 12 2.5 16.9


2n 20 2.3 10 12 1.1 11.5


a Mongrel dogs (n = 2). Oral dose 3 mg/kg, iv dose = 1 mg/kg. Inter-


animal variability was less than 20% for all values.
b Rhesus monkeys (n = 2). Oral dose 3 mg/kg, iv dose = 1 mg/kg.


Interanimal variability was less than 20% for all values.

pyridine (B/P = 0.8). It is interesting to note that many
of the compounds showing improved Occ90’s had some-
what weaker B1 affinity in the binding assay. We believe
the improved receptor occupancy of compounds bearing
the B-ring pyridine is likely attributed to subtle improve-
ment in physical properties rendered by the presence of
the nitrogen heteroatom (lower logP and protein
binding).


Preferred compounds were examined for additional
pharmacokinetic evaluation in dog and rhesus (Table 3).
While addition of the 5 0-Cl in compound 2f led to an
improvement in rat PK relative to 1 (Table 1), little ben-
efit was seen in dog and monkey. Replacing the ester
with a tetrazole provided the compound (2j) which
had the best profile with half-lives in the dog and rhesus
of 13 and 4.2 hours, respectively. While compound 2m,
the B-ring pyridine version of compound 2f, showed
minimal improvement in rhesus, a significant increase
in bioavailability (66%) and half-life (6.6 h) was
observed in dog. The closely related analog 2n, which
lacks the 5 0-Cl group and has an ethyl ester in place of
methyl ester, had very similar PK properties in these
species compared to 1.


In conclusion, a series of cyclopropanecarboxamide
containing compounds, bearing modifications to the
biphenyl sector, was prepared and evaluated as bradyki-
nin B1 receptor antagonists. Incorporation of a pyridine
in the proximal phenyl ring led to enhanced receptor
occupancy, while addition of a chlorine at the 5 0-posi-
tion of the distal phenyl ring led to improvements in
terms of pharmacokinetics and greater CNS penetra-
tion. These enhancements are best exemplified by com-
pounds 2l–n which represent a significant advance over
lead compound 1.
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7. Pesquero, J. B.; Araújo, R. C.; Heppenstall, P. A.; Stucky,
C. L.; Silva, J. A.; Walther, T.; Oliveira, S. M.; Pesquero,
J. L.; Paiva, A. C.; Calixto, J. B.; Lewin, G. R.; Bader, M.
Proc. Natl. Acad. Sci. U.S.A. 2000, 97, 8140.


8. Ferreira, J.; Campos, M. M.; Araújo, R.; Bader, M.;
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Abstract—Recent literature has suggested the benefit of selective PPARd agonists for the treatment of atherosclerosis and other dis-
ease states associated with the metabolic syndrome. Herein we report the synthesis and structure–activity relationships of a series of
novel and selective PPARd agonists. Our search began with identification of a novel benzothiophene template which was modified
by the addition of various thiazolyl, isoxazolyl, and benzyloxy-benzyl moieties. Further elucidation of the SAR led to the identifi-
cation of benzofuran and indole based templates. During the course of our research, we discovered three new chemical templates
with varying degrees of affinity and potency for PPARd versus the PPARa and PPARc subtypes.
� 2007 Elsevier Ltd. All rights reserved.

The peroxisome proliferator-activated receptors (PPARs)
are members of the nuclear hormone receptor super
family. The PPARs consist of three subtypes: PPARa,
PPARc, and PPARd (also known as PPARb). The
PPARs’ putative biological role is the maintenance of li-
pid and glucose homeostasis through downstream sig-
naling to the biochemical machinery responsible for
energy storage and catabolism.1 PPARa, expressed pri-
marily in the liver, is associated with lipoprotein catab-
olism. PPARc, expressed primarily in adipose tissue, is a
regulator of glucose and insulin homeostasis and fatty
acid storage. The role of PPARd, ubiquitously ex-
pressed, is less well understood but recent research has
suggested a variety of biological functions centering
around fatty acid oxidation in tissues with high energy
demands such as heart, adipose, and skeletal mu-
scle.2a–d PPARd has begun to gain more attention as a
molecular target for the treatment of cardiovascular dis-
eases. Notable is a report which states that a selective
PPARd agonist increased HDLc by 80%, while reducing
LDL-cholesterol by 29%, in rhesus monkeys.3 The po-
tential of PPARd agonists as pharmaceutical agents

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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for HDL-cholesterol elevation prompted our efforts to
find novel and selective compounds.


Examination of the literature revealed few reports of
selective PPARd ligands. However, it was clear that
the prototypical selective PPARd agonists (Fig. 1), such
as GW501516, L-165041, and L-783483, had either an
acetoxy or acetic acid head group attached to an aryl
core, with a variety of lipophilic tail portions.4


This was in contrast to the acidic head groups found in
most PPARa and non-TZD PPARc agonists. The a and
cPPAR subtypes can accept and prefer bulky lipophilic
substituents adjacent to the requisite carboxylic acid
function. This is due to the relatively large hydrophobic
pocket found adjacent to the activation domain in
PPARa and PPARc. The same hydrophobic pocket in
PPARd is considerably narrower and will not accommo-
date bulky substituents.5 This indicated to us that a
large component of PPARd subtype specificity (but
not exclusively) would be determined by the amount
of steric crowding around the acidic head portion rather
than what was found at the aryl core or lipophilic tail.
Our strategy was to utilize a generic PPAR scaffold
(Fig. 2) consisting of an acidic head group, aryl body,
and lipophilic tail to construct new compounds.
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Figure 1. PPARd selective agonists.
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Specifically, in order to increase the binding affinity of
our new ligands, we sought novel head/body combina-
tions that would have at least one less degree of rota-
tional freedom relative to the prototypical arylacetoxy
and arylacetic acid motifs. The caveat to this approach
being that the requisite carboxyl function still maintains
its ability to fit in the relatively narrow activation do-
main of PPARd.


A substructure search of our proprietary chemical li-
brary using these criteria initially led us to the 6-hydrox-
ybenzothiophene-3-acetic acid core (6) and from there

Lipophilc Tail Aryl Body Acidic Head


rotational restrictor


Figure 2. Prototypical PPAR ligand with rotational restrictor.
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Route B


Scheme 1. Reagents and conditions: (a) methyl 4-chloroacetoacetate, Cs2CO


0 �C. Route A, 37% over three steps; Route B, 34% over two steps.

we derived the 6-hydroxybenzofuran (8), 5-hydroxy in-
dole acetic acid (13), and 5-mercapto-indole-acetic acid
(15) cores.


Once identified, we began to combine the new acidic
head/aryl body combinations with a previously known
tail and others discovered through screening of a combi-
natorial library.


The 6-hydroxybenzothiophene-3-acetic acid core was
prepared by alkylation of 3-methoxythiophenol with
methyl 4-chloroacetoacetate followed by an acid medi-
ated cyclocondensation. The cyclization to the benzothi-
ophene core resulted in a regioisomeric mixture of
compounds in a 3:2 ratio (Scheme 1). The mixture of
regioisomers could not be separated by recrystallization
or chromatography, so it was used as is in the next step.
De-methylation was accomplished using boron tribro-
mide in dichloromethane at 0 �C. After work up,
chromatography, and recrystallization, the desired
6-hydroxybenzothiophen-3-acetic acid core was isolated
in 37% yield over 3 steps. Methyl and chloro substituted
analogues of 6 were prepared in a similar manner. We
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later determined that it was not necessary to have the la-
tent hydroxy group protected to arrive at 6, and in fact it
seemed preferable judging by the regiochemical ratio of
the cyclocondensation step. In the event, selective alkyl-
ation of the thiol of 3-hydroxy thiophenol with methyl
4-chloroacetoacetate gave the intermediate acetoacete-
tate derivative 5. Cyclization with excess methanesulfon-
ic acid in dichloromethane at room temperature gave the
desired 6-hydroxybenzothiophen-3-acetic acid core and
only trace amounts of the regiochemical partner. After
chromatography and recrystallization, 6 was isolated
in 34% yield over two steps.


The benzofuran core was made by a two-step literature
procedure (Scheme 2).6


The lipophilic tails (Fig. 3) were either commercially
available or were prepared according to literature
procedures.7


The final compounds, 10a–t, were then made in a simple
two-step procedure starting with alkylation of the free
phenol in acetonitrile with the chloride of the lipophilic
tail using cesium carbonate as base (Scheme 3). After
purification, the resulting esters 9a–t were saponified
with lithium hydroxide to give the desired carboxylic
acids in good to excellent yields (Table 1).


The (5-mercapto-indol-1-yl)-acetic acid core was pre-
pared by alkylating commercially available 5-ben-
zyloxyindole in dimethylformamide with methyl
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Scheme 2. Reagents and condition: (a) NaOH, reflux; (b) LiOH,
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Figure 3. Lipophilic tails.
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Scheme 3. Reagents and conditions: (a) Y-CH2Cl, Cs2CO3, CH3CN, 40–87%

bromoacetate using sodium hydride as base (Scheme
4). The resulting compound was then de-benzylated
using hydrogen and palladium as catalyst. The thiol
was introduced following the two-step Newman–Kwart
procedure.8 After trying several conditions to effect the
rearrangement, we found that the best yields were ob-
tained when the thiocarbamate in warm diphenyl ether
was added to diphenyl ether at 259 �C.


The final indole compounds 16a–g were then prepared
in the same manner as described for compounds 10a–t
(Table 2).


The synthesized compounds 10a–t and 16a–g were eval-
uated for in vitro binding and agonist activity at
hPPARd using known methods.9,10 We started our
SAR by making analogues with the benzothiopheneace-
tic acid core.11 The unsubstituted analogues (10a and
10b) had a strong affinity for PPARd versus PPARa.
In general, we found that most of the compounds re-
ported herein had very little affinity for PPARc. The
example of a benzothiopheneacetic acid core and lipo-
philic thiazole tail (10a) demonstrated potency and
selectivity for PPARd similar to that of GW501516.
Replacing the lipophilic thiazole tail with a chlorophe-
nyl isoxazole (10b) resulted in only a slight loss in po-
tency but a greater degree of selectivity. The
trifluoromethylphenyl isoxazole analogue (10c) had sim-
ilar potency to the chlorophenyl analogue, but surpris-
ingly had a greater affinity for PPARa. The
benzofuran counterparts (10d–f) were less potent, per-
haps due to the smaller size of oxygen relative to sulfur,
leaving unfilled space within the PPARd activation do-
main. By comparison the indole analogues 16a–b were
about 2- to 3-fold less potent and selective for PPARd
versus PPARa than the corresponding benzothiophene
analogues. Substitution at the 4- and 5-position of the
benzothiophene core in all cases resulted in a diminution
of PPARd potency. Compounds containing benzyloxy-
benzyl tails (10n–t and 16d–f) represented an unprece-
dented addition to our stable of lipophilic tails. The
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Table 1. Activity of benzothiophene and benzofuran based compounds


X
O


OH


O
Y


R


10a-t


Compound R X Y = lipophilic tail IC50
a,c (nM) Fold selectivity: hPPARd


vs. hPPARa
EC50


b,c hPPARd
(nM)


hPPARd hPPARa hPPARc


GW501506 — — — 2.6 463 NT 178 4.0


a H S A 3.1 482 >10,000 155 14.7


b H S B 7.7 3820 >10,000 496 226


c H S C 11 261 NT 24 305


d H O A 14 679 NT 49 243


e H O B 81 2380 >10,000 29 323


f H O C 25 1420 >10,000 57 1610


g 5-Me S A 237 683 6260 3 NT


h 4-Cl S A 58 1040 >10,000 18 227


i 4-Me S B 23 311 8660 14 638


j 5-Me S B 37 5810 NT 159 656


k 4-Cl S B 375 3840 NT 10 6360


l 4-Me S C 37 1470 >10,000 40 561


m 4-Cl S C 97 1350 NT 14 2630


n H S o-D 244 7860 >10,000 32 2230


o 5-Me S o-D 43 4680 7580 108 172


p H S m-D 15 963 5790 65 166


q H S p-D 3.6 229 3730 64 1070


r H O o-D 662 >10,000 >10,000 >15 3120


s H O m-D 24.1 2500 5400 104 1490


t H O p-D 81 2380 >10,000 29 3440


NT = not tested.
a Concentration that inhibits 50% of the interaction between the PPAR LBD and the radiolabeled ligand.
b Concentration of test compound which produced 50% of the maximal reporter activity.
c The results are based on at least two experiments, each dose done in triplicate (SD = 10%).


H
N


BnO


N


BnO


O


O
N


HO


O


O


N


O


O


O


N


S
N


HS


O


O


a b


c d, e, f


11 12 13


14 15


Scheme 4. Reagents and conditions: (a) methyl bromoacetate, NaH, CH3CN/DMF; (b) H2, 10% Pd/C; (c) N,N-dimethylthiocarbamoyl chloride,
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order of increasing potency for the benzothiophene
based compounds was ortho substitution, meta, and
then para. The benzofuran based compounds closely
matched their benzothiophene counterparts though they
were generally less potent. The meta substituted benzyl-
oxy-benzyl tails most closely resembled the aryl thiazole
and isoxazole tails found in the benzofuran and benzo-
thiophene examples in terms of shape, potency and
selectivity. Interestingly, even though compounds with

the ortho substituted benzyloxy-benzyl tails were less po-
tent at PPARd they had very little, if any, affinity for
PPARa and PPARc.


It is clear that there is a divergence between binding
affinity and functional activity with many of these com-
pounds.10 This is explained by the lipophilicity of the
compounds muting passive diffusion through the cell
membrane in the cell-based functional assay. We







Table 2. Activity of indole based compounds


N


X


O


OH


Y


R


16a-g


Compound X R Y = lipophilic tail IC50
a,c (nM) Fold selectivity: hPPARd


vs. hPPARa
EC50


b,c PPARd
(nM)


hPPARd hPPARc hPPARa


a O H A 6.8 550 >10,000 81 223


b O H C 31 835 >10,000 27 1390


c O 5-MeO A 41 121 NT 3 225


d O H o-D 734 >10,000 >10,000 >14 3080


e O H m-D 13 179 >10,000 14 254


f O H p-D 91 562 >10,000 6 2810


g S H A 2.8 172 >10,000 61 4.0


NT, not tested.
a Concentration that inhibits 50% of the interaction between the PPAR LBD and the radiolabeled ligand.
b Concentration of test compound which produced 50% of the maximal reporter activity.
c The results are based on at least two experiments, each dose done in triplicate (SD = 10%).
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believed that the compounds were being sequestered
within the cell membrane so that the observed functional
activity was not always truly reflective of the com-
pound’s inherent potential. Nonetheless, the functional
assay confirmed that all the compounds were agonist.


Starting with a prototypical PPAR ligand, applying a
priori knowledge of the factors affecting subtype speci-
ficity, and a search of our proprietary chemical library,
we discovered three new templates, that when modified
had varying degrees of affinity and potency for PPARd.
These compounds represent a new class of chemical
tools that will be used to elucidate the complete biolog-
ical function of PPARd.
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9. PPAR receptor binding assay: The human PPARd and
PPARa scintillation proximity assay (SPA) was used to
measure the affinity of ligands for the respective human
PPAR receptor. The hPPARd LBD encoding amino acids
145–441 (GenBank Accession No. NM_006238) and
hPPARa LBD encoding amino acids 196–468 (GenBank
Accession No. L02932) were used. Volumes of 99 lL of
buffer (50 mM Tris, 10 mM Na-molybdate, 1 mM EDTA,
and 10% glycerol, pH 7.6) containing 50 nM of radiola-
beled ligand (3H-2-(4-(3-(4-acetyl-3-hydroxy-2 propyl-
phenoxy)propoxy)phenoxy)acetic acid (34 Ci/mmol) for
PPARd and 3H-2-(4-(2-(3-(2,4-difluorophenyl)-1-hepty-
lureido)ethyl)phenoxy)-2-methylbutanoic acid (86 Ci/
mmol) for PPARa), 0.2 mg anti-rabbit beads (Amersham,
RPN140), 0.24 lg rabbit anti-GST (Molecular Probes
Inc., A5800), and 0.2 lg purified GST/PPARhLBD were
placed into the wells of Corning 96-well tissue culture
plates. One microliter of dimethylsulfoxide (DMSO) or
1 lL of DMSO containing a test compound at a concen-
tration sufficient to give a final assay concentration of
between 1 nM and 100 lM added into each well. After
incubation with shaking at room temperature for 30 min,
radioactivity bound to the PPAR LBD-GST fusion
protein/anti-GST/SPA antibody-binding bead complex
was assessed using a Wallac MicroBeta plate reader. The
potency of interaction of a compound with the respective
PPAR LBD was determined as the concentration that
inhibits 50% of the interaction between the respective
PPAR LBD and the radiolabeled ligand.
The human PPARc scintillation proximity assay (SPA) was
used to measure the affinity of ligands for the human PPARc
receptor. The hPPARc LBD encoding amino acids 206–477
(GenBank Accession No. NM_138712.1) was used. Volumes
of 168 lL of buffer (1· PBS, 12 mM b-mercapto ethanol,
0.002% Tween 20, and 9% glycerol, pH 7.6) containing with
40 nM 3H-5-(4-(3-(5-methyl-2-phenyloxazol-4-yl)propa-
noyl)benzyl)thiazolidine-2,4-dione (9.57 Ci/mmol), 0.3 mg
polylysine-coated yttrium silicate beads (Amersham,
RPNQ0010), and 10 nM purified His-tagged human
PPARc LBD were placed into the wells of a 96-well white
assay plate (Corning 3604). Two microliters of dimethyl-
sulfoxide (DMSO) or 2 lL of DMSO containing a test
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compound at a concentration sufficient to give a final assay
concentration binding curve between 1 nM and 100 lM was
added into each well. After incubation with shaking at room
temperature for 2 h, radioactivity bound to the PPARc
LBD-HIS fusion protein/yttrium bead complex was
assessed using a Wallac MicroBeta plate reader. The
potency of interaction of a compound with the PPARc
LBD was determined as the concentration that inhibits 50%
of the interaction between the PPARc LBD and the
radiolabeled ligand.


10. PPARd chimeric receptor assay (functional assay): Tran-
sient transfection assay using the HepG2 hepatoma cell line:
The GAL4 hPPARd LBD, chimeric receptor expression
constructs containing the ligand binding domain for the
human PPARd LBD (encoding amino acids 145–441,
GenBank Accession No. NM_006238), was used to
cotransfect cells with GAL4-Luciferase reporter plasmid
(p5Eb-Luc) and b-Gal plasmid. Briefly, HepG2 cells were
seeded in a 100-mm cell culture dish containing 10 ml
DMEM plus 10% serum. Transfection mix was prepared
by combining 15 lg GAL4-Luc plasmid with 15 lg of
GAL4-hPPARd LBD. b-Gal plasmid (1.5 lg) was also
added to each the as a control. LipofectAMINE 2000
reagent was used as suggested by the manufacturer
(Invitrogen, Carlsbad, CA). For each well, 2.4 ml trans-
fection mix was added and incubated at 37 �C overnight.
The next day, transfected HepG2 cells were reseeded to a
96-well cell culture plate at the density of 3000 cells per
well and compounds were subsequently added to each
well. After 16 h incubation, cells were then harvested in a
lysis buffer (Promega, Madison, Wisconsin) and luciferase
activity was determined using a luminometer. Luciferase
activity was then normalized with b-Gal activity.


11. Typical procedure for preparing thiazolyl benzothiophene
acetic acid derivatives:4-(3-Methoxy-phenylsulfanyl)-3-
oxo-butyric acid methyl ester (2). A solution of methyl
2-chloroacetoacetate (15.0 g, 0.10 mol) in 20 ml of aceto-
nitrile was added dropwise to a mixture of 3-methoxythi-
ophenol (14.0 g, 0.10 mol) and cesium carbonate (65.2 g,
0.20 mol) in 400 ml of acetonitrile over 30 min. The

mixture was stirred at room temperature for 2 h, then
filtered through Celite�. The filtrate was concentrated and
purified using normal phase chromatography.
(6-methoxybenzo[b]thiophen-3-yl)acetic acid methyl ester(3).
Compound 2 (2.54 g, 0.01 mol) was added dropwise to
25 ml of methanesulfonic acid at room temperature, and the
solution was stirred at the same temperature for 15 min,
then the reaction mixture was added to 250 ml of ice-water.
The aqueous mixture was extracted with ethyl acetate. The
organic phase was washed with brine, sodium bicarbonate,
dried over sodium sulfate, and concentrated.
(6-hydroxy-benzo[b]thiophen-3-yl)acetic acid methyl ester(6).
To a stirred solution of 3 (2.20 g, 9.32 mmol) in 50 ml of
dichloromethane at �78 �C was added dropwise a solution
of boron tribromide (11.68 g, 46.6 mmol) in 50 ml of
dichloromethane. After the completion of the addition of
boron tribromide, the reaction mixture was maintained at
�78 �C for 1 h, then allowed to reach room temperature and
stirred at the same temperature overnight. The mixture was
cooled to 0 �C, carefully quenched with 100 ml of water,
extracted with ethyl acetate, washed with brine, dried over
sodium sulfate, concentrated, and purified using normal
phase chromatography to afford 6.
Methyl 2-(6-((4-methyl-2-(4-(trifluoromethyl) phenyl)thia-
zol-5-yl)methoxy)benzo[b]thiophen-3-yl)acetate 9a. A mixture
of 6 (0.75 g, 3.4 mmol), 5-(chloromethyl)-4-methyl-2-(4-
(trifluoromethyl) phenyl)thiazole (1.0 g, 3.5 mmol), and
cesium carbonate (1.7 g, 5.1 mmol) in 10 ml acetonitrile was
stirred at 60 �C for 4 h. The reaction mixture was then
concentrated in vacuo, the residue diluted with ether and
filtered through a Celite�/SiO2 sandwich, eluting with ether.
The filtrate was collected and concentrated in vacuo to give
9a pure enough for subsequent use.
2-(6-((4-methyl-2-(4-(trifluoromethyl)phenyl)thiazol-5- yl)-
methoxy)benzo[b]thiophen-3-yl)acetic acid (10a). A mixture
of 9a, in 40 ml THF/2 ml H2O, was stirred at rt for 2 h. The
reaction mixture was concentrated in vacuo, acidified to pH 1
with concd HCl, extracted with EtOAc, dried (Na2SO4), and
concentrated in vacuo. Recrystalization from chloroform/
hexanes afforded 10a.
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Abstract—A series of low molecular weight antagonists of both the human and murine CC chemokine receptor 2, containing a
1-alkyl-3-(3-methyl-4-spiroindenylpiperidine)-substituted cyclopentanecarboxamide, is described. A SAR study of the C1 substitu-
ent revealed that short, branched alkyl groups such as isopropyl, isobutyl, or cyclopropyl are optimal for both human and murine
CCR2 binding activity.
� 2007 Elsevier Ltd. All rights reserved.

Chemokines (chemotactic cytokines) are important
mediators of inflammation and host defense.1–3 These
low molecular weight proteins are secreted by pro-
inflammatory cells, leukocytes, and endothelial cells in
response to certain stimuli or insult to the immune sys-
tem.4–6 Chemokines can be divided into two major (CC
and CXC) and two minor (CX3C and C) groups based
on the number and spacing of the two conserved cys-
teine residues near the N-terminus of the molecule and
the type of leukocytes they attract.7


The Monocyte Chemoattractant Protein 1 (MCP-1), a
member of the CC family of chemokines, binds to and
activates a seven transmembrane domain receptor
known as CC chemokine receptor 2 (CCR2).8 It has
been strongly implicated in several inflammatory dis-
eases, including rheumatoid arthritis9 and atherosclero-
sis.10,11 Studies with CCR2�/�12 and MCP-1�/�13,14


mice as well as with peptide MCP-1 antagonists15 sug-
gest that blocking the interaction of CCR2 and MCP-
1 may be a viable approach for treatment of rheumatoid
arthritis and atherosclerosis.16


Recently, a number of small molecule non-peptide
CCR2 receptor antagonists from Roche,17 Takeda,18,19


and SmithKline20,21 have been described. As part of

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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our own effort, high throughput screening of the Merck
Sample Collection produced the initial lead compound 1
(IC50 = 720 nM), which was elaborated into the piperi-
dine analog 2 with approximately three fold improved
binding affinity, Figure 1.22 Introduction of a 3-
methyl-4-spiroindenyl piperidine moiety afforded the
second generation lead 3 (IC50 = 67 nM).23 Additional
refinement of the central region led to the discovery of
cyclopropyl derivative 4 with outstanding binding affin-
ity (IC50 = 4 nM), as well as oral bioavailability.24


Attempts to improve the pharmacological properties
through cyclization within the central region of the scaf-
fold afforded cyclopentane carboxamides such as 5a,
with a surprisingly high binding affinity
(hIC50 = 20 nM), Figure 1.25 Unfortunately, none of
these exhibited sufficient affinity toward the murine
CCR2 receptor,26 (e.g., 5a, mCCR2, 27% inhibition at
1 lM). A small molecule antagonist of both human
and murine CCR2 activity would be highly desirable
as it would greatly facilitate target validation and other
studies in various rodent models.


Herein, we wish to describe the structure–activity studies
which led to discovery of novel CCR2 receptor antago-
nists with excellent binding and functional activity at
both the human as well as the murine derived CCR2
receptor.


Target compounds 5 and 6 (except for the cyclopropyl
substituted cases 5k and 6k) were synthesized via one
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of the four principal routes depicted in Scheme 1.
According to Route A (compounds 5a, 6b, Scheme 1),
methyl acrylate (7, R = H) or methyl methacrylate (7,
R = Me) and 3-(trimethylsilyl)methyl-2-propen-1-yl ace-
tate were subjected to a palladium-catalyzed 3 + 2 cyclo-
addition.27,28 The double bond in esters 8 and 9 was
cleaved with ozone and the crude ozonides were sub-
jected to a reductive amination with enantiomerically
pure 3-methyl-4-spiroindenyl-piperidine23 without isola-
tion of the respective ketones. A base-catalyzed hydroly-
sis of the esters 10 yielded the respective acids 11, which
were coupled with 3,5-bistrifluoromethylbenzylamine
(12) or 3-fluoro-5-trifluoromethylbenzylamine (13) to
yield the final amides as a mixture of four diastereoiso-
mers. The enantiomerically pure29 compounds 5a and 6b
were obtained by an HPLC separation of the diastereo-
isomers using either a Chiralcel OD or Chiralpak AD
column.30


The majority of the target compounds (5c, d, f, h–j, and
6b–i) were synthesized following Route B. Thus, the
enolate formed from the ester 8 using lithium diisopro-
pylamide (LDA) was alkylated with the respective halo-
alkane to yield esters 9, which were subjected to
ozonolysis and a reductive amination as described
above. Once again, EDC mediated amide formation fol-
lowed by an HPLC separation of the isomers completed
the synthesis.


Route C (compounds 5b, e, and g) involved an early
installation of the amide: the methyl 1-alkyl-3-methyl-
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mino)propyl]-3-ethylcarbodiimide hydrochloride (EDC), 1-hydroxy-7-


arative column, EtOH/Hexanes at 9.0 mL/min; (g) alkyl halide, LDA,


de or dimethyl disulfide, LDA, THF, �78 to 0 �C; (j) TFA, CH2Cl2.
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enecyclopentane carboxylates 9 were subjected to a
base-catalyzed hydrolysis and the resulting acids 14 were
coupled with amine 12 or 13 to yield amides 15. As de-
scribed in Route A, the double bond was cleaved with

Table 1. Human and murine binding affinities in the 3,5-bistrifluoromethylb


O


N


R


5


Entry Substituent R Synthetic method


5a H– A


5b Me– C


5cc Et- B


5d i-Pr– B


5e n-Pr– C


5f i-Bu– B


5gc c-PrCH2– C


5h c-BuCH2– B


5ic CH3(CH2)5– B


5jc CH3OCH2– B


5kc c-Pr– E


5l CH3SCH2– D


5m CH3S– D


a Human CHO cell.
b Mouse CHO cell.
c Mixture of two 1,3-cis-cyclopentane isomers.
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Scheme 2. Reagents and conditions: (a) LHMDS, DME, 1,3-dimethyl-


3,4,5,6-tetrahydro-2(1H)-pyrimidinone, (10:1); (b) B2H6, �78 �C,


THF; PCC, MgSO4, CH2Cl2; (c) 3-methyl-4-spiroindenylpiperidine


hydrochloride, NaB(OAc)3H, DIEA, 4 Å molecular sieves, dichloro-


ethane; (d) NaOH, H2O, dioxane, 90 �C; (e) 12 or 13, EDC, HOAT,


CH2Cl2; (f) Chiralcel OD or Chiralpak AD preparative column,


EtOH/Hexanes at 9.0 mL/min.

ozone, and the crude ozonides were subjected to a reduc-
tive amination.


The target compounds containing sulfur in the side chain
(5l, m, 6l, m) were synthesized via Route D. Thus, 3-oxo-
cyclopentanecarboxylic acid31 (16) was converted to the
ester acetal 17 with trimethyl orthoformate (TMOF).
The respective lithium enolate was alkylated with chloro-
methyl methyl sulfide (5l, 6l) or dimethyl disulfide (5m,
6m). The esters 18a were hydrolyzed, and the resulting
acids were coupled to amines 12 or 13. The acetal protect-
ing group was removed under acidic conditions and the
keto amides 19 were reductively aminated as described
above to yield the final products. The respective isomers
were separated by HPLC.


For the synthesis of the cyclopropyl substituted target
compounds 5k and 6k an alternative strategy (Route
E) had to be adopted as shown in Scheme 2. The com-
mercially available cyclopropylacetonitrile was alkylated
with 1,4-dichloro-cis-2-butene in the presence of lithium
bis(trimethylsilyl)amide (LHMDS) to form the cyclo-
pentenecarbonitrile 20. Hydroboration, followed by a
pyridinium chlorochromate (PCC) oxidation yielded
the ketone 21, which was subjected to reductive amina-
tion with 3-methyl-4-spiroindenyl piperidine. The
aminonitrile 22 was hydrolyzed, and a standard amide-
forming step installed the 3,5-bistrifluoromethylbenzyla-
mide- and 3-fluoro-5-trifluoromethylbenzylamide
groups, respectively. The single enantiomers were ob-
tained via a HPLC separation, as described above.


As illustrated in Table 1, a substituent attached at po-
sition C1 of the cyclopentane ring has beneficial effect

enzylamide series


N
H


CF3


CF3


Binding IC50 (nM) or % at 1 lM (SEM, n)34


hCCR2a mCCR2b


20.0 (±1.41, 2) 27 % (n/a)


9.0 (1) 126.0 (±33.08, 3)


10.0 (1) 17.5 (±2.12, 2)


7.6 (±2.19, 1) 15.0 (1)


16.0 (1) 44.3 (±23.5, 3)


8.0 (1) 26.0 (±1.41, 2)


20.0 (1) 63.5 (±19.1, 2)


19.0 (±8.49, 2) 64.0 (1)


231.0 (±167.6, 2) 279.0 (1)


15.5 (±0.71, 2) 93.0 (1)


6.5 (±2.12, 2) 45.0 (1)


13.0 (1) 65.5 (±21.9, 2)


28.0 (1) 351.0 (1)
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on the hCCR2 activity as evidenced by an approxi-
mate twofold increase of the human CCR2 binding
affinity when a hydrogen was replaced by a methyl
group (entries 5a vs 5b, Table 1). However, the same
change induced a dramatic increase in murine CCR2

Table 2. Human and murine binding affinities in the 3-fluoro-5-trifluoromet


O


N


R


6


Entry Substituent R Synthetic method


6b Me– B


6cc Et– B


6d i-Pr– B


6ec n-Pr– B


6f i-Bu– B


6gc c-PrCH2– B


6hd c-BuCH2– B


6ie CH3(CH2)5– B


6je CH3OCH2– B


6k c-Pr– E


6l CH3SCH2– D


6m CH3S– D


a Human CHO cell.
b Mouse CHO cell.
c Mixture of two 1,3-cis-cyclopentane isomers.
d The binding affinities of the remaining three isomers were determined to b


1 lM) for the murine derived CCR2 receptor.
e Mixture of four 1,3-cis/trans-cyclopentane isomers.


Table 3. Functional activities of selected compounds


Entry Substituent R Chemotaxisa IC50


6d i-Pr– 0.15 (±0.1096, 2)


6f i-Bu– 0.32 (±0.2302, 39)


6k c-Pr– 0.23 (±0.1768, 2)


a Human MCP-1 monocytes.
b Human monocytes.


Table 4. Pharmacokinetic properties of the isopropyl derivative 6d (male Sp


O


N


6d


Route Dose (mg/kg) AUCn (lM h) Clearance (mL/min/kg)


iv 1.00 1.637 19.4


po 3.00 0.492

binding. In this case, the affinity improved from inhi-
bition of 27% at 1 lM concentration to IC50 of
126 nM. The observed activities after an increase in
chain-length from methyl (5b) to ethyl (5c), n-propyl
(5e), and n-hexyl (5i) suggest that the optimal chain

hylbenzylamide series


N
H


CF3


F


Binding IC50 (nM) or % at 1 lM (SEM, n)34


h-CCR2a m-CCR2b


4.0 (1) 57.0 (±29.7, 2)


3.3 (±2.48, 2) 3.5 (±0.71, 2)


3.1 (±1.56, 2) 5.0 (1)


5.0 (3) 17.0 (1)


3.9 (±2.97, 2) 7.5 (±3.01, 10)


5.5 (±0.71, 2) 15.0 (1)


6.3 (±1.06, 2) 28.0 (±5.66, 2)


27.0 (1) 128.0 (1)


8.5 (±0.71, 2) 74.0 (1)


1.9 (±1.41, 2) 8.0 (1)


3.5 (±2.12, 2) 17.0 (±1.71, 2)


67.0 (1) 193.0 (1)


e 32, 135, and 229 nM for the human-, and 147, 559 nM, and 49% (at


(nM) (SEM,n) Ca2+ Fluxb IC50 (nM) (SEM, n)34


0.71 (1)


2.04 (±0.198, 2)


0.63 (1)


rague–Dawley rats)


N
H


CF3


F


Vol. distrib. (L/kg) t1/2 (h) Cmax (lM) Tmax (h) F (%)


2.99 2.5


2.0 0.414 0.83 32
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length is two to three carbon atoms. The presence of a
heteroatom within the chain (5j, 5l, and 5m) did not
seem to have a dramatic influence on the binding
affinity. Conversely, branching in the side chain (5d
or 5f) improved both the murine as well as human
CCR2 activities. With additional restriction of the ali-
phatic substituent (5k, cyclopropyl, and 5g, cyclopro-
pylmethyl) both the human and murine affinities
remained approximately the same.


A similar overall trend was observed in the analogous 5-
fluoro-3-trifluoromethylbenzyl series (compounds 6a–m,
Table 2), except that both the human and murine activ-
ities were approximately twofold higher. Within this ser-
ies, isopropyl (6d), isobutyl (6f), and cyclopropyl (6k)
substitution yielded compounds with activities in the
nanomolar range.


Compounds which were found to be the most active in
the respective binding assays were also the most potent
in the chemotaxis32 and calcium flux33 functional assays
as shown in Table 3. In fact, the shorter, branched alkyl
substituted cyclopentanes 6d, f, and k were generally
subnanomolar in the monocyte chemotaxis and calcium
flux assays.


The pharmacokinetic properties of selected compounds
were evaluated in Sprague–Dawley Rats. For example,
the isopropyl derivative 6d exhibited excellent drug lev-
els after both intravenous (1.0 mg/kg, AUCn =
1.637 lM) and oral (3.0 mg/kg, AUCn = 0.492 lM, nor-
malized value) administration. The compound showed a
moderate clearance rate of 19.4 mL/min/kg, low volume
of distribution (2.99 L/kg), and good oral bioavailability
of 32%, Table 4.


In conclusion, systematic variation of the aliphatic side
chain attached at C1 of the cyclopentane core in lead
structure 5 and 6 yielded compounds with low nanomo-
lar affinities for both the human and murine CCR2
receptor. Some of these compounds, especially those
belonging to the 3-fluoro-5-trifluoro-methylbenzamide
series (e.g., 6d, 6f, and 6k) were ideally suited for target
validation and other biological studies requiring a ro-
dent model.
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Abstract—A series of isoxazole derivatives were synthesized and their antagonistic activities against LPA stimulation on both LPA1/
CHO cells and rHSC cells were evaluated. Among them, 3-(4-{4-[1-(2-chloro-cyclopent-1-enyl)-ethoxycarbonylamino]-isoxazol-3-
yl}-benzylsulfanyl)-propionic acid (34) showed the most potent activities.
� 2007 Elsevier Ltd. All rights reserved.
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Lysophosphatidic acid (LPA; 1- or 2-O-acyl-sn-glycero-
3-phosphate) is a bioactive lipid mediator with diverse
physiological and pathological actions including platelet
aggregation,1 proliferation and migration of various tu-
mor cell types2 and smooth muscle cell contraction.3


Four receptors of the cell membrane G protein-coupled
receptors (GPCR) were demonstrated to mediate the
cellular signals induced by LPA, of which LPA1/Edg2,
LPA2/Edg4 and LPA3/Edg7 belong to the EDG (endo-
thelial cell differentiation gene) superfamily and LPA4


was classified as p2y9/GPR23.4 Recently, the nuclear
transcription factor peroxisome proliferator-activator
receptor-c (PPARc) was reported to be an intracellular
receptor of LPA.5


It was also reported that LPA promotes cell prolifera-
tion in rat hepatic stellate cells (HSC) and migration
in hepatic myofibroblast, both of which play an impor-
tant role in liver fibrosis, via the Rho-signaling path-
way.6,7 Moreover, Rho-kinase inhibitor Y-27632
demonstrated the therapeutic effect on the rat liver fibro-
sis model.8 Therefore, LPA may be an important factor
in pathophysiology of HSC and hepatic myofigroblast
during fibrogenesis by modulating cell morphology,
attachment to the extracellular matrix and contraction,9
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and a compound with LPA antagonist activity is ex-
pected to be a potent drug for liver fibrosis. Among
the LPA receptors, LPA1 was thought to play an impor-
tant role in the pathological state of liver fibrosis, since it
had Rho-signaling pathway in its downstream and its
expression was found in liver.9


To date, many compounds with LPA antagonistic activ-
ity were reported, though most of which were LPA ana-
logues or had lipids-like structures which seems to have
poor oral bioavailability.2a,10,11 Recently, small mole-
cule LPA antagonist Ki16425 (1) was reported with oral
activity.12

In this article, we wish to report the synthesis and struc-
ture-activity relationship (SAR) studies based on
Ki16425 for the improved antagonistic activity against
LPA to find more potent and effective drug candidates
for liver fibrosis. The LPA1 antagonist activities of
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compounds were examined with CHO-K1 cells stably
transfected with LPA1 receptors. The inhibitory activi-
ties against LPA stimulation were also tested with rHSC
for evaluating the efficacy of the compounds.


3-Unsubstituted isoxazolyl carboxylic acid 9 was synthe-
sized from commercially available 4-chloromethyl ben-
zoic acid methyl ester 2 as shown on Scheme 1.
Compound 2 was reduced with BH3–THF following
oxidation to provide 4-chloromethyl benzaldehyde 3.
Following Mukaiyama Aldol addition13 with (1-tert-
butoxy vinyloxy) tert-butyl dimethylsilane gave 3-phe-
nylproponic acid derivative 4, which was condensed
with 3-mercaptopropionic acid methyl ester to afford
5. Deprotection of 5 followed by PDC oxidation yielded
ketone 6. Formilation of 6 using dimethoxymethyl di-
methyl amine at 100 �C following hydroxylamine treat-
ment gave isoxazole derivative 7 in moderate yield
(65% for 2 steps). Since the ester of isoxazole-4-carbox-
ylate was revealed to be unstable under basic condition
to afford a-cyanoenol derivative via ring opening reac-
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Scheme 2. Reagents and conditions: (a) HONH2, EtOH, 50 �C, 5 h, 99%;


CH2Cl2, rt, 19 h, 49%; (d) 1 N LiOH, THF, rt, 1 h, quant.; (e) 1-(2-ch


mercaptopropionic acid methyl ester, NEt3, CH2Cl2, rt, 26 h, 66%; (g) 1 N LiO


THF, rt, 1 h, 30%; (j) 4-pentenoic acid ethyl ester, Pd(OAc)2, o-tol3P, 1,4-dio


LiOH, THF, rt, 1 h, 73%; (m) H2, Pd/C, EtOAc, 5days, 56%; (n) succinic an

tion,14 the hydrolysis of 7 was carefully preceded under
acidic condition to give carboxylic acid. Following cou-
pling reaction under Curtius condition with 1-(2-chlor-
ophenyl) ethanol led to isoxazole-4-carbamate 8.
Following hydrolysis of methyl ester afforded desired
compound 9.


The other isoxazole derivative, 5-unsubstituted isoxazol-
yl carboxylic acid 15 was obtained using 3 as a starting
material (Scheme 2). Reaction of 3 with hydroxylamine
following N-chloro succinimide treatment under acidic
condition gave chloroxime 10. Following Hetero Diels-
Alder reaction with 3-methoxyacryl acid methyl ester
yielded 5-unsubstituted isoxazole-4-carboxylic acid
methyl ester 11 in moderate yield (49%), which leaded
to carboxylic acid 12 via hydrolysis. Compound 12 were
reacted with 1-(2-chlorophenyl) ethanol under Curtius
condition to afford carbamate 13 (71% yield), which
condensed with 3-mercaptopropionic acid methyl ester
to give 14. Following hydrolysis of ester gave desired
product 15. The sulfonic acid 32 was synthesized using
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the same method as described for 15. The method was
also applied for phenethylsulfanyl acetic acid 33 which
was obtained using 4-(2-chloro-ethyl) benzaldehyde
and mercaptoacetic acid methyl ester as the starting
materials. The sulfone 16 was obtained by the mCPBA
treatment of 14. Following hydrolysis gave a 3-sulfonyl
propionic acid derivative 17.


Heck reaction using 4-pentenoic acid ethyl ester and
4-(p-iodophenyl)-isoxazole derivative 18, which was
prepared from 4-iodobenzaldehye, gave 19. The hydro-
genation of 19 followed by hydrolysis gave 21. 3,3-Di-
methyl-4-pentanoic acid derivative 34 were prepared
by the same method from 3,3-dimethyl-pent-4-enoic
acid ethyl ester.


4-(p-Nitrophenyl)-isoxazole derivative 22 was synthe-
sized by same method used for 13 from 4-nitro benzalde-
hyde. Subsequent hydrogenation gave aniline derivative
23. Succinamic acid derivative 24 was obtained via
condensation of 23 with succinic anhydride. (2-Chlo-
romethylphenyl) carbamate 26 was prepared from
p-chloromethyl phenylisocyanate 25 and 1-(2-chloro-
phenyl) ethanol. Condensation with 3-mercaptoprop-
ionic acid methyl ester followed by hydrolysis gave
{2-(2-carboxyethylsulfanyl) methyl-phenyl} carbamate
28 (Scheme 3).


The cycloheptenone 29 was easily converted to 2-chloro-
cyclopent-1-ene carbaldehyde 30 in the presence of
DMF and phosphorus oxychloride. Following methyl
magnesium bromide treatment yielded alcohol 31, which
led to 1-(2-chlorocyclopent-1-enyl) ethyl carbamate 34.
1-(2-Chlorocyclohex-1-enyl) ethyl carbamate 35 was
synthesized with same method from cyclohexanone
(Scheme 4).


The compounds were tested for their inhibitory activities
of LPA stimulated [Ca2+]i influx in CHO-K1 cells which
stably transfected with human LPA1 receptor (LPA1/
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Scheme 4. Reagents and conditions: (a) POCl3, DMF, toluene, rt, 1 h,


82%; (b) MeMgBr, THF, rt, 30 min, 42%.

CHO cells).15 The antagonist activities against LPA
stimulation was also tested on the rHSC cells, which is
thought to play an important role in the pathology of li-
ver fibrosis.16


We started our investigation to modify 3-methyl-isoxaz-
ole ring of Ki16425 to 3- and 5-unsubstituted-isoxazolyl
derivatives 9 and 15 (Table 1). Interestingly, both of
them proved to have potent inhibitory activities for
LPA stimulation. Introduction of phenyl ring instead
of isoxazole ring completely lost the activity (28).
Among them, the IC50 value of 15 (IC50 = 0.22 lM on
LPA1/CHO cells and 0.049 lM on rHSC cells) were
the highest and more potent than Ki16425
(IC50 = 0.51 lM on LPA1/CHO cells and 0.16 lM on
rHSC cells) in both of assays based on the LPA1/CHO
cells and the rHSC cells. Therefore, we preformed fur-
ther optimizations on 15 as shown in Tables 2 and 3.


The modification started from the substitution of termi-
nal carboxylic acid of 15 with sulfonic acid (32) (Table
2). However, this led to decrease the activities
(IC50 = 0.43 lM on LPA1/CHO cells and 0.074 lM on
rHSC cells). The result implied that carboxylic acid at
the terminal position was necessary to have a good
potency. We next investigated on the modifications of
2-thioalkyl-propionic acid moiety of 15. The sulfone
derivative (17) and alkyl derivative (21) showed equiva-
lent activities to 15 in the LPA1/CHO assay (IC50 = 0.28
and 0.20 lM, respectively), but in the rHSC assay, their
activities were decreased (IC50 = 0.11 and 0.072 lM,
respectively). The b,b-dimethyl carboxylic acid deriva-
tive (34) was also tested, but its activities were also
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found to be less potent than that of 15 (IC50 = 0.37 lM
on the LPA1/CHO cells and 0.12 lM on the rHSC cells).
The succinamic acid derivative (24) showed good
activity in the LPA1/CHO assay (IC50 = 0.14 lM)
with decreased IC50 value in the rHSC assay (IC50 =

0.073 lM). Finally, thioacetic acid derivative (33)
showed improved activity than 15 in the LPA1/CHO
assay (IC50 = 0.13 lM). However, its activity in the
rHSC assay was decreased (IC50 = 0.10 lM). Thus,
among all of these derivatives with modified terminal
carboxylic acid moiety, the lead compound 15 showed
the best IC50 value in the assay with rHSC cells, and
its activity in the LPA1/CHO assay was still one of the
best. Therefore, we performed the further optimization
on carbamate moiety of 15 (Table 3).


In the second-phase modification of 15, the phenyl ring
of 1-(2-chlorophenyl)-ethyl carbamate was substituted
by cyclopentene and cyclohexene rings (34 and 35).
The cyclohexene derivative (35) faild to show the in-
creased potency in the rHSC assay (IC50 = 0.056 lM),
though it showed good activity in the assay with
LPA1/CHO cells (IC50 = 0.17 lM). However, the activi-
ties of the cyclopentene derivative (34) showed superior
IC50 values to that of 15 (IC50 = 0.13 lM in the LPA1/
CHO assay and 0.029 lM in the rHSC assay,
respectively).


In summary, as a result of the modification of Ki16425
based on the activities in both the LPA1/CHO and rHSC
assays, we found the promising LPA antagonist 15. Sub-
sequent substitution on carbamate moiety, we found
promising 3-(4-{4-[1-(2-chloro-cyclopent-1-enyl)-eth-
oxycarbonylamino]-isoxazol-3- yl}-benzylsulfanyl)-pro-
pionic acid (34) which possessed the most potent
inhibitory activity against LPA1 receptor as well as on
rHSC cells with LPA stimulation. The activity of 34
showed 5 and 5.5 times more potency than that of
Ki16425 in the LPA1/CHO and rHSC assays, respec-
tively. Because of the high inhibitory activities at the
LPA1 receptor and on the rHSC cells against LPA stim-
ulation, 34 was expected to be a potent drug candidate
for liver fibrosis.
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Abstract—Fifty-two C-glycosides were synthesized and their in-vitro antiproliferative activity screened against human cervical car-
cinoma (HeLa) and osteosarcoma (HOS) cell lines. Nine of them had growth inhibitions (GI50 values) below 10 lM, the C-gluco-
pyranoside 38 being the most active against HeLa (5.4 lM) and the dichlorocyclopropyl derivative 42 against HOS (1.6 lM). Some
preliminary structure–activity relationships were established.
� 2007 Elsevier Ltd. All rights reserved.
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A large number of bioactive C-glycosides have been ob-
tained from natural sources1 as well as via different syn-
thetic approaches.2 In addition, they possess high
stability against chemical and enzymatic hydrolysis
and retain the biological properties of natural O-glyco-
sides.3 Therefore, C-glycosides are good candidates to
test their cytotoxic activities.


In a previous study,4 we reported the antiproliferative
and apoptotic properties of structurally simple C-glyco-
sides against human leukemia cancer cells (HL60).


However, solid tumors represent over 85% of all cancers
and many of these show resistance to treatment with
anticancer drugs, so the development of new drugs still
plays a major role in the fight against cancer. Herein,
we report the antiproliferative activity of a large series
of C-glycosides against two types of human solid tumor
cell lines: osteosarcoma (HOS) and cervical carcinoma
(HeLa).


Most C-glycosides were synthesized using Danishefsky’s
procedure.5 Epoxidation of a series of DD-glucal deriva-
tives (Scheme 1, R = benzyl, n-butyl, n-pentadecyl, 4-flu-
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orobenzyl, and 2-methylenenaphthyl) using dimethyl-
dioxirane in CH2Cl2 and subsequent epoxide ring open-
ing by a stabilized carbanion,6 such as Grignard
reagents (R1 = methyl, ethyl, n-propyl, i-butyl, allyl, n-
pentyl, cyclohexylmethyl, phenyl, and benzyl), led to a
mixture of C-glycosides, the a/b ratio being variable.
The stereochemistry at the pseudo-anomeric carbon
was established by analyzing the 1H NMR J1,2 value
and the crosspeaks between H-1 and H-3 and H-5 from
T-ROESY experiments.7 Oxidation of the hydroxyl
group at C-2 with dimethylsulfoxide/acetic anhydride8


led to the corresponding 2-keto C-glycosides 44–52.

OR OR
2-keto C-glycosides C-mannosides


Scheme 1. Synthesis of C-glycosides, 2-keto-C-glycosides, and C-


mannosides. Reagents and conditions: (a) i—DMDO, CH2Cl2, 0 �C;


ii—R1MgX, Et2O, �78 �C; (b) DMSO/Ac2O (2:1), rt; (c) NaBH4,


CH2Cl2/MeOH (1:1) 0 �C.
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Scheme 2. Synthesis of C-glucosides 28–30. Reagents and conditions: (a) 1—O3, CH2Cl2/MeOH (1:1), �78 �C; 2—NaBH4; (b) 1—TBSOTf, Et3N,


CH2Cl2, rt; 2—BH3ÆMe2S, THF, rt, then H2O2; 3—Bu4NF, CH2Cl2, rt; (c) ZnEt2, CH2I2, Et2O, rt.
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Reduction of compounds 46 and 48 with NaBH4 gave
the corresponding mannopyranoside derivatives 10 and
22.9


The tetra-O-benzyl derivatives 26 and 35 were obtained
from 24 and 34, respectively, by treatment with BnBr
and NaH in DMF. Compounds with an acetyl group
at C-2 (4, 7, 17, 23, and 25) were obtained from the
corresponding alcohols by acetylation with Ac2O/Py.
Compounds 36–40 were obtained from the benzyl C-
glucoside 34 by partial catalytic hydrogenolysis with
H2/Pd(C) in ethanol and, for some of them, consecutive
acetylation with Ac2O/Py.


The 2-hydroxyethyl C-glucoside 28 was obtained from
the b allyl derivative 24 (Scheme 2) by ozonolysis and
subsequent reduction with NaBH4, while the hydroxy-
methyl derivative 27 was obtained similarly from the
corresponding b vinyl C-glycoside. The 3-hydroxypro-
pyl derivative 29 was obtained in three steps from 24:
protection of the hydroxyl group at C-2 with tert-butyl
dimethyl silyl triflate, hydroboration with BH3ÆMe2S in
THF, and finally, deprotection of silyl group with
Bu4NF. The cyclopropylmethyl derivative 30 was
obtained from 24 by means of a Simmons–Smith
cyclopropanation.


The cyclopropyl derivatives 41–43 were synthesized
from 3,4,6-tri-O-benzyl DD-glucal (Scheme 3).12,13 The
effective use of the Simmons–Smith reagent14 led to
the b-cyclopropyl 41, while dichlorocarbene gave the

a-dichlorocyclopropyl 42, which after reduction with
LiAlH4 provided the a-cyclopropyl 43.


The cytotoxic activity of the whole series was measured
as growth inhibition or decreased viability of the two
human solid tumor cell lines. Tables 1 and 2 show the
antiproliferative activities for all synthesized products,
while Schemes 3 and 4 show the structure of those com-
pounds with a 50% growth inhibition (GI50) below
20 lM. Cytotoxicity data were determined by the SRB
assay15 and calculated from at least three independent
experiments.


The C-glucopyranosides 15 and 38 (Scheme 4) exhibited
the best activity against the HeLa cell line (GI50 = 5.6
and 5.4 lM, respectively), whereas the a-dichlorocyclo-
propyl derivative 42 (Scheme 5) was the most active
on HOS (GI50 = 1.6 lM).


The present study reveals some structure–activity rela-
tionships. For example, the presence of benzyl or 4-fluo-
robenzyl groups at C-3, C-4, and C-6 favored the
cytotoxicity against both cell lines (Table 1). However,
derivatization of the hydroxyl groups at these positions
with other alkyl or acyl groups, such as n-butyl, n-penta-
decyl, 2-naphthylmethyl, and acetyl, led to no activity or
to a lower activity. In addition, the lack of one or more of
these benzyl groups (39 and 40) decreases or annuls anti-
proliferative activity (compare with 34). See also, for
example, the tetrol 18 versus the tri-O-benzyl derivative
8. C-Glucosides with 4-fluorobenzyl groups (compounds







Table 1. Effects of C-glycosides 1–43 on the growth of HeLa and HOS cell lines10,11


O


OR3
R4O


R5O
R1


R2


1


3


6


Compound Config.a R1 R2 R3 R4 R5 HeLa HOS


GI50
b SDc GI50 SD


1 — H H Bn Bn Bn 33.3 4.6 22.2 0.8


2 — H OH Bn Bn Bn n.a.d — 37.9 6.1


3 b Methyl OH Bn Bn Bn n.a. — n.a. —


4 b Methyl OAc Bn Bn Bn n.a. — 8.8 7.0


5 b Ethyl OH Bn Bn Bn 19.8 6.7 34.2 14.7


6 a Ethyl OH Bn Bn Bn n.a. — n.a. —


7 b Ethyl OAc Bn Bn Bn n.a. — n.a. —


8 b n-Propyl OH Bn Bn Bn 18.9 7.1 38.6 6.1


9 a n-Propyl OH Bn Bn Bn 17.4 5.9 23.6 5.9


10 b n-Propyl OHe Bn Bn Bn 23.3 4.4 n.a. —


11 b n-Propyl OH n-Butyl n-Butyl n-Butyl n.a. — n.a. —


12 b n-Propyl OH n-Pentadecyl n-Pentadecyl n-Pentadecyl n.a. — n.a. —


13 a n-Propyl OH n-Pentadecyl n-Pentadecyl n-Pentadecyl 28.7 8.4 29.9 0.3


14 b n-Propyl OH 4-F–Bn 4-F–Bn 4-F–Bn 12.3 7.3 17.2 6.3


15 a n-Propyl OH 4-F–Bn 4-F–Bn 4-F–Bn 5.6 1.1 n.a. —


16 b n-Propyl OH 2-Naphthylmethyl 2-Naphthylmethyl 2-Naphthylmethyl n.a. — n.a. —


17 b n-Propyl OAc 2-Naphthylmethyl 2-Naphthylmethyl 2-Naphthylmethyl n.a. — n.a. —


18 b n-Propyl OH OH OH OH n.a. — n.a. —


19 b n-Butyl OH Bn Bn Bn n.a. — 40.1 3.1


20 b i-Butyl OH Bn Bn Bn n.a. — 45.2 10.4


21 a i-Butyl OH Bn Bn Bn 43.9 8.2 44.5 17.7


22 b i-Butyl OHe Bn Bn Bn 24.6 4.1 26.3 1.1


23 a i-Butyl OAc Bn Bn Bn n.a. — n.a. —


24 b Allyl OH Bn Bn Bn 26.2 6.9 44.1 5.1


25 b Allyl OAc Bn Bn Bn n.a. — 11.0 1.4


26 b Allyl OBn Bn Bn Bn n.a. — n.a. —


27 b Hydroxymethyl OH Bn Bn Bn 25.8 16.1 27.3 11.2


28 b 2-Hydroxyethyl OH Bn Bn Bn 30.2 14.9 39.7 16.5


29 b 3-Hydroxypropyl OH Bn Bn Bn n.a. — n.a. —


30 b Cyclopropylmethyl OH Bn Bn Bn n.a. — n.a. —


31 b Cyclohexylmethyl OH Bn Bn Bn 9.5 2.9 4.4 0.2


32 a Cyclohexylmethyl OH Bn Bn Bn n.a. — 20.7 2.7


33 b Phenyl OH Bn Bn Bn n.a. — n.a. —


34 b Benzyl OH Bn Bn Bn 17.4 3.1 29.2 3.9


35 b Benzyl OBn Bn Bn Bn n.a. — n.a. —


36 b Benzyl OAc Bn Ac Ac n.a. — n.a. —


37 b Benzyl OAc Ac Ac Bn n.a. — n.a. —


38 b Benzyl OAc Bn Ac Bn 5.4 3.5 6.1 4.1


39 b Benzyl OH Bn Bn OH 38.0 0.1 31.6 2.1


40 b Benzyl OH OH Bn Bn 47.9 8.6 33.5 5.9


41 b –CH2–e Bn Bn Bn n.a. — n.a. —


42 a –CCl2– Bn Bn Bn n.a. — 1.6 0.1


43 a –CH2– Bn Bn Bn n.a. — n.a. —


a Configuration of R1 (C-aglycon).
b GI50, lM.
c SD, standard deviation.
d n.a., not active (GI50 > 50 lM).
e Axial configuration (R2).
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14 and 15) were more cytotoxic than those with underiv-
atized benzyl groups (8 and 9). Other structure–activity
relationships depend on the particular tumor cell line.


Cervical carcinoma (HeLa). Analysis of the data in Ta-
bles 1 and 2, and of the chemical structures, particularly
those shown in Scheme 4, reveals further structure–

activity relationships for this cell line. The underivatized
hydroxyl group at C-2 in all active compounds, except
the di-acetyl compound 38, seems to favor antiprolifer-
ative activity. This was also observed in the correspond-
ing study of the cytotoxic activity of C-glycosides
against leukemia (HL60), although in the present
study the configuration at C-2 is not so critical. Either







Table 2. Effects of 2-keto C-glycosides 44–52 on the growth of HeLa and HOS cell lines


O


OR2
R3O


R4O
R1


O


1


3


6


Compound Config.a R1 R2 R3 R4 HeLa HOS


GI50
b SDc GI50 SD


44 b Methyl Bn Bn Bn n.a.d — n.a. —


45 b Ethyl Bn Bn Bn n.a. — 4.3 0.8


46 b n-Propyl Bn Bn Bn n.a. — n.a. —


47 a n-Propyl Bn Bn Bn n.a. — n.a. —


48 b i-Butyl Bn Bn Bn n.a. — n.a. —


49 b n-Pentyl Bn Bn Bn n.a. — n.a. —


50 b Benzyl Bn Bn Bn n.a. — n.a. —


51 b Allyl Bn Bn Bn n.a. — 7.6 1.6


52 b n-Propyl n-Butyl n-Butyl n-Butyl n.a. — n.a. —


a Configuration of R1.
b GI50, lM.
c SD, standard deviation.
d n.a., not active (GI50 > 50 lM).
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Scheme 4. Structures of C-glycosides with antiproliferative activity against the HeLa cell line below 20 lM.
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Scheme 5. Structures of C-glycosides with antiproliferative activity against the HOS cell line below 20 lM.


C. A. Sanhueza et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3676–3681 3679

an equatorial or an axial configuration provides
cytotoxicity (for instance, the C-glucoside 8 or its stereo-
isomer the C-mannoside 10). In addition, even the C-
mannoside 22 showed some activity, while its epimer
at C-2 (C-glucoside 20) was not cytotoxic.


To test the relationship between antiproliferative activ-
ity and the C-aglycon (R1), different alkyl and aryl

groups were introduced at C-1. The length of the chain
in compounds having a linear C-aglycon seems to be
critical for cytotoxicity. Thus, C-glycosides with a
hydrogen, a methyl, or a n-butyl group as aglycon
(R1) were not active (compounds 2, 3, and 19), while
those with an ethyl (5), a n-propyl (8), or an allyl (24)
group were antiproliferative (GI50 19.8, 18.9, and
26.2 lM, respectively). On the other hand, compounds
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having a hydroxyl group in the aglycon, as do 27–29,
exhibited a moderate cytotoxicity, their activity decreas-
ing as the length of the chain increased. Thus, while the
hydroxymethyl group had a GI50 of 25.8 lM (com-
pound 27), the 2-hydroxyethyl showed a higher value
of 30.2 lM (28) and the 3-hydroxypropyl had no activity
(29). b-C-Glucosides with branched or cyclic aglycons,
like the iso-butyl 20, phenyl 33, or cyclopropyl com-
pounds 41–43, were inactive. However, those com-
pounds having a cyclohexylmethyl (31) or benzyl
group (34) as aglycon were cytotoxic (GI50 9.5 and
17.4 lM, respectively).


Analysis of the data also reveals that the antiproliferative
activity is strongly dependent on the configuration at C-
1, although sometimes favoring the b stereoisomer and
other times the a. Thus, while the b stereoisomers of
the ethyl and cyclohexylmethyl glucosides (compounds
5 and 31) were active, their a stereoisomers 6 and 32 were
not. However, both stereoisomers of the n-propyl gluco-
sides 8 and 9 showed similar antiproliferative activities.
On the other hand, the a stereoisomer of the n-propyl
tri-O-(4-fluoro-benzyl) glucoside 15 was more active
(GI50 5.6 lM) than the b 14 (GI50 12.3 lM). This a pref-
erence was also observed in the stereoisomers of n-propyl
tri-O-(n-pentadecyl) glucosides 12 and 13, and in those of
the iso-butyl tri-O-benzyl derivatives 20 and 21.


Osteosarcoma (HOS). Structural analysis of the C-gly-
cosides (Scheme 5) and of their corresponding data (Ta-
bles 1 and 2) reveals some structure–activity
relationships for this cell line. Besides the already-men-
tioned preference for the benzyl groups as substituents
for the hydroxyl groups at C-3, C-4, and C-6, other fea-
tures can be established. In contrast to that observed
with HeLa and HL60 cell lines, some C-glycosides with
an acetyl or carbonyl group at position 2 were more
cytotoxic than those with an underivatized hydroxyl
group. Thus, while the methyl glucoside 3 was inactive,
its acetyl derivative 4 had a GI50 of 8.8 lM. Moreover,
acetylation of the hydroxyl group at C-2 in the allyl glu-
coside 24 (GI50 44.1 lM), giving the allyl derivative 25,
led to higher antiproliferative activity (GI50 11.0 lM).
The 2-keto C-glycosides 45 and 51 (Table 2) also showed
higher cytotoxicity (GI50 4.3 and 7.6 lM,) than their
respective reduced compounds 5 and 24 (GI50 34.2 and
44.1 lM, respectively). Note that none of these 2-keto
C-glycosides had antiproliferative activity against HeLa.


Concerning the aglycon, C-glycosides having a cyclic
aglycon, such as the cyclohexylmethyl b-glucoside 31
(GI50 4.4 lM), or the benzyl derivatives 34 and 38
(29.2 and 6.1 lM, respectively), were more cytotoxic
than compounds with linear aglycons (GI50 > 35 lM)
(Table 1). However, 2-keto C-glycosides (Table 2) do
not seem to follow this relationship, since the ethyl
(45) and the allyl (51) were cytotoxic but not the benzyl
(50).


Regarding the configuration at C-1, all C-glucosides
with high antiproliferative activity against the HOS cell
line (Scheme 5) possessed a b configuration, with the
sole exception of the dichlorocyclopropyl 42. For

instance, the n-propyl b-C-glucoside 14 had a GI50 of
17.2 lM, while its a stereoisomer 15 was not active. Sim-
ilarly, the cyclohexylmethyl b-C-glucoside 31 showed
significant antiproliferative activity (GI50 4.4 lM), while
its a stereoisomer 32 was less active (GI50 20.7 lM).


In summary, a large series of C-glycosides were syn-
thesized and screened against cervical carcinoma
(HeLa) and osteosarcoma (HOS) cell lines. Several
C-glucosides had high antiproliferative activity against
these cell lines. Thus, compounds 15, 31, and 38
showed GI50 values below 10 lM against the HeLa
cell line, while compounds 4, 31, 38, 41, 45, and 51
against HOS. The easy synthetic access to these C-gly-
cosides, together with their high activities, makes them
promising substrates against these cancer cell lines.
Some significant structure–activity relationships were
established.
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Abstract—Structure–activity relationship studies are described, which led to the discovery of novel selective estrogen receptor modu-
lators (SERMs) for the potential treatment of uterine fibroids. The SAR studies focused on limiting brain exposure and were guided
by computational properties. Compounds with limited impact on the HPO axis were selected using serum estrogen levels as a bio-
marker for ovarian stimulation.
� 2007 Elsevier Ltd. All rights reserved.

Uterine fibroids (leiomyomas) are non-cancerous
growths that develop from the smooth muscle cells
and fibrous connective tissue of the uterine wall.1


Although most are asymptomatic, in some women, fib-
roids cause abnormal menstrual bleeding and pain,
which have a profoundly negative effect on quality of
life. For these women hysterectomy is the most definitive
solution accounting for over 200,000 surgeries a year in
the US.2 Pathological evaluation of hysterectomy speci-
mens reveals a similar incidence in both postmenopausal
and premenopausal women (84% and 74%, respec-
tively).3 However, in premenopausal women these
growths are more numerous and of larger size. Hysterec-
tomy is unacceptable for a woman who desires a future
pregnancy. Other invasive surgical procedures, which
preserve the uterus, such as myomectomy (fibroid re-
moval with uterine retention), laser ablation, or emoliza-
tion are effective; however, these treatments are
associated with a high rate of fibroid recurrence.

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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The current pharmaceutical treatment for uterine fib-
roids involves the use of gonadotropin-releasing hor-
mone (GnRH) agonists. These peptides stimulate the
pituitary gland resulting in down-regulation of the
hypothalamic–pituitary–ovarian (HPO) axis, decreasing
the release of gonadotropins (FSH and LH), and a
subsequent reduction in the amount of estrogen (E2)
produced in the ovaries. This hypoestrogenic state
causes a reduction in uterine volume and fibroid size.4


Unfortunately, there are unacceptable side effects, most
notably bone loss, associated with this therapy and
once discontinued, the fibroids return. As a result,
GnRH agonists are primarily used to reduce fibroid
size prior to surgical removal.


Since uterine fibroids exhibit E2 dependence, the estro-
gen receptors (ERa and ERb) are viable targets for
pharmaceutical treatment. The ERs are ligand-depen-
dent transcription factors that belong to the nuclear hor-
mone receptor (NHR) superfamily. Selective estrogen
receptor modulators (SERMs) exhibit tissue type func-
tional selectivity, acting as agonists in some tissues but
antagonists in others.5,6 Tamoxifen (1) has been clini-
cally evaluated for the treatment of fibroids but it lacks
sufficient efficacy due to its agonist activity in uterine
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tissues.7,8 It also causes ovarian cysts, an unacceptable
side effect that limits its use in premenopausal women.
This ovarian stimulatory effect has been attributed to
inhibition of the HPO axis due to the antagonist activity
exhibited by tamoxifen in the hypothalamus. Inhibition
of the HPO axis results in overproduction of gonadotro-
pins (LH and FSA) and hyper-stimulation of the ova-
ries. This activity is also exhibited by clomiphene (2),
which has been used to induce ovulation.9
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Here, we describe SAR studies that led to the discovery
of SERMs that have antagonistic effects in the uterus
with limited impact on the HPO axis and do not stimu-
late the ovaries.10 We began our search for novel ovar-
ian selective SERMs by pursuing structure–activity
relationship (SAR) studies at the 2-aryl positions of
the benzothiophene (3) and the naphthalene (4) ring sys-
tems, since it is known that this area of the ER pharma-
cophore is tolerant to functional group diversity.11 Also
since it has been demonstrated that an oxygen linker
confers a substantial increase in estrogen antagonist po-
tency, we focused our efforts on the oxygen linked deriv-
atives of 3 and 4.12 Our primary strategy was to explore
functional groups that might limit brain penetration
with the hypothesis that restricting brain exposure
would limit impact on the HPO axis.


Our first goal was to develop syntheses of common
intermediates that would facilitate SAR studies. For
the naphthalene series (4) we developed a synthesis of
aryl triflate 5, which could be coupled to commercially
available aryl boronic acids using Suzuki conditions
(Scheme 1). The synthesis of 5 began with selective bro-
mination at C1 of 2-hydroxy-6-methoxynaphthalene (6)
by treatment with N-bromosuccinimide. Protection of
the phenol at C2 with benzyl bromide gave 7 in 86%
yield. Copper-mediated Ullman diaryl ether coupling
with catalytic quantities of copper triflate and 1.2 equiv-
alents of 812 gave 9 in low (30%) but reproducible yields.
Hydrogenolysis of the benzyl group of 9, followed by
triflate formation, delivered the desired common inter-
mediate 5 in good yield. Palladium-mediated cross-cou-
pling of aryl triflate 5 with a wide variety of aryl boronic
acids 10 provided a diverse array of 2-aryl-naphthalenes
11. The methyl ether protecting group at C6 could be
removed with boron tribromide followed by purification
and treatment with HCl to give the final naphthalene
analogs 4 suitable for biological assays.

We made further modifications to the C2 position of the
naphthalene core by the preparation of saturated ana-
logs of 4 (Scheme 2). However, as these boron contain-
ing coupling partners were not commercially available,
independent syntheses were required to prepare cou-
pling partners for triflate 5. We targeted ketones 12
and 15 as starting points, envisioning that vinyl boronic
esters 14 and 17 would serve as the cross-coupling com-
ponents. Ketone 12 is commercially available, while 15
could be prepared in a single step by the cycloaddition
of methylvinylsulfone and 2-(trimethylsiloxy)butadiene.
Enol triflates 13 and 16 were prepared and transformed
into 14 and 17 using standard conditions. The coupling
of 14 and 17 with 5 was conducted using conditions as
before with 5 and 10. The coupling product of 14 and
5 was oxidized with oxone. The coupled products were
deprotected using boron tribromide in the presence of
isobutene as a scavenger to prevent substrate olefin bro-
mination. The double bond of 19 was reduced using pal-
ladium black in an alcoholic solvent mixture. Following
additional purification, the HCl salts of compounds 19
and 20 were prepared for evaluation.


For the benzothiophene (3) series we developed a syn-
thesis of 2-bromobenzothiophene 26, which like aryl tri-
flate 5 could also be coupled to commercially available
aryl boronic acids using Suzuki conditions (Scheme 3).
The synthesis of 26 began with 6-methoxybenzothioph-
ene (22).13 Attempts to di-brominate this material selec-
tively at the required 2- and 3-positions produced the
undesired 2,7-dibrominated product. Switching the
methyl protecting group to the sterically bulky, elec-
tron-withdrawing pivalate group allowed selective bro-
mination at the 2- and 3-positions to give compound
23. The basic side chain at the 3-position was then
installed using a conjugate addition–elimination proto-
col as previously described.12 Since the pivalate protect-
ing group proved labile under these conditions, it was
exchanged for a benzyl group. Then the benzothiophene
was oxidized to the corresponding sulfoxide using
hydrogen peroxide and TFA (62% yield) to obtain 24.
Under basic conditions (t-BuOK in THF) the phenolic
oxygen of 8 displaces the bromide at C3 to give coupled
product 25. After initial attempts to reduce the sulfoxide
of 25 using BBr3 or LAH failed to cleanly deliver the de-
sired product in reasonable yields, we found that treat-
ment with aqueous TiCl3 in a mixture of methanol
and chloroform gave the desired common intermediate
2-bromobenzothiophene 26 in good yield. Suzuki
cross-coupling of aryl boronic acids 10 with 26 followed
by debenzylation and HCl salt formation delivered the
final benzothiophene analogs 3 for evaluation.


Very few compounds met our demanding criteria for
ovarian safety. We began by evaluating their activities
in a series of in vitro assays to determine their ability
to bind the estrogen receptors and act as functional
antagonists of E2 with little or no agonism in uterine tis-
sue. We determined the binding affinity of our
compounds to full-length, recombinant human ERa
and ERb using competitive radioligand binding assays.
As shown in Table 1, all compounds in this study
bind to ERa with good to excellent affinity
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Scheme 1. Synthesis of naphthalene SERMs. Reagents: (a) NBS; (b) BnBr; (c) Cu(OTf)2, 8; (d) NH4HCO2, Pd(OH)2; (e) Tf2O; (f) Pd(OAc)2, PCy3,


CsF, 10; (g) BBr3; (h) HCl.
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(Ki = 1.89–0.09 nM) and range from good to moderate
to non-selective for ERa over ERb (0.8- to 33-fold).
The potential for estrogen stimulation and antagonism
in uterine tissue was assessed in vitro by alkaline phos-
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phatase quantitation in the Ishikawa human endome-
trial tumor cell line. All compounds in Table 1 exhibit
maximum agonist stimulation in the absence of E2 of
less than 30% at 1 lM in this assay. By comparison 4-
hydroxytamoxifen, the active metabolite of tamoxifen,
a known uterine agonist,6 exhibits stimulation of 123%
under the same conditions.10 In the antagonist mode,
these compounds block the stimulatory response of
1 nM E2 by at least 88% with IC50 values that range
from 2.1–22 nM.


Having identified compounds with good to excellent
estrogen antagonism in vitro, we next determined their
ability to oppose E2 driven proliferative effects on uter-
ine tissue in vivo. Uterine antagonism was measured in
immature (3-week-old) female rats, which have low cir-
culating E2 levels and therefore are highly sensitive to
E2 stimulation of the uterus. Ethynyl estradiol (EE) pro-
duces a 3- to 4-fold increase in uterine wet weight when
administered to these animals at 0.1 mg/kg. As shown in
Table 1 all compounds in this study were found to be
potent uterine antagonists, inhibiting E2 stimulation
by at least 83% at 10 mg/kg with ED50 values less than
1 mg/kg.


Our primary goal was to find compounds with little or
no impact on the HPO axis. We therefore designed com-
pounds that would have restricted access to the hypo-
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ble 1. Binding affinity (Ki), functional activity (Ishikawa antagonist IC50 and efficacy and agonist efficacy), in vivo rat uterine antagonist potency D50), E2 ratio, Exposure: brain, plasma and log BB,
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ratiog


Bra h Plasmah logBBi ClogPj PSAk


4a 4-SO2NMe2 0.40 ± 0.11 1.69 ± 0.46 2.8 ± 0.8 99 ± 3 27 ± 14 0.44 ± 0.19 1.83 4 108 -0.37 6.52 87.7


4b 4-SO2Me 0.47 ± 0.21 1.32 ± 0.34 10.7 ± 6.8 88 ± 6 29 ± 4 0.071 ± 0.055 1.1 10 660 -0.81 5.69 84.5


4c 4-SO2Et 1.22 ± 0.54 4.19 ± 1.51 6.1 ± 2.1 95 ± 2 19 ± 1 0.14 ± 0.02 1.75 4 357 -0.92 6.22 84.5


4d 4-SO2i-Pr 0.73 ± 0.51 2.17 ± 0.89 4.9 ± 0.9 96 ± 2 11 ± 7 0.37 ± 0.05 1.06 NA NA NA 6.52 84.5


4e 3-CN 0.24 ± 0.08 0.35 ± 0.21 18.5 ± 6.1 94 ± 4 23 ± 10 0.37 5.62 52 360 0.17 6.76 65.7


4f 3-OH 0.21 ± 0.10 0.36 ± 0.24 2.1 ± 0.7 100 ± 4 26 ± 19 0.13 ± 0.03 1.28 5 211 -0.57 6.66 62.2


4g 4-OH 0.32 ± 0.13 0.48 ± 0.18 4.7 ± 1.0 96 ± 2 13 ± 5 0.3 2.94 4 277 -0.77 6.66 62.2


4h 4-CONMe2 0.57 ± 0.38 1.16 ± 0.66 6.7 ± 1.4 95 ± 7 25 ± 18 0.19 ± 0.06 5.67 NA NA NA 5.79 62.2


4i 4-F 0.24 ± 0.09 0.28 ± 0.11 3.2 ± 1.2 93 ± 4 21 ± 9 0.015 4.6 269 151 1.25 7.47 41.9


4j 3-F 0.18 ± 0.07 0.16 ± 0.05 4.8 ± 1.2 97 ± 5 15 ± 8 0.23 ± 0.08 7.44 73 137 0.73 7.47 41.9


4k 3,4-diF 0.20 ± 0.02 0.29 ± 0.05 3.9 ± 1.5 96 ± 5 13 ± 10 0.058 5.59 349 418 0.92 7.54 41.9


4l 1.03 ± 0.21 2.10 ± 0.15 7.2 ± 2.2 98 ± 4 19 ± 12 0.25 ± 0.11 8.64 NA NA NA 4.74 84.5


4m 1.89 ± 0.17 4.11 ± 0.36 15.7 ± 2.7 93 ± 3 27 ± 11 0.34 ± 0.16 2.81 NA NA NA 4.44 84.5


4nl 1.09 2.69 8.0 ± 4.2 99 ± 2 24 ± 7 0.26 ± 0.08 1.94 NA NA NA 5.49 84.5


3a i-Pr 0.091 ± 0.016 0.63 ± 0.04 16.2 ± 5.0 95 ± 3 29 ± 8 0.16 ± 0.07 4.5 NA NA NA 8.98 41.9


3b SO2Me 0.63 ± 0.31 13.6 ± 5.4 22.2 ± 6.3 97 ± 4 24 ± 21 0.62 ± 0.12 2.19 NA NA NA 5.95 84.5


3c SO2Et 0.48 ± 0.31 15.7 ± 5.1 14.5 ± 4.7 95 ± 5 16 ± 13 0.56 ± 0.15 2.85 NA NA NA 6.48 84.5


xperimental values represent the average with the standard deviation ± SD for multiple determinations (at least n = 2) between the assay values. lues without SD notation were run once (n = 1). NA


eans data not available.


i values determined by radioligand binding assay using 3H-estradiol.


hikawa antagonism IC50 values are the compound concentration needed to block 50% of 1 nM E2 stimulation as determined by alkaline phos atase quantitation.


shikawa antagonism is the efficacy (%) of blocking 1 nM E2 stimulation.


hikawa agonism is the % increase in alkaline phosphatase compared to control.


emale Sprague–Dawley rats, 6 per group and 19–21 days of age, were orally treated with ethynyl estradiol (0.1 mg/kg) and 10, 1.0, 0.1 or 0.01 g/kg of SERM for 3 days.


he ratio of serum E2 levels (the ratio of treated to vehicle control) after oral dosing with compound for 10 days at a dose of 30 times that of e immature rat ED50.


rain (ng/g) and plasma (ng/mL) exposure at the 6 h time point following a 10 mg/kg oral dose.


gBB = log(Cbrain/Cblood).


he calculated logarithm of the n-octanol/water partition.


olar surface area (Å2).


he more potent enantiomer was tested but the configuration was not assigned.
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thalamus in the brain. A common measure of blood–
brain barrier (BBB) penetration is logBB, the log of
the ratio of plasma to brain concentration at a single
time point. Since it is time consuming and resource-
intensive to measure logBB, several methods to predict
blood–brain barrier (BBB) penetration have been pro-
posed.14 These methods are based on molecular descrip-
tors that can be readily calculated, with the most
important being ClogP, polar surface area (PSA), and
the number of rotatable bonds.15 Since our efforts were
limited to the 2-aryl positions of the benzothiophene (3)
and naphthalene (4) ring systems, we focused on the
addition of polar functional groups that would be toler-
ated by the receptor at this location, increase PSA, and
therefore lower ClogP. As can be seen in Table 1, on the
naphthalene scaffold 4, the addition of sulfone func-
tional groups (4b, 4c, and 4d) on the 2-aryl ring pro-
duced compounds with higher PSAs (84.5 Å2) than the
corresponding fluoro substituents (compounds 4i, 4j,
4k; PSA = 42 Å2). As expected, higher PSA translated
into lower ClogP for the sulfone substituted analogs
(C logP = 5.69–6.52) compared to the fluoro analogs
(C logP = 7.47–7.54). These data correlate nicely with
measured logBB. The sulfone substituted analogs had
logBB < 0, while the fluoro analogs had logBB > 0,
indicating that the sulfone analogs might have less pro-
pensity to antagonize the HPO axis compared to the flu-
oro analogs.


Inhibition of the HPO axis results in overproduction of
LH and FSH which in turn stimulate the ovaries to pro-
duce E2, therefore plasma E2 levels are a sensitive bio-
marker for ovary stimulation. In order to screen for
ovarian stimulation, mature intact female rats were gi-
ven compound once daily for 10 days with an oral dose
30 times the ED50 in the immature rat assay. As can be
seen in Table 1, for the extreme cases of sulfone and flu-
oro substitution, plasma E2 levels correlate well with
logBB. For the sulfone analogs (4b, 4c, 4d), the ratio
of serum E2 levels compared to vehicle control was be-
tween 1.06 and 1.75, indicating minimal ovarian stimu-
lation. By contrast, the fluoro analogs (4i, 4j, 4k)
produced plasma levels of E2 that were 4.6–7.4 times
that of vehicle control. The calculated molecular proper-
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Figure 1. Serum E2 levels in rats treated with 4b or 4f for 35 days: error ba

ties of sulfonamide 4a were similar to those of the sul-
fone analogs. It also did not raise E2 levels although
its overall plasma exposure was lower as well indicating
it may have poor overall absorption or higher
metabolism.


The cyano and amide substituted compounds (4e and
4h) possess PSAs (66 and 62 Å2) that are intermediate
between the sulfone and fluoro analogs. The corre-
sponding ClogPs (6.8–5.8) are closer to the sulfones.
For these intermediate cases, we observed some com-
pounds that stimulated E2 with the same propensity as
the fluoro analogs and others that behaved more like
the sulfones. The amide analog 4h for example has a
ClogP similar to sulfone 4b but stimulated E2 levels
to the same extent as difluoro 4k. The cyano compound
4e, with nearly equal levels of brain and plasma expo-
sure, produced an E2 plasma concentration that was
5.62 times vehicle control.


The phenol isomers 4f and 4g are particularly interest-
ing. Since the calculated molecular descriptor PSA does
not take into account differences between isomers, both
of these possess the same value for PSA. The ClogPs for
the meta and para isomers are also identical and the cor-
responding brain to plasma ratios are nearly the same as
well. For these two, the meta isomer 4f behaved more
like the sulfones, while the para isomer 4g was stimula-
tory. The saturated analogs 4l, 4m, and 4n all have cal-
culated PSA values similar to the aryl sulfones (4b, 4c,
4d) and even have ClogP values that are lower. Unfor-
tunately, these favorable calculated properties did not
translate into superior performance in the E2 stimula-
tion assay. We observed a dramatic difference between
the dihydrothiopyran 4l, one of the most stimulatory
compounds (8.6-fold), and its fully saturated analog
4m, which caused only 2.8-fold stimulation. The 4-
(methylsulfonyl)-cyclohexene analog 4n performed al-
most as well as the ethyl sulfone 4c. The 2-aryl analogs
of the benzothiophene scaffold showed similar trends
compared to the naphthalenes. The lipophilic isopropyl
compound 3a has a low PSA and correspondingly high
ClogP. Not surprisingly, it produced high levels of E2
compared to vehicle control. The sulfone analogs 3b
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and 3c possess PSA and ClogP values very similar to
the corresponding naphthalene analogs 4b and 4c.
Although these did not stimulate E2 to the same extent
as isopropyl analog 3b, unfortunately, their ED50s in the
immature rat uterine assay were 4–8 times that of the
naphthalenes. As a result, they were dosed higher in
the 10-day E2 assay, and although the trends are similar,
the best benzothiophenes produced E2 levels that were
twice vehicle control. The lower activity of the benzothi-
ophenes in the immature rat uterine assay may be due to
overall lower absorption and/or higher metabolism than
the corresponding naphthalenes (data not available).


The effects of lead compounds on the uterus and ovaries
were studied in 6-month-old ovary-intact female rats
treated with oral doses of compound at 1, 10, 30, and
60 times the ED50 in the immature rat assay (Fig. 1).
Dose-dependent decreases in uterine wet weight (data
not shown) were observed with the total area of uterine
wall reduced in both the endometrium and myome-
trium, confirming that the compounds are potent antag-
onists in both compartments of the uterus in the
presence of E2 over several estrous cycles. The extent
of ovarian stimulation was determined by measuring
serum E2 levels. As shown in Figure 1, treatment with
compounds 4b and 4f resulted in serum E2 levels that
are similar to vehicle-treated animals. Even at the high-
est doses, the E2 levels are within the normal proestrus
range for Sprague–Dawley rats (52 ng/mL).


In conclusion, SAR studies on the 2-aryl positions of the
benzothiophene (3) and the naphthalene (4) ring systems
produced novel SERMs that are potent antagonist in
uterine tissue but cause limited ovarian stimulation, as
judged by increased plasma E2 levels in rats. We identi-
fied a loose correlation between calculated properties
(C logP and PSA) and measured properties (log BB
and plasma E2). Substituents that confer high PSA
and low ClogP, such as aryl sulfones, produced com-
pounds that caused slight or no increases in serum E2
levels, while the corresponding fluoro analogs with low
PSA and high ClogP increased plasma E2 significantly.
For intermediate cases such as phenols or amides, the
relationship was not as predictive. We cannot rule out
the possibility that stimulatory compounds such as cya-
no 4e and amide 4f have a direct effect on the ovaries.
Although saturated sulfone analogs possess favorable
calculated properties, they did not behave as well as
the aryl sulfones. These results demonstrate it is possible
to obtain a wide therapeutic window between desired
antagonistic effects on the uterus and undesirable effects
on the ovaries in a rodent animal model. As such, com-
pounds such as sulfone 4b and meta-phenol 4f may have

therapeutic potential for the treatment of leiomyomas in
premenopausal women.
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Abstract—Structure–activity relationship on our recently reported triaryl bis-sulfone class of cannabinoid-2 (CB2) receptor selective
inverse agonists was explored. Modifications to the methane sulfonamide, substitutions to B and C phenyl rings, and replacements
of the C-ring were investigated. A compound with excellent CB2 activity, selectivity for CB2 over CB1, and in vivo plasma levels was
identified.
� 2007 Elsevier Ltd. All rights reserved.

The CB2 receptor is a G-protein coupled receptor which
is located primarily in the spleen and other immune-re-
lated tissues.1 It is 44% homologous with CB1, and its
difference in homology with CB1 offers the possibility
to uncouple the immune-related effects of cannabinoids
from the psychoactive effects typically associated with
CB1.2 To support this possibility, CB2 activity has been
associated with modulation of B-cell differentiation,3 al-
tered immune cell migration4 or chemotaxis, and altered
antigen processing in macrophages.5 Also, cannabinoid
ligands are reported to be active in animal models of
rheumatoid arthritis,6,7 multiple sclerosis,8 and inflam-
matory pain9 reinforcing the idea that they possess
anti-inflammatory properties.
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We previously reported identification of potent CB2


selective compounds10 and their pharmacology.11,12


The compound with the best combination of potency,
selectivity, and rat exposure was 1.13 However, we felt
the plasma levels of 1 after oral dosing were not high
enough for further development (6 h AUC after oral
dosing at 10 mpk = 6331 nM h, and the plasma levels
decayed rapidly). Therefore, we selected 1 as a lead
for further optimization. We hoped to try and find a
compound with better plasma levels in vivo while
maintaining excellent CB2 affinity, and selectivity for
CB2 over CB1. Herein we describe SAR studies, on
the fluorophenyl ring, methanesulfonyl, and B-ring
substituent.


We pursued the synthetic strategy of assembling the A–
B ring system first, and then installing the C-ring group,
as shown in Scheme 1. Biarylsulfone 3 was prepared
from 2 by metalation with n-BuLi and trapping with
either a sulfonyl fluoride or disulfide. If a disulfide is
used, then in a second step the sulfur was oxidized with
m-chloroperoxy benzoic acid. Compound 3 was selec-
tively ortho-lithiated on the B-ring using two equivalents
of n-BuLi. Trapping of the anion with sulfur dioxide gas
and conversion to the sulfonyl chloride with N-chloro-
succinimide14 gave compound 4. Treatment of the sulfo-
nyl chloride 4 with various amines produced the
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corresponding sulfonamides. The trifluoroacetamide
group was removed by aqueous LiOH hydrolysis, fol-
lowed by sulfonylation of the amine to provide analogs
5 and 6.


The anion of compound 3, formed from selective lithia-
tion of the B-ring, was also trapped with either an aryl-
sulfonyl fluoride, or disulfide. When disulfides were
used, the newly formed sulfide linker between the B
and C rings was oxidized to sulfone with m-chloroper-
oxy benzoic acid to produce 7. Removal of the trifluoro-
acetamide group (aqueous LiOH) and sulfonylation of
the amine provided 8 or 9. With compound 17 an addi-
tional oxidation step was required to form the N-oxide.
In compound 11, one of the two fluorines could be dis-
placed by heating the compound with an amine in ace-
tonitrile to produce 12. The cyclopropyl analog 38 was
made from 3, where X is cyclopropyl and 4-cyclo-
propylbenzenesulfonyl fluoride was prepared from
cyclopropylbenzene.16
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NHSO2CF3


Me


X


SO2


C
F


 (a) X = Cl to Z = H
(b) X = OMe  to Z = 


 (c) X = Cl to Z = OR
 (d) X = Cl to Z = NR


13


Scheme 2. Reagents and conditions: (a) H2/Pd(C) 91%; (b) BBr3, CH2Cl2; 9

Scheme 2 describes the preparation of analogs shown in
Table 3. The conversion of compounds 13–14 involves
either hydrogenation of the chlorine (analog 31), O-
demethylation of a methoxy group (analog 32), replace-
ment of chlorine with alkoxy (analogs 34, 35), or
replacement of chlorine with alkylamino (analogs 39–
41).


Table 1 shows the outcome of modifying or replacing
the C-ring of compound 1.17 Simple alkyl and cycloalkyl
analogs 15 and 20 lost affinity relative to 1. Amino and
sulfonamide analogs 21–23 also lost CB2 affinity.
Among the heterocyclic analogs 16–19, the 2-pyridyl
analog 16 showed CB2 affinity and selectivity similar
to 1, however, it did not offer a clear advantage over
the 2-F-phenyl. Hence, the 2-F-phenyl was maintained
for further SAR modification.


We next explored the possibility of replacing the metha-
nesulfonyl by other groups. The results are shown in
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Table 1. SAR: changes to the C-ring of 1


SO2


SO2


Me


AB
Cl


C


N
H


SO2CH3


Compound C Ki


(CB2, nM)


Selectivity


(CB1 Ki/CB2 Ki)


1
F


1.3 4387


15 –CH2CH2CH3 308 57


16
N


2.9 4403


17 N
O-+


119 840


18
O


129 538


19 N 204 31


20 8.9 345


21 –NHCH3 1251 64


22 –N(CH3)2 1273 58


23 –NHSO2CH3 2749 36


Table 3. SAR: changes to the B-ring of 24


SO2


SO2


Me


AB
N
H


SO2CF3X


C


F


Compound X Ki


(CB2, nM)


Selectivity


(CB1 Ki/CB2 Ki)


31 H 25 426


32 –OH 1.3 1571


33 –OCF3 5 525


34 –OCH2CH3 0.9 1964


35 –OCH2CH2OCH3 2.5 1602


36 –CF3 2.5 2080


37 –CH3 1.1 2287


38 –Cyclopropyl 1.4 2239


39 –NH2 10 170


40 –NH-cyclopropyl 4.9 66


41 –N-Piperazine 1099 31


Table 4. SAR: changes to the C-ring of 24


SO2


SO2


Me


AB
N
H


SO2CF3Cl


C
Compound C Ki


(CB2, nM)


Selectivity


(CB1 Ki/CB2 Ki)


11 2,6-Difluorophenyl 5.8 642


42
N


3.6 1152


43
N


21 859
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Table 2 where an amide, sulfonamide, urea, or amine
was prepared. Alkylated amines 29 and 30 showed good
CB2 affinity, but it was the trifluoromethanesulfonamide
24 that showed the best combination of CB2 affinity and
selectivity.


Table 3 shows results where the chlorine group on 24
was replaced. Although analogs 34, 37, and 38 showed
good CB2 affinity and selectivity, none had a profile sig-
nificantly better than 24.

Table 2. SAR: changes to the methanesulfonate of 1


SO2


SO2


D


Me


AB
Cl


C
F


Compound D Ki


(CB2, nM)


Selectivity


(CB1 Ki/CB2 Ki)


24 –NH–SO2CF3 2 3393


25 –NHCOCH3 60.7 250


26 –NHCOCF3 3.7 784


27 –NHCONHEt >10,000 —


28 –NH2 3953 14


29 –NCH2CF3 7 325


30 –NCH2CH2CF3 17 105

Now by fixing the B-ring group as chlorine and the
amine substitution as trifluoromethanesulfonyl, we
revisited C-ring modifications to identify the best combi-
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49 –NH–t-Bu 136 123


50 –N-Piperidine 58 231


51 –N-Morpholine 192 99
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nation, shown in Table 4. The 2-pyridyl analog 42 main-
tained reasonable CB2 affinity and selectivity, but we
found that none of the changes in the C-ring improved
CB2 affinity or selectivity over 24.


Compound 24 was dosed orally at 10 mpk in the rapid
rat assay18 and showed a 6 h AUC of 3581 nM h, which
was worse than the 6331 nM h observed for compound
1. However, we observed that the compound was a sus-
pension in the methylcellulose dosing solution and sus-
pected that poor solubility might be a factor in the
lower plasma levels. Taking advantage of the increased
acidity of the NH of NHSO2CF3, over the NH of
NHSO2CH3 (pKa approximately 6.5 vs �12) we pre-
pared and dosed several salt forms of compound 24.
In the same rapid rat paradigm, we found the potassium
(5405 nM h), and calcium (5075 nM h) salts gave AUCs
comparable to the neutral compound, and the zinc
(297 nM h) salt was lower. However, the sodium salt
AUC (21,022 nM h) was significantly improved over
the neutral compound.


Because of its potency, selectivity, and improved plasma
levels in the rapid rat screening assay, the DMPK profile
of the sodium salt of compound 24 was investigated fur-
ther. In rats, the bioavailability of 24 was 25%, the t1/2


was 1.6 h, the clearance was 11.4 mL/min/kg, and the
volume of distribution was 0.7 L/kg. When dosed orally
in cynomolgus monkeys at 10 mpk, it had a 0–24 h AUC
of 45,400 nM h, bioavailability of 50%, a t1/2 of 3.7 h,
clearance of 8.1 mL/min/kg, and a volume of distribu-
tion of 1.3 L/kg. In dogs, the 0–24 h AUC was
173,800 nM h after dosing at 10 mpk orally. The bio-
availability was 66%, the clearance was 1.2 mL/min/kg,
and the Vd was 1.1 L/kg.


In an effort to optimize the profile of compound 1,
we expanded the SAR, by making structural changes
to several points of the molecule. These changes
included the addition of polar groups to the 2-fluor-
ophenyl ring, replacement of the fluorophenyl ring
with heterocycles and other groups, and changing
the NHSO2CH3 group into a NHSO2CF3 thereby
allowing the formation of salts to improve solubility.
Compound 24 was found to have the best overall
profile as a sodium salt and was selected for further
progression.

Supplementary data


Experimental details of the determination of Ki values,
the synthesis of cyclopropyl benzene sulfonyl fluoride,
and the preparation of compound 24 can be found in
the online version at doi:10.1016/j.bmcl.2007.04.028.
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Abstract—Benzimidazole 1 was identified as a selective inhibitor of ITK by high throughput screening. Hit-to-lead studies defined
the SAR at all three substituents. Reversing the amide linkage at C6 led to 16, with a fivefold improvement of potency. This
enhancement is rationalized by the conformational preference of the substituent. A model for the binding of the benzimidazoles
to the ATP-binding site of ITK is proposed.
� 2007 Elsevier Ltd. All rights reserved.

Interleukin-2-inducible T cell kinase (ITK), also known
as T cell-specific kinase (TSK) and, expressed mainly in
T-lymphocytes (EMT) is a member of the Tec family of
protein tyrosine kinases.1–3 ITK is expressed in T cells,
mast cells, and natural killer cells. It is activated in T
cells upon stimulation of the T cell receptor (TCR),
and in mast cells upon activation of the high affinity
IgE receptor. Following stimulation of the TCR, ITK
is phosphorylated in the kinase domain activation loop
by the kinase LCK.4 Activated ITK is required for phos-
phorylation of PLC-c5 which in turn leads to calcium
mobilization and activation of downstream pathways.6


CD4+-T cells from ITK knockout mice have a dimin-
ished proliferative response in a mixed lymphocyte reac-
tion7 or upon anti-CD3 stimulation. These T cells
produce little IL-2 upon TCR stimulation, resulting in
reduced proliferation. Diminished production of IL-4,
IL-5, and IL-13 upon stimulation of the TCR has also
been observed in ITK deficient CD4+-T cells.8 ITK defi-
cient mice show a greatly diminished inflammatory
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response in a model of allergic asthma induced by
OVA.9 These studies support a key role for ITK in the
activation of T cells, thus inhibitors of ITK should be
useful as immunosuppressive or anti-inflammatory
agents.


Recently Das et al.10,11 disclosed a series of thiazole
inhibitors of ITK. We now report our initial studies in
this area which led to the discovery of a novel class of
kinase inhibitors active against ITK. Ultra high
throughput screening (UHTS) of the BI sample collec-
tion against ITK was carried out using a DELFIA
assay.12 Initial hits were retested in dose response
against ITK, and also against BTK and LYN, both of
which are highly homologous with ITK, to focus on
selective inhibitors. One class of hits that did not inhibit
in either of the counterscreens was a series of benzimi-
dazoles from a general screening library. The initial hit
1 had ITK IC50 0.11 lM and showed activity in a
cellular assay, at 3.0 lM. This series was particularly
interesting because its structure was not related to any
known kinase inhibitor.


The original screening library contained 1760 members
(11R1 · 20R2 · 8R3) (Fig. 1). At the R1 amide position,
active hits included the thiophene, benzene, and
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Figure 1. General structure of the screening library.
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4-methoxyphenyl. At R2 the preferred substituents were
the N-cyclohexyl-N-methyl and N-benzyl-N-methyl
amides. For the R3 group on the benzimidazole nitro-
gen, the amide side chain derived from b-alanine was
the only member of the library that showed appreciable
activity. Many of the compounds in the library had R3


groups derived from a-amino acid amides, none of
which hit in the screen.


To further define the SAR, exploration of the hit was
carried out by a combination of solid-phase library syn-
thesis and single point synthesis using solution-phase
chemistry. To this end two focused libraries were synthe-
sized, in one case varying R1, and keeping R2 constant
as N-cyclohexyl-N-methyl, (77 compounds) and in the
other varying R2 and keeping R1 constant as phenyl
(99 compounds). In both cases the b-alanine amide side
chain at R3 was kept constant. The libraries were syn-
thesized using solid-phase methodology reported by
Lee13 (Scheme 1). Sieber amide resin loaded with b-ala-
nine 2 was treated with the 4-fluoro-3-nitro benzoic acid
to effect the SNAr reaction. The R2 amide was then
introduced, by coupling the acid with N-methyl cyclo-
hexylamine in the presence of TBTU to give 4. Reduc-
tion of the nitro group with tin chloride worked well
on solid phase, to form the diamine 5, which was con-
verted to the 2-aminobenzimidazole with cyanogen bro-
mide. The amine was acylated with the appropriate acid
chloride, and the product was cleaved from the resin
with TFA to leave the primary amide at the terminus
of the R3 side chain. Compounds that showed activity
were resynthesized and purified.
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Scheme 1. Solid-phase synthesis of compound 1. Reagents: (a) 4-fluoro-3-nit


DMF/DCM; (c) SnCl2Æ2H2O; (d) BrCN, EtOH; (e) thiophene-2-carbonylchl

Initial exploration of other side chains at R3 was carried
out using a solution-phase method (Scheme 2). For this
study R1 was kept constant as the thiophene and R2 as
N-cyclohexyl-N-methyl amine. The same general ap-
proach was followed, but in this case the R2 amide
was introduced first from 4-fluoro-3-nitro benzoic acid,
yielding 9. This intermediate was reacted with a variety
of R3 amines to give 10. For the solution-phase synthe-
sis, reduction of the nitro group by transfer hydrogena-
tion was preferred over tin chloride reduction. The
2-aminobenzimidazole 12 was formed with cyanogen
bromide, and acylation yielded 1. In the final step impu-
rities presumably resulting from acylation on the ring
nitrogen and double acylation were observed. Pure
product was obtained by chromatography on silica.
An analogous route was used to obtain the cyclohexyl
ester 50 at R2. The analog 47 where the amide has been
moved to the 6-position of the benzimidazole was
prepared in a similar way from 3-fluoro-4-nitrobenzoic
acid. The reverse amide analogs of 1 were obtained as
shown in Scheme 3, by acylation of 4-fluoro-3-nitroani-
line with cyclohexylcarbonyl chloride. For the tertiary
amides, the product was methylated on nitrogen to give
14 before performing the SNAr reaction. Completion of
the synthesis followed the same steps of reduction,
benzimidazole formation, and acylation as before to
give reverse amide 16.


Compounds were assayed for ITK inhibitory activity in
a DELFIA format.12 Cellular activity was assessed by
measuring calcium influx following B cell receptor stim-
ulation of BTK deficient DT40 cells14 stably transfected
to express human ITK, using a FLIPR instrument. Dur-
ing the hit-to-lead phase the cellular assay was used to
rule out inactive compounds, rather than to rank activ-
ity. Work to improve cellular potency will be detailed in
subsequent papers. Results for selected compounds illus-
trating the SAR at R1 and R2 are shown in Table 1. At
R1 an aromatic amide is required. No inhibition was ob-
served with aliphatic amides (data not shown). Phenyl
can take the place of thiophene with only a slight loss
in potency (17). Electron withdrawing groups at C3 or
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Table 1. Representative SAR of the R1 and R2 groups


NH2O


N


N
N
H


R1
O


R2


O


Compound R1 R2 ITK IC50
a (lM) DT40 cell IC50


b (lM)


1 2-Thienyl c-HexNMe 0.11 3.0


17 Ph c-HexNMe 0.37 11


18 4-MeOPh c-HexNMe 1.1 17


19 4-BrPh c-HexNMe 0.26 1.2


20 4-FPh c-HexNMe 0.25 4.1


21 4-NO2Ph c-HexNMe 0.076 6.9


22 3-FPh c-HexNMe 0.11 7.4


23 3-CNPh c-HexNMe 0.20 7.2


24 2-MePh c-HexNMe 2.7 nt


25 5-Isoxazolyl c-HexNMe 0.062 4.1


26 3-Pyridyl c-HexNMe 0.069 2.7


27 2-Thienyl c-HexNH >20 nt


28 Ph c-HexNH >20 nt


29 Ph (c-Hex)2N >20 nt


30 Ph i-PrNMe 11 nt


31 Ph c-HexNEt 0.39 8.1


32 Ph c-HexNallyl 0.73 7.2


33 4-BrPh c-HexNEt 0.081 1.2


34 4-BrPh c-HexNallyl 0.23 1.2


35 Ph PhNMe 0.33 2.6


nt, not tested.
a Values are geometric means of at least two experiments. In most cases the individual results vary by less than a factor of 2.
b Mean of at least two experiments.
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C4 of the phenyl ring (20–23) are tolerated, the 4-nitro
analog 21 showing a fourfold improvement, whereas
electron donating substituents such as methoxy (18)
decrease activity. Substitution at C2 in 24 is detrimental.
Isoxazole 25 and pyridine 26 show somewhat improved
potency in the enzyme assay, though this is not reflected
in the cellular assay. At R2 there is a requirement for a
tertiary amide with one cyclic substituent and one small
alkyl substituent. Removing the N-methyl to give a sec-
ondary amide in 27 or 28 greatly reduces activity. The
methyl can be replaced with small alkyl groups 31–34,
but not with a more bulky group such as a second
cyclohexyl ring 29. The cyclohexyl ring can be replaced
with phenyl 35, but potency is lost on replacing it with a
smaller alkyl group in 30. This intriguing SAR
observation is discussed in more detail below.


At the R3 position more variation is possible (Table 2).
While the unsubstituted benzimidazole 41 is only weakly
active, a simple alkyl substituent 42 restores much of the
potency. Polar substituents, either as the amide or alco-
hol, are preferred, with 40 and 45 showing the best po-
tency. Substitution of the amide (37,38) maintains
binding, but diminishes cellular activity. Replacing the
hydroxyl in 45 with an amine (46) resulted in a 10-fold
decrease in enzyme activity, and loss of cellular activity.
Substitution or branching at the carbon next to the
benzimidazole in the R3 side chain is not tolerated (data
not shown).


To further investigate the requirements of the R2 substi-
tuent, additional variations at the 5- and 6-positions of
the benzimidazole were investigated (Table 3). Moving
the amide to the 6-position (47) causes a sixfold decrease
in activity, and removing the amide altogether (48) still
retains micromolar potency. Replacing the amide with
a methyl (49) or a cyclohexyl ester (50) greatly reduces
potency, even though the cyclohexyl ester might be

Table 2. Representative R3 groups


N
R3


N
N
H


O


N


O


S


Compound R3 ITK


IC50
a (lM)


DT40 cell


IC50
b (lM)


1 (CH2)2CONH2 0.11 2.7


36 (CH2)2CO2Et 0.27 1.1


37 (CH2)2CONHMe 0.23 5.4


38 (CH2)2CONMe2 0.16 24


39 (CH2)3CONH2 0.14 4.6


40 (CH2)4CONH2 0.06 3.1


41 H 4.8 nt


42 n-Pr 0.76 1.6


43 (CH2)2Ph 1.3 1.8


44 (CH2)2OH 0.19 4.6


45 (CH2)3OH 0.092 2.0


46 (CH2)3NH2 0.95 >20


nt, not tested.
a Values are geometric means of at least two experiments. In most cases


the individual results vary by less than a factor of 2.
b Mean of at least two experiments.

viewed as isosteric with the corresponding amide. The
most exciting result was observed with the reverse amide
16, IC50 25 nM, a significant improvement over the
screening hit. Removal of the N-methyl from 16 again
gives a substantial loss in affinity, though in this case
the activity of the secondary amide 51 is measurable.
The SAR at this position clearly involved a hydrophobic
interaction with the cyclohexyl ring. The large difference
in potency between the secondary and tertiary amides
seemed to argue against a hydrogen bonding interaction
with the carbonyl. We hypothesized that this difference
in affinity is due to changes in the conformation of the
side chain. Tertiary amides can more readily adopt
the cis amide conformation than secondary ones, and
the activity may be linked to the ability to achieve the
cis amide conformer. To determine the conformational
preference, molecular modeling was carried out on a
simplified fragment of the molecule, with methyl groups
at R1 and R3. In the cis amide conformation, the cyclo-
hexyl ring is forced out of the plane of the benzimid-
azole. The energy difference between the two
conformers is shown in Table 4. In all cases the trans
conformation is preferred, but for the reverse amide 16
the energy difference is much lower (0.3 kcal/mol) than
for the other linkers. The NH version of the reverse
amide 51 and the original tertiary amide 1 are in a sim-
ilar range of 2–3 kcal/mol, while the inactive secondary
amide 27 and the ester 50 have values over 3 kcal/mol,
corresponding to <1% cis conformer at equilibrium.
This analysis provides support for the hypothesis that
the R2 side chain binds in a cis amide conformation,
which would allow the cyclohexyl ring to access a puta-
tive hydrophobic interaction out of the plane of the
benzimidazole ring.


With the initial SAR established, we sought to under-
stand how these novel inhibitors bound to the ITK
active site. The majority of kinase inhibitors bind to
the ATP site via an essential H-bonding interaction. In
many cases, including ATP itself, this involves a biden-
tate interaction with a donor–acceptor pair. Compound
1 contains several possible H-bonding sites, but appar-
ently none that would give a bidentate interaction. A
clue to this came during structure confirmation by
NMR, when an NOE was observed between the
exchangeable NH and the proton at the 4-position of
the benzimidazole. This can only be consistent with
the exocyclic imine tautomer, 1b, where the proton is
on the ring nitrogen. This tautomerism has been
observed previously in 2-acylaminobenzimidazoles.15
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In this tautomer a potential H-bonding interaction is
evident, and this led us to propose a binding interaction
with ITK outlined in Figure 2. By analogy with the
structure of HCK,16 ATP binds to ITK by way of a
donor interaction with the carbonyl of Glu436, and an







Table 3. Variation of C5 and C6 substitution


NH2O


N


N
N
H


O


S
R5


R
6


Compound R5 R6 ITK


IC50
a (lM)


DT40 cell


IC50
b (lM)


1 c-HexN(Me)CO H 0.11 2.7


27 c-HexNHCO H >20 nt


47 H c-HexN(Me)CO 0.71 20


48 H H 1.5 12


49 MeO2C H 11 nt


50 c-HexO2C H >20 nt


51 c-HexCONH H 2.5 1.7


16 c-HexCONMe H 0.025 2.4


nt, not tested.
a Values are geometric means of at least two experiments. In most cases the individual results vary by less than a factor of 2.
b Mean of at least two experiments.


Table 4. Energy difference between the cis and trans conformers


corresponding to compounds in Table 3


N


N
N
H


O
Y


X
N


N
N
H


O
Y


X


trans cis


Compound X Y Energy differencea


(kcal/mol)


1 N(Me) C@O 2.8


27 NH C@O 3.8


50 O C@O 9.3


16 C@O N(Me) 0.3


51 C@O NH 2.2


a Difference between the minimum energy conformers of the cis and


trans isomers of the above structure, calculated using Cerius 2


(Accelerys Inc.).
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Figure 2. Proposed binding interaction of compound 1, as the


exocyclic imine tautomer, with the hinge region of ITK.


Table 5. Kinase selectivity of compound 16


Kinase IC50
a (lM) Kinaseb % inhibitionc


BMX >22 CDK2 7


BTK >22 CDK5 �4


ECK >10 CHK1 8


EGFR >6 GSK3b �18


FGFR3 >6 JAK3 �7


HGFR >10 MKK1 �2


IRK 0.2 MAPKAPk2 1


LYN >10 PDGFR 10


TEC 22 PKCb 21


TXK 1.4 ROCKII �1


VEGFR1 >10 SYK 6


a Assays run in dose response.
b Screening at a single concentration.
c % inhibition at 10 lM.
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acceptor interaction with the NH of Met438. This inter-
action is observed with many kinase inhibitors, but a
second binding mode has also been observed in which
both donor and acceptor interactions are with a single
residue,17–19 corresponding to Met438 in ITK. This
seems much more likely for these benzimidazoles than
an alternative with the ATP mode, which would reverse
the orientation of the core.

To provide support for the involvement of tautomer 1b,
an analog of 16 was subjected to methylation, which oc-
curred on the ring nitrogen, and resulted in loss of
activity.20


The improved potency of the reverse amide 16 resulted
in this compound becoming the program lead. To con-
firm that these compounds are ATP-competitive the en-
zyme assay was run at four ATP concentrations: 3, 20,
100, and 500 lM. IC50 values of 0.11, 0.32, 1.6, and
>5 lM, respectively, were observed for 1. The corre-
sponding results for 16 were 0.025, 0.08, 0.24, and
1.1 lM. 16 was profiled against more than 100 other ki-
nases. Selected data are shown in Table 5. The main
cross-reactivity was with insulin receptor kinase (IRK),
and to a lesser extent with TXK, also a member of the
Tec family.


Optimization of all three substituents of compound 16
to improve molecular and cellular potency and evalu-
ate in vivo activity will be reported in subsequent
papers.
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Abstract—Design and synthesis of highly potent and selective non-imidazole inverse agonists for the histamine H3 receptor is
described. The study validates a new pharmacophore model based on the merging of two previously described models. It also dem-
onstrates that the removal of the basic center potentially interacting with ASP3.32 and common to both models leads to loss of
activity, whereas the replacement of the second basic center by an acceptor retains the potency.
� 2007 Elsevier Ltd. All rights reserved.

Histamine is a central modulator of physiological pro-
cesses acting both in the central nervous system (CNS)
and the periphery through four distinct receptors (H1–
H4) known to date.1,2 Histamine H1 and H2 receptor
antagonists are already used in the clinic to treat allergic
asthma and excess gastric acid production, respectively.
The newly discovered H4 receptor seems to have a role
in regulating inflammatory responses.3 The H3 receptor,
mainly located in the CNS, is a presynaptic autoreceptor
that does not only modulate the production and the
release of histamine from histaminergic neurons4 but
also regulates the release of other neurotransmitters in
both the central and peripheral nervous systems.5–7 An-
other feature of the H3 receptor is its high constitutive
activity.8,9 H3 antagonists/inverse agonists have been
primarily studied in cognitive models for Alzheimer’s
disease, attention-deficit disorder, and schizophre-
nia.10,11 Pharmacological data also suggest a potential
role for H3 antagonists and/or inverse agonists in the
control of feeding, appetite, and body weight, and
support the role of H3 receptor in obesity.12,13


An analysis of known low nanomolar H3 antagonists
published in patents and literature has been made in
order to derive a three-dimensional pharmacophore
model. Since imidazole-containing compounds could
have potential liability toward cytochrome-P450 (CYP)
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drug metabolizing enzymes, the imidazole-based H3


antagonists were discarded.14 As it has been shown that
basic amine-based molecules have different binding
modes than imidazole-based ones, a large part of the
modeling information cannot be used.15–19 The focus
has then been on the basic amine-containing compounds
that are postulated to interact with the highly conserved
ASP3.32.16 During the manual alignment of the mole-
cules, we can observe two distinct pharmacophore distri-
butions (Fig. 1). Each model consists of four
pharmacophoric features. Three of the features are
shared by both models, namely a distal positive charge,
an electron rich position, and a central aromatic ring.
The fourth feature can be either a second basic amine
exemplified with a potent Johnson & Johnson com-
pound (model 1)20 or another aromatic contained in
many Abbott molecules coming from A. Hancock group
like A-349821 (model 2),21 but also later ABT-239.22


Both types of molecules have been extensively described
separately and, at the time of the study, no molecules
have been disclosed combining all the features of the
combined pharmacophore. Nevertheless, since then,
research teams at Johnson & Johnson have published
various chemotypes supporting our pharmacophore
hypothesis.23–25 Our study describes the rational
approach followed at Roche to generate new chemo-
types validating our assumption. Considering the large
overlapping of the pharmacophores, we assume a com-
mon binding mode, which will be driven by the interac-
tion between the common basic amine and the
conserved aspartate in helix 3 (ASP3.32). Thus, we
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Figure 1. Two pharmacophore models derived from known antagonists of the histamine H3 receptors. The pharmacophoric features are displayed as


dashed circles: blue, positive charge (basic amine); red, electron rich; cyan, aromatic/lipophilic.


O. Roche, R. M. Rodrı́guez Sarmiento / Bioorg. Med. Chem. Lett. 17 (2007) 3670–3675 3671

designed a new pharmacophore model consisting of five
features: two aromatics, two positively charged moieties,
and one electron rich feature. We included the electron
rich feature because our entire set of reference molecules
contains an ether linker at the same position, but the
available SAR does not allow us to be sure it is fully
mandatory. To provide starting points for the chemistry
effort, we use the de novo program Skelgen.26–28 The
program automatically builds new molecules from frag-
ment libraries that match the three-dimensional phar-
macophoric constraints. It provides hundred of

Template 1 Template 2


Figure 2. Projection scheme of the various connectivity patterns between th
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Scheme 1. Reagents and conditions: (a) BnCl (excess), K2CO3, DMF, 110


dimethylamine hydrochloride, TEA, DMF, 3 h, 89%; (d) BH3ÆTHF, THF,


POCl3, 100 �C, microwave, 15 min; (g) 8, EtOH, DIPEA, reflux, 12 h, 85%;


18 h, 60 �C, 40–10% or two-step procedure with (j) Br(CH2)3Cl, Cs2CO3, acet

possible molecules that have been manually clustered.
This leads to four templates, which share the same phar-
macophores but have different connectivity patterns
(Fig. 2). The chemical synthesis has been developed
around the connective pattern of template two in order
to validate the new pharmacophore.


Synthesis of 4-amino quinazoline of type 1 was better
accomplished as indicated in Scheme 1, starting with
the O-alkylation of commercially available nitro phenol
(3) with benzyl chloride. The reductive amination of the
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Table 1. Binding data on human histamine receptors H1, H2, H3 for the compounds of series 1


Y


N


N


O


X


N R


Compound X R Y hH3 Ki (nM) hH3% inhibitiona hH1% inhibitiona hH2% inhibitiona


ABT-23922 2.4


JNJ-520785220 1.4


1a H H N 11.6%


1b H


O


O
N 31%


1c H
O


O
N 28%


1d H Cl N 49%


1e H N N 18 �15% �2%


1f H
N


N 0.3 — �2.5% 2.4%


18a O N O 1021


a Percentage of inhibition measured at 10 lM.
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a-nitroaldehyde (4) gave low yields and an alternative
route via the reduction of the corresponding amide
was followed. The aldehyde (4) was oxidized to the acid
to obtain via HBTU coupling the N,N-dimethyl amide
(5). Reduction of the amide was performed with bor-
ane–THF complex to obtain the amine (6) as a borane
complex. After reduction of the nitro group in the pres-
ence of the benzyl group with platinum as catalyst, the
compound 7 was obtained free of borane. Alkylation
of the nitrogen with 4-chloro-quinazoline (8) (obtained
from the treatment of commercially available quinazo-
lin-4-ol with POCl3) was performed in ethanol. The
use of DIPEA allows the reaction to proceed rapidly
and more cleanly toward 9. Removal of the benzyl
group gives the phenol that can react with a range of
alkylating agents in the presence of K2CO3 to obtain
compounds of type 1 described in Table 1. In cases

Table 2. Binding data on human histamine receptors H1, H2, H3 for the com


N


X


O


O


R1


R


Compound X R R1 hH3 Ki (nM)


2a H
N
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2b H N Cl 88


2c H N Cl 135


2d H
N
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17a O F Cl


17b O
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17c O
O


Cl


17d O
N


O
Cl 1100


17e O N Cl 1810


17f O
N


O
OMe 1393


17g O
N


OMe 12


a Percentage of inhibition measured at 10 lM.

where direct alkylation did not provide high yields, a
two-step procedure can be used instead with a first alkyl-
ation with 1-bromo-3-chloropropane using Cs2CO3 to
obtain the O-alkylchloride that can be heated with the
corresponding amine to prepare 1. Alternative routes
with the use of 4-fluorophenol or 2,5-dihydroxybenzal-
dehyde gave undesired byproducts and lower yields.


In the case of compounds of type 2 (4-oxo quinazolines
or benzyloxy compounds), the most successful synthetic
route starts with the regioselective alkylation of the
commercially available 2,5-dihydroxy-benzoic acid (11)
with THP under acidic conditions to obtain 12.29 Alkyl-
ation with 4-chloro-quinazoline (8) or with the corre-
sponding alkylbromide with Cs2CO3 gives 13 or 14,
respectively. Hydrolysis of the ester using LiOH and
amide formation with HNMe2ÆHCl using CDI gives

pounds of series 2


hH3% inhibitiona hH1% inhibitiona hH2% inhibitiona


— —


33%


8%


17%


73.4%
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the amides 15 or 16. In both cases removal of the THP
and O-alkylation with an appropriate alkylating agent
gave compounds 17 or 18. Reduction of the amide
group on 17 or 18 to the corresponding amines using
borane–tetrahydrofuran complex gives reasonable yields
except on compounds for type 17 when a benzyl or
methyl group is present (R = OCH2Ar and R = Me).
An alternative way to obtain the desired amine 2 was
through the reduction of compound 15, using LiAlH4.
Removal of the THP group under acidic conditions
gives the phenol 19 that can be alkylated with K2CO3


and the corresponding halogenated group. The com-
pounds synthesized by this route (Scheme 2) are exem-
plified in Table 2.


The H3 activities presented in Tables 1 and 2 are binding
data measured by displacement of [3H](R)-a-methylhis-
tamine (RAMH).30 For selected compounds, human
H1 and H2 subtype affinity has been measured using
[3H]pyrilamine and [3H]tiotidine, respectively (see
Tables 1 and 2).31 The SAR explored by the molecules
shown in these tables validate the new pharmacophore
model since compounds 1e, 1f, and 2a–2d carrying 2
basic centers and a lipophilic substituent altogether are
highly active at the H3 receptor. When we remove the
distal basic amine in compounds 1a–1d, potentially
interacting with ASP3.32, the activity at the H3 receptor
is completely lost. For the molecules 18a, 17b, 17e, and
17g where the proximal basic center has been eliminated
by generating the amide, part of activity can be con-
served. Especially, compounds 17b and 17g have a Ki


of 42 and 12 nM at the H3 subtype, respectively. From
our results, it is likely that both the proximal basic nitro-
gen and the carbonyl oxygen of the amide bond interact
with the same residue. A potential candidate residue for
this type of interaction could be Glu5.46, which can be
both a hydrogen bond donor (carbonyl, 17g) and accep-
tor (basic amine, 2d).


From the potent compounds 1e, 1f, 17b tested against
human H1 and H2 receptors we confirmed that our series
are selective for the H3 subtype. The most promising
compound 1f has been further profiled in terms of func-
tionality and species selectivity. It has been tested in a
GTPcS functional assay and was found to be a potent
inverse agonist with an EC50 of 0.2 nM. Moreover, 1f
also displays a high affinity toward the rat H3 receptor
with a Ki of 9.8 nM qualifying the molecule for further
in vivo experiments. Preliminary safety data show that
1f does not block the hERG channel.32


In conclusion, applying a new pharmacophore model,
we have discovered highly potent and selective inverse
agonists for both human and rat H3 receptors. In this
study, we have exemplified only one of the connection
patterns proposed by Skelgen. Based on these promising
results, other chemotypes will be explored.
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31. Membranes and protocols originated from Euroscreen.
For more information, see: characterization of histamin-
ergic receptors Current Protocols in Pharmacology, Ed. J.
Wiley & Sons, 2006; Vol. 1, Chapter 19, pp 1–19.


32. Compound 1f showed 30% inhibition at 10 lM concen-
tration at the hERG channel (IC50 > 10 lM ).
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Abstract—It is well known that both acute and chronic autoimmune inflammatory disorders arise following a breakdown in control
of neutrophil activation and recruitment. In the search for new anti-inflammatory agents, we synthesized some new 2-phenyl-2,3-
dihydro-1H-imidazo[1,2-b]pyrazole derivatives and tested them in vitro in order to evaluate their ability to interfere with human
neutrophil functions. All tested compounds showed strong inhibition of fMLP-OMe-induced chemotaxis, although they appeared
unable to block degranulation and the fMLP-OMe-induced respiratory burst, and were inactive in binding experiments.
� 2007 Elsevier Ltd. All rights reserved.

R


Inflammation is the immune system’s first response to
infection or irritation. The white blood cells (leukocytes)
extravasate from the capillaries into tissue and continue
as phagocytes, picking up bacteria and cellular debris. If
the injurious agent persists, or the control of cellular
recruitment breaks down, both acute and chronic auto-
immune inflammatory disorders, such as asthma, rheu-
matoid arthritis, multiple sclerosis and inflammatory
bowel disease, will ensue. In recent years, remarkable
efforts have been made in order to clarify the complex
regulation pathways involved in acute inflammation,
during which neutrophils are the main cells infiltrated.
Their recruitment to sites of inflammation depends upon
a gradient of locally produced chemotactic factors. The
bacterial peptide N-formyl-methionyl-leucyl-phenylala-
nine (fMLP) has been identified as potent leukocyte
chemoattractant.1,2 It acts by binding classical G-pro-
tein-coupled receptors, first identified in 1976 and then
classified as high-affinity (FPR) or low-affinity (FPRL1,
FPR-like 1) fMLP receptors.3,4 Downstream of these, a
number of signalling systems are activated. The intracel-
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lular FPR-signalling cascade includes activation of
phosphoinositide 3-Kinases (PI3Ks), phospholipase A
(PLA), phospholipase D (PLD) and mitogen activated
protein kinases (MAPKs).5 In recent years, many aca-
demics, medicinal chemists and pharmaceutical research
divisions have been involved in the search for new mol-
ecules able to interfere in neutrophil upregulation in
order to exploit their therapeutic potential.


In this context, we recently synthesized a number of pyr-
azolyl-ureas (see Fig. 1), beginning from the interesting
intermediate 1 (see Scheme 1). These compounds inhib-
ited the IL8-induced, but not the fMLP-induced, neu-
trophil chemotaxis at nanomolar concentration.6a–c


Synthetic rearrangement of the same intermediate 1 gave
new interesting 2-phenyl-2,3-dihydro-1H-imidazo[1,2-b]
pyrazoles, which were preliminarily tested in chemotaxis

N
NHN


OH


O
NR1


R2


Figure 1. General structure of N-Pyrazolyl-N 0alkyl/benzyl/phenyl-


ureas, potent inhibitors of IL8-induced neutrophil chemotaxis.6a–c
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development of CO2.
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assays. The positive results obtained in these tests
prompted us to develop a new series of 7-substituted
derivatives, since no imidazo[1,2-b]pyrazoles have yet
been reported as anti-inflammatory agents.


Here we report the synthesis of 2-phenyl-2,3-dihydro-
1H-imidazo[1,2-b]pyrazoles 2, 3, 4a–h, 7 and 10, and
the results of a preliminary biological study aimed at
evaluating their ability to interfere in neutrophil activa-
tion and recruitment.


The synthetic methods used to obtain the title com-
pounds are reported in Scheme 1. Compound 1, ob-
tained from 2-hydrazino-1-phenylethanol with ethyl
ethoxymethylenecyanoacetate as previously reported,7


was treated with concentrated sulfuric acid at 0 �C to
give the 2-phenyl-2,3-dihydro-1H-imidazo[1,2-b]pyra-
zole-7-carboxylic acid ethyl ester (2).8 Compound 39


was prepared by hydrolysis in an alkaline medium of
compound 2. Since compound 2 reacts slightly with pri-
mary or secondary amines to give amido derivatives, we
prepared compounds 4a–h by reaction of compound 3 in
anhydrous dimethylformamide (DMF) with an excess of
the suitable amine in the presence of anhydrous triethyl-
amine and diphenylphosphorylazide (DPPA).10 Several
modes of reaction are available to DPPA, depending
upon the co-reactant and reaction conditions.11 In this
case, the Curtius rearrangement was not observed
because the coupling of the excess amine to the interme-
diate carboxy-diphenylphosphorazidate prevented for-
mation of the carboxy-azide.


The intermediate compounds 5 and 6 were prepared by
hydrolysis and subsequent decarboxylation of com-

pound 1, as previously reported.12 Treatment with con-
centrated sulfuric acid yielded the 2-phenyl-2,3-dihydro-
1H-imidazo[1,2-b]pyrazole (7).13 The same compound
can be obtained from compound 3 by decarboxylation
at high temperature.


Starting from 2-hydrazino-1-phenylethanol, we ob-
tained the intermediate 5-amino-1-(2-hydroxy-2-phenyl-
ethyl)-1H-pyrazole-4-carbonitrile (8) by condensation
with ethoxymethylenemalononitrile.14 Compound 8
was then hydrolysed in an alkaline ethanol/water solu-
tion to 5-amino-1-(2-hydroxy-2-phenylethyl)-1H-pyra-
zole-4-carboxamide (9),15 which was finally cyclized to
2-phenyl-2,3-dihydro-1H-imidazo[1,2-b]pyrazole-7-car-
boxamide (10) by the same procedure used for com-
pounds 2 and 7.16


The anti-inflammatory properties of compounds 2, 3,
4a–h, 7 and 10 were determined as their ability to inhibit
functions such as superoxide anion (O�2 ) production,
granule enzyme release and chemotaxis, in neutrophils
activated by fMLP-OMe (a synthetic derivative of
fMLP endowed with the same chemoattractant activity)
following the methods already reported17 and summa-
rised here.18a–d


The antagonist data (percentage activity) were obtained
by comparing nmoles of O�2 production, the percentage
of lysozyme released and the chemotactic index (% C.I.)
in the absence (100%) and in the presence of the com-
pounds tested. Due to their complete inactivity in super-
oxide anion production, as well as in lysozyme release,
we report here only the results of the influence of
increasing concentrations of these compounds on







Table 1. IC50 values of compounds 2, 3, 4a–h, 7, 10, CSA (positive


control) and DMSO (negative control) in fMLP-OMe-induced


chemotaxis


Compound IC50 (nM)


2 2400 ± 220


3 1.16 ± 0.10


7 29 ± 3


10 3.67 ± 0.42


4a 0.48 ±0.05


4b 7.52 ± 0.72


4c 9000 ± 850


4d 1.48± 0.15


4e 300 ± 32


4f 1.01 ± 0.09


4g 10,000 ± 1500


4h 27 ± 2


CSA 0.047 ± 0.006


DMSO >10,000
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chemotaxis. These effects are expressed as dose-depen-
dent curves (Fig. 2), induced by 10 nM fMLP-OMe,
and as antagonist concentrations inhibiting fMLP-
OMe-induced chemotaxis by 50% (IC50) (Table 1). Data
were compared with positive (cyclosporine A, CSA)19,20


and negative (DMSO, blank) controls. Functional
experiments (n = 6) were calculated by nonlinear regres-
sion analysis using the equation for a sigmoid concen-
tration response curve (Graph Pad Prism, San Diego,
CA, USA).


In addition, competition binding experiments were car-
ried out18e to establish the relative ability of the synthe-
sized compounds to compete for [3H]-fMLP binding,
following previously reported methods.21


The inhibitory binding constant, Ki, values were also
calculated from the IC50 values according to the Cheng
and Prusoff equation.22


All tested compounds were found to be ineffective as
antagonists in superoxide anion production, as well as
in granule enzyme release (data not shown).


However, the results of chemotaxis experiments were
extremely interesting. In fact, all compounds inhibited
fMLP-OMe-induced neutrophil chemotaxis in a
dose-dependent manner, as evidenced by the curves in
Figure 2.
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Figure 2. Effect of compounds 2, 3, 7, 10, CSA (positive control),


DMSO (negative control) and 4a–h on fMLP-OMe-activated neutro-


phil chemotaxis. Data are expressed as a percentage of the C.I.


(chemotactic index). Each value represents the mean of six separate


experiments carried out in duplicate. SEs are within 10% of the mean


value.

The most active compounds in this respect were found
to be 4a, 4f, 4d, 3 and 10, with IC50s of 0.48, 1.01,
1.48, 1.16 and 3.67 nM, respectively (Table 1). On the
other hand, compounds 4b, 4h and 7 were also shown
to be active, with IC50s ranging from 7.52 to 29 nM.
An order of potency of 4e (300 nM) > 2 > 4c > 4g
(10,000 nM) was found for the remaining compounds.


In binding studies, fMLP-OMe was found to be the
most potent compound (Ki = 42 ± 5 nM), but not all
of the compounds tested were efficacious in displacing
[3H]-fMLP from its specific binding sites (Table 2). This
is not surprising if we hypothesise that the formylpep-
tide receptor undergoes conformational changes depen-
dent on the type of cellular response that it must
evoke.23 In addition, it has long been known that the
transduction pathway underlying the chemotactic
response is different from those responsible for O�2 pro-
duction or lysozyme release.24,25 However, the existence
of at least three formylpeptide receptor subtypes has
been demonstrated in humans. It has also been reported
that some of these receptor subtypes show different
affinity values for fMLP26,27 so we can theorize that
the different antagonist activity exerted by the molecules
towards the various neutrophil responses could be the
consequence of their interaction with different states
and/or different subtypes of the FPR. There are many
compounds which are able to inhibit neutrophil
responses, and these act by impairing some of the differ-
ent steps in these transduction pathways.28 However, the
major limitation in their use as therapeutic agents for
the treatment of inflammation-related diseases is that
these molecules are not selective and may inhibit other
cellular responses at the same time. Nevertheless, the

Table 2. [3H]-fMLP competition binding experiments on human


neutrophils using the tested compounds 2, 3, 4a–h, 7 and 10. Data


are taken from a series of three independent experiments


Compound Ki (nM)


fMLP 42 ± 5


2, 3, 4a–h, 7, 10 >10,000


Non-specific binding was determined in the presence of 10 ll fMLP.
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development of receptor antagonists of neutrophil stim-
ulators, able to transiently inhibit cellular responses,
should improve knowledge about leukocyte chemoat-
tractant functions and could be of clinical relevance.
Additional studies are therefore planned to further
explore this topic.


Little information on SAR can be obtained owing to the
small number of compounds. At the moment it seems
reasonable to affirm that the presence of a tertiary amide
or carboxyethyl ester in position 7 results in less active
compounds (see compounds 4c, 4e and 2), with com-
pound 4d (piperidinyl-amide) as the exception. The
introduction in the amide group of a benzyl is detrimen-
tal (see compound 4g) but, if a piperazine is employed as
a spacer between the benzyl and carbonyl groups (see
compound 4h), only a slight reduction in activity is ob-
served. On the other hand, the steric hindrance of the
substituent in position 7 is not a decisive factor in deter-
mining the activity, as the most active compounds (4a
and 4f) show.


In conclusion, further investigation is required as many
structural modifications have been planned in order to
obtain more information for SAR studies.
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Abstract—A study on substitutions at the four open positions on the phenyl ring of the 1,4-dihydroindeno[1,2-c]pyrazoles as potent
CHK-1 inhibitors is described. Bis-substitution at both the 6- and 7-positions led to inhibitors with IC50 values below 0.3 nM. The
compound with the best overall activities (36) was able to potentiate the anti-proliferative effect of doxorubicin in HeLa cells by at
least 47-fold. Physicochemical, metabolic, and pharmacokinetic properties of selected inhibitors are also disclosed.
� 2007 Elsevier Ltd. All rights reserved.

The concept of sensitizing cancer to the effects of DNA-
damaging agents through inhibition of checkpoint
kinase 1 (CHK-1) has been well established.1 CHK-1
is activated via phosphorylation by its upstream kinases
ATR and/or ATM upon DNA damage, leading to phos-
phorylation and degradation of CDC25A. The down-
stream event is the inhibition of cyclin E/Cdk2 or
cyclin B/Cdc2 kinases, which ultimately causes cell cycle
arrest at S or G2/M phase.2 The effectiveness of the
DNA-damaging agents faces deterioration since the
p53-deficient cancer cells have a mechanism of repairing
themselves at the S or G2/M phases. Therefore, inhibi-
tion of CHK-1 to abrogate S and/or G2/M checkpoints
can drive cancer cells into premature mitosis and apop-
tosis. On the other hand, the DNA-damaging agents
have little impact on normal cells since they have the
ability to arrest through p53-mediated G1 checkpoint.3


Recently, we disclosed a new class of 1,4-dihydroinde-
no[1,2-c]pyrazole compounds as potent and selective
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CHK-1 inhibitors (Chart 1).4 Our early study was
focused on investigating the structural biology of this
class of molecules. We learned that key extra hydrogen
bondings between the phenolic alcohol (or correspond-
ing carboxylic acid) of the inhibitors to the polar region
of the kinase in the active site were needed for high
potency, in addition to the bidentate hydrogen bonding
between the pyrazole part of the molecules and the hinge
region of the kinase. However, the substitution on the
phenyl ring of the tricyclic pyrazole core was limited
at the 6-position with narrow variations. In this paper,
we explore the expanded substitution types and posi-
tions around the fused phenyl ring while keeping the
bi-aryl phenol at the 3-position. In addition, we disclose
the metabolic, physicochemical, and pharmacokinetic
(PK) profiles of selected potent inhibitors and our initial
attempt to optimize the PK properties.

NHN


X OH
6


3


Chart 1.
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Scheme 1 outlines how compounds 10–13, carrying an
acetylamino linker at the 6-position, were synthesized.
The pyrazole portion of the known compound 15 was
protected by SEM and the acetyl amino group was
introduced at the 6-position following a Buchwald pro-
tocol6 to give 2. Both the acetyl and the SEM groups
were removed with HCl. The aniline nitrogen was subse-
quently converted to the chloroacetamide. The resulting
compound 3 was iodonated at the 3-position using NIS
followed by nucleophilic substitution with various
amines to complete the side-chains at the 6-position.
The bi-aryl phenol was then installed via a Suzuki cou-
pling providing 10–13.


The synthesis of bis-substituted compounds 33–42 is
shown in Scheme 2. 6-Methoxy-1-indanone 28 was trea-
ted with NaH and ethyl formate followed by pyrazole
ring closure in the presence of hydrazine and acetic acid.
Compound 29 was lithiated and treated with DMF to
afford the aldehyde 30. Iodonation using NIS gave 31.
The formyl group at the 6-position was oxidized to the
carboxylic acid, which was in turn converted into an
amide using either HOBT/EDC or PyBOP coupling
conditions. The bi-aryl phenol unit was introduced in
the final step to complete the synthesis of 33–37. Mean-
while, reductive amination on the formyl group of 31
followed by Suzuki coupling afforded compounds
38–42.


The synthesis of 48 (Scheme 3) with a gem-dimethyl
group at the 4-position of the tricyclic core started with
43 prepared via a known protocol.7 The phenolic alco-
hol of 43 was protected with a SEM group followed
by pyrazole formation to provide 44. Protection of the
pyrazole nitrogen and selective removal of the SEM
on the phenol gave 45. The resulting hydroxyl group
was converted into an amide via a triflate intermediate

with good yield. The remaining transformations were
completed using well-developed chemistry resulting in
48. The yield for the final Suzuki coupling step was
much higher if the pyrazole nitrogen was protected.
The synthesis of compounds 49–52 (Scheme 4) was sim-
ilar to the procedures reported earlier.4


Our earlier work on 1,4-dihydroindeno[1,2-c]pyrazoles4


had limited substitution patterns on the phenyl ring of
the tricyclic core since all of the inhibitors carried
extended side-chains with either an aminomethyl or an
aminocarbonyl linker at the 6-position, exemplified by
6 or 7 (Table 1). As indicated in the same table, a smaller
substitution such as a hydroxyl or a hydroxymethyl
showed similar potency. Both 8 and 9 possessed IC50


values below 10 nM. However, the unsubstituted com-
pound (5) suffered a dramatic potency loss (IC50 =
1373 nM). Compounds having side-chains linked by an
acetylamino group (10–13) uniformly performed well
in the enzymatic assay. With an IC50 value at 0.74 nM,
inhibitor 13 was the most potent compound containing
a 6-position substitution.


We also investigated substitutions on the remaining
three open positions (5, 7, and 8) of the phenyl ring with
results displayed in Table 2. Within the CHK-1 binding
pocket,10 the substitution at the 5-position is sand-
wiched by protein walls with a narrow opening. The
small groups were well tolerated at the 5-position as







i ii, iii, iv


43


N
H
N


H
N


O
HO


O


OH


OH


O
+


O


OH


O
O


HO


N
H
N


O


SEMO


NN
O


HO


NN


H
N


O
HO


O
N


H
N


H
N


O
HO


O


I


v, vi vii, viii


ix, x


xi


44 45


46 47


48


SEM


SEM


4


Scheme 3. Reagents and conditions: (i) polyphosphoric acid, 40–


110 �C, 39%; (ii) SEMCl, DIEA, CH2Cl2, 93%; (iii) NaH, ethyl


formate, THF, 50 �C, 74%; (iv) NH2NH2 monohydrate, AcOH,


EtOH, 85 �C, 89%; (v) SEMCl, NaH, THF, 95%; (vi) HCl, MeOH,


50%; (vii) PhN(OTf)2, NaH, THF, 40 �C, 96%; (viii) CO,


PdCl2(dppf)ÆCH2Cl2, trans-4-aminocyclohexanol, THF, TEA,


245 psi, 120 �C, 77%; (ix) HCl, EtOH, 60 �C, 50%; (x) NIS, 1,4-


dioxnae, 90 �C, 34%; (xi) 4-biphenol pinacol borate, Pd(PPh3)2Cl2,


Na2CO3, EtOH/DME/H2O, microwave, 180 �C, 1000 s, 7%.


N
H
N


IH


O


N
H
N


OH


R2R1


49: R1=
H
N


O
N


R2=F, 50: R1=
H
N


O
N


R2=CN,


51: R R1= 2=F, 52: R1= R2=CN,N
N


ref. 4


N
N


Scheme 4.


Table 1. Substitutions at 6-position: extended study


X


NHN


OH6


Compound X CHK-1 IC50
a (nM)


5 H 1373


6 N N 24


7
N H


N


O
9.3


88 OH 4.4


98 CH2OH 7.7


10
N


N
H


NH


O
6.4


11 N
H


NH


O


HO
1.2


12 N
H


NH


O
2.1


13 N
H


NH
O


HO
0.74


a Compound concentration needed to cause 50% inhibition of Cdc25C


phosphorylation in the presence of recombinant CHK-1 protein


(ATP concentration is 5 lM).9
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14 and 15 possessed IC50 values between 5 and 8 nM.
However, the potency deteriorated upon increasing the
size of the substitution. As such, compound 16 suffered
a greater than 20-fold drop in its activity, while 17 and
18 with long and bulky side-chains completely lost
potency. Substitutions at the 7-position are outside of
the binding cavity and extended into the solvent similar
to those at the 6-position. Consequently, groups with
variable size and length all resulted in potent inhibitors
(19–26) with IC50 values ranging from 2 to 34 nM. The
8-position is very close to the protein backbone in the
active site and was not considered to be an ideal site
for the SAR study. Compound 27 with a hydroxy group
in that position was a much weaker inhibitor with an
IC50 value of 671 nM as anticipated.

Interestingly, substitutions at both the 6- and 7-posi-
tions appeared to have some additive effect. As shown
in Table 3, a methoxy group at the 7-position coupled
with a solubilizing group at the 6-position led to com-
pounds with IC50 values mostly less than 1 nM (33–
42). For the most potent compounds, 33, 36, and 40,
the IC50 values were in the range of 0.2–0.3 nM, which
represents at least a 10-fold improvement over most of
the mono-substituted inhibitors. While both 6- and 7-
positions are solvent exposed, the 7-position is closer
to the protein. The 7-OMe group can bind to the enzyme
by making van der Waals contact within a small hydro-
phobic pocket formed by the side-chain of Tyr86 and
the methylene of Gly90. We speculate that the presence
of the 6-substitution may limit the 7-OMe group to be
conformationally organized into the requisite binding
orientation and resulted in inhibitors with superior
potency.


Potent inhibitors in the enzymatic assay were further
evaluated in a functional and a mechanism-based cellu-
lar assay.11 The functional assay was a cell proliferation
assay (MTS assay) in HeLa cells. In this assay, the anti-
proliferation effect was measured in the form of EC50


values for a CHK-1 inhibitor as a single agent and also







Table 2. Substitutions at 5-, 7-, or 8-positiona


NHN


OH
X


5


7


8


Compound X position X CHK-1 IC50 (nM)


14 5 Acetylamino 5.5


15 5 CH2OH 7.8


16 5 2,2-Dimethyl-propylamino-methyl 209


17 5 (trans-4-Hydroxy-cyclohexylamino)-carbonyl >10,000


18 5 (Phenyl-methylamino)-carbonyl >10,000


19 7 CH2OH 4.4


20 7 2,2-Dimethyl-propylamino-methyl 34


21 7 2-Hydroxy-ethylamino-methyl 12


22 7 (2-N,N-Dimethylamino-ethyl)amino-methyl 5.2


23 7 (2-Pyrrolidin-1-yl-ethylamino)-methyl 7.1


24 7 (2-Hydroxy-ethylamino)-carbonyl 5.0


25 7 Methylamino-carbonyl 2.3


26 7 Morpholin-4-yl-carbonyl 91


27 8 OH 671


a The compounds were synthesized in the same fashion as those with substitutions at the 6-position.


Table 3. Bis-substitutions at 6- and 7-positions


NHN


X OH


MeO


Compound X CHK-1 IC50 (nM)


33 (4-Hydroxy-piperidin-1-yl)-carbonyl 0.24


34 (4-Methyl-piperazin-1-yl)-carbonyl 2.3


35 (2-Pyrrolidin-1-yl-ethylamino)-carbonyl 0.83


36 (trans-4-Hydroxy-cyclohexylamino)-carbonyl 0.24


37 Morpholin-4-yl-carbonyl 0.55


38 2-Hydroxy-ethylamino-methyl 0.43


39 (4-Methyl-piperazin-1-yl)-methyl 0.51


40 (2-Pyrrolidin-1-yl-ethylamino)-methyl 0.21


41 (trans-4-Hydroxy-cyclohexylamino)-methyl 0.56


42 (4-Hydroxy-piperidin-1-yl)-methyl 1.1
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for an inhibitor in the presence of doxorubicin
(150 nM), a DNA-damaging agent. For the combina-
tion study, the base line of the regression for EC50 calcu-
lation was adjusted to the inhibition level determined for
150 nM doxrubicin alone, a concentration known to
cause G2/M arrest in HeLa cells. The ratio of the two
corresponding EC50s (combo/single) represents a rela-
tive potentiation scale of a CHK-1 inhibitor to sensitize
doxorubicin. The mechanism for the anti-proliferative
function of the inhibitors was examined by a cell cycle
analysis (FACS assay) in H1299 cells. The EC50 values
were measured for an inhibitor alone and also for an
inhibitor in combination with doxorubicin. The latter
value indicates how effectively an inhibitor can reduce
the doxorubicin-induced G2/M cell population. The cel-
lular activity profiles for a group of potent CHK-1
inhibitors are summarized in Table 4 where compounds
such as 7 and 36 represent the desirable profiles. These
examples had no single agent activity (i.e., not cytotoxic)
in either assay (EC50 > 22 lM in MTS, EC50 > 10 lM in

FACS). In combination with doxorubicin, however,
they were able to potentiate the anti-proliferative effect
of doxorubicin in the MTS assay by a large margin
(92-fold for 7 and at least 47-fold for 36). Meantime,
the results from the FACS assay confirmed that the ob-
served potentiation effect was through abrogating G2/M
cell arrest with combo-EC50 values at 1.3 and 0.61 lM
for 7 and 36, respectively. Some compounds (9, 15,
and 19) showed very weak anti-proliferative potentials,
while others (6, 12, 23, 33, 40, and 41) displayed desir-
able doxorubicin sensitization but appeared to exhibit
single agent cyto-toxicity (EC50 value between 0.62
and 2.8 lM in the MTS assay), an indication of certain
off-target activities. The clinical implications of single
agent activity remain unknown at this stage. It is
noteworthy to mention that a lack of good correlation
between the intrinsic enzymatic potency and the func-
tional cellular potency was observed. In the literature,12


some CHK-1 inhibitors have shown diminished cellular
activities due to their poor kinase selectivity profile. This







Table 4. Cellular activity of selected CHK-1 inhibitors


Compound MTS assay EC50


(lM)


FACS assay EC50


(lM)


Single With Doxa Single With Dox


6 1.7 1.2 >10 >10


7 23 0.25 >10 1.3


9 >59 28 NTb NT


11 >59 3.6 >10 5.4


12 1.7 0.56 >10 1.6


13 >59 3.3 >10 2.0


15 >59 >5.9 NT NT


19 >59 8.0 >10 5.5


22 >59 2.5 >10 >10


23 2.8 1.4 NT NT


33 1.4 0.73 5.2 0.89


36 >59c 0.89 >10 0.61


40 0.91 0.19 5.1 1.8


41 0.62 0.27 3.1 1.0


48d 8.6 >5.9 >10 2.6


a Doxorubicin.
b Not tested.
c Second test result is 38.
d IC50 = 18 nM.


Table 6. Metabolic stability and permeability profile of 7


Rat liver microsomal stabilitya Caco-2b


T1/2 (min) Kelimination


(1/min)


% Remaining


(30 min)


Papp (1 · 10�6 cm/s)


(A to B)


25 ± 8 0.0294 ± 0.0100 40 ± 11 13.26 ± 1.36


a 1 lM compound concentration, 0.1 mg/mL protein concentration.
b 1 lM compound concentration.
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class of CHK-1 inhibitors, however, is generally selec-
tive against other Ser/Thr kinases as reported earlier.4


Low cellular activities of compounds with high inhibi-
tory potency may reflect their improper physicochemical
properties.


Based on the above assay profiles, compounds 6, 7, and
36 were selected for PK evaluation in mice. As shown in
Table 5, both mono-substituted compounds, 6 and 7,
had high plasma clearance (CL), moderate-to-large vol-
umes of distribution (Vd), and short half-lives. Both
compounds exhibited moderate plasma exposure when
dosed intraperitoneally with AUC values being
2.7 lg h/mL for 6 and 4.4 lg h/mL for 7. However, the
oral bioavailability was poor for both. The bis-substi-
tuted compound 36 showed even higher clearance and
volume of distribution while its oral bioavailability
was reduced to an undetectable level. Noticeably, all
three compounds are highly lipophilic with c logP
(ACD) values ranging from 4.8 to 6.0.


In an attempt to further evaluate other factors poten-
tially associated with PK of these molecules, we investi-

Table 5. Pharmacokinetic profiles


Compound CHK-1


IC50 (nM)


Mouse iva


CL


(L/h kg)


Vd


(L/kg)


T1/2


(h)


AUC


(lg h


7 9.3 5.4 4.7 0.60 1.2


49 27 3.6 2.4 0.46 1.7


50 9091 — — — —


6 24 4.7 3.4 0.50 1.5


51 28 11 9.2 0.60 0.69


52 >10,000 — — — —


36 0.24 11 6.0 0.39 0.57


a Intravenous dosing, 3.0 mg/kg.
b Intraperitoneal dosing, 10 mg/kg.
c Oral dosing, 10 mg/kg.

gated the solubility, permeability, and metabolism
properties of selected compounds. The solubilizing
side-chains of 6 and 7 had only marginal impact on
aqueous solubility at neutral pH. Both compounds pos-
sessed solubility less than 0.03 lg/mL. Although the
inadequate water solubility may not be the only reason
for the poor oral bioavailability, we made an effort to
improve solubility via disrupting the planarity of the tri-
cyclic pyrazole core by preparing the C4 gem-dimethy-
lated compound 48 (Scheme 3). It was observed that
this change of geometry did bring a 10-fold boost in
aqueous solubility after a direct comparison between
the two compounds having similar side-chains as 36/48
(data not shown). Unfortunately, the addition of the
gem-dimethyl moiety resulted in less enzymatic activity
of the inhibitor (IC50 = 0.24 nM for 36, 18 nM for 48),
but more importantly, also diminished the cellular
anti-proliferative activity of the compound (combo-
EC50 in MTS assay more than 5.9 lM as compared to
0.89 lM for 36, Table 4).


The in vitro whole-cell permeability of 7 was assessed
via a Caco-2 assay. The apparent permeability (apical
to basal) is 13.3 · 10�6 cm/s (Table 6), suggesting that
the molecule should have moderate absorption.13 In
the presence of rat liver microsomes, compound 7
showed a half-life of 25 min (Table 6). Major routes of
hepatic metabolism included oxidation of the tricyclic/
biphenyl rings (data not shown). As reported earlier,14


the metabolic stability of compounds containing phenol
can be enhanced by installing electron-withdrawing
groups next to the phenolic hydroxyl group to reduce
glucuronidation (phase II metabolism). In addition, this
strategy also has the potential to reduce the oxidative
metabolism (phase I metabolism) on the aromatic rings
due to reduced electron density. To this end, compounds

Mouse ipb Mouse poc


/mL)


Cmax


(lM)


AUC


(lg h/mL)


Cmax


(lM)


AUC


(lg h/mL)


F


(%)


2.0 4.4 0.25 0.16 4


2.8 3.8 <0.05 0 0


— — — — —


1.1 2.7 0.09 0.45 9


1.3 1.6 0.08 0.13 6


— — — — —


1.5 4.2 <0.1 0 0
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with fluoro and cyano groups ortho to the phenolic
hydroxyl group were prepared (49–52, Scheme 4). The
data in Table 5 revealed that, compared to the parent
molecules (7 and 6), compounds with the fluoro substi-
tution (49 and 51) maintained the enzymatic inhibition
level but the overall PK parameters were generally the
same, if not worse. The cyano group, however, was
not tolerated in the binding pocket since the resulting
compounds (50 and 52) lost their inhibitory activity. It
is speculated that the combination of poor aqueous sol-
ubility and high lipophilicity of the molecules has led to
the poor PK profiles. The high lipophilicity may have
additionally contributed to the high clearance rate.


In summary, we have systematically studied the substi-
tution patterns on the phenyl ring of the tricyclic core.
The substitutions at the 6- or 7-position were more tol-
erated than positions 5 and 8. The 5-position could only
accommodate smaller groups, while even minor substi-
tution at the 8-position led to significant potency loss.
Bis-substitution at both the 6- and 7-positions generally
led to compounds with higher enzymatic potency (IC50


value mostly below 1 nM), while the most potent com-
pounds (33, 36, and 40) exhibited IC50 values between
0.2 and 0.3 nM. The best compound, 36, was able to
potentiate the anti-proliferative effect of doxorubicin in
the MTS assay by at least 47-fold. Its mechanism of ac-
tion was through the abrogation of the cell cycle arrest
at the G2/M phase based on the FACS analysis. PK
studies in mice revealed that this class of CHK-1 inhib-
itors had high clearance, moderate bioavailability when
dosed intraperitoneally, but poor oral bioavailability.
Attempts have been made to analyze the causes for the
inadequate PK profiles and specific compounds were
synthesized accordingly. While the strategy to improve
solubility via disruption of planarity was successful,
weaker cellular potency prevented advancement of these
analogs. Substituting electron-withdrawing groups such
as fluoro next to the phenolic hydroxyl group to poten-
tially alleviate metabolism did not help to improve the
PK. It is likely that the combination of low aqueous sol-
ubility and high lipophilicity was the primary culprit for
the deficient oral bioavailability. In order to address
these issues, our future work will call for more dramatic
changes to the structure of the molecules including iden-
tifying new moieties to replace the lipophilic bi-aryl phe-
nol, while maintaining hydrogen bond interactions with
the polar region of the kinase active site necessary for
the high potency.
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Abstract—Cyclohexadepsipeptides (CHDPs) with cyclohexylmethyl side chains represent novel enniatins with in vivo activity
against the parasitic nematode Haemonchus contortus Rudolphi in sheep. It was found that the replacement of benzylic by cyclo-
hexylmethyl side chains on the enniatin skeleton can increase anthelmintic efficacy. Here we report on a simple total synthesis of
the precursors for this type of CHDPs and an efficient chemical transformation of the benzylic into the corresponding cyclohexyl-
methyl side chains.
� 2007 Elsevier Ltd. All rights reserved.
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Helminths, especially parasitic nematodes, cause signifi-
cant problems for the health and well being of animals
and humans. Gastrointestinal nematodes like Haemon-
chus contortus Rudolphi occur worldwide and parasitize
the abomasus of domestic animals such as cattle and
sheep.1 Currently, four distinct anthelmintic classes are
used for broad spectrum control of parasitic nematodes
in veterinary medicine:2 (a) benzimidazole derivatives,
(b) levamisole, (c) pyrantel and (d) macrocyclic lac-
tones.3 However, the emerging resistance of parasites to-
wards these traditional anthelmintics is becoming a
serious problem.3a Therefore, the search for novel
anthelmintic drugs is of increasing importance.4


In recent years,5 the 24-membered cyclooctadepsipep-
tides (CODPs) represent the most promising substance
class among the newly described anthelmintics. The
chemical variation of the potent anthelmintic PF1022A
16 led to the semi-synthetic derivative emodepside 2
(Bay 44-4400)7, which has been commercialized as Pro-
fender spot-on� for cats in combination with praziquan-
tel8 (Fig. 1).


In studying the anthelmintic efficacy of the structurally
closely related 18-membered cyclohexadepsipeptides
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(CHDPs), the so-called enniatins, we became interested
in the synthesis of semi-synthetic CHDPs with regard
to their efficacy against H. contortus in sheep.9


Some years ago we found, that the replacement of one
N-methyl-(S)-isoleucine in 5-position (MeIle5) of the
in vitro active naturally occurring enniatin A 5
by N-methyl-(S)-phenylalanine (MePhe5), as a struc-
tural unit of the in vivo active, naturally occurring

1 R1, R2 = Bn  
2 R1, R2 = 4-N-Mor-benzyl   
3 R1 = Chm,  R2 = Bn    
4 R1, R2 = Chm                    


(PF1022A)
(Emodepside)
(PF1022AHH)
(PF1022ADH)


Figure 1. Structure of the cyclooctadepsipeptides (1–4).
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4MeXaa 5


(R)-Lac
6


1


3


5


10     R1,3,5 = iBu, R4 = Bn 
11    R1,3,5 = iBu, R4 = Chm 
12     R1,3 = Me, R5 = sBu, R4 = Bn


  13     R1,3 = Me, R5 = sBu, R4 = Chm


Hycar (R)- 4Hycar


Figure 2. Structures of the enniatines (5–13).


Table 1. In vivo anthelmintic activities against H. contortus in sheep, ratio of conformers and lipophilicities of the CHDPs with cyclohexylmethyl side


chain 7, 9 and 11 in comparison with the known CHDP analogues 6, 8 and 10.


CHDP No. MeXaa5 versus (R)-HyCar4 Ratio of conformersa Lipophilicity logPb Anthelmintic activity against H. contortus


6 MePhe5 e 5.46 5.00c/3d


7 MeCha5 24:1 6.30 0.50/2


8 MePhe5 19:1 4.28 0.25/1


9 MeCha5 24:1 4.91 0.25/3


10 (R)-PhLac4 9:1 4.63 5.00/0


11 (R)-ChxLac4 9:1 5.57 0.25/2


a NMR spectra were recorded in CDCl3.
b logP-value from HPLC (pH 2.3).
c Dose in mg test substance kg�1 body weight.
d 0 = 650% egg reduction; 1 = 50–75% egg reduction; 2 = 75–95% egg reduction; 3 = P95% egg reduction.
e Not determined.
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beauvericin10, to give 6 significantly improved the
anthelmintic activity (Fig. 2 and Table 1).


In order to better understand the effect of the benzyl
substituents within the CHDPs with regard to their
anthelmintic activities, we then focussed our attention
on the replacement of this aromatic structural element
by its more lipophilic cyclohexylmethyl (Chm) analogue.
Such modification may alter the physicochemical behav-
iour of a molecule and ultimately its biological profile.
For example, the replacement of one or two (R)-phenyl-
lactic acid fragments (R-PhLac; R1 and/or R2 = Bn) in
PF1022A 1 by (R)-ChxLac (R1 and/or R2 = Chm) leads
to a drastic decrease of anthelmintic activity. Both the
hexahydro- and dodecahydro derivative PF1022AHH
3 (R1 = H, R2 = Chm) and PF1022ADH 4 (R1,
R2 = Chm) are up to 10-fold less active than 1 (Fig. 1).11


Particular cycloalkyl-substituted enniatins have been
claimed as antiprotozoal drugs.12 In this paper, we pres-
ent a simple total synthesis of MePhe- and (R)-PhLac-
containing CHDPs and the efficient PtO2-catalyzed
hydrogenation of the benzylic side chain yielding the cor-
responding MeCha as well as (R)-ChxLac substitution.

The method for preparing the parent CHDPs (6, 8, 10
and 12) involved formation of the depsipeptide hexa-
mers (22, 23, 26 and 27)13 from three dimeric fragments
by a [2 + 4]-fragment condensation reaction, for exam-
ple, by using the N-terminal protected didepsipeptides
(14, 15) and the O-terminal protected tetradepsipeptide
fragments (16, 17) in a convergent strategy as described
by Jeschke et al.14 Several other methods are known for
the synthesis of CHDPs.15


The macrocyclization was accomplished by two different
strategies in highly dilute solution, namely by (a) cycliza-
tion of the N-terminal protected linear hexadepsipeptide
pentafluorophenyl (Pfp) ester (22, PG = Bn; 23, PG = Z)
in 17–63% yield (Scheme 1)16,17 and (b) by ring closure
of the N- and O-terminal deprotected hexadepsipeptides
(26, 27) affording the CHDPs 618, 819, 1020,21 and 1222 as
shown in Scheme 2.


The latter methodology, in which the phosphonium cou-
pling reagent bis(2-oxo-3-oxazolidinyl)-phosphonic
chloride (BOP-Cl) and N,N-diisopropylethylamine
(DIEA) were used, was a helpful simplification and per-
mitted preparation of enniatins on larger scales.







PG-MeXaa1-(R)-HyCar2-OH (14, 15) + H-MeXaa3- (R)-HyCar4-MeXaa5-(R)-HyCar6-O-tBu (16, 17)


BOP-Cl, DCM, r. t., [24 h]


PG-MeXaa1-(R)-HyCar2-MeXaa3- (R)-HyCar4-MeXaa5-(R)-HyCar6-O-tBu (18, 19)


gas HCl, 0 ˚C - r. t., [16 h]


PG-MeXaa1-(R)-HyCar2-MeXaa3- (R)-HyCar4-MeXaa5-(R)-HyCar6-OH (20, 21)


Pfp-OH, DCC, 0-20 ˚C, [4 h]


PG-MeXaa1-(R)-HyCar2-MeXaa3- (R)-HyCar4-MeXaa5-(R)-HyCar6-O-Pfp (22, 23)


H , 10% Pd-C, 4-PyrPy (cat.),
dioxan-EtOH, 95 ˚C, [6-10 h]


2


Cyclo(MeXaa1-(R)-HyCar2-MeXaa3- (R)-HyCar4-MeXaa5-(R)-HyCar6) (6, 10)


6, 14, 16, 18, 20, 22 MeXaa1,3 = MeIle1,3; MeXaa5 = MePhe5; (R)-HyCar2,4,6 = (R)-HyIv2,4,6


10, 15, 17, 19, 21, 23 MeXaa1,3,5 = MeLeu1,3,5; (R)-HyCar2,6 = (R)-Lac2,6; (R)-HyCar4 = (R)-ChxLac4


tBu = tert-butyl (16-19); Pfp = pentafluorophenyl; PG = benzyl (14, 18, 20, 22);
PG = benzyloxycarbonyl (15, 19, 21, 23).


Scheme 1. Synthesis of the CHDPs 6 and 10 by macrocyclization of the N-terminal protected hexadepsipeptide pentafluorophenyl esters 22 and 23.


Bn-MeXaa1-(R)-HyCar2-MeXaa3-(R)-HyCar4-MeXaa5-(R)-HyCar6-O-tBu (24, 25)


gas HCl, 0 ˚C - r. t., [16 h]


H-MeXaa1-(R)-HyCar2-MeXaa3-(R)-HyCar4-MeXaa5-(R)-HyCar6-OH (26, 27)


BOP-Cl, DCM, r. t., [24 h]


Cyclo(MeXaa1-(R)-HyCar2-MeXaa3-(R)-HyCar4-MeXaa5-(R)-HyCar6-) (8, 12)


8, 24, 26 MeXaa1,3 = MeIle1,3; MeXaa5 = MePhe5; (R)-HyCar2,4,6 = (R)-Lac2,4,6


12, 25, 27 MeXaa1 = MeIle1; MeXaa3,5 = MeAla3,5; (R)-HyCar2 = (R)-PhLac2, (R)-HyCar4,6 = (R)-Lac4,6


Scheme 2. Synthesis of the CHDPs 8 and 12 by macrocyclization of the N- and O-terminal deprotected hexadepsipeptides 26 and 27.
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Subsequent hydrogenation of the CHDPs 6, 8, 10 and 12
over PtO2 catalyst in the presence of acetic acid/water
(1.4:1.0) at 50 �C under pressure (hydrogen 4–5 bar,
18 h, autoclave reaction) resulted in enniatins 7, 9, 11
and 13 without racemization, that contain a Chm side
chain and were easily purified via preparative HPLC
(Scheme 3).23


An efficient hydrogenation was observed when using
around 1/6 amount of PtO2 catalyst.


The structural assignments of the novel CHDPs (7, 9, 11
and 13) were based on the fragmentation pattern of
molecular ion peaks [M]+ in the EI mass spectra (addi-
tional molecular weight m/z = 6).


The fragmentation path in EI mass spectra exhibits the
expected ring opening at ester and/or amide bonds.24

In the 13C NMR spectra all fragments could be assigned
(absence of aromatic carbon signals).


Sheep (Ovis aries L, Merino or Schwarzkopf breed, 25–
35 kg body weight) were infected experimentally with
5000 H. contortus Rudolphi L3 larvae and treated with
the test substance after the end of the prepatency period
of the parasite. The test compounds were administered
orally in gelatine capsules. Anthelmintic effects of the
test substances were measured as a function of the
reduction in faecal egg counts. For the purpose of
counting eggs, freshly obtained faeces from experimen-
tally infested animals were prepared using the McMaster
method as modified by Wetzel.25 The egg counts were
determined at regular intervals before and after treat-
ment. The anthelmintic evaluation was expressed as a
function of the egg reduction as follows: 3 P 95%,
2 = 75–95%, 1 = 50–75% and 0 = 650% egg reduction.
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Scheme 3. Synthesis of the CHDPs with cyclohexylmethyl side chain (7, 9, 11 and 13) by N-methyl-(S)-phenylalanine or (R)-phenyllactic acid


modification in 6, 8 and 10, 11.
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The CHDPs 7 and 9 exhibited a 24:1 mixture of con-
formers in CDCl3 because of the Chm side chain. On
the other hand the CHDP 11 showed a 9:1 mixture of
conformers in CDCl3 as outlined in Table 1. The ratio
of conformers of all Chm-substituted enniatins is similar
to their parent compounds (6, 8, 10 and 12).


Further spectroscopic analysis of the most active CHDP
9 using a combination of 2D NMR (1H–1H NOESY,
1H–1H COSY, 1H–13C HMBC, 1H–13C HMQC) tech-
niques showed in CDCl3 solution one major conformer
with an unsymmetrically folded conformation lacking a
cis-amide bond, which corresponds to that of anthelmin-
tically active enniatins.14


The CHDPs 7, 9 and 11 tested in vivo were found to be
active against the gastrointestinal nematode H. contortus
in sheep at 0.2–0.5 mg/kg as outlined in Table 1.


In comparison to the parent CHDPs (6, 8, 10 and 12),
all Chm-substituted enniatins show a strong shift of
the octanol–water partition coefficients (log P values)26


(cf. 0.63–0.94, Table 1). The CHDP 7 (log P = 6.30) with
MeCha in 5-position showed 10-fold greater activity
against H. contortus than compound 6. In addition,
the MeCha derivative 9 (log P = 4.28) displayed higher
activity at 0.2 mg/kg b.w. against this parasitic nema-
tode compared to its MePhe counterpart 8. On the other
hand, the CHDP 11 (log P = 5.57) with (R)-configurated
ChxLac in 5-position displayed more than 20-fold high-
er activity against H. contortus than compound 10
(log P = 4.63). This fact is surprising because the
replacement of one (R)-PhLac fragment in CODPs such
as PF1022A 1 by (R)-ChxLac leads to a drastic decrease
of the anthelmintic activity.


The reason for this effect seems to be not only a change
in lipophilicity but also in steric parameters.


In conclusion, this paper describes the efficient synthesis
of novel Chm side-chain containing CHDPs 7, 9, 11 and
13, exhibiting in vivo anthelmintic activities against the
gastrointestinal nematode H. contortus in sheep. It was
found that the replacement of benzylic side chains
(MePhe vs (R)-PhLac) by their more lipophilic hydroge-
nated analogues (MeCha vs (R)-ChxLac) leads to higher
efficacy. Furthermore, the results demonstrate that Me-
Cha in 5-position of the CHDP 9 can stabilize the major

conformer with an unsymmetrically folded conforma-
tion lacking a cis-amide bond. In contrast to 24-mem-
bered CODPs, for example, the hexahydro derivative
PF1022AHH 3, hydrogenation of the (R)-PhLac frag-
ment in 18-membered CHDPs can improve the anthel-
mintic activity as demonstrated for 11, respectively.
This result may be of importance for the design of fur-
ther anthelmintically active CODPs.
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Abstract—A series of new (R)-1-(2-diarylmethylthio/sulfinyl) ethyl-piperidine-3-carboxylic acid hydrochlorides 5a–d/6a–d and (R)-1-
(3-diarylmethylthio) propyl-piperidine-3-carboxylic acid hydrochlorides 5 0a–d were synthesized and evaluated as c-aminobutyric
acid uptake inhibitors through cultured cell lines expressing mouse GAT1. Biological screening results demonstrated that the com-
pounds 6a–d with diarylmethylsulfinyl ethyl side chain show more potent GAT-1 inhibitory activities than 5a–d/5 0a–d with diaryl-
methylthio ethyl/propyl moieties. Some of them, such as 6a, exhibited excellent inhibitions of [3H]-GABA uptake in cultured cells,
which is 496-fold higher than (R)-nipecotic acid and 11.5 times less than tiagabine. The synthesis and structure–activity relationships
are discussed.
� 2007 Elsevier Ltd. All rights reserved.

c-Aminobutyric acid (GABA) is referred to the major
inhibitory neurotransmitter in the central nervous sys-
tem (CNS). Dysfunctioning of GABAergic synapses
resulting in a decrease of GABAergic transmission
causes the diseases such as epilepsy, Parkinson’s disease,
Huntington’s chorea, and some forms of schizophrenia.
Therefore, enhancement of GABA transmission by inhi-
bition of GABA uptake has drawn attention as a thera-
peutic strategy, and GABA transporters (GATs) are
regarded as the main functional components of regulat-
ing GABA transmission in the CNS.1–3 So far, four dif-
ferent subtypes of GABA transporters (GAT1–GAT4)
have been cloned. GAT1 is deemed to be the predomi-
nant neuronal transmitter transporter in the rodent
brain in the study of pharmacologic criteria and immu-
nohistochemical localization.4,5 GABA uptake inhibi-
tors have been proved effective as anticonvulsants in a
variety of experimental models of epilepsy or in epileptic
patients.

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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Several cyclic amino acids and their derivatives are re-
garded as effective inhibitors of GAT1, such as (R)-nipe-
cotic acid (1), guvacine (2), and (R)-tiagabine6,7 (3)
(Fig. 1). (R)-Tiagabine has been employed as an antiep-
ileptic drug in clinic.8,9


A new model of ligand interaction at GAT1 uptake site
was brought forward by Andersen et al. in 1999. This
new model postulated interaction of an electronegative
region in the GABA uptake inhibitor with a positively
charged domain in the protein structure of the GAT-1
site. Further work indicated that this electronegative
moiety is part of the linker in GABA uptake inhibi-
tors.10 The increasing electronegative character of the
linker can increase inhibitory activities of GABA uptake
inhibitors in vitro.11 For example, diarylvinyl functions
of (R)-tiagabine can be regarded as the electronegative
region of GABA uptake inhibitors. A series of N-(benz-
hydrol ethyl) of nipecotic acid analogues were ex-
plored12 and found that several compounds exhibited
potent inhibitory activities for GABA uptake in vitro.
The benzhydrol ethyl-containing side chains also can
be deemed to be the electronegative area. According to
this new model and to our study on GABA uptake
inhibitors,13 a series of new (R)-1-(2-diarylmethylthio/
sulfinyl)ethyl-piperidine-3-carboxylic acid hydrochlo-
rides 5a–d/6a–d and (R)-1-(3-diarylmethylthio/
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Figure 1. Structure of typical GABA uptake inhibition.
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sulfinyl)propyl-piperidine-3-carboxylic acid hydrochlo-
rides 5 0a–d were designed and synthesized by our team
(Fig. 2). Diarylmethylthio moieties of 5a–d/5 0a–d could
be deemed to replace diarylvinyl functions of tiagabine
as the electronegative region of GABA uptake inhibitor.
In order to increase electronegative character, 6a–d were
synthesized by using diarylmethylsulfinyl groups instead
of diarylmethylthio moieties of 5a–d. The racemic com-
pound of structure 5a had been tested for GABA uptake
inhibition in rat hippocampus slices.12,14


The synthetic routes of the target compounds 5a–d/6a–d
and 5 0a–d are shown in Figure 2. According to general
procedure, the starting material 1a–d was obtained eas-

Figure 2. Reagents and conditions: (a) HSCH2CH2OH or HSCH2CH2CH2O


0 �C, rt; (c) (R)-3-ethyl-piperidinecarboxylate, Kl, K2CO3, acetone, rt; (d) 12

ily by treatment of the substituted aryl aldehyde with the
substituted aryl bromide through Grignard reaction.
The key intermediates 2a–d were thereby synthesized
by S-alkylation method by treatment of various benzhy-
drol derivatives 1a–d with 2-mercaptoethanol in the
presence of trifluoroacetic acid.15 However, under this
condition, no other than the corresponding trifluoroace-
tic ester of 2a–d could be obtained. As a result, the com-
pounds 2a–d could be prepared by reacting the above
obtained ester with K2CO3 and a little water at room
temperature in good yields. 2 0a–d were also prepared
by treatment of 1a–d with 3-mercaptopropanol in
TFA and then with K2CO3 and a little water. Then,
2a–d or 2 0a–d were converted into the corresponding

H, TFA, 0 �C, rt; K2CO3, H2O; (b) Ph3P, CBr4, imidazole, CH2Cl2,


N NaOH, 4 N HCl, EtOH, rt; (e) 30% H2O2, CH3OH, rt.
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diarylmethyl-(2-bromoethyl)sulfane 3a–d or diarylmeth-
yl-(3-bromopropyl)sulfane 3 0a–d via halogenation reac-
tion. First, this conversion was conducted by
treatment of 2a–d or 2 0a–d with hydrogen bromide or
phosphorus tribromide, resulting in poor yields due to
side-products. Subsequently, 3a–d or 3 0a–d could be pre-
pared by treatment of 2a–d or 2 0a–d with triphenylphos-
phine and carbon tetrabromide. However, it was hard to
separate the products 3a–d or 3 0a–d with the residual tri-
phenylphosphine owing to the similar polarity. By over-
coming this problem, the obtained crude products 3a–d
or 3 0a–d were directly used in the next step without
separation. Treatment of the crude 3a–d or 3 0a–d with
(R)-3-ethyl-piperidinecarboxylate gave (R)-ethyl-1-(2-
diarylmethyl-thio)ethyl-piperidine-3-carboxylate 4a–d
or (R)-ethyl-1-(3-diarylmethylthio)propyl-piperidine-3-
carboxylate 4 0a–d in good yield. Whereafter, upon
saponification, acidification of 4a–d or 4 0a–d yielded
the target compounds (R)-1-(2-diarylmethylthio)ethyl-
piperidine-3-carboxylic acid hydrochlorides 5a–d or
(R)-1-(3-diarylmethylthio)propyl-piperidine-3-carboxylic
acid hydrochlorides 5 0a–d. Finally, 5a–d were oxidized
tenderly with 30% H2O2 to provide other target com-
pounds (R)-1-(2-diarylmethylsulfinyl)ethyl-piperidine-3-
carboxylic acid hydrochlorides 6a–d. The overall yields
of 5a–d by using this method were from 36% to 56%
and the yields of 5 0a–d were in the range of 44–56%.
The overall yields of 6a, 6b, 6c, and 6d are 29%, 38%,
40%, and 38%, respectively. The yields, melting points,
and ½a�25


D of compounds 4a–d, 4 0a–d, 5a–d, 5 0a–d, and
6a–d are listed in Table 1. General procedures for the
preparation of the target compounds 6a–d could be
found in note.16 The spectral data for compounds 4a–
d, 4 0a–d, 5a–d, 5 0a–d and 6a–d could also be seen in

Table 1. The yields, melting point, ½a�25
D , and IC50 of compounds 4a–d,


4 0a–d, 5a–d, 5 0a–d, and 6a–d


Entry Compound Yield


(%)


Mp


(�C)


½a�25
D IC50


(lM)


1 4a 55a Oil �19.9 (c 1.00)b —


2 4b 68a Oil �16.0 (c 1.20)b —


3 4c 81a Oil �14.8 (c 0.45)b —


4 4d 85a Oil �18.6 (c 1.40)b —


5 4 0a 55a Oil �11.9 (c 1.70)b —


6 4 0b 56a Oil �15.7 (c 1.20)b —


7 4 0c 59a Oil �14.1 (c 1.74)b —


8 4 0d 89a Oil �12.0 (c 0.70)b —


9 5a 36 98–100 �5.0 (c 1.20)c 1600


10 5b 49 94–96 �5.3 (c 1.00)c 240


11 5c 47 100–102 �7.1 (c 0.65)c 4800


12 5d 56 116–118 �5.5 (c 1.10)c 2130


13 5 0a 51 182–184 �6.8 (c 1.20)c 11.60


14 5 0b 44 120–122 �6.2 (c 1.35)c 15.80


15 5 0c 48 148–150 �3.2 (c 1.00)c 120


16 5 0d 56 158–160 �4.3 (c 0.85)c 16.90


17 6a 29 78–80 0.92


18 6b 38 Gum 1.18


19 6c 40 Gum 589


20 6d 38 86–88 105


21 1 456


22 3 0.08


a The yields of 4a–d or 4 0a–d are yields of two steps.
b The determining solvent of 4a–d or 40a–d is CHCl3.
c The determining solvent of 5a–d or 5 0a–d is CH3OH.

the reference.19–23 Compounds 5a–d, 5 0a–d, and 6a–d
were investigated as inhibitors of GABA transporters
on cultured cell lines expressing mouse GAT1 in trans-
port assay.17,18 (R)-Nipecotic acid (1) and (R)-tiagabine
(3) were employed for comparison. In order to elucidate
the functional roles of chemical moieties, the intermedi-
ates 4a–d and 4 0a–d were also tested in the same manner.
The IC50 values for GABA uptake in vitro are also sum-
marized in Table 1. The IC50 values show that the N-
alkylated amino acid ester derivatives 4a–d and 4 0a–d
are almost inactive. However, when ester moieties are
replaced by the carboxylic groups to form the N-alkyl-
ated amino acid derivatives 5a–d and 5 0a–d, 5a–d exhibit
similar activity compared to (R)-nipecotic acid (1), and
5 0a–d have 15- to 100-fold higher potency than 5a–d (en-
tries 9–12 vs 13–16), indicating that the free carboxyl of
nipecotic plays the very important role for the inhibitory
activities. Besides, elongation of the chain in compounds
5 0a–d leads to improved potency for GAT1. Surpris-
ingly, compounds 6a–d with diarylmethylsulfinyl groups
exhibit more potent inhibitory effect than compounds
5a–d and 5 0a–d with diarylmethylthio moieties, which
implies that employment of diarylmethylsulfinyl groups
instead of diarylmethylthio moieties can increase elec-
tronegative character and affect the binding of com-
pound to GAT1 at the uptake site. Compounds 6a
and 6b exhibit excellent inhibitions of [3H]-GABA up-
take in cultured cells. Especially, 6a shows higher inhib-
itory activity than (R)-nipecotic acid 496 times and less
than (R)-tiagabine 11.5 times. On the other hand, com-
pounds 6a and 6b possess greater potency than 6c and
6d owing to different alkyl substituents which presum-
ably have a limiting effect on the possible coplanarity
of the two aryl moieties as a result of steric repulsion.
With the aim to identify GABA uptake inhibitors with
improved pharmacological properties, further studies
on the steric and electronic properties of the aryl and
heteroaryl moieties are in progress and the results will
be published later.
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(q, 2H, J = 6.9 Hz, ACOOCH2A), 5.14 (s, 1H, ACHSA),
7.10 (d, 4H, J = 7.8 Hz, PhH), 7.30 (d, 4H, J = 8.4 Hz,
PhH); ESIMS (m/z): 412(M+H)+. HRMS (ESI): Calcd for
C25H33NO2S + H: 412.2306470, found: 412.2304765.
Compound 4c: 1H NMR (300 MHz, CDCl3): d: 1.24 (t,
3H, J = 7.2 Hz, ACOOCH2CH3), 1.37–1.67 (m, 3H),
1.89–1.98(m, 2H), 2.06–2.10 (m, 1H), 2.47–2.57(m, 5H),
2.66–2.69 (m, 1H), 2.89–2.92 (m, 1H), 3.75 (s, 6H,
AOCH3), 4.07–4.14 (q, 2H, J = 6.9 Hz, ACOOCH2A),
5.14 (s, 1H, ACHSA), 6.83 (d, 4H, J = 8.7 Hz, PhH), 7.32
(d, 4H, J = 8.4 Hz, PhH); ESIMS (m/z): 444 (M+H)+.
HRMS (ESI): Calcd for C25H33NO4S: 444.2206830,
found: 444.2203057.
Compound 4d: 1H NMR (300 MHz, CDCl3): d: 1.24 (t,
3H, J = 7.2 Hz, ACOOCH2CH3), 1.31–1.40 (m, 1H),
1.46–1.58 (m, 1H), 1.60–1.66 (m, 1H), 1.89–1.95 (m,
2H), 2.07–2.11 (m, 1H), 2.23 (s, 3H, ACH3), 2.28 (s, 3H,
ACH3), 2.32 (s, 3H, ACH3), 2.51–2.59 (m, 5H), 2.69–2.76
(m, 1H), 2.87–2.98 (m, 1H),4.07–4.14 (q, 2H, J = 7.2 Hz,
ACOOCH2A), 5.54 (s, 1H, ACHSA), 7.04–7.06 (m, 2H,
PhH), 7.12–7.17 (m, 3H, PhH), 7.31–7.33 (m, 1H, PhH),
7.45–7.48 (m, 1H, PhH); ESIMS (m/z): 426 (M+H)+.
HRMS (ESI): Calcd for C26H35NO2S + H: 426.2466620,
found: 426.2461265.


20. Data for compounds 40a–d.
Compound 40a: 1H NMR (300 MHz, CDCl3): d: 1.23 (t,
3H, J = 6.9 Hz, ACOOCH2CH3), 1.39–1.52 (m, 2H),
1.65–1.77 (m, 3H), 1.88–1.95 (m, 2H), 2.05–2.13 (m,
1H), 2.33–2.42 (m, 4H), 2.47–2.51 (m, 1H), 2.64–2.68 (m,
1H), 2.88–2.91 (m, 1H), 4.07–4.15 (q, 2H, J = 7.2 Hz,
ACOOCH2A), 5.15 (s, 1H, ACHSA), 7.17–7.43 (m, 10H,
PhH); ESIMS (m/z): 398 (M+H)+. HRMS (ESI): Calcd
for C24H31NO2S + H: 398.2147710, found: 398.2148264.
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Compound 4 0b: 1H NMR (300 MHz, CDCl3): d: 1.25 (t,
3H, J = 7.5 Hz, ACOOCH2CH3), 1.39–1.54 (m, 2H),
1.58–1.70 (m, 4H), 1.89–1.93 (m, 2H), 2.06–2.13 (m,
1H), 2.30 (s, 6H, ACH3Ph), 2.34–2.41 (m, 3H), 2.47–2.50
(m, 1H), 2.51–2.69 (m, 1H), 2.90–2.94 (m, 1H), 4.09–4.17
(q, 2H, J = 7.2 Hz, ACOOCH2A), 5.10 (s, 1H, ACHSA),
7.10 (d, 4H, J = 7.2 Hz, PhH), 7.30 (d, 4H, J = 8.4 Hz,
PhH); ESIMS (m/z): 426 (M+H)+. HRMS (ESI): Calcd
for C26H35NO2S + H: 426.2464260, found: 426.2461265.
Compound 4 0c: 1H NMR (300 MHz, CDCl3): d: 1.23 (t,
3H, J = 6.9 Hz, ACOOCH2CH3), 1.38–1.54 (m, 2H),
1.66–1.77 (m, 3H), 1.89–2.04 (m, 2H), 2.06–2.13 (m,
1H), 2.34–2.39 (m, 4H), 2.48–2.52 (m, 1H), 2.67–2.71 (m,
1H), 2.90–2.94 (m, 1H), 3.77 (s, 6H, -OCH3), 4.08–4.15 (q,
2H, J = 6.9 Hz, ACOOCH2A), 5.09 (s, 1H, ACHSA), 6.83
(d, 4H, J = 7.8 Hz, PhH), 7.31 (d, 4H, J = 8.4 Hz, PhH);
ESIMS (m/z): 458 (M+H)+. HRMS (ESI): Calcd for
C26H35NO4S + H: 458.2366, found: 458.23596.
Compound 4 0d: 1H NMR (300 MHz, CDCl3): d: 1.24 (t,
3H, J = 7.2 Hz, ACOOCH2CH3), 1.47–1.59 (m, 2H),
1.65–1.79 (m, 3H), 1.91–2.01 (m, 2H), 2.15–2.20 (m,
1H), 2.22 (s, 3H, ACH3), 2.78 (s, 3H, ACH3), 2.33 (s, 3H,
ACH3),2.37–2.42 (m, 5H), 2.66–2.69 (m, 1H), 2.90–2.93
(m, 1H), 4.08–4.15 (q, 2H, J = 7.2 Hz, ACOOCH2A), 5.46
(s, 1H, ACHSA), 7.12–7.14 (m, 2H, PhH), 7.17–7.33 (m,
3H, PhH), 7.34–7.35 (m, 1H, PhH), 7.45–7.48 (m, 1H,
PhH); ESIMS (m/z): 440 (M+H)+. HRMS (ESI): Calcd
for C27H37NO2S + H: 440.2619260, found: 440.2617766.


21. Data for compounds 5a–d.
Compound 5a 1H NMR (300 MHz, CDCl3): d: 1.54–1.67
(m, 2H), 1.93–1.99 (m, 1H), 2.05–2.21(m, 2H), 2.40–2.78
(m, 1H), 2.79–2.96 (m, 1H), 3.09–3.31(m, 5H), 3.39–3.78
(m, 1H), 5.61 (s, 1H, ACHSA), 7.25–7.31(m, 2H), 7.33–
7.36 (m, 4H), 7.64–7.66 (m, 4H); ESIMS (m/z): 390
(M�H)�, 354 (M�HCl)�; HRMS (ESI): Calcd for
C21H26ClNO2S � H: 390.1289890, found: 390.1289039.
Compound 5b: 1H NMR (300 MHz, CDCl3): d: 1.23–1.25
(m,1H), 1.28–1.39 (m,1H), 1.80–1.84 (m, 1H), 2.05–2.20 (m,
2H), 2.25 (s, 6H, ACH3Ph), 2.36–2.44 (m, 1H), 2.61–2.79
(m, 1H), 2.85–2.98 (m, 3H), 3.01–3.19 (m, 2H), 3.57–3.60
(m, 1H), 5.18 (s, 1H, ACHSA), 7.11 (d, 4H, J = 8.1 Hz,
PhH), 7.30 (d, 4H, J = 8.1 Hz, PhH); ESIMS (m/z): 418
(M�H)�, 382 (M�HCl)�; HRMS (ESI): Calcd for
C23H30ClNO2S � H: 418.1614230, found: 418.1613012.
Compound 5c: 1H NMR (300 MHz, CDCl3): d: 1.59–1.71
(m, 2H), 2.18–2.24 (m, 2H), 2.37–2.55 (m, 1H), 2.87–2.93
(m, 1H), 3.08–3.28 (m, 6H), 3.48–3.59 (m, 1H), 3.64 (s, 6H,
AOCH3), 5.57 (s, 1H, ACHSA), 7.00 (d, 4H, J = 8.1 Hz,
PhH), 7.60 (d, 4H, J = 9.0 Hz, PhH); ESIMS (m/z): 450
(M�H)�, 414 (M�HCl)�; HRMS (ESI): Calcd for
C23H30ClNO4S � H: 450.15130, found: 450.15113.
Compound 5d: 1H NMR (300 MHz, C5D5N): d: 1.58–1.66
(m, 2H), 1.99–2.10 (m, 1H), 2.13 (s, 3H, ACH3Ph), 2.16–
2.22 (m, 1H), 2.34 (s, 3H, ACH3Ph), 2.35–2.39 (m, 1H), 2.42
(s, 3H, ACH3Ph), 2.79–2.91 (m, 1H), 3.08–3.18 (m, 5H),
3.35–3.43 (m, 1H), 3.63–3.71 (m, 1H), 5.94 (s, 1H, ACHSA),
7.08–7.15 (m, 2H, PhH), 7.26–7.33 (m, 4H, PhH), 7.71–7.32
(m, 1H, PhH); ESIMS (m/z): 432 (M�H)�, 397 (M�HCl)�;
HRMS (ESI): Calcd for C24H32ClNO2S � H: 432.17739,
found: 432.17695.


22. Data for compounds 5 0a–d.
Compound 50a: 1H NMR (300 MHz, C5D5N): d: 1.62–
1.72 (m, 2H), 2.22–2.36 (m, 3H), 2.44–2.52 (m, 3H), 2.60–

2.68 (m, 1H), 3.00–3.08 (m,1H), 3.15–3.20 (m, 2H), 3.39–
3.43 (m, 1H), 3.77–3.85 (m, 1H), 3.90–3.94 (m, 1H), 5.99
(s, 1H, ACHSA), 7.23–7.26 (m, 1H, PhH), 7.32–7.38 (m,
5H, PhH), 7.82–7.85 (m, 4H, PhH); ESIMS (m/z): 404
(M�H)�, 368 (M�HCl)�; HRMS (ESI): Calcd for
C22H28ClNO2S � H: 404.1444070, found: 404.1445539.
Compound 5 0b: 1H NMR (300 MHz, C5D5N): d: 1.58–
1.73 (m, 2H), 1.89–1.97 (m, 1H), 2.19 (s, 6H, ACH3Ph),
2.26–2.33 (m, 3H), 2.51–2.55 (m, 2H), 2.62–2.70 (m, 1H),
3.01–3.09 (m, 1H), 3.16–3.21 (m, 2H), 3.40–3.44 (m, 1H),
3.78–3.93 (m, 2H), 5.85 (s, 1H, ACHSA), 7.15 (d, 4H,
J = 7.8 Hz, PhH), 7.70 (d, 4H, J = 7.8 Hz, PhH); ESIMS
(m/z): 432 (M�H)�, 396 (M�HCl)�; HRMS (ESI): Calcd
for C24H32ClNO2S � H: 432.1765460, found:
432.1769512.
Compound 50c: 1H NMR (300 MHz, C5D5N): d: 1.39–
1.52 (m, 1H), 1.84–1.88 (m, 1H), 1.94–2.01 (m, 2H),
2.12–2.22 (m, 1H), 2.29–2.44 (m, 2H), 2.51–2.57(m, 1H),
2.96–3.09 (m, 2H), 3.26–3.45 (m, 2H), 3.65–3.70 (m, 1H),
3.77 (s, 6H, AOCH3), 4.16–4.33 (m, 2H), 5.20 (s, 1H,
ACHSA), 6.82 (d, 4H, J = 6.9 Hz, PhH), 7.35 (d, 4H,
J = 8.4 Hz, PhH); ESIMS (m/z): 430 (M�HCl+H)+;
HRMS (ESI): Calcd for C24H32ClNO4S � H:
464.1654310, found: 464.1656833.
Compound 5 0d: 1H NMR (300 MHz, C5D5N): d: 1.58–
1.72 (m, 2H), 2.17 (s, 3H, ACH3Ph), 2.27–2.35 (m, 1H),
2.37 (s, 3H, ACH3Ph), 2.52 (s, 3H, ACH3Ph), 2.69–2.80
(m, 2H), 2.87–3.07 (m, 3H), 3.23–3.35 (m, 1H), 3.54–3.60
(m, 1H), 3.74–3.83 (m, 1H), 5.89 (s, 1H, ACHSA),7.07–
7.16 (m, 4H, PhH), 7.25–7.28 (m, 1H, PhH), 7.71–7.73 (m,
1H, PhH), 7.76–7.77 (m, 1H, PhH); ESIMS (m/z): 446
(M�H)�, 410 (M�HCl)�; HRMS (ESI): Calcd for
C25H34ClNO2S � H: 446.1923390, found: 446.1926013.


23. Data for compounds 6a–d.
Compound 6a: 1H NMR (300 MHz, CDCl3): d: 1.13–1.49
(m, 2H), 1.51–1.64 (m, 3H), 1.96–2.50 (m, 2H), 2.51–2.63
(m, 2H), 2.64–2.72 (m, 2H), 2.77–2.95 (m, 2H), 5.42 (s,
0.5H, ACHS@O), 5.46 (m, 0.5H, ACHS@O), 7.20–7.28
(m, 1H), 7.32–7.39 (m, 6H), 7.68–7.81 (m, 3H); ESIMS
(m/z): 370 (M�HCl�H)�; HRMS (ESI): Calcd for
C21H26ClNO3S � H: 406.1236840, found: 406.1238185.
Compound 6b: 1H NMR (300 MHz, C5D5N): d: 1.18–1.38
(m, 3H), 1.52–1.73 (m, 2H), 1.96–2.08 (m, 2H), 2.19 (s, 6H,
ACH3), 2.53–2.91 (m, 4H), 3.00–3.27 (m, 2H), 5.35 (s,
0.5H, ACHS@O), 5.39 (s, 0.5H, ACHS@O), 7.10–7.41 (m,
6H), 7.57–7.75 (m, 2H); ESIMS (m/z): 434 (M�H)�, 398
(M�HCl)�; HRMS (ESI): Calcd for C23H30ClNO3S � H:
434.1563770, found: 434.1562158.
Compound 6c: 1H NMR (300 MHz, C5D5N): d: 1.20–1.36
(m, 2H),1.68–1.84 (m, 2H), 1.97–2.35 (m, 1H), 2.57–2.73
(m, 1H), 2.88–3.08 (m, 6H), 3.38–3.49 (m, 1H), 3.60 (s, 6H,
AOCH3), 5.41 (s, 1H, ACHS@O), 6.81–7.14 (m, 4H),
7.37–7.72 (m, 4H); ESIMS (m/z): 435 (M�H)�; HRMS
(ESI): Calcd for C23H30ClNO3S � H: 435.16349, found:
435.16361.
Compound 6d: 1H NMR (300 MHz, C5D5N): d: 1.57–
1.64 (m, 3H), 1.86–1.92 (m, 1H), 2.02–2.13 (m, 1H), 2.17
(s, 3H), 2.24–2.27 (m, 1H), 2.31–2.36 (m, 3H), 2.41–2.57
(m, 3H), 2.60–2.84 (m, 6H), 3.05–3.23 (m, 1H), 5.88–
5.97 (m, 1H, ACHS@O), 7.08–7.32 (m, 5H), 7.57–7.92
(m, 2H); ESIMS (m/z): 448 (M�H)�; HRMS (ESI):
Calcd for C24H32ClNO3S � H: 448.17141, found:
448.17187.
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Abstract—Lithium trialkylborohydrides were found to effect rapid monodealkylation of phosphonic diesters, and this reaction was
applied to the synthesis of alkylphosphonic acid 2-aminoethyl esters [H2N(CH2)2OP(OH)R, 4], a little-explored class of analogs of
the inhibitory neurotransmitter c-aminobutyric acid (GABA). Compound 4a (R = Me) proved to be a potent antagonist at human
q1 GABAC receptors (expressed in Xenopus laevis oocytes), with an IC50 of 11.1 lM, but is inactive at a1b2c2 GABAA receptors.
� 2007 Elsevier Ltd. All rights reserved.

c-Aminobutyric acid (GABA) is a major inhibitory neu-
rotransmitter in the central nervous system and has
three major classes of receptors, designated GABAA,
GABAB, and GABAC.1 Effectors of these receptors
(agonists, antagonists, and allosteric modulators) are
an important class of compounds as pharmaceuticals
and pharmacological probes. Compounds targeting
GABAA and GABAB have been extensively studied,2


and GABAC effectors are attracting increased interest.3


For this reason, and because of the important role of
GABAC receptors in vision,3d,4 we have sought to devel-
op new GABAC effectors. We report here the discovery
of a new reaction of lithium trialkylborohydrides, the
reductive monodealkylation of phosphonic diesters,
and its application to the synthesis of 2-aminoethyl
alkylphosphonates (4), a previously unexplored class
of GABAC receptor antagonists.

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


doi:10.1016/j.bmcl.2007.04.026
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Phosphinic acids are the most prominent class of
GABAC antagonists.5 In the course of pursuing new
synthetic approaches to 3-aminopropyl alkyl phosphi-
nates (e.g., 2a–c, Fig. 1), we surveyed metal hydrides
for their ability to reduce phosphonic diesters to the cor-
responding H-phosphinates. Among the reagents tested,
only lithium trialkylborohyrides reacted cleanly, but
monodealkylation, rather than reduction at phosphorus,
was observed. Partial conversion was observed with so-
dium tri(s-butyl)borohydride, while little conversion was
observed with the corresponding potassium reagent,
suggesting a specific role for the lithium counterion.


The dealkylation reaction, which likely occurs via SN2
nucleophilic attack at carbon, was surprising in that

Figure 1. Structures of GABA and phosphorus oxyacid analogs.
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other metal hydride reagents, such as lithium aluminum
hydride,6 lithium bis(methoxyethoxy)aluminum hy-
dride,7 sodium bis(methoxyethoxy)aluminum hydride,8


and sodium diethyl aluminum hydride,8 are known to
attack phosphonates at phosphorus. The examples de-
scribed herein are the first in which nucleophilic attack
on phosphonate esters by metal hydride reagents occurs
preferentially at carbon, leading to dealkylation.


The initial substrate tested was diethyl difluorobenzyl-
phosphonate,9 which was subjected to reaction with
1.5 equiv of LiHBEt3 or LiHB(s-Bu)3 in THF at room
temperature. With both reagents, the diester was con-
sumed within 30 min, and the sole product was the
monoethyl ester, which could be isolated in 89 or 82%
yield, respectively. The reaction was repeated with
diethyl benzylphosphonate (5a), and again, clean mono-
dealkylation was observed, though in this instance, the
reaction required an hour to go to completion.


A set of additional diesters 5b–e was examined to test
the scope and selectivity of the reaction (Scheme 1). In
each case, treatment with 1.5–2.2 equiv of LiHBR3 led
to clean monodealkylation with high yield, and pure
products were obtained through a simple workup
involving only repeated evaporation from methanol to
remove borates and protonation via aqueous extraction
or ion exchange.


Lithium triethylborohydride has been noted as an
exceptionally potent SN2 nucleophile that rapidly re-
duces primary alkyl sulfonates and halides.10 Consistent
with our postulate of an SN2 mechanism for the phos-
phonate dealkylation, the selectivity for methyl over
ethyl, and ethyl over isopropyl, was complete as judged
by 1H NMR, while selectivity for benzyl over ethyl was
94/6 with both reagents.


Observations from preliminary 1H NMR experiments
are also consistent with an SN2 mechanism. When the
dealkylation of 5a with LiHBEt3 was performed in a

Scheme 1. Monodealkylation of phosphonic diesters. aSelectivities


were the same for LiHBEt3 and LiHB(s-Bu)3. bIsolated yields (6 + 7)


for LiHBEt3 and, in parentheses, LiHB(s-Bu)3.


Scheme 2. Synthesis of phosphonic analogs of GABA. Reagents and


conditions: (a) LiHBEt3, THF, rt, 90% (R = Me), 90% (R = Bn); (b)


BocNH(CH2)2OH, EtO2CN@NCO2Et, PPh3, 75% (R = Me), 94%


(R = Bn); (c) LiHB(s-Bu)3 THF, rt, 87% (R = Me), 74% (R = Bn); (d)


TFA, 92% (4a) 94% (4b).

sealed NMR tube fitted with a J. Young valve, a singlet
at d 0.81 ppm, consistent with ethane, appeared and
grew over the course of the reaction. No olefinic signals
were observed, excluding E2 elimination as the primary
mechanism. In the analogous reduction of dimethyl
methylphosphonate, a singlet at d 0.18 ppm, consistent
with methane, likewise emerged. Our findings therefore
suggest that lithium trialkylborohydrides can displace
substantially more basic leaving groups than has been
observed previously.


Nucleophilic displacement of alkyl groups in phospho-
nate esters occurs with a variety of other nucleophiles,
and reactions of this type are useful for preparative
deprotection reactions. Boron11 and silicon12 halides
are widely employed for complete dealkylation, though
recent work has led to the development of binuclear bor-
on complexes that catalyze removal of a single alkyl
group by BBr3.13


Monodealkylation of phosphonic diesters is commonly
effected with heteroatom-based nucleophilic reagents in
the absence of a strong Lewis acid. Methyl and benzyl
esters are cleaved most easily, and reagents used for
cleaving these groups include sodium iodide in refluxing
acetone or 2-butanone,14 lithium bromide in acetoni-
trile,15 tert-butylamine,16 quinuclidine or DABCO in
refluxing toluene,17 and potassium cyanide in DMF at
70 �C.18 With these reagents, it is often possible to cleave
a methyl group preferentially over benzyl16,18 or ethyl,19


and potassium cyanide appears to be effective only on
methyl groups.


Cleavage of ethyl groups requires more potent nucleo-
philes, higher temperatures, or both. Sodium thiophen-
oxide and thioethoxide in ethanol at 70 �C are
effective,20 and refluxing morpholine has been used with
one substrate.21 More commonly employed are alkali
metal halides, such as lithium bromide in higher ketone
solvents (e.g., 2-hexanone or 2-pentanone at 80–
110 �C)22 or refluxing pyridine.23 At 100 �C in DMF,
both iodide and azide (as their lithium or sodium salts)
are effective, and azide also cleaves isopropyl groups.24


The nucleophilicity of lithium trialkylborohydrides is
such that dealkylations proceed quickly to completion
at room temperature even with ethyl phosphonoesters
and modest substrate concentrations (e.g., 0.1–0.2 M).
For preparative applications, this high reactivity may
be advantageous with refractory substrates and when
short reaction times or lower reaction temperatures are
desired. The use of THF in place of more toxic, high-
er-boiling solvents may also be a benefit in some cases.
High reactivity is also the principal drawback of the
reagents, as it makes them incompatible with easily
reduced groups. In other respects, such as high yield,
selectivity, and simplicity of workup, the lithium trial-
kylborohydride procedure compares favorably with the
alternatives.


To demonstrate the suitability of the dealkylation reac-
tion for slightly more complex substrates in a multi-step
reaction sequence, we employed it in the synthesis of two







Figure 3. Dose–response curves of antagonists versus 1 lM GABA at


homopentameric q1 GABAC receptors expressed in X. laevis oocytes.


Data are shown for TPMPA (squares), 4a (circles), and 2c (triangles),


and reflect the averages obtained from two determinations in each of


6–8 oocytes. Curves show the best fit of the Hill equation to the data.
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2-aminoethyl alkylphosphonate analogs (4a and 4b,
Scheme 2) of GABA which had not been studied as
GABA effectors. Our approach exploited the high selec-
tivity of the reaction for methyl over primary substitu-
ents to allow preparation of the targets from readily
available dimethyl phosphonates. These were first
mono-demethylated with LiHBEt3 and then realkylated
via the Mitsunobu reaction25 with BocNH(CH2)2OH.
The remaining methyl groups were cleaved (with 63%
attack at the primary carbon) using LiH(s-Bu)3, and
the Boc group was removed by treatment with TFA to
afford 4a and 4b in 92 and 94% yields, respectively.
The stability of the Boc urethane to the hydride reagent
may result from protective deprotonation at nitrogen.


The biological activity of the compounds was assessed
by measuring chloride ion currents at homopentameric
human q1 GABAC receptors expressed in Xenopus laevis
oocytes. Neither compound activated the receptor, and
benzylphosphonate 4b was also inactive as an antago-
nist. However, methylphosphonate 4a proved to be a
full antagonist of GABA-induced currents, reducing
them in a dose-dependent fashion to near-baseline val-
ues (Fig. 2). Hill analysis of averaged data from six dif-
ferent oocytes led to the determination of an IC50 of
11.1 lM and a Hill coefficient nH of 1.94 (Fig. 3).


For reference, two well-characterized GABAC receptor
antagonists, (1,2,5,6-tetrahydropyridine-4-yl)methylphos-
phinic acid (TPMPA) and (3-aminopropyl)-n-butylphos-
phinic acid (2c), were examined under the same
conditions. The IC50 values determined for these
compounds were in good agreement with literature
values (IC50 of 0.67 lM vs. a reported binding constant
Kb of 2.1 lM for TPMPA5b and IC50 of 68.2 lM vs. a
reported value of 62.5 lM for 2c5d).26 Compound 4a

Figure 2. Representative responses of a X. laevis oocyte expressing


homopentameric human q1 GABAC receptors to 1 lM GABA in the


presence of different concentrations of 4a. Oocytes were superfused


with Ringer solution at a flow rate of approximately 1 mL/min while


chloride ion currents across the membrane were monitored with a two-


microelectrode voltage clamp. Over a fixed period, denoted by the bar


labeled Application of Compounds, the superfusing medium was


switched to Ringer solution supplemented with compounds as


indicated. After this treatment period, the superfusing medium was


switched back to Ringer solution, leading to washout of the


compounds and recovery of the membrane current, as denoted by


the bar labeled Washout/Recovery.

was also tested at heteropentameric (a1b2c2) GABAA


receptors expressed in oocytes. At 400 lM, it neither
activated the receptor nor substantially reduced the cur-
rent elicited by 40 lM GABA in four different oocytes.


The closest analogs of 4a which have been studied at
GABAC receptors are (3-aminopropyl)methylphosphi-
nic acid 2a (IC50 = 0.75 lM, Kb = 0.58 lM)5d and
phosphonic acid 3 (Kb = 10 lM).5a The closest analog
of 4b is phosphinic acid 2b, which is likewise inactive
at GABAC.5d Comparison with the present results sug-
gests that structure–activity relationships at GABAC


are conserved between the isosteric 3-aminopropyl phos-
phinates and 2-aminoethyl phosphonates. Almost all
known phosphonic analogs of GABA incorporate ter-
minal phosphono groups. We have found only one other
example of a 2-aminoethyl phosphonate that has been
studied at GABA receptors. Cates et al. demonstrated
that phenylphosphonic acid derivative 4c weakly inhib-
ited the binding of [3H]GABA to GABAA and GABAB


receptors but did not assess effects (agonism or antago-
nism) on receptor function.27


Because of their potent activity, the 2-aminoethyl phos-
phonates are a promising new class of GABAC antago-
nists. In this regard, the ease with which additional
analogs with varying side chains at phosphorus can be
made from readily available phosphonic diesters facili-
tates a further exploration of structure–activity relation-
ships. The novel dealkylation described should prove of
value in the synthesis of these and other asymmetrically
substituted phosphonic acid derivatives.
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Abstract—A new heterobifunctional reagent, namely, N-(3-triethoxysilylpropyl)-4-(N 0-maleimidylmethyl)cyclohexanamide (TPMC)
was developed and its potentiality for fixing of thiol (-SH) modified oligonucleotides were tested. The covalent attachment of oli-
gonucleotides with the reagent was achieved through its maleimide functionality at one end via stable thioether linkage while the
other end bearing triethoxysilyl functionality has been utilized for coupling with the virgin glass surface with simplified methodol-
ogies. Immobilization of oligonucleotides was achieved by two alternating ways. The PATH-1 involves formation of conjugate of
reagent and SH-modified oligonucleotides through thioether linkage and was subsequently immobilized on unmodified glass surface
through triethoxysilyl group and alternatively, PATH-2 involves reaction of reagent first with unmodified glass surface to get malei-
mide functionality on the surface and then the SH-modified oligonucleotides were immobilized via thioether linkage. The specificity
of immobilization was tested by hybridization study with complementary fluorescein labeled oligonucleotide strand.
� 2007 Elsevier Ltd. All rights reserved.

Nucleic acid based detection and quantification methods
play an important role in the medical diagnostics and
drug discovery. The development of reliable, fast and
inexpensive detection methods is important. The mea-
surement of nucleic acid hybridization under heteroge-
neous condition provides a variety of advantages such
as convenience, real time and accurate quantification
for diverse applications. To determine the presence of
a specific DNA sequence it is necessary to do hybridiza-
tion with a fluorescently labeled oligonucleotide by
immobilizing the biomolecules on the solid surface. Re-
cently, microarray technology (biochip) has emerged as
a promising tool for gene discovery,1 genome analysis,2


medical diagnostics for genetic diseases,3 detection of
single nucleotide polymorphism,4 nucleic acid–ligand
interaction,5 DNA sequencing by hybridization6 and
DNA computing.7


Photolithographic technique8 and deposition methods9


are two very well-established methodologies for the

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


doi:10.1016/j.bmcl.2007.04.014


Keywords: Heterobifunctional reagent; Maleimide; Immobilization;


Oligonucleotides; Microarray.
* Tel.: +91 0542 2307321x104; fax: +91 0542 2368127/2368175; e-mail:


arvindmisra2003@yahoo.com

immobilization of biomolecules on different solid sur-
faces like polypropylene, polyethylene, nylon, poly
(methyl methylacrylate), glass, silicon, etc. The quality
of microarray which is synthesized by deposition meth-
od, in which a pre-fabricated nucleic acid is either cova-
lently10–13 or noncovalently14 immobilized with great
flexibility, depends upon the nature of solid surface se-
lected and chemistry used for fixing biomolecules. In
general, the solid surface is first subjected to chemical
modifications with the help of an appropriate reagent
to generate reactive functionality on it and then pre-
modified oligonucleotides are immobilized on the acti-
vated surface using suitable reagents and activators.
Thus, the process of immobilization involves multisteps
and expensive reagents. Out of several polymeric sup-
ports used for the construction of microarrays, virgin
glass is a preferred one because of ease of modification
by silane chemistry, low cost, low intrinsic fluorescence,
relatively homogeneous surface, resistance to heat and
also its favourable optical properties for highly sensitive
fluorescence imaging.


Several heterobifunctional and/or cross linking reagents
are in practice for immobilization of oligonucleotides on
pre-functionalised polymeric surfaces.15–21 However,
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these reagents have their own limitations like 3-merca-
ptopropyltriethoxysilane15 (MPTS) involves labile
disulfide linkage, 3-glycidyloxypropyltriethoxysilane16


(GOPTS) is a time-consuming process (�8 h), N-(2-trif-
luoroethanesulfonatoethyl)-N-(methyl)-triethoxysilyl-
propyl-3-amine17,24 (NTMTA), N-(iodoacetyl)-N 0-
(anthroquinon-2-oyl)-ethylenediamine18 (IAED), N-(3-
trifluoroethane sulfonyloxypropyl)anthraquinone-2-car-
boxamide19 (NTPAC) are multistep strategies for the
immobilization of oligonucleotides on the glass
surface. Therefore, encouraged with the utilities of
heterobifunctional reagents for the immobilization of
oligonucleotide on glass surface a new reagent,
namely, N-(3-triethoxysilylpropyl)-4-(N 0-maleimidylm-
ethyl) cyclohexanamide (TPMC) was developed and its
potentiality for fixing of thiol (-SH) modified
oligonucleotides was tested. The covalent attachment of
oligonucleotides with the reagent was achieved through
its maleimide functionality at one end via stable thioether
linkage, while the other end bearing triethoxysilyl func-
tionality has been utilized for coupling with the virgin
glass surface with simplified methodologies.


The objective of the present work was to develop a versa-
tile heterobifunctional reagent which should be specific
for the immobilization of thiol-modified oligonucleotide
on a glass surface. The reagent was synthesized keeping
in mind (i) simple, cost effective and straightforward
methodology (ii) avoiding involvement of multisteps
(iii) out of two functional ends, one end should be specific
for thiolated ligands, while the other one for glass surface.
The maleimide functionality was selected because it has
greater degree of stability in the aqueous and organic
medium and in the pH range of 6.5–7.5 it has greater spec-
ificity for thiol functionality, resulting in the formation of
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Scheme 1. Reagents and conditions: (i) glacial acetic acid; (ii) acetic anhy


(APTS), N-hydroxysuccinimide (NHS), N,N 0-dicyclohexylcarbodiimide (DC

thioether linkage. The triethoxysilyl functionality on the
other end of the reagent was selected because of immobi-
lization process on the glass surface which has itself sila-
nol functionality and both in turn have specificity for
each other to develop silyl-etheral (–Si–O–Si–) linkages.
Thus, by putting these reactive functional groups at differ-
ent termini a new heterobifunctional reagent (TPMC) 3
was synthesized (Scheme 1) by treating trans-4-(amino-
methyl) cyclohexane carboxylic acid with maleic anhy-
dride in presence of glacial acetic acid at room
temperature (rt) to generate N-substituted maleamic acid.
Cyclisation of the intermediate was subsequently done by
heating intermediate 1 in presence of acetic anhydride
containing sodium acetate as a catalyst to get N-(carbo-
xymethylcyclohexyl)-maleimide 2. The desired reagent
TPMC was obtained by stirring compound 2 (1 mM), dis-
solved in dry THF (15 mL), N-hydroxysuccinimide
(NHS) (1.5 mM) and dicyclohexylcarbodiimide (DCC)
(1.2 mM) for 3 h at room temperature. After completion
of reaction (monitored on TLC), dicyclohexylurea was
filtered off and to the filtrate 3-aminopropyltriethoxysi-
lane (1.2 mM) and triethylamine (1.2 mM) were added
and further stirred overnight at room temperature. The
reaction mixture was concentrated in vacuum, redis-
solved in anhydrous benzene and filtered to remove par-
ticulate materials. The filtrate was concentrated in
vacuum to obtain TPMC as a gummy mass in almost
70% yield, which was characterized by 1HNMR and
MALDI-TOFF.22


The oligonucleotides were synthesized at 0.2 lM scale
on an ABI 392 synthesizer following standard phospho-
ramidite approach. To incorporate the reactive thiol
(-SH) group at the 5 0-end the last coupling was performed
with the reagent S-trityl-(6-mercaptohexyl)-(2-cyanoeth-

N


O


O


COOH
(ii)


N


O


O
(Glass)


Si O
OH


OH
Si NH


O


OEt


OEt
N


O


O


O


N


O


O


S
Oligo


SHOligo


COOH


PATH-2


(2)


(5)


6)


dride, sodium acetate, 100 �C, 2 h; (iii) 3-aminopropyltriethoxysilane


C), dimethylformamide (DMF).







15


25


35


45


30 60 90 120 150 180


Time (In min)


Lo
ad


in
g 


(u
m


ol
/g


)


Figure 1. Time kinetics to determine the optimal time required to


immobilize oligonucleotides on the unmodified surface via PATH-1


(�) and PATH-2 (j).
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yl)-N,N 0-diisopropylphosphoramidite (Glen Res, Inc.,
Sterline, VA) and oxidation of the final cycle was done
with 0.02 M iodine solution to minimize cleavage of
the trityl-S-linkage. To get fluorescent oligonucleotide,
postsynthetic labeling was done with N-succinimidyl
ester of 6-carboxyfluorescein (6-FAM) as reported ear-
lier on.23 All the oligomers were treated with 30% aq.
NH4OH solution at 55 �C for 16 h. The ammonical
solution was concentrated in a speed vac, redissolved
in triple distilled water and desalted on reverse-phase
C-18 silica gel column using 30% acetonitrile as eluant.
5 0-end thiolated oligomer was obtained by suspending
the product in 0.1 M triethylammoniumacetate (TEAA)
buffer (pH 6.5) and vortexed with 1 M silver nitrate
solution (200 lL) for 30 min at room temperature after
that 1 M dithiothreitol (DTT) (250 lL) was added and
vortexed further for 5–10 min at room temperature.
Centrifugation was done to remove particulate materi-
als, washed with 0.1 M TEAA buffer, pooled the super-
natant, desalted, concentrated in a speed vac and stored
at 4 �C. Finally, all the oligomers were purified on
RP-HPLC using 0.1 M ammoniumacetate (pH 7.1) buf-
fer and acetonitrile (0–50% B in 30 min).


The proposed reagent was synthesized keeping in mind
the fast reactivity of the maleimide group for thiol group
via stable thioether linkage while the presence of trieth-
oxysilane group (has specificity for covalent bond for-
mation with silanol function) at the other end makes
the reagent specific for the glass/silicon surfaces, which
is commonly being used for the preparation of biochips
due to certain advantages. In order to demonstrate the
applicability of the proposed reagent TPMC, kinetics
has been studied to know the time intervals required
and the extent of reactivity of the reagent towards glass
surface. For that a model experiment was performed24


with reagent DMTr-O-(CH2)6-SH on unmodified con-
trolled pore glass (CPG, 500 Å) with reagent TPMC
alternatively. First DMTr-O-(CH2)6-SH was treated
with reagent TPMC expecting the formation of conju-
gate via thioether linkage between reagent and the
ligand and then reacted with unmodified CPG, 500 Å
in which triethoxysilane functionality of the conjugate
was supposed to get covalently attached with the
unmodified glass beads. Alternatively, reagent TPMC
was first treated with unmodified glass beads in which
triethoxysilane functionality of the reagent first formed
covalent bond with the glass beads, hence generating
maleimide functionality on the glass beads and then re-
acted with model ligand DMTr-O-(CH2)6-SH at room
temperature in which the maleimide functionality of
the reagent was expected to form thioether linkage with
the ligand. Both the alternating ways were tried and
reaction was monitored by withdrawing the reaction
vials (6 each for both alternating paths) at regular time
intervals and after proper washing and drying, loading
on the support was determined by treating weighed
amount of the support (�1–2 mg) with 3% trichloroace-
tic acid in dichloroethane for 5 min. The released DMTr
cation was monitored on spectrophotometer at 505 nm
wavelength. The loading was calculated in lM/g.25 It
was found that maximum amount of loading
(38.4 lmol/g) and in turn the reactivity of the reagent

towards the glass surface occurred approximately within
2 h (Fig. 1). This threshold time period was utilized fur-
ther for the immobilization of the oligonucleotides on
the glass surface following both alternating paths
(Scheme 1).


Immobilization of the oligonucleotides has been done by
adopting both the paths. PATH-1: 5 0-thiolated oligonu-
cleotide sequence [HS-(CH2)6OPO3-d(AACCCAGCAC
GACGTTTT)], (0.20 A260 unit) (100 lL) dissolved in
0.1 M sodium phosphate buffer containing 0.1 M NaCl
(pH 7.0) was treated with reagent TPMC solution
(100 lL, in 0.15 M DMF). The reaction mixture was
vortexed for 2 h at room temperature. The mixture
was centrifuged to remove particulate materials and
the supernatant was concentrated and treated with cap-
ping buffer (10 mM phosphate-buffered saline contain-
ing 0.2% BSA) to neutralize the unreacted reagent.
The reaction mixture was again centrifuged, washed
with phosphate buffer and then concentrated in a speed
vac. The oligonucleotide-triethoxysilane conjugate 4 so
formed was reconstituted (10 lM) in triple distilled
autoclaved water and was subsequently allowed to react
with silanol function of (spotted manually, 0.5 lL) vir-
gin glass microslide by incubation for 1 h in a humid
chamber at 45 �C.


PATH-2: alternatively, the unmodified microslide was
first treated with 1 mL solution of reagent TPMC
(0.15 M in DMF) at 45 �C in a humid chamber for 1 h
with continuous shaking. Washing was done with
DMF (3 · 15 mL) and diethyl ether (3 · 15 mL) to get
maleimide functionality on the glass surface and after
drying in vacuum, 5 0-thiolated oligonucleotide sequence
[HS-(CH2)6OPO3-d(AACCCAGCACGACGTTTT)],
(0.20 A260 unit) was spotted manually under the same
reaction condition as mentioned above. The spotted
slide was washed with phosphate buffer and capping
step was performed as above and dried in vacuum to
get 5.


After immobilization of oligonucleotides by both the
alternating ways, both plates were hybridized with com-
plementary fluorescent oligonucleotide probe strand
(40 lL) FAM-(CH2)3-OPO3-d(AAAACGTCGTGCTG
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GGTT) (0.25 A260 unit) dissolved in 0.1M phosphate
buffer containing 1.0 M NaCl (pH 7.5) by keeping for
1 h at 45 �C in a hybridization chamber and then at
room temperature overnight. After thorough washing
with phosphate buffer (3 · 15 mL) the slides were dried
and visualized under fluorescence microscope (Fig. 2).


The minimum concentration of oligonucleotide required
for the immobilization on the glass surface was deter-
mined by reacting a maleimide-activated glass micro-
slide (PATH-2) with an FITC labeled oligomer d(AA
AAAAAAAAAAAAAAAA)-OPO3-(CH2)6SH dissolved
in phosphate buffer in four different concentrations (2.5,
5, 10 and 15 lM) and after washing with buffer and
distilled water (3 · 15 mL) fluorescence intensity was
measured. It was found that the spot of 10 lM concen-
tration was sufficient for easy visualization (Fig. not gi-
ven) and hence was selected for immobilization of
oligonucleotides and its hybridization study.


To demonstrate the specificity of the proposed chemical
method for the immobilization of oligonucleotide
strands (-SH), three oligonucleotide sequences, namely,
5 0-HS-(CH2)6OPO3-d(AACCCAGCACGACGTTTT);

Figure 2. Immobilization of oligonucleotide sequence 5 0-HS-(CH2)6O-


PO3-d(AACCCA GCACGACGTTTT) via PATH-1 (slide 1) and


PATH-2 (slide 2).


Figure 3. Specificity of immobilization. Three oligonucleotide


sequences in microslide 1, viz., 5 0-HS-(CH2)6OPO3-d(CCAG GCAG


TTCAAAATTT) (lane a); 5 0-HS-(CH2)6OPO3-d(AACCCAG CCGA


CGTTTT) (lane b) and 5 0-HS-(CH2)6OPO3-d(CCACCGGGA ATC


TTTAAA)-3 0 (lane c). And in microslide 2, viz., 5 0-HS-(CH2)6OPO3-d


(CCAGGCAGTTCAAAATTT) (lane a); 5 0-HS-(CH2)6OPO3-d(CC


ACCGGGAATCTTTAAA)-3 0 (lane b) and 5 0-HS-(CH2)6OPO3-d


(AAC CCAGCACGACGTTTT) (lane c). Hybridization of both


microslides with 5 0-FAM-(CH2)3-OPO3-d(AAAACGTCGTGCT


GGGTT) fluorescent probe.

HS-(CH2)6OPO3-d(CCAGGCAGTTCAAAATTT) and
HS-(CH2)6OPO3-d(CCACCGGGAATCTTTAAA)-3 0


were immobilized on the microslide following PATH-2
in triplicate and hybridized with the complementary
fluorescent oligonucleotide probe 50-FAM-(CH2)3-OPO3-d
(AAAACGTCGTGCTGGGTT) as mentioned above.
The fully matched duplex in microslide 1 (lane b) and
microslide 2 (lane c) has shown the fluorescence
(Fig. 3) while the unmatched complementary strands
have not generated fluorescence at all. Thus, clearly con-
firmed the specificity of the immobilization chemistry
and utility of the newly developed heterobifunctional
reagent TPMC. Encouraged with the efficiency of the
reagent and stability in the aqueous medium at pH
range between 6.5 and 7.5, further work is under
progress for the construction of microarray and
immobilization of the biomolecules like peptides,
proteins, etc. and would be communicated.
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Abstract—A series of 1,4-benzyloxybenzylsulfanylaryl carboxylic acids were prepared and their activities for PPAR receptor sub-
types (a, d, and c) with potential indications for the treatment of dyslipidemia were investigated. Analog 13a displayed the greatest
binding affinity (IC50 = 10 nM) and selectivity (120-fold) for PPARd over PPARa. Many of the analogs investigated were found to
be highly selective for PPARd and were dependent on the point of attachment of the substituent. In the 1,4-series, analog 28e was
found to be the most potent (IC50 = 1.7 nM) and selective (>1000-fold) compound for PPARd. None of the compounds tested
showed appreciable binding affinity for PPARc.
� 2007 Elsevier Ltd. All rights reserved.

O


The major risk factors correlated with the development
of atherosclerosis include elevated LDL-c and triglycer-
ides, and low HDL-c plasma levels. HMG CoA reduc-
tase inhibitors have commonly been used as therapy to
lower LDL-c levels, while HDL-c are modulated with
some members of the fibrate family.1 Little progress,
however, has been made with elevating HDL-c, and
studies suggest that the involvement of peroxisome pro-
liferator-activated receptors in mitochondrial fatty acid
catabolism and increases in cellular cholesterol efflux
can both contribute to the treatment of this
dyslipidemia.


Peroxisome proliferator-activated receptors (PPARs) are
ligand-activated nuclear transcription factors involved
in the regulation of dietary fat storage and catabolism.2


PPARs, upon ligand activation, heterodimerize with
the retinoid X receptor (RXR) and subsequently bind
to the PPAR response elements (PPRE). The RXR:
PPAR complex, in the presence of co-activators, initiates
the transcription process of the target genes. PPARs play
a crucial role in cellular processes including lipid metab-
olism, cell proliferation, differentiation, adipogenesis,
and inflammatory signaling. Three PPAR isoforms (a,
d, and c) are known, each involved in different mecha-
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nisms of lipid homeostasis and all with diverse tissue dis-
tributions. PPARa is highly expressed in liver, where it
controls peroxisomal and mitochondrial fatty acid
catabolism, whereas PPARc is concentrated in adipose
tissues and acts as a transcriptional factor for adipogen-
esis. PPARd is expressed ubiquitously at low levels.


Therapeutic agents acting as agonists of PPARa, such as
fenofibrates, are indicated for the treatment of elevated
triglyceride levels (Fig. 1), whereas PPARc ligands, such
as the thiazolidinedione class, are directed towards the
treatment of type-2 diabetes by increasing insulin sensi-
tivity. Pharmacologies of PPARd receptor agonists,
though relatively obscure, have increasingly been stud-
ied and recently reported to elevate HDL-c and lower
triglyceride plasma levels in obese insulin resistant rhe-
sus monkeys.2 Herein, we report the preparation and
structure–activity relationships (SAR) of series of ben-
zyloxybenzyl-sulfonylaryl carboxylic acid ligands as
potent and selective agonists of the PPARd subtype
receptor with potential indications for the treatment of
dyslipidemia.

O


OH


O
Cl


Figure 1. Fenofibric acid.
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Table 1. PPAR receptor binding and cellular functional activities


R2
O


F3C


Compound R2 Selectivity (a/d) IC50
a,c (nM) PPARd EC50


b,c (nM)


PPARd PPARa PPARc


13a
O


CO2H
S


120 10 1200 NT 251


14 O
CO2H


S


MeO


2.8 1.7 4.7 23,600 13


15 O
CO2H


S 30 19 578 >11,000 252


16 O
CO2H


S


Cl


6 20 128 9120 374


17
O


CO2H
S


O
5.8 136 791 5560 295


18 O
CO2H


S


O


1.4 313 428 33,300 NA


19 O
CO2H


S 0.5 586 311 21,600 NA


NA, IC50 > 10 lM; NT, not tested.
a Concentration that inhibits 50% of the interaction between the PPAR LBD and the radiolabeled ligand.
b Concentration of test compound which produced 50% of the maximal reporter activity.
c The results are based on at least three experiments, each dose done in triplicate (SD = 10%).
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The general synthetic route used for the preparation of
substituted aryl thiols as precursors in the synthesis of
targets 13a and 14–19 (Table 1) is illustrated in Scheme
1 using the formation of the indane moiety as an exam-
ple. Alkylation of hydroxyindane 1 with methylbro-

a


b


OH O
COOMe


OHS
COOMe


O
COOMe


NCS c


1 2


3


4


Scheme 1. General scheme for preparation of substituted thiols with


preparation of the mercaptoindane as an example. Reagents and


conditions: (a) Cs2CO3, methylbromoacetate, acetonitrile, 25 �C,


100%; (b) NaSCN, NaBr, Br2, MeOH, 0 �C, 99%; (c) dithiothreitol,


NaBH4, MeOH, 0 �C, 91%.

moacetate under basic conditions gave the indane ester
2, followed by treatment with sodium thiocyanate and
bromine which provided the thiocyanate indane
intermediate 3.3 Intermediate 3 was reduced with
sodium borohydride to afford the mercaptoindane 4 in
an overall yield of 91%. During the reduction process,
sodium borohydride was added to cleave the disulfide
dimer, a common side product under those reaction
conditions.


The formation of the 1,4-benzyloxybenzylsulfanyl in-
dane carboxylic acid analogs 13a–g was achieved in four
steps starting with commercially available substituted
benzyl halides 5a–g (Scheme 2).4 These electrophiles
reacted with 4-hydroxymethylphenol to provide the ben-
zyloxybenzyl alcohol derivatives 6a–g and then con-
verted to their respective benzyloxybenzyl chlorides
7a–g. The chloride intermediates were prepared by an
in situ formation of the mesylates, followed by displace-
ment of the mesyl group with chloride using metha-
nesulfonyl chloride and triethylamine. Coupling of
mercaptoindane 4 with substituted benzyloxybenzyl
chlorides 7a–g afforded indane esters 12a–g, followed
by saponification with sodium hydroxide and then acid-
ification with hydrochloric acid which gave the target
compounds 13a–g in an overall average yield of 35%
over four steps. Likewise, the analogs 14–19 illustrated
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Scheme 2. General scheme for the preparation of substituted 1,4-benzyloxybenzylsulfanyl indane carboxylic acid derivatives. Reagents and


conditions: (a) Cs2CO3, 4-hydroxymethylphenol, acetonitrile, 25 �C, 72–100%; (b) methanesulfonyl chloride, DCM, Et3N, 0 �C, 53–73%; (c) Cs2CO3,


mercaptoindane 4, acetonitrile, 25 �C, 80–100%; (d) 1—LiOHÆH2O, aq THF; 2—aq HCl, 25 �C, 72–89%; (e) 2,2-dimethoxypropane, HCl (concd),


0–25 �C, 18 h, 70%; (f) substituted benzyl halide, Cs2CO3, acetonitrile, 25 �C, 77–88%.
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in Table 1 were prepared under the same reaction condi-
tions from their respective substituted aryl thiols.


Targets 13h and 13i were synthesized by a different route
in an effort to prepare a common intermediate two steps
away from the desired targets and to facilitate purifica-
tion in a parallel chemistry strategy (Scheme 2). The
alternative route began with ester chloride 8, which
reacted with 4 under basic conditions in acetonitrile to
form the diester 9 and then hydrolyzed with excess base
in aqueous THF, followed by acidification, to provide
the acid phenol 10 in an overall yield of 80% over two
steps. The methyl ester was regenerated using 2,2-
dimethoxypropane and concentrated hydrochloric acid,
a mild condition for preparing methyl esters, to afford
the common ester phenol intermediate 11 in 70% yield.
Finally, alkylation of 11 with organohalides 5h–i pro-
vided the target compounds in 77–88% yields.


For the synthesis of the 1,2-benzyloxybenzylsulfanyl in-
dane carboxylic acid analogs 28a–e, the reaction path-
way utilized was dependent on the availability of
commercial starting material (Scheme 3). For example,
the benzyl alcohol intermediate 25a was prepared in
two steps from the carboxylic acid phenol 20a using
an excess of the electrophile and base to provide the

dialkylated intermediate 21a, followed by reduction with
lithium aluminum hydride in tetrahydrofuran (Scheme
3).5 Similarly, benzyl alcohols 25c–e were synthesized
from the salicaldehydes 23c–e via alkylation of the phe-
nols to form the aldehyde ethers 24c–e and then reduc-
tion under the same conditions to give the
intermediates. In contrast to the two reaction pathways
previously mentioned, benzyl alcohol 25b was formed in
one step in 81% yield from 22b using the same alkylation
conditions. The final targets 28a–e were prepared from
their respective benzyl alcohol intermediates 25a–e by
the reaction conditions described for the preparation
of the 1,4-substituted analogs 13a–g in yields ranging
from 47 to 80% (Scheme 4).


Potent and selective PPARd agonists are desirable com-
pounds and are believed to increase the transcription of
factors leading to the production of desirable HDL-c
seen lacking in certain dyslipidemias.


Directed SAR was derived from known PPAR agonists
and activities were determined in a manner similar to
known methods.6–8 The requisite acidic motif was
required for activity and was included in all examples.
Through a parallel synthetic strategy combining various
phenoxyacetic acid thiol monomers with hydrophobic
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fragments, a library of potential PPAR ligands was pro-
duced. A lead compound 15, containing a 4-benzyloxyb-
enzyl substituent, showed high affinity for PPARd
(IC50 = 19 nM) and moderate affinity for PPARa
(IC50 = 578 nM) (Fig. 2). Modifications of the phenoxy-
acetic acid core with bulky hydrophobic substituents led
to increased affinity for PPARd. The highest selectivity
was seen with the indane core, whereas smaller groups
showed diminished affinity for PPARd (Table 1).


The inclusion of an oxygen atom showed a marked
reduction in selectivity. This was observed in both cyclic
and acyclic ethers. Interestingly, addition of a methyl
group opposite a larger fused ring decreased the binding
to PPARd. However, this weaker binding affect was not
observed with small non-polar groups para to the
methyl group. This observation may be due to a steri-
cally confined space around the phenoxyacetic acid.


In contrast, the hydrophobic ‘tail’ portion of this series
was more amenable to substitution. Structure activity
relationships on the benzyl portion of 13a were further
explored (Table 2). Changes at the 2- and 5-positions
on the benzyl ring gave an unclear trend in structure–
activity relations. Electron donating and withdrawing
groups did not have significant impact on the binding
affinities with both PPARa and d. Hydrophobicity and
steric interaction were slightly more important consider-
ations in this portion of the receptor. The PPARd recep-
tor showed a greater affinity for multiple fluorine
containing substituents when attached at the 4-position
of the ring. Groups of larger and smaller size showed
diminished binding affinity. Functionality attached at
the 2-position indicated restricted space in PPARa,
but was relatively well accommodated.


The benzyloxy substitution pattern imparts significant
changes to both binding and selectivity (Table 3).
Although the 1,4-substituted benzyloxybenzyl example
13a demonstrated some PPARa activity, modification
to a 1,2 substitution pattern was devoid of measurable
activity at the same receptor. Additional fluorine substi-
tutions ortho, meta, and para to the oxygen linker fur-
ther altered binding affinity to PPARd. This trend of
increasing PPARa binding activity runs slightly counter
to the decreasing PPARd binding activity. While the
contribution and positioning of the monofluoro substi-
tuent is unclear, it was a requisite member of the most
selective compounds.


All members of the benzyloxybenzyl series showed low
binding affinity for PPARc. Although potentially a pro-
miscuous receptor, significant selectivity was seen for
PPARa and PPARd, with IC50’s for PPARc ranging
from 5.4 to 22 lM.







Table 2. PPAR receptor binding and cellular functional activities


O CO2H


S


RO


Compound 13 R Selectivity (a/d) IC50
a,c (nM) PPARd EC50


b,c (nM)


PPARa PPARc PPARd


a F3C 120 10 1200 NA 251


b Cl 44 89 3910 NT 933


c H3CO 41 120 4950 13,800 1970


d 10 148 1540 NT 267


e >1000 125 NA 7570 2210


f


Cl


Cl


69 69 4190 NT 585


g F >1000 191 NA NT 13,600


h F3CO 9 76 672 <11,100 530


i
CF3


F
10 356 3481 <11,100 1720


NA, IC50 > 10 lM, NT, not tested.
a Concentration that inhibits 50% of the interaction between the PPAR LBD and the radiolabeled ligand.
b Concentration of test compound which produced 50% of the maximal reporter activity.
c The results are based on at least two experiments, each dose done in triplicate (SD = 10%).


Table 3. PPAR receptor binding and cellular functional activities


O


S


R5 O


CO2H


R4


R6
R7


CF3


Compound 28 R4 R5 R6 R7 Selectivity (a/d) IC50
a,c (nM) PPARd EC50


b,c (nM)


PPARd PPARa PPARc


e H H F H >1000 1.7 NA NA 70


b H H H H >1000 10.4 NA NA 230


d H F H H 50 62 3110 NT NT


c F H H H 33 111 3670 NT NT


a H H H F >1000 286 NA NT 2610


NA, IC50 > 10 lM, NT, not tested.
a Concentration that inhibits 50% of the interaction between the PPAR LBD and the radiolabeled ligand.
b Concentration of test compound which produced 50% of the maximal reporter activity.
c The results are based on at least three experiments, each dose done in triplicate (SD = 10%).
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In the course of our study with these compounds, we
found that there was not a clear correlation between
the PPARd binding affinity and the PPARd functional
activity. In the event, we constructed our structure–
activity relationships with data derived from the recep-
tor binding assay and assessed agonist activity using
the cell based functional assay. Ultimately, compound
28e showed greater than 1000-fold selectivity of PPARd
over PPARa with an EC50 of 59 nM and was thus se-
lected for further study in vivo.
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radioactivity bound to the PPAR LBD-GST fusion protein/
anti-GST/SPA antibody-binding bead complex was
assessed using a Wallac MicroBeta plate reader. The
potency of interaction of a compound with the respective
PPAR LBD was determined as the concentration that
inhibits 50% of the interaction between the respective
PPAR LBD and the radiolabeled ligand.
The human PPARc scintillation proximity assay (SPA) was
used to measure the affinity of ligands for the human PPARc
receptor. The hPPARc LBD encoding amino acids 206–477
(GenBank Accession No. NM_138712.1) was used. Volumes
of 168 lL of buffer (1X PBS, 12 mM b-mercapto ethanol,
0.002% Tween-20, and 9% Glycerol, pH 7.6) containing
40 nM 3H-5-(4-(3-(5-methyl-2-phenyloxazol-4-yl)propa-
noyl)-benzyl)thiazolidine-2,4-dione (9.57 Ci/mmol), 0.3 mg
polylysine-coated yttrium silicate beads (Amersham,
RPNQ0010), and 10 nM purified His-tagged human PPARc
LBD were placed into the wells of a 96-well white assay plate
(Corning 3604). 2 lL of dimethylsulfoxide (DMSO) or 2 lL
of DMSO containing a test compound at a concentration
sufficient to give a final assay concentration binding curve
between 1 nM and 100 lM was added into each well. After
incubation with shaking at room temperature for 2 h,
radioactivity bound to the PPARc LBD-HIS fusion pro-
tein/yttrium bead complex was assessed using a Wallac
MicroBeta plate reader. The potency of interaction of a
compound with the PPARc LBD was determined as the
concentration that inhibits 50% of the interaction between
the PPARc LBD and the radiolabeled ligand.


8. PPARd chimeric receptor assay (Functional Assay): Tran-
sient transfections assay using the HepG2 hepatoma cell line:
The GAL4 hPPARdLBD, chimeric receptor expression
constructs containing the ligand binding domain for the
human PPARd LBD (encoding amino acids 145–441
GenBank Accession No. NM_006238), was used to
cotransfect cells with GAL4-Luciferase reporter plasmid
(p5Eb-Luc) and b-Gal plasmid. Briefly, HepG2 cells were
seeded in a 100-mm cell culture dish containing 10 mL
DMEM plus 10% serum. Transfection mix was prepared by
combining 15 lg GAL4-Luc plasmid with 15 lg of GAL4-
hPPARdLBD. b-Gal plasmid (1.5 lg) was also added to
each as a control. LipofectAMINE 2000 reagent was used
as suggested by the manufacturer (Invitrogen, Carlsbad,
CA). For each well, 2.4 mL transfection mix was added and
incubated at 37 �C overnight. The next day, transfected
HepG2 cells were reseeded to a 96-well cell culture plate at
the density of 3000 cells per well and compounds were
subsequently added to each well. After 16 h incubation,
cells were then harvested in a lysis buffer (Promega,
Madison, Wisconsin) and luciferase activity was deter-
mined using a luminometer. Luciferase activity was then
normalized with b-Gal activity.
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Abstract—5-Deoxy-5-episubstituted arbekacin derivatives have been designed and efficiently synthesized. The synthetic compounds
showed potent antibacterial activity against both Staphylococcus aureus, including methicillin-resistant S. aureus, and Pseudomonas
aeruginosa. In particular, these derivatives were superior to arbekacin against MRSA strains expressing the bifunctional aminogly-
coside-modifying enzyme AAC(6 0)-APH(200). The antibacterial activity of the 5-deoxy-5-episubstituted arbekacin derivatives against
Pseudomonas aeruginosa was markedly influenced by the efflux system of MexXY/OprM. The 6 0-N-methyl derivative of the 5-epi
arbekacin was effective against Pseudomonas aeruginosa expressing the aminoglycoside-modifying enzyme AAC(6 0).
� 2007 Elsevier Ltd. All rights reserved.

In recent years, infection caused by methicillin-resis-
tant Staphylococcus aureus (MRSA), including vanco-
mycin-resistant strains, and the multidrug-resistant
Pseudomonas aeruginosa, which has resistance against
carbapenems and quinolones, has become a significant
clinical problem.


The aminoglycoside antibiotics, represented by arbeka-
cin (ABK), tobramycin, and amikacin, have been
widely used as the clinically significant agents because
of their potent antibacterial activities against both
Gram-positive and Gram-negative bacteria.1 However
the resistance to aminoglycoside antibiotics is caused
by aminoglycoside-modifying enzymes such as amino-
glycoside acetyltransferase (AAC), aminoglycoside
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adenylyltransferase (AAD), and aminoglycoside phos-
photransferase (APH)1 has been reported. Further-
more, the MRSA strains expressing the bifunctional
aminoglycoside-modifying enzyme AAC(6 0)-APH(200)
have been found in clinical isolates.2 On the other
hand, efflux systems in P. aeruginosa, such as the tri-
partite resistance nodulation division (RND) efflux sys-
tems, have a role in resistance to various antibiotics.
Thus, it has been recently recognized that aminoglyco-
side antibiotics are effluxed by the MexXY/OprM of
the RND efflux system.3


There are several approaches to the development of a
new class of aminoglycoside antibiotics that show anti-
bacterial activity against resistant bacteria.4 Among
them, 5-deoxy-5-episubstituted aminoglycosides such
as 5-epi sisomicin,5 5-epi isepamycin,6 and 5-deoxy-5-
epifluoro arbekacin7 have been reported to show potent
antibacterial activity against resistant Gram-positive
and Gram-negative bacteria. Therefore, to overcome
infection caused by MRSA and P.aeruginosa, we under-
took synthesis of the 5-deoxy-5-episubstituted ABK
derivatives 3a–g and tested them for antibacterial activ-
ity, including their stability against aminoglycoside-
modifying enzymes and the influence of the MexXY/
OprM efflux pump.


Synthesis of 5-deoxy-5-episubstituted ABK derivatives
from ABK8 is shown in Scheme 1. The amino groups
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Scheme 1. Synthesis of 5-deoxy-5-epi arbekacin derivatives. Reagents and conditions: (a) (Boc)2O, Et3N, DMF, H2O, rt; (b) Ac2O, pyridine, rt; (c)


MsCl, DMAP, CH2Cl2, rt; (d) CsOAc, DMF, 100 �C, (2a); or LiCl, DMF, 100 �C, (2b); (e) NaOMe, MeOH, CH2Cl2, rt; (f) 90% TFA, rt; (g)


MeNH2, MeOH, sealed tube, 60 �C, (3d); or NH2(CH2)2NH2, sealed tube, DMF, 80 �C, (3f); (h) NaN3, DMF, 100 �C; (i) H2, 10% Pd–C, H2O, rt; (j)


formaldehyde, Et3N, MeOH, 1,4-dioxane, rt, then NaBH4, MeOH, 1,4-dioxane, rt; (k) benzyl bromide, K2CO3, DMF, rt.
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of ABK were protected with t-butoxycarbonyl (Boc)
groups, and then the hydroxy groups, except for 5-
OH, were protected with acetyl (Ac) groups to provide
the penta-N-Boc-tetra-O-Ac ABK derivative, which
was subsequently treated with methansulfonyl chloride
(MsCl) to afford 1. Treatment of 1 with CsOAc or LiCl,
and then removal of the Ac and Boc protecting groups
of the resulting compounds 2a or 2b gave the 5-epi
ABK 3a or 5-deoxy-5-epichloro ABK 3b, respectively.
Treatment of 1 with NaN3 gave the 5-epiazide derivative
5. Stepwise removal of the Ac and Boc groups of 5 and
then reduction of the azide group to an amino group
gave the 5-deoxy-5-epiamino ABK 3c.


Next, we tried to introduce substituted amino groups at
the C-5 position of ABK. Removal of the Ac groups of
compound 1 by NaOMe in MeOH–CH2Cl2 gave 4. Effi-
cient introduction of substituted amino groups at the
hindered C-5 position of 4 was achieved by treatment
with MeNH2 or H2NCH2CH2NH2 at 60 or 80 �C in a
sealed tube, which followed by removal of the Boc

Table 1. Antibacterial activities of compounds 3a–3g


Test organism


3a 3b 3c


Staphylococcus aureus 209P JC-1 0.06 0.1 0.


S. aureus MF490 (MRSA)a 2 3.13 2


S. aureus MSC03571 (MRSA)a 2 6.25 4


Escherichia coli NIH JC-2 1 1.56 2


Pseudomonas aeruginosa PAO1 2 2 2


P. aeruginosa GN315b 8 50 16


P. aeruginosa N101(DmexXY of PAO1) 0.25 0.5 0.


a Possessing AAD(40) and AAC(60)-APH(200).
b Possessing AAC(60)-Ib.
c NT, not tested.

groups gave 3d or 3f, respectively. Alternatively, com-
pound 5 was transformed to compound 6 by removal
of the Ac groups and reduction of the C-5 azide group
to an amino group. Methylation of the 5-NH2 of 6 with
formaldehyde in the presence of NaBH4, followed by
removal of the Boc groups gave a mixture of the 5-
deoxy-5-epidimethylamino ABK 3e, 5-deoxy-5-epimeth-
ylamino ABK, and 5-deoxy-5-epiamino ABK. The
desired product 3e could be readily purified by column
chromatography on CM Sephadex (NH4


þ form). Treat-
ment of 6 with benzyl bromide in the presence of K2CO3


and then removal of the Boc groups afforded 3g.


The antibacterial activities of the 5-deoxy-5-episubstitut-
ed ABK derivatives are shown in Table 1.13


Compounds 3a–c and 3f were comparable with ABK in
antibacterial activity against S. aureus 209P JC-1.
Further, these compounds showed more potent antibac-
terial activity than ABK, against MRSA expressing
the aminoglycoside-modifying enzymes AAD(4 0) and

MIC (lg/ml)


3d 3e 3f 3g ABK


13 0.25 1 0.13 0.13 0.06


4 32 2 8 64


16 >64 4 32 16


2 16 4 4 1


4 32 2 32 2


128 >32 64 128 16


5 NTc NT NT 1 0.25







3542 Y. Hiraiwa et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3540–3543

AAC(6 0)-APH(200). By contrast, the 5-N-substituted
derivatives 3e and 3g showed less potent activity against
S. aureus and P. aeruginosa as compared with the 5-
deoxy-5-epiamino ABK 3c. The compounds 3a–c and
3f showed potent activity against P. aeruginosa PAO1
equal to that of ABK.


Next, we investigated the effect of the efflux system of
P. aeruginosa by comparing the MICs of the compounds
for P. aeruginosa PAO1 and for P. aeruginosa N101 (D
mexXY/oprM PAO1).9 Interestingly, 3a–c, 3g, and
ABK showed increased activity (4- to 32-fold higher
activity) against P. aeruginosa N101 than P. aeruginosa
PAO1. It is noteworthy that, out of the derivatives,
the lipophilic 5-deoxy-5-epi-N-benzyl derivative 3g was
the most susceptible to elimination via the MexXY/
OprM tripartite efflux system of P. aeruginosa PAO1.
These results seem to indicate that the MexXY/OprM
efflux system is a major mechanism in the resistance of
P. aeruginosa against 5-deoxy-5-episubstituted ABK
derivatives and ABK.


Furthermore, to investigate 6 010- or 300-N-substituted
derivatives of the 5-deoxy-5-episubstituted ABK deriva-
tives for antibacterial activity and stability against ami-
noglycoside-modifying enzymes, we focused on the 5-epi
ABK 3a that has the most potent antibacterial activity.
We synthesized the 6 0- and 300-N-methyl derivatives of 3a

Scheme 2. Synthesis of 300-N-methyl-5-epi arbekacin. Reagents and condit


MeOH, 1,4-dioxane, rt; (b) formaldehyde, Et3N, MeOH, 1,4-dioxane, rt, th


MsCl, DMAP, CH2Cl2, rt; (e) CsOAc, DMF, 100 �C; (f) NaOMe, MeOH, C


Scheme 3. Synthesis of 6 0-N-methyl-5-epi arbekacin. Reagents and conditio


(Boc)2O, Et3N, MeOH, 1,4-dioxane, rt; (c) H2, 10% Pd–C, 1,4-dioxane, H2


MeOH, 1,4-dioxane, rt; (e) formaldehyde, Et3N, MeOH, 1,4-dioxane, rt, the


then (Boc)2O, Et3N, MeOH, 1,4-dioxane, H2O, rt; (g) benzoyl chloride, pyrid


NaOMe, MeOH, CH2Cl2, rt; (k) 90% TFA, rt.

and measured their antibacterial activity. Synthesis of
the 300-N-methyl derivative 11 from 711 is shown in
Scheme 2.


Stepwise reductive alkylations of the 300-NH2 of 7 with
benzaldehyde and then with formaldehyde afforded 8.
Regioselective acetylation of all of the hydroxyl groups
of 8, except for 5-OH, provided 9. Treatment of 9 with
MsCl and then reaction with CsOAc gave the 5-epiacet-
oxy derivative 10. Stepwise removal of the Boc, Ac,
p-methoxybenzyloxycarbonyl (PMZ), and Benzyl pro-
tecting groups of 10 in three steps afforded 11.


Synthesis of the 6 0-N-methyl derivative 17 from ABK is
shown in Scheme 3.


Regioselective protection12 of the 6 0-NH2 of ABK with
N-(benzyloxycarbonyloxy)succinimide in the presence
of Zn(OAc)2 gave 6 0-N-benzyloxycarbonyl (6 0-N-Cbz)
ABK in 33% yield after column chromatography on
Amberlite CG 50 (NH4


þ form). Treatment of 6 0-N-
Cbz ABK with (Boc)2O afforded 12. The Cbz group of
12 was removed by hydrogenolysis with 10% Pd–C to
provide the 6 0-NH2 derivative. Stepwise reductive alky-
lations of the 6 0-NH2 with benzaldehyde and formalde-
hyde gave 13. Removal of the benzyl group of 13,
followed by Boc protection of the 6 0-NHMe group,
afforded 14, which was regioselectively benzoylated to

ions: (a) benzaldehyde, Et3N, MeOH, 1,4-dioxane, rt, then NaBH4,


en NaBH(OAc)3, MeOH, 1,4-dioxane, rt; (c) Ac2O, pyridine, rt; (d)


H2Cl2, rt; (g) 90% TFA, rt; (h) H2, 10% Pd–C, H2O, rt.


ns: (a) Zn(OAc)2, N-(benzyloxycarbonyloxy)succinimide, H2O, rt; (b)


O, rt; (d) benzaldehyde, Et3N, MeOH, 1,4-dioxane, rt, then NaBH4,


n NaBH4, MeOH, 1,4-dioxane, rt; (f) H2, Pd–C, 1,4-dioxane, H2O, rt,


ine, 0 �C; (h) MsCl, DMAP, CH2Cl2, rt; (i) CsOAc, DMF, 100 �C; (j)







Table 2. Antibacterial activities of compounds 11 and 17


Test organism MIC (lg/ml)


11 17 3a ABK


Staphylococcus aureus 209P JC-1 0.13 0.13 0.06 0.06


S. aureus MF490 (MRSA)a 4 32 2 64


S. aureus MSC03571 (MRSA)a 16 8 2 16


Escherichia coli NIH JC-2 2 1 1 1


Pseudomonas aeruginosa PAO1 2 4 2 2


P. aeruginosa GN315b 32 4 8 16


a Possessing AAD(40) and AAC(60)-APH(200).
b Possessing AAC(60)-Ib.
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give 15. Treatment of 15 with MsCl provided the 5-OMs
derivative and then reaction with CsOAc gave the 5-epi-
acetoxy derivative 16. Removal of the Boc, Ac, and ben-
zoyl groups of 16 in two steps provided the 6 0-N-methyl
derivative 17.


The antibacterial activities of 11 and 17 are shown in
Table 2.13


As expected, the 6 0-N-methyl derivative 17 was slightly
more active than the 6 0-NH2 derivative 3a against
P. aeruginosa GN315 expressing the aminoglycoside-
modifying enzyme AAC(60)-Ib. However, 17 showed less
potent antibacterial activity against S. aureus strains
MF490 and MSC03571 expressing AAC(6 0)-APH(200)
and AAD(4 0), as compared with 3a. On the other
hand, introduction of a methyl group at the 300-NH2 re-
sulted in decreased activity against S. aureus and P.
aeruginosa (compound 11). These results indicated that
introduction of a methyl group at the 6 0-NH2 of 5-
deoxy-5-episubstituted derivatives led to enhanced sta-
bility against the aminoglycoside-modifying enzyme
AAC(6 0)-Ib.


Finally, we tested the antibacterial activity of the 5-
deoxy-5-episubstituted derivatives 3a and 3c against 54
clinical isolates of MRSA. Against these 54 strains, the
MIC50 and MIC90 of 3a (MIC50, 0.5 lg/mL, MIC90,
1.0 lg/mL) and 3c (MIC50, 0.5 lg/mL, MIC90, 0.5 lg/
mL) indicated that these compounds were more potent
than ABK (MIC50, 1.0 lg/mL, MIC90, 2.0 lg/mL).13


In summary, we have designed and synthesized several
5-deoxy-5-episubstituted ABK derivatives in order to
investigate the novel aminoglycoside antibiotic agents
having the antibacterial activities against aminoglyco-
side resistant bacteria. The compounds 3a–c and 3f
showed good antibacterial activity against S. aureus
and P. aeruginosa. In particular, the 5-epi ABK 3a
and the 5-deoxy-5-epiamino ABK 3c showed potent
activity against S. aureus, including MRSA expressing
the bifunctional aminoglycoside-modifying enzyme
AAC(6 0)-APH(200). Introduction of a methyl group at
the 6 0-NH2 of 3a led to enhanced activity against
P. aeruginosa expressing the aminoglycoside-modifying
enzyme AAC(6 0)-Ib. The antibacterial activity of the
5-deoxy-5-episubstituted ABK derivatives and ABK

was markedly reduced by the MexXY/OprM efflux sys-
tem in P. aeruginosa. Based on these findings, further
structure–activity relationship studies of this class of
compounds are currently in progress.
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Abstract—4 0-Substituted bicyclic pyridones were prepared and evaluated as non-steroidal inhibitors of type 1 and 2 steroid 5a-
reductase (SR). A range of 4 0-substituents were incorporated into the bicyclic scaffold to investigate SAR within and across different
classes of non-steroidal inhibitors of SR. Bicyclic pyridones containing a 4 0-benzoyl or long carbon chain tether showed more potent
inhibition against type 1 SR than inhibitors with N-substituted acetamide groups in the 4 0-position. SAR derived from 4 0-substituted
bicyclic pyridones reported here do not correlate with SAR derived from known potent 4 0-substituted biaryl acid SR inhibitors. A
4 0-benzoyl group is favoured by the active site in both isozymes.
� 2007 Elsevier Ltd. All rights reserved.

Steroid 5a-reductase is an NADPH-dependent enzyme
that catalyses the irreversible bioreduction of testoster-
one to the more potent androgen dihydrotestosterone
(DHT). Two isozymes of SR exist, type 1 and type 2,
whose tissue distribution and kinetics differs.1 Major
target tissues of DHT include the prostate, skin, scalp
and sebaceous gland (see Occhiato et al. and references
therein).2 Elevated levels of DHT are associated with
prostate disorders (cancer and benign prostatic hyper-
plasia)2 and skin disorders such as androgenetic alopecia
(male pattern baldness), acne and hirsutism.3 Due to the
association of DHT with these disorders, there is signif-
icant interest in developing SR inhibitors as potential
therapeutics. Modification of the natural substrate led
to the generation of steroidal inhibitors such as 14 and
2,5 but recent work has focussed on developing non-ste-
roidal inhibitors with tricyclic or bicyclic scaffolds that
mimic the steroid backbone (e.g., 3,6 4,7 5a/5b8,9 and
610). Non-steroidal inhibitors are currently of significant
interest as they potentially avoid the well-known side
effects associated with steroidal drugs.

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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Structural diversity is found amongst the different clas-
ses of non-steroidal compounds known to inhibit SR.
However, a structural feature common to these inhibi-
tors is a lipophilic scaffold incorporating a ring which
mimics the geometry and electrostatic properties of the
A ring of the proposed enolate intermediate in the bio-
reduction.2 The potency and selectivity of non-steroidal
inhibitors depends greatly on the nature and position
of ring substituents. The number of different classes of
non-steroidal SR inhibitors has made the definition of
structure–activity relationships (SAR) within and across
these classes necessary. In this paper, we report SAR
derived from novel compounds with non-steroidal bicy-
clic scaffolds, 5- and 1-aryl substituted pyridones (e.g., 6
and 7). As substituents at the 4 0-position are known to
influence the potency of known bicyclic SR inhibitors,
particular substituents were chosen for incorporation
at the 4 0-position of the bicyclic pyridone scaffolds to
examine SAR for this position. Potent inhibitors con-
taining N-substituted acetamide or benzoyl substituents
at the 4 0-position are found within a class of non-steroi-
dal inhibitors consisting of a biaryl acid scaffold (e.g., 5a
and 5b). These and related moieties were incorporated
into the 4 0-position of the bicyclic pyridones reported
here. The biaryl acids 5a and 5b represent non-steroidal
derivatives of the steroidal acid 2, with two of the steroi-
dal rings (B and D) missing. They are also related to the
non-steroidal tricyclic aryl acid compound 4 in which
the steroidal D ring is absent. The same relationships
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can also be observed for the aza-type compounds 1, 3
and 5. To examine SAR for the 4 0-position, a series of
4 0-substituted 5-arylpyridones (13–15, 17, 26 and 27)
were prepared, along with some corresponding 1-aryl-
pyridone derivatives (20 and 21), and tested against
SR types 1 and 2 expressed in transfected human embry-
onic kidney cells. SR inhibitors consisting of a substi-
tuted 1-arylpyridone scaffold of the type depicted by 7
have not been reported to date and thus present a novel
non-steroidal bicyclic scaffold with which to investigate
SR inhibition. Compounds 26 and 27 contain a long car-
bon chain tether which was incorporated to facilitate
their potential attachment to a gold surface. Solid sup-
ported biologically active compounds provide well-de-
fined systems for investigating biomolecular
recognition, such as that between an enzyme and inhib-
itor. SAR obtained for the compounds reported were
compared to SAR derived from inhibitors within the
bicyclic pyridone class as well as inhibitors from the bia-
ryl acid class, providing further information about the
structural features common to different classes of non-
steroidal SR inhibitors (Fig. 1).


Synthesis. 5-Aryl 1-methyl-2-pyridones 13–15 were pre-
pared from the key bicyclic intermediate 9 (Scheme 1),
which was synthesised via Suzuki cross coupling of the
commercially available pyridine 8 and p-methoxyphenyl
boronic acid. Acid hydrolysis of 9 was followed by N-
methylation and deprotection of the aryl methyl ether

Figure 1. Some known steroidal inhibitors (1 and 2) of SR and related


non-steroidal tricyclic (3 and 4) and bicyclic inhibitors (5 and 6).


Structure 7 represents a novel scaffold for the inhibition of SR as


reported here.

to give the phenol 10. Alkylation of 10 with bromoace-
tamide 1111 or 12 gave target compounds 13 and 14,
respectively. Piperidone 15 was prepared by catalytic
hydrogenation of 13. The synthetic route to pyridone
17 was slightly modified, whereby 8 was converted to
6-fluoropyridin-3-yl boronic acid12 to facilitate Suzuki
cross coupling with benzyl-4-bromophenyl ketone to
give the key bicyclic intermediate 16. Acid hydrolysis
of 16 and subsequent N-methylation gave target com-
pound 17.


1-Aryl 2-methyl 2,3-dihydro-4-pyridones 20 and 21
(Scheme 2) were prepared from racemic key intermedi-
ate 18 which was synthesised via aza Diels-Alder
methodology using Danishefsky’s diene, acetaldehyde
and p-anisidine.13 Deprotection of the aryl methyl ether
of 18 gave phenol 19 which was alkylated with bromoac-
etamide 11 or 12 to give target compounds 20 and 21,
respectively.


Long carbon chain tethers containing a terminal olefin
(24 and 25) were prepared for subsequent attachment
to proposed inhibitor 14 using cross metathesis. Com-
pounds 22 and 23 were prepared according to Svedham
et al.14 and coupled to 4-pentenoic acid in the presence
of DMAP and EDCI to give tethers 24 and 25. The
inhibitor-tether conjugates 26 and 27 were prepared by
reacting proposed inhibitor 14 with tether 24 or 25 in
the presence of Grubbs’ second generation catalyst (only
the E isomers were obtained). These long carbon chain
tethers were incorporated into compound 14 to facilitate
its potential attachment to a gold surface (Scheme 3).


Inhibition of SR type 1 and 2. The inhibitory activity
(% inhibition at 10 lM) of compounds reported here
(Table 1) against SR type 1 and 2 was evaluated� against

� Assay procedure: SR type 1 and 2 transfected HEK293 cells were


washed with PBS buffer and harvested in cold homogenate buffer


(Tris–HCl, EDTA and sucrose). Cells were homogenised on ice. Test


compound solutions (10 lM in DMSO) were incubated with cell


homogenate (total volume 500 lL using Tris–HCl buffer, EDTA).


This high test compound concentration was used as inhibitory


activity could not be detected at lower concentrations. The incubation


mixture included NADP+, glucose-6-phosphate, glucose-6-phosphate


dehydrogenase, androstenedione (AD) (500 nM with 3.2 lCi [1b-3H]-


AD) and 2% MeOH. Androstenedione was used as the substrate as it


has a higher affinity for SR type 1 compared to testosterone


(androstenedione and testosterone have similar affinities for SR type


2). The Km values for androstenedione in the cell-free homogenate are


852 nM (type 1) and 57 nM (type 2). Km values for testosterone are 1–


5 lM (type 1) and 4–50 nM (type 2).2 Addition of the enzyme


preparation to the test compound solution started the reaction, which


was stopped by extracting the steroids with cold diethyl ether.


Collection of the ether layer after centrifugation gave the steroids


which were dissolved in 50 lL MeOH for HPLC analysis. HPLC


analysis was carried out with Agilent 1100 series, Agilent Chemsta-


tion for LC 3D. The dissolved steroids (AD and androstanedione,


12.5 lL) were injected. Radioactivity was measured with a Berthold


radioflow monitor LB509. Methanol/water (65:35) was used as the


mobile phase with a flow of 0.35 mL min�1, and additive flow of


1 mL for scintillator (quickszint flow 302) and RP 18 Nucleodur


column. Baseline separation of steroidal substrates and products was


achieved within 15 min. Results are expressed as the amount of


androstanedione formed as a percentage of control values.







Scheme 2. Reagents and conditions: (i) HBr in AcOH, 80 �C, 8 h (66%); (ii) 2 M aq KOH, DMF, 80 �C, 1 h, then 11 or 12, 16 h [20 (43%), 21 (30%)].


Scheme 3. Reagents and conditions: (i) DMAP, 4-pentenoic acid, EDCI, CH2Cl2, rt, 3 h [22 (49%), 23 (62%)]; (ii) 20 mol% Grubbs’ 2nd generation


catalyst, 1,1,2-trichloroethane, rt, 16 h [26 (30%), 27 (52%)].


Scheme 1. Reagents and conditions: (i) p-methoxyphenyl boronic acid, Pd(PPh3)4, KOH, n-Bu4NBr, THF, reflux, 19 h (82%); (ii) 4 M HCl in


dioxane, H2O, reflux, 24 h (quant.); (iii) LiH, DMF, 50 �C, 1.5 h then MeI, 16 h (68%); (iv) HBr in AcOH, reflux, 16 h (83%); (v) 2 M aq KOH,


DMF, 80 �C, 1.5 h, then 11 or 12, 16 h [13 (46%), 14 (79%)]; (vi) H2, Pd/C, 40 bar, EtOH, rt (63%); (vii)12; (viii) benzyl-4-bromophenyl ketone,


Pd(PPh3)4, 2 M aq Na2CO3, EtOH, PhMe, reflux, 18 h (85%); (ix) as for step (ii); (x) LiH, DMF, rt, 1 h, then MeI, 16 h (52%).
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isozymes expressed separately by transfected human
embryonic kidney (HEK) cells.15 HEK-I (expressing
type 1 SR) and HEK-II (type 2 SR) cell-free homoge-
nates were used. Weak inhibition against the type 1
isozyme was observed for compounds with 4 0-N-substi-
tuted acetamide compounds 13–15, 20 and 21. More
potent inhibition of type 1 SR was observed for com-
pounds 26 and 27 which have long carbon chain tethers
attached to the 4 0-acetamide, and also 17 which has a
4 0-benzoyl substituent. This finding provides further evi-
dence that large hydrophobic groups are tolerated in a
region of the active site not involved in the enzymatic
reaction. Similar inhibitory activities against type 1 SR

are observed for compounds with an N-methylated lac-
tam ring (13 and 14) compared to those with a 2-methyl
2,3-dihydro-4-pyridone ring (20 and 21) (cf 13/20, and
14/21). A benzoyl group clearly enhances the potency
of 17 when compared to inhibitors containing N-substi-
tuted acetamide groups (13, 14, 20 and 21). This obser-
vation correlates with that reported by Hartmann et al.
who noted that the presence of bulky ketones at the
4 0-position of 5-aryl pyridones enhanced inhibitory
potency compared to compounds with amides at the
4 0-position.16 Inhibition against the type 2 isozyme was
only observed for compound 21 which also inhibited
type 1 SR very weakly.







Table 1. Inhibition of type 1 and 2 SR


Compound Type 1a (% inhibition


at 10 lM)


Type 2b (% inhibition


at 10 lM)


13 8 —


14 6 —


15 6 —


17 61


20 3 —


21 8 12


26 43 —


27 33 —


Finasteride (9f) 453c 25c


a HEK-I cell homogenate.
b HEK-II cell homogenate.
c IC50 (nM).
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The substituent present at the 4 0-position of non-steroi-
dal bicyclic inhibitors is influential on both type 1 and 2
SR inhibition potencies. Potent biaryl acid compound
5a (IC50 = 9.8 nM)8 contains an OCH2 linker between
the aromatic ring and N-diisopropylamide group at
the 4 0-position. This linker was incorporated into the
4 0-position of the 5-aryl 1-methyl-pyridone scaffold
reported here to give novel compounds 13 and 15 with
4 0-N-substituted acetamides. However the presence of
the OCH2 linker in 13 and 15 did not result in potent
inhibitory activity for these compounds (6% and 8%
inhibition of type 1 activity, respectively). This is a sig-
nificant result for defining SAR across different classes
of SR inhibitors. For the pyridone inhibitors, SAR for
4 0-substituents do not correlate with SAR derived from
the biaryl acid class.


Inhibitor 17 was based on known potent compound 5b
(Ki = 60 nM for type 2 SR)9 which possesses a benzoyl
group at the 4 0-position of the biaryl acid scaffold.
Due to its influence on potency, this benzoyl group
was incorporated into the 4 0-position of the 5-aryl 1-
methyl-pyridone scaffold reported here to give 17 (61%
inhibition of type 1 SR activity at 10 lM). Whilst not
as potent as 5b, the inhibitory activity of 17 suggests that
the benzoyl group is tolerated by the enzyme active site
of both isozymes.


The presence of a long carbon chain tether enhanced the
inhibitory activity of compounds 26 and 27 (43% and
33% inhibition of type 1 activity, respectively) in com-
parison to 14 (6% inhibition of type 1 activity). This
result provides further evidence for the presence of a
lipophilic pocket in the enzyme active site that tolerates
bulky hydrophobic groups at the terminus of the inhib-
itor which is not interacting with residues responsible for
the enzyme catalysed reduction. These compounds also
suggest a way forward for gold surface attachment to
facilitate potential biomolecular recognition studies.


The results reported here reveal important information
on the correlation between SAR from 4 0-substituted
bicyclic pyridones (as described here) and SAR derived
from known 4 0-substituted biaryl acids, in particular
5a and 5b. We can conclude for the bicyclic pyridone
inhibitors, SAR for 4 0-substituents do not correlate with

SAR for 4 0-substituents derived from the biaryl carbox-
ylic acid inhibitors. In addition, a novel type of non-ste-
roidal scaffold for inhibiting SR has been reported,
which may allow further development of more potent
non-steroidal inhibitors of SR. The bicyclic pyridones
reported here are related to the tricyclic benzo[f]quinoli-
none 3, all of which are non-steroidal mimics of the
aza-steroid inhibitor 1. The biaryl acid SR inhibitors
discussed (e.g., 5a/5b) are related to the tricyclic aryl
acid 3 and are non-steroidal mimics of steroidal inhibi-
tor 2. The inhibitory activities reported here provide
further evidence that the nature of the substituent at
the 4 0-position of non-steroidal bicyclic inhibitors has
a profound effect on potency and selectivity against
SR types 1 and 2.


N,N-Diisopropyl-2-(4-(1-methyl-6-oxo-1,6-dihydropyridin-
3-yl)phenoxy)acetamide (13). 1H NMR (CD3OD,
500 MHz) d 1.24 (d, 6H, J = 6.4 Hz, (CH3)2), 1.39 (d,
6H, J = 6.4 Hz, (CH3)2), 3.43 (m, 1H, CH(CH3)2), 3.61
(s, 3H, NCH3), 4.09 (m, 1H, CH(CH3)2), 4.72 (s, 2H,
CH2), 6.59 (d, 1H, J = 9.3 Hz, COCH@CH), 7.00 (d,
2H, J = 8.8 Hz, ArH), 7.43 (d, 2H, J = 8.8 Hz, ArH),
7.80 (dd, 1H, J = 2.4, 9.3 Hz, COCH@CH), 7.86 (d, 1H,
J = 2.4 Hz, NCH3CH). HRMS (M+H). Found:
343.2032 (Calcd for C20H27N2O3: 343.2022).


N-Allyl-2-(4-(1-methyl-6-oxo-1,6-dihydropyridin-3-yl)phen-
oxy)acetamide (14). 1H NMR (CD3OD, 500 MHz) d
3.65 (s, 3H, NCH3), 3.89 (d(br), 2H, J = 5.4 Hz,
NHCH2), 4.55 (s, 2H, OCH2), 5.13 (m, 2H, CH@CH2),
5.85 (m, 1H, CH@CH2), 6.62 (d, 1H, J = 9.3 Hz,
COCH@CH), 7.06 (d, 2H, J = 8.8 Hz, ArH), 7.48 (d,
2H, J = 8.8 Hz, ArH), 7.83 (dd, 1H, J = 2.4, 9.3 Hz,
COCH@CH), 7.90 (d, 1H, J = 2.4 Hz, NCH3CH).
HRMS (M+H). Found: 299.1390 (Calcd for
C17H19N2O3: 299.1396).


N,N-Diisopropyl-2-(4-(1-methyl-6-oxopiperidin-3-yl)phen-
oxy)acetamide (15). 1H NMR (CD3OD, 500 MHz) d
1.24 (d, 6H, J = 6.4 Hz, (CH3)2), 1.38 (d, 6H,
J = 6.8 Hz, (CH3)2), 2.02 (m, 2H, NCH3CH2), 2.46 (m,
2H, COCH2CH2), 2.94 (s, 3H, NCH3), 3.09 (m, 1H,
NCH3CH2CH), 3.41 (m, 2H, COCH2CH2), 3.54 (m,
1H, CH(CH3)2), 4.09 (m, 1H, CH(CH3)2), 4.67 (s, 2H,
OCH2), 6.92 (d, 2H, J = 8.8 Hz, ArH), 7.23 (d, 2H,
J = 8.3 Hz, ArH). HRMS (M+H). Found: 347.2327
(Calcd for C20H31N2O3: 347.2335).


1-Methyl-5-(4-(2-phenylacetyl)phenyl)pyridin-2(1H)-one
(17). 1H NMR (DMSO-d6, 500 MHz) d 3.62 (s, 3H,
NCH3), 4.49 (s, 2H, CH2), 6.61 (d, 1H, J = 9.8 Hz,
COCH@CH), 7.38 (m, 5H, ArH), 7.85 (d, 2H,
J = 8.3 Hz, ArH), 8.02 (dd, 1H, J = 2.7, 9.7 Hz,
COCH@CH), 8.18 (d, 1H, J = 8.3 Hz, ArH), 8.41 (d,
1H, J = 2.9 Hz, NCH3CH). HRMS (M+H). Found:
304.1340 (Calcd for C20H18NO2: 304.1338).


N,N-Diisopropyl-2-(4-(2-methyl-4-oxo-3,4-dihydropyridin-
1(2H)-yl)phenoxy) acetamide (20). 1H NMR (CD3OD,
500 MHz) d 1.25 (d, 3H, J = 6.3 Hz, NCHCH3), 1.25
(d, 6H, J = 6.3 Hz, CH(CH3)2), 1.40 (d, 6H, J = 6.8 Hz,
CH(CH3)2), 2.30 (dd, 1H, J = 3.2, 16.6 Hz, COCHaHb),
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3.00 (dd, 1H, J = 6.8, 16.6 Hz, COCHaHb), 3.56 (m, 1H,
CH(CH3)2), 4.08 (m, 1H, CH(CH3)2), 4.37 (m, 1H,
NCHCH3), 4.72 (s, 2H, OCH2), 5.09 (d, 1H, J = 7.8 Hz,
COCH@CH), 7.01 (d, 2H, J = 9.3 Hz, ArH), 7.24 (d,
2H, J = 8.8 Hz, ArH), 7.53 (d, 1H, J = 7.8 Hz,
COCH@CH). HRMS (M+H). Found: 345.2188 (Calcd
for C20H29N2O3: 345.2178).


N-Allyl-2-(4-(2-methyl-4-oxo-3,4-dihydropyridin-1(2H)-
yl)phenoxy)acetamide (21). 1H NMR (CD3OD,
500 MHz) d 1.25 (d, 3H, J = 6.4 Hz, CHCH3), 2.31 (dd,
1H, J = 2.9, 16.6 Hz, COCHaHb), 3.01 (dd, 1H, J = 6.4,
16.6 Hz, COCHaHb), 3.88 (d(br), 2H, J = 4.9 Hz,
NHCH2), 4.39 (m, 1H, CHCH3), 4.55 (s, 2H, OCH2),
5.10 (d, 1H, J = 7.3 Hz, COCH@CH), 5.12 (m, 2H,
CH2CH@CH2), 5.84 (m, 1H, CH2CH@CH2), 7.06 (d,
2H, J = 8.8 Hz, ArH), 7.26 (d, 2H, J = 9.2 Hz, ArH),
7.54 (d, 1H, J = 7.8 Hz, COCH@CH). HRMS (M+H).
Found: 301.1546 (Calcd for C17H21N2O3: 301.1552).


2-(16-(Acetylthio)hexadecanamido)ethyl 6-(2-(4-(1-
methyl-6-oxo-1,6-dihydropyridin-3-yl)phenoxy)acetam-
ido)hex-4-enoate (26). 1H NMR (CDCl3, 500 MHz) d
1.29 (m(br), 22H, (CH2)11), 1.56 (m, 4H, (CH2)2), 2.16
(t, 2H, J = 7.5 Hz, CH2), 2.30 (s, 3H, CH3CO), 2.40
(m, 4H, COCH2CH2), 2.83 (t, 2H, J = 7.1 Hz, CH2),
3.48 (m, 2H, NHCH2CH2), 3.60 (s, 3H, NCH3), 3.90
(t, 2H, J = 5.9 Hz, NHCH2CH=CH), 4.14 (t, 2H,
J = 5.2 Hz, NHCH2CH2), 4.50 (s, 2H, OCH2CO), 5.56
(m, 2H, CH2CH=CH), 5.96 (s(br), 1H, NHCH2CH2),
6.64 (d, 1H, J = 9.5 Hz, COCH@CH), 6.71 (s(br), 1H,
NHCH2CH@CH), 6.95 (d, 2H, J = 8.7 Hz, ArH), 7.34
(d, 2H, J = 8.7 Hz, ArH), 7.44 (d, 1H, J = 2.4 Hz,
NCH3CH), 7.57 (dd, 1H, J = 2.4, 9.5 Hz, COCH@CH).
HRMS (M+H). Found: 726.4182 (Calcd for
C40H60N3O7S: 726.4152).


2-(2-(16-(Acetylthio)hexadecanamido)ethoxy)ethyl 6-(2-
(4-(1-methyl-6-oxo-1,6-dihydropyridin-3-yl)phenoxy)acet-
amido)hex-4-enoate (27). 1H NMR (CDCl3, 500 MHz) d
1.28 (m(br), 20H, (CH2)10), 1.58 (m, 6H, (CH2)3), 2.16 (t,
2H, J = 7.5 Hz, CH2), 2.31 (s, 3H, CH3CO), 2.40 (m, 4H,
COCH2CH2), 2.84 (t, 2H, J = 7.5 Hz, CH2), 3.43 (m, 2H,
NHCH2CH2), 3.53 (t, 2H, J = 5.2 Hz, NHCH2CH2), 3.61
(s, 3H, NCH3), 3.63 (t, 2H, J = 4.8 Hz, OCH2), 3.92 (t,
2H, J = 5.9 Hz, NHCH2CH@CH), 4.21 (t, 2H,

J = 4.8 Hz, OCH2), 4.51 (s, 2H, OCH2CO), 5.57 (m, 2H,
CH2CH@CH), 5.95 (s(br), 1H, NHCH2CH2), 6.64 (d,
1H, J = 9.5 Hz, COCH@CH), 6.67 (s(br), 1H,
NHCH2CH@CH), 6.96 (d, 2H J = 8.7 Hz, ArH), 7.35
(d, 2H, J = 8.7 Hz, ArH), 7.44 (d, 1H, J = 2.8 Hz,
NCH3CH), 7.57 (dd, 1H, J = 2.8, 9.5 Hz, COCH@CH).
HRMS (M+H). Found: 770.4426 (Calcd for
C42H64N3O8S: 770.4414).
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Abstract—Synthesis, in vitro biological evaluation, and structure–activity relationships of a biaryl cannabinoid mimetic 2 are
reported. Variations in the substitution pattern yielded a number of agonists with low nanomolar affinity. Replacing the phenol
group by a methyl morpholino acetate group led to compound 28, a 500-fold selective CB2 receptor agonist.
� 2007 Elsevier Ltd. All rights reserved.
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D9-Tetrahydrocannabinol (THC, 1) and other classical
cannabinoids display a wide range of physiological
effects including analgesic, anti-inflammatory, anti-
convulsive, and immunosuppressive activities.1 Two
cannabinoid receptors have been cloned. The CB1 recep-
tor is mainly expressed in the CNS and the CB2 receptor
is localized mainly in peripheral tissues.2 A number of
SAR studies have explored the lipophilic side chain
through variations in length, branching, spatial orienta-
tion or introduction of heteroatoms.3 It has been shown
that introducing a 1 0,1 0-dimethylheptyl- or 1 0,1 0-cyclo-
propylheptyl chain leads to enhanced affinity for both
cannabinoid receptors.4 Also it has been found that
the tricyclic moiety in 1 is not essential for high cannab-
inoid receptor affinity as demonstrated by the biaryl
phenol 2, a cannabinoid mimetic originally described
by researchers at Merck Frosst.5

To fully evaluate the potential of this underexplored but
synthetically more accessible non-classical cannabinoid
lead structure, we investigated modifications to the
side-chain R1 (3), top aryl group R2 (4), and phenol
replacements R3 (5).

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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Previously 2 was synthesized in nine steps starting from
1,3-dimethoxy-5-(2-methyloctan-2-yl)benzene. This syn-
thesis included a low yielding monophosphonation step
(16%) resulting in a 4% yield overall.5 Scheme 1 illus-
trates our shortened synthesis resulting in a 42% yield
over six steps by adapting a procedure recently de-
scribed by Papahatjis4b starting from commercially
available (3-benzyloxyphenyl)acetonitrile 6. After dial-
kylation with methylbromide gas in 50% aq NaOH,
the nitrile intermediate was converted to aldehyde 7 with
DIBAL-H. Wittig reaction with pentyltriphenyl-
phosphonium bromide and NaH in DMSO and subse-
quent hydrogenation, followed by bromination, led to
advanced intermediate 8 in good overall yield. The final
step consisted of a Suzuki reaction with 3,5-
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Scheme 1. Reagents and condition: (a) 50% aq NaOH, CH3Br; (b)


DIBAL-H, aq H2SO4; (c) NaH, DMSO, PPh3C5H11Br; (d) H2, 10%


Pd/C; (e) Br2, CC14; (f) 3,5-dimethylphenylboronic acid 9, Pd(PPh3)4


cat., Cs2CO3, DMF, 90 �C.
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Scheme 3. Reagents and conditions: (a) MeI, DCM; (b) TBAF, THF;


(c) Br2, CC14; (d) NaH, DMSO, trimethyl phosphonoacetate or


4-(dimethoxyphosphoryl)but-2-enoic acid methyl ester; (e) H2, 10%


Pd/C; (f) Br2, CC14; (g) 3,5-dimethyl-phenylboronic acid, Pd(PPh3)4


cat., Cs2CO3, DMF, 90 �C; (h) NaBH4; (i) LiOH; (j) CH3NH2, TBTU,


DIEA, acetonitrile, 25 �C.
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dimethylphenylboronic acid 9, tetrakis-triphenylphos-
phine palladium, and cesium carbonate in DMF.


Scheme 2 describes utilizing this shortened approach to
substitute the 1 0,1 0-dimethyl group in 2 with carbocycles
of various ring sizes 10 to probe the steric limits of this
system. Using the same starting material 6, alkylations
and ring closures were accomplished using 1,2-dichloro-
ethane, 1,4-dibromobutane, and 1,5-dibromopentane,
respectively, followed by the chemistry described for
the synthesis of 2.6 Scheme 3 outlines the synthesis of
analogs 3 with modifications of the hydrocarbon tail
by varying length and substitution pattern which were
investigated next. Three different ester core structures
12a–c were prepared and converted to alcohols 14, acids
15, and amides 16. The solid phase synthesis approach
shown in Scheme 4 and the commercial availability of
a diverse set of aryl boronic acids allowed access to a
large number of analogs 4. Coupling of 8 to solid sup-
port followed by Suzuki coupling and cleavage from re-
sin yielded aryl- and heteroaryl-substituted analogs 19.7


The phenol group in 2 seemed to be essential for the can-
nabinoid binding affinity of this biaryl system, since
replacing it with hydrogen led to a striking loss of bind-

BnO
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Scheme 2. Reagents and condition: (a) LHMDS, HMPA, 1,2-dichlo-


roethane, 1,4-dibromobutane, 1,5-dibromopentane; (b) DIBAL-H, aq


H2SO4; (c) NaH, DMSO, PPh3C5H11Br; (d) H2, 10% Pd/C; (e) Br2,


CC14; (f) 3,5-dimethylphenyl boronic acid, Pd(PPh3)4 cat., Cs2CO3,


DMF, 90 �C.
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Scheme 4. Reagents and conditions: (a) Compound 8, K2CO3, DMF,


80 �C; (b) boronic acids, Pd(PPh3)4 cat., Cs2CO3, DMF, 90 �C; (c)


TFA/DCM (1:1).

ing.5 In order to further evaluate the effectiveness of the
phenol functionality as a H-bond donor, it was replaced
with a wide range of substituents displaying various
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MeOH/DMSO; (e) PdCl2(PPh3)2, HMDS, DMF, CO, 95 �C, 16 h; (f)


2 N aq H2SO4; (g) LiOH/H2O/MeOH, rt; (h) LAH/THF, 0–25 �C; (i)


TBTU, DIEA, (CH3)2CHNH2, 0–25 �C; (j) 2-bromoacetyl chloride,


DCM; (k) morpholine.


Table 1. Side chain and top modificationsa,b


HO R1


3


Compound R1 KiCB1


(nM)


KiCB2


(nM)


Ratio


CB1/CB2


Co


2 C6H13 2.7 2.3 1 18


10a C6H13 13 55 0.2 18


10b
C6H13


2.9 5.5 0.5 18


10c
C6H13


1.8 1.7 1 18


13a CO2CH3 160 16 10 18


13b (CH2)2CO2CH3 120 5.6 20 18


13c (CH2)4CO2CH3 24 14 2 18


15a COOH >1000 >1000 n.d. 18
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H-bond strengths, H-bond orientations/conformations,
and charge distributions. The synthesis is summarized
in Scheme 5. The phenol replacement analogs 5 were
prepared from 2 through the trifluoromethanesulfonate
intermediate 20. Cross-coupling with benzophenone
imine catalyzed by Pd2(dba)3/dppf with NaOtBu as base
followed by hydrolysis gave the aniline 21. Pd-catalyzed
CO insertion with hexamethyldisilazane yielded analog
23, which was then reduced by LiAlH4 to generate com-
pound 26. A similar CO insertion catalyzed by
Pd(OAc)2 in MeOH/DMSO gave the methyl ester ana-
log 22, which was in turn reduced to a benzylic alcohol
25. Analog 22 was also hydrolyzed to a carboxylic acid
24, which was then coupled with isopropyl amine with
assistance of TBTU to give amide 27. Esterification of
25 with 2-bromoacetyl chloride followed by amination
with morpholine generated not only the desired product
28, but also a side product 29.8


All the compounds9 were evaluated in CB1 and CB2


binding studies.10a Active compounds were tested in
[35S]GTPcS binding and behaved as full agonists relative
to the maximal effect of WIN55212-2.10b The results of
the in vitro binding assays for side-chain analogs 3
and aryl modifications 4 are presented in Table 1. Con-
necting the two methyl groups into a cyclopropyl ring
leads to some loss of activity, in contrast to what was

HO


R2


C6H13


4


mpound R2 KiCB1


(nM)


KiCB2


(nM)


Ratio


CB1/CB2


a 2,6-Dimethylphenyl 1.7 18 0.1


b 2,5-Dimethylphenyl 4.6 6.6 0.7


c 2,3-Dimethylphenyl 49 20 2


d 3,4-Dimethylphenyl 600 830 0.7


e 2-Methoxyphenyl 1.7 1.0 2


f 2,3-Dimethoxyphenyl 34 7.8 4


g 3-Methoxyphenyl 91 580 0.2


h 3,4-Dimethoxyphenyl 1400 1700 0.8







Table 1 (continued)


Compound R1 KiCB1


(nM)


KiCB2


(nM)


Ratio


CB1/CB2


Compound R2 KiCB1


(nM)


KiCB2


(nM)


Ratio


CB1/CB2


15b (CH2)4CO2OH >1000 >1000 n.d. 18i 2-Aminophenyl 5.2 17 0.3


14a CH2OH 2200 600 4 18j 3-Aminophenyl 15 44 0.3


14b (CH2)3OH 1100 56 20 18k 4-Aminophenyl 320 1000 0.3


14c (CH2)5OH 39 3.6 10 181 3-Cyanophenyl 27 45 0.6


16a CONHCH3 >1000 >1000 n.d. 18m 4-Cyanophenyl >1000 >1000 n.d.


16b (CH2)2CONHCH3 840 140 6 18n Phenyl-3-carboxylic acid >1000 >1000 n.d.


16c (CH2)4CONHCH3 96 39 2 18o 3-Pyridyl 23 20 1


a Values are geometric means computed from at least three separate determinations.
b For assay description, see Ref. 10.


Table 2. Phenol replacementsa,b


5


R3 C6H13


Compound R3 KiCB1


(nM)


KiCB2


(nM)


Ratio


CB1/CB2


22 –OH 2.7 2.3 1


3011 –OCH3 320 34 9


315 –H >30000 2138 >10


21 –NH2 80 51 2


22 –COOCH3 230 110 2


23 –CONH2 370 320 1


24 –COOH >1000 >1000 n.d.


25 –CH2OH 360 480 0.8


26 –CH2NH2 1500 380 4


27
N
H


O
>1000 >1000 n.d.


28


O


O
N


O
370 0.81 500


29
N


O
3900 660 6


a Values are geometric means computed from at least three separate


determinations.
b For assay description, see Ref. 10.
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observed for THC analogs.4b Increasing the ring size re-
stores affinity and substitutions up to a six-membered
ring in 3 are well accepted, indicating some tolerance
for steric bulk in the C1 0-subsite. In general, longer side
chains give better binding, as seen in THC analogs.
Introduction of a carboxylic acid group results in loss
of affinity for both receptors (Ki > 1000 nM). The CB2


receptor seems more tolerant toward polar groups in
R1, accepting alcohol, ester, and amide functionalities.
Ester 13b and alcohol 14b exhibit a 20-fold selectivity
for the CB2 receptor. In compound 4 activity is retained
relative to compound 2 when the top aryl ring is substi-
tuted in the 2 and/or 3 positions, with the 2-position
being preferred. Substitution in the 4-position reduces
receptor affinities by about two orders of magnitude
compared to substitution in the 2-position and again
the introduction of a carboxylic acid group leads to a
loss of affinity at both receptors. Aryl analogs 4 did
not show significant selectivity for either receptor with
the exception of 18a with a modest 10-fold selectivity
for the CB1 receptor.


The results for analogs 5 are summarized in Table 2.
Replacing the phenol group in 2 leads generally to a signif-
icant loss of potency at both receptors with the methoxy
and amino compounds 30 and 21 retaining some binding
affinity to CB2. Introducing a methyl morpholino acetate
considerably enhances the CB2 binding affinity of the ben-
zylic alcohol precursor 25 leading to the discovery of 28
with a selectivity for the CB2 receptor of 500-fold.


Overall the side-chain SAR was comparable to that re-
ported for THC analogs.3,4 This general observation
does not extend to the introduction of a cyclopropyl

ring, which leads to an increase in affinity for THC ana-
logs4b but to a loss of affinity in the biaryl system (10a).
The high selectivity for the CB2 receptor observed in 28
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was not paralleled in the tricyclic system, suggesting a
divergence in the SAR and promising areas for future
exploration. In summary, these synthetically more
accessible biaryl cannabinoid mimetics may represent a
valid starting point for the development of more selec-
tive ligands. The results of a combinatorial approach
examining substitutions in the R1, R2, and R3 positions
conducted in our laboratories will be reported
subsequently.
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Elmer). The extent of stimulation over basal [35S]GTPcS
binding was calculated as a percentage of the stimula-
tion by 10 lM WIN55212-2. Basal [35S]GTPcS binding
was determined in the absence of agonist. Generally, the
stimulation by 10 lM WIN55212-2 was between 50%
and 100% over basal binding. Full agonists stimulate
binding to the same maximal extent as WIN55212-2.


11. Zhou, Q. J.; Worm, K.; Dolle, R. E. J. Org. Chem. 2004,
69, 5147.
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Abstract—A novel series of cyclobutenedione centered C(4)-alkyl substituted furanyl analogs was developed as potent CXCR2 and
CXCR1 antagonists. Compound 16 exhibits potent inhibitory activities against IL-8 binding to the receptors (CXCR2 Ki = 1 nM,
IC50 = 1.3 nM; CXCR1 Ki = 3 nM, IC50 = 7.3 nM), and demonstrates potent inhibition against both Gro-a and IL-8 induced
hPMN migration (chemotaxis: CXCR2 IC50 = 0.5 nM, CXCR1 IC50 = 37 nM). In addition, 16 has shown good oral pharmacoki-
netic profiles in rat, mouse, monkey, and dog.
� 2007 Elsevier Ltd. All rights reserved.
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The recruitment of neutrophil polymorphonuclear
(PMN) leukocytes, the most numerous white blood
cells, to sites of inflammation is principally mediated
by neutrophilic CXC chemokines: IL-8 (Interleukin-8,
CXCL8) and related ELR+ CXC chemokines Gro-a
(CXCL1), Gro-b (CXCL-2), and Gro-c (CXCL3),
ENA78 (CXCL5), GCP-2 (CXCL6), and NAP-2
(CXCL7).1 These CXC chemokines exert their effects
through interaction with two G-protein coupled recep-
tors CXCR2 and CXCR1,2 which are expressed on a
number of inflammatory cells including neutrophils,
monocytes, and microvascular endothelial cells. Massive
infiltration of neutrophils to the lung and increased level
of IL-8 are observed with ARDS (Adult Respiratory
Distress Syndrome) patients3 and detected in the sputum
of COPD (Chronic Obstructive Pulmonary Disease)
patients4; increased expression levels of the receptors
and IL-8 are also detected in psoriatic tissue5 and in in-
flamed gut tissue (inflammatory bowel disease).6 The
existing evidence suggests that effectively blocking the
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interaction between the neutrophilic chemokines and
CXCR2/CXCR1 receptors could conceivably provide
new treatments for a number of inflammatory disorders.


Since the mid 1990’s, a number of companies have pur-
sued the strategy of CXCR2 and CXCR1 receptor
blockade using small molecules.7 Monoclonal antibod-
ies8 were explored as an alternative approach. An anti-
IL-8 neutralizing antibody has shown positive effects
in a Phase III clinical trial in psoriasis,8b though no
small molecule was currently known to be advanced be-
yond Phase II clinical studies. Repertaxin (1, Fig. 1), a
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Figure 1. Known CXCR2 and CXCR1 antagonists in clinical trials.
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Table 1. Inhibitory activities of substituted thienyl analogs (8–10) and


furanyl analogs (4, 11–12)12
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N X
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X = S


X = O


Compound


5


4
3


X


Me (Et)


CXCR2


Kia


(vs IL-8, nM)


CXCR1


Kia


(vs IL-8, nM)


8 S 5 146


9 S 5 24


10 S 10 123


4 O 5 18


11 O 4 9


12 O 25 379


a Values are means of at least two experiments.
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CXCR1 allosteric inhibitor by Dompe, is reported to be
in Phase II trials for prevention of DGF (delayed graft
function) in kidney transplant.9 N,N 0-Diarylureas 2
and 3, two CXCR2-selective antagonists from Glaxo-
SmithKline, are being progressed in Phase I as a poten-
tial treatment of COPD.10 Lastly, diamino-
cyclobutenedione 4, a CXCR2 antagonist developed
through our own efforts, has been in clinical studies.11,7a


Whether selective inhibition of CXCR2 receptor or
CXCR1 receptor would be sufficient for complete inhi-
bition of PMN infiltration in humans is still an unan-
swered question, due partly to the lack of detailed
clinical information so far. In addition, the roles of
CXCR2 and CXCR1 receptors in various inflammatory
diseases are still being investigated. Would a CXCR2
and CXCR1 dual antagonist be ultimately required to
achieve the desired therapeutic effects? We were inter-
ested in this question and embarked on the exploration
of potential dual antagonists.


Among the structurally diverse small molecule CXCR2
or CXCR1 antagonists disclosed, only researchers at
GSK recently reported some cyanoguanidines as dual
CXCR2 and CXCR1 inhibitors,7b including the most
potent ones 5 and 6 (Fig. 2). In our SAR studies that
led to the discovery of 4, we have observed that C(4)-al-
kyl substitution could improve significantly CXCR1
inhibition while maintaining potent CXCR2 inhibition.
Herein we report the SAR development and synthesis
of a potent class of dual CXCR2 and CXCR1 antago-
nists bearing a distinct C(4)-alkyl substitution on the
furan moiety (7).


While studying the impact of regio-substitutions of the
thiophene system on the inhibition of CXCR2 and
CXCR1 receptors, it was first realized C(4) substitution
could enhance CXCR1 activity. The structures and
inhibitory activities of C(5)-methyl (8), C(4)-methyl
(9), and C(3)-methyl (10) substituted thienyl analogs
are described in Table 1. It is interesting to see that these
three methyl substituted analogs had similar inhibitory
activities against CXCR2 receptor, however, the C(4)-
analog 9 showed a 6-fold more potent CXCR1 inhibi-
tion than its regio-analogs 8 and 10. The same trend
was observed with furan system. C(4)-methyl substi-
tuted furanyl analog 11 has exhibited an improved
CXCR1 activity over its C(5)-methyl (4) and C(3)-ethyl
(12) analogs, while having a similar CXCR2 activity as
these analogs (Table 1). In addition, furanyl analogs
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Figure 2. CXCR2–CXCR1 dual inhibitors.

seem to be more potent CXCR1 inhibitors than their
respective thienyl analogs. These early results suggest
that the C(4)-position of the thienyl or furanyl systems
is advantageous for further CXCR1 activity optimiza-
tion, thereby leading to potent dual antagonists.


Aiming at further improvement of CXCR1 inhibition,
an investigation of C(4)-alkylation of the furan moiety
was launched. Straight chain, branched, and/or cyclic al-
kyl substitutions were introduced, results are summa-
rized in Table 2. All analogs have demonstrated potent
CXCR2 inhibition (Ki12 < 10 nM). Medium sized
branched alkyl substituted analogs, 2-butyl (17) and 3-
pentyl (18), displayed the best CXCR2 activities, with
Kis of 0.6 and 0.8 nM, respectively. In terms of CXCR1
inhibition, these analogs have a wider range of activities,
Ki varying from 3 to 283 nM. Smaller sized groups were
preferred, and slightly larger cyclic groups led to the
reduction of CXCR1 activity (20, 21). The isopropyl
substitution appeared to be the best for CXCR1 inhibi-
tion, rendering analog 16 with a Ki of 3 nM
(IC50 = 7.3 nM) on CXCR1 receptor. Analog 16 also
displayed a potent inhibition against CXCR2 receptor
with Ki being 1 nM (IC50 = 1.3 nM). A brief rat phar-
macokinetic evaluation of the C(4)-alkyl analogs (11,







Table 3. Inhibitory activities of C(4)-isopropyl substituted furan


analogs12
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Compound R2 CXCR2


Kia (vs IL-8, nM)


CXCR1


Kia (vs IL-8, nM)


22 Me 2 50


16 Et 1 3


23 iPr 4 11


24 cPr 3 10


25 tBu 4 14


26 CF3 6 16


a Values are means of at least two experiments.


Table 2. Inhibitory activities of C4-alkyl substituted furanyl analogs12
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N O
5


4
3


R1


Compound R1 CXCR2 Kia (vs IL-8, nM) CXCR1 Kia (vs IL-8, nM) Rat AUCb (lM h)


11 4 9 32.6


13 1 7 17.4


14 2 34 NT


15 O
N


9 14 0


16c 1 3 5.4


17 0.6 7.6 NT


18 0.8 30 NT


19 4 10 NT


20 3 53 NT


21 4 283 NT


a Values are means of at least two experiments.
b AUC: area under curve; data were generated based on a 6-h study, po dosing (10 mg/kg), n = 2. NT, not tested.
c 16: CXCR2 IC50 = 1.3 nM, CXCR1 IC50 = 7.3 nM.
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13, 15, and 16) has revealed that these compounds in
general have good oral pharmacokinetic profile, except
15; and less branched alkyl group R1 is better.


Having identified the isopropyl group as the best
C4-substitution we further evaluated the combination
effect of this group with a number of pseudo-benzylic
substitutions R2 (Table 3). In both the exploration of
the C(4) position (R1, Table 2) and the pseudo-ben-
zylic site (R2), we have observed a general trend that
the binding pocket of the CXCR1 receptor is much
more restrictive than the CXCR2 receptor’s. All of
these pseudo-benzylic analogs, methyl (22), isopropyl
(23), cyclopropyl (24), tert-butyl (25), trifluoro-methyl
(26), and ethyl (16), have shown similarly potent
CXCR2 inhibition (Ki < 6 nM), however, only ethyl
analog 16 exhibited a potency below 10 nM CXCR1
inhibition. Groups slightly larger than the ethyl re-
duced moderately CXCR1 activity (3- to 5-fold), while
the smaller methyl group (22) resulted in a 17-fold de-
crease of CXCR1 activity. Taken together, the combi-
nation of iPr (R1)/Et (R2) was recognized as being
optimal thus far.

Furanyl analog 16 has emerged as the most potent
CXCR2–CXCR1 dual antagonist to date. It has been
evaluated further in a wide range of in vitro and
in vivo studies. In the chemotaxis assays, it demon-







Table 4. Oral pharmacokinetic parameters of compound 16


Species Dose (po) AUC (lM h) Cmax (lM)


Rat 10 mg/kg, 6 h 5.4 3.8


Mouse 25 mg/kg, 7 h 4.6 4.6


Monkey 3 mg/kg, 48 h 4.2 0.38


Dog 2 mg/kg, 48 h 7.1 5.3
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Scheme 2. Reagents and conditions: (a) (ClC@O)2, DMF(cat),


CH2Cl2, rt, 1 h; EtOH, NEt3, rt, 15 h, 93%; (b) nC18H37Br, AlCl3,


CS2, rt, 37%; (c) LiAlH4, THF, �10 �C to rt, 3.5 h, Q; (d) nBuLi, THF,


�78 �C, 15 min, Q; (e) CH2Cl2, Dess-Martin periodinane, rt, 1.5 h,


74% over three steps.


O


O


MeO
NO2


O


O


MeO O


O


MeO


O


O


HO


O


MeO


bR


bR
Ra =


45 46 47


4850


O


O


H


bR
Ra51


a


e


b


c, d


f


bR
Ra


O2N


NO2


NO2


49


Ra


NO2


J. Chao et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3778–3783 3781

strated potent inhibition against both Gro-a and IL-8
induced human neutrophil migration (chemotaxis
IC50 = 0.5 nM, against 30 nM of Gro-a; chemotaxis
IC50 = 37 nM, against 3 nM of IL-8).13 When profiled
in vivo, 16 achieved an ED50 of 0.9 mg/kg in the rat
LPS (lipopolysaccharide) challenged model14 and an
ED50 of 1 mg/kg in the mouse cigarette smoke induced
neutrophilic inflammatory model.15


Evaluated in four different animal species, compound 16
has shown good oral pharmacokinetic profiles in gen-
eral. Results are described in Table 4.


An important aspect of the development of this C(4)-al-
kyl substituted furyl series is the synthesis of key inter-
mediates C(4)-alkyl substituted 2-furaldehydes.
Multiple synthetic approaches (Schemes 1–3) have been
developed to allow access to these not readily available
aldehydes.


Straight chain substituted 2-furaldehydes, 4-methyl (29),
4-ethyl (32),16 4-butyl (36), and 4-morpholino-butyl
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Scheme 1. Reagents and conditions: (a) (MeO)3CH, pTsOH (cat),


MeOH, 60 �C, 80%; (b) nBuLi, THF, �78 �C; MeI, �78 �C to �60 �C,


>95%; (c) acetone, pTsOH (cat), 70 �C, >95%; (d) TsCl, Et2O, NaOH,


�20 �C, 3 h; Me2CuLi, �20 �C16; (e) tBuLi, Et2O, rt; DMF, rt, low


yield, isomeric aldehyde also formed (minor); (f) tBuLi, cPrBr, Et2O,


�78 �C, 10 min, then rt, 1.5 h; addition of 33, �78 �C, 1 h, 92%; (g)


NaI, TMSCl, CH3CN, rt, 5 min, 47%; (h) tBuLi, Et2O, �78 �C,


20 min; rt, 2.5 h, >95%; (i) K2CO3, morpholine, acetone, rt, 2 d, 73%;


(j) tBuLi, Et2O, �78 �C to rt, 4 h; DMF, rt, 4 h, 66% of 38 and its regio


isomer (3-substituted-2-aldehyde) in 1:0.6 ratio.


Scheme 3. Reagents and conditions: (a) KOtBu, 2-nitropropane,


HMPA, rt, 18 h, 86%; (b) nBu3SnH, AIBN (cat), Tol, 90 �C, 4 h,


78%; (c) LiAlH4, THF, 0 �C to rt, 3 h, Q; (d) CH2Cl2, Dess-Martin


periodinane, rt, 3 h, 78%; (e) KOtBu, 49, HMPA, rt, overnight (NaH,


when Ra = Rb = Et); (f) applying conditions used in (b–d).

(38), were prepared using the approaches described in
Scheme 1. Fully branched tert-butyl substituted 2-fural-
dehyde 44 was synthesized via a 5-step sequence starting
from furyl carboxylic acid 39 (Scheme 2). Acid 39 was
first transformed to ester 40, the tert-butyl group was
then installed to the C4 position via the Friedel-Crafts
alkylation,17 providing the necessary intermediate 41.
Upon a further three-step manipulation, 41 was con-
verted to the 4-tert-butyl-2-furaldehyde 44.


A common synthetic route that could be used to intro-
duce various branched C4-alkyl substitutions was devel-
oped (Scheme 3). Utilizing a method by Ono,18 the
commercially available methyl-5-nitro-2-furoate (45) re-
acted with 2-nitro propane under basic conditions to
provide 46 via a regioselective cine-substitution. The ni-
tro group in 46 was removed by radical reduction to af-
ford 47. Subsequent reduction of the ester 47 and
oxidation of the resultant alcohol generated 4-isopro-
pyl-2-furaldehyde 48 in good yield. This sequence has
been successfully applied to the synthesis of several
2-furaldehydes with branched alkyl substitution at C4
position (51), just replacing 2-nitro propane with appro-
priate nitro-alkanes (49) at the start of the route.
Secondary nitro-alkanes 49, cyclic or acyclic, reacted
with nitro-furoate 45 in a manner similar to 2-nitropro-
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pane to produce key intermediates 50, which were con-
verted in three steps to the corresponding 2-furaldehy-
des 51 in good yields.


The conversion of the C4-alkyl-2-furyl aldehydes
(Schemes 1–3), or the commercially available thienyl
aldehydes, to the final targets was straightforward using
a general synthetic process developed in our group.7a As
depicted in Scheme 4, aryl aldehyde 52 was first con-
densed with (R)-valinol, and the resulting alcohol was
silylated to afford imine 53.19 Various organolithium re-
agents were added to 53,20 and the adducts were sub-
jected to oxidative cleavage conditions to reveal chiral
amines 54. Separately a cyclobutenedione intermediate
58 was prepared in three steps from nitro salicylic acid
(55). Under mild conditions, chiral amines 54 condensed
with intermediate 58 to produce the targeted analogs
8–25.


When pseudo-benzylic substitution R2 was a CF3 group,
an alternative approach is utilized to generate the final
target. The sequence was illustrated in Scheme 5 with
the preparation of 26. Aldehyde 48 was converted to a
CF3-alcohol 59 under the conditions of trifluoromethyl
trimethylsilane and a catalytic amount of cesium fluo-
ride. Subsequent oxidation of 59 produced ketone 60,
which was condensed with (R)-methyl benzyl amine to
afford imine 61. A DBU induced hydride migration con-
verted 61 to 62, upon acid hydrolysis, producing the
amine hydrochloride salt 63.21 Treatment of salt 63 with
diethyl squarate 57, followed by coupling with aniline
56, provided the CF3-analog 26.


In summary, we have discovered a novel and potent
class of dual CXCR2 and CXCR1 antagonists exempli-

fied by C4-isopropylfuranyl 16. This compound demon-
strates potent inhibition of IL-8 and Gro-a-stimulated
human neutrophil migration, is orally bioavailable in
mouse, rat, dog, and monkey; and demonstrates potent
inhibition of neutrophil infiltration in rat and mouse
lungs in LPS- or smoke-induced animal models,
respectively.
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Abstract—We report the synthesis, antiproliferative activity, and SAR of novel heterocyclic ketones derived from carbazole sulfon-
amides. Most of the heterocyclic ketones showed strong cytotoxicities. (N-1-Methylindole-5-yl)-(3,4,5-trimethoxyphenyl)-metha-
none 8b gave the most potent cytotoxicity (9.2–26 nM) against seven human tumor cell lines. The mechanism of action of the
heterocyclic ketones appears to involve targeting of tubulin, similar to that of CA-4 and different from the carbazole sulfonamides.
� 2007 Elsevier Ltd. All rights reserved.

Antimitotic agents that target tubulin are effective and
widely used in treating cancer.1,2 Combretastatin A-4
(CA-4) (Chart 1) is a potent antimitotic agent, which
was isolated from the Africa Willow tree Combretum
caffrum.3 CA-4 strongly binds to the colchicine site of
tubulin and prevents tubulin polymerization.4 CA-4
inhibits cancer cell growth at low nanomolar concentra-
tions, including multi-drug-resistant cancer cell lines. A
water soluble prodrug of CA-4 has shown promising
results in phase I human cancer clinical trials.5,6 The rel-
atively simple structure of CA-4 as well as its selective
antivascular activity have stimulated significant research
efforts focused on the identification of new CA-4 ana-
logues that exhibit more potent activities and better
pharmacological profiles.7,8 Recently, another two CA-
4 analogues, CA-1P and AVE-8062 (Chart 1), have
entered clinical trials.9


CA-4 as an antimitotic agent displays poor in vivo anti-
cancer efficacy, partly due to its high lipophilicity and
low aqueous solubility.10 SAR studies have shown that
the Z (cis) orientation of the olefin is essential for potent
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cytotoxicity.11,12 CA-4 is prone to isomerize to the E-iso-
mer (trans) during storage and administration, which
dramatically reduces its antiproliferative activities.13


By replacement of the ethene bridge of CA-4 with a car-
bonyl group, Phenstatin and Hydroxyphenstatin (two
benzophenone analogues) (Chart 1) have been found
to exhibit potent anticancer and comparable antitubulin
activities with CA-4.14,15 The sp2-hybridized carbonyl
group in Phenstatin and Hydroxyphenstatin molecules
not only constrains the quasi ‘cis’ orientation, but often
improves chemical stability and water solubility.15b 2 0-
or 3 0-Aminobenzophenone analogues (Chart 1) also
showed significant cytotoxicity against many human
cancer cell lines.16,17 More interestingly, 2-aroyl-5-meth-
oxyindoles and 3-aroyl-6-methoxyindoles (Chart 1) have
shown inhibition of tubulin polymerization, potential
antivascular activity, and oral effectiveness in in vivo
tumor models.18,19


We recently reported a series of carbazole sulfonamide
antimitotic agents structurally related to CA-4.20,21


The N-9-ethyl-3,4,5-trimethoxyphenyl-carbazolesulfon-
amide analogues 1–3 and the 2,6-dimethoxypyridin-3-yl
analogue 4 (Chart 1) displayed potent antiproliferative
activities against several human cancer cell lines. The
lead compound 1 also showed significant anticancer
activity in two in vivo models. However, the lead com-
pound 1 does not inhibit tubulin polymerization, which
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Chart 1. Antimitotic agents: CA-4, CA-4 analogues and carbazole sulfonamides.
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suggests the mode of action is different from CA-4.20


For the purpose of further study of SAR of this series
of carbazole sulfonamides and discovery of more effec-
tive antimitotic agents, we designed a series of aroyl car-
bazoles through replacing the sulfonamide linkage of
carbazole sulfonamides with the carbonyl group. Also,
we include aroyl indoles, benzofuran, and benzothioph-
ene analogues to further evaluate the SAR in this series.
Here, we report the synthesis and cytotoxic activities
against human cancer cells of this series of novel hetero-
cyclic ketone compounds.


The general method for the synthesis of heterocyclic
ketone compounds is shown in Schemes 1 and 2.16


The Grignard reaction of various substituted phenyl or
2,6-dimethoxypyridinyl magnesium bromide with
N-9-ethyl-3-carbazolecarboxaldehyde, N-1-methyl-5, or
6, or 7-indolecarboxaldehyde, 5-benzofurancarboxalde-
hyde, and 5-benzothiophenecarboxaldehyde yielded the
corresponding diaromatic methanols 7a–k, 10a and
10b. We obtained the corresponding desired ketones
8a–k, 11a and 11b by pyridinium dichromate (PDC)
oxidation of the carbinols. For the synthesis of (N-1H-
indole-5-yl)-(3, 4, 5-trimethoxyphenyl)-methanone 17,
it was necessary to first protect the NH group of N-
1H-5-indolecarboxaldehyde 13 with TBDMS. Then,
following the general procedure of Grignard reaction,
oxidation, and deprotection with Bu4NF, the ketone
17 was obtained (Scheme 3).

The synthesized heterocyclic ketones (Table 1) were
evaluated for their cytotoxicities against the CEM
leukemia cell line.20 We first evaluated the effect of
replacement of the sulfonamide group with the car-
bonyl group in the carbazole sulfonamide lead com-
pound 1 on cytotoxicity. Newly synthesized ketone
8a exhibited a slight loss of potency as compared
to lead compound 1, IC50 value of 90 vs 56 nM.20


The corresponding carbinol 7a also showed compara-
ble activity to lead compound 1. These results suggest
that the carbonyl group is tolerated as a replacement
of the sulfonamide group with retention of potent
cytotoxic activity. Then, replacement of the 9-ethylc-
arbazole ring of ketone 8a with N-methylindole ring
yielded the 5-aroyl-N-1-methylindole analogue 8b. It
is gratifying to note that compound 8b gave signifi-
cantly increased potency (5-fold) as compared to 8a
and also a 3-fold increase of activity compared to
lead compound 1. A similar tendency has also been
shown for the N-1-methylindole methanol 7b, which
displayed an IC50 value of 59 nM, almost the same
value as lead compound 1. When the position of
the carbonyl group is changed to the C-6 position
on the indole ring substantial potency is maintained.
However, changing the keto group to the C-7 posi-
tion of the indole ring (8d) was not tolerated and de-
creased cytotoxicity by 17 times as compared to 8b
was noted, suggesting that the effect of the ortho-ste-
ric hindrance is likely critical for cytotoxicity.







Scheme 1. Reagents and conditions: (a) THF, 0 �C; (b) PDC, CH2Cl2, 25 �C.


Scheme 2. Reagents and conditions: (a) THF, 0 �C; (b) PDC, CH2Cl2, 25 �C.


Scheme 3. Reagents and conditions: (a) THF, 0 �C; (b) PDC, CH2Cl2, 25 �C; (c) TBDMSCl, t-BuOK, THF, 0–25 �C; (d) Bu4NF, THF.
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The influence of various substitutions on the phenyl ring
was also examined. 4-Methoxy, 3,5-, 3,4-,and 2,5-dime-
thoxy substitutions on the phenyl ring (8e, 8f, 8g and 8i)
led to significant loss of potencies more than a 50-fold
reduction in activity in comparison with the 3,4,5-tri-
methoxyphenyl compound 8b. However, 2,4-dimethoxy
substitutions of phenyl ring (8h) gave an IC50 value of
102 nM, only a 5-fold loss of activity as compared to
8b. The SAR of this series of compounds is different
from that of the carbazole sulfonamides. For example,
we reported that the 2,4- and 2,5-dimethoxy phenyl
substituted carbazole sulfonamides 2 and 3 showed sim-
ilar cytotoxicities to that of the 3,4,5-trimethoxyphenyl
lead compound 1.20 The SAR of the ketone series of
compounds is consistent with that of CA-4 analogues,
where it is well known that the 3,4,5-trimethoxy substit-
uents of A ring of CA-4 are indispensable for potent
cytotoxicity.11 From these observations, the mechanism
of action of this series of compounds appears to be dif-
ferent from the carbazole sulfonamides and similar to
that of CA-4 analogues.


In order to understand the effect of the nitrogen of the
indole ring, we synthesized the N-1H-indole, benzofu-
ran, and benzothiophene analogues 17, 8j, and 8k. It
was not surprising that these analogues resulted in more

than a 10-fold decrease in potency giving IC50 values
from 225 to 303 nM, compared to the IC50 value of
18 nM for 8b. Similar results were also noted in the car-
bazole sulfonamide series.20


In the 2,6-dimethoxypyridinyl series, ketone compound
11a led to 4.5-fold loss of potency in comparison with
the corresponding carbazole sulfonamide 4.21 However,
it is much better than the ethene compound
(IC50 > 2 lM). In contrast, the (2,6-dimethoxypyridin-
3-yl)-N-1-methylindole-ketone 11b has decreased cyto-
toxicity as compared to the corresponding carbazole
ketone 11a, the IC50 value of 1012 versus 555 nM, indi-
cating that it is different from 3,4,5-trimethoxyphenyl
substitution. It is noteworthy that compound 11b is
less potent by 10-fold than the 2,4-dimethoxyphenyl
indole compound 8h. These results suggest that the
2,6-dimethoxypyridinyl is not suitable for ketone and
ethene compounds to achieve potent cytotoxicity, per-
haps due to ortho-steric hindrance and meta-nitrogen
electron-withdrawing effects. The corresponding indole
sulfonamide also showed much decreased activity.21


Only 2,6-dimethoxypyridinyl carbazole sulfonamide 4
has comparable activity with the lead compound 1,
and it is likely that the mode of action of 4 is different
from lead compound 1.







Table 1. Antiproliferative activity of new compounds in CEM Leukemia cells


Compound Aryl type X R Y Z Cytotoxicity IC50
a (nM)


1 I C 3,4,5-OMe3 SO2NH / 56


2 I C 2,4-OMe2 SO2NH / 57


3 I C 2,5-OMe2 SO2NH / 61


4 I N 2,6-OMe2 SO2NH / 122


7a I C 3,4,5-OMe3 CHOH / 192


8a I C 3,4,5-OMe3 CO / 90


7b II C 3,4,5-OMe3 50-CHOH NMe 59


8b II C 3,4,5-OMe3 50-CO NMe 18


8c II C 3,4,5-OMe3 60-CO NMe 30


8d II C 3,4,5-OMe3 70-CO NMe 307


8e II C 3,5-OMe2 50-CO NMe 1693


8f II C 3,4-OMe2 50-CO NMe 1693


8g II C 2,5-OMe2 50-CO NMe 2370


8h II C 2,4-OMe2 50-CO NMe 102


8i II C 4-OMe 50-CO NMe 1131


17 II C 3,4,5-OMe3 50-CO NH 225


8j II C 3,4,5-OMe3 50-CO O 288


8k II C 3,4,5-OMe3 50-CO S 303


11a I N 2,6-OMe2 CO / 555


11b II N 2,6-OMe2 50-CO NMe 1012


Podophyllotoxin 7.2


CA-4 1.9


a Values were determined as described in Ref. 20.
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Several analogues 8a, 7b, 8b, 8c, and 8h exhibit strong
antiproliferative activity against CEM leukemia cells;
consequently, we further evaluated their activity against
a panel of several other human cancer cell lines in vitro.
Table 2 contains these results along with comparative
data for lead compound 1, CA-4, and podophyllo-
toxin.20 Although carbazole ketone 8a is slightly less
potent than lead compound 1 against CEM and Molt-
3 leukemia cell lines, it shows 2- to 15-fold stronger
activity than 1 against the five human solid tumor cell
lines. The IC50 values of the most potent indole ketone
compound 8b were between 9.2 and 26 nM against the
panel of seven cell lines studied. Interestingly, com-
pound 8b is slightly more active against MCF-7 breast
cancer cell line in comparison to CA-4 and podophyllo-
toxin. Compound 8b is two times more potent than
podophyllotoxin against DU-145 prostate cancer cell

Table 2. Antiproliferative activities of 8a, 7b, 8b, 8c, 8h, 1, CA-4, and Podo


Cell linea


8a 7b 8b 8c


CEM 90 59 18 30


Molt-3 51 38 18 18


Bel-7402 90 88 21 27


MCF-7 26 44 9.2 24


DU-145 39 103 26 75


PC-3 103 117 25 75


DND-1 21 59 15 27


a CEM; Molt-3, T-cell leukemia; Bel-7402, hepatoma; MCF-7, breast cancer
b Values were determined as described in Ref. 20.

line and showed comparable activity in other five cell
lines with that of podophyllotoxin. Compound 8b also
is 6–23 times more active than lead compound 1 against
the five human solid tumor cell lines. The carbinol 7b
and 6-indole ketone 8c also showed more activity than
lead compound 1 in inhibiting solid tumor cell lines.
The 2,4-dimethoxy substituted indole compound 8h is
more potent than lead compound 1 against Bel-7402
hepatoma and DU-145 prostate cancer cells and showed
comparable activity in other cell lines to that of 1. These
results show that heterocyclic ketones are more effective
against solid tumor cell lines than lead compound 1. The
sensitivity of this series of compounds is similar to that
of CA-4 and Podophyllotoxin.


We have noted that the SAR of this series of heterocyclic
ketones is different from that of the carbazole sulfon-

phyllotoxin in human tumor cell lines


IC50
b (nM)


8h 1 CA-4 Podophyllotoxin


102 56 1.9 7.2


24 20 9.3 14


44 201 10 9.1


85 89 12 15


34 603 9.3 52


203 201 2.8 10


118 89 2.5 12


; DU-145, PC-3, prostate cancer; DND-1, melanoma.
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Figure 1. Effect of 8a on tubulin assembly.20 Free purified b-tubulin in


reaction buffer was incubated with GTP and Mg2+ for assembly in the


absence or presence of 8a (1–5 lM), vincristine (20 lM) or paclitaxel


(20 lM). Tubulin assembly was determined every 2 min by O.D. at


340 nm. Each point represents the mean of two independent


experiments.
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amides and similar to CA-4 analogues. The mechanism of
action of this series of ketones is likely similar to CA-4 ana-
logues by targeting on tubulin. To investigate whether the
antiproliferative activities of these compounds were
related to interaction with tubulin, carbazole ketone com-
pound 8a was evaluated for inhibition of polymerization
of purified tubulin in a cell-free system. The results are
shown in Figure 1. Vincristine was used as a positive con-
trol. Vincristine inhibited tubulin polymerization by 87%
at 20 lM. The effect of 8a on tubulin assembly was exam-
ined at concentrations from 1 to 5 lM. The results showed
that compound 8a inhibited tubulin polymerization in a
dose-dependent manner. The IC50 value of inhibition of
tubulin polymerization of compound 8a was 3.4 lM; sim-
ilar to that of CA-4 at 1.2 lM.14 It is significantly lower
than that of the lead compound 1 which only weakly af-
fected tubulin polymerization, even at very high
concentration.20


In summary, a series of novel heterocyclic ketones were
synthesized by replacing the sulfonamide linkage with a
carbonyl group in the lead carbazole sulfonamide 1.
Most of the heterocyclic ketones showed strong antipro-
liferative activities against CEM leukemia cells. Several
compounds were more effective than lead compound 1
against five solid tumor cell lines. The most potent com-
pound 8b displayed comparable antiproliferative activi-
ties with that of CA-4 and podophyllotoxin. The SAR of
the heterocyclic ketones is different from the carbazole
sulfonamides and similar to that of CA-4 analogues.
The carbazole ketone compound 8a strongly inhibits
tubulin assembly. Further studies of the mechanism of
action of this series of novel heterocyclic ketones and
evaluation of 8a and 8b in vivo are underway.
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Abstract—A series of paclitaxel C-10 carbamates was synthesized and evaluated in a bi-directional permeability assay in comparison
with paclitaxel and the blood–brain barrier-permeable C-10 ester derivative, TX-67. A number of the carbamates were found not to
be substrates for Pgp. Moreover, when tested for Pgp-inhibitory potential, representative compounds proved to be devoid of Pgp
interactions. Side-by-side comparison between TX-67 and the corresponding C-10 carbamate, CNDR-3, revealed a significantly
longer half-life for CNDR-3 in both mouse and human plasma, suggesting that this class of derivatives is appropriate for further
in vivo evaluation.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1.

Paclitaxel (Fig. 1), the first microtubule (MT)-stabilizing
agent discovered to have clinical relevance, has become
one of the most widely used anti-neoplastic drugs.1 In
addition, a number of studies revealed that paclitaxel
and other MT-stabilizing agents hold promise as poten-
tial treatments for other serious conditions such as rheu-
matoid arthritis,2 psoriasis,3 and neurodegenerative
diseases.4–6 Indeed, recent studies clearly demonstrated
the potential of MT-stabilizing agents in the treatment
of the Alzheimer’s Disease (AD) and related neurode-
generative diseases7 known as tauopathies, whose
hallmark lesions are intracellular inclusions of the MT-
associated protein (MAP) tau comprising neurofibrillary
tangles (NFTs). Normally the protein tau binds to and
stabilizes MTs, thereby maintaining the network of
MTs essential for axonal transport of proteins and other
cargo to and from the cell body of neurons. In AD, tau
becomes pathologically hyperphosphorylated followed
by sequestration as paired helical filaments (PHFs) that
aggregate into NFTs. The net result of this process is the
loss of the tau MT-stabilizing function, which in turn
leads to neurotoxicity via disruption of axonal transport
in neurons. Thus, one approach for treating AD and re-
lated tauopathies would be to compensate for the loss of
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tau function by employing agents that promote the sta-
bilization of the MT-network, thereby restoring effective
axonal transport.8


Although a number of MT-stabilizing agents belonging
to different classes of naturally occurring compounds
have been discovered, their biological evaluation has
primarily centered on their anti-proliferative properties
against cancer. A thorough evaluation of these agents
in the context of neurodegenerative diseases has not
yet been undertaken. Toward this end, we recently initi-
ated a program focused on the screening of compounds
from different classes of MT-stabilizing natural products
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with the overall objective of identifying agents that
could: (a) gain access to the central nervous system
(CNS); (b) compensate for the loss of tau function in
tau compromised neurons; and as a result (c) support
or maintain effective axonal transport at doses that
would not be toxic systemically.


One of the major challenges typically associated with the
development of therapies for the diseases of the CNS is
the issue of brain uptake. Paclitaxel, docetaxel, and sev-
eral related taxanes, possess very limited CNS penetra-
tion, primarily due to Pgp-mediated efflux at the
blood–brain barrier (BBB).9 Indeed, it was found that
co-administrations of Pgp-inhibitors with paclitaxel pro-
duce therapeutically relevant (anti-cancer) levels of pac-
litaxel in vivo in the brain.10 Other studies revealed that
the taxane analogue ortataxel is able to reach substan-
tially higher brain-to-plasma ratios compared to paclit-
axel, by virtue of the Pgp-modulating properties.11


Other prototypic second generation taxoids such as
SB-T-121312 display similar abilities to inhibit the active
transporter.13 However, since Pgp, as well as other
ABC-transporter proteins, comprise an important
defense mechanism for the CNS, long-term exposure
to modulators of ABC-transporter proteins would likely
result in CNS toxicities. Indeed, recent studies have
shown that Pgp-deficiency at the BBB increases the Ab
deposition in AD mice models.14 Thus, we reason that
the optimal MT-stabilizing candidate for the treatment
of neurodegenerative tauopathies should gain access to
the CNS without affecting the Pgp. Although some tax-
anes have been shown not to be substrates for
Pgp,11,12,15 to date only one C-10 acylated derivative
of paclitaxel (TX-67) has been positively identified to
possess the desirable properties of being both CNS pene-
trant, as demonstrated by rat-brain perfusion studies, as
well as not a modulator of Pgp.16 However, since the
C-10 succinate monoester of TX-67 is likely to be hydrolyt-
ically unstable, we argue that TX-67 could be rapidly
catabolized in vivo, generating derivatives that would

Table 1. Stability of C-10 esters Vs C-10 carbamates


Compound PBS t1/2 (h) Human plasma


t1/2 (h)


Mouse plasma


t1/2 (h)


Paclitaxel >60 (85.2%)a 18.2 30.1


TX-67 >60 (75.1%)a 15.3 19.5


CNDR-3 >60 (91.6%)a 52.0 31.3


a Percentage of remaining compound after 24 h.


Table 2. Recovery and apparent permeability (10�6 cm/s) of digoxin in the


Test compound Recovery (%)


A–B B–A A–B


R1 R2


Digoxin alone 98 101 0.21 0.14


Digoxin+CNDR-3 78 81 0.23 0.17


Digoxin+CNDR-5 102 96 0.13 0.17


Digoxin+CNDR-29 90 94 0.23 0.16


a Apparent permeability coefficient.21


b Efflux ratio = Papp(B–A)/Papp(A–B) across monolayers of MDR-MDCK.

no longer possess the favorable pharmacokinetics of
the parent compound. Indeed, 10-deacetyl taxol, the
compound that would be generated upon C-10 ester
cleavage of TX-67, is a Pgp substrate (vide infra) and
thereby unable to penetrate the BBB. Further optimiza-
tion of TX-67 could therefore provide more desirable
candidates for biological evaluation in vivo. To this
end, we determined the stability of the C-10 carbamate
equivalent of TX-67 (CNDR-3) in PBS buffer, human
and mouse plasma. Importantly, we found that the
half-life for CNDR-3 in mouse and human plasma
was significantly longer than both paclitaxel and TX-
67 (Table 1). In addition, CNDR-3, like TX-67, is not
a substrate for Pgp, as determined by bi-directional per-
meability studies conducted using MDR-MDCK cells,
which are known to overexpress Pgp. In these studies
CNDR-3 displayed an efflux ratio of 0.9 compared to
143 for paclitaxel (Table 3). Equally important,
CNDR-3 was found not to affect the bi-directional per-
meability of digoxin, a known Pgp substrate (Table 2).


In addition to CNDR-3, a series of related C-10 carba-
mates was prepared, as well as one C-7 paclitaxel carba-
mate derivative (CNDR-31) and a C-10 docetaxel
carbamate (CNDR-5); see Table 3.17 Synthesis of the
C-10 carbamates was performed employing our previ-
ously disclosed method.18


The compounds depicted in Table 3 were tested for: (1)
their ability to promote MT-stabilization in vitro; (2)
their cytotoxicity against a rapidly dividing cell line
(HEK293); and (3) their potential as substrates for
Pgp by determining the efflux ratios across a monolayer
of MDR-MDCK cells (Table 3). In addition representa-
tive compounds were evaluated for their Pgp-inhibitory
potential.19


Most compounds in Table 3 displayed MT-stabilizing
ability in vitro comparable or better than that of paclit-
axel (or docetaxel in the case of CNDR-5). This obser-
vation is in overall agreement with the previous
findings that the C-10 position is typically tolerant to
structural modification.12 The cytotoxicity studies how-
ever revealed that the IC50 values of the test compounds
ranged substantially from 8 lM to approximately
25 nM. Interestingly, a rather clear correlation appeared
between IC50 values and lipophilicity of the test com-
pounds (Fig. 2) indicating that cell permeability might
be the discriminating factor between different com-
pounds in this assay. A similar trend was also observed

presence of representative paclitaxel and docetaxel C-10 carbamates


Pappa (10�6 cm/s) Efflux ratiob


B–A


AVG R1 R2 AVG


0.18 6.05 7.97 7.01 39


0.2 5.66 6.68 6.17 31


0.15 7.14 7.95 7.54 50


0.19 7.55 11.8 9.67 50







Table 3. Paclitaxel and docetaxel C-10 carbamates
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Entry CNDR# W X Y ClogPa MPAb IC50 HEK293


(lM)


MDR-MDCK


Pappc A–B


(10�6 cm/s)


Pappc B–A


(10�6 cm/s)


Efflux


ratiod


1 Paclitaxel Ph Ac H 4.7 NA 0.010 0.20 28.5 143


2 10-deac. taxol Ph H H 4.0 + 0.076 0.13 5.17 39


3 TX-67 Ph


O


OH


O


H 1.5f ++ 4.7 0.08 0.1 1.3


4 CNDR-3 Ph


O


OH
N
H


O


H 1.3f +++ 8.3 0.09 0.05 0.6


5 CNDR-31 Ph Ac


O


OH
N
H


O


2.2f - >25 0.07 0.06 0.9


6 CNDR-24 Ph


O


OH
N


CH3


O


H 2.0f ++ 1.8 0.06 0.05 0.9


7 CNDR-21 Ph


O


OH
N


CH3


O H3C CH3


H 2.6f +++ 1 0.05 0.05 1


8 CNDR-30 Ph


O


OCH3


H
N


O


H 4.5 ++ 0.06 <0.62 3.36 >5.4


9 CNDR-14 Ph


N
H


O
O


O
H 3.7 +++ 1.9 <0.07 0.21 >3


10 AC409 Ph


O


N


H
N


O


CH3


CH3


H 4.1 +++ 1 0.09 0.8 8.8


11 CNDR-12 Ph


O


OH


H
N


O


H 1.6f +++ 2.5 <0.63 <0.63 ND+


12 CNDR-07 Ph


O


OH


H
N


O


H 1.6f +++ 3.9 <0.06 <0.06 ND+


13 CNDR-04 Ph


H
N


O


OH


O


H 1.4f +++ 7.4 <0.64 <0.64 ND+


14 CNDR-29 Ph OH


H
N


O


H 3.9 + 0.7 <0.21 <0.21 ND+


15 CNDR-15 Ph


N


O


OH


H 6.5 + 0.024 <0.2 25.3 >127


16 323-N-01 Ph
N          O


O


H 5.1 +++ ND+ 0.17 22.6 133
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Table 3 (continued)


Entry CNDR# W X Y ClogPa MPAb IC50 HEK293


(lM)


MDR-MDCK


Pappc A–B


(10�6 cm/s)


Pappc B–A


(10�6 cm/s)


Efflux


ratiod


17 Docetaxel tBuO H H 3.8 (NA) 0.027 <0.62 15.5 >25


18 CNDR-5 tBuO


O


OH
N
H


O


H 1.3f (+++)e 1.7 <0.2 <0.2 ND+


+Not determined.
a Calculated partition coefficient.
b The microtubule polymerization assay (MPA) was carried out using the fluorescence based kit (cat. # BK011) produced by Cytoskeleton (Denver,


CO). Test compounds were tested at 0.5, 1.5, and 3 lM. Compounds that produced equal or faster polymerization rate than paclitaxel (or


docetaxel) at three, two or one concentrations are classified with ‘+++’,‘++’ or ‘+’, respectively. Compounds that produced slower polymerization


rate than paclitaxel at all three concentrations are classified with ‘�’.
c Apparent permeability coefficient.21


d Efflux ratio = Papp(B–A)/Papp(A–B) across monolayers of MDR-MDCK.
e The microtubule polymerization assay was run in comparison to docetaxel.
f ClogP corresponding to the negatively charged carboxylate.


Figure 2. Correlation between IC50 in HEK293 and ClogP. ClogP


values marked with ‘*’ are calculated from the negatively charged


carboxylates.
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for a different series of paclitaxel C-10 carbamates.20


This observation also suggests that the cytotoxicity as-
say could be useful in future screenings of paclitaxel
C-10 carbamates, in generating valuable (although indi-
rect) information on cell permeability. The assessment
of whether the test compounds were substrates for
Pgp was conducted by determining the efflux
ratios.19 Apparent permeability coefficients (Papp)21


were obtained by measuring the amount of compound
present at the apical (A) and basolateral (B) compart-
ments after 120 min, by LC/MS. Experiments were run
in duplicate at 5 lM of test compounds. All analogues
bearing a carboxylic acid moiety appeared to possess
similar low efflux ratios. Notably, the docetaxel deriva-
tive CNDR-5 was also found not to be a Pgp-substrate,
indicating that paclitaxel and docetaxel might be sharing
similar structure Pgp-affinity relationships. The linkage

at C-10 (i.e., ester or carbamate) as well as the substitu-
tion and configuration of the a-carbon did not appear to
play a significant role in determining Pgp-interactions,
although these structural features clearly produce an
effect on the lipophilicity and cell-permeability of the
compounds (Fig. 2). On the other hand, esterification
(CNDR-30), lactonization (CNDR-14), and amidifica-
tion (AC409) of the carboxylic acid produced deriva-
tives that were clearly Pgp substrates although the
efflux ratios remained substantially lower compared to
paclitaxel. Interestingly, CNDR-29, which contains a
primary alcohol in place of the carboxylic acid moiety,
appears not to be a Pgp-substrate, suggesting that the
carboxylic acid functionality is not necessarily a prere-
quisite. Representative compounds CNDR-3, CNDR-5,
and CNDR-29 were chosen to evaluate their Pgp-
inhibitory potential, by determining the effect of these
compounds on the apparent permeability of the known
Pgp-substrate, digoxin. Importantly, all three com-
pounds at 25 lM had no effects on the efflux ratio of
digoxin. Finally, it should be noted that while the efflux
ratios of paclitaxel and TX-67 determined in these
bi-directional permeability studies are in overall agreement
with previous reports wherein a different in vitro model
(bovine microvessel endothelial cells) was employed,
there are substantial differences in the apparent perme-
ability values, particularly the Papp A–B.16 Indeed, since
Papp A–B values smaller than 3 · 10�6 cm/s are predic-
tive of low BBB-permeability,22 it would appear that the
MDR-MDCK model would not match the in vivo
observation obtained for TX-67 in rat-brain perfusion
studies.16 One possible explanation for this apparent dis-
crepancy calls for the possible involvement of an active
transporter (such as the carboxylic acid transporter) that
might be responsible for the active uptake of TX-67
in vivo.16 Additional studies are needed to investigate
this possibility. Comparative brain uptake studies (such
as rat-brain perfusion or brain/plasma ratio) between
TX-67, CNDR-3, and CNDR-29, would provide







3646 C. Ballatore et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3642–3646

important clues in support or against the possible
involvement of a carboxylic acid transporter.


In summary, a series of paclitaxel C-10 carbamates has
been synthesized and evaluated in a bi-directional per-
meability assay in comparison with paclitaxel and the
C-10 ester derivative TX-67. A number of carbamates
were found not to be substrates for Pgp. Moreover,
representative compounds tested for Pgp-inhibitory po-
tential were found to be devoid of Pgp interactions.
Although an hydrophilic moiety at C-7 or C-10
appears to play an important role in preventing Pgp-
interactions, the presence of a carboxylic acid moiety
does not seem to be an absolute structural requirement.
Finally, side-by-side comparison between TX-67 and
the corresponding C-10 carbamate, CNDR-3, revealed
a significantly longer half-life for the latter compound
in both mouse and human plasma, suggesting that this
class of derivatives is well suited for further
development.
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Abstract—At an abasic site in an oligo-DNA duplex, isoxanthopterin (IX)� can bind to thymine (T) and cytosine (C) with strong affinity
compared to adenine and guanine, but the base selectivity for T against C is moderate. In order to improve both binding affinity and
base selectivity for T against C, a methyl group is introduced to IX, which is known as 3-methyl isoxanthopterin (3-MIX),� by which
binding affinity for C is expected to decrease. Indeed, 3-MIX specifically binds to T more strongly than IX and loses its binding affinity
for C. The improved binding ability of 3-MIX for T would be suitable for the practical use in SNP typing related to T.
� 2007 Elsevier Ltd. All rights reserved.

Interaction between small molecules, i.e., ligands, and
DNA duplexes has been paid much attention in various
fields such as regulation of gene expression for drug de-
sign1 and DNA-based chemical sensors.2 Binding behav-
ior between ligands and DNA duplexes has been
investigated for molecules such as hydrogen bonding
ligands,3–6 groove binders,7–9 and intercalators.10,11 In
bio-sensing systems, several SNP (single nucleotide poly-
morphism) typing methods have been proposed based on
the binding of small molecules, i.e., ligands, to oligo-DNA
duplexes, because SNPs are responsible for most of the ge-
netic variation related to diseases, drug response, and
drug metabolism.12–14 Methods based on SPR (surface
plasmon resonance),3,4 fluorescence,5,6 and electrochemi-
cal15–17 have been applied to detect the genetic variation
using ligands with hydrogen bonding or intercalating
ability to oligo-DNA duplexes. Considering the high
throughput detection of the genetic variation, detection
of fluorescence would be promising because it can be eas-
ily applied to array sensing systems with quick response.11
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Enamine Ltd, (Ukraine), respectively.

Whereas most of the current methods of detecting SNPs
by fluorescence require labeling fluorophores into oligo-
DNAs,18–23 we have recently proposed to use an oligo-
DNA containing an apurinic or apyrimidinic site, that
is an abasic site or an AP site as a recognition field for
target nucleotides, by which fluorescence detection has
been realized without labeling fluorophores into oligo-
DNAs.5,6 While naturally occurring AP sites are the
most common forms of DNA damages, we intentionally
constructed the AP site in an oligo-DNA duplex so as to
orient the AP site toward a target nucleobase, by which
hydrophobic microenvironments are provided for li-
gands to recognize nucleotides through a Watson-Crick
hydrogen bonding motif. We have investigated a series
of fluorescent ligands which have specific hydrogen
bonding moieties and are fully complementary to the
unpaired nucleobase opposite the AP site in an
oligo-DNA duplex.5,6,24 We have demonstrated that
2-amino-7-methyl-1,8-naphthyridine (AMND),5,24a 2-
amino-4-oxopteridine (pterin),6 and vitamin B2 (ribofla-
vin)24b,4c can effectively detect SNPs related to cytosine
(C), guanine (G), and thymine (T), respectively. We
have also reported that the binding constant for T can
be enhanced by using amiloride as a ligand based on
the charge–charge interaction between the guanidinium
moiety of amiloride and the DNA phosphate back-
bone,24d and that introducing methyl groups to pterin
enhances the recognition ability for G due to the
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Table 1. Melting temperaturea (Tm; �C) of 11-meric ODN duplex


containing an AP-site in the absence and presence of IX or 3-MIX


Target


base (Y)


Absence of


ligand (Tm(�))


Presence of IX


(Tm(+)) and (DTm)


Presence of 3-MIX


(Tm(+)) and (DTm)


G 34.0 33.6 (�0.4) 34.9 (+0.9)


C 29.2 33.7 (+4.5) 29.6 (+0.4)


A 33.8 36.0 (+2.2) 35.6 (+1.8)


T 27.9 32.7 (+4.8) 33.9 (+6.0)


a ±0.5 �C, each value is the average of at least five measurements.


[DNA duplex] = 30.0 lM, [ligand] = 150 lM in a solution buffered to


pH 7.0 (10 mM sodium cacodylate) containing 100 mM NaCl and


1.0 mM EDTA. DNA duplex (50-TCC AGX GCA AC-30/3 0-AGG


TCY CGT TG-50, X = AP site, Y = target bases).
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increased stacking interaction between a ligand, 2,3-di-
methyl-pterin, and the flanking bases.24e


A recently reported ligand, amiloride,24d offers higher
binding affinity for T, compared to riboflavin.24b


Although both amiloride and riboflavin can selectively
bind to T with high affinity, these ligands cannot suf-
ficiently differentiate T from C and the difference in
the binding constants is within about one order of
magnitude. Accordingly, it is highly desired to develop
a new ligand which can attain the selective detection
of SNPs related to T or C. Several strategies such
as introducing substituents into nucleotides and/or li-
gands have been proposed to improve the binding
affinity of ligands and stabilization of DNA du-
plexes.25–27 As one such approach, introduction of al-
kyl groups into the nucleobase and/or ligands in a
DNA strand has been known to increase the stacking
interaction and the binding ability of ligands with a
target nucleobase.24e,26


Here we report new fluorescent ligands with a high bind-
ing affinity for T via three-point hydrogen bonding
interaction, such as IX (2-aminopteridine-4,7-(3H,8H)-
dione) and 3-MIX (2-amino-3-methylpteridine-4,7-
(3H,8H)-dione) shown in Scheme 1. In Scheme 1, IX
possesses two sets of hydrogen bond forming sites, one
of which is able to bind with C (encircled with the dotted
line) and the other is able to bind with T. However, IX
shows a moderate quenching effect on recognition of
both T and C, and the 1:1 binding constants of IX with
T and C are elucidated as 5.0 · 105, 2.0 · 105 M�1,
respectively, at 5 �C. In contrast to IX, 3-MIX has a
methyl substituent at the N-3 position of IX, which is ex-
pected to prevent the binding of the ligand with C and to
enhance the selectivity for T against C.


The effect of a methyl group on the binding efficiency of
3-MIX with an oligo-DNA duplex containing an AP site
was first investigated by measurements of melting tem-
perature (Tm). The oligo-DNA duplex used in this
experiment is 5 0-TCC AGX GCA AC-3 0/3 0-AGG TCY
CGT TG-5 0, where X is an AP site composed of a pro-
pylene residue, Spacer C3, and Y is G, C, A, or T. As
shown in Table 1, IX gives an increase in Tm (DTm) of
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Scheme 1. Structures of IX and 3-MIX and their possible hydrogen


bonding patterns with T.

+4.8 �C and 4.5 �C when the nucleobases opposite the
AP site are T and C, respectively, in the presence of
an oligo-DNA duplex containing an AP site. The stabil-
ization of the oligo-DNA duplex by IX is almost identi-
cal for both target bases T and C. In contrast, 3-MIX
gives DTm of +6.0 �C and +0.4 �C for the target bases
of T and C, respectively. Obviously, 3-MIX shows high-
er stability of the oligo-DNA duplex than IX when the
target base is T, and the stability of the oligo-DNA du-
plex is not enhanced by 3-MIX compared with IX when
the target base is C. This result clearly indicates that
introducing a methyl group at the N-3 position of IX
prevents 3-MIX from a hydrogen bonding interaction
with C and the selectivity for T against C is much im-
proved when 3-MIX is used as a ligand.


The binding behavior of IX and 3-MIX with the oligo-
DNA duplex containing an AP site was further exam-
ined by fluorescence measurements. As is shown in
Figure 1, IX exhibits significant quenching of its fluores-
cence upon binding with the target nucleobase, and the
quenching efficiency is in the order of G < A < C < T in
accordance with Tm measurements, while almost no
quenching is observed in the presence of normal du-
plexes containing no AP sites (full-matched DNA).
The fluorescence response of 3-MIX upon binding with
the target nucleobase shows stronger quenching than IX
in the order of C < G < A < T as shown in Figure 2, and
it can be easily recognized that highly selective detection
of T against C is attained by using 3-MIX as a ligand.
From the fluorescence titration analysis (See Supporting
information), as given in Table 2, the 1:1 binding con-
stant between 3-MIX and T reaches 1.5 · 106 M�1,
which is atleast nearly three times larger than that of
IX and T. Similarly, the 1:1 binding constant between
IX and C is 0.2 · 106 M�1, at the same time no binding
constant could be obtained between 3-MIX and C, it can
be clearly seen that, the introduction of methyl group at
N-3 position of IX restricted the binding for cytosine
with the developed ligand 3-MIX.


IX and 3-MIX show T-selective response in fluorescence
quenching when both flanking bases of the AP site are
G, and the sequence is given by 5 0-GXG-3 0/3 0-CYC-5 0,
where X and Y are the AP site and the target base,
respectively. Next, we examined the effect of the flanking
sequences on the binding of IX or 3-MIX to T in the oli-
go-DNA duplex by fluorescence measurements in order
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Figure 1. Fluorescence spectra of IX in the presence of AP site-


containing DNA duplexes (5 0-TCC AGX GCA AC-3 0/3 0-AGG TCY


CGT TG-5 0, X = AP site, Y = target bases). [DNA duplex] = 10.0 lM,


[ligand] = 10.0 lM in a solution buffered to pH 7.0 (10 mM sodium


cacodylate) containing 100 mM NaCl and 1.0 mM EDTA. Excitation


wavelength, 365 nm. Temperature 5 �C.


Table 2. Binding constants K1:1 at 5 �C for the binding of IXa and 3-


MIXb with each target base. (See Supporting information)


Target base K1:1 of IX/106 M�1 K1:1 of 3-MIX/106 M�1


C 0.2 ± 0.05 Very weak


T 0.6 ± 0.05 1.5 ± 0.04


a Concentrations of [IX] = 5.0 lM, [DNA duplex] = 1.0–30.0 lM.
b [3-MIX] = 1.0 lM, and [DNA duplex] = 1.0–6.0 lM, in a solution


buffered to pH 7.0 (10 mM sodium cacodylate) containing 100 mM


NaCl and 1.0 mM EDTA. DNA duplex (50-TCC AGX GCA AC-30/
3 0-AGG TCY CGT TG-50, X = AP site; Y = C or T).
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to confirm the applicability of these ligands for SNP typ-
ing related to T. All possible 16 flanking sequences were
examined for the oligo-DNA duplex, 5 0-TCT GCG
TCC AX 0C AAC GCA CAC-3 0/3 0-AGA CGC AGG
TY’G TTG CGT GTG-5 0, where X 0 is the AP site and
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Figure 2. Fluorescence spectra of 3-MIX in the presence of AP site-


containing DNA duplexes (5 0-TCC AGX GCA AC-3 0/3 0-AGG TCY


CGT TG-5 0, X = AP site, Y = target bases). [DNA duplex] = 10.0 lM,


[ligand] = 10.0 lM in a solutions buffered to pH 7.0 (10 mM sodium


cacodylate) containing 100 mM NaCl and 1.0 mM EDTA. Excitation


wavelength, 365 nm. Temperature 5 �C.

its flanking nucleotides and Y 0 is the target base T and
its flanking nucleotides. The results are shown in Figure
3. In this figure, strong quenching is recognized when
the DNA sequence containing flanking nucleotides is
CXC/GTG (12), in comparison to the DNA sequence
containing GXG/CTC (7), the quenching efficiency is
more than two times higher (Supporting information
Table S1). This sequence-dependent fluorescence behav-
ior could be ascribed to the difference in the stacking
efficiency between the ligand and the various flanking
bases.


We next applied the present system for the detection of
the T/C mutation present in the cancer repressor gene
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Figure 3. Fluorescence quenching efficiency of IX (black bars) and 3-


MIX (gray bars) with different flanking nucleotides (5 0-TCT GCG


TCC AX’C AAC GCA CAC-30/3 0-AGA CGC AGG TY’G TTG CGT


GTG-5 0, and X 0/Y 0 are (1) TTT/AAA, (2) ATA/TXT, (3) ATC/GXT,


(4) ATG/CXT, (5) ATT/AXT, (6) CTA/TXG, (7) CTC/GXG, (8)


CTG/CXG, (9) CTT/AXG, (10) GTA/TXC, (11) GTC/GXC, (12)


GTG/CXC, (13) GTT/AXC, (14) TTA/TXA, (15) TTC/GXA, (16)


TTG/CXA, (17) TTT/AXA, X = AP site). Quenching efficiency (%)


was calculated by (Io � I)/Io · 100, where Io and I denote fluorescence


intensities of IX or 3-MIX in the absence and presence of a DNA


duplex, respectively. [DNA duplex] = 1.0 lM, [ligand] = 1.0 lM in a


solution buffered to pH 7.0 (10 mM sodium cacodylate) containing


100 mM NaCl and 1.0 mM EDTA. Excitation wavelength, 365 nm.
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Figure 4. Fluorescence detection of the T/C mutation present in the


p53 gene. [DNA duplex] = 1.0 lM; [3-MIX] = 1.0 lM; Excitation


wavelength 365 nm; Emission 412 nm. Temperature 5 �C. All sample


solutions were buffered to pH 7.0 with 10 mM sodium cacodylate


containing 100 mM NaCl and 1.0 mM EDTA. DNA duplex (5 0-AGC


TTT GAG GYG CGT GTT TGT-30/30-TCG AAA CTC CXC GCA


CAA ACA-5 0, X = AP site, Y = C and/or T). Error bars denote the


standard deviation of at least three measurements.
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p53 of exon 8 at codon 272.28,29 As is shown in Figure 4,
the fluorescence of 3-MIX is significantly quenched (up
to 59%), for the wild type sequence (5 0-AGC TTT
GAG GTG CGT GTT TGT-3 0), while moderate
quenching (about 10%) is observed for the mutant
sequence (5 0-AGC TTT GAG GCG CGT GTT TGT-
3 0). Therefore, the present method is applicable for the
SNP typing related to T.


In summary, we demonstrated that introducing a methyl
group into a ligand could tune the base selectivity and
enhance the binding affinity of the ligand. Actually,
introduction of a methyl group into IX resulted in
improvement of both binding affinity and selectivity
for T against C, which could lead to the efficient detec-
tion of the T/C mutation in the p53 gene. The present
SNP typing method has advantages of not requiring
any special enzymes and labeling fluorophores, com-
pared with conventional methods, although it requires
asymmetric PCR method to attain enough discrimina-
tion of mutations at present. Further investigation on
the detailed binding mechanism and development of
more powerful ligands are in progress to attain efficient
control of base selectivity and high binding affinity.

Acknowledgments


This work was partially supported by Grants-in-Aid for
Scientific Research (A), No. 17205009, for Scientific Re-
search (B), No. 18350039, and for the COE Project,
Giant Molecules and Complex Systems, from the Minis-
try of Education, Culture, Sports, Science and Techno-
logy, Japan.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bmcl.
2007.04.033.

References and notes


1. Gottesfeld, J. M.; Neely, L.; Trauger, J. W.; Baird, E. E.;
Dervan, P. B. Nature 1997, 387, 202.


2. Drummond, T. G.; Hill, M. G.; Barton, J. K. Nat.
Biotechnol. 2003, 21, 1192.


3. Nakatani, K.; Sando, S.; Saito, I. Nat. Biotechnol. 2001,
19, 51.


4. Peng, T.; Murase, T.; Goto, Y.; Kobori, A.; Nakatani, K.
Bioorg. Med. Chem. Lett. 2004, 15, 259.


5. Yoshimoto, K.; Nishizawa, S.; Minagawa, M.; Teramae,
N. J. Am. Chem. Soc. 2003, 125, 8982.


6. Yoshimoto, K.; Xu, C.-Y.; Nishizawa, S.; Haga, T.;
Satake, H.; Teramae, N. Chem. Commun. 2003, 24, 2960.


7. Lane, A. N.; Jenkins, T. C.; Brown, T.; Neidle, S.
Biochemistry 1991, 30, 1372.


8. Dervan, P. B. Bioorg. Med. Chem. 2001, 9, 2215.
9. Tawar, U.; Jain, A. K.; Chandra, R.; Singh, Y.; Dwarak-


anath, B. S.; Chaudhury, N. K.; Good, L.; Tandon, V.
Biochemistry 2003, 42, 13339.


10. Ren, J.; Jenkins, T. C.; Chaires, J. B. Biochemistry 2000,
39, 8439.


11. Chee, M.; Yang, R.; Hubbell, E.; Berno, A.; Huang,
X.-C.; Stern, D.; Winkler, J.; Lockhart, D. J.; Morris,
M. S.; Fodor, S. P. A. Science 1996, 274, 610.


12. Collins, F. S.; Guyer, M. S.; Chakravarti, A. Science 1997,
278, 1580.


13. Schafer, A. J.; Hawkins, J. R. Nat. Biotechnol. 1998, 16, 33.
14. McCarthy, J. J.; Hilfiker, R. Nat. Biotechnol. 2000, 18,


505.
15. Takenaka, S. Bull. Chem. Soc. Jpn. 2001, 74, 217.
16. Huang, W.; Morita, K.; Sankaran, N. B.; Nishizawa, S.;


Teramae, N. Electrochem. Commun. 2006, 8, 395.
17. Morita, K.; Sankaran, N. B.; Huang, W.; Seino, T.; Sato,


Y.; Nishizawa, S.; Teramae, N. Chem. Commun. 2006, 22,
2376.


18. Tyagi, S.; Bratu, D. P.; Kramer, F. R. Nat. Biotechnol.
1998, 16, 49.


19. Piatek, A. S.; Tyagi, S.; Pol, A. C.; Telenti, A.; Miller, L. P.;
Kramer, F. R.; Alland, D. Nat. Biotechnol. 1998, 16, 359.


20. Beaudet, L.; Bedard, J.; Breton, B.; Mercuri, R. J.; Budarf,
M. L. Genome Res. 2001, 11, 600.


21. Okamoto, A.; Kanatani, K.; Saito, I. J. Am. Chem. Soc.
2004, 128, 4820.


22. Okamoto, A.; Tanaka, K.; Fukuta, T.; Saito, I. Chem-
BioChem 2004, 5, 958.


23. Saito, Y.; Miyauchi, Y.; Okamoto, A.; Saito, I. Chem.
Commun. 2004, 15, 1704.


24. (a) Nishizawa, S.; Yoshimoto, K.; Seino, T.; Xu, C.-Y.;
Minagawa, M.; Satake, H.; Tong, A.; Teramae, N.
Talanta 2003, 63, 175; (b) Sankaran, N. B.; Nishizawa,
S.; Seino, T.; Yoshimoto, K.; Teramae, N. Angew. Chem.,
Int. Ed. 2006, 45, 1563; (c) Nishizawa, S.; Sankaran, N. B.;
Seino, T.; Cui, Y.-Y.; Dai, Q.; Xu, C.-Y.; Yoshimoto, K.;
Teramae, N. Anal. Chim. Acta 2006, 556, 133; (d) Zhao,
C.-X.; Dai, Q.; Seino, T.; Cui, Y.-Y.; Nishizawa, S.;
Teramae, N. Chem. Commun. 2006, 11, 1185; (e) Dai, Q.;
Xu, C.-Y.; Sato, Y.; Yoshimoto, K.; Nishizawa, S.;
Teramae, N. Anal. Sci. 2006, 22, 201; (f) Satake, H.;
Nishizawa, S.; Teramae, N. Anal. Sci. 2006, 22, 195.


25. Gutierrez, A. J.; Terhorst, J.; Matteucci, M. D.; Froehler,
B. C. J. Am. Chem. Soc. 1994, 116, 5540.


26. Wang, S.; Kool, E. T. Biochemistry 1995, 34, 4125.
27. Hutchins, R. A.; Crenshaw, J. M.; Graves, D. E.; Denny,


W. A. Biochemistry 2003, 42, 13754.
28. For p53 gene mutation sequence, http://dochost.rz.hu-


berlin.de/habilitationen/reles-angela-2001-12-04/HTML/
reles-ch4.html.


29. Morris, S. M. Mutat. Res. 2002, 511, 45.



http://dx.doi.org/10.1016/j.bmcl.2007.04.033

http://dx.doi.org/10.1016/j.bmcl.2007.04.033

http://dochost.rz.hu-berlin.de/habilitationen/reles-angela-2001-12-04/HTML/reles-ch4.html

http://dochost.rz.hu-berlin.de/habilitationen/reles-angela-2001-12-04/HTML/reles-ch4.html

http://dochost.rz.hu-berlin.de/habilitationen/reles-angela-2001-12-04/HTML/reles-ch4.html



		Improvement of base selectivity and binding affinity by controlling hydrogen bonding motifs between nucleobases and isoxanthopterin: Application to the detection of T/C mutation

		Acknowledgments

		Supplementary data

		References and notes








Bioorganic & Medicinal Chemistry Letters 17 (2007) 3722–3728

Synthesis and structure–activity relationships of taxuyunnanine
C derivatives as multidrug resistance modulator


in MDR cancer cells


Toshiaki Hasegawa,a,c,* Jiao Bai,a,f Jungui Dai,b Liming Bai,a Junichi Sakai,b


Shigenori Nishizawa,a Yuhua Bai,a Midori Kikuchi,c Mariko Abe,c Takao Yamori,d


Akihiro Tomida,d Takashi Tsuruo,d Katsutoshi Hirosee and Masayoshi Andob,*


aGraduate School of Science and Technology, Niigata University, Ikarashi, 2-8050, Niigata 950-2181, Japan
bDepartment of Chemistry and Chemical Engineering, Niigata University, Ikarashi, 2-8050, Niigata 950-2181, Japan


cMitsubishi Gas Chemical Company Inc., Niigata Research Laboratory, 182, Shinwari, Tayuhama, Niigata 950-3112, Japan
dCancer Chemotherapy Center, Japanese Foundation for Cancer Research, 3-10-6 Ariake, Koto-Ku, Tokyo 135-8500, Japan


eKNC Laboratories Co. Ltd, 3-2-34, Takatukadai, Nishi-ku, Kobe, Hyogo 651-2271, Japan
fDepartment of Natural Medicine Chemistry, School of Traditional Chinese Materia Medica, Shenyang Pharmaceutical University,


Wenhua Road 103, Shenyang 110016, China


Received 28 October 2006; revised 21 March 2007; accepted 10 April 2007


Available online 13 April 2007

Abstract—A series of new generation taxoids bearing a bulky group on different positions such as C-2, C-5, C-7, C-9, C-10 or C-14
were obtained by chemical modifications and biotransformation of taxuyunnanine C (1) and its analogs, 4, 5, and 10. Compounds 3,
5, 6, 8, and 9a showed significant activity toward calcein accumulation in MDR 2780AD cells. The most effective compound 9a with
a cinnamoyloxy group at C-14 and a hydroxyl group at C-10 was actually efficient for the cellular accumulation of the anticancer
agent, vincristine, in MDR 2780AD cells. The enhancing effects of 6 and 9a for taxol, adriamycin, and vincristine were at the same
levels as those of verapamil toward MDR 2780AD cells. Thus, compounds 6 and 9a can modulate the multidrug resistance of cancer
cells. The cytotoxicity (IC50) of the compounds was examined against human normal cell line, WI-38, and cancer model cell lines,
VA-13 and HepG2. Since compounds 6 and 8 had no cytotoxicity, they were expected to be lead compounds of MDR cancer rever-
sal agents. On the contrary, compounds 3, 5, and 9a showed cell growth inhibitory activity toward VA-13 and/or HepG2 as well as
accumulation activity of calcein and/or vincristine in MDR 2780AD and they were expected to be lead compounds of new-type anti-
cancer agents.
� 2007 Elsevier Ltd. All rights reserved.

In cancer chemotherapy, occurrence of multidrug resis-
tance (MDR) of cancer cells caused by repeated admin-
istration of anticancer agents is a serious problem. One
of the mechanisms of MDR is overexpression of P-gly-
coprotein (P-gp),1,2 P-gp is originally a transporter for
a wide range of reagents and its physiological role is a
defense mechanism against the toxic materials in cells.
P-gp utilizes energy induced by hydrolysis of ATP for
their transport from inside to the outside of cells.

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


doi:10.1016/j.bmcl.2007.04.030


Keywords: Taxoid; Taxuyunnanine C; MDR; Cytotoxicity.
* Corresponding authors. Tel.: +81 25 259 8226; fax: +81 25 259 8218


(T.H.); tel.:/fax: +81 25 262 7326 (M.A.); e-mail addresses: toshiaki-


hasegawa@mgc.co.jp; mando@eng.niigata-u.ac.jp

Many taxane derivatives with MDR reversal activity
have been reported.3–11 Effect of the substituents of
baccatin III on the MDR reversal activity was widely
investigated. However, since baccatin III has no func-
tional group at C-14, only a few reports appeared about
the effect of the substituent at C-14 on the MDR reversal
activity. Ojima et al. reported structure–activity rela-
tionships of 14b-hydroxybaccatin III derivatives with
1,14-carbonate moiety. In this case, hydrophobic groups
at C-7 are effective in MDR reversal activity.12


Taxuyunnanine C (1) and its 14-acyloxy analogs (2–5)
are the major metabolites from callus cultures of Taxus
species in high yields. We reported their activity toward
the accumulation of vincristine in MDR 2780AD cells
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Scheme 1. Reagents and conditions: (i) 1, 1 M K2CO3 (5 equiv), 1:3


THF/MeOH, 45 �C, 7 h (23.9% for 6, 4.3% for 7, 0.5% for 8, 20.7% for


9); (ii) 6, CH3(CH2)2COCl (13 equiv), DMAP, dry Py, 80 �C, 12.5 h


(87.6% for 6a); (iii) 6, CH3(CH2)3COCl (13 equiv), DMAP, dry Py,


80 �C, 13.5 h (88.0% for 6b); (iv) 6, PhCOCl (10 equiv), DMAP, dry


Py, 80 �C, 15 h (92.7% for 6c); (v) 6, PhCH@CHCOCl (8 equiv),


DMAP, dry Py, 85 �C, 16 h (92.8% for 6d); (vi) 7, PhCH@CHCOCl (8


equiv), DMAP, dry Py, 85 �C, 13 h (91.5% for 7a); (vii) 8,


PhCH@CHCOCl (20 equiv), DMAP, dry Py, 85 �C, 19h (80% for


8a); (viii) 9, PhCH@CHCOCl (2.2 equiv), DMAP, dry Py, 85–90 �C,


Figure 1. Acyloxy groups r–y in the structures of taxuyunnanine C


derivatives.
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and deduced that a hydrophobic less-hindered alkyl side
chain of the C-14 acyloxy group of these compounds
played some role to increase the activity.13


As a part of our study of structure–activity relationships


23 h (8.4% for 9a, 29.1% for 9b, 5.9% for 9c).


Scheme 2.

(SAR) of taxoids as MDR reversal agent, we further
investigated effect of the substitution of the functional
groups at C-14 position on MDR reversal activity. For
this purpose, we synthesized a series of new 14-oxygen-
ated taxoids derived from taxuyunnanine C (1) and its
analogs which are produced by callus cultures of Taxus
cuspidata.13–15 (Fig. 1).


We obtained 14-deacetyltaxuyunnanine C (6), 10-deac-
etyltaxuyunnanine C (7), 5-deacetyltaxuyunnanine C
(8), and 10,14-dideacetyltaxuyunnanine C (9) by hydro-
lysis of 1. 14-Butanoyloxy- (6a), 14-pentanoyloxy- (6b),
14-benzoyloxy- (6c), and 14-cinnamoyloxy- (6d) deriva-
tives of 6 were obtained by the acylation of 6 by the
corresponding acylchloride. Cinnamoylation of 10-deac-
etyltaxuyunnanine C (7) and 5-deacetyltaxuyunnanine
C (8) gave 7a and 8a bearing a cinnamoyloxy group
at C-10 or C-5, respectively. Cinnamoylation of
10,14-dideacetyltaxuyunnanine C (9) gave 10- and
14-monocinnamoyloxy analogs, 9b and 9a, and 10,14-
dicinnamoyloxy analog 9c, respectively (Scheme 1). 14-
Deacetoxytaxuyunnanine C (6f) was obtained by
Chugaev reaction of 6 (Scheme 2). 2-Benzoyloxy analog,
10a, was prepared from 2-deacetyltaxuyunnanine C
(10), which was isolated from the callus culture of
T. cuspidata (Scheme 3) as a minor product.16

For the preparation of 7- or 9-oxygenated derivatives of
1, 4, and 5, we used a biotransformation. Thus, 14-acyl-
oxytaxoids, 11–13, bearing a hydroxyl group at the C-7
or C-9 position were obtained by treatment of 1, 4, and
5 with Absidia coerulea IFO 4011. Compounds 11–13







Scheme 3.
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were further converted to the corresponding cinnamoyl
esters, 11a, 12a, and 13a (Scheme 4).


The effects of 14-oxygenated taxoids mentioned above
on the cellular accumulation of calcein in MDR human
ovarian cancer 2780AD cells were examined (Table 1).
The calcein derived from calcein AM by endogenous
esterase was used as an easily operated functional fluo-
rescent probe for this drug efflux protein. Taxuyunna-
nine C (1), its monodeacetyl analogs, 6–8 and 10, and
its 9-hydroxylated analog (11) showed weak to signifi-
cant activity toward calcein accumulation in MDR
2780AD cells. In them, compounds 6 and 8, in which
the acetoxyl groups at C-14 or C-5 of 1 were displaced
by a hydroxyl group, respectively, showed stronger
activity than that of 1. On the other hand, compounds
7, 10, and 11, in which the acetoxy groups at C-10 or
C-2, or one hydrogen at C-9, of 1 were displaced by a
hydroxyl group, respectively, showed weaker activity
than 1. Taxoid 6f in which the acetoxy group at C-14
of 1 was displaced by hydrogen, showed no activity.
Compounds 12 and 13 with a hydroxyl group at the
C-7 position showed lower activity than those of their
parental compounds, 4 and 5. These results of bioassay
suggested that the substitution of the acetoxyl group at

Scheme 4. Reagents and conditions: (i) 11, PhCH@CHCOCl (10


equiv), DMAP, dry Py, 85–90 �C, 9 h (84.6% for 11a); (ii) 12,


PhCH@CHCOCl (10 equiv), DMAP, dry Py, 85–90 �C, 10 h (88.8%


for 12a); (iii) 13, PhCH@CHCOCl (6 equiv), DMAP, dry Py, 85–


90 �C, 5.5 h (13.9% for 13a).

C-14 or C-5 of 1 with a more polar substituent such as a
hydroxyl group is desirable to increase the activity to-
ward calcein accumulation in MDR 2780AD cells. On
the other hand, the substitution of the acetoxyl group
at C-2, C-10 or one hydrogen at C-9 of 1 or at C-7 of
4 and 5 with a more polar substituent such as a hydroxyl
group is an undesirable change to increase the activity.


Then, the activities of 1, its seven kinds of C-14 acyloxy
analogs (2–5 and 6a–d), 14-deacetyltaxuyunnanine
C (6), and 14-deacetoxytaxuyunnanine C (6f) were
compared. The activity order of the compounds
was 5 > 6 = 3 > 6c P 1 = 6d P 2 = 4 P 6a P 6b� 6f.
These results suggested that the compounds with hydro-
philic substituents at C-14 such as 5 and 6, and the com-
pounds with bulky acyloxy substituents at C-14 such as
3 and 6c are desirable to increase the activity. On the
contrary, the compounds possessing acyloxy groups
with less-hindered hydrophobic propyl and butyl side
chains such as 6a and 6b showed lower activity than
the parental compound 1. Compound 6f, in which the
acetoxy group at C-14 of 1 was displaced by hydrogen,
lost the activity completely.


We examined whether functional group at C-14 influ-
enced the effect of structural change at the different po-
sition of taxane skeleton on the calcein accumulating
activity. When the functional group at C-14 is acetoxyl
group such as 7 and 7a, the activity of 7 with hydroxyl
group at C-10 was less than that of 7a with cinnamoyl-
oxy group at C-10. On the other hand, when functional
group at C-14 is cinnamoyl group such as 9a and 9c, the
activity of 9a with hydroxyl group at C-10 was higher
than that of 9c with cinnamoyloxy group at C-10. When
the functional groups at C-14 are 2-methylbutanoyloxy
group such as 12 and 12a, and 2-methyl-3-hydroxybuta-
noyloxy group such as 13 and 13a, the activity of 12 and
13 with hydroxyl group at C-7 and 12a with cinnamoyl-
oxy group at C-7 was at same level. On the other hand,
the activity of 13a with cinnamoyloxy group at C-7 was
higher than that of 13 with hydroxyl group at C-7. Thus,
the influences of the functional groups at C-14 on the
calcein accumulating activity seemed to be complicated.


Since taxinine derivatives, taxinine NN-1 and taxinine
NN-11 bearing a cinnamoyloxy group, exhibited strong
MDR reversal activity, we expected the special effect of
an aromatic acyloxy group such as a cinnamoyloxy
group or a benzoyloxy group on taxuyunnanine C deriv-
atives in calcein accumulation in MDR 2780AD cells.
We examined the activity of ten kinds of cinnamoyloxy
analogs of 1. The order of activity was
9a > 13a > 7a = 6d = 10a = 11a P8a > 9b > 12a� 9c.
In them, compound 9a with a cinnamoyloxy group at
C-14 and a hydroxyl group at C-10 showed the strongest
activity. On the contrary, 9b, regioisomer of 9a, with a
cinnamoyloxy group at C-10 and a hydroxyl group at
C-14 showed very weak activity. Compound 13a with
a cinnamoyloxy group at C-7 and a polar acyloxy
group, 2-methyl-3-hydroxybutanoyloxy group at C-14
showed significant activity. Interestingly, 12a with a cin-
namoyloxy group at C-7 and less polar 2-methylbuta-
noyloxy group at C-14 lost activity. Other analogs of







Table 1. Effects of compounds on the accumulation of calcein in multidrug resistant cells 2780AD and cell growth inhibitory activities of compounds


against WI-38, VA-13, and HepG2 cells


Compound Calcein accumulation (% of control)a,b Cell growth inhibitory activity (IC50 lM)c


0.25 lg/ml 2.5 lg/ml 25 lg/ml WI-38 VA-13 HepG2


Paclitaxel 0.04 0.005 8.1


Adriamycin 0.66 0.38 1.2


1 130 141 127 130 53.1 18.5


2 104 98 119 >193 93.7 86.4


3 133 139 148 >188 90.9 28.0


4 100 86 119 >183 61.1 41.7


5 81 94 168 79.4 9.29 18.5


6 104 86 148 133 80.0 216


6a 97 98 114 73.4 17.2 18.5


6b 94 88 111 >183 56.7 16.6


6c 90 107 133 >176 >176 144


6d 123 126 125 154 >169 >169


6f 89 105 91 8.93 12.2 10.3


7 103 98 111 105 12.6 108


7a 92 123 126 >169 >169 106


8 118 118 141 149 105 183


8a 102 95 121 99.0 125 9.95


9a 107 132 190 13.5 37.4 15.7


9b 109 113 113 71.7 11.5 15.3


9c 83 80 80 >147 >147 >147


10 99 99 111 130.4 104 122


10a 98 96 125 125 175 51.9


11 102 101 110 129 >192 128


11a 102 103 125 151 >154 >154


12 94 98 110 81.6 79.1 75.2


12a 96 98 102 >144 >144 >144


13 87 104 107 140 >173 153


13a 97 102 130 62.4 49.9 80.4


a The amount of calcein accumulated in multidrug-resistant human ovarian cancer 2780AD cells was determined with the control in the presence of


0.25, 2.5 and 25 lg/ml of test compounds.
b The values are the relative amount of calcein accumulated in the cell compared with the control experiment.The values represent the mean of


triplicate determination.
c IC50 represents the mean of duplicate determination.
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1, 6d, 7a, 8a, and 11a which possess one cinnamoyloxy
group at C-14, C-10, C-5, and C-9, and compound 10a
with one benzoyloxy group at C-2 showed almost the
same activity as that of 1. Compound 9c with two cinna-
moyloxy groups at C-10 and C-14 showed no activity. In
conclusion, compound 9a with a cinnamoyloxy group at
C-14 and a hydroxyl group at C-10 has the strongest
activity in 26 test samples of taxuyunnanine C analogs
toward calcein accumulation in MDR 2780AD cells.

Then, we tested the effects of several taxoids, 6, 7, 10, 11,
6d, 7a, 9a–c, on the accumulation of a widely used anti-
cancer agent, vincristine (VCR), in MDR 2780AD cells
comparing with the effects of verapamil as a positive
control (Table 2). Compound 9a possessing a hydroxyl
group at the C-10 position and a cinnamoyloxy group
at the C-14 position showed the highest activity of cellu-

lar accumulation of vincristine in MDR 2780AD cells
among the taxoids subjected to the test. Compound
9b, regioisomer of 9a, with a cinnamoyloxy group at
C-10 and a hydroxyl group at C-14 showed weaker
activity than 9a. Taxoid 9c bearing cinnamoyloxy
groups at both C-10 and C-14 positions showed very
weak activity. The activity of taxoid 7a with a cinna-
moyloxy group at the C-10 position was higher than
that of taxioid 7 with a hydroxyl group at the corre-
sponding positions. The results were similar to the calce-
in assay though there were some little differences.


The effects of compounds 6 and 9a on the cytotoxicity of
taxol, adriamycin (ADM), and vincristine (VCR) to-
ward MDR 2780AD cells and its parental cells
(A2780) were tested comparing with verapamil, which
is a well-known MDR reversal agent (Table 3).


The IC50 values of taxol for A2780 and MDR 2780AD
cells were 2.8 and 183 nM, respectively. When com-
pound 6 was added at a final concentration of 0.2, 2.0,
and 10 lM, the IC50 values of taxol for MDR
2780AD cells were shifted to 21, 26, and 5.3 nM, respec-
tively. At this time, cytotoxicity of compound 6 against
2780AD cells was equal to that of verapamil, showing
more than 70% of cell viability at the concentration of







Table 2. Effects of compounds on the accumulation of vincristine (VCR) in multidrug-resistant cells 2780ADa


Concd (lg/mL) Averageb (dpm/well) % of controlc Activitiesd Verapamile (%)


6 0.1 360 102 ± 94


1 517 147 + 79


10 853 242 + 53


6d 0.1 336 95 ± 87


1 494 140 + 75


10 985 280 + 62


7 0.1 324 92 ± 84


1 420 119 + 64


10 805 229 + 51


7a 0.1 404 132 + 130


1 641 209 + 118


10 1385 451 ++ 81


9a 0.1 425 121 + 111


1 959 272 + 146


10 1855 527 +++ 116


9b 0.1 402 114 + 105


1 669 190 + 102


10 1749 497 ++ 110


9c 0.1 320 91 ± 83


1 325 92 ± 49


10 429 122 + 27


10 0.1 306 101 ± 89


1 436 144 + 84


10 786 259 + 74


11 0.1 303 86 — 79


1 379 108 ± 58


10 592 168 + 37


aThe amount of VCR accumulated in MDR2780AD cells was determined with the control in the presence of 0.1, 1, and 10 lg/ml of taxoids.
b The values represents triplicated determinations.
c The values are the relative amount of VCR accumulated in the cell compared with the control experiment.
d The indices are expressed on a scale of seven by the range of the relative amount of VCR accumulation as compared with the control experi-


ment(%): +++, 501–1000%; ++, 301–500%; +, 111–300%; ±, 91–100%; —, <90%.
e The values are expressed as the relative amount of vincristine(VCR) accumulation in the cell as compared with that of verapamil.


Table 3. Effect of the compounds on the cytotoxicity of anticancer agents toward A2780 and MDR 2780AD cells


Cell lines MDR modulator (lM) Viability of the cell (%)a IC50 (nM) of anticancer agentsb


Taxol ADM VCR


A2780 No modulator 0 100 2.8 5.7 3.1


Verapamil 0.2 93 2.7 5.8 3.4


2 82 2.9 6.0 2.0


10 53 3.5 7.7 0.5


6 0.2 97 2.6 7.0 2.6


2 95 2.3 6.0 1.6


10 20 6.6 7.8 4.8


9a 0.2 89 2.6 7.0 2.6


2 74 2.3 6.0 1.6


10 27 6.6 7.8 4.8


2780AD No modulator 0 100 183 298 311


Verapamil 0.2 84 36 269 41


2 90 5.5 201 25


10 71 4.9 164 3.9


6 0.2 101 21 215 55


2 96 26 256 26


10 77 5.3 181 11


9a 0.2 105 22 284 51


2 86 4.2 138 39


10 38 3.9 73 23


a Cyhotoxicity of the compounds was evaluated in the absence of the anticancer agents.
b Enhancing effects of the compounds on the cytotoxicity of taxol, adriamycin (ADM), and vincristin (VCR) toward A2780 cells and MDR A2780


(2780AD) cells were determined in the presence of 0.2, 2.0, and 10 mM of each compound. The values represent means of triplicate determination.
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10 lM, while compound 6 showed significant cytotoxic-
ity against A2780 cells showing 20% of cell viability at
the same concentration. From these results, compound
6 enhanced the sensitivity to taxol in MDR 2780AD
cells. The IC50 of taxol for 2780AD cells in the presence
of 10 lM of compound 6 was equal to that for parental
A2780 cells (Table 4).


Compound 6 is also effective for ADM and VCR. The
IC50 values of ADM for A2780 and MDR 2780AD cells
were 5.7 nM and 298 nM, respectively. The IC50 values
for MDR 2780AD cells were shifted to 215, 256, and
181 nM in the presence of 6 at a final concentration of
0.2, 2.0, and 10 lM, respectively. The IC50 values of
VCR for A2780 and 2780AD cells were 3.1 nM and
311 nM, respectively. The IC50 values for MDR
2780AD cells were shifted to 55, 26, and 11 nM in the
presence of 6 at a final concentration of 0.2, 2.0, and
10 lM, respectively. The enhancing effects of 6 for taxol,
ADM, and VCR were at the same levels as that of
verapamil toward MDR 2780AD cells. Thus, compound
6 can modulate the multidrug resistance of cancer cells
as well as verapamil in vitro.


Cytotoxicity of compound 9a against 2780AD cells in
the absence of anticancer agents was more significant
than that of compound 6, showing 38% of cell viability
at the concentration of 10 lM, while the viability of the
cell was 27% in the case of parental A2780 cells at the
same concentration of compound 9a. IC50 of com-
pound9a for MDR 2780AD and parental A2780 was
calculated as 8.0 and 6.1 lM, respectively. Thus, com-
pound 9a showed MDR reversal activity against
2780AD cells.


When compound 9a was added at a final concentration
of 0.2, 2.0, and 10 lM, the IC50 values of taxol for MDR
2780AD cells were shifted to 22, 4.2, and 3.9 nM, respec-
tively. These results showed that compound 9a enhanced
the sensitivity to taxol in MDR 2780AD cells.


Compound 9a is also effective for ADM and VCR. The
IC50 values of ADM for A2780 and MDR 2780AD cells
were 5.7 nM and 298 nM, respectively. The IC50 values

Table 4. Summary of evaluation of compound 7a based on the 39


human cancer cell lines


GI50 TGI LC50


Parameters of effective concentrations


MG-MID �4.41 �4.04 �4.00


Rank Compound ra Molecular


targets/drug type


Results of the COMPARE analysis


1 ICRF-154 0.581 Topoisomerase


2 ICRF-193 0.580 Topoisomerase


3 TNP-470 0.552


The mean graph of compound 7a was compared with those of 200


standard compounds using the COMPARE analysis. Drugs were


ordered according to the correlation coefficient. Drugs with correlation


coefficients higher than 0.5 (P < 0.001) were included.
a Pearson’s correlation coefficient.

for MDR 2780AD cells were shifted to 284, 138, and
73 nM in the presence of 9a at a final concentration of
0.2, 2.0, and 10 lM, respectively. The IC50 values of
VCR for A2780 and 2780AD cells were 3.1 nM and
311 nM, respectively. The IC50 values for MDR
2780AD cells were shifted to 51, 39, and 23 nM in the
presence of 9a at a final concentration of 0.2, 2.0, and
10 lM, respectively. Thus, compound 9a can modulate
the multidrug resistance of cancer cells as well as verap-
amil in vitro.


Cell growth inhibitory activity (IC50) of taxoids to three
different cell lines was examined (Table 1). The three cell
lines employed in this experiment are human lung fibro-
blast cells (WI-38), malignant lung tumor cells (VA-13)
induced from WI-38, and human liver cancer, Hepa-
toma G2 (HepG2) cells.


Taxuyunnanine C (1) and its analogs 6–8, 10, 11 showed
weak activity in many cases. Only taxuyunnanine C (1)
and its C-10 deacetyl taxuyunnanine C (7) showed sig-
nificant activity against HepG2 and VA-13, respectively.
On the contrary, 14-deacetoxytaxuyunnanine C (6f)
showed significant activities to all three cell lines. This
result contrasted with the result of calcein assay and sug-
gested that the modification of the C-14 position of the
taxane skeleton significantly affected the biological
activities.


The cytotoxic activity on HepG2 of taxuyunnanine C
analogs, 2–4, 6a, and 6b, bearing different kinds of acyl-
oxy groups at C-14 increased according to the increase
of hydrophobicity of their acyloxy group at C-14. In
them, 6a also showed significant cytotoxic activity on
VA-13 in addition to the activity on HepG2. However,
these compounds showed very weak or no cytotoxic
activity against normal cell line, WI-38. This is a desir-
able result in the screening of anticancer agents.


The cytotoxicity of 7a was examined, in the results of
in vitro primary screening of 7a based on the 39 human
cancer cell lines17,18 shown in Table 4. Although the
effective concentration of 7a is rather high, differential
growth inhibition is recognized. Since the result of
COMPARE of 7a is marginal (0.5 < r < 0.75), it possi-
bly belongs to a unique mechanistic class and is a new
member of anticancer agents. On the other hand, cell
growth inhibition effect (MG-MID of GI50 = �4.41)
and differential growth inhibition of compound 7a are
weak. The result suggests that compound 7a is not effec-
tive as an anticancer agent.


Compounds 6, 6c, and 8 showed the activity toward cal-
cein accumulation in MDR 2780AD cells but have no
cytotoxicity. These compounds are expected to be lead
compounds of MDR cancer reversal agents. On the
other hand, cytotoxic activity of compounds 6f and 8a
against HepG2 is at the same level of paclitaxel. Since
compound 8a showed moderate activity toward calcein
accumulation in MDR 2780AD cells, it is expected as
lead compound of new-type anticancer agents. Com-
pounds 5, 6a, 7, and 9b showed significant cytotoxic
activity toward VA-13.
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Compound 5 showed significant cytotoxic activity to-
ward VA-13 and HepG2 along with the strong activity
toward calcein accumulation in MDR 2780AD cells.
Compound 3 showed significant cytotoxic activity to-
ward HepG2 along with the strong activity toward cal-
cein accumulation in MDR 2780AD cells. Compound
9a showed significant cytotoxic activity toward WI-13
and HepG2 along with the strongest activity in tested
samples toward calcein accumulation in MDR
2780AD cells. They are expected to be lead compounds
of anti-MDR cancer agents or anticancer agents.
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Abstract—The phenylboronic acids substituted with an azo group on the ortho-position show a significant change in UV–vis spectra
upon sugar binding. A new mechanism for the spectral change of the dyes is proposed based on the formation and cleavage of B–N
dative bond between boronic acid group and azo group.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of ortho-azo substituted phenylboronic acids.

Sugar sensors have been extensively developed based on
enzymes such as glucose oxidase.1 The enzyme-based
methods appear to be successful in practical glucose
monitorings, though high costs and low stability of glu-
cose sensors are still problems. The development of syn-
thetic probes has been expected to overcome these
problems. One of the most promising probes is phen-
ylboronic acid derivatives that form a complex with vic-
inal diols of sugar.2–18


There are many reports on fluorescent boronic acid
derivatives that show a significant change in emission
spectra upon sugar binding.3–14 On the other hand,
reports on colorimetric sugar sensors using boronic acid
are still limited.15–18 DiCesare and Lakowicz developed
boronic acid sugar sensors based on azo dye, in which
a boronic acid group was attached on the para-position
to azo group and linked directly in resonance with the
aromatic ring.17 Although the azo dyes showed a visible
color change upon sugar binding, the spectral changes
of the dyes were too small to put in practical use. We
report here a synthesis and spectroscopic properties of
a novel class of boronic acid-appended azo dyes (1
and 2 in Fig. 1), in which boronic acid group is linked
to the aromatic ring on the ortho-position to azo group.
It has been found that these dyes show a significant
change in UV–vis absorption spectra upon sugar bind-
ing, which can be clearly recognized by the naked eyes.
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Dyes 1 and 2 were successfully synthesized in diazo-cou-
pling reactions. In the first step, the diazonium ion of
corresponding aniline derivative was generated with so-
dium nitrite in HCl and then coupled with 3-amin-
ophenylboronic acid. Synthetic details and
characterization data can be found in the reference
and notes section.28,29


Figure 2 shows UV–vis absorption spectra of 1 (10 lM)
in a methanol/water mixture (1/1, v/v) as a function of
pH. Although the measurements were carried out in a
methanol/water mixture rather than simply water, the
pH value was monitored directly with a pH meter using
a standard electrode. It has been shown that for solu-
tions in 50% methanol the pH is changed by only 0.1
pH unit compared to a 100% water solution.19 The
dye 1 exhibited an absorption maximum at 502 nm in
the neutral media. The absorbance at 502 nm decreased
as the pH increased, and a new absorption maximum
appeared at 384 nm in pH 12. An isosbestic point was
observed at 442 nm, suggesting an equilibrium between
two kinds of species. The pH-induced spectral changes
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Figure 2. UV–vis absorption spectra of 1 (10 lM) in different pH


solutions (pH 7, 8, 9, 10, 11, 12), measured in a methanol/water


mixture (1/1, v/v) containing KH2PO4 (5.0 mM). Inset shows titration


curves against the pH in the absence (d) and in the presence (j) of


50 mM DD-fructose for 1 (10 lM).
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of 1 are strikingly large as compared to those reported
for the azobenzene dye bearing a boronic acid residue
at para-position to azo group.17 This is probably due
to a direct interaction between the boron atom and
azo nitrogen as illustrated in Scheme 1 (1a), which is
not possible for the azo benzene dye substituted with
boronic acid residue at the para-position.


In fact, Kano et al. have recently found the formation of
a B–N dative bond between azo group and boronic acid
in ortho-(phenylazo)phenylboronic acid, although they
have not studied a pH dependent absorption spectra.20


In a similar manner, it is reasonable to assume that a
B–N bond is formed in 1, leading to a five-membered
ring in neutral solutions (1a). The absorption maximum
of 1a is observed at a significantly longer wavelength
than that of azobenzene derivatives such as 4-aminoazo-
benzene, whose absorption maximum is around
365 nm.21 Thus, the formation of a B–N bond may be
a reason for the red shift of the absorption maximum
of 1a. On the other hand, the B–N bond of 1a is broken
in the basic media as a result of addition of OH� ion to
the boron atom (1b). A new absorption maximum
appears at 384 nm, which is close to the absorption
maximum of 4-aminoazobenzene.


The absorption-pH titration was carried out to obtain
pKa of 1 in the absence and presence of sugar. The re-
sults are plotted in the inset in Figure 2. From the data,
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B
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Scheme 1. Proposed acid-base equilibrium of 1.

the pKa values are estimated to be 11.1 and 9.8 in the ab-
sence and presence of 50 mM DD-fructose, respectively.
The decrease in pKa upon sugar binding may allow the
detection of sugar in a buffered solution. To study the
response of 1 to sugars, we used pH 10.0 solutions in
which the maximum optical changes can be expected
upon sugar binding. The pKa of 1 is higher than that
of general phenylboronic acids. It is known that boron
nitrogen interaction raises the boronic acid’s pKa.22


The quasitetrahedral boron of 1a is less electrophilic be-
cause it is more electron-rich compared with trigonal
boron. Hence, relatively high pH is needed to break
the B–N dative bond of 1a. The high pKa of 1 supports
the acid-base equilibrium, as presented in Scheme 1.


Figure 3(A) shows effects of DD-fructose on the absorp-
tion spectrum of 1 in a methanol/water mixture (1/1,
v/v) at pH 10.0. Similar spectral changes as for the pH
effect, i.e., a decrease in the absorbance at 502 nm and
an increase of 384 nm band were observed. 1 showed
color change from reddish orange to yellow by sugar
addition. Figure 3(B) is plots of absorbance at 502 nm
as a function of the concentration of DD-fructose and
DD-glucose. The binding constants are calculated from
Figure 3(B) to be 36 and 2.8 M�1 for DD-fructose and
DD-glucose, respectively. The pKa and binding constants
were calculated by a curve fitting analysis.16

Figure 3. (A) UV–vis absorption spectra of 1 (10 lM) in the presence


and absence of DD-fructose (0, 1.1, 2.2, 5.3, 10, 20, 48, and 92 mM),


measured in a methanol/water mixture (1/1, v/v) containing 2-


(cyclohexylamino)ethanesulfonic acid (CHES, 5.0 mM), pH 10.0. (B)


Absorbance at 502 nm of 1 as a function of the concentration of


DD-fructose (d) and DD-glucose (s).







Figure 4. UV–vis absorption spectra of 2 (20 lM) with increasing


concentration of DD-glucose (A), DD-fructose (B) (0, 1.1, 2.2, 5.3, 10, 20,


48, 92 mM), measured in CHES buffer solution (10 mM, pH 10.0).


Figure 5. Solutions of 2 (20 lM) in CHES buffer (10 mM, pH 10.0), in


the absence of sugar (A), in the presence of 100 mM of DD-glucose (B),


and in the presence of 100 mM of DD-fructose (C).
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Scheme 2 shows a proposed mechanism for the spectral
changes of 1 upon binding of sugar. In the absence of
sugar, 1a involves a B–N dative bond at pH 10.0 and
shows an absorption maximum at 502 nm. Sugar addi-
tion decreases the pKa of the boronic acid and OH�


coordinate to the boronic acid, which resulted in the
cleavage of the B–N bond of 1a and increase of the
absorbance at 384 nm. This proposed mechanism for
the spectral changes is based on the cleavage of the B–
N bond. A similar mechanism for boronic acid-based
fluorometric sensors has been reported by Ni et al.23


To our knowledge, such a large change in UV–vis spec-
tra has never been reported for colorimetric boronic
acid-based sugar sensors. Ward et al. suggested that
B–N interactions play an important roll in spectral
change of boronic acid-linked azobenzene dyes.15,16


However, in their case, the B–N bond was formed be-
tween the boronic acid and nitrogen atom in the aniline
side chain. Other groups also discussed the importance
of B–N bonds in improving the response characteristics
of boronic acid-based colorimetric and fluorometric sen-
sors.22–25 On the contrary, the B–N bond of 1 is linked
directly to the nitrogen atom of the chromophoric azo
group. The direct interaction of the chromophore group
and boronic acid in 1 is a key to induce the significant
change in UV–vis absorption spectra.


Experiments using 2 were carried out in an aqueous
solution without methanol since 2 is soluble in water.
The pKa of 2 were calculated to be 10.5 and 9.0 in the
absence and presence of 50 mM DD-fructose, respectively,
which are lower than that of 1. The shift of pKa is prob-
ably due to sulfonic acid groups. It is known that the
introduction of electron withdrawing group onto
the conjugated system stabilizes the boronate form of
the acid and lowers the pKa value.8,26 Figure 4 shows
the effect of sugar on the absorption spectrum of 2.
The absorption maximum of 2 was observed at
521 nm. Sugar addition induced the decrease of absor-
bance at 521 nm and the increase of 398 nm. An isos-
bestic point was observed at 453 nm. 2 showed color
change from red to yellow by sugar addition (Fig. 5).
The binding constants are calculated to be 110 and
6.2 M�1 for DD-fructose and DD-glucose, respectively.
These results indicated that the appropriate introduction
of functional group on the dyes can improve their prop-
erty such as binding constants, solubility in water.
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Scheme 2. Proposed mechanism for the sugar-induced spectral


changes of 1.

The hybridizations of boron are reflected in its chemical
shift in 11B NMR.20,22,25,27 When the boron is tetrahedral,
its chemical shift is upfield from that of the trigonal planar
geometry, where pure sp3 and sp2 are approximately 0 and
30 ppm, respectively. We measured 11B NMR spectra of
phenylboronic acid and 2 using Et2OÆBF3 in toluene-d8


as an external standard. The 11B NMR spectrum of phen-
ylboronic acid in D2O exhibited a sharp peak at 28.7 ppm.
On the other hand, the 11B NMR spectrum of 2 in D2O
exhibited a broad peak at 13.0 ppm, corresponding to a
quasitetrahedral form like 1a (Scheme 1). In the quasitet-
rahedral form, the boron center is not fully negatively
charged, because a weakly coordinated intramolecular
B–N interaction occurs between the boron and nitrogen
of azo group. In D2O containing 1 M NaOD, the peak
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of 2 was shifted in 2.4 ppm, which is almost the same as
that of phenylboronic acid (2.1 ppm). The results indicate
the tetrahedral form of 2 is generated in high pH solution
because a strong nucleophilic reagent (OH�) is able to
break the weak intramolecular B–N bond. The data from
11B NMR measurements strongly support the proposed
mechanism of acid-base equilibrium of ortho-azo substi-
tuted phenylboronic acid, as presented in Scheme 1.


In conclusion, we have synthesized ortho-azo substituted
phenylboronic acids and found that dyes 1 and 2 exhibit a
significant change in UV–vis absorption spectra upon su-
gar addition. A new mechanism for the spectral change of
the dyes is proposed based on the formation and cleavage
of B–N dative bond. Highly sensitive sensor compounds
would be developed based on the concept of the ortho-
azo substituted phenylboronic acid because many kinds
of starting materials can be used for the synthesis of azo-
benzene dyes bearing boronic acid moiety.
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Abstract—We report the synthesis of 2 0,3 0-didehydro-2 0,3 0-dideoxyuridine (d4U) and 2 0,3 0-dideoxyuridine (ddU) phosphoramidate
‘ProTide’ derivatives and their evaluation against HIV-1 and HIV-2. In addition, we conducted molecular modeling studies on both
d4U and ddU monophosphates to investigate their second phosphorylation process. The findings from the modeling studies provide
compelling evidence for the lack of anti-HIV activity of d4U phosphoramidates, in contrast with the corresponding ddU
phosphoramidates.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of d4T, d4U, and ddU.

Nucleoside analogues lacking the 3 0-hydroxyl group, for
example, 2 0,3 0-dideoxy 2 0,3 0-didehydrothymidine (d4T)
and 2 0,3 0-dideoxycytidine (ddC), have proved to be effec-
tive in treating the Acquired Immunodeficiency Syn-
drome (AIDS)1 which is caused by Human
Immunodeficiency Virus (HIV).2 These agents produce
their effects as HIV reverse transcriptase (HIV-RT)
inhibitors and/or DNA chain terminators after being
converted to their corresponding 5 0-triphosphates.3


However, the use of these drugs has been limited due
to the emergence of resistance and inherent toxicity as
well as dependence on kinase mediated nucleoside acti-
vation to generate the bioactive triphosphates. Bearing
in mind the success of d4T as an anti-HIV agent and
with the aim of finding alternative anti-HIV drugs with
high potency and acceptable toxicity profiles, we decided
to investigate the anti-HIV activity of 2 0,3 0-didehydro-
2 0,3 0-dideoxyuridine (d4U) and 2 0,3 0-dideoxyuridine
(ddU) (Fig. 1).


Both (d4U) and (ddU) are known to have poor anti-
HIV activity.4 For d4U, we hypothesized that this poor
activity is due to its inefficient phosphorylation to its ac-
tive triphosphate form as this was proved to be the case
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for ddU.5 Thus, we decided to explore these possibilities
further by applying the ‘ProTide’ approach to both d4U
and ddU in order to bypass the first phosphorylation
step and to estimate the effects that phosphoramidate
prodrugs have on the antiviral activity. In addition, we
carried out some molecular modeling investigations to
study the possible second phosphorylation step that is
required for the activation of these agents at their 5 0-
monophosphate level.


In the ‘ProTide’ approach, the phosphate group is
masked to improve the poor membrane permeability
seen when the free nucleotides are used, coupled with
the inherent lability of free monophosphates to dephos-
phorylation. Upon entering the cell, the group masking
the phosphate moiety may undergo enzymatic conver-
sion to release the nucleoside analogue monophosphate,
which may be subsequently phosphorylated to the di-
and triphosphates of the nucleoside analogue.6



mailto:mcguigan@cardiff.ac.uk





Table 1. The structures of potential anti-HIV ProTides
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d4U was prepared via the same procedure adopted by
McGuigan et al.7 Thus, 2 0-deoxyuridine was first 3 0,5 0-
dimesylated and then reacted with aqueous sodium
hydroxide to afford 2 in a 52% yield. Treatment of 2
with sodium hydride and DMF gave the 2 0,3 0-didehy-
dro-2 0,3 0-dideoxyuridine (d4U) in a moderate yield,
43%. Hydrogenation of d4U using 10% palladium on
carbon yielded ddU in a 69% yield (Scheme 1).


In our previous work on nucleoside analogue phospho-
ramidates, particularly d4T, we found that phenyl-LL-ala-
nine ester phosphoramidates were efficacious in
enhancing the anti-HIV activity of d4T.8 More recently
Congiatu et al.9 reported the superiority of naphthyl-LL-
alanine esters in improving the anticancer activity profile
of BVDU compared to the phenyl analogues. Thus, we
decided to make a small family of phenyl and naphthyl-
alanine ester phosphoramidates of both d4U and ddU,
and then examine their anti-HIV activity. The selection
of d4U and ddU phosphoramidates synthesized for this
study is summarized in Table 1.


The ‘ProTide’ phosphoramidates were synthesized
according to the previously reported synthetic routes.10


Aryl phosphochloridates were prepared by the reaction
of phenyl/naphthyl dichlorophosphates with the appro-
priate amino acid ester hydrochloride. The resulting
phosphorochloridates were allowed to react with the
nucleoside analogue in THF and t-BuMgCl to give
the target phosphoramidates in moderate yields
(Scheme 2).


The synthesized nucleosides and ProTides were tested
against both HIV-1 and HIV-2 with data shown in
Tables 2 and 3, and d4T (Stavudine) included as a posi-
tive control. The biological data for d4U derivatives re-
vealed that neither of the parent nucleosides nor any of
the phosphoramidate derivatives was found to be signif-
icantly active against HIV-1 or HIV-2 (Table 2),
although the naphthyl benzyl compound (1d) showed
slight activity. This highlighted the inability of the par-
ent nucleoside to inhibit HIV which is in agreement with
the observation made by Balzarini et al.4 In addition,
the biological data indicated the failure in general of
the tested phosphoramidate derivatives to improve the
anti-HIV activity of d4U. All the tested compounds,
including d4U, were shown to exert some toxicity. This
poor anti-HIV activity of d4U and its phosphorami-
dates could be attributed to three reasons. First, the
inability of the d4U ProTides to efficiently deliver d4U
monophosphate into cells. Second, the failure of d4U-
monophosphate to be further phosphorylated to its tri-
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Scheme 1. Synthetic route to d4U and ddU. Reagents and conditions: (i) Me


(iv) H2, 10% Pd/C, overnight.

phosphate and/or third, the triphosphate of d4U being
inactive as an inhibitor of HIV RT.


By contrast, although the nucleoside analogue ddU was
similarly found not to possess any anti-HIV activity, its
phosphoramidates exerted moderate activities (Table 3).
This indicated that using phosphoramidates to bypass
the first phosphorylation step of ddU resulted in a boost
of anti-HIV activity. This highlights the success of phos-
phoramidates as a tool for the intracellular delivery of
nucleoside analogue monophosphates. Therefore, we
concluded that the first phosphorylation step is the rea-
son for the poor anti-HIV activity of ddU. As for d4U,
none of the tested ddU phosphoramidates exerted sig-
nificant toxicity (Table 3).


It is also of note that a significant SAR emerged for the
ddU ProTides. The t-butyl ester 2c was inactive, while
the methyl and ethyl esters showed some activity. The
naphthyl benzyl ester 2d was most active of all.9


As a result of the differences in activities between d4U
and ddU as well as the failure of d4U phosphoramidates
to improve the anti-HIV activity unlike that for ddU, we
decided to conduct molecular modeling studies investi-
gating the second phosphorylation step. This was done
by docking11 both d4U and ddU monophosphates into
the active site of thymidylate kinase, which was shown
to be the enzyme responsible for the phosphorylation
of numerous clinically proven antiviral nucleosides. In
this study, we used thymidine monophosphate as refer-
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Table 3. Anti-HIV data of ddU and its ProTides


Compound EC50 (lM) CC50 (lM)


CEM/0 CEM/0


HIV-1 HIV-2


2a 36.7 ± 11.5 P50 121 ± 1.4


2b 43.3 ± 20.8 93.3 ± 32.1 >250


2c >250 >250 >250


2d 15.0 ± 0.0 20.0 ± 7.1 96.9 ± 0.85


ddU >250 >250 >250


d4T 0.65 0.77 174


EC50: The effective concentration (lM) required to protect CEM cells


against the cytopathogenicity of HIV by 50%. CC50: The cytostatic


concentration (lM) required to reduce CEM cell viability by 50%.
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ence when analyzing the docking results of both d4U
and ddU monophosphates. The resulting structures for
the two nucleotide analogues were ranked according to
the relative position of the uracil base with the corre-
sponding position of the thymine base in the crystal
structure of TMP, and only the results with a RMSD
values below 1.0 Å were further analyzed. The best re-
sults, shown in Figure 2, revealed that the phosphorus
group of ddU-monophosphate was placed in a very sim-
ilar position to that of the naturally occurring thymidine
monophosphate. This therefore permits a good second
phosphorylation of ddU monophosphate, and thus al-
lows the activation of inactive ddU on ProTide bypass
of the limiting initial phosphorylation.


However, by contrast the phosphorus group of d4U
monophosphate was placed significantly far from that
of thymidine monophosphate. In fact, it was placed fur-
ther out from the active site of thymidylate kinase and,
more importantly, closer to the ATP molecule. As the
monophosphate group bears oxygen atoms that are
negatively charged like that of ATP, a putative repulsion
could occur between d4U monophosphate and ATP
which would most likely limit the second phosphoryla-
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Scheme 2. General synthetic scheme of d4U/ddU ProTides.


Table 2. Anti-HIV data of d4U and its ‘ProTide’ phosphoramidates


Compound EC50 (lM) CC50 (lM)


CEM/0 CEM/0


HIV-1 HIV-2


1a >50 >10 96.6 ± 13.3


1b >50 >50 212 ± 53.9


1c >250 >250 >250


1d 25 25 100


d4U >50 >50 207 ± 60.8


d4T 0.65 0.77 174


EC50: The effective concentration (lM) required to protect CEM cells


against the cytopathogenicity of HIV by 50%. CC50: The cytostatic


concentration (lM) required to reduce CEM cell viability by 50%.


Figure 2. Docking results of both ddUMP (bottom) and d4UMP (top)


with TMP in thymidylate kinase.

tion step of d4U monophosphate if not prevented it at
all. Thus, even a successful ProTide bypass of the initial
phosphorylation of d4U would not be able to confer
antiviral activity on this nucleoside. Thus, the conclu-
sions of these modeling studies on the monophosphates
of ddU and d4U are entirely consistent with the differen-
tial outcomes of the ProTide approach in each case.


In conclusion, we have synthesized and studied the anti-
HIV activity of d4U, ddU, and some of their phospho-
ramidate ProTides. The results showed that neither d4U
nor ddU possessed significant anti-HIV activity. As for
their phosphoramidates, d4U phosphoramidates did
not exert significant anti-HIV activity, whereas ddU
phosphoramidates showed markedly improved anti-
HIV activity. This indicated that the first phosphorylation
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step is the one responsible for the inability of ddU to ex-
ert any significant anti-HIV activity. Regarding d4U, we
have shown that bypassing the first phosphorylation
step does not improve its anti-HIV activity and using
molecular modeling, we have suggested that the ineffi-
cient second phosphorylation step may in part be
responsible for the poor anti-HIV activity of d4U. Over-
all, we are currently synthesizing more ddU phospho-
ramidates with different amino acids and esters to
explore whether we can tune its anti-HIV activity to
sub-micromolar levels.
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Abstract—We have developed a series of novel potent 1-(2-(pyridin-4-yl)ethyl)-1H-azole-5-carboxamides active against kinases
VEGFR-2 and -1. Both specific and dual ATP-competitive inhibitors of VEGFR-2 were identified. Kinase selectivity could be con-
trolled by varying the 5-carboxamide substituent at the azole ring. The most specific molecules displayed >10-fold selectivity for
VEGFR-2 over VEGFR-1. Compound activities in vitro and in cell-based assays (IC50 < 100 nM) were similar to those of reported
clinical and development candidates, including PTK787 (Vatalanibtrade) and ZD6474 (VandetanibTM). High permeability of active
compounds across the Caco-2 cell monolayer (>40 · 10�5 cm/min) is indicative of their potential for intestinal absorption upon oral
administration.
� 2007 Elsevier Ltd. All rights reserved.

Angiogenesis or formation of new blood vessels, is in-
volved in embryonic development,1,2 follicular growth,
and wound healing as well as in pathological conditions
such as tumor growth and degenerative eye condi-
tions.3–6 Cancer cells easily acquire resistance toward
conventional cytotoxic agents commonly used for chemo-
therapy. It is believed that this issue could be addressed by
anti-angiogenesis therapy targeting tumor vascular
endothelial cells.1 Vascular endothelial growth factors
(VEGFs) have been implicated in regulation of angio-
genesis in vivo.7,8 VEGFs mediate their biological effect
through high affinity VEGF receptors which are
expressed on the endothelial cells.9 These include recep-
tor tyrosine kinases, VEGFR-1 (Flt-1) and VEGFR-2
(Kinase insert domain receptor (KDR) or flk1).10,11 In
early embryogenesis, VEGFR-1 functions as a negative
regulator, most likely through its strong VEGF-A
trapping activity. In adults, VEGFR-1-specific ligands
are reported to induce mild angiogenesis. VEGFR-2 is
the major positive signal transducer for endothelial cell
proliferation and differentiation at all mammalian
stages of development.12 Overexpression of both VEGF
and VEGFR was reported for most of the clinically
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important human solid cancers. Consequently, modula-
tion of VEGF/VEGFR signaling activity offers an
attractive target for inhibition of an aberrant angiogen-
esis and suppression of tumor growth.12


Several groups in the industry have developed methods
for sequestering VEGF which leads to a signal blockade
via VEGF receptors and, subsequently to an inhibition
of a malignant angiogenesis. Perhaps, the most success-
ful marketed agent reportedly working via this mecha-
nism is AvastinTM.13,14 A number of small-molecule
inhibitors affect VEGF/VEGFR signaling by directly
competing with the ATP-binding site of the respective
intracellular kinase domain. This event leads to the
blockade of a VEGFR phosphorylation and, ultimately
to the apoptotic death of the aberrant endothelial cells.
Phase III and II clinical candidates PTK787 (Vatala-
nibTM, 1) and ZD6474 (VandetanibTM, 2) that exhibit this
mechanism of action were shown to be active against
various cancers (Fig. 1).15–17 The pyridazine ring of
the phthalazine template in PTK787 1 and its analogue
BAY579352 (6) has been replaced with the isosteric
anthranyl amide derivatives 3,4, and AMG-706 (5).12


Intramolecular hydrogen bonding was suggested to be
responsible for the optimal spatial orientation of the
pharmacophore pieces, similar to that of the parent
PTK787.18


The essential pharmacophore elements for the VEGFR-
2 activity of phthalazine-based molecules and their ana-
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Figure 1. Selected inhibitors of VEGFR-2.


A. S. Kiselyov et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3550–3557 3551

logues (1, 3–6) include (i) [6,6] fused (or related) aro-
matic system; (ii) para- or 3,4-di-substituted aniline
function in position 1 of the phthalazine core; (iii)
hydrogen bond acceptor (Lewis base: lone pair(s) of a
nitrogen or oxygen atom(s)) attached to position 4 via
an appropriate linker (aryl or fused aryl group).In this
communication, we expand upon our initial findings19,20


and disclose potent inhibitors of VEGFR-2 kinase based
on 1-(2-(pyridin-4-yl)ethyl)-1H-azole-5-carboxamide
template. We reasoned that this scaffold could provide
for the proper pharmacophore arrangement relevant to
molecules 1, 3–6.21–23 In addition, we focused on finding
optimized pharmacophores to yield most potent specific
and dual VEGFR-2 compounds with potential for oral
availability. An effect of carboxamide substitution (H
for alkyl) on the overall activity has been evaluated as
well.


Targeted azole-5-carboxylates (Table 1, 9–53) were pre-
pared by a concise synthetic sequence from the respec-
tive NH-heterocycles 7 via (a) Michael addition of
azolyl anions generated from 7 (NaH/DMF, RT, 8 h)
to vinyl pyridines (Ar2 = 2-, 3- or 4-pyridyl) (path A,
Scheme 1)24a or (b) base-promoted (NaH/DMF, RT,
4 h) nucleophilic displacement of the terminal tosyl
group in azolylpropyl tosylates (path B, Scheme
1)24b,4c to afford the desired 1-(2-(aryl-4-yl)ethyl)-1H-
azole esters 8a or 8b. These where hydrolyzed with a
10% aq LiOH at RT for 2 h to yield free acids. The acids
were subsequently coupled to the set of aromatic amines
Ar1NH2 using EDCI/HOAt/Hunig’s base in CH2Cl2 at
RT to furnish the targeted azoles in 35–57% overall
yields.25


Compounds (9–53, Table 1) were tested in vitro against
isolated VEGFR-2 kinase. Specifically, we measured
their ability to inhibit phosphorylation of a biotinylated
polypeptide substrate (p-GAT, CIS Bio International) in
a homogeneous time-resolved fluorescence (HTRF)
assay at an ATP concentration of 2 lM. The results
were reported as a 50% inhibition concentration value
(IC50). Literature VEGFR-2 inhibitors 1–4 (Table 1)
were included as internal standards for quality control.26


As seen from Table 1, a number of azoles exhibited a
sound inhibitory activity against VEGFR-2. By varying
i) carboxamide (Ar1); (ii) 1-(2-(aryl-4-yl)ethyl (Ar2) sub-
stituents, and (iii) heterocyclic core, we modulated com-

pounds’ potency against the enzyme. Initial experiments
in the pyrazole series (entries 9–17, Table 1) suggested
that 2-(pyrid-4-yl)ethyl group yields the best activity
with the IC50 value of 77 nM against VEGFR-2 (com-
pound 11). Molecules featuring 2-(pyrid-2-yl)ethyl (9)
and 2-(pyrid-3-yl)ethyl (10) groups showed no activity
in the VEGFR-2 assay (IC50 > 10 lM). Furthermore,
substitution of pyrazole with a number of alternative
functionalities isoelectronic to 1-(2-(aryl-4-yl)ethyl
group failed to yield enzyme inhibitors (Table 1, entries
12–17). This fact could be explained by the proper
alignment of the lower portion of the molecule, namely
nitrogen atoms (Lewis base, hydrogen bond acceptors)
of 4-pyridyl-group with the Arg1302 moiety in the
ATP-binding pocket of VEGFR-2. We further reasoned
that in 9 and 10 the nitrogen of the pyridine ring and
lone pairs of methylenedioxy group in derivatives 12
and14 are likely to be mis-aligned with the Arg1302.28,29


Similarly, 4-isoxazolo- (15), 3-benzoxazolo- (16), and
4-imidazolo- (17) pharmacophoresare not properly
accommodated in the binding pocket.19–23 Following
these data, we decided to continue optimization of
pyrazole derivatives featuring 2-(pyrid-4-yl)ethyl group.


In studying SAR of the 5-carboxamide portion of the
molecule, we varied the aniline substituent (Ar1) (Table
1, entries 18–34). Gratifyingly, several para-substituted
anilines allowed for the improved potency of the final
pyrazoles in VEGFR-2 assays. For example, hydropho-
bic alkyl or CF3 moieties yielded compounds with
28–74 nM potencies in the enzymatic assay. The mole-
cules substituted with p-Et, p-i-Pr-, and p-t-Bu-groups
displayed increased potencies 120 nM (19), 74 nM (24),
and 42 nM (23), respectively, suggesting presence of a
hydrophobic pocket in the binding site of VEGFR-2.
The 4-ClF2CO-group (22) resulted in the best activity
in this series (IC50 = 17 nM). Both 4-F3C- and
4-F3CO-derivatives (18, 20) also inhibited VEGFR-2
(IC50’s of 69 and 28 nM, respectively). Similar meta-sub-
stitution led to considerably less potent molecule
(Ar1 = 3-F3CO- (21), IC50 = 370 nM). Larger function-
alities in the para-position of the Ar1 were not tolerated.
For example, gradual increase in size of the 4-substitu-
ent in molecules 25, 26, and 27 (from para-Ph to para-
OCH2Ph) resulted in completely inactive molecules.
We speculated that these functions cannot be properly
accommodated in the hydrophobic pocket of VEGFR-
2.28,29 As compared to the molecule C, 3-(quinolyl)







Table 1. Activity of azoles 9–53 against VEGFR-1 and VEGFR-2
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Azoles        Pyraz     3-Me-Pyraz    3,4-diMe-Pyraz     Indole          Im Bz              Tetraz 
(9-53) (9-34)          (35,36)              (37,38)           (39,40)         (41-45)           (46-48)          (49-53) 


Compound Azole Ar1 Ar2 VEGFR-2, enzymatic, IC50
a (lM) VEGFR-1, enzymatic, IC50


a (lM) VEGFR-2, cell-based ELISA, IC50
a (lM)


1, PTK787 0.054 ± 0.006 (0.042 ± 0.003)b 0.14 ± 0.02 (0.11 ± 0.03)b 0.021 ± 0.03 (0.016 ± 0.001)c


2, ZD6474 0.022 ± 0.003 (0.017 ± 0.003)b 0.10 ± 0.01 (0.09 ± 0.01)b 1.66 ± 0.11 (2.70 ± 0.17)c


3 0.032 ± 0.005 (0.023 ± 0.006)b 0.17 ± 0.05 (0.130 ± 0.081)b 0.09 ± 0.01 (0.0012 ± 0.0002)c


4 0.015 ± 0.004 (0.009 ± 0.001)b 0.16 ± 0.05 (0.13 ± 0.03)b 0.05 ± 0.01 (0.0012 ± 0.0001)c


9 Pyraz 4-Cl(C6H4) 2-Pyridine >10 >10 >10


10 Pyraz 4-Cl(C6H4) 3-Pyridine >10 >10 >10


11 Pyraz 4-Cl(C6H4) 4-Pyridine 0.077 ± 0.005 0.097 ± 0.01 0.09 ± 0.01d


12 Pyraz 4-Cl(C6H4) 5-Piperonyl >10 >10 >10


13 Pyraz 4-Cl(C6H4) 3,4-Di-F(C6H4) >10 >10 >10


14 Pyraz 4-Cl(C6H4) 3,4-Di-MeO(C6H4) >10 >10 >10


15 Pyraz 4-Cl(C6H4) 4-Isoxazolo >10 >10 >10


16 Pyraz 4-Cl(C6H4) 3-Benzisoxazolo >10 >10 >10


17 Pyraz 4-Cl(C6H4) 4-Imidazolo >10 >10 >10


18 Pyraz 4-F3C(C6H4) 4-Pyridine 0.069 ± 0.007 0.38 ± 0.02 0.048 ± 0.004


19 Pyraz 4-Et(C6H4) 4-Pyridine 0.12 ± 0.008 0.22 ± 0.01 0.086 ± 0.007


20 Pyraz 4-F3CO(C6H4) 4-Pyridine 0.028 ± 0.002 0.19 ± 0.01 0.018 ± 0.002


21 Pyraz 3-F3CO(C6H4) 4-Pyridine 0.37 ± 0.04 0.45 ± 0.05 0.28 ± 0.04


22 Pyraz 4-ClF2CO(C6H4) 4-Pyridine 0.017 ± 0.003 0.32 ± 0.04 0.021 ± 0.003


23 Pyraz 4-t-Bu(C6H4) 4-Pyridine 0.042 ± 0.005 0.59 ± 0.04 0.033 ± 0.002


24 Pyraz 4-i-Pr(C6H4) 4-Pyridine 0.074 ± 0.004 0.44 ± 0.06 0.053 ± 0.005


25 Pyraz 4-Ph(C6H4) 4-Pyridine 0.95 ± 0.07 2.25 ± 0.11 1.56 ± 0.18


26 Pyraz 4-PhO(C6H4) 4-Pyridine 3.22 ± 0.28 5.25 ± 0.54 >10


27 Pyraz 4-PhCH2O(C6H4) 4-Pyridine >10 >10 >10


28 Pyraz 3-(Quinolinyl) 4-Pyridine 0.18 ± 0.01 0.38 ± 0.05 1.22 ± 0.08


29 Pyraz 5-(Indazolyl) 4-Pyridine 5.15 ± 0.22 >10 >10


30 Pyraz 6-(Indazolyl) 4-Pyridine >10 >10 >10


31 Pyraz 3-CF3,4-Cl(C6H4) 4-Pyridine 0.75 ± 0.06 2.33 ± 0.25 0.45 ± 0.06


32 Pyraz 3-Cl,4-CF3(C6H4) 4-Pyridine 0.18 ± 0.03 0.98 ± 0.12 0.095 ± 0.01


33 Pyraz 3,4-Di-Cl(C6H4) 4-Pyridine 0.26 ± 0.05 0.86 ± 0.11 0.12 ± 0.02


34 Pyraz 3,4-Di-MeO(C6H4) 4-Pyridine 0.44 ± 0.12 1.23 ± 0.22 0.075 ± 0.006e


35 3-Me-Pyraz 4-Cl(C6H4) 4-Pyridine 0.78 ± 0.03 1.22 ± 0.06 2.54 ± 0.33


36 3-Me-Pyraz 4-F3CO(C6H4) 4-Pyridine 1.19 ± 0.08 2.25 ± 0.12 1.34 ± 0.22


37 3,4 diMe-Pyraz 4-Cl(C6H4) 4-Pyridine > 10 >10 >10
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group in our pyrazole series (28) afforded less potent
molecule (IC50 = 180 nM). Similar 5- and 6-(indazolyl)
substitution yielded inactive molecules (Table 1, 29, 30).
3,4-Di-substituted aniline entries also yielded potent
compounds. Examples include 3-Cl-4-CF3- (32; IC50 =
180 nM), 3,4-di-Cl- (33; IC50 = 260 nM), and 3,4-di-
MeO (34, IC50 = 440 nM). However, the latter molecule
was found to be cytotoxic in our cellular assay (Table 1).


In the next series of experiments, we evaluated both ste-
ric and electronic requirements for the heterocyclic tem-
plate. Specifically, we have selected optimized set of
substituents and varied the central core of the azole
(Table 1). Alkyl substituents in positions 3 and 4 of
the pyrazole template were not tolerated (entries 35–38).
For example, 3-methylpyrazole derivative 35 showed
only marginal activity in the VEGFR-2 assay (IC50 =
780 nM, compare with 11), whereas 3,4-dimethyl ana-
logue 37 was completely inactive. Bulkier indole and
benzimidazole templates (Table 1, entries 39, 40, and
46–48, respectively) yielded inactive compounds. Inter-
estingly, isoelectronic azoles, namely similar imidazole
and tetrazole derivatives, consistently yielded less potent
molecules, even when endowed with optimized substitu-
ents. For example, imidazole and tetrazole derivatives
41 and 49 featured activities of 340, and 680 nM, respec-
tively, in VEGFR-2 enzymatic assay, whereas similar
pyrrole compound showed an IC50 of 77 nM. Similar
trend continued through other azole derivatives (Table 1,
compare 18 (Pyraz), 42 (Im), and 50 (Tetraz); 20
(Pyraz), 43 (Im), and 51 (Tetraz)). Pyrazole derivatives
displayed 10- to 50-fold better potency against VEG-
FR-2. We reasoned that there is relatively tight pocket
to accommodate azole template. It is lined up with
surrounded by Leu840, Val848, Val899, Phe918, and
Leu1035 moieties (Fig. 2).28,29 Notably, unsubstituted
amide NHCO function of the 5-carboxamide substituent
is critical for the activity against both VEGFR-2 and
VEGFR-1. Displacement of H with Me group in the
amide function of 11 (compound 54) led to the
completely inactive molecule against both kinases
(IC50 > 10 lM), despite the optimized Ar1 (4-Cl(C6H4))
and Ar2 (4-pyridyl) substituents.


Five selected VEGFR-2 inhibitors, namely 11, 20, 22,
23, and 32, tested ATP-competitive in the radioassay.
Competition assays were conducted with varying con-
centration (0–100 lM) of ATP. Specifically, 5 different
concentrations of 32P ATP were incubated with VEG-
FR-2 in the absence, IC50 or IC90 concentration of the
inhibitors for 45 min at RT. A double reciprocal graph
of the degree of phosphorylation (1/cpm) against ATP-
concentration (1/[ATP]) was plotted.The data were
analyzed by a non-linear least-squares program to
determine kinetic parameters using GraphPad software.
Determined Ki values for the three selected compounds
are listed in Table 2.


Compounds 9–53 were also tested via HTRF format
against VEGFR-1. The results in Table 1 indicate that
many VEGFR-2 active azole-5-carboxamides display
good activity against VEGFR-1 as well. For the most
potent compounds, the IC50 values were in 97–590 nM
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Figure 2. Structural overlap between (a) 11 (gray) and VatalanibTM (1, brown); (b) 11 (gray) and AMG-706 (4, brown); (c) pharmacophore hypothesis


for the mode of binding of azole-5-carboxylates within the ATP binding pocket of VEGFR-2. Central phenyl ring is surrounded by Leu840, Val848,


Val899, Phe918, and Leu1035. The triazole ring is in close proximity with the Ala866 and Lys868, and pyridine nitrogen is near Arg1032.


Table 2. Compounds 11, 20, 22, 23, and 32 are ATP-competitive


inhibitors of VEGFR-2


Compound Ki at IC50 (lM) Ki at IC90 (lM)


11 0.11 0.09


20 0.09 0.08


22 0.07 0.09


23 0.13 0.14


32 0.17 0.16
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range. This outcome could be of benefit in the clinical
setting as both receptors are reported to mediate VEGF
signaling in the angiogenesis.12,30 Several compounds
containing bulky para-substituted Ar1 functions (Table
1, see 22, 23) yielded over 10-fold selectivity for the
VEGFR-2 vs VEGFR-1 kinase. This observation sug-
gests that it is possible to develop VEGFR-2 specific
inhibitors lacking VEGFR-1 activity. Structural reasons
for this VEGFR-2 specificity over VEGFR-1 are under

Table 3. Passive diffusion potential across Caco-2 cell monolayer for selecte


Compound Intrinsic permeability,


Pm value · 10�5 cm/min


Absorption


potential


C 38.6 (lit. 45.2)6 High


D 17.3 (lit. 21.7)6 Med


11 41.7 High


18 38.5 High


19 58.2 High

further investigation. Screening of 9–53 against a
number of other receptor (IGF1R, InR, FGFR1, Flt3,
Flt4, ErbB1, ErbB2/Her2, c-Met) and cytosolic (PKA,
GSK3b, PKB/Akt, bcr-Abl, Cdk1, Raf1, Cdk2) kinases
revealed no significant crossreactivity (PI > 30%, tripli-
cate measurements) at a screening concentration of
10 lM.


Active in vitro inhibitors of VEGFR-2 were further
characterized in a cell-based phosphorylation ELISA
(Table 1).31 In general, good in vitro-to-cell based acti-
vity correlation has been found for these compounds.
In our hands, the best molecules displayed 18–95 nM
activity in inhibiting cell-based phosphorylation of
VEGFR-2 comparable to late stage development candi-
dates VatalanibTM and VandetanibTM.12 This fact indicates
that a number of the title molecules, including 11, 18–20,
22–24, 32, could be further developed for in vivo studies
as both VEGFR-2-specific and VEGFR-1/2-dual inhib-

d compounds


Compound Intrinsic permeability,


Pm value · 10�5 cm/min


Absorption


potential


20 42.2 High


22 28.4 Med/high


23 44.6 High


24 49.1 High


32 27.6 Med/high
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itors. Notably, although the molecule 34 (Table 1)
displayed only moderate VEGFR-2 inhibition activity
(IC50 = 440 nM), it showed good cellular activity
(IC50 = 75 nM). However, additional cell-based experi-
ments suggested that the molecule had a non-specific
cytotoxicity.27 High permeability of VEGFR-2 active
compounds across Caco-2 cell monolayer
(>30 · 10�5 cm/min) was indicative of their potential
for intestinal absorption upon oral administration.
Good correlation between cell-based activity and Pm


values was observed for all active compounds (Table 3).


In summary, we have developed a series of novel potent
azole-5-carboxamide derivatives active against kinases
VEGFR-2 and -1. Both specific and dual ATP-compet-
itive inhibitors of VEGFR-2 were identified. Kinase
selectivity could be controlled by varying the carboxam-
ide substituent at the azole ring. Several most specific
molecules displayed >10-fold selectivity for VEGFR-2
over VEGFR-1. Compound activities in both in vitro
and cell-based assays (IC50 < 100 nM) were similar to
those of the reported clinical and development candi-
dates, including PTK787 (VatalanibTM) and ZD6474
(VandetanibTM). The analogues presented in this Letter
are potentially useful in the treatment of conditions such
as cancer.
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J = 7.2 Hz, 2H), 12.9 (br s, D2O, 1 H, NHCO); 13C NMR
(100 MHz, dmso-d6; d, ppm): 29.8, 33.9, 41.2, 56.7, 107.6,
121.9, 122.7, 128.4, 129.3, 131.1, 134.9, 140.6, 148.9, 150.3,
163.4; ESI MS (M+1): 349, (M-1): 347; HRMS, exact mass
calcd. for C21H24N4O: 348.1950, found: 348.1947. Elemen-
tal analysis: calcd for C21H24N4O: C, 72.39; H, 6.94; N,
16.08; found: C, 72.17; H, 6.79, N, 15.87.
N-(4-Chlorophenyl)-3-methyl-1-(2-(pyridin-4-yl)ethyl)-1H-
pyrazole-5-carboxamide (35), mp 198–199 �C; 1H NMR
(400 MHz, dmso-d6; d, ppm): 2.88 (s, 3H, CH3), 3.01 (t,
J = 9.2 Hz, 2H), 4.02 (t, J = 9.2 Hz, 2 H), 6.53 (s, 1H), 7.22
(d, J = 7.2 Hz, 2H), 7.34 (d, J = 8.4 Hz, 2H), 7.67 (d,
J = 8.4 Hz, 2H), 8.66 (d, J = 7.2 Hz, 2H), 12.3 (br s, D2O,
1H, NHCO); 13C NMR (100 MHz, dmso-d6; d, ppm): 18.0,
33.7, 58.0, 104.2, 122.6, 123.1, 128.8, 129.7, 134.5, 140.1,
146.3, 148.5, 150.3, 162.4; ESI MS (M+1): 342, (M�1): 340;
HRMS, exact mass calcd. for C18H17ClN4O: 340.1091,
found: 340.1089. Elemental analysis: calcd for C18H17ClN4O:
C, 63.44; H, 5.03; N, 16.44; found: C, 63.26; H, 4.87, N, 16.27.
N-(4-Chlorophenyl)-3,4-dimethyl-1-(2-(pyridin-4-yl)ethyl)-
1H-pyrazole-5-carboxamide (37), mp 211–213 �C; 1H NMR
(400 MHz, dmso-d6; d, ppm): 2.06 (s, 3H, CH3), 2.75 (s, 3H,
CH3), 3.00 (t, J = 9.2 Hz, 2H), 4.01 (t, J = 9.2 Hz, 2H), 7.29
(d, J = 7.2 Hz, 2H), 7.39 (d, J = 8.4 Hz, 2H), 7.68 (d,
J = 8.4 Hz, 2H), 8.65 (d, J = 7.2 Hz, 2H), 12.3 (br s, D2O,
1H, NHCO); 13C NMR (100 MHz, dmso-d6; d, ppm): 10.5,
13.2, 33.9, 58.5, 115.2, 122.7, 123.0, 128.9, 130.5, 133.4, 144.7,
145.5, 150.1, 162.4; ESI MS (M+1): 356, (M�1): 354;
HRMS, exact mass calcd. for C19H19ClN4O: 354.1247,
found: 354.1244. Elemental analysis: calcd for C19H19ClN4O:
C, 64.31; H, 5.40; N, 15.79; found: C, 64.12; H, 5.27, N, 15.63.
N-(4-Chlorophenyl)-1-(2-(pyridin-4-yl)ethyl)-1H-indole-2-
carboxamide (39), mp 227–228 �C; 1H NMR (400 MHz,
dmso-d6; d, ppm): 3.05 (t, J = 9.2 Hz, 2H), 4.11 (t,
J = 9.2 Hz, 2H), 7.05 (m, 1H), 7.14 (d, J = 8.4, 1H), 7.26
(d, J = 7.2 Hz, 2H), 7.34 (d, J = 8.4 Hz, 2H), 7.37 (s, 1H),
7.41 (m, 1H), 7.55 (d, J = 8.0 Hz, 1H), 7.65 (d, J = 8.4 Hz,
2H), 8.62 (d, J = 7.2 Hz, 2H), 12.1 (br s, D2O, 1H, NHCO);
13C NMR (100 MHz, dmso-d6; d, ppm): 36.7, 58.3, 109.8,
115.0, 117.7, 119.8, 120.5, 122.3, 123.1, 123.4, 128.8, 129.8,
131.3, 134.0, 141.7, 148.5, 150.4, 162.4; ESI MS (M+1): 377,
(M-1): 375; HRMS, exact mass calcd for C22H18ClN3O:
375.1138, found: 375.1136. Elemental analysis: calcd for
C22H18ClN3O: C, 70.30; H, 4.83; N, 11.18; found: C, 70.05;
H, 4.66, N, 10.97.
N-(4-Chlorophenyl)-1-(2-(pyridin-4-yl)ethyl)-1H-imidazole-
2-carboxamide (41), mp 175–176 �C; 1H NMR (400 MHz,
dmso-d6; d, ppm): 3.02 (t, J = 9.2 Hz, 2H), 4.11 (t, J = 9.2 Hz,
2H), 7.28 (d, J = 6.0 Hz, 1H), 7.31 (d, J = 7.2 Hz, 2H), 7.39
(d, J = 8.4 Hz, 2H), 7.56 (d, J = 6.0 Hz, 1H), 7.68 (d,
J = 8.4 Hz, 2H), 8.75 (d, J = 7.2 Hz, 2H), 12.5 (br s, 1H,
NH); 13C NMR (100 MHz, dmso-d6; d, ppm): 35.3, 54.0,
121.9, 123.4, 128.7, 128.9, 129.9, 131.3, 133.4, 148.5, 149.8,
153.6, 158.2; ESI MS (M+1): 328, (M�1): 326; HRMS, exact
mass calcd for C17H15ClN4O: 326.0934, found: 326.0931.

Elemental analysis: calcd for C17H15ClN4O: C, 62.48; H,
4.63; N, 17.15; found: C, 62.27; H, 4.48, N, 16.93.
N-(4-Chlorophenyl)-1-(2-(pyridin-4-yl)ethyl)-1H-benzo[d]-
imidazole-2-carboxamide (46), mp 245–248 �C; 1H NMR
(400 MHz, dmso-d6; d, ppm): 3.07 (t, J = 9.2 Hz, 2H), 4.15 (t,
J = 9.2 Hz, 2H), 7.15 (m, 1H), 7.24 (m, 1H), 7.29 (d,
J = 7.2 Hz, 2H), 7.38(d, J = 8.4 Hz, 2H), 7.58 (d,
J = 8.0Hz, 1H), 7.65 (d, J = 8.4 Hz, 2H), 7.81 (d,
J = 8.0 Hz, 1H), 8.66 (d, J = 7.2 Hz, 2H), 12.8 (br s, D2O,
1H, NHCO); 13C NMR (100 MHz, dmso-d6; d, ppm): 36.9,
55.1, 113.9, 115.3, 117.9, 122.7, 123.1, 123.6, 129.2, 129.5,
133.6, 134.0, 139.2, 141.6, 148.9, 150.3, 156.9; ESI MS (M+1):
378, (M�1): 376; HRMS, exact mass calcd. for
C21H17ClN4O: 376.1091, found: 376.1088. Elemental analy-
sis: calcd for C21H17ClN4O: C, 66.93; H, 4.55; N, 14.87;
found: C, 66.75; H, 4.36, N, 14.64.
N-(4-Chlorophenyl)-1-(2-(pyridin-4-yl)ethyl)-1H-tetrazole-
5-carboxamide (49), mp 169–171 �C; 1H NMR (400 MHz,
dmso-d6; d, ppm): 3.09 (t, J = 9.2 Hz, 2H), 4.17 (t,
J = 9.2 Hz, 2H), 7.33 (d, J = 7.2 Hz, 2H), 7.41 (d,
J = 8.4 Hz, 2H), 7.69 (d, J = 8.4 Hz, 2H), 8.78 (d,
J = 7.2 Hz, 2H), 12.7 (br s, 1H, NH); 13C NMR
(100 MHz, dmso-d6; d, ppm): 36.2, 53.7, 122.6, 123.5,
129.0, 129.9, 134.3, 148.9, 150.5, 155.1, 158.3; ESI MS
(M+1): 330, (M�1): 328; HRMS, exact mass calcd for
C15H13ClN6O: 328.0839, found: 328.0836. Elemental anal-
ysis: calcd for C15H13ClN6O: C, 54.80; H, 3.99; N, 25.56;
found: C, 54.61; H, 3.81, N, 25.33.
N-(4-Chlorophenyl)-N-methyl-1-(2-(pyridin-4-yl)ethyl)-1H-
pyrazole-5-carboxamide (54), mp 181–182 �C; 1H NMR
(400 MHz, dmso-d6; d, ppm): 2.66 (s, 3H, CH3), 3.01 (t,
J = 9.2 Hz, 2H), 4.09 (t, J = 9.2 Hz, 2H), 6.82 (d, J = 6.4 Hz,
1H), 7.31 (d, J = 7.2 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H), 7.55
(d, J = 6.4 Hz, 1H), 7.78 (d, J = 8.4 Hz, 2H), 8.61 (d,
J = 7.2 Hz, 2H); 13C NMR (100 MHz, dmso-d6; d, ppm):
29.7, 33.3, 57.1, 107.9, 122.4, 122.7, 128.6, 129.5, 131.9,
135.1, 140.4, 149.0, 150.6, 159.7; ESI MS (M+1): 342, (M-1):
340; HRMS, exact mass calcd. for C18H17ClN4O: 340.1091,
found: 340.1087. Elemental analysis: calcd for
C18H17ClN4O: C, 63.44; H, 5.03; N, 16.44; found: C,
63.27; H, 4.91, N, 16.28.


26. VEGFR-2 kinase inhibition was determined by measuring
the phosphorylation level of poly-Glu-Ala-Tyr-biotin
(pGAT-biotin) peptide in HTRF assay.Into a 96-well
Costar plate was added 2 ll/well of 25· compound in a
100% DMSO (final concentration in the 50 ll kinase
reaction was typically 1 nM to 10 lM). Next, 38 ll of
reaction buffer (25 mM Hepes, pH 7.5, 5 mM MgCl2,
5 mM MnCl2, and 2 mM DTT, 1 mg/ml BSA) containing
0.5 mmol pGAT-biotin and 3–4 ng KDR enzyme was
added to each well. After 5–10-min preincubation, the
kinase reaction was initiated by the addition of 10 ll of
10 lM ATP in the reaction buffer, after which the plate
was incubated at room temperature for 45 min. The
reaction was stopped by addition of 50 ll of KF buffer
(50 mM Hepes, pH 7.5, 0.5 M KF, and 1 mg/ml BSA)
containing 100 mM EDTA and 0.36 lg/ml PY20K (Eu-
cryptate labeled anti-phosphotyrosine antibody, CIS bio
international) was added and after an additional 2 h
incubation at RT, the plate was analyzed in a RUBYstar
HTRF Reader.


27. Cytotoxicity of this molecule was further after treatment
of A431, DLD1, and DU145 cells for 24 h with 34; GI50


values for these cell lines were 50, 125, and 220 nM,
respectively. GI50 represents the concentration of com-
pound that caused 50% reduction in absorbance at 562 nm
relative to untreated cells using sulfurhodamine B assay.
Values were means of three independent determinations
(SD < 10%).
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28. McTigue, M. A.; Wickersham, J. A.; Pinko, C.; Showalter,
R. E.; Parast, C. V.; Tempczyk-Russell, A.; Gehring, M.
R.; Mroczkowski, B.; Kan, C. C.; Villafranca, J. E.;
Appelt, K. Structure 1999, 7, 319.


29. Berman, H. M.; Westbrook, J.; Feng, Z.; Gilliland, G.;
Bhat, T. N.; Weissig, H.; Shindyalov, I. N.; Bourne, P. E.
The Protein Data Bank Nucl. Acids Res. 2000, 28, 235.


30. Jain, R. K. Science 2005, 307, 58.
31. Cell-based assay for VEGFR-2 inhibition: (i) Transfection


of 293 cells with DNA expressing FGFR1/VEGFR-2 chimera:
A chimeric construct containing the extracellular portion of
FGFR1 and the intracellular portion of VEGFR-2 was
transiently transfected into 293 adenovirus-transfected
kidney cells. DNA for transfection was diluted to a 5 lg/ml
final concentration in a serum-free medium and incubated
at room temperature for 30 min with 40 ll/ml of Lipofect-
amine 2000, also in serum-free media. 25 ll of the Lipo-
fectamine/DNA mixture was added to 293 cells suspended
at 5 · 105 cells/ml. 200 ll/well of the suspension was added
to a 96-well plate and incubated overnight. Within 24 h,
media were removed and 100 ll of media with 10% fetal
bovine serum was added to the now adherent cells followed
by an additional 24-h incubation. Test compounds were
added to the individual wells (final DMSO concentration
was 0.1%). Cells were lysed by re-suspension in 100 ll Lysis

buffer (150 mM NaCl, 50 mM Hepes, pH 7.5, 0.5% Triton
X-100, 10 mM NaPPi, 50 mM NaF, and 1 mM Na3VO4)
and rocked for 1 h at 4 �C; (ii) ELISA for detection of
tyrosine-phosphorylated chimeric receptor: 96-well ELISA
plates were coated using 100 ll/well of 10 lg/ml of aFGFR1
antibody and incubated overnight at 4 �C. aFGFR1 was
prepared in a buffer made with 16 ml of a 0.2 M Na2CO3


and 34 ml of a 0.2 M NaHCO3 with pH adjusted to 9.6.
Concurrent with lysis of the transfected cells, aFGFR1
coated ELISA plates were washed three times with PBS +
0.1% Tween 20, blocked by addition of 200 ll/well of a 3%
BSA in PBS for 1 h, and washed again. 80 ll of lysate was
then transferred to the coated and blocked wells and
incubated for 1 h at 4 �C. The plates were washed three
times with PBS + 0.1% Tween 20. To detect bound
phosphorylated chimeric receptor, 100 ll/well of anti-
phosphotyrosine antibodies (RC20:HRP), Transduction
Laboratories)) was added (final concentration 0.5 lg/ml in
PBS) and incubated for 1 h. The plates were washed six
times with PBS + 0.1% Tween 20. Enzymatic activity of
HRP was detected by adding 50 ll/well of equal amounts of
the Kirkegaard & Perry Laboratories (KPL) Substrate A
and Substrate B. The reaction was stopped by addition of
50 ll/well of a 0.1 N H2SO4, absorbance was measured at
450 nm.
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Abstract—A small series of derivatives of the alkaloid naamidine A was synthesized and tested in vitro for their ability to inhibit
mitogenesis in BaF/ERX cells. Replacement of the imidazole core with a thiazole was found to have only a minor effect on potency,
and the 4-methoxybenzyl substituent of the natural product was shown to be unnecessary for activity.
� 2007 Elsevier Ltd. All rights reserved.

Figure 1. Structure of naamidine A (1).

Naamidine A (1, Fig. 1) is a 2-aminoimidazole alkaloid
from the calcareous sponge Leucetta chagosensis.1 An
initial report detailing its biological activity indicated
the ability of 1 to inhibit epidermal growth factor-
dependent mitogenesis (IC50 = 11 lM), as determined
by a [3H]thymidine incorporation assay.2 A subsequent
report from the same group revealed that treatment of
A431 cells with 1 resulted in cell cycle arrest in the G1


phase, which was attributed to sustained activation of
the extra-cellular signal regulated kinase, ERK.3 This
proposed mechanism of action is previously unknown
for small molecules, thus raising the potential for 1 being
useful either as a molecular probe to learn more about
the function of the MAPK signal transduction pathway,
or as an anti-cancer therapeutic.


Evaluation of the structure of 1 provides some clear
opportunities for the development of a structure–activity
relationship. Specifically, we were interested in determin-
ing the importance to activity of the three major substit-
uents of the central 2-aminoimidazole ring: the unusual
C-2 dehydrohydantoin; the C-4 p-methoxybenzyl unit;
and the C-5 p-hydroxybenzyl unit. Variation of the core
heterocycle was also identified as a potential source of
more potent analogues and, in particular, replacing the
imidazole ring with a thiazole ring appeared to be worth
pursuing, given the prevalence of 2-aminothiazole-con-
taining molecules that display useful biological activities.

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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This change from imidazole to thiazole has been per-
formed on another bioactive natural product, girolline,
in an effort to minimize undesired side effects of the
anti-tumor alkaloid.4,5 In that instance, the thiazole ana-
logues did not possess the same cytotoxicity.


The IC50 values detailed below were obtained by
[3H]thymidine incorporation assay, performed on BaF/
ERX cells according to the procedure described in Ellis
et al.6

Figure 2. Structures of naamine A (2) and clathridine C (3).
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Scheme 1. Synthesis of C-4 deletion analogue. Reagents and condi-


tions: (i) LiAlH4, THF, 0 �C, 30 min, 75%; (ii) a—4 M HCl in Et2O,


30 min; b—cyanamide, H2O, pH 4, 90 �C, 45 min, 61%; (iii) H2, Pd/C


(10 wt %), MeOH, 18 h, 95%; (iv) 1-methyl-3-trimethylsilylparabanic


acid, toluene, D, 18 h, 48%.


Scheme 3. Synthesis of symmetrical thiazole derivatives. Reagents and


conditions: (i) SOCl2, DMF, CH2Cl2, 5 h; (ii) thiourea, EtOH, D, 18 h,


83–95% over two steps; (iii) 1-methyl-3-trimethylsilylparabanic acid,


toluene, D, 18 h, 54–83%; (iv) BBr3, CH2Cl2, �78 �C, 1 h, 80%; (v)


BBr3, CH2Cl2, �78 �C to rt, 1 h, 8%.


Scheme 2. Synthesis of 2-aminothiazole analogues. Reagents and


conditions: (i) BnCl, K2CO3, DMF, 65 �C, 24 h, 99%; (ii) Dess-Martin


periodinane, CH2Cl2, 80 min, 97%; (iii) NaHSO3, EtOAc, H2O, 1 h,


then KCN in H2O, 48 h, 89%; (iv) TMSOTf, NEt3, Et2O, then RMgX,


61–70%; (v) SOBr2, pyridine, toluene, 80 �C, 4 h, 54–69%; (vi) thiourea,


dioxane, 70 �C, 4 h, 57–99%; (vii) BCl3, CH2Cl2, 47–52%; (viii)


1-methyl-3-trimethylsilylparabanic acid, toluene, D, 18 h, 41–63%.


Scheme 4. Variation at 2-position. Reagents and conditions: (i) benzyl


isocyanate, toluene, 80 �C, 18 h, 56%; (ii) Boc-LL-Ala, HOBt, EDCI,


NEt3, CH2Cl2, 18 h, 48%; (iii) TFA, CH2Cl2, 25 min, quant.
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Naamidine A was obtained via a total synthesis that was
previously completed in our laboratory.7 Analysis in the
mitogenic assay revealed an IC50 of 3 lM for EGF-
dependent mitogenesis and 6 lM for IL3-dependent

Table 1. SAR for deletion analogues of naamidine A
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mitogenesis. The similarity between these values pro-
vides an indication that the site of action of 1 is down-
stream of the cellular receptors, consistent with the
proposed mechanism of action.
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Table 2. SAR for thiazole analogues of naamidine A
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a Obtained as per Scheme 2, without the deprotection step (vii).
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A natural deletion analogue of 1 was obtained in
the course of the total synthesis. Naamine A (2,
Fig. 2), the presumed biosynthetic precursor of 1,
lacks the dehydrohydantoin moiety at the 2-amino
position of the core heterocycle and was found to
be essentially inactive in our assay, with IC50 values

of 75 lM for both EGF- and IL3-dependent
mitogenesis.


Clathridine C (3, Fig. 2) is very close to a natural dele-
tion analogue of 1—the C-5 p-hydroxybenzyl has been
removed and the C-4 substituent contains a p-hydroxy
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group rather than the p-methoxy. This molecule has
been reported to possess only weak cytotoxicity toward
a variety of cell lines,8 indicating the importance of the
C-5 substituent, and thus the exact C-5 deletion ana-
logue was not prepared here.


No natural equivalent to the C-4 deletion analogue is
known. Its synthesis was achieved from an intermediate
in the synthesis of 1,7 as shown in Scheme 1. Reduction
of Weinreb amide 4 with LiAlH4 provided the aminoal-
dehyde 5. Following deprotection of the amine, expo-
sure of the resulting hydrochloride salt to a large
excess of cyanamide resulted in formation of the 2-
aminoimidazole 6. Hydrogenolysis of the benzyl ether
and installation of the dehydrohydantoin unit through
condensation with 1-methyl-3-trimethylsilylparabanic
acid9 provided the C-4 deletion analogue of naamidine
A, 7. Interestingly, the IC50 for this structure was found
to be 4 lM, indicating that the p-methoxybenzyl group
at C-4 of the imidazole ring does not contribute to the
activity of 1 (Table 1).


To investigate the importance of the 2-aminoimidazole
core, as well as to obtain structure–activity relationship
data on other elements of the molecule, a small series of
2-aminothiazole derivatives was synthesized. The direct
thiazole analogue of 1, along with a number of other
derivatives, was prepared according the sequence shown
in Scheme 2, where the choice of Grignard reagent
defines the C-4 position of the final heterocycle. The
phenol of 4-hydroxyphenethyl alcohol was first
protected as the benzyl ether, then the primary alcohol
was oxidized to the aldehyde 8 using Dess-Martin
periodinane. Treatment with potassium cyanide in the
presence of sodium hydrogen sulfite resulted in the cya-
nohydrin 9. Conversion of 9 to the a-hydroxyketones
10a–c was achieved through in situ silylation of the
hydroxyl group using TMSOTf, followed by addition
of the appropriate Grignard reagent.10,11 After bromin-
ation with SOBr2, the a-bromoketones were condensed
with thiourea to afford the 2-aminothiazoles, which were
deprotected using BCl3 to give 11a–c. Installation of the
dehydrohydantoin unit was performed as above to give
the naamidine analogues 12a–c.


A range of symmetrical 2-aminothiazoles was also syn-
thesized using similar methodology, starting from the
commercially available a-hydroxyketones benzoin
(13a) and anisoin (13 b, Scheme 3) and proceeding via
the a-chloroketones rather than the a-bromoketones.


The final analogues that were prepared in this series are
shown in Scheme 4. From the anisoin-derived 2-amino-
thiazole 14b, two different side chains were incorporated
into the 2-amino position to examine the effect of replac-
ing the dehydrohydantoin.


Each of the 2-aminothiazole derivatives prepared above
was subjected to the [3H]thymidine incorporation assay
to determine its effect on both EGF- and IL3-dependent
mitogenesis. In all cases, except for 15b, the IC50 values
for each stimulus were within 5 lM and the listed value
is the average (Table 2).

The results presented above demonstrate that replacing
the 2-aminoimidazole core of naamidine A with a
2-aminothiazole does not have a major influence on
the potency of the molecule: the direct thiazole
analogue of 1, 12a, was found to have an IC50 of
10 lM, which is very similar to the natural product
(3 lM), indicating that the N–CH3 component of the
heterocycle is not engaged in any interaction with the
target. Consistent with the results obtained for 1 and
2, the dehydrohydantoin moiety was also found to be
essential for activity in the thiazole series, compared
to the derivatives with unsubstituted amines at C-2.
The alanine-derived 17 suggests, however, that a small
cluster of heteroatoms at this position may be suffi-
cient, but this effect is lost upon introduction of a
larger substituent, such as 16.


In summary, we have demonstrated that the ability of 1
to inhibit EGF- and IL3-dependent DNA synthesis is
not impaired by replacement of the imidazole core by
a thiazole. While none of the analogues demonstrated
greater potency than the natural product, there is scope
for optimization of the side chains based on the initial
observations made here. Also, the discovery that the
C-4 chain does not contribute to the activity of 1
provides the option of using an affinity reagent in
further mechanism of action studies.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmcl.2007.04.017.
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Abstract—Mononuclear complexes of Cu(II), Ni(II), and Mn(II) with a new Schiff base ligand derived from indoline-2,3-dione and
2-hydroxybenzohydrazide, [Cu(II)(L)2], [Ni(II)(L)2], and [Mn(II)L Æ (AcO) Æ 2C2H5OH] [HL=(Z)-2-hydroxy-N 0-(2-oxoindolin-3-yli-
dene)benzohydrazide], have been prepared. The complexes have been structurally characterized by X-ray crystallography. Among
the three complexes, the Cu(II) complex had the novel highest antitumor activity.
� 2007 Elsevier Ltd. All rights reserved.

Whilst most of the reports dealing with metal complexes
exhibiting antitumor properties are confined to cisplatin
analogues,1 there are a growing number of non-plati-
num metal compounds which also exhibit remarkable
anticancer activities. Many of these antitumor metal
complexes contain thiosemicarbazone or hydrazone
pharmacophores derived from the acetyl or formyl pyri-
dines and salicyldehyde moieties.2–7 Such compounds
share a common amidrazone pharmacophore3 as one
of the structural requirements for anticancer activity.
To the best of our knowledge until date there is no
report on the metal chelating ability and the antitumor
activity of this class of ligands (Fig. 1). Since our earlier
work had revealed that copper complexation leads to
enhancement of the antitumor activity of Schiff base
ligands,8 we were motivated to explore similar trend in
case of the Schiff base and its copper complex.


The Schiff base ligand, HL, synthesized by condensing
indoline-2,3-dione with 2-hydroxybenzohydrazide, on
refluxing with copper acetate, manganese acetate, and
nickel acetate in ethanol yielded corresponding com-
plexes, respectively. On the basis of elemental analysis,
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the metal to ligand stoichiometry of 1:2 or 1:1 has been
proposed for these complexes. The proposed structures
for these complexes have the support of IR and UV
spectra. A strong band in the Schiff bases at
1659 cm�1 region underwent a shift of 44–70 cm�1 in
complexes confirming the formation of coordinate bond
from azomethine nitrogen to metal ion. From the ana-
lytical data and infrared studies, it has been concluded
that the ligand has linked through carbonyl oxygen
and coordinated through azomethine nitrogen behaving
as a tridentate ligand (Fig. 1). The complexes along with
their characteristics are recorded in Table 1, their UV
spectra in Table 2, their IR spectra in Table 3, and 1H
NMR chemistry shift of the ligand in Table 4.


The crystal structures of Cu(II), Ni(II), and Mn(II) com-
plexes are illustrated in Figure 2. The structure of Cu(II)
complex shows that the central Cu ion is surrounded by
two nitrogen atoms (N2 and N4) with Cu–N distances
of 1.926(7) and 1.958(7) Å, four oxygen atoms (O1,
O2, O3, and O4) with Cu–O distances of 2.447(7),
2.314(7), 2.144(6), and 2.051(6) Å. All atoms of the li-
gand are in one plane, the angle of two ligand is
87.68� which shows that these two planes are almost ver-
tical. The Cu(II) ion is well described as having an octa-
hedron configuration with N2, N4, O1, O2, O3, and O4.
The structure of Ni(II) complex is similar to the one of
Cu(II) complex. But the structure of Mn(II) complex is
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Table 3. IR spectra of the ligand and the complexes (cm�1)


Compound tN-H tC=N tC=O


HL 3443, 3200 1659 1724


Cu(L)2 — 1589 —


MnL Æ 2 C2H5OH Æ AcO — 1612 —


Ni(L)2 — 1615 —


Table 1. Data of color, elemental analysis, and molar conductivity of the complexes


Complex Color Data of measured (data of theory)% Km/S Æ cm�2 Æ mol�1


C H N


Cu(L)2 Brown 57.53 (57.55) 3.55 (3.54) 13.41 (13.42) 23.41


MnL Æ 2 C2H5OH Æ AcO Yellow 51.99 (51.97) 4.96 (4.98) 8.64 (8.66) 21.41


Ni(L)2 Orange 57.98 (58.00) 3.56 (3.57) 13.51 (13.53) 22.21


Table 2. UV spectra of the ligand and the complexes (nm)


Compound HL Cu(L)2 MnL Æ 2 C2H5OH Æ AcO Ni(L)2


Bands(nm) 342 393 388 391
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Figure 1. Structures of Schiff base and its transition metal complexes.
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different. Mn ion is surrounded by one nitrogen atom
(N2) with Mn–N distance of 2.282(6) Å, six oxygen
atoms (O1, O2, O4, O5, O6, and O7) with Mn–O dis-
tances of 2.476(5), 2.262(6), 2.271(5), 2.265(6),

Table 4. 1H NMR chemistry shift of the ligand (ppm) (solvent:DMSO-d6)


Ligand d d


HL 7.35 (s, 8 H, Ar) 10.85 (s, H, NH)

2.212(6), and 2.193(6) Å. The ligand and the acetate rad-
ical are almost in one plane, and the structure of Mn(II)
complex is hepta-coordination.12


An ethanolic solution (25 mL) of indoline-2,3-dione
(5 mmol) was added dropwise to the solution (10 mL)
of 2-hydroxybenzohydrazide (5 mmol) with stirring at
ca. 70 �C for 8 h. The yellow precipitate was removed
by filtration and recrystallized from 1:1 (v/v) MeOH–
EtOH solution. Then a mixture of the ligand (5 mmol)
and transition metal (II) acetate (2.5 mmol) in EtOH
(80 mL) was stirred at ca. 65 �C for 6 h to give the de-
sired complexes. Suitable X-ray quality crystals were ob-
tained by a slow evaporation of these complexes from
MeOH solution.


The cytotoxicity assay was in four kinds of cells line
(SPCA-1, Tb, MGC, and K562). Cells were cultured

d d


11.15 (s, H, NH) 12.19 (s, H, OH)







Table 5. Antitumor activity data of the compounds


Cell Time (h) L Æ Cu L Æ Mn L Æ Ni


K562 IC50 (lM) 24 4.78 100a 91.65


48 3.77 100a 91.53


72 2.84 100a 90.66


MGC IC50 (lM) 24 3.65 100a 76.85


48 3.52 100a 75.91


72 2.43 100a 74.85


Tb IC50 (lM) 24 5.06 100a 90.75


48 4.05 100a 89.83


72 3.01 100a 87.92


SPCA-1 IC50 (lM) 24 6.07 100a 92.03


48 5.23 100a 91.72


72 3.85 100a 90.68


Antitumor activities are expressed as IC50 (50% inhibitory concentra-


tion) in four kinds of cells (SPCA-1, Tb, MGC, and K562). Data are


average data of triplicate assay.
a When the inhibition was below 50% at the highest test concentration.


Figure 2. Crystal structures of the complexes.
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at 37 �C under a humidified atmosphere of 5% CO2 in
RPMI 1640 medium supplemented with 10% fetal serum
and dispersed in replicate 96-well plates with 1· 104


cells/well. Compounds were then added. After 24-h,
48-h, 72-h exposure to the toxins, cells viability were
determined by the [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] (MTT) cytotoxicity assay
by measuring the absorbance at 570 nm with an ESILA
reader. Each test was performed in triplicate. From the
data in Table 5, it can be inferred that the Cu, Mn, and
Ni complexes all have antitumor activities in a way, but
its copper(II) complex is substantially more active than
other compounds reported before.9,10 The copper com-

pound is found to exhibit higher antitumor activity
which may be due to the generation of cytotoxic Cu(I)
species through intracellular enzymatic reduction.11
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Abstract—The synthesis and biological activity of a novel series of thrombin receptor antagonists is described. This series of com-
pounds showed excellent in vitro and in vivo potency. The most potent compound 40 had an IC50 of 7.6 nM and showed robust
inhibition of platelet aggregation in a cynomolgus monkey model after oral administration.
� 2007 Elsevier Ltd. All rights reserved.
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Thrombin, the main effector protease of the coagulation
cascade, converts soluble fibrinogen to fibrin and acti-
vates platelets which aggregate at the site of a vascular
injury. Fibrin monomers polymerize to an insoluble
fibrin meshwork that traps aggregated platelets and
other plasma particle leading to the formation of a
thrombus. The activation of platelets and other cell
types by thrombin is mediated via proteolytic activation
of specific cell surface receptors known as protease acti-
vated receptors (PARs).1–6 Four PARs are known
(PAR1-4). Among these, PAR-1, also known as throm-
bin receptor, is the most potent activator of human and
primate platelets. Thrombin binds to PAR-1 through its
exo-anion binding site. Cleavage of the extracellular
domain at Arg41-Ser42 reveals an amino terminus that
then binds intramolecularly to the receptor.7–9 This
intramolecular activation mechanism (also known as
the tethered ligand mechanism) makes it difficult to
identify a small molecule antagonist for the activated
thrombin receptor (PAR-1) due to entropic reasons.


It has been hypothesized that by targeting only the cel-
lular action of thrombin, and not its role in the coagula-
tion cascade, a thrombin receptor antagonist would be
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useful in the treatment of disorders such as arterial
thrombosis, atherosclerosis and, restenosis. Such an
agent could have a significant advantage in safety with
regard to bleeding side effects over the current anti-
thrombotic therapies.10–13


We have recently reported the synthesis and biological
activity of a novel series of thrombin receptor (PAR-1)
antagonists (e.g., 1 and 2) based on the natural product
himbacine14–16 (Scheme 1). These compounds are potent
antagonists of PAR-1,17 and in the case of 2 show excel-
lent activity when dosed orally in an ex-vivo model of

CF3
OH1 2


IC50 = 16 nMIC50 = 6.3 nM


Scheme 1. Thrombin receptor antagonists.
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platelet aggregation using high affinity thrombin recep-
tor-activating peptides (haTRAP) as the ligand.18,19 A
structurally related compound 3 was identified from
our compound collection to be a mild antagonist of
PAR-1 (IC50 = 12 lM). We were intrigued by the simi-
larities to our current leads and embarked on an optimi-
zation study for this series of compounds. In this
communication we describe the synthesis and biological
activity of compounds such as 3.


The general synthesis of analogs of 3 is described in
Scheme 2. The tricyclic portion of the targets was syn-
thesized using our reported literature procedure:20,21


condensation of cinnamic acid chloride with propargylic
alcohols 4a–7a followed by thermolysis in o-xylene at
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a) PAR-1 binding assay ligand: [3H]haTRAP, 10 nM (Kd = 15 nM)17
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Scheme 2. Synthesis of analogs of compound 3. Reagents and


conditions: (a) TEA, THF, 0 �C; (b) 185–195 �C, o-xylene; (c) PtO2,


EtOAC, H2; (d) (COCl)2, DMF, CH2Cl2; (e) Bu3SnH, Pd(Ph3P)4;


PhMe, 0 �C; (f) BuLi, THF, then 4f–7f.

185–195 �C gave the tricyclic core 4c–7c along with aro-
matic byproducts 4d–7d. The core was then reduced to
give the tricyclic acids 4e–7e. The acids were then
reduced to aldehydes 4f–7f via reduction of the corre-
sponding acid chlorides.22 The aldehydes 4f–7f were
converted to the final targets 4g–7g and 4h–5h using a
Horner–Emmons reaction. Compounds 4g, 4h, 5g, and
5h were synthesized from enantiopure 4a and 5a, com-
pounds 6g and 7g were synthesized in racemic form.
When tested in the PAR-1 binding screen compound
4g was an immediate improvement over 3 with an
IC50 = 580 nM, its enantiomer 5g was much less potent,
a similar trend was observed for 4h (IC50 = 90 nM) and
its enantiomer 5h. Similarly to himbacine derived com-
pounds 1 and 2, it is the compounds derived from the
(R)-alcohol that were more potent. Our attempts to epi-
merize the aldehyde 4f to form compounds with the
identical relative stereochemistry to 1 and 2 were met
with failure. We were, however, pleased to see that the
racemic compounds 6g and 7g were very potent with
IC50 = 225 and 12.5 nM, respectively. Targets similarly
derived from aromatic byproducts 4d–7d were inactive.
Compound 7g was selected for further SAR study.


Our previous studies with compounds related to 1 and 2
containing the himbacine tricycle showed that 5-phenyl-
pyridines gave the greatest potency. This was also found
to be the case for this new tricyclic aryl himbacine series.
The best three examples, 9, 10, and 11, are shown in
Scheme 3. In general, the most potent compounds pos-
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Table 1. Binding data of analogs of compound 7g
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sess a chloro, fluoro, or trifluoromethyl group at the
meta-position of the phenyl ring of the 5-phenylpyri-
dine. It should also be noted that these compounds are
enantiopure. The resolution was achieved via chromato-
graphic separation of the diastereomeric amides derived
from the acid 7e and (S)-2-phenylglycinol (Scheme 3).
We were able to determine the absolute configuration
of 13 via X-ray crystallographic analysis23 and thus
the absolute configuration of 12. Acidic hydrolysis gen-
erated the enantiopure acids 14 and 15. Compounds de-
rived from 15 were found to be 10- to 15-fold less potent
than compounds derived from 14, the more potent enan-
tiomer typically showed a 2-fold improvement over race-
mic compound. This resolution was found to be general
for every tricycle of this kind studied, and allowed us to
generate compounds with enantiomeric excess greater
than 99% (determined by HPLC; CHIRALPAK�


AD�, CHIRALCEL�OD�).


For compounds such as 1 and 2 we have used an ex-vivo
model of platelet aggregation to determine efficacy in an
animal model. The drug is usually administered orally to
cynomolgus monkeys in 20% HPbCD at a dose of
3 mpk. Blood samples are then collected at various time
intervals (1, 2, 3, 4, 5, 6, and 24 h) from both the treat-
ment and control animals, and the aggregation response
to 1 lM of haTRAP is measured in a whole blood
aggregometer. This gives an aggregation versus time
graph. Compounds 9 and 10 were inactive in this assay
due to poor measured PK (AUC <300 ng h/ml). Only
compound 11 (AUC = 6300 ng h/ml) was shown to have
activity but with a limited duration (5 h). This was a
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Scheme 4. Reagents and conditions: (a) BuLi, THF, then 17 (65%); (b)


TFA, CH2Cl2, 0 �C (76%); (c) Tf2O, TEA, CH2Cl2 (60%); (d)
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HCO2H, Ph3P, DMF, 80 �C (20–74%).

very promising result but we required a compound that
had at least 24 h duration at 3 mpk. In order to accom-
plish this goal we examined the effect of substitution on
both the tricyclic and 5-phenylpyridine parts of the
molecule.


One interesting aspect of this new series of compounds is
the relative ease by which the SAR of aromatic ring of
the tricycle can be studied; there are hundreds of com-
mercially available cinnamic acids. We have studied
the effect of substitution of various groups on the aro-
matic ring of the tricycle. Initial SAR showed that while
simple alkyl, alkoxy, carboxy, and hydroxyl led to com-
pounds with reduced activity (IC50 > 100 nM), simple
halogen substitution gave very potent compounds. The
synthesis used was identical to that described in Scheme
2 with notable exceptions shown in Scheme 4. The alde-
hyde 16 required for the synthesis of the 6,8-difluoro
compounds (24 and 28) was unstable. To circumvent
the use of this aldehyde we condensed the tert-butyl es-
ter 18 with the acid chloride 17 followed by acid medi-
ated decarboxylation to give 19. Palladium mediated
reduction of the derived enol-triflate 20 gave the desired
compounds 24 and 28. The 7-fluoro compounds (33 and
40) and the 5-fluoro compounds (35 and 42) were

aPAR-1 binding assay ligand: [3H]haTRAP, 10 nM (Kd = 15 nM).17
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a) PAR-1 binding assay ligand: [3H]haTRAP, 10 nM (Kd = 15 nM)17


IC50 = 30 nMa


IC50 = 26.5 nMa


Scheme 5. Reagents and conditions: (a) LDA, THF, MeI, �78 �C


(47%); (b) LHMDS, THF, �78 �C, (1S)-(10-camphorsulfonyl)oxazir-


idine (20%).


Table 2. In-vivo and ex-vivo data of selected compounds
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synthesized via a similar reduction of aryl triflates 21
and 22. Representative data for these compounds are
given in Table 1. Compounds of high interest have been
highlighted; we found that fluoro substitution at either
the X2 or X3 positions led to the most potent com-
pounds (e.g., 29, 36, and 40). Compounds substituted
with fluorine at both X1 and X2 (34 and 41) gave com-
pounds with similar potency to the mono-substituted
compounds. Compounds in which X5 was fluoro (36–
42) were generally more potent than those substituted
with chloro or trifluoromethyl. In addition we investi-
gated the effect of substitution at the 9a position of
the tricycle. Two representative examples are given in
Scheme 5; treatment of 29 with LDA followed by methyl
iodide gave 43; similarly treatment of 40 with LHMDS
followed by (1S)-(10-camphorsulfonyl)oxaziridine gave

44. Both of these compounds were about 3-fold less active
than their unsubstituted precursors; this was found to be
typical for this type of substitution in this series of com-
pounds. Selected compounds were tested in our ex-vivo
platelet aggregation assay in cynomolgus monkeys; the
data are shown in Table 2. A majority of the compounds
tested showed activity at a dose of 3 mpk. Compound 40,
however, showed robust activity when dosed at 2 mpk for
24 h and intermittent activity at 1 mpk; this is the most po-
tent compound discovered to date in this series. Com-
pound 40 had excellent blood levels in both rats (Table
2) and cynomolgus monkeys (AUC0–24 h = 6200 ng h/ml
when dosed at 1 mpk). In addition compound 40 was
shown to have a slow disassociation rate14 from the recep-
tor with a measured half-life of 139 min. We believe that
because of the intramolecular nature of the PAR-1 mech-
anism this property will be important for any antagonist
to be effective in a clinical setting.12–14


In summary, we have discovered a novel series of throm-
bin receptor antagonists based on the arylhimbacine ser-
ies. Compound 40 was shown to be the most potent with
activity in a monkey model of platelet aggregation at a
dose of 2 mpk. This compound had good blood levels
after oral dosing in both rats and monkeys. Compound
40 also has a slow disassociation rate from the receptor,
thus giving it an excellent chance to compete with the
intramolecular activation of PAR-1 initiated by throm-
bin. Results of additional studies will be reported in
due course.

Acknowledgments


The authors thank Drs. Catherine Strader, John Piwin-
ski, Michael Graziano, Ashit Ganguly, and Ronald
White for helpful discussions, Drs. Birendra Pramanik
and Pradip Das for mass spectral data and Drs. T.-M.
Chan and Mohindar Puar for NMR data.

References and notes


1. Coughlin, S. R. In Handbook of Cell Signaling; Bradshaw,
R. A., Dennis, E. A., Eds.; Elsevier: San Diego, USA,
2004; 1, pp 167–171.


2. Coughlin, S. R. Cold Spring Harbor Symposia on Quan-
titative Biology 2002, 67, 197.


3. Coughlin, S. R. Thromb. Haemostasis 2001, 86, 298.
4. Grand, R. J. A.; Turnell, A. S.; Grabham, P. W. Biochem.


J. 1996, 313, 353.
5. Coughlin, S. R. J. Thromb. Haemostasis 2005, 3, 1800.
6. Coughlin, S. R. Proc. Natl. Acad. Sci. U.S.A. 1999, 96,


11023.
7. Vu, T.-K. H.; Hung, D. T.; Wheaton, V. I.; Coughlin, S.


R. Cell. 1991, 64, 1057.
8. Hung, D. T.; Vu, T.-H.; Nelken, N. A.; Coughlin, S. R.


J. Cell Biol. 1992, 116, 827.
9. Vu, T.-K. H.; Wheaton, V. I.; Hung, D. T.; Charo, I.;


Coughlin, S. R. Nature 1991, 353, 674.
10. Chackalamannil, S. Curr. Opin. Drug Disc. Dev. 2001, 4,


417.
11. Seiler, S. M.; Bernatowicz, M. S. Curr. Med. Chem.;


Cardiovsc. Hemat. Agents 2003, 1, 13.







M. C. Clasby et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3647–3651 3651

12. Chackalamannil, S.; Xia, Y. Expert Opin. Ther. Patents
2006, 16, 493.


13. Chackalamannil, S. J. Med. Chem. 2006, 49, 5389.
14. Chackalamannil, S.; Xia, Y.; Greenlee, W. J.; Clasby, M.;


Doller, D.; Tsai, H.; Asberom, T.; Czarniecki, M.; Ahn,
H.-S.; Boykow, G.; Foster, C.; Agans-Fantuzzi, J.; Bry-
ant, M.; Lau, J.; Chintala, M. J. Med. Chem. 2005, 48,
5884.


15. Clasby, M. C.; Chackalamannil, S.; Czarniecki, M.;
Doller, D.; Eagen, K.; Greenlee, W. J.; Lin, Y.; Tsai, H.;
Xia, Y.; Ahn, H.-S.; Agans-Fantuzzi, J.; Boykow, G.;
Chintala, M.; Foster, C.; Bryant, M.; Lau, J. Bioorg. Med.
Chem. Lett. 2006, 16, 1544.


16. Clasby, M. C.; Chackalamannil, S.; Czarniecki, M. l.;
Doller, D.; Eagen, K.; Greenlee, W.; Kao, G.; Lin, Y.;
Tsai, H.; Xia, Y.; Ahn, H.-S.; Agans-Fantuzzi, J.;
Boykow, George.; lton, K.; Bryant, M.; Hsieh, Y.; Lau,
J.; Palamanda, J. J. Med. Chem. 2007, 50, 129.


17. Ahn, H.-S.; Foster, C.; Boykow, G.; Arik, L.; Smith-
Torhan, A.; Hesk, D.; Chatterjee, M. Mol. Pharm. 1997,
51, 350, Assays were carried out in duplicate, compounds

of high interest were assayed multiple times (n > 5, SEM
±20%).


18. Chackalamannil, S.; Asberom, T.; Xia, Y.; Doller, D.;
Clasby, M. C.; Czarniecki, M. F. Preparation of himba-
cine analogs as thrombin receptor antagonists. U.S. Patent
6,063,847, May 16th, 2000.


19. Zhang, H.-C.; Derian, C. K.; Andrade-Gordon, P.;
Hoekstra, W. J.; McComsey, D. F.; White, K. B.; Poulter,
B. L.; Addo, M. F.; Cheung, W.-M.; Damiano, B. P.;
Oksenberg, D.; Reynolds, E. E.; Pandey, A.; Scarborough,
R. M.; Maryanoff, B. E. J. Med. Chem. 2001, 44, 1021.


20. Chackalamannil, S.; Doller, D.; Eagen, K. Tetrahedron
Lett. 2002, 43, 5101.


21. Chackalamannil, S.; Doller, D.; Clasby, M.; Xia, Y.;
Eagen, K.; Lin, Y.; Tsai, H.; McPhail, A. T. Tetrahedron
Lett. 2000, 41, 4043.


22. Four, P.; Guibe, F. J. Org. Chem. 1981, 46, 4439.
23. CCDC 639630 contains the supplementary crystallo-


graphic data for this paper. These data can be obtained
free of charge from the Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.



http://www.ccdc.cam.ac.uk/data_request/cif



		Himbacine derived thrombin receptor antagonists: Discovery of a new tricyclic core

		Acknowledgments

		References and notes








Bioorganic & Medicinal Chemistry Letters 17 (2007) 3535–3539

Development of piperazine-tethered heterodimers as potent
antimalarials against chloroquine-resistant P. falciparum


strains. Synthesis and molecular modeling


Sandra Gemma,a,b Gagan Kukreja,a,b Giuseppe Campiani,a,b,* Stefania Butini,a,b


Matteo Bernetti,a,b Bhupendra P. Joshi,a,b Luisa Savini,a,b Nicoletta Basilico,a,c


Donatella Taramelli,a,c Vanessa Yardley,a,d Alessia Bertamino,a,e Ettore Novellino,a,e


Marco Persico,a,f Bruno Catalanottia,f and Caterina Fattorussoa,f


aEuropean Research Centre for Drug Discovery & Development, Università di Siena, via Aldo Moro, 53100 Siena, Italy
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fDipartimento di Chimica delle Sostanze Naturali, Università di Napoli Federico II, via D. Montesano 49, 80131 Napoli, Italy


Received 23 March 2007; revised 18 April 2007; accepted 19 April 2007


Available online 29 April 2007

Abstract—The design, synthesis, and antiplasmodial activity of antimalarial heterodimers based on the 1,4-bis(3-aminopropyl)piper-
azine linker is reported. In this series key structural elements derived from quinoline antimalarials were coupled to fragments capa-
ble of coordinating metal ions. Biological evaluation included determination of activity against chloroquine-sensitive and
chloroquine-resistant Plasmodium falciparum strains. Some of the novel compounds presented high activity in vitro against chloro-
quine-resistant strains, more potent than chloroquine and clotrimazole. Computational studies revealed that the activity is likely due
to the ability of the compounds to assume a multisite iron coordinating geometry.
� 2007 Elsevier Ltd. All rights reserved.

Malaria is a disease caused by Plasmodium falciparum
(Pf) and represents one of the most widespread and
deadly parasitic diseases in man. For over 50 years,
chloroquine (CQ (1), Fig. 1) has been the drug of choice
for malaria chemotherapy, until its efficacy was ham-
pered by the spread of CQ-resistant (CQ-R) Pf strains.
Consequently, new therapeutic strategies are needed.1


During the intraerythrocytic phase of Pf life cycle,
hemoglobin is metabolized within the parasite food vac-
uole (FV) and the released toxic-free heme is detoxified
through formation of hemozoin in the FV or by the glu-
tathione system in the cytoplasm.2,3 Both the widely
used classes of antimalarial drugs, namely 4-aminoquin-
olines and endoperoxides,4 are thought to interfere with

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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the heme detoxification process killing Plasmodium par-
asites via free-radical intermediates.

Figure 1. Reference and title compounds.
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Table 1. Antiplasmodial activity of compounds 4a–h


Compound R1 Prevalent ionic form tautomer Aa Prevalent ionic form tautomer Ba IC50
d (lM)


pH 7.4 pH 7.2 pH 5.5 pH 7.4 pH 7.2 pH 5.5 D10b W2c 3D7b K1c


4a P (56) DP (48) TP (85) DP (79) DP (73) TP (94) 26 33 1.6 16


4b P (56) DP (50) TP (85) DP (81) DP (73) TP (94) 145 269 28 135


4c P (56) DP (50) TP (85) DP (81) DP (73) TP (94) 110 98 7.8 447


4d DP (55) DP (49) TeP (84) TP (67) TP (68) TeP (93) 663 495 nt nt


4e P (47) N (47) P (55) TP (68) P (69) P (58) TP (76) 221 540 40 200


4f P (51) DP (51) TP (54) DP (66) DP (58) TP (57) 1610 1440 nt nt


4g P (49) P (44) TP (85) DP (54) DP (54) TP (95) 407 535 nt nt


4h DP (56) TP (49) TeP (85) TP (80) TP (73) TeP (94) 260 207 nt nt


2 (CLT) — N (95) N (92) P (81) — — — 550 490 60 250


1 (CQ) — P (92) P (88) DP (87) DP (100) DP (100) DP (100) 22 280 10 260


nt, not tested.
a TeP, tetraprotonated form; TP, triprotonated form; DP, diprotonated form; P, protonated form; N, neutral form (ACD/pKa DB version 10.00


software (Advanced Chemistry Development Inc., Toronto, Canada)). Percentage of prevalent ionic form in brackets.
b CQ-sensitive clone.
c CQ-resistant clone.
d Values are means of three experiments, standard deviation is within 10% of the mean.
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Iron is an essential nutrient for the asexual erythrocytic
phase of the parasite and a considerable number of iron
chelators showed antimalarial activity in vitro, appar-
ently through the mechanism of withholding iron from
vital metabolic pathways of the intraerythrocytic para-
site and through the formation of toxic complexes.


There is evidence that iron chelation therapy with des-
ferrioxamine has clinical activity in both uncompli-

cated and severe malaria in humans.5 A promising
polycyclic pharmacophore to generate antimalarials is
held in clotrimazole (CLT, 2), a well-known antimy-
cotic drug, endowed with low in vitro antimalarial
activity (Table 1). We recently exploited the scaffold
of CLT and developed potent antimalarial agents of
the general structure 3 characterized by specific elec-
tronic features and by improved penetration into the
FV.6
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In order to identify novel antimalarial lead compounds
with the potential to interfere with iron metabolic and
detoxification pathways, disrupting the peculiar redox
equilibria necessary for Pf survival, we designed a new
series of compounds (4a–h) in which key structural ele-
ments derived from CQ were linked to specific aromatic
residues through a piperazine tether.


Previously, quinolyl-1,4-bis(3-aminopropyl)piperazines
were reported to have in vitro and in vivo antimalarial
activity showing a site of action different from that of
CQ (cytoplasm and not FV) although their mechanism
of action was uncertain.7,8 Moreover, during the
preparation of this report Link and co-workers
exploited the same quinolin-1,4-bis(3-aminopro-
pyl)piperazine template for the synthesis of carboxamide
antimalarials.9 In this communication we report the
development of new antimalarial heterodimers, typified
by 4a (Table 1), a potent antiplasmodial agent, specifi-
cally designed to generate multisite iron coordination
antimalarials. The N1-(7-chloro-4-quinolyl)-1,4-bis(3-
aminopropyl)piperazine was the key structural support
of choice to link a panel of aromatic and heteroaromatic
groups, characterized by different metal ion coordina-
tion and protonatability properties (4a–h).


The synthesis of compounds 4a–d is described in Scheme
1. The aldehyde 5 was reacted with the Grignard reagent
obtained from p-bromotoluene 6 to afford the corre-
sponding ketone which was brominated to 7 in good

Scheme 1. Reagents and conditions: (i) a—Mg turnings, THF, reflux,


6 h; b—NBS, AIBN, CCl4, reflux; (ii) pyrrolidine, Et3N, MeCN, 0 �C,


1 h; (iii) a—NaBH4, EtOH, rt, 2 h; b—SOCl2, DCM, 0 to 45 �C, 4 h;


(iv) 8, Et3N, MeCN, 80 �C, 18 h; (v) NaBH4, THF/H2O 2:1, 80 �C, 2 h;


(vi) MeSO2Cl, Et3N, DCM, 0 �C, 2 h.

overall yield. Alkylation of N1-(7-chloro-4-quinolyl)-
1,4-bis(3-amino propyl)piperazine 810 with the bromo-
derivative 7 provided the desired compound 4a. This
latter was further modified by reduction to 4b and sub-
sequently esterified to 4c by means of methanesulfonyl
chloride. To functionalize the bridged methylene of the
diphenylmethane moiety (4d), compound 7 was trans-
formed to the pyrrolidine derivative 9, which was con-
verted into the chloro derivative 10 by reduction to the
alcohol intermediate followed by chlorination using
thionyl chloride. Finally, compound 10 was coupled to
8 providing the desired final derivative 4d. In Scheme
2 is described the synthesis of compounds 4e–h. Interme-
diate 8 was coupled with the carboxylic acid derivative
13 to afford amide 4e. Compound 13 was in turn
prepared starting from 3-chlorophenyl acetic acid ethyl
ester 11 which was transformed into the imidazole deriv-
ative 12 by exposing 11 first to N-bromosuccinimide and
then to imidazole. Finally, alkaline hydrolysis using
LiOH in aqueous THF afforded acid 13. The synthesis
of 4f and 4h was accomplished by a reductive amination
of the appropriate aldehyde as shown in Scheme 2, by
using sodium borohydride as the reducing agent. Final-
ly, compound 4g was obtained by reacting amine 8 with
2-chlorobenzimidazole in refluxing pentanol.


Compounds 4a–h were tested in vitro against the CQ-S
D10 and the CQ-R W2 Pf strains and selected com-
pounds were also tested against the CQ-S 3D7 and
CQ-R K1 Pf strains.6 The results are reported in
Table 1. Coupling of N1-(7-chloro-4-quinolyl)-1,4-
bis(3-aminopropyl)piperazine to a diphenyl ketone moi-
ety (4a), a reported iron chelating group (ConQuest 1.9,
CSDS), had beneficial effect on the antimalarial potency,
highly improving the activity against both CQ-S
and CQ-R strains with respect to CQ and CLT.
Transformation of the carbonyl group of 4a to the

Scheme 2. Reagents and conditions: (i) a—NBS, AIBN, CCl4, reflux,


4 h; b—imidazole, K2CO3, acetone, reflux, 6 h; (ii) LiOH, H2O/THF,


1:2, reflux, 30 min; (iii) HOBt, NMM, EDC, N,N-DMF, rt, overnight;


(iv) DIEA, n-pentanol, 160 �C, 24 h; (v) Et3N, 3 Å molecular sieves,


MeOH, then NaBH4, rt, 6 h.







Figure 2. Resulting conformers at pH 7.2 of 4a (A, green) and 4f (B,


magenta) are shown. In (A) 4a was superimposed on the X-ray


structure of iron complexes containing the following moieties: diphe-


nylketone (white; CSD code: VESCEB), piperazine (yellow; CSD code:


HAVNUO), N1,N3-dimethylpropane-1,3-diamine (orange; CSD code:


METGIB), and quinoline (pink; CSD code: FOFROH). The super-


imposition was made fitting the putative iron coordinating atoms. Iron


atoms’ vdW volumes (magenta) are scaled (0.3) for clarity. Displayed


lone pair of piperazine nitrogen is colored in cyan. Heteroatoms are


colored: O, red; N, blue; Fe, magenta; and Cl, light green. All


hydrogens, except those involved in hydrogen bonds (green dashed


lines), have been omitted for clarity.
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alcoholic group (4b) or to the corresponding sulfonate
(4c) determined a decrease in activity against CQ-S
and CQ-R strains (4b and 4c vs 4a). In order to define
the role played by iron chelating groups in antimalarial
activity (R1, Table 1), we introduced at R1 aromatic and
heteroaromatic systems endowed with different metal
chelating and protonatability properties. Consequently,
as R1 residue, we selected fragments potentially able to
coordinate iron (ConQuest 1.9, CSDS), such as a frag-
ment of the CLT/3 polycyclic scaffold (4e), the 2-imi-
dazolylmethyl group (4f), and the 2-benzimidazole
bicyclic system (4g); on the other hand, compounds 4d
and 4h were characterized by a pyrrolidinyl(di)phenylm-
ethylene system, two residues unable to chelate iron
(pyrrolidine chelates iron when a carbonyl function is
at C-2—ConQuest 1.9, CSDS). Compounds 4d and 4h
as well as 4e–g resulted less potent than 4a against
D10 and W2 strains, confirming the importance of the
iron chelating properties of the R1 substituent. Recently,
we have reported the potent antimalarial activity against
CQ-S and CQ-R strains of quinolines bearing an imid-
azole moiety, a known Fe(III)–FPIX complexing
group.11 Surprisingly, introduction of an imidazole sys-
tem in this series (R1, 4f) dropped the activity against
both strains. The effect of imidazole of 4f, as well as of

the diphenylcarbonyl group of 4a, was investigated as
reported below. To analyze structure–activity relation-
ships (SAR), we calculated for all compounds the preva-
lent ionic forms of the two possible tautomers at pH 7.4
(physiological), 7.2 (cytoplasm), and 5.5 (FV) (Table 1)
and, accordingly, performed a comprehensive computa-
tional analysis (Insight2005, Accelrys, San Diego) on the
resulting forms of 4a and 4f, in order to investigate the
role played by electronic and conformational parame-
ters on the antimalarial activity. According to the results
reported by Ryckebusch et al.7, the presence of several
nitrogens protonated at cytoplasmic pH in the 1,4-
bis(3-aminopropyl)piperazine linker of 4a–h (Table 1)
probably prevents the access to the FV. Consequently
the compounds elicit their antimalarial activity at the
cytoplasm level. Taking into account this hypothesis,
we focused on the effect of the imidazole (4f) and poly-
cyclic (4a) terminal fragments on electronic and confor-
mational properties at pH 7.2 (cytoplasm).


At pH 7.2 the presence of the diphenylketone moiety of
4a allows the formation of an intramolecular hydrogen
bond between the N1 of piperazine and the aniline nitro-
gen of the quinoline ring. This, in turn, increases the
electronic density at the quinoline heterocyclic nitrogen
and, consequently, improves its iron coordination prop-
erties, thus reproducing the geometry of a multisite iron
chelator (Fig. 2A) (ConQuest 1.9, CSDS). Moreover the
diphenylketone moiety represents a further iron chela-
tion site (Fig. 2A). On the contrary, the 2-imidazolylm-
ethyl group (4f), protonated at pH 7.2 (Table 1),
establishes hydrogen bond interactions with the quino-
line heterocyclic nitrogen thus decreasing the iron coor-
dination properties of 4f and consequently, its
antimalarial activity (Fig. 2B).


In summary, we identified novel CQ-based heterodimers
characterized by a 1,4-bis(3-aminopropyl)piperazine lin-
ker as potent antimalarials against CQ-S and CQ-R Pf
strains. Among the compounds presented in this study,
4a was the most potent antimalarial, being 16- and 8-
fold more active than CQ against K1 and W2 strains,
respectively. A putative mechanism of action of 4a was
investigated, paving the way for the development of
new multisite iron complexing antimalarials. Further
studies are in progress to assess the in vivo biological
properties of this class of antimalarial agents.
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Abstract—An intramolecular radical cyclization reaction of 4-bromo-3-arylisoquinolines 11a–c allowed the efficient synthesis of
11-methylindenoisoquinolines 2a–c. 5-(2-Aminoethylamino)indeno[1,2-c]isoquinolin-11-one 4 was also prepared in the convenient
manner. The synthesized compounds were tested in vitro for cytotoxicity and DNA-topoisomerase 1 (top 1) inhibitory activity.
The dramatic enhancement of top 1 inhibitory activity of 4 was explained by a docking study using the FlexX program.
� 2007 Elsevier Ltd. All rights reserved.

DNA-topoisomerase 1 (top 1) is considered an impor-
tant enzyme to relax supercoiled DNA for transcription,
replication, and mitosis.1 Elevation of the top 1 levels in
solid tumors compared to normal tissue has made top 1
a promising target for antineoplastic drugs.2 The X-ray
crystal structures of DNA-top 1 have been revealed with
ligands such as topotecan, indenoisoquinoline, and
indolocarbazole molecules.3 Interestingly, the binding
pockets of all of these compounds are almost identical
despite their structural diversity. Furthermore, the
detailed information on the binding sites has made
structure-based drug design possible.


Irinotecan and topotecan are camptothecin derivatives,
and they are the only approved drugs for cancer treat-
ment.4 Although these two drugs were developed as
top 1 inhibitors, new compounds need to be found
because of the instability and short infusion times for
maximum activity of these drugs.5

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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Recently, we reported not only the syntheses of isoquin-
oline alkaloids, but also quantitative structure–activity
relationship studies of 3-arylisoquinolines that showed
top 1 inhibition and cytotoxicity.6–9 The current investi-
gation was undertaken to explore indenoisoquinolines
that are considered constrained forms of 3-arylisoquino-
lines as depicted in Figure 1.


11-Methylindenoisoquinoline 2b was chosen as a first
target compound because of the potent cytotoxicity of
16 and the ethylenediamine moiety was scheduled to
introduce on 5 position of compound 4 due to the strong
top 1 activity of 3.7


Generally, a rigid molecule has little conformational
entropy but is to fit optimally into the receptor. We
planned to add one carbon atom between the B and C
rings of 3-arylisoquinolines to produce indenoisoquino-
lines. Although the Cushman group have reported pro-
foundly valuable researches on indenoisoquinolines,10


11-methyl or 5-ethylenediamino substituted compounds
have not yet been reported.


The 3-arylisoquinolines 7a–c were synthesized by the
previously reported lithiated toluamide-benzonitrile
cycloaddition method.11 N-methyl-o-toluamide 5a–b
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Figure 2. Top 1 inhibitory activities of the compounds. lane P:


pBR322; lane T: pBR322 + topoisomerase I; lane C1: pBR322 +


topoisomerase I + camptothecin (0.1 mg/ml); lane C2: pBR322 + topo-


isomerase I + camptothecin (0.01 mg/ml); lanes 1–9 (prepared com-


pound number, 0.1 mg/ml): 1(10b), 2(11b), 3(11c), 4(9b), 5(9c), 6(2a),


7(2b), 8(2c), and 9(4).
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was treated with n-BuLi to give the anions, which were
then reacted with benzonitrile 612 to afford the 3-aryliso-
quinolines. The obtained compounds were treated with
MeI/60% NaH or PMBCl/K2CO3 to give N-alkylated
compounds 7a–c without detecting O-alkylated ones.
Selective bromination of 7a–c was accomplished with
NBS/ACCN in CCl4 to provide 8a–c in good yield.
P-Methoxybenzyl groups were removed from 8a–c by
DDQ oxidation to give the allyl alcohols 9a–c, which
were then oxidized with PDC to afford the aldehydes
10a–c in excellent yield. In this reaction, p-methoxyben-
zyl group on the N of the amide group was not affected
by DDQ oxidation. Wittig reaction of aldehydes 10a–c
with Ph3PCH3Br in the presence of n-BuLi was carried
out to give the styrenes 11a–c in good yield (62–95%).
Styrenes 11a–c were treated with n-Bu3SnH in the
presence of azobiscyclohexanecarbonitrile (ACCN) to
provide the desired 6,11-dihydro-5H-indeno[1,2-c]iso-
quinolin-5-ones 2a–c in 55–88% yield. This result could
be explained by Baldwin’s rule that the 5-exo-trig path-
way is favored over 6-endo-trig in a general way during
ring closure reactions.13 Commercially available 6-oxa-
benzo[a]fluorine-5,11-dione 12 was efficiently converted
to indenoisoquinoline 13 by treatment with NH4OH;
13 was then reacted with POCl3 followed by substitution

reaction with ethylenediamine to give the desired 5-(2-
aminoethylamino)indeno[1,2-c]isoquinolin-11-one 4 in
good yield (Scheme 1).


Cytotoxicity experiments with the synthesized com-
pounds were performed by sulforhodamine B (SRB)
for A549 (lung), Col2 (colon), SNU-638 (stomach),
HT1080 (fibro sarcoma) cell lines and MTT assay for
HL-60 (myeloid leukemic) cells.14


To determine top 1 catalytic activity, assays were per-
formed with supercoiled pBR32 DNA as the substrate
according to protocol.7 Semi-quantitative comparisons
of the inhibitory activities are shown in Table 1.


As expected, indenoisoquinolines 2a–c exhibited more
potent cytotoxicity against these five cell lines than 3-
arylisoquinolines 8a–c, 9b–c, 10b–c, and 11b–c (Table
1). Indenoisoquinolines 2a–c displayed 1.70–8.5 lM
activity against the HL 60 cell line, and its activity ran-
ged from 2.58 to 9.0 lM against the other 4 cell lines. All
4-bromo-3-arylisoquinolines 8a–11c exhibited very weak
cytotoxicities. Moreover, none of these compounds had
strong top 1 inhibitory activity, including the indenoiso-
quinolines 2a–c. On the other hand, 5-(2-aminoethyla-
mino)indeno[1,2-c]isoquinolin-11-one 4 exhibited potent
top 1 inhibitory activity and cytotoxicity (Fig. 2).


In the isoquinolinamine series such as 2a–c and 4, we
found that top 1 inhibitory activity did not correlate
particularly well with cytotoxicity. This discrepancy
indicates that top 1 may not be the sole biological target
for these compounds. Similar results could be found in
other reports15 and explained by the ability of the com-
pounds to penetrate the cell membrane and reach the
target as well as distribution differences within the cell.


Therefore, we used the FlexX docking program, a
molecular modeling tool, to determine the top 1 inhibi-
tory activity of 4. Computational calculations were per-
formed by Sybyl molecular modeling software, version
7.2.5, supplied by Tripos Associates, operating under
Red Hat Linux 4.0 with an IBM computer (Intel Pen-
tium 4, 2.8G CPU, 1G memory).


The X-ray crystallographic structure of the indenoiso-
quinoline (MJ238)-DNA-top 1 complex3 (PDB:1SC7)
in Protein Data Bank was selected for the docking study.
The bond to the disconnected phosphoester of G12 in
1SC7 was reconstructed, and the SH of G11 on the scis-
sile strand was changed to OH. The position and orien-
tation of the ligand should be considered to determine
whether it could protect the religation of the G11 hydro-
xyl group to the PTR723-phosphoester bond or not. For
this, we defined the receptor descriptor file based on
indenoisoquinoline molecule (MJ238) intercalated in
the ternary complex. The active site was defined with a
6.5 Å radius based on indenoisoquinoline. DNA nucleo-
tides including G12, G11(+1), T10(�1), T9 on the scissile
strand and C112, A113, A114 on the non-scissile strand
were selected as heteroatoms for RDF file preparation.
After running FlexX, 30 docked conformers were dis-
played as a molecular spread sheet ranking the scores.
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Scheme 1. The synthesis of indenoisoquinolines.


Table 1. IC50 Cytotoxicity (lM) and top 1 activity of the compounds


No Compound R1 R2 A549 Col2 SNU-638 HL60 HT1080 Top 1a


1 8a H Me 77.64 >100 >100 76.7 >100 �
2 8c Me PMB >100 >100 >100 >100 >100 �
3 9b Me Me 25.06 99.3 18.7 >100 70.2 �
4 9c Me PMB 43.37 23.4 16.4 >100 31.7 �
5 10a H Me 60.67 67.4 16.4 6.0 11.4 �
6 10b Me Me 37.58 33.8 22.0 17.6 46.5 ++


7 10c Me PMB 18.46 69.8 19.8 >100 17.8 �
8 11b Me Me 49.35 61.1 14.0 18.3 38.6 ++


9 11c Me PMB 84.27 16.8 14.5 >100 42.2 �
10 2a H Me 2.58 4.90 7.40 1.70 5.80 �
11 2b Me Me 2.98 7.4 9.0 7.1 5.9 �
12 2c Me PMB 3.84 4.40 6.60 8.50 4.20 �
13 13 � � >100 >100 >100 >100 40.1 +


14 4 � � 0.85 1.43 1.68 10.4 9.6 ++++


15 Ellipticine � � 1.9 2.3 2.2 5.8 4.3 ntb


16 Camptothecin � � 0.069 0.045 0.098 0.018 0.080 ++++


a Activity is expressed semi-quantitatively as follows: �, very weak activity; ++, weak activity; ++++, similar activity as camptothecin.
bnt, not tested.
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We selected the conformer with the best total score
(�33.56) and speculated the detailed binding patterns
in the cavity. In our model, the ligand intercalated well

between the �1 and +1 bases, parallel to the plane of
the base pairs. In a previous study, camptothecin was
found stacked between the pyrimidine ring of T10 and







Figure 3. Superimposition of 4 (white), MJ238 of docked model


(green) and MJ238 of X-ray structure (red).


Figure 4. Docking model of 4.
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Figure 5. Structure of MJ-238.
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the purine ring of G11 in the minor groove. To validate
our docking model, the newly sketched and minimized
MJ238 was first docked using the defined RDF file and
then compared to the original complex structure of
MJ238 in 1SC7 as depicted in Figure 3. Our docked mod-
el (green) was almost identical to MJ238 (red) between
the �1 and +1 bases. The distances of carboxylates and
ketones between our docked structure and MJ238 were
2.063 and 0.754 Å, respectively, and their H-bonds with
Asn 352 and Arg 364 were also detected. Thus, com-
pound 4 was docked using the same confirmed RDF file
to obtain the reasonable model shown in Figure 3 (white)
and Figure 4. Compound 4 intercalated at almost the
same position as MJ238 between �1 and +1 bases with
positioning of the D ring toward the minor groove
(Fig. 5). We observed the p–p stacking interaction be-
tween the G11 purine and the B and C rings of ligand
4, and the T10 pyrimidine and A and B rings of 4. As
shown in the X-ray complex of MJ238, the ketone group
of 4 had H-bond with Arg 364. Interestingly, the ethy-

lenediamine group of 4 had H-bond with the oxygen in
the G11 ribofuranose, which could strongly block the
religation process. At this stage, we should mention that
the carbonyl group on the C ring is essential for H-bond
with Arg 364, and the flat plane of the ligand is advanta-
geous for intercalation with base pairs.


In summary, we have presented a novel radical cyclization
that allows efficient synthesis of indenoisoquinolines. The
dramatic enhancement of top 1 inhibitory activity of the
synthesized compounds could be explained by the FlexX
docking program. In order for ligands to show top 1 relax-
ation activity, they should stabilize the ternary DNA-top
1 cleavable complex through intercalations with base
pairs, as well as H-bond with the enzyme in the cleavage
site. The ethylenediamine group of 4 had a strong H-bond
with the G11 furanose in the scissile strand. This result
suggests that blocking the religation of the G11 hydroxyl
group could be the main design point for novel top 1
inhibitors. Further study on the binding modes is now
being carried out, the details of which will be reported in
due course.
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Abstract—Benzopyrans are selective estrogen receptor (ER) b agonists (SERBAs), which bind the ER subtypes a and b in opposite
orientations. Here we describe structure–activity relationship studies that led to the discovery of bezopyran 5b. X-ray crystal struc-
tures of 5b and a non-selective analog 5c in ERa help explain the observed selectivity of the benzopyran platform.
� 2007 Elsevier Ltd. All rights reserved.

Estrogen activity is mediated by two members of the ste-
roid nuclear hormone receptor family, ERa and ERb.
They function as ligand-activated gene transcription fac-
tors and mediate a number of important physiological
processes with the classical receptor, ERa, being most
important for development and regulation of the female
reproductive system as well as maintenance of the skel-
etal and cardiovascular systems. It is possible to develop
synthetic estrogens that have tissue type selectivity.1


These selective ER modulators (SERMs), such as
raloxifene, act as agonists in some tissues such as bone,
liver, and cardiovascular, while behaving as antagonists
in others such as uterus and breast. The origin of tissue
selectivity is complex and not completely understood,
but is most likely due to the interaction of ligand bound
receptor with a wide array of cofactors, coactivators and
corepressors, which in concert with the receptor mediate
gene transcription. ERb, which was discovered in 1996,
adds another layer of complexity to our understanding
of estrogen physiology.2 While ERa is expressed in
nearly all tissues of both sexes, ERb is expressed in the
ovaries, uterus, and oviduct of the female reproductive
tract but not in breast tissue; while in males, ERb is
expressed in the prostate and epididymis but not in the
testes.3
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Over the last decade several groups have developed ERb
selective ligands using structure based design methods
along with inspiration from the well-known ERb-selec-
tive isoflavone phytoestrogens daidzein (1) and genistein
(2).4 All of these ligands have in common two phenols
which bind to the Glu-Arg-water triad at one end of
the ERb receptor binding pocket and His475 at the
other end (Fig. 1).5 These two critical features of the
ERb pharmacophore (3) require a separation of the phe-
nol oxygen atoms by a distance of about 10–12 Å
(roughly 10 atoms). The benzopyran scaffold (4) served
as an excellent starting point to build ERb selective
ligands because the benzopyran substructure provides
a rigid platform with a distance between the phenol
oxygens of 11.9 Å. This distance positions the phenol
oxygen atoms between the genistein distance of 12.2 Å
and the estradiol distance of 10.9 Å. Herein we describe
structure–activity relationship studies that led to the
discovery of benzopyran 5b as a selective estrogen
receptor b agonist (SERBA).6


The unadorned benzopyran 4a was prepared as
described in Scheme 1. Base catalyzed condensation of
4-(methoxymethoxy)-benzaldehyde (7) and 2-hydroxy-
5-(methoxymethoxy)-acetophenone (6) gave 4 0,6-
dihydroxyflavanone 8. The ketone of 8 was reduced by
catalytic hydrogenation over Pd/C to give the corre-
sponding MOM-protected 4 0,6-flavandiol 9, which was
then deprotected under acidic conditions to give the
desired benzopyran 4a.
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The synthesis of the cyclopentane analog 5b was
described in part 1 of this series.6 The key step of the
synthesis was a reductive cyclization, which provided
the corresponding racemate 4b with excellent diastere-
oselectivity for the all syn diastereomer (Reaction a,
Scheme 2). This same route was used to prepare analogs
of 4a with cycloalkyl rings fused at the C3 and C4 posi-
tions of the benzopyran scaffold. The synthesis of the 5-
OH analog 4c followed the same route and is described
in Scheme 2. MOM-protected resorcinol 10 was lithiat-
ed, followed by transmetallization to the corresponding
aryl zinc, which was subjected to Palladium-mediated
Negishi cross coupling with the cyclopentyl vinyl triflate
116 to give cyclopentene 12. Palladium catalyzed hydro-
genation of the olefin in 12 gave exclusively the cis-ste-
reochemistry in cyclopentane 13. The methyl ester of
13 was converted to the Weinreb amide 14. Addition
of aryllithium 15 to Weinreb amide 14 provided aryl
ketone 16. Deprotection and cyclization of 16 was
accomplished in a one pot sequence: treatment with tol-
uenesulfonic acid, followed by the addition of sodium
cyanoborohydride under acidic conditions (monitoring
pH with bromocresol green) favored benzopyran 4c
with the all cis-stereochemistry.


The reductive cyclization route described in Scheme 2
supported the syntheses of the 3,4-cycloheptane-fused
benzopyran 4d as well as several other phenol isomers
of 4b (Scheme 3). Enol triflate 19 was prepared from
commercially available methyl 2-oxo-1-cycloheptane-
carboxylate (18) and then carried through the reductive
cyclization route to provide cycloheptane-fused benzo-
pyran 4d. MOM-protected 4-bromoresorcinol 21 was

lithiated and then coupled to cyclopentyl vinyl triflate
11 to give cyclopentene 22. Cyclopentene 22 was then
carried through the reductive cyclization route to pro-
vide 4 0,7-flavandiol 4e. Phenyl lithium was added to
Weinreb amide 236 to give aryl ketone 24. In like man-
ner, lithium–halogen exchange on MOM-protected
3-bromophenol 26 followed by addition to Weinreb
amide 23 gave aryl ketone 27. Both of these aryl ketones
were then carried through the reductive cyclization route
to provide 6-flavanol 4f and 3 0,6-flavandiol 4g.


The 3,4-cyclohexane-fused benzopyran 4h and the 4 0-flav-
anol analog 4i were prepared using the Pechmann Con-
densation Route described in Scheme 4. Hydroquinone
(29) was condensed with ethyl 2-cyclohexanonecarboxy-
late (30) in 80% H2SO4 to give 6-hydroxycoumarin 31.
The hydroxyl group of 31 was protected as its TBS-ether
to give 32. The d-lactone of 32 was reduced with DIBAL-
H to the corresponding lactol, which was then opened
with aryllithium 33 to give the styryl-benzyl alcohol 34.
The TBS-protecting groups on 34 were removed using
TBAF. When this deprotection reaction was acidified
with TFA, the styryl-benzyl alcohol was displaced by
the proximal phenol to give 2H-benzopyran 35. The al-
kene of 35 was reduced with hydrogen over Pd/C to give
3,4-cyclohexane-fused benzopyran 4h. In like manner
methyl 2-oxocyclopentanecarboxylate (36) was con-
densed with hydroquinone (29) in 80% H2SO4 and then
carried through the same reaction sequence to give 4 0-flav-
anol analog 4i.


As shown in Tables 1 and 2, benzopyrans 4a–i were
evaluated for their ability to bind estrogen receptors
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Table 1. Cycloalkyl ring SAR: ERa and ERb binding data


O


OH


OH


O


OH


OH


n3


4


4b-d4a


Compound n ERbb (nM) ERab (nM) Ratio


4a 20.8 ± 4.3 126 ± 82 6


4b 1 0.47 ± 0.18 4.34 ± 3.1 9


4h 2 0.63 ± 0.46 2.88 ± 2.9 5


4d 3 0.88 ± 0.38 6.11 ± 2.8 7


aAll compounds are racemic.
b Ki values are means of at least two determinations ±SD.


Table 2. Phenol isomer SAR: ERa and ERb binding data


O


R
1


R
2


5


7
2'


5'


6


4'4e-i


Compound R1 R2 ERbb (nM) ERab (nM) Ratio


4b 6-OH 4 0-OH 0.47 ± 0.18 4.34 ± 3.1 9


4f 6-OH H 51 ± 11 267 ± 112 5


4g 6-OH 3 0-OH 18.5 ± 7.4 65 ± 31 4


4i H 4 0-OH 22.1 ± 7.3 40 ± 27 2


4c 5-OH 4 0-OH 0.66 ± 0.08 0.35 ± 0.04 0.5


4e 7-OH 4 0-OH 18.9 ± 1.6 41 ± 17 2


aAll compounds are racemic.
b Ki values are means of at least two determinations ±SD.


T. I. Richardson et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3570–3574 3573

alpha and beta. As can be seen in Table 1, fusing a
cyclopentane ring to the 3,4-positions of benzopyran
4a dramatically improved binding affinity and afforded
a compound (4b) with 9-fold selectivity for ERb over
ERa. Increasing the ring size to cyclohexane (4h) or
cycloheptane (4d) did not improve ERb binding potency
over 4b. Since these two larger ring derivatives were
slightly less selective for ERb we chose to carry out phe-
nol isomer SAR studies with the cyclopentane ring in
place (Table 2). Removal of the hydoxyl group from
the pendant 4 0-aryl ring (4f) resulted in a 60-fold and a
100-fold loss in binding affinity for ERa and ERb,
respectively, demonstrating the importance of this phe-
nol in the ER pharmacophore.7 Compounds 4b and 4g
demonstrate that the 4 0-position is optimal because

when moved to the 3 0-position there is a 39-fold loss
in binding affinity for ERb. Removal of the hydroxyl
group from the 6-position on the benzopyran ring (4i)
also reduced binding affinity but not as dramatically
(47-fold vs 100-fold) as compared to the 4 0-position.
Moving the benzopyran hydroxyl group from the 6-po-
sition (4b) to the 5-position (4c) maintained potency at
ERb but increased potency at ERa, resulting in com-
plete loss of selectivity. Placing the hydroxyl group in
the 7-position resulted in a loss of affinity at both recep-
tors and gave a compound (4e) that was only 2-fold
selective for ERb.
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In order to better understand the basis for binding selec-
tivity we investigated the binding interactions that the
non-selective benzopyran 4c forms with ERa (Fig. 2).
We have already reported the cocrystal structures of
SERBA-1 (5b), the more potent enantiomer of benzopy-
ran 4b, with both ERa and ERb.6 The data indicate that
SERBA-1 binds to both receptors with its D-ring phenol
interacting with the hydrogen bond network of the Glu-
Arg-H2O triad, while the A-ring phenol interacts with
His-524 in ERa or the corresponding His-475 in ERb.
Although the phenols bind in the same places within
the binding pocket, the orientation of the benzopyran
scaffold is rotated by 180� on the bisphenol axis. The
positions of the A-ring phenol are also shifted with
respect to the histidines. The rotated binding orienta-
tions and shifted phenol positions result in slightly dis-
rupted binding interactions within the ERa pocket
compared to ERb and thus conferring selectivity for
ERb. The enantiomers of 4c were separated by chiral
chromatography (Chiralpak AD, 80% heptane-isopro-
panol). The more potent enantiomer 5c was cocrystal-
lized with ERa. Figure 2 shows an overlay of this
structure with that of 5b and ERa. As can be seen, mov-
ing the phenol from the 6-position (5b) to the 5-position
(5c) compensates for the shift in position of the A-ring
phenol with respect to His-524. As a result benzopyran
5c is able to form a better hydrogen bond to the histidine
compared to benzopyran 5b. Thus, the affinity to ERa is
increased and selectivity for ERb is diminished. Atomic
coordinates for ERa complexed with benzopyran 5c

have been deposited in the Protein Data Bank with
accession code 2POG.


In conclusion, we were able to increase the binding affin-
ity and selectivity of the benzopyran scaffold by fusing a
fourth ring at the 3,4-carbon positions of 4a. A cyclo-
pentane ring was marginally optimal compared to the
cyclohexane and cycloheptane rings. We demonstrated
that both phenols were critical for affinity. The position-
ing of the phenols was important for both affinity and
selectivity. The 5-OH isomer 4c was equipotent com-
pared to the 6-OH isomer 4b at ERb but was non-selec-
tive. Cocrystal structures of 5b and 5c, the more potent
enantiomers of 4b and 4c, revealed that moving the hy-
droxyl to the 5-position compensates for the shift in the
position of the A-ring with respect to His-524 and allows
the formation of a better hydrogen bond. Attempts to
increase the selectivity of the benzopyran scaffold will
be disclosed in subsequent papers.

References and notes


1. (a) McDonnel, D. P.; Norris, J. D. Science 2002, 296, 1642;
(b) Katzenellenbogen, B. S.; Katzenellenbogen, J. A. Science
2002, 295, 2380; (c) Jordan, V. C. J. Med. Chem. 2003, 46,
883.


2. (a) Mosselman, S.; Polman, J.; Dijkema, R. FEBS Lett.
1996, 392, 49; (b) Kuiper, G. G.; Enmark, E.; Pelto-
Huikko, M.; Nilsson, S.; Gustafsson, J. A. Proc. Natl.
Acad. Sci. U.S.A. 1996, 93, 5925.


3. Couse, J. F.; Lindzey, J.; Grandien, K.; Gustafsson, J.-A.;
Korach, K. S. Endocrinology 1997, 138, 4613.


4. (a) Ullrich, J. W.; Miller, C. P. Expert Opin. Ther. Pat.
2006, 16, 559; (b) Wallace, O. B.; Richardson, T. I.; Dodge,
J. A. Curr. Top. Med. Chem. 2003, 3, 1663; (c) Miller, C. P.
Curr. Pharm. Des. 2002, 8, 2089.


5. (a) Brzozowski, A. M.; Pike, A. C.; Dauter, Z.; Hubbard, R. E.;
Bonn, T.; Engstrom, O.; Ohman, L.; Greene, G. L.; Gustafs-
son, J. A.; Carlquist, M. Nature 1997, 389, 753; (b) Pike, A. C.;
Brzozowski, A. M.; Hubbard, R. E.; Bonn, T.; Thorsell, A. G.;
Engstrom, O.; Ljunggren, J.; Gustafsson, J. A.; Carlquist, M.
EMBO J. 1999, 18, 4608; (c) Manas, E. S.; Xu, Z. B.; Unwalla,
R. J.; Somers, W. S. Structure 2004, 12, 2197.


6. (a) Norman, B. H.; Dodge, J. A.; Richardson, T. I.;
Borromeo, P. S.; Lugar, C. W.; Jones, S. A.; Chen, K.;
Wang, Y.; Durst, G. L.; Barr, R. J.; Montrose-Rafizadeh, C.;
Osborne, H. E.; Amos, R. M.; Guo, S.; Boodhoo, A.;
Krishnan, V. J. Med. Chem. 2006, 49, 6155; (b) WO
2003044006.


7. Grese, T. A.; Cho, S.; Finley, D.; Godfrey, A. G.; Jones, C.
D.; Lugar, C. W.; Martin, M. J.; Matsumoto, K.; Penning-
ton, L. D.; Winter, M. W.; Adrian, M. D.; Cole, H. W.;
Magee, D. E.; Phillips, D. L.; Rowley, E. R.; Short, L. L.;
Glasebrook, A. L.; Bryant, H. U. J. Med. Chem. 1997,
40, 146.





		Benzopyrans as selective estrogen receptor  beta  agonists (SERBAs). Part 2: Structure - activity relationship studies on the benzopyran scaffold

		References and notes








Bioorganic & Medicinal Chemistry Letters 17 (2007) 3793–3797

Design, synthesis, and binding studies of bidentate Zn-chelating
peptidic inhibitors of glyoxalase-I


Swati S. More and Robert Vince*


Center for Drug Design, Academic Health Center, and Department of Medicinal Chemistry, College of Pharmacy,


University of Minnesota, 8-123A WDH, 308 Harvard Street SE, Minneapolis, MN 55455, USA


Received 11 November 2006; revised 12 December 2006; accepted 13 December 2006


Available online 21 December 2006

Abstract—The known affinity of ethyl acetoacetate (ACC) toward divalent zinc prompted us to attempt its employment as a che-
lating moiety in the design of glyoxalase-I inhibitors. A practical synthetic route was developed to incorporate this pharmacophore
into the side chain of glutamic acid, with flexibility to allow incorporation of additional functionality at the end-stage of the syn-
thesis. Herein, the details of this synthetic approach as well as the evaluation of the resultant b-keto ester compounds are reported.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Glyoxalase pathway.

Substantial experimental evidence exists for the inhibito-
ry effect of endogenous a-ketoaldehydes on cell growth.1


Methylglyoxal, one of the simplest a-ketoaldehydes, is
formed by the non-enzymatic and enzymatic fragmenta-
tion of dihydroxyacetone phosphate and glyceraldehyde
3-phosphate2,3 and the catabolism of threonine.4 But the
therapeutic use of a-ketoaldehydes as potential antican-
cer agents is limited due to their detoxification to the
corresponding aldonic acids by the glyoxalase system.
This enzyme system requires reduced glutathione be-
cause the hemithioacetal formed non-enzymatically
from reduced glutathione and a-ketoaldehyde is the sub-
strate for glyoxalase-I and is further converted to DD-lac-
tic acid by glyoxalase-II (Fig. 1).5


The major protective role played by the glyoxalase en-
zyme system prompted us to put forward a hypothesis
that glyoxalase-I (Glx-I) inhibitors could be potential
anticancer agents.6 This was confirmed later through
the development of numerous competitive and transi-
tion state analog inhibitors of Glx-I. The initial design
of competitive inhibitors was based on taking advantage
of the deep hydrophobic pocket in the active site of Glx-
I. A large number of S-substituted alkylglutathiones7


were synthesized; our S-p-bromobenzylglutathione (1)8


being the most active amongst them. Further, the devel-
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opment of the enediol(ate) transition state mimics, S-(N-
aryl-N-hydroxycarbamoyl)glutathiones (3), by Creigh-
ton and Murthy9,10 started a new era of more potent
tight-binding Glx-I inhibitors. Enhanced potency was
due to possible chelation of the hydroxamate
function with the divalent zinc in the active site. But
the therapeutic use of these inhibitors as anticancer
agents was precluded because of their charged nature,
which limited their penetration inside cells and lability
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to c-glutamyltranspeptidase-mediated cleavage that led
to their inactivation. The utilization of diester prodrugs
of our S-p-bromobenzylglutathione inhibitor by Lo and
Thornalley11 overcame the cell-penetration problem. We
recently reported upon the metabolic stability and inhib-
itory potency of a urea-isostere containing analog (4)
(Fig. 2) of these tight-binding inhibitors.12


Recently, we developed a potent, tight-binding carbo-
analog13 of hydroxamate based transition state inhibitor
3, compound 5 (Ki = 6.17 nM), and synthesized its met-
abolically stable analog 6 (Ki = 32.6 nM) (Fig. 2) which
retained the inhibitory potency. The bioactivity of this
series of compounds proved that the presence of sulfur
is inconsequential to the ability of these glutathione ana-
logs to inhibit Glx-I. Abolishing the Glx-II substrate
similarity of these molecules would be expected to im-
prove their in vivo stability against the hydrolysis of
the thioester function, which is mediated by Glx-II.
Removal of the sulfur atom also drastically reduced
the synthetic complexity, thus facilitating further struc-
tural explorations.


The hydroxamate link, however, remained a foible that
could render futile the aforementioned improvements.
Although a strong ligand for zinc, this hydroxamide link
is quite susceptible to hydrolytic breakdown. Indeed, the
poor pharmacokinetics of hydroxamate-based enzyme
inhibitors have plagued drug-development efforts in
many an instance. We therefore deemed worthwhile
the search for an alternative zinc-chelating group that
would be more stable and also be amenable to substitu-
tions for carrying out SAR at the hydrophobic substitu-
ent. The full 4s orbital and an empty 4p orbital of zinc
allow for two covalent and two dative-coordinate
bonds. As a consequence, Zn(II) salts (zinc chloride
and zinc acetate) are known to form stoichiometric com-
plexes with bidentate ligands.14 In glyoxalase-I, Glu99
and Glu172 fulfill the covalent bonds, while two water
molecules co-ordinate to this ion.15 We sought to test
the possibility of displacing the two water molecules
by an ethyl acetoacetate (ACC)-like bidentate ligand
(Fig. 3). ACC has been known to form stable complexes
with divalent zinc, some of them being robust enough to
be utilized as stabilizers in vinyl halide polymers.14 Our
choice of ACC was also based on the potential ease in
variation of the terminal alkyl substituent. The initial

targets chosen were 7, the methyl ester analog, and 8,
with the p-bromobenzyl substituent.


Synthesis of 7 is outlined in Scheme 1. EDC/HOBt-med-
iated coupling of the commercially available Boc-LL-
Glu(OBn)-OH with glycine t-butyl ester (as the HCl
salt) afforded the dipeptide 10. Selective removal of the
Boc-function of dipeptide 10 in presence of the t-butyl
ester was achieved by following the protocol of Hruby16


(4 N HCl/dioxane at 0 �C). Amine 11 thus obtained was
coupled to Boc-LL-Glu(OH)-OtBu (19) to obtain the tri-
peptide 12 in 84% yield. Compound 19 was prepared
in four steps from LL-glutamic acid. Regioselective side-
chain methyl-esterification of glutamic acid 15 was
achieved using chlorotrimethylsilane in methanol.17


Amino acid 16 thus obtained was subjected to Boc
protection using di-tert-butyl dicarbonate and t-butyl
esterification of the carboxylic acid using t-BuOH/
DCC-DMAP to obtain the orthogonally protected
glutamic acid derivative 18. Finally, hydrolysis of the
side-chain methyl ester by lithium hydroxide gave the
acid Boc-LL-Glu(OH)-OtBu (19).


Hydrogenolysis of the tripeptide 12 caused its quantita-
tive conversion to the free acid 13. Assembly of the b-ke-
to ester18 functionality was achieved by in situ
conversion of acid 13 to its imidazolide with carbonyl
diimidazole (CDI), and subsequent treatment with the
Mg2+-enolate of potassium monomethyl malonate to re-
sult in the formation of b-keto methyl ester precursor
14. Global deprotection of protected b-keto ester 14
by treatment with trifluoroacetic acid lended us the title
compound 7.19


However, the same strategy was found to be inapplica-
ble to the synthesis of b-ketobenzyl ester 8 (Scheme 2).
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We were unable to achieve a mono-hydrolysis of di(4-
bromo)-benzyl malonate to the desired potassium
mono-(4-bromo)-benzyl malonate (21) in reasonable
reaction times and yields. A faster and higher yielding
(83%) method was the acylation of p-bromobenzyl alco-
hol by Meldrum’s acid, followed by neutralization of the
product with potassium hydroxide.20 In contrast to the
facile acylation observed during the synthesis of 14,
when the Mg2+-enolate of 21 was treated with the imi-
dazolide of 13, imide 22 was isolated as the major prod-

uct. This was thought to have happened because of the
slower attack of the enolate of 21 relative to the Lewis
acid (Mg2+), catalyzed cyclization. In order to sidestep
this facile ring-closure, we first acylated Meldrum’s acid
with the DCC-activated derivative of 13, presumably
forming 23 in situ, followed by addition of p-bromoben-
zyl alcohol and refluxing the reaction in benzene21 for 3
hours to give 24 in a gratifying 42% yield. Global depro-
tection of 24 by treatment with trifluoroacetic acid gave
the second target compound 8.22







Figure 4. Predicted binding conformations of b-keto esters 7 (left) and 8 (right) in the glyoxalase I active site.
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The b-ketoesters 7 and 8 were examined for their ability
to inhibit yeast glyoxalase-I. Initial rates of the enzymat-
ic reaction were measured by following the increase in
absorption at 240 nm in 0.05 M phosphate buffer (pH
6.6). Methylglyoxal, GSH, inhibitor, and buffer were
then added to the cell and allowed to equilibrate at
30 �C for 6 min (to allow formation of the hemimercap-
tal) before addition of the enzyme. The concentrations
of the hemimercaptal were calculated using the dissocia-
tion constant, 3.1 · 10�3 M, as previously determined
for this equilibrium reaction.8 Analysis of the enzyme
kinetics showed that b-ketoesters were competitive
inhibitors of Glx-I, with Ki values of 112.44 ±
36.23 lM for 7 and 66.88 ± 22.84 lM for 8. The Km


for the hemimercaptal, the Glx-I substrate, was
0.5 mM, which is in close agreement with the literature
value.23


The very fact that compounds 7 and 8 were inhibitors of
Glx-I signifies that the novel b-ketoester function does
hold potential in the design of inhibitors for this enzyme.
We then began investigating lowered potency of these
inhibitors when compared to the hydroxamates. One
way would be to predict in silico the binding conforma-
tion. X-ray crystallographic data on human glyoxalase-I
complexed with S-(N-hydroxy-N-p-iodophenylcarba-
moyl)glutathione have been reported by Cameron
et al.15 This was used as the starting point for the dock-
ing of our inhibitors. Glide, as implemented in the Mae-
stro software, was used for this docking. Validation of
this docking was obtained by docking the original li-
gand, S-(N-hydroxy-N-p-iodophenylcarbamoyl)gluta-
thione, in Glx-I active site. RMSD of 0.8810 Å
between docked and crystallographically determined
conformation of this ligand validated the reliability of
our docking protocol. When compound 7 was docked
in the Glx-I active site (Fig. 4), the tripeptide backbone
overlaid perfectly with the original ligand in the X-ray
crystal structure. The glutamine terminal showed the
carboxylate forming a salt bridge interaction with
Arg37, Arg122 and hydrogen bonding with carboxam-
ide protons of Asn103. The amino terminus is also in-
volved in hydrogen bonding with carboxamide oxygen
of Asn103. The carboxylate oxygens of the glycine resi-
due are within hydrogen-bonding distance of the main-
chain nitrogens of Met157 and Lys156. The Oe1 atom
of Glu99 and the Ne2 atom of His126 as well as the b-ke-
to ester functionality form the coordination sphere of

the zinc metal. However, a hydrophobic substituent to
fill the large hydrophobic pocket in the glyoxalase active
site was lacking, which could explain the relatively high
Ki.


Docking of compound 8 showed similar interactions of
the b-keto ester functionality with the zinc ion (Fig. 4).
Though it had the advantage of having a p-bromobenzyl
substituent to fill the large hydrophobic pocket, the
positioning of this substituent was found to be in colli-
sion with the surface of the enzyme. A slight increase
in the number of atoms as compared to compounds 5
and 6 is probably responsible for the displacement of
the tripeptide backbone from its ideal position. Thus,
the inability of 8 to drastically improve upon 7 may stem
in part from the inaccurate spatial orientation of its
hydrophobic substituent. In addition, a reviewer cited
the lower ability of the b-ketoester function to coordi-
nate zinc as a reason for decreased activity.


In summary, we have identified the b-ketoester function
as a possible zinc-chelating component of Glx-I inhibi-
tors. We have also overcome the key problems in the
construction of b-ketoester analogs of glutathione. Our
final synthetic approach should be amenable to the
introduction of a large number of substituents at the
hydrophobic portion. The results of docking indicate
that the b-ketoester function does coordinate to zinc,
but the placement of the hydrophobic substituent might
be inaccurate. Subsequent design and synthesis efforts
are currently in progress to improve upon the potency
of these inhibitors through correct placement of the
hydrophobic substituent.
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Abstract—We report here new chemical series acting as antagonists of melanin-concentrating hormone receptor 1 (MCHR-1). Syn-
thesis and structure–activity relationships are described leading to the identification of compounds with optimized in vitro pharma-
cological and in vitro ADME profiles. In vivo activity has been demonstrated in animal models of food intake and depression.
� 2007 Elsevier Ltd. All rights reserved.

Melanin-concentrating hormone (MCH) is a cyclic, 19-
amino acid peptide, highly conserved in sequence among
vertebrates. It is synthesized in cell bodies in the lateral
hypothalamus and zona incerta of the central nervous
system (CNS).1 Considerable evidence suggests the
involvement of MCH and one of its G-protein-coupled
receptors (MCHR-1) in a variety of physiological pro-
cesses such as the regulation of food intake and energy
metabolism, stress and anxiety syndromes.2 Intracere-
broventricular (icv) administration and chronic infu-
sions of MCH in rodents stimulate feeding behaviour
and result in hyperphagia and obesity.3,4 Transgenic
mice overexpressing MCH show obesity and resistance
to insulin.5 In contrast, targeted disruption of the
MCH gene in mice (mch�/�) results in a lean phenotype
due to hypophagia and increased metabolic rate,6 and
MCHR-1 deficient mice (mch1r�/�) are lean with de-
creased fat mass.7 In addition, central administration
of MCH in rats induces anxiety,8 and injection of
MCH into the nucleus accumbens shell of rats increases
their immobility in a forced swimming test (FST), sug-
gesting enhanced depressive behaviour.9 Therefore,
pharmacological blockade at MCHR-1 appears as a
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promising approach for the treatment of obesity and
several mood disorders.


Since the molecular characterization of MCHR-1 in
1999,10 an important structural diversity of small molec-
ular weight drug-like MCHR-1 antagonists has been
produced.11 Several MCHR-1 antagonists have been
reported to induce hypophagia and weight loss in
rodents after single or multiple ip and/or po administra-
tions.12 In addition, some MCHR-1 antagonists have
been reported to produce effects similar to clinically used
antidepressants and anxiolytics in different animal mod-
els of depression and anxiety.13 Some MCHR-1 antago-
nists also demonstrated efficacy in rat models of urinary
incontinence.14 We report here novel hydantoin-con-
taining chemical series, acting as MCHR-1 antagonists
and significantly active in both rodent models of food
intake and depression.


Many of the previously reported MCHR-1 antagonists,
like those highlighted in Figure 1 (1,15 2,16 317 and 418),
show closely related chemical structures suggesting a
pharmacophore model where a hydrophobic moiety is
linked to a basic amine through a hydrogen-bond accep-
tor linker (amide or urea) and a nonspecific spacer.
Using the rhodopsin structure as a template of the trans-
membrane helical region of MCHR-1, the carbonyl
present in the linker was proposed to be involved in a
key interaction inside the MCHR-1 binding site, by
forming a hydrogen bond with the side chain of
Gln325 located on helix 6.17 A presumed interaction
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Figure 1. Examples of MCHR-1 antagonists.


Scheme 1. Reagents and conditions: (a) 1-Pyrrolidinyl-CH2CH2ClÆ
HCl, K2CO3, H2O, DMF, 80 �C (81%); (b) H2, 10% Pd/C, EtOH, rt,


1 atm (95%); (c) AmCOCl, CH2Cl2, NEt3, rt or AmCO2H, TBTU, HOBT,


DMF, rt (82–95%); (d) Am–NH2, CDI, THF, rt (75–87%); (e) Am–NH2,


ThioCDI, THF, rt (77–85%).
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between the basic amine and Asp123 located in the third
transmembrane domain of MCHR-1 was also
reported.19


In order to identify new chemical series acting as
MCHR-1 antagonists, different hydrogen-bond acceptor
linkers were explored. According to the pharmacophore
model mentioned above, the chemical structures of
MCHR-1 antagonists drawn in Figure 1 were divided
in three regions: the western hydrophobic region A,
the central hydrogen bond acceptor region B and the
eastern region C, gathering the nonspecific spacer and
the basic amine. In a combinatorial approach, we de-
signed several ‘Am–Bn–Cp’ molecules by coupling two
hydrophobic western parts (biphenyl A1 and 4-phenoxy-
phenyl A2) to different hydrogen-bond acceptor linkers
and the eastern part C1 of compound 2 (Fig. 2).


The methods followed to prepare the different ‘A1–Bn–C1’
and ‘A2–Bn–C1’ molecules where Bn is either an amide
(B1), urea (B2), thiourea (B3), 1-amino-thiazole (B4) or
hydantoin ring (B5 and B6) linker are outlined below
(Schemes 1–4). The target compounds 8a, 8b, 9a, 9b,
10a and 10b were prepared by the route described in
Scheme 1: 1-chloro-2-N-pyrrolidinyl-ethane reacted with
4-nitro-2-methoxyguiacol to form ether 6. Reduction of
this material by catalytic hydrogenation over palladium/
carbon in ethanol at room temperature and atmospheric

Figure 2. Combinatorial approach to identify new MCHR-1 antagonists.

pressure afforded aniline 7. This key intermediate was
used to form amides 8a and 8b by reaction with the cor-
responding acyl chlorides in dichloromethane in the
presence of triethylamine, or by reaction with the corre-
sponding carboxylic acids using TBTU in DMF. Aniline







Scheme 2. Reagents and conditions: (a) Ethyl-glyoxolate (50% in


toluene), Na2SO4,, 1,2 dichloroethane, 60 �C, 16 h, then H2, 10% Pd/C,


EtOH, rt, 1 atm (70%); Am–NCO, CH2Cl2, TEA (39–52%).


Scheme 3. Reagents and conditions: (a) Am–NH2, K2CO3, CH3CN,


80 �C (67–79%); (b) 7, CDI, THF, rt (75–87%); (c) EtONa, EtOH


(57–74%).


Scheme 4. Reagents and conditions: (a) ThioCDI, NH3 gas, CH2Cl2,


rt (85%); (b) Br2, Et2O (83–90%); (c) EtOH, reflux (65–82%).


Table 1. Affinities of ‘Am–Bn–C1’ molecules for MCH-R1a


Compound Am Bn MCH-R1 Ki
b (nM)


1 — — 38


8a A1 B1 25


8b A2 B1 82


9a A1 B2 260


9b A2 B2 101


10b A2 B3 1090


12a A1 B5 415


12b A2 B5 164


16a A1 B6 >5000


16b A2 B6 365


20b A2 B4 1000


a All compounds were >95% pure by HPLC and characterized by 1H


NMR and LCMS. All values are mean values ± SEM (n P 2).
b Displacement of [125I][Phe13, Tyr19]-MCH from human recombinant


MCHR-1 expressed in CHO cells (Kd = 1 nm).
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7 was also converted into urea 9a and 9b and thiourea
10a and 10b by reaction with the corresponding aniline
Am–NH2 directly using carbonyldiimidazole or thiocar-
bonyl-diimidazole in THF.


Hydantoin analogues 13a and 13b were prepared in
three steps from aniline 7 (Scheme 2). The latter reacted
with ethyl 2-bromo-acetate to form a-amino-ester inter-
mediate 11. This material was added to the correspond-
ing isocyanates Am–NCO to give compounds 12a and
12b.


Similarly, hydantoin analogues 16a and 16b were pre-
pared in three steps starting from the corresponding ani-
lines Am–NH2 (Scheme 3). a-Amino-esters 14a and 14b

were prepared by nucleophilic displacement of ethyl
2-bromo-acetate 13 in the presence of potassium
carbonate in acetonitrile. These intermediates were fur-
ther converted into ureas 15a and 15b by reaction with
aniline 7 in the presence of carbonyldiimidazole in THF.
Cyclization was then conducted in the presence of sodium
ethoxide in ethanol to yield compounds 16a and 16b.


Compounds 20a and 20b were prepared in three steps
from aniline 7 and the two methyl-ketones Am–COCH3


18a and 18b (Scheme 4). First, thiourea 17 was prepared
from aniline 7 and thiocarbonylimidazole by condensing
ammonia. Bromination of methyl-ketones 18a and 18b
was performed with bromine in diethyl ether to give a-
bromo-methyl-ketones 19a and 19b. These intermediates
reacted with thiourea 17 to afford the expected com-
pounds 20a and 20b, respectively.


The different ‘Am–Bn–C1’ molecules were then evaluated
for binding to the MCHR-1 and compared to com-
pound 1 (Table 1). Amide analogues 8a and 8b appeared
to be the most potent compounds (Ki < 100 nM) when
compared with compound 1 (38 nM). Interestingly,
compound 12b showed, for MCHR-1, a moderate affin-
ity (Ki = 164 nM), but a good selectivity (Ki for MCHR-
2 > 10 lM). In addition, antagonism behaviour of 12b
was demonstrated in a MCH mediated calcium release
assay in recombinant CHO cells stably expressing
human MCHR-1. The specificity profile of 12b was
assessed by analyzing the binding of the compound to
a panel of 75 receptors, ion channels and transporters.20


Profile analysis demonstrated that 12b displayed a
significant affinity for the 5-HT2a receptor
(Ki = 330 nM), the 5-HT2c receptor (Ki = 880 nM) and
the muscarinic M4 receptor (Ki = 370 nM).


We hypothesized that the eastern region C1 of com-
pound 12b (A2–B5–C1 molecule) was primarily responsi-
ble for its high affinity for serotonin receptors. New
hydantoin analogues (A2–B5–Cp molecules) were de-
signed and screened in silico onto predictive binding
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models towards 5-HT2a and 5-HT2c receptors. Benzyl-
idene derivative 21 was identified as a promising virtual
hit built on a more constrained scaffold.


Figure 3 reports overlays of two conformations of com-
pound 12b and compound 21 suggesting that the basic
amine (pyrrodinyl group) should fit into the same region
inside MCHR-1 binding site.


Compound 21 was prepared in five steps from ethyl isoc-
yanatoacetate 22 (Scheme 5). The latter reacted with
4-phenoxy-aniline to form urea 23 which can be further
transformed into hydantoin 24 under alkaline condi-
tions. 4-Diethoxyethylbenzaldehyde could react with
compound 24 under Knoevenagel conditions to give

Figure 3. Conformation overlays of compound 12b and compound 21.


Scheme 5. Reagents and conditions: (a) 4-phenoxy-aniline, CH2Cl2, rt


(94%); (b) NaOH, EtOH, rt overnight, then HCl concd, H2O, reflux


(93%); (c) 4-diethoxymethylbenzaldehyde, EtOH, MgSO4, pyrrolidine


(46%); (d) HCl (1 N), 2 h, 50 �C (92%); (e) NHR1R2, Na2SO4,


BH(OAc)3, CH2Cl2, rt, overnight (3–68%).

benzylidene intermediate 25. Interestingly, only the for-
mation of the Z-isomer was observed as evidenced by
NMR. The 1H NMR chemical shifts of the N-methyl
analogue of 25, formed by stirring the latter with methyl
iodide under alkaline conditions, were compared to its
E-diastereoisomer prepared directly from 1-(4-phen-
oxy-phenyl)-3-methyl-hydantoin under similar Knoeve-
nagel conditions.21 Hydrolysis of the diethylacetal
group of 25 gave the corresponding aldehyde which
could be converted into compound 21 by reacting with
pyrrolidine in the presence of a reductive agent such as
triacetoxyborohydride.


Compound 21 was evaluated for binding to MCHR-1,
MCHR-2 and to the same panel of 75 pharmacological
targets. Compound 21 showed a high selectivity for
MCHR-1 versus MCHR-2 (Ki for MCHR-1 = 220 nm;
Ki for MCHR-2 > 10 lM) (Table 2). Only low affinity
was observed for serotonin receptors 5-HT2a
(Ki > 5 lM) and 5-HT2c (Ki > 10 lM). In fact, no signif-
icant activity (Ki < 500 nm) was found except for Ca2+


channel, LL-verapamil site (330 nm). Antagonism behav-
iour of 21 was also demonstrated in a MCH mediated
calcium release assay. In addition, compound 21 showed
a drug-like in vitro ADME profile, particularly a good
Caco-2 permeability (>60 nm/s) predicting a significant
absorption after oral administration.


Based on the improvements of the selectivity against off-
target receptors, a series of benzylidine derivatives was
prepared to potentially elicit improved affinity for
MCHR-1. Starting from compound 25, reductive ami-
nation reactions were performed using 11 different
amines (Scheme 5). Compound 26k obtained from
(+/�)-3-hydroxypyrrolidine showed the best affinity
(Ki = 176 nm) (Table 2).


In order to establish the therapeutic potential of these
series of MCHR-1 antagonists, the effects of compounds

Table 2. Structure–activity relationship found on the series of benzyl-


idene derivatives built around compound 21a


Compound NHR1R2 MCH-R1 Ki
b (nM)


21 Pyrrolidine 220


26a Cyclopentylamine >5000


26b Benzylamine >5000


26c Dimethylamine 341


26d Piperidine >5000


26e Hexahydroazepine 357


26f Morpholine >5000


26g 2-Dimethylaminoethylamine 707


26h 4-Acetyl-piperazine 2060


26i 4-Phenyl-piperazine >5000


26j 4-Benzyl-piperazine >5000


26k (+/�) 3-Hydroxypyrrolidine 176


a See Table 1, footnote a.
b See Table 1, footnote b.
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12b, 21 and 26k on food intake were assessed in over-
night fasted mice and compared to the anti-obesity drug,
sibutramine (Meridia�) (Fig. 4). All compounds tested
induced a significant reduction of food intake after acute
ip administrations at 30 mg/kg. Cumulative food intake
was, respectively, reduced by 51%, 41% and 47% relative
to vehicle controls, 3 h after injection of compounds
12b, 21 and 26k. In addition, antidepressant potential
of compound 21 was assessed in a forced swimming test
in mice. When compared to control animals treated by
vehicle, immobility duration measured 30 min after
administration of compound 21 (30 mg/kg, ip) was sig-
nificantly reduced. Indeed, in vivo effects of compound
21 (�57%) were comparable to the effect of a clinically
used antidepressant, imipramine (10 mg/kg ip; �58%).


Finally, acute toxicity of compound 21 and its effects on
general activity and behaviour were assessed based on a
modified Irwin’s method in mice.22 Compound 21
was given intraperitoneally to mice at 10, 30 and
100 mg/kg and comparisons were made with a vehicle
control group. No major side effect could be observed
while slight and transient prostration was noted within
the first 5 min after injection of the highest doses. How-
ever, potential risk of cardiac side-effects associated with
compound 21 was highlighted in a standard in vitro elec-
trophysiology assay on hERG K+ channel. When tested
at 1 lM, compound 21 induced a 73% current amplitude
inhibition.


In summary, we were able to design and to synthesize a
novel series of hydantoin-containing compounds, and
evaluate their potency as antagonists of MCHR-1.
SAR analysis showed that some compounds exhibited
activities below 200 nm. A rational chemical optimiza-
tion work was conducted to reduce off-target affinities
in order to minimize unexpected side-effects. This work
allowed the identification of compound 21, a lead mole-
cule significantly active in both rodent models of food
intake and depression. Further medicinal chemistry
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Figure 4. Effects of Sibutramine (10 mg/kg, ip), compound 12b (30 mg/


kg, ip), compound 21 (30 mg/kg, ip) and compound 26k (30 mg/kg, ip)


on cumulative food intake in overnight fasted mice. Results are


expressed as means + SEM (n = 8 male OF1 mice per group).
*Indicates significant difference versus vehicle group-treated for


P < 0.05 (Dunett’s method).

efforts still remain to be done to improve the hERG
selectivity of this novel chemical series.
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2005, 48, 5684.


20. High-Throughput Profile performed according to Cerep’s
catalog (http://www.cerep.com).


21. Potin, D.; Launay, M.; Monatlik, F.; Malabre, P.;
Fabreguettes, M.; Fouquet, A.; Maillet, M.; Nicolai, E.;
Dorgeret, L.; Chevallier, F.; Besse, D.; Dufort, M.;
Caussade, F.; Ahmad, S. Z.; Stetsko, D. K.; Skala, S.;
Davis, P. M.; Balimane, P.; Patel, K.; Yang, Z.; Marathe,
P.; Postelneck, J.; Townsend, R. M.; Goldfarb, V.; Sheriff,
S.; Einspahr, H.; Kish, K.; Malley, M. F.; DiMarco, J. D.;
Gougoutas, J. Z.; Kadiyala, P.; Cheney, D. L.; Tejwani,
R. W.; Murphy, D. K.; Mcintyre, K. W.; Yang, X.; Chao,
S.; Leith, L.; Xiao, Z.; Mathur, A.; Chen, B. C.; Wu, D.
R.; Traeger, S. C.; McKinnon, M.; Barrish, J. C.; Robl, J.
A.; Iwanowicz, E. J.; Suchard, S. J.; Dhar, T. G. J. Med.
Chem. 2006, 49, 6946.


22. Irwin, S. Psychopharmacologia 1968, 13, 222.



http://www.cerep.com



		Design and synthesis of novel hydantoin-containing melanin-concentrating hormone receptor antagonists

		Acknowledgments

		References and notes








Bioorganic & Medicinal Chemistry Letters 17 (2007) 3706–3711
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Abstract—The present study revealed the synergistic effect of boswellic acid mixture (BA) and glucosamine for anti-inflammatory
and anti-arthritic activities in rats. Two studies were conducted, that is, acute anti-inflammatory by carrageenan edema and chronic
anti-arthritic by Mycobacterium-induced developing arthritis. Five groups of animals were included in each of the study: the vehicle
control, positive control (ibuprofen 100 mg/kg), boswellic acids (250 mg/kg), glucosamine (250 mg/kg) and a combination of boswel-
lic acids (125 mg/kg) and glucosamine (125 mg/kg). BA when administered at 250 mg/kg in rats, carrageenan-induced paw edema
and Mycobacterium-induced developing arthritis were significantly inhibited. In comparison to boswellic acids, glucosamine when
administered at 250 mg/kg showed a mild effect in carrageenan-induced edema and moderate inhibition of paw swelling against
developing arthritis. Although the combination of boswellic acids and glucosamine did not affect the acute inflammation to a greater
extent yet a significant anti-arthritic activity was observed in rats. In conclusion, a synergistic effect was observed in chronic inflam-
matory conditions when two chemical entities were administered in combination in preclinical study.
� 2007 Elsevier Ltd. All rights reserved.

The first line of clinical treatment for the inflammatory
disorders is non-steroidal anti-inflammatory drugs
(NSAIDs) but steroidal agents and immunosuppres-
sants are also used.1 NSAIDs are known to have potent
activity and their long-term administration is required in
chronic disorders such as arthritis. Unfortunately, the
prolong use of these chemicals may have deleterious
effects on some of the vital organs of the body viz., gas-
trointestinal tract, kidney, liver, central nervous system,
and immune system.2–4 According to one of the reports
NSAIDs such as ibuprofen and aspirin kill about 16,500
Americans every year and send 103,000 to the hospital
with gastrointestinal bleeding.5 Although, NSAIDs with
specific COX-2 inhibitory action have fewer gastrointes-
tinal adverse effects in comparison to other NSAIDs,6


but the recent findings of an elevated incidence of myo-
cardial infraction after long-term use of rofecoxib ques-
tioned the safety of these drugs.7 Therefore, the use of
natural products and traditional medicines having
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doi:10.1016/j.bmcl.2007.04.034


* Corresponding author. Tel.: +91 0191 2549051/84, 2578206x291;


e-mail: surjeet58@yahoo.com

favorable therapeutic effects but fewer adverse effects is
gaining more attention in chronic ailments.


Boswellic acids are a mixture of triterpenic acids ob-
tained from the oleo gum resin of Boswellia serrata
and known for its effectiveness in the treatment of
chronic inflammatory diseases including peritumor ede-
ma. BA have extensively been studied for a number of
activities including anti-inflammatory, immunomodula-
tory, anti-tumor, and inflammatory bowel disease.8–12


It belongs to NSAID class of agents but with a different
mechanism of action, that is, the inhibition of 5-lipoxy-
genase, the key enzyme of leukotriene synthesis13 (Figs.
1 and 2).


The fraction containing BA was prepared by extracting
B. serrata gum resin (1 kg) successively with 3, 2, and
1.5 L of ethanol (95%) in a percolator to give three ex-
tracts. All the three extracts were combined and evap-
orated under reduced pressure at 40 �C to obtain a
thick brown residue (490 g). The total extract was stir-
red with 6 L of 3% sodium hydroxide solution until it
produced a uniform emulsion. The aqueous part was
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filtered through a fine cloth and extracted with 1 · 3 L
of hexane/ethyl acetate (95:5) to remove the non-acidic
part. The aqueous portion was then acidified with 1 N
hydrochloric acid to precipitate the total organic acids.
The filtered acids were washed several times with dis-
tilled water to remove final traces of hydrochloric acid.
The crude mixture of acids was redissolved in 3% so-
dium hydroxide solution and whole process was re-
peated until precipitation was complete. The
precipitates after washing were dried in a vacuum oven
at temperature below 50 �C to yield 280 g creamish
powder of BA. This dried mixture was directly used
for biological studies.


The total acid content of BA as estimated by acid base
titrations was found to be 93 ± 3%. The total acid mix-
ture yielded four major pentacyclic triterpenic acids
(Figs. 3 and 4) on separation by column chromatogra-
phy over silica gel (60–120 mesh). The compounds were
eluted in hexane with increasing proportions of ethyl
acetate. The fractions exhibiting similar patterns on
TLC were pooled together and evaporated to dryness
under vacuo to give residues. The residues were then ta-
ken in suitable organic solvents to yield the crystals of
four different boswellic acids. Finally the compounds
were identified on the basis of their 1H NMR, 13C
NMR and mass spectral data. The data of these com-
pounds were in agreement with that reported in the
literature.14

1.  R= H, R’ R’ = H2 ( β - Boswellic acid)
3.  R= OAc, R’ R’ =H2 ( Acetyl- β - Boswellic acid)
5.  R=H, R’ R’ = O      ( 11-keto - β - boswellic acid)
6.  R= OAc, R’ R’ = O ( Acetyl 11-keto - β - boswellic acid )   


COOH


H


RO


R'
R'


Figure 3. Structure of b isomers of natural boswellic acids.

The natural BA mixture and their individual markers
were subjected to analysis by reverse phase liquid chro-
matography (HPLC) and their identity in the mixture
was confirmed by LC–MS.


HPLC analysis of BA was performed on a Shimadzu
LC-10AT system. RP-18 (5 lm, 250 mm · 4 mm) Merck
column and a mobile phase consisting of acetonitrile/
water/acetic acid (99:1:0.01) were used during the analy-
sis. An isocratic flow of 0.5 ml/min with 30 �C column
temperature was employed to achieve separation effi-
ciency and for peak detection diode array detector was
operated at 210 nm. In HPLC chromatogram of natural
boswellic acid mixture both a and b boswellic acids
(Figs. 3 and 4, Structures 1 and 2) and their acetyl deriv-
atives (Figs. 3 and 4, Structures 3 and 4) were detected
as twin peaks comprising of mixtures of a and b isomers
(a mixture physically inseparable by normal column
chromatography) in the ratio of 37:63 and 22:78, respec-
tively, while 11-keto-b-boswellic acid (Fig. 3, Structure
5) and its 3-acetyl derivative (Fig. 3, Structure 6) were
detected as single peaks. The identity of markers was
also established by LC–ESI-MS in the negative mode
of ionization which gave [M+CH3COOH]� molecular
ion peaks. The LC–ESI-MS experiments were per-
formed on an Agilent 1100 series HPLC coupled to Es-
quire 3000 Brucker Daltonics Mass Spectrometer. The
LC conditions for LC–MS were same as those employed
on Shimadzu HPLC for the separation of marker







Figure 5. LC–UV(DAD) chromatogram (210 nm) of four marker BAs. 1, b-boswellic acid; 2, a-boswellic acid; 3, acetyl-b-boswellic acid; 4, acetyl-a-


boswellic acid; 5, 11-keto-b-boswellic acid; and 6, acetyl-11-keto-b-boswellic acid.
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compounds. Figure 5 shows the LC–UV(DAD) chro-
matogram of four combinations of marker compounds
at 210 nm, whereas Figure 6 shows the LC–UV(DAD)
chromatogram of a sample wherein the presence of all
the four major BAs in the total acid mixture prepared
from B. serrata gum resin has been observed. The per-
centage of individual boswellic acids in BA as estimated
by HPLC is a and b-boswellic acids (29.41%), a and b-
acetyl-boswellic acids (14.63%), 11-keto-b-boswellic acid
(3.56%), and acetyl-11-keto-b-boswellic acids (7.35%).
Glucosamine (2-amino-2-deoxy-alpha-DD-glucose) which
occurs naturally in the human body, plays a key role

Figure 6. LC–UV(DAD) chromatogram (210 nm) of a sample wherein pres


a-boswellic acid; 3, acetyl-b-boswellic acid; 4, acetyl-a-boswellic acid; 5, 11-k

in the construction of cartilage—the tough connective
tissue that cushions the joints. It provides strength, flex-
ibility, and elasticity to cartilage and connective tissue
by stimulating the production of glycosaminoglycans,
molecules that hold joint tissue together. It is an amino
polysaccharide and the essential component of muco-
polysaccharides and chitin.15 Glucosamine as well as
its acetylated derivative, N-acetylglucosamine, are read-
ily synthesized in the body from glucose. Because of its
high concentration in joint tissues, it is believed that glu-
cosamine supplements and provides symptomatic relief
for chronic inflammatory disorders. Number of clinical

ence of four boswellic acids has been observed. 1, b-boswellic acid; 2,


eto-b-boswellic acid; and 6, acetyl-11-keto-b-boswellic acid.
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trials has proved this hypothesis, and a large number of
glucosamine products have been used extensively in
combination with other therapeutic agents for the man-
agement of osteoarthritic and rheumatic pains.16


Results of the experiments are expressed as
means ± standard error (SE). The statistical significance
of the difference between groups was evaluated by
applying Student’s t test. Significant differences were
set at P < 0.05.


As a part of our biological study with boswellic
acids and glucosamine for the evaluation of anti-inflam-
matory17 and anti-arthritic18 efficacy, alone or in
combination, carrageenan-induced paw edema and
Mycobacterium-induced developing arthritic models in
rats were applied. Five groups of rats were included
in each of the study: the vehicle control, positive control
(ibuprofen 100 mg/kg), boswellic acids (250 mg/kg), glu-
cosamine (250 mg/kg), and combination of boswellic
acids (125 mg/kg) and glucosamine (125 mg/kg), a total
of 250 mg. The development of the edema induced by
carrageenan has been described as a biphasic event.19


The first phase of the inflammatory response is medi-
ated by histamine and serotonin, whereas the second
phase is mediated by kinins and presumably by prosta-
glandins. Edema induced by carrageenan is highly
sensitive to NSAIDs and has been accepted as a useful
indicator for identifying the new anti-inflammatory
molecules.20 This model reliably predicts the anti-
inflammatory efficacy of NSAIDs in the later phase,
that is, the prostaglandin phase. Paw edema was
induced in the left hind paw of the Wistar rats
(140–160 g) by the intradermal injection of 100 ll of
10 mg/ml of carrageenan solution prepared in normal
saline17 and the level of inflammation was quantified
by measuring the volume of the paw, using a plethys-
mometer (model 7101, Ugo Basile Co., Italy). The test
compounds were prepared as fine homogenized suspen-
sions in 2% gum acacia and administered to the animals
45 min before the carrageenan injection.


Figure 7 summarizes the results of acute anti-inflamma-
tory effects of boswellic acids and glucosamine alone or
in combination against carrageenan-induced edema in
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Figure 7. Anti-inflammatory effect induced by carrageenan in rats.


Each value represents the means ± SE of five observations and level of


significance was determined by Student’s t-test. *P < 0.05, **P < 0.01,


and ***P < 0.001.

rats. The paw volume of the rats after the carrageenan
injection increased approximately 23.4% compared to
the saline treated limb indicating that a carrageenan
injection induced the inflammation. In addition, this test
model was confirmed to be effective for evaluating acute
inflammation and the anti-inflammatory effect, because
the paw edema in the positive control group adminis-
tered with ibuprofen was significantly reduced (about
55.64%) in comparison to the control group.21


Although the anti-inflammatory effect of boswellic acids
at 250 mg/kg po was less than that of the positive con-
trol ibuprofen but significant. At 3 h and 4 h the inhibi-
tion was 28.57% and 25.80%, respectively. Glucosamine
on the contrary at 250 mg/kg po reduced inflammation
moderately (15.17% and 16.12% after 3 h and 4 h,
respectively). The results of this study are in accordance
with the already reported anti-inflammatory study of
boswellic acids.22 The rate of inhibition of edema was
slightly more in the group administered with combina-
tion of boswellic acids (125 mg) and glucosamine
(125 mg) in comparison to only glucosamine group
(19.64% and 17.74% after 3 h and 4 h, respectively).
However, this difference was not statistically significant
indicating that glucosamine did not show significant
synergism with boswellic acids in acute pedal edema in-
duced by carrageenan.


The model of rat adjuvant-induced arthritis is well char-
acterized and has been extensively used to study the im-
pact of anti-arthritic drugs.23 Arthritic process was
induced in rats with the inoculation of Freund’s adju-
vant containing heat killed Mycobacterium tuberculosis
in paraffin oil.18 Drug administration was started a
day before the immunization and continued until day
13. Anti-arthritic activity was assessed by quantifying
the level of inflammation of the paw using a plethys-
mometer in comparison to the control group. The clini-
cal characteristics of the Mycobacterium-induced
arthritis are swelling and erythema, evident on day
1 in the injected paw, swelling progresses up to day 7
and begins to decline through day 8. A secondary,
chronic phase of inflammation in which involvement
of immune system takes place begins after eighth day
of adjuvant injection. During this stage the animals

**
*


***


0


0.5


1


1.5


2


2.5


3


 1 5 3 7 9 11 13


Time in days 


P
aw


 e
de


m
a 


±
 S


.E
.


Control


Ibu-100


BA -250


Glu-250


BA +Glu


igure 8. Graphic representation depicting the course of anti-arthritic


ffect of various treatments in Mycobacterium-induced developing


rthritis in rats. Each value represents the means ± SE of five


bservations and level of significance was determined by Student’s


-test. *P < 0.05, **P < 0.01, and ***P < 0.001.

F


e


a


o


t







3710 S. Singh et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3706–3711

exhibited renewed swelling in the injected paw, a pro-
gressive swelling in the phalangeal and tarsal joints of
uninjected paw with the appearance of tail nodules
and ear patches.


Figure 8 describes the results of anti-arthritic effect of
boswellic acids and glucosamine either alone or in com-
bination. Ibuprofen, a known NSAID, inhibited both
the inflammatory phases, that is, primary (first to sev-
enth day) and secondary or immunological phase (nine
day onwards) significantly, whereas boswellic acids
and glucosamine did not inhibit the initial paw swelling
significantly. The arthritic swelling of BA group in
the later phase was significantly inhibited (36.44%,
P-value < 0.01) in comparison to the control group
but glucosamine group remained insignificant in this
phase also (21.61%). However, BA and glucosamine
combination (125 mg/kg each) produced a highly signif-
icant reduction in the rate of edema formation through-
out the course of inflammation (55%, P-value < 0.001
on day 13).


The synergistic effect of boswellic acids and glucosamine
may not be due to any interaction in the chemical enti-
ties in the biological system, however, due to different
mechanisms of action it may be possible that their effect
on two different targets might be the reason of the syn-
ergism. BA are known inhibitor of 5-lipoxygenase prod-
ucts including 5-hydroxyeicosatetraenoic acid (5HETE)
and leukotriene B4 (LTB4)13 which are implicated in
the progression of the diseases like arthritis, Chrohn’s
disease, ulcerative colitis, asthma, etc.24 Glucosamine,
an amino sugar, on the other hand, provides strength,
flexibility, and elasticity to cartilage and connective tis-
sue by stimulating the production of glycosaminoglycan
molecules that hold joint tissue together and also pro-
vide ‘shock absorbing’ properties.25 Although glucosa-
mine does not appear to be effective in inhibiting
either cyclooxygenase/lipooxygenase or proteolytic en-
zymes involved in inflammation, yet it is important for
its ability to synthesize proteoglycans needed for the sta-
bilization of cell membranes and the production of
intracellular ground substance.26
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The individual molecules of boswellic acids in the
mixture viz., a and b-boswellic acids, a and b-acetyl-
boswellic acids, 11-keto-b-boswellic acid, and acetyl-
11-keto-b-boswellic acid were also evaluated for their
anti-inflammatory and anti-arthritic activity against
carrageenan and Mycobacterium-induced inflammation.
Results of the study revealed that none of the pure
molecules exhibited better activity than the crude
mixture of BA. Although, 11-keto-b-boswellic acid
showed significant activity in both the test models but
it was less than the mixture (Fig. 9).


Keeping in view these results, it was considered impor-
tant to focus our study on BA mixture in combination
with glucosamine than any other pure molecules, so as
to develop a synergistic therapeutic for the management
of chronic inflammation.


In conclusion, BA and glucosamine in combination have
an anti-inflammatory effect on acute and chronic inflam-
mations. Although no significant synergistic effect
appeared in acute inflammation, a highly significant
synergistic anti-arthritic effect was observed in chronic
model of inflammation in rats. These results suggest that
BA which is known for its anti-inflammatory/anti-
arthritic activity and is also in clinical use may prove
much better for its efficacy as an anti-arthritic agent in
combination with glucosamine.
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Abstract—We have developed a new class of PPARa/c dual agonists, which show excellent agonistic activity in PPARa/c transac-
tivation assay. In particular, (R)-9d was identified as a potent PPARa/c dual agonist with EC50s of 0.377 lM in PPARa and
0.136 lM in PPARc, respectively. Interestingly, the structure–activity relationship revealed that the stereochemistry of the identified
PPARa/c dual agonists significantly affects their agonistic activities in PPARa than in PPARc.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. PPARc agonist (rosiglitazone) and PPARa/c dual agonist


(muraglitazar).

As members of the nuclear hormone receptor super fam-
ily of ligand-activated transcription factors, the Peroxi-
some proliferator-activated receptors (PPARs),
transduce a wide variety of signals to regulate glucose
and lipid homeostasis, sensitivity to insulin, cell prolifer-
ation/differentiation, and innate and adaptive immune
responses. Up to date, three isotypes, which are desig-
nated PPARa, PPARc, and PPARd, have been identi-
fied and cloned.1 Recently, the rapid progress in
functional analysis of these receptors prompted the sci-
entific and pharmaceutical attention to PPARs due to
their biological importance. In particular, the PPAR
agonists have intensively been studied as a therapeutic
target of type 2 diabetes. As rosiglitazone is a known
PPARc agonist as one of the representative insulin sen-
sitizing thiazolidinediones (Fig. 1),2 activation of
PPARc induces adipocyte differentiation, lipid uptake,
and insulin sensitization, while PPARa regulates lipid
homeostasis via control of fatty acid catabolism.3 The
PPARa agonists such as fibrate analogs have been used
to treat dyslipidemia by lowering the free triglyceride
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(TG) plasma concentration.4,5 Considering the signifi-
cantly increased risk of complications related to lipid
catabolism among the patients with type 2 diabetes, it
has been postulated that PPARa/c dual agonists, such
as muraglitazar, might provide outstanding therapeutic
effects for the treatment of type 2 diabetes and dyslipide-
mia (Fig. 1).6 We herein report identification of the
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novel and potent PPARa/c dual agonists as well as their
structure–activity relationship.


In order to efficiently develop the novel PPARa/c dual
agonists, we initially attempted virtual screening of our
chemical library for PPARc (PDB number: 1K74) and
then identified the compound 1 with weak PPARc ago-
nistic activity through a cell based transactivation assay
of the virtual hits. In addition, replacement of benzoic
acid moiety of 1 with b-aryl a-(S)-ethoxy propanoic
acid, a well-known moiety of high binding affinity to
PPARs,7 has led us to discover the lead compound 9a
(Fig. 2) as a potent PPARa/c dual agonist. Thus, we
commenced our studies on development of novel
PPARa/c dual agonists based on the structure of 9a as
well as their structure–activity relationship. The novel
series of 9a consisting of hydrogen bonding donor/
acceptor (A), linker (B), and hydrophobic part (C),8


which are the typical functional regions of the known
PPARa/c dual agonists, were designed and synthesized
for the detail investigation of each region.


The compounds 9a–h, 10, 11 were conveniently synthe-
sized as outlined in Scheme 1. The key intermediate 6

NH


CO2H


1


O SO S
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CO2H


OEt
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C


Figure 2. Conversion of hit 1 to lead compound 9a.
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Scheme 1. Reagents and conditions: (a) benzylchloride, K2CO3, DMF, 80


tetramethylguanidine, CH2Cl2, 0 �C to rt, 93%; (c) H2, Pd/C, MeOH, 95%; (d


THF/H2O, 94%; (f) EDCI, HOBT, DIEA, CH2Cl2, then (R)-phenylglycino


dioxane, reflux; (h) TMSCl, EtOH, 45% for two steps; (i) Tf2O, Et3N, CH2Cl


10, 11, Pd(PPh3)2Cl2, CuI, Et3N, TBAI, DMF, 50 �C, 83%; (k) H2, Pd/C, M


benzylisocyanate, toluene; (n) LiOHÆH2O, MeOH/THF/H2O.

was synthesized from the commercially available 4-
hydroxybenzaldehyde 2. Sequential O-benzylation of
phenol and Wittig olefination of aldehyde, followed by
hydrogenation of the resulting olefin, provided 3, which
was readily converted to the acid 4 by benzylation and
ester hydrolysis. The racemic 4 was transformed into
the optically pure ester 5 via a sequence of (R)-2-phenyl-
glycinol coupling, separation of the resulting two diaste-
reomers, and amide hydrolysis, followed by ethyl ester
formation. The absolute configuration of the ester 5
was confirmed by comparison of its optical rotation
with that of the known compound.9 Triflation of 5,
Sonogashira coupling of the resulting triflate 6 with
the racemic or optically pure propargyl alcohol 7,10


and then hydrogenation of the triple bond afforded the
corresponding optically active or racemic intermediate
8 in optically pure form or as a mixture of two diastereo-
mers, respectively. The analogs 9a–h, 11 were prepared
by coupling of the corresponding intermediate 8 with
the appropriate isothiocyanate or isocyanate, followed
by ester hydrolysis, while the acid 10 was prepared by di-
rect hydrolysis of the hydroxyl ester 8. Our design and
synthesis of the analogs of 9a was focused on the thioc-
arbamate analogs rather than the carbamate because
our preliminary studies revealed that the thiocarbamates
are much more active than the carbamates for PPARa/c
as shown in the activities of 9a and 11 of Table 1. The
optically active thiocarbamates could also be prepared
by employing (S)- or (R)-7 by the same procedure.
The analog 14 was synthesized from propargyl alcohol
by analogy to 9a–h as depicted in Scheme 2. The thioc-
arbamate 18 was synthesized from commercially avail-
able racemic 1-phenyl-1, 2-ethanediol (15). Selective
tosylation of the primary alcohol,11 TBS protection of
the remaining secondary alcohol, and then alkylation
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) benzylchloride, K2CO3, DMF, 120 �C, 75%; (e) LiOHÆH2O, MeOH/
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2, 0 �C to rt, 92%; (j) (S)- or (R)-7 for 9a, 9c, and 9d, and 7 for 9b, 9e–h,
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Table 1. In vitro activities of the synthesized compounds in cell-based


GAL4-PPARa/c transactivation assay


Compounda Human PPARa Human PPARc


EC50


(lM)


Efficacyb


(%)


EC50


(lM)


Efficacyb


(%)


Rosiglitazone 3.46 56 0.03 100


Gemfibrozil 193.30 100 147.80 79


(R)-9a 0.26 101 0.35 113


(S)-9a 0.07 234 0.58 159


9b 5.25 154 4.58 204


(R)-9c 2.77 112 1.05 190


(S)-9c 0.88 120 0.49 177


(R)-9d 0.38 71 0.14 197


(S)-9d 3.27 66 0.16 187


9e 20.40 130 5.39 182


9f 3.94 128 3.48 152


9g 7.26 104 3.60 118


9h 10.70 117 1.06 145


10 1.51 108 0.30 119


11 6.05 164 1.42 160


14 1.47 118 1.40 117


18 6.21 136 7.17 138


a (R) or (S)-9a, 9c and 9d as well as 14 are optically active, while 9b, 9e–


h, 10, 11, and 18 are 1:1 diastereomeric mixtures.
b The relative maximum efficacy to the percentage of the standards.
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of the intermediate 5 with the resulting tosylate 16 gave
the ether 17 after desilylation. Reaction of 17 with ben-
zylisothiocyanate and ester hydrolysis provided 18.


The in vitro activities of the synthesized analogs are
summarized in Table 1.12 Generally, the aryl thiocarba-
mates (9a, 9c, and 9d) exhibited higher agonistic activity
than the alkyl thiocarbamates (9e–h) in both PPARa
and PPARc transactivation assays. In particular, the
analog 9a possessing benzyl thiocarbamate moiety dis-
played potent activities for PPARa/c regardless of the
stereochemistry. However, it decreased as the chain
length of C-region decreased (9b) or increased (9c).
Interestingly, the similar trend was observed for the al-
kyl thiocarbamates and the propyl turned out to be a
linker of optimal length. It is noteworthy that (R)-9d
possessing the bulkiest substituent in the lipophilic moi-
ety (C-region) showed the most potent activity for

HO OEt
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OEtHO


OH
OH


OTBS
OTs


OH


a,b


e, f g, h


12 13


15 16 17


Scheme 2. Reagents and conditions: (a) 6, Pd(PPh3)2Cl2, CuI, Et3N, T


benzylisothiocyanate, THF, 0 �C to rt; (d) LiOHÆH2O, MeOH/THF/H2O, 65


0 �C to rt, 94%; (f) TBSCl, imidazole, DMAP, DMF, 65 �C, 85%; (g) 5, K2CO


benzylisothiocyanate, THF; (j) LiOHÆH2O, MeOH/THF/ H2O, 60% for two

PPARc with EC50 of 0.14 lM. These results might im-
ply that the bulky substituents in the lipophilic region
are beneficial for the high PPARc activation and the
similar results were observed for the alkyl thiocarba-
mates as the analog 9h with cyclohexylmethyl substitu-
ent exhibited the most potent activity for PPARc. Our
preliminary work revealed that the thiocarbamates are
much more active than the carbamates for PPARa/c,
as it was confirmed by the activities of 9a (EC50: 0.26–
0.58 lM) and 11 (EC50: 1.42–6.50 lM). Replacement
of the carbon linker with an ether linkage decreased
the activity as shown in the activities of 9a and 18.
Importantly, the agonistic activity of the thiocarbamate
analogs sensitively changes according to the stereochem-
istry at the benzylic carbon, particularly for PPARa.
The (S)-isomer of 9a was more potent than the corre-
sponding (R)-isomer for PPARa, while both exhibited
the similar activity for PPARc. The (S)-isomer of 9c is
slightly more potent than the (R)-isomer of 9c in both
PPARa and c. In case of the compound 9d showing
the most potent activity for PPARc, the (R)-isomer of
9d was 10-fold more potent than the (S)-isomer for
PPARa. The docking studies with Surflex–DockTM,13


shown in Fig. 3, provided a rationale in part for the ste-
reochemistry/substituent-dependent selectivity for the
PPAR isotypes. The benzylthiocarbamoyl moiety of
(S)-9a seems to fit well to the lipophilic region of the ac-
tive site of PPARa, while the corresponding moiety of
(R)-9a orients toward the hydrophilic region instead of
the lipophilic region, which is enforced by the stereo-
chemistry. In addition, the calculated binding energies
revealed the lower binding energy for (S)-9a compared
to that for (R)-9a. However, p-tert-butyl benzyl group
of 9d appears to be too bulky to fit to the lipophilic
pocket of PPARa in both (R)- and (S)-isomers and sub-
sequently the bulky lipophilic moiety to orient toward
the spacious hydrophilic pocket. As the results, the
activities of (R)-9a, (S)-9d, and (R)-9d seem to be re-
duced by the inadequate orientations of their lipophilic
moiety. Removal of the phenyl moiety of the B-region
of 9a significantly drops the activity for both PPARa
and PPARc as shown in the activities of 14. This would
be understood in terms of formation of the favorable
conformation for the high activity, which is induced
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Figure 3. Docking model of (S)-9a (white), (R)-9a (magenta), (S)-9d


(cyan), (R)-9d (orange), and the co-crystallized ligand as a reference


molecule (yellow) with PPARa (PDB No. 1K7L). LP, lipophilicity;


dotted line, hydrogen bonding. Note. *Log value (kcal/mol).
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by the phenyl substituent. On the other hand, elimina-
tion of the thiocarbamate moiety of the thiocarbamate
9a significantly reduced the activity for PPARa as
shown in the activity of the alcohol 10 while the activity
for PPARc remained. This result obviously supports
that the thiocarbamate moiety is essential for the high
activity of our series for PPARa.


In summary, we have identified the novel and potent
PPARa/c dual agonists and established SAR of the car-
bamate-tethered propanoic acids through the computa-
tional and synthetic chemistry. The stereochemistry/
substituent-dependent activation of the particular iso-
type of PPARs by our carbamate series was elucidated
on the basis of the binding mode of the ligands in the ac-
tive site. Further work for the development of the ther-
apeutically useful PPARa/c dual agonists based on our
current results is in good progress.
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Abstract—Novel 2,4-diaminopyrimidine-based small molecule renin inhibitors are disclosed. Through high throughput screening,
parallel synthesis, X-ray crystallography, and structure based drug design, we have developed the first non-chiral, non-peptidic,
small molecular template to possess moderate potency against renin. The designed compounds consist of a novel 6-ethyl-5-
(1,2,3,4-tetrahydroquinolin-7-yl)pyrimidine-2,4-diamine ring system that exhibit moderate potency (IC50: 91–650 nM) against renin
while remaining ‘Rule-of-five’ compliant.
� 2007 Elsevier Ltd. All rights reserved.

Hypertension is a leading risk factor for cardiovascular
disease, such as congestive heart failure, stroke, myocar-
dial infarction, and is the leading cause of death in the
western world. It is estimated that there are approxi-
mately 1 billion people worldwide that suffer from high
blood pressure. Despite the current therapies available,
approximately 70% of those people with hypertension
do not reach their target blood pressure levels. In fact,
many patients must take three or more medicines to
control their blood pressure, yet some do not respond
fully to a combination of treatments. Therefore, oppor-
tunities remain for improved treatment options.1


The renin–angiotensin system (RAS) is well established as
an endocrine system involved in blood pressure (BP) and
fluid electrolyte balance. Renin, an aspartyl protease,
cleaves angiotensinogen to produce angiotensin I, which
is further converted by angiotensin converting enzyme
(ACE) to the potent vasoconstrictor, angiotensin II. Since
angiotensinogen is the only substrate known for renin and
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cleavage of angiotensinogen by renin is the rate determin-
ing step in the RAS, it is of general consensus that inhibi-
tion of renin would be the optimal strategy for the control
of hypertension.2 Renin inhibitors not only should have
superior blood pressure reducing effects and thus, exhibit
optimal end organ protection, but also should diminish
‘dry cough’, a reflex demonstrated in some patients who
take ACE inhibitors.3a–c


Attempts to inhibit renin in the early 1980s centered on
high molecular weight transition state mimetics based
on the angiotensinogen backbone. These peptidomimet-
ic inhibitors suffered from poor PK properties such as
low oral bioavailability, short duration of action, and/
or cost of synthesis and all were eventually discontinued.
The rationale for the poor PK properties of the
peptidomimetic based inhibitors was their large size
(600–700 Da) and flexibility (>15 rotatable bonds). Fur-
thermore, cost of goods became an issue as all the com-
pounds contained multiple chiral centers, and required
lengthy and inefficient synthesis. These observations
led many to believe that renin was an ‘undruggable’
target since, at the time, only large flexible molecules
seemed to inhibit renin at nanomolar levels.4


In April 2006, Novartis Pharmaceuticals filed the first
NDA for an inhibitor of renin for the treatment of
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hypertension. Tekturna (Aliskerin) was approved on
March 6, 2007 and is the first of a new class of antihy-
pertensive drugs to enter the market in more than a
decade.3d Based on the positive results exhibited by
Tekturna, interest in renin as a viable drug target for
the control of hypertension has intensified.4 Herein, we
report our recent efforts in the discovery of novel small
molecule renin inhibitors for the treatment of
hypertension.


We have described our efforts to develop non-peptidom-
imetic renin inhibitors based on 1, a trans,trans-4-arylpi-
peridine based scaffold (Scheme 1).5 These efforts
focused on replacing the piperidine C4 chiral center with
a nitrogen atom to achieve novel chemical matter, and
culminated in 2.6 Although 2 lowered blood pressure
in the double transgenic mouse when dosed orally,6a


the ketopiperazine series suffered from cytochrome
P450 3A4 inhibition and exhibited a poor PK profile.


Recently, we identified 3 (IC50 = 27,000 nM, MW =
387 Da) as a novel small molecule lead from a high
throughput screen (HTS) (Scheme 2). In the absence of
a crystal structure, parallel chemistry utilizing a reductive
amination reaction between aldehydes and 6-ethyl-5-(4 0-
amino-phenyl)-pyrimidine-2,4-diamine7 (450 com-
pounds) was conducted to further optimize the template.
This exercise led to the identification of 4 (IC50 =
4000 nM).


Compound 4 was 7-fold more potent than 3 and had a
molecular weight 32 Da less (MW = 355 Da) than the
original HTS lead compound. The crystal structure of
4 bound within the active site of renin (2.2 Å, pdb code:
2IKO) revealed that the protein exists in the ‘flap-closed’
form (Fig. 1). Based on X-ray structure analysis, the 2,4-
diaminopyrimidine head group forms a hydrogen bond
network with various residues of renin. The 4-amino
group can interact with THR-77 and SER-76. The 2-
amino group can form bifurcated hydrogen bonds with
the side chain of ASP-215 and ASP-32. The pyrimidine
ring nitrogen at positions 1 and 3 can utilize interactions
with ASP-32 and a water solvent molecule, respectively.
The 6-ethyl substituent on the pyrimidine ring extends
into the S1 pocket, while the 5-(4-(3,5-difluorobenzyl-
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Scheme 1. Design of ketopiperazine framework based on a 4-arylpiperidine

amino)phenyl) moiety occupies a portion of the large
S3 pocket and extends into the S4 pocket, toward
solvent.


Since the 2,4-diaminopyrimidine moiety can form such
an effective network of hydrogen bonds to the renin pro-
tein, it was regarded as the ‘recognition unit’ for binding
and was not further manipulated. In order to modify the
5-(4-(3,5-difluorobenzylamino)phenyl) structure to
potentially create more active analogs, the binding
modes of 2 and 4 to the renin protein were compared
(Fig. 2). The conformations of 2 (determined by dock-
ing)8 and 4 (determined by X-ray crystallography) were
overlapped. This overlap analysis revealed an opportu-
nity to further modify the 5-(4-(3,5-difluorobenzylami-
no)phenyl) section of the pyrimidine analog (Fig. 2).


In the ketopiperazine series, sub-nanomolar potency
had been achieved by extending a H-bond acceptor moi-
ety (methoxy ether or amide carbonyl) into the S3 sub-
pocket (S3sp).6f Conformational overlap analysis
revealed that replacing the 5-(4-(3,5-difluorobenzylami-
no)phenyl) section of 4 with either an N-3-methoxypro-
pyl-1,2,3,4-tetrahydro-quinoline ring or an N-ethyl
acetamide-1,2,3,4-tetrahydro-quinoline ring, the proper
vector orientation to place the side chains into the S3sp
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Figure 2. Conformation overlap of 4 (yellow) and 2 (green), bound in


the renin active site, as determined by X-ray crystallography (4) and
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Figure 1. X-ray co-crystal structure of 4 (yellow) bound within the


active site of the renin protein. ASP-32 and 215 of the renin protein are


shown forming a potential network of hydrogen bonds with the 2,4-


diaminopyrimidine moiety of 4. The protein surface has been colored


by atom type (red, O; blue, N; green, C).
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could be achieved. Based on ease of synthesis, we chose
to first synthesize the N-3-methoxypropyl-1,2,3,4-
tetrahydro-quinoline analog. This modification would
result in a new template represented by compound 5
(Scheme 3).


The retrosynthetic analysis of 5 is outlined in Scheme 4.
It was envisioned that 5 could be constructed in a highly
convergent manner by employing an appropriately func-
tionalized boronate ester (7) and 5-bromo-6-ethyl-2,4-
diaminopyrimidine9 (6) via a Suzuki reaction (Scheme
4).


The synthesis of boronate ester 7 commenced with the
alkylation of 7-benzyloxy-1,2,3,4-tetrahydroquinoline 8
with 3-bromo-methoxypropane in 96% yield (Scheme
5). Next, de-benzylation of 9 was accomplished using
trifluoroacetic acid at reflux, to provide the phenol 10
in high yield. The resultant phenol was exposed to triflic
anhydride at �78 �C for 10 min to afford triflate 11. Fi-
nally, palladium catalyzed borylation of 11 using
bis(pinacolatodiboron) provided 7.


Compound 5 was obtained by reacting 6 and 7 in the
presence of tetrakis(triphenylphosphine) palladium (0)
and sodium carbonate in a de-gassed solvent system
comprising of water/ethanol/toluene (1:1:1).


We were delighted to find that 5 (IC50 = 650 nM)
exhibited a 6-fold increase in potency against renin,
as compared to 4, while remaining ‘Rule-of-five’
compliant.10 X-ray crystallography (2.2 Å, pdb code:
2G21) revealed that 5 bound in the renin active site,
as anticipated, in the flap closed form, with the
3-methoxypropyl side-chain extending into the S3sp


and potentially making a hydrogen bond interaction
with the backbone of TYR-14 (Fig. 3).


Compound 5 exhibited low molecular weight (341 Da),
excellent solubility (59.3 lg/mL), permeability
(26.5 · 10�6 cm/s), low clogP (3.34), and low Cyto-
chrome P450 3A4 inhibition (IC50 = 2.8 lM). Further-
more, compound 5 displayed moderate in-vivo
elimination half-life (1.11 h), systemic plasma clearance
(36.8 mL/min/kg), and volume of distribution
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Figure 3. X-ray co-crystal structures of 5 (green) and 4 (yellow), bound


in the active site of renin. The 3-methoxypropyl side chain of 5


penetrates into the S3sp of renin. TYR-14 of the renin protein can form


a hydrogen bond with the oxygen of the side chain of 5. ASP-32 and


215 of the renin protein are shown forming a potential network of


hydrogen bonds with the 2,4-diaminopyrimidine moiety of 5 and 4.


The protein surface has been colored by atom type (red, O; blue, N;


green, C).
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(1.6 L/kg), but exhibited low oral bioavailability (<10%)
in Sprague–Dawley rats. Overall, 5 represented a novel,
non-peptidic small molecule renin inhibitor and served
as an excellent starting point for further investigation.


Next, the introduction of other side chains containing
hydrogen bond acceptors that could possibly penetrate
into the S3sp was evaluated (Table 1. Compounds 12–
15).


Compounds that contained ester side chains (12, 13, 14)
were installed to determine optimal hydrogen bond
acceptor location. The activity of the compounds in-
creased as the side-chain length increased. We chose to
limit the length of the side chain to five carbons (14,
IC50: 91 nM), in order to keep the molecular weight
low. Compound 14 was 7-fold more active than 5, with
only a 42 mass unit (dalton) increase. Since 12, 13, and
14 had metabolic liabilities (Human Liver Microsomal
(HLM) half-life of 12, 13, 14 = 5 min), 15 was designed.
The side chain of 15 contains a hydrogen bond donor
and acceptor and was a key side chain in the ketopiper-
azine series (2).6f Compound 15 demonstrated an in-
crease in potency (3.5-fold) relative to 5 with a
molecular weight of 354 Da and was stable in HLM
up to 40 min.11 Compounds 5, 12–15 were also devoid







Table 1. Brief SAR of compound 5


NN


NH2


NH2


N
R


Entry no. R IC50 (nM) MW CYP3A4 (BFC) IC50 (nM) clogP


5 * O 650 341 2800 3.48


12
*


O


OMe
198 355 10,000 3.33


13 *
O


OMe
120 369 Not determined 3.65


14
O


OMe*
91 383 12,000 3.80


15 *


H
N


O


178 354 8000 2.36


* point of attachment.
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of activity against the aspartic peptidases Cathepsin D,
Cathepsin E, and Pepsin (0–5% inhibition at 100 lM).


The identification of non-peptidic small molecule renin
inhibitors has historically been a major challenge.
Through high throughput screening, parallel synthesis,
X-ray crystallography, and structure based drug de-
sign we have developed the first non-chiral, non-pep-
tidic, small molecular template to possess moderate
potency against renin while remaining ‘Rule-of-five’
compliant.9 These novel compounds bind to renin in
the ‘flap closed’ conformation. The 6-ethyl-2,4-diami-
nopyrimidine moiety serves as the recognition unit
by interacting with the catalytic Aspartic acids 32
and 215 within the active site of renin. Further, the
compounds take advantage of the S3sp of renin for
added potency.6,12 Future efforts are to optimize po-
tency and pharmacokinetic/dynamic parameters with
this novel scaffold.
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Abstract—Two new iodinated fluoro- and hydroxy-pegylated aza-diphenylacetylene derivatives, 1 and 2, targeting b-amyloid (Ab)
plaques have been successfully prepared. In vitro binding carried out in tissue homogenates prepared from postmortem AD brains
with [125I]IMPY (6-iodo-2-(4 0-dimethylamino)phenyl-imidazo[1,2-a]pyridine) as the radioligand indicated good binding affinities
(Ki = 9.2 and 16.8 nM for 1 and 2, respectively). Brain penetrations of the corresponding radioiodinated ligands, evaluated in
the normal mice, showed good initial brain penetrations (3.55% and 5.67% ID/g for [125I]1 and [125I]2 at 2 min post-injection).
The washout from normal mice brain was relatively fast (0.33% and 0.91% ID/g at 2 h post-injection). The specific binding of these
radioiodinated ligands to b-amyloid plaques was clearly demonstrated using film autoradiography of AD brain sections. Taken
together, these preliminary results strongly suggest that these novel iodinated aza-diphenylacetylenes may be potentially useful
for imaging Ab plaques in the living human brain.
� 2007 Elsevier Ltd. All rights reserved.

Formation and accumulation of aggregated protein
deposits is a common feature of a number of neurode-
generative diseases.1,2 Major neuropathology observa-
tions of postmortem Alzheimer’s disease (AD) brains
depict the presence of senile plaques (containing b-amy-
loid (Ab) aggregates) and neurofibrillary tangles (highly
phosphorylated tau proteins).3,4 The exact mechanisms
leading to the development of AD are not fully under-
stood; however, the formation of Ab plaques, consisting
of b-sheets of Ab protein aggregates, in the brain is a
pivotal event in the pathogenesis of AD.5–8 Thus, devel-
oping Ab plaque-specific probes for in vivo imaging may
be important for the diagnosis and treatment monitor-
ing of AD.4,9,10


Positron emission tomography (PET) imaging with
[11C]PIB (2-(4 0-(methylaminophenyl)-6-hydroxybenzo-
thiazole)) has demonstrated the feasibility of visualizing
Ab plaques in patients suffering from AD.11,12 However,
the short half-life (20 min) of C-11 limits the usefulness

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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of the agent for a widespread clinical application. To
achieve a widespread availability, one major focus of
our effort is in the development of I-123 (T1/2 = 13 h) la-
beled Ab plaque-specific imaging agents that can be
used for single photon emission tomography (SPECT)
imaging. The development of [123I]IMPY (6-iodo-2-(4 0-
dimethylamino-)phenyl-imidazo[1,2-a]pyridine), a un-
ique thioflavin derivative with an [1,2,a]imidazopyridine
ring, showed the feasibility of developing SPECT imag-
ing agents for targeting Ab plaques.13,14 However, cer-
tain undesirable characteristics of [123I]IMPY, which
include high lipophilicity, less in vivo stability, and
insufficient signal to noise ratio, prompted us to pursue
the development of a second generation of I-123 labeled
SPECT imaging agents. In addition to the benzothiazole
series, we have also explored radioiodinated derivatives
of other backbone structures, including stilbenes15 and
fluorenes.16 So far these attempts have met with a lim-
ited success. Recently, we reported a novel series of
iodinated styrylpyridine derivatives showing promising
results.17 Based upon the successful results obtained
from the fluorinated diphenylacetylene ligands for
PET,18 we decided to further extend our search of
SPECT ligands using a similar aza-diphenylacetylene
structure. Several iodinated aza-diphenylacetylene deriv-
atives, in which one of the phenyl rings was replaced
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with a pyridine ring, were prepared and tested for their
plaque binding affinities. Reported herein are the syn-
thesis and the initial biological evaluations of these
iodinated aza-diphenylacetylene ligands for targeting
amyloid plaques.


Synthesis of the aza-diphenylacetylene derivatives is
illustrated in Scheme 1. The key step in the synthesis is

Table 1. Potencies (Ki) of compounds on competition of [125I]IMPY


binding to amyloid plaques in AD brain homogenates


Compound Ki (nM ± SEM)


1 16.8 ± 1.8


2 9.2 ± 1.7


5a 11.2 ± 0.8


5b 6.7 ± 1.3


5c 13.1 ± 1.9


5d 1.6 ± 0.5


7 12.5 ± 2.5


11 6.2 ± 1.2


IMPY 5.0 ± 0.419


Each value was determined three times with duplicate for each


measurement.


N
N
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1 2
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Figure 1. Structures of two iodinated aza-diphenylacetylene


derivatives.

using a palladium catalyzed Sonogashira coupling reac-
tion. All bromo-substituted compounds (5a–d, 10) were
readily assembled at room temperature by reacting alky-
nes (3a–b, 8) with iodo-substituted pyridine compounds
(4a–b). The phenol compound 11 was obtained from 10
through pyridinium p-toluenesulfonate catalyzed depro-
tection of tetrahydropyran (THP) protecting group.
Next, the desired organotin compounds (6a–c) were suc-
cessfully prepared by using the palladium catalyzed

Table 2. Biodistribution in normal mice after an iv injection of


[125I]ligand (%ID/g, mean ± SD, n = 3 mice per group)


Organ 2 min 30 min 1 h 2 h


[125I]1 (logP = 2.60)


Blood 4.23 ± 0.67 2.84 ± 0.32 3.19 ± 0.41 2.70 ± 0.09


Heart 15.8 ± 3.83 2.59 ± 0.68 1.53 ± 0.24 1.07 ± 0.03


Muscle 0.95 ± 0.27 1.43 ± 0.31 0.99 ± 0.20 0.67 ± 0.08


Lung 12.9 ± 3.20 4.00 ± 1.39 2.84 ± 0.43 2.07 ± 0.13


Kidney 16.3 ± 2.96 3.56 ± 0.82 2.78 ± 0.68 1.94 ± 0.10


Spleen 4.99 ± 0.21 1.76 ± 0.36 1.73 ± 0.34 1.46 ± 0.15


Liver 24.1 ± 4.06 11.2 ± 0.31 3.07 ± 0.62 1.76 ± 0.27


Skin 0.89 ± 0.07 2.12 ± 0.40 2.85 ± 0.23 2.75 ± 0.24


Brain 3.55 ± 0.91 3.10 ± 0.38 1.36 ± 0.10 0.33 ± 0.01


[125I]2 (logP = 2.80)


Blood 3.45 ± 0.29 3.38 ± 0.51 2.71 ± 0.43 3.29 ± 0.61


Heart 13.0 ± 2.47 2.31 ± 0.37 1.41 ± 0.33 1.33 ± 0.26


Muscle 0.98 ± 0.30 1.23 ± 0.20 0.71 ± 0.09 0.78 ± 0.11


Lung 13.0 ± 2.32 4.03 ± 0.41 2.60 ± 0.56 2.77 ± 0.86


Kidney 16.6 ± 2.48 4.10 ± 0.54 2.85 ± 0.50 2.40 ± 0.47


Spleen 6.33 ± 1.03 1.98 ± 0.34 1.42 ± 0.40 1.73 ± 0.45


Liver 17.2 ± 2.86 11.2 ± 1.59 5.21 ± 2.05 2.24 ± 0.45


Skin 0.87 ± 0.14 2.22 ± 0.64 2.46 ± 0.27 3.18 ± 0.17


Brain 5.67 ± 1.49 4.51 ± 0.56 2.14 ± 0.21 0.91 ± 0.17







Figure 2. In vitro autoradiography to detect amyloid plaques with [125I]1. The human macroarray brain sections were constructed from six


postmortem AD cases plus one control (marked by arrowhead). The plaques were confirmed with 4G8 antibody immunohistochemistry staining.
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trans-stannylation from their bromide precursors (5a–b,
5d). The subsequent iododestannylation reaction affor-
ded iodinated targets (1, 2, 7).17,20


The binding affinities of the non-radioactive ligands (1–
2, 5a–d, 7, 11) were screened via the binding competition
with [125I]IMPY using postmortem AD brain homoge-
nates.19 All the brominated and iodinated aza-diphenyl-
acetylene derivatives examined displayed excellent to
good binding affinities in comparison to [125I]IMPY
binding. It was evident that all of the brominated deriv-
atives and the corresponding iodinated ligands displayed
similar excellent binding affinities (Ki values shown in
Table 1 between series 5b and 5d vs 2 and 7).


The hydroxyl pegylated derivatives, i.e., 5b, 5d, 11, 2,
and 7, competed effectively with [125I]IMPY binding
with Ki values of 6.7 ± 1.3, 1.6 ± 0.5, 6.2 ± 1.2,
9.2 ± 1.7, and 12.5 ± 2.5 nM. The addition of a fluorop-
egylated chain to the 2 0-position of the pyridine group
displayed similar binding affinities to b-amyloid plaques.
Compounds 5a, 5c, and 1 showed Ki values of
11.2 ± 0.8, 13.1 ± 1.9, and 16.8 ± 1.8 nM (Table 1). Sim-
ilarly, there is no significant difference in the binding
affinities between N,N-dimethylamino derivatives, 5b,
2, and N-monomethylamino derivatives, 5d, 7. In addi-
tion, after replacing the substituted amino group with
a hydroxy group attached to the 4-position of one end
of the phenyl ring, the binding affinity remained the
same (Ki = 6.2 ± 1.2 and 6.7 ± 1.3 nM for 11 and 5b,
respectively) Figure. 1.


On the basis of the encouraging binding data observed
for these series of ligands, we chose two representatives,
1 and 2, to carry out further biological evaluations with
the I-125 labeled probes. Radioiodination was success-
fully carried out with the corresponding tributyltin pre-
cursors, following the standard iododestannylation
reaction, using hydrogen peroxide as the oxidant
(Scheme 1).13 The final HPLC-purified ligands, [125I]1
and [125I]2, showed greater than 98% radiochemical
purities with high overall yields (>60%) and high specific
activities (�2000 Ci/mmol). The two radioiodinated
probes measured under the experimental conditions
showed moderate lipophilicity17 (logP = 2.6 and 2.8), a
desirable property for Ab-targeting imaging agents.
When evaluated for whole animal biodistribution after

an iv injection in normal mice, [125I]1 and 2 displayed
good initial penetrations of the intact blood–brain bar-
rier with excellent initial brain uptakes (3.55% and
5.67% ID/g at 2 min after tracer injection). The high
brain uptakes of these iodinated ligands were subse-
quently followed by relatively fast washouts with
0.33% and 0.91% ID/g remaining in the brain at 2 h after
the tracer injection (Table 2). The kinetics of fast brain
uptake and washout from normal brain (containing no
Ab plaques) is highly desirable for an Ab plaque-target-
ing imaging agent.10


To confirm the specific labeling of radioiodinated aza-
diphenylacetylenes for Ab plaques, we performed the
in vitro film autoradiography. A human brain macro-
array containing both AD and control cases allowed
us to efficiently compare the plaque labeling with vari-
ous radiolabeled probes. As shown in Figure 2, [125I]1
distinctively labeled plaques on AD brain sections with
low background labeling, but not for the control sec-
tion (indicated by an arrow), which is consistent with
the immunohistochemistry staining with Ab antibody
4G8.


In conclusion, we have demonstrated that iodinated aza-
diphenylacetylenes can be successfully prepared. They
showed high binding affinities to b-amyloid plaques by
in vitro binding assay. The radioiodinated derivatives,
[125I]1 and [125I]2, displayed desirable in vivo properties,
with excellent brain penetrations and relatively fast rates
of washout in normal mice (resulting in low background
signal). Specific Ab plaque labeling was clearly demon-
strated by in vitro autoradiography of postmortem
AD brain section. This series of SPECT probes warrants
further investigation to confirm the usefulness for imag-
ing amyloid plaques in AD.
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Abstract—DNA clones for the b-class carbonic anhydrase (CA, EC 4.2.1.1) of Helicobactor pylori (hpbCA) were obtained. A recom-
binant hpbCA protein lacking the N-terminal 15-amino acid residues was produced and purified, representing a catalytically efficient
CA. hpbCA was strongly inhibited (KIs in the range of 24–45 nM) by many sulfonamides/sulfamates, among which acetazolamide,
ethoxzolamide, topiramate, and sulpiride, all clinically used drugs. The dual inhibition of a- and/or b-class CAs of H. pylori might
represent a useful alternative for the management of gastritis/gastric ulcers, as well as gastric cancer. This is also the first study show-
ing that a bacterial b-CA can be a drug target.
� 2007 Elsevier Ltd. All rights reserved.

In a previous work, we have cloned, purified, and dem-
onstrated the druggability of the a-carbonic anhydrase
(a-CAs, EC 4.2.1.1) present in the gastric pathogen
Helicobacter pylori.1 Indeed, the a-CAs constitute a
family of metalloenzymes that catalyze the reversible
hydration of CO2 to bicarbonate and a proton.2–5 Our
groups investigated the molecular cloning of some of
the 15 presently known human CA (hCA) isoforms,6–8


as well as screening analyses for inhibitory/activatory
effects of a variety of compounds on most of them,
showing that various such isozymes (e.g., hCA I, II,
IV, VA, VB, VI, VII, IX, XII, XIII, and XIV) constitute
valid targets for the development of novel antiglaucoma,
antitumor, antiobesity or anticonvulsant drugs.9–13 In
addition to such a-CA enzymes, there are four other
evolutionarily unrelated gene families encoding for
CAs all over the phylogenetic tree, the b-e-CAs.1–5


Recently, a- and/or b-CA class representatives have
been cloned and characterized in some pathogens such

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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as Plasmodium falciparum,14 Mycobacterium tuberculo-
sis,15 Cryptococcus neoformans16 or Candida spp.17


Some preliminary inhibition studies of the a-CA from
Plasmodium14 proved it to be critical for the growth of
this pathogen.14 Since many of these organisms are
highly pathogenic and show different degrees of resis-
tance to the currently available drugs, inhibition of their
CAs may constitute novel approaches to treating
affected patients.14–17


Helicobacter pylori plays a major role in the pathogene-
sis of peptic ulcer disease, chronic gastritis, gastric mu-
cosa-associated lymphoid tissue lymphoma, and gastric
cancer.18 In patients with such diseases and proven
H. pylori infection, eradication of the bacteria has be-
come the main therapeutic goal.18 The recommended
therapy consists of a proton pump inhibitor (PPI) and
two antibiotics, mainly amoxicillin and clarithromycin,
as first-line eradication triple therapy.18–20 Although this
treatment has been shown to be effective in a number of
clinical trials, several meta-analysis revealed that the
rates of eradication were widely variable (from 70% to
95%), due to increased resistance to antibiotics.20–22 Fol-
lowing failure of the eradication by the first-line treat-
ment, a second-line, quadruple therapy using PPI,
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bismuth salts, metronidazole, and tetracycline is used.19


A recent meta-analysis showed that this treatment is effec-
tive,23 but it has also been frequently associated with
eradication failure in more than 20% of cases.22–24


Reasons of eradication failure include H. pylori resistance
to metronidazole25,26 and considerable side-effect rates of
metronidazole and tetracycline resulting in reduced pa-
tients’ compliance.27 Thus, there is a real need for the
development of alternative therapies, eventually exploit-
ing novel targets, that should be devoid of the problems
arising with currently available drugs.


Helicobacter pylori has the unique ability among bacte-
ria to grow in the stomach presenting highly acidic con-
ditions, at pH values as low as 1.4.28 Therefore, the
pathogen has evolved specialized processes for survival
in acid, which maintain its cytoplasmic pH around 6.4.
At least two enzymes are involved in these processes:
an urease28 in the cytoplasm and an a-CA (designated
as hpaCA) in the periplasm,29,30 which separates an out-
er membrane and an inner membrane. However, a sec-
ond CA belonging to the b-class has been found in the
cytoplasm of H. pylori (designated throughout this pa-
per as hpbCA), being postulated to play an important
role in the urea and bicarbonate metabolism, as well
as acid resistance of the bacterium.30 hpaCA was cloned
and purified in 2001 by Lindskog’s group,31 who showed
that the enzyme had a catalytic activity similar to that of
the human slow isoform hCA I (highly abundant in red
blood cells and the gastro-intestinal tract).1–3 We also
obtained a DNA clone of hpaCA and successfully
showed that the recombinant protein had significant cat-
alytic CA activity and was inhibited by several types of
sulfonamides and sulfamates.1 hpbCA was discovered
after the complete sequencing of H. pylori genome by
Venter’s group.32 Subsequently, we successfully ob-
tained DNA clones of hpbCA from 37 H. pylori strains
and showed genetic polymorphisms of the clones.33 In
the present work, we report a study of inhibition profile
with a panel of sulfonamides/sulfamates against hpbCA.


As previously reported,33 the full-length hpbCA was
observed to be toxic for the growth of Escherichia coli
host cells and could not be obtained. Accordingly, we
constructed an expression vector for the N-truncated

Table 1. Kinetic parameters for CO2 hydration reaction catalyzed by som


belonging to the a- and b-CA class, and their inhibition data with acetazol


used compound


Isozyme Activity level kcat (s�1) Km(mM


hCA I Medium 2.0 · 105 4.0


hCA II Very high 1.4 · 106 9.3


hCA III Very low 1.0 · 104 33.3


hCA VA Low 2.9 · 105 10.0


hCA VB High 9.5 · 105 9.7


hCA XII Medium 4.2 · 105 12.0


hCA XIV Medium 3.1 · 105 7.9


hpaCAa Low 2.5 · 105 16.6


hpbCAb Medium 7.1 · 105 14.7


h, human; hp, Helicobacter pylori enzyme.
a At pH 8.9 and 25 �C, from Ref. 1.
b At pH 8.3 and 20 �C, this work.

form of hpbCA, lacking an N-terminal polypeptide of
15-amino acid residues, and thereafter successfully ob-
tained the recombinant protein incorporating 206-ami-
no acid residues.33 The catalytic activity of
recombinant, purified hpbCA for the physiologic reac-
tion (CO2 hydration), in comparison with that of hpa-
CA, as well as several a-CAs of human origin, such as
hCA I–III (cytosolic isozymes), hCA VA and VB
(mitochondrial isoforms), and hCA XII and XIV
(transmembrane isozymes) is shown in Table 1. It
may be observed that hpbCA is a catalytically efficient
CA, possessing an enzymatic activity 3.2 times higher
than that of the a-CA from this bacterium investigated
earlier.33 Furthermore, this activity is almost identical
(as kcat/Km value) to that of hCA I, whereas the Km va-
lue of the bacterial enzyme is closer to that of hCA II
than to that of hCA I. In fact, hpbCA is a medium effi-
ciency CA, possessing a catalytic activity higher than
that of hCA III, VA, XII, and XIV among others.
Only hCA VB and especially hCA II, one of the best
catalysts known in nature1–4, show a better activity
than hpbCA. It may be also observed that the activity
of all these enzymes is inhibited by the CA inhibitor
par excellence, the sulfonamide drug acetazolamide
AAZ (Tables 1 and 2).


Inhibition data against hpbCA,34 hpaCA, and the host,
human enzymes hCA I and II are provided in Table 2, in
order to compare the profiles for inhibiting these four
unrelated enzymes. Data of Table 2 show that hpbCA
is inhibited by all 47 derivatives (sulfonamides and one
sulfamate) investigated here, with an inhibition profile
completely distinct of those of the a-class enzymes of
human (hCA I and II) or bacterial (hpaCA) origin.
Thus, a number of aromatic/heterocyclic simple sulfon-
amides, such as compounds 1–10, 13, 24, 25, and 31
showed inefficient hpbCA inhibitory activity, with inhi-
bition constants in the range of 1.1–24.8 lM. Weak
inhibitory activity, with KIs in the range of 128–
973 nM, was then showed by compounds 10, 11, 14,
21–23, MZA, BRZ, ZNS, IND, 26, 27, 32, and 33. It
may be observed that these compounds belong to heter-
ogeneous classes of sulfonamides, possessing various
substitution patterns. Potent hpbCA inhibitory action
was then detected for many derivatives, among which:

e human a-CA isozymes at 20 �C and pH 7.5, and hpCA isozymes


amide AAZ (5-acetamido-1,3,4-thiadiazole-2-sulfonamide), a clinically


) kcat/Km (M�1 s�1) KI (acetazolamide) (nM)


5 · 107 250


1.5 · 108 12


3 · 105 300,000


2.9 · 107 63


9.8 · 107 54


3.5 · 107 5.7


3.9 · 107 41


1.5 · 107 21


4.8 · 107 40







I. Nishimori et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3585–3594 3587

15–17, DCP, DZA, BZA, 28, and 34. These compounds
showed KIs in the range of 54–105 nM. The best hpbCA
inhibitors (KIs in the range of 24–45 nM) were the fol-
lowing derivatives: 18–20, AAZ, EZA, TPM, SLP, 29,
30, 35, and 36. Some of them are clinically used drugs
(the CA inhibitor par excellence, AAZ, as well as the
structurally related EZA; the antiepileptic topiramate
TPM, the antipsychotic sulpiride SLP, and the recently
reported derivatives possessing lipophilic tert-butyl tails
29, 30, 35, and 36). As many of these derivatives were

Table 2. Human (h) hCA I, II, and hpa/bCA inhibition data with compo


designed1 inhibitors 25–36


Inhibitor


hCA Ia hCA IIa


1 45400 295


2 25000 240


3 28000 300


4 78500 320


5 25000 170


6 21000 160


7 8300 60


8 9800 110


9 6500 40


10 6000 70


11 5800 63


12 8400 75


13 8600 60


14 9300 19


15 6 2


16 164 46


17 185 50


18 109 33


19 95 30


20 690 12


21 55 80


22 21000 125


23 23000 133


24 24000 125


AAZ 250 12


MZA 50 14


EZA 25 8


DCP 1200 38


DZA 50000 9


BRZ 45000 3


BZA 15 9


TPM 250 10


ZNS 56 35


SLP 1200 40


IND 31 15


25 12300 241


26 10750 210


27 14250 133


28 12300 241


29 13270 127


30 541 18


31 14700 354


32 9620 203


33 13000 119


34 12150 104


35 12045 94


36 338 15


a Human/hp recombinant isozymes, stopped-flow CO2 hydrase assay method
b Recombinant hpCA, stopped-flow CO2 hydrase assay method, this work, m
c Errors in the range of 5–10% of the shown data, from three different assay

also quite effective hpaCA inhibitors (but also hCA I
and II inhibitors, Table 2), dual inhibition of a- and/or
b-class CAs of H. pylori could represent a useful and no-
vel means for the management of gastritis/gastric ulcers,
as well as gastric cancer.


To date, only one study regarding the inhibition of
non-a-CAs has been published.35 Zimmerman et al.35 re-
ported an inhibition study of the archaeal b- and c-CAs
from Methanobacterium thermoautotrophicum and

unds 1–24 and the clinically used derivatives AAZ–IND, and newly


KI
c (nM)


hpaCAa hpbCAb


426 16400 ± 820


454 1845 ± 54


316 8650 ± 62


430 2470 ± 104


873 2360 ± 170


1150 3500 ± 61


1230 1359 ± 37


378 1463 ± 55


452 1235 ± 60


510 1146 ± 29


412 973 ± 36


49 640 ± 18


323 2590 ± 74


549 768 ± 38


268 64 ± 5


131 87 ± 7


114 71 ± 3


84 38 ± 2


207 39 ± 3


105 37 ± 2


876 236 ± 19


1134 218 ± 16


1052 450 ± 27


541 15250 ± 605


21 40 ± 3


225 176 ± 12


193 33 ± 1


378 105 ± 9


4360 73 ± 7


210 128 ± 11


315 54 ± 4


172 32 ± 2


231 254 ± 18


204 35 ± 3


413 143 ± 14


539 23500 ± 570


316 241 ± 19


79 158 ± 10


539 101 ± 8


62 44 ± 5


13 28 ± 2


640 24800 ± 1200


318 213 ± 17


60 150 ± 9


31 96 ± 8


27 45 ± 4


12 24 ± 1


, from Ref. 1.


ean ± SE (from three different assays).
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Methanosarcina thermophila, by a number of sulfon-
amide derivatives including the clinically used sulfon-
amide drugs such as acetazolamide, methazolamide,

ethoxzolamide, dichlorophenamide, dorzolamide, and
brinzolamide. Although the Archaea are not pathogenic,
the study of Zimmerman et al.35 may be considered as a
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first demonstration that non-a-CAs could also be tar-
geted by sulfonamide inhibitors. Here we report the
inhibition data of hpbCA with 11 clinically used sulfon-
amides/sulfamates (AAZ–IND), as well as other 36 sul-
fonamides of types 1–36,1–5,32,36,37 some of which are
simple aromatic/heterocyclic derivatives that may be
used as lead molecules, whereas others incorporate tails
inducing increased lipophilicity,1 provided that a com-
pound that should inhibit hpbCA must cross two mem-
branes, the outer and an inner membrane of H. pylori.


Figure 1 shows the consensus amino acid sequence of
hpbCA (H. pylori cons.), which consists of the most
commonly used amino acid residues among the 15 H.
pylori strains from patients with gastritis,33 aligned with
other bacterial b-CAs as previously reported, including
two b-CAs from E. coli (CynT, Accession No.
AAB18063, and CynT2, Accession No. P36857), one
from Synechococcus elongatus (strain PCC 7942, Acces-
sion No. P27134), one Brucella suis (strain 1330, Acces-
sion No. AAN33967), and Haemophilus influenzae
(Accession No. P45148). Based on the results from the
structural analysis of E. coli b-CAs (CynT2) previously
reported,38 secondary structural features shown above
the sequences clearly place this new enzyme (hpbCA)
in the b category. It has been reported earlier38–43 that
most bacterial b-CAs are composed of three sequential
domains: (i) an N-terminal arm including two a-helices
(H1 and H2), (ii) a zinc ion-binding core including three
b-sheets (S1-S3) and two a-helices (H3 and H4), and (iii)
a C-terminal subdomain including two b-sheets (S4-S5)

Figure 1. Consensus amino acid sequence of hpbCA (H. pylori cons.), which


H. pylori strains from patients with gastritis, as compared to those of the b-C


suis, and H. influenzae. Amino acids conserved among all 6 b-CAs are indica


features are indicated above the alignment (helices as bars; strands as arrows


red indicate the Zn(II)-coordinating amino acid residues: Cys42, Asp44, H


numbering system).39

and five a-helices (H5-H9) (Fig. 1).39,40 In agreement
with such reports,38–43 it may be observed that the ami-
no acid sequence of the zinc ion-binding core of hpbCA
is highly conserved, similarly to other bacterial b-CAs
sequenced so far (Fig. 1). Such conserved residues in-
clude the zinc(II)-coordinating amino acids Cys42,
Asp44, His98, and Cys101 (indicated by triangles in Fig-
ure 1; residues numbering is based on the E. coli CynT2
numbering system) and Arg46, involved in a salt bridge
with Asp44 when the active site of the enzyme is opened
(see later in the text).15,39


X-ray structures for six b-CAs are available at this mo-
ment: the enzymes isolated from the red alga Porphyridi-
um purpureum,39 the enzyme from chloroplasts of Pisum
sativum,41 another prokaryotic enzyme, isolated from
E. coli,40 ‘cab’, the enzyme isolated from the archaeon
M. thermoautotrophicum,42,43 as well as two enzymes
from M. tuberculosis.15 The P. purpureum CA monomer
was shown to be composed of two internally repeating
structures, being folded as a pair of fundamentally
equivalent motifs of an a/b domain and three projecting
a-helices.39 The motif is very distinct from that of either
a- or c-CAs.39 This homodimeric CA appeared like a
tetramer with a pseudo 2-2-2 symmetry. b-CAs are thus
very different from the a-class enzymes (Fig. 2). The
Zn(II) ion is essential for catalysis in both families of en-
zymes, but its coordination is different and rather
variable for the b-CAs: thus, in most of the prokaryotic
b-CAs the Zn(II) ion is coordinated by two cysteinate
residues, an imidazole from a His residue, and a

consists of the most commonly used amino acid residues among the 15
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ted in red. According to previous reports39,41, the secondary structural


) and colored according to the sequential subdomains. Arrowheads in


is98, and Cys101 (residue numbers are based on the E. coli CynT2







N
H


N


Zn
2+


OH2


S


O


O


N
H


N


Zn
2+


S
S


NH


N
NHN


OH2


N
H


N


Zn
2+


His residue


Cys residue


Cys residue


His residue


Cys residue


Cys residue


Asp residue


His residue


His residueHis residue


-


--
-


-
S


Figure 2. Schematic representation of the Zn(II) coordination sphere in b- and a-CAs for which X-ray crystallographic structures were reported. (a)


Porphyridium purpureum,39 Escherichia coli38, and Mycobacterium tuberculosis Rv3588c15 b-CA enzymes; (b) Pisum sativum chloroplast41 and


Methanobacterium thermoautotrophicum42 b-CA enzymes; (c) a-CAs (all of them having the same coordination of the active site Zn(II) ion, by three


histidines and a water molecule, all over the phylogenetic tree).1–5


I. Nishimori et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3585–3594 3591

carboxylate belonging to an Asp residue (Fig. 2a),39,42


whereas the chloroplast enzyme has the Zn(II) ion coor-
dinated by two cysteinates, the imidazole belonging to a
His residue, and a water molecule (Fig. 2b).38,40 The
Zn(II) coordination in all a-CAs investigated up to
now consisted always of three imidazoles belonging to
His residues and a water molecule which can be depro-
tonated to hydroxide, with the generation of the nucleo-
philic, catalytically active form of the enzyme.1–5,36


hpbCA has the Zn(II) ion coordinated by two cysteine
residues, one histidine, and one aspartate, as the enzyme
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Rv3588c.15

isolated from P. purpureum, E. coli, and one Mycobacte-
rium enzyme, represented in Figure 2a. Since these en-
zymes do not have a hydroxide ion/water molecule
coordinated to the Zn(II) ion, we propose the following
catalytic mechanism (Fig. 3) of this efficient enzyme for
the hydration of CO2 (see Table 1), based on the recent
crystallographic data of the M. tuberculosis b-CA pos-
sessing the same Zn(II) coordination as hpbCA.


Suarez Covarrubias et al.15 recently showed that in M.
tuberculosis Rv3588c15 b-CA the active site is ‘blocked’
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at pH 7.5 or lower, when the carboxylate of an aspartic
acid coordinates as the fourth ligand to the Zn(II) ion
(as in Fig. 2a). However, at pH values over 8.3, an open-
ing of the active site occurs, with the blocking aspartate
forming a salt bridge with a conserved Arg residue in all
b-CAs sequenced so far (Arg46 in the case of hpbCA,
see Fig. 1), so that a water molecule/hydroxide ion has
finally access to coordinate the metal ion for completion
of its tetrahedral geometry (Fig. 3). The catalytic mech-
anism of this b-CA possessing the ‘opened’ active site is
then rather identical to that of the a-class enzymes, with
the substrate being probably bound in a hydrophobic
pocket not far from the zinc-coordinated hydroxide
(Fig. 3b), which attacks it with formation of bidentately
coordinated bicarbonate (Fig. 3c). This is then displaced
by a water molecule and liberated in solution, with for-
mation of the acidic form of the enzyme, with water as
the fourth zinc ligand (Fig. 3d). For generating the
strong nuclophile with hydroxide coordinated to Zn(II),
a proton transfer reaction must occur in the last step,
with formation of the catalytically active enzyme species
(Fig. 3a). The proton transfer step is not well investi-
gated up to now in the b-class enzymes, this process
being assisted by active site His residues in the a-CAs
(e.g., His64 in hCA II and similar enzymes).1–5


No X-ray crystallographic data for any b-class CA in
complex with organic inhibitors are available up to
now. However, based on the strong inhibitory activity
observed here for hpbCA with many sulfonamides/sulfa-
mates, we hypothesize that similar to the a-CAs, these
inhibitors bind directly to the Zn(II) ion within the en-
zyme active site, also participating to stabilizing interac-
tions with various amino acid residues from the cavity
(Fig. 4). It should be important to resolve X-ray struc-
tures of adducts of hpbCA with some of these inhibitors
as such data might be highly relevant for the drug design
of much stronger (and eventually selective) hpbCA
inhibitors. However, what we consider as an even more
important discovery in addition to unraveling low nano-
molar hpbCA inhibitors, is the fact that we proved here
that a non-a-CA from a pathogenic bacterium produc-
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Figure 4. Proposed inhibition mechanism of hpbCA by sulfonamides.


The deprotonated sulfonamide is coordinated to the catalytical Zn(II)


ion as the fourth ligand, whereas the SO2 moiety and the organic


scaffold (R) of the inhibitor may interact with amino acid residues


lining the active site cavity, as in the case of the a-CA—sulfonamide


adducts.10–13

ing devastating diseases worldwide can be considered
as a drug target, in addition to the well-studied a-class
enzymes from vertebrates/protozoans. Since the gen-
omes of many pathogenic bacteria/fungi contain one
or more b-CAs which were shown to be essential for
the growth/virulence of these pathogens,14–17 we esti-
mate that the approach presented here may be extended
to other such enzymes, with the possibility to detect
pharmacological agents possessing a novel mechanism
of action, and fighting resistance to presently available
drugs.
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Abstract—We have identified and synthesized a series of thiophene containing inhibitors of kinesin spindle protein. SAR studies led
to the synthesis of 33, which was co-crystallized with KSP and determined to bind to an allosteric pocket previously described for
other known KSP inhibitors.
� 2007 Elsevier Ltd. All rights reserved.

Anti-mitotic chemotherapeutics, such as the taxanes and
vinca alkaloids, represent one of the main classes of
effective cancer therapies, and are broadly used against
a wide range of cancer types.1 However, mechanism-
related toxicities2 and acquired resistance have stimu-
lated considerable interest in developing anti-mitotics
that target mechanisms other than direct microtubule
inhibition. Kinesin spindle protein (KSP, also known
as Eg5) is a member of a superfamily of force-generating
motor proteins associated with microtubules.3a Like
other kinesins, KSP contains a catalytic ATPase activity
required for directed movement along microtubules. In
dividing cells, the effects of KSP inhibition are limited
to mitosis, while the only reported expression of KSP
in non-dividing cells is in subsets of post-mitotic neu-
rons, and its function there is unclear.3b Inhibition of
KSP during mitosis leads to lack of formation or disrup-
tion of the bipolar mitotic spindle, sustained mitotic ar-
rest, and subsequent induction of apoptosis both in vitro
and in vivo.4 Numerous small molecule inhibitors of the
KSP ATPase have been recently described,5 for example
quinazolinone 1,5l dihydropyrazole 2a,5a and dihydro-
pyrrole 2b,5b and clinical trials have been initiated to
validate KSP as a target for cancer therapeutics.6
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Ultra high-throughput screening of the Kalypsys com-
pound collection identified a series of thiophene contain-
ing KSP inhibitors of the general structure 3, with
ATPase IC50s in the low micromolar range and effects
on cultured cells consistent with selective targeting of
KSP. Thus, a medicinal chemistry effort was initiated
to optimize these screening hits and determine their
mode of binding to KSP.

The compounds described herein were synthesized as
outlined in Scheme 1.7 Cyclic ketones 4 were reacted
with ethyl cyanoacetate (5) and sulfur with a catalytic
amount of morpholine in ethanol to give amino thioph-
enes 6 in moderate to good yields.8 Ester hydrolysis fol-
lowed by activation of the resulting acid with
triphosgene and reaction with an amine afforded amino-
thiophene amides 9. Reductive amination of the pendant
amine provided KSP inhibitors such as 10. Additionally,
6 could be reacted with acid chlorides (7) to give amides
8 in moderate to excellent yields. Hydrolysis of the free
acid and coupling to an amine gave KSP inhibitors of
the general structure 11.


To investigate the SAR and improve the potency three
main areas were examined: (1) investigation of the pen-
dant amide connected to the amino thiophene (N-
linked), (2) substitution of the thiophene core, and (3)
replacements of the diethylamide. Three in vitro assays
were used to drive the SAR: (a) a biochemical assay that
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measures microtubule-stimulated KSP ATPase activity,
(b) a cell-based assay that measures mitotic arrest main-
tained by KSP inhibition (MPM-2 cytoblot), and (c) a
cell-based assay that measures cytotoxicity due to pro-
longed mitotic arrest, itself a result of continuous KSP
inhibition.9–11 In general, trends were consistent among
the three assays.


We initially examined substituent effects on the thio-
phene core as well as the effect of the pendant amide
(Table 1). From the initial screen, a 2-thiophene amide
at R3 was found to be the most active analog (for exam-
ple compound 14), and thus was used as a starting point.
As shown, only very weak activity was observed with an
unsubstituted thiophene core (12). Some improvement
was observed with dimethyl substitution (13), but more
dramatic effects were observed with fused aliphatic rings
appended onto the thiophene (14–16). In particular,
cyclohexyl analog 15, with activity in the ATPase assay
of 1.7 lM and the MPM-2 cytoblot assay of 0.48 lM,
became a scaffold for further optimization. Attempts
to optimize the R3 amide from the starting 2-thiophene
were less successful, with the 3-thiophene (17), thiazole
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Scheme 1. Reagents and conditions: (a) S, morpholine, EtOH, 50 �C, 40–9


ii—triphosgene, THF, rt, quant.; iii—R5R6NH, DMF, 60 �C, 50–90%; (d) L


20–60%; (f) R7CHO, NaBH(OAc)3, CH2Cl2, rt, 20–50%.

(18), methyl thiazole (19), furan (20), and phenyl (21),
all showing a log or more loss of activity. Removing
the amide carbonyl of 15 to give amine derivative 22 also
led to a log loss of activity. To further drive medicinal
chemistry efforts, we determined the co-crystal structure
of KSP with cyclohexyl analog 15, Mg2+, and ADP to a
resolution of 1.85 Å12 (Fig. 1).


As shown in Figure 1A, compound 15 binds in a similar
fashion to known KSP inhibitor 2b at an allosteric si-
te.5b The cyclohexylthiophene core of 15 occupies the
same hydrophobic pocket as the difluorophenyl group
of 2b. One ethyl of the diethylamide group projects into
solvent and the other in the pocket formed by Tyr211,
Leu214, and Glu215. The pendant 2-thiophene amide
of 15 fills the same pocket as the phenyl group of 2b,
leaving no extra space to accommodate any substituents
on the thiophene ring. Using this information, we turned
our focus to optimization of the diethylamide group.
Initial exploration around the diethyl amide (Table 2)
indicated that the hydrophobic interactions provided
by amide substitution were required for activity. This
conclusion is supported by the following observations:
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Table 1. Optimization of core and pendant amide


SR1


R2
N
H


O N


R3


Compound R1 R2 R3 ATPase IC50
a (lM) MPM-2 Cytoblot EC50


a (lM) Cytotoxicity 60 h EC50
a (lM)


12 –H –H S
O


>100 NA
b


NA
b


13 –CH3 –CH3 S
O


23(5) 29(11) >30


14 –(CH2)3– S
O


9.9(2.1) 2.2(0.2) 7.1(1.0)


15 –(CH2)4– S
O


1.7(0.4) 0.48(0.13) 2.0(0.2)


16 –(CH2)5– S
O


4.1(0.9) 5.8(6.8) 13(5)


17 –(CH2)4–
S


O
13(2) 4.3(0.8) 29.4(0.1)


18 –(CH2)4–


N


S
O


76(19) >30 NAb


19 –(CH2)4–


N


S
O


17(4) >30 >30


20 –(CH2)4– O
O


23(5) 20(7) >30


21 –(CH2)4–


O
33(9) 34(18) >30


22 –(CH2)4–
S


20(8) >30 >30


a Value represents the mean of three experiments with standard deviations shown in parentheses.
b NA, not active <30 lM.


Figure 1. X-ray structures of compounds in the KSP allosteric binding site. (A) 2b (yellow, PDB code 2FL6) and 15 (green, PDB code 2PG2); (B) 33


(blue, PDB code 2UYI) and 37 (orange, PDB code 2UYM). Protein surface is shown for KSP/ADP/15 (A) and KSP/ADP/33 (B). Compounds are


shown in thick sticks, and protein residues are shown in thin sticks.
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Table 2. Effect of amide substitution


S
N
H


O R4


O
S


Compound R4 ATPase IC50
a (lM) MPM-2 Cytoblot EC50


a (lM) Cytotoxicity 60 h EC50
a (lM)


23 OEt >100 NAb NAb


24 OH >100 NAb NAb


25 NH2 >100 NAb NAb


15 NEt2 1.7(0.4) 0.48(0.13) 2.0(0.2)


26 NMe2 6.0(1.6) 3.6(1.2) 12(2)


27 N 3.9(0.8) 1.1(0.1) 3.1(1.6)


28 N 2.8(0.7) 0.54(0.30) 5.1(2.2)


29 N O 4.3(0.9) 1.8(0.4) 7.2(2.7)


30 NH N 27(6) 37(29) >30


31 N N 8.6(1.8) 7.6(1.4) >30


a Value represents the mean of three experiments with standard deviations shown in parentheses.
b NA, not active <30 lM.
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first, an unsubstituted amide abolished activity (25). Sec-
ond, unbranched amide substitution, which has fewer
conformations allowing contact (30), was less potent
than a fully branched substitution (31). The fact that
the ester (23) and acid (24) are inactive is consistent with
this notion. Third, cyclization of the branched amide
(27–29) gave comparable activity. Finally, the dimeth-
ylamide 26, reduced in size, showed diminished potency.


Lastly we turned our attention to further optimization
of the thiophene core (Table 3). From the crystal struc-
ture of 15, we surmised that there was additional space
in the hydrophobic pocket occupied by the cyclohexyl
ring, in particular space occupied by the halogens in 1
and 2a/2b. To test this hypothesis we added alkyl groups
to various positions on the cyclohexyl ring to potentially
enhance favorable hydrophobic interactions. These and
other substituted cycloalkylthiophene compounds were
synthesized and tested as racemic mixtures unless other-
wise noted. Satisfyingly, we found that a methyl group
in the 2 position (33) gave a three- to fourfold boost
in potency over 15 in both the ATPase assay (0.48 lM

vs 1.7 lM) and the MPM-2 cytoblot assay (0.10 lM vs
0.48 lM). Co-crystallization of 33 showed that the
methyl group occupied an additional part of the main
hydrophobic pocket (Fig. 1B). In addition, 33 was re-
solved into its enantiomers and one isomer was found
to be 10 fold more active than the other.15 Addition of
another methyl group at position 2 (37) of the cyclo-
hexylthiophene was tolerated but led to a loss of activity
compared to 15. An X-ray structure shows that the axial
methyl group in 37 makes close contact (3.2 Å) to the
polar main chain oxygen of Leu214 as shown in Figure
1B. Furthermore, the Ca atoms of 213–218 move an
average of 0.34 Å away from 37, resulting in slight open-
ing of the pocket as compared to 33. Attempts to in-
crease the size beyond methyl, as in 39, were
detrimental. Substitutions at other positions of the
cyclohexylthiophene were less favorable than position
2 (compare 33 to 32, or 34; 37 to 38; or 39 to 40). An
energy penalty likely occurs by rearranging adjacent res-
idues in order to avoid close contacts incurred by these
substitutions. A similar boost in potency was observed
when a methyl group was incorporated on the cyclopen-







Table 3. Core optimization


N
H


O N


O
S


CORE


Compound CORE ATPase IC50
a (lM) MPM-2 Cytoblot EC50


a (lM) Cytotoxicity 60 h EC50
a (lM)


32(1) S
H3C


1
2


3 7.5(1.6) 4.7(1.4) 6.3(1.7)


33(2) 0.48(0.11) 0.10(0.03) 1.0(0.7)


34(3) 5.9(1.1) 2.6(1.0) 6.1(0.9)


35(1)
S


H3C 1


2 8.1(1.0) 5.4(1.9) 36(19)


36(2) 3.5(0.6) 1.5(0.4) 7.7(4.9)


37


S
3.1(0.9) 1.7(0.8) 6.0(2.6)


38


S
12(1) 14(7) 24(4)


39(2)
S


1
2


3 7.4(1.0) 1.9(0.4) 12(2)


40(3) 69(1) >30 7.3(1.2)


41
O S


24(4) 17(5) >30


42
S S


3.3(0.9) 9.6(9.5) >30


43
HN S


>100 NAb NAb


44


S
>100 NAb NAb


a Value represents the mean of three experiments with standard deviations shown in parentheses.
b NA, not active <30 lM.
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tyl analog, for example activity was improved to 3.5 lM
(for 36) from 9.9 lM (for 14) in the ATPase assay. At-
tempts to incorporate heteroatoms into the ring led to
a range of results, from a minor effect for sulfur (42),
to a detrimental effect with oxygen (41) and complete
loss of activity with nitrogen (43). This suggests that po-
lar substituents are not tolerated in the hydrophobic
pocket.5a Somewhat surprisingly, benzothiophene ana-
log 44 showed no activity, although subsequent model-
ing into the active site indicated that the aromatic ring
was not as well tolerated. Naphthalene and benzofuran
analogs also showed no activity (data not shown).


To confirm that the cytotoxic activity was a consequence
of KSP inhibition, we further characterized the cellular
activity of compounds 15 and 33 (Fig. 2). Non-synchro-
nously dividing A-549 lung cancer cells were treated for
18 h with vehicle alone (A), compound 33 (B), or com-
pound 15 (not shown). Incubation with compound 33
or 15 resulted in the accumulation of cells with the typ-
ical monopolar spindle morphology due to KSP inhibi-

tion. No additional effect on cell morphology prior to
induction of apoptosis was observed.


Flow cytometry of non-synchronous A-549 cells treated
for 18 h with 15 lM compound 15 demonstrated a
majority with a 4 N (G2/M) DNA content, consistent
with mitotic arrest. For comparison, compounds 1,
and 2a (as a racemic mixture), generated a similar profile
at 1 lM (Table 4A). Cells previously treated for 18 h
were washed and cultured for an additional 24 h in the
absence of compounds (Table 4B). In this case, the effect
of previous compound 15 treatment was mostly revers-
ible, as was the case for compound 2a. By contrast,
the effect of previous compound 1 treatment was not
reversible, with most cells continuing to have a 4 N
DNA content, and some increase in the sub-2 N fraction
associated with apoptotic and dead cells.


A-549 cells have been reported to aberrantly exit mitosis
after prolonged mitotic arrest due to KSP inhibition by
treatment with 200 lM monastrol. However, this exit







Figure 2. Imaging of cells following treatment with DMSO vehicle (A) or 10 lM compound 33 (B).16 Separate images of microtubules (green) and


DNA (blue) are overlaid. (A) shows a single normal mitosis in the upper left, while (B) shows numerous cells with the monopolar spindle phenotype.


Scale bar = 20lm.


Table 4. Flow cytometry of compound-treated A-549 cells


DNA content <2 N 2 N >2 N, <4 N 4 N


Cell cycle phase Apoptotic G1 S G2/M


Aa


DMSO 7 64 13 12


1, 1 lM 3 17 12 61


2a, 1 lM 2 14 11 64


15, 15 lM 3 18 14 56


Bb


DMSO 0.5 58 17 16


1, 1 lM 10 8 7 64


2a, 1 lM 5 46 14 24


15, 15 lM 4 47 12 25


a Cells were treated for 18 h with DMSO vehicle or the listed compounds and processed for flow cytometry.17 Table values are expressed as


percentages. The remaining percentage of the sample is in multi-cell aggregates and not listed.
b Cells were treated for 18 h with DMSO vehicle or the listed compounds then washed and cultured in the absence of compounds for an additional


24 h before processing for flow cytometry.17 Table values are expressed as percentages. The remaining percentage of the sample is in multi-cell


aggregates and not listed.
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does not occur until at least 36 h of continuous arrest,
and is followed by a G1-like arrest with a 4 N DNA con-
tent.18 Our results suggest shorter periods of mitotic ar-
rest are insufficient for A-549 cells to commit to mitotic
slippage, at least for compounds 15 and 2a. Finally, the
cell viability assay was used to demonstrate that signifi-
cant apoptosis does not begin until at least 24 h after
incubation of compounds 15 or 33, consistent with other
KSP inhibitors.19


In conclusion, a new class of thiophene containing com-
pounds that are inhibitors of KSP have been developed
from a uHTS screening lead. These compounds have
been shown to have sub-micromolar activity in second-
ary cellular assays and a cell phenotype consistent with
KSP inhibition. Structural information gained from
co-crystal structures with KSP should help in the further
development of these and other structural classes of
KSP inhibitors.
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37: resolution = 2.11 Å, space group = C2, a = 160.8 Å,
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Novel 2,4-diaminopyrimidine-based small molecule renin inhibitors are disclosed.


Through high throughput screening, parallel synthesis, X-ray crystallography,
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non-peptidic, small molecular template to possess moderate potency against
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The artemisinin–quinine hybrid 7 was synthesised and shown to have potent activity against the 3D7


and drug-resistant FcB1 strains of Plasmodium falciparum in culture. Its activity was superior to that


of artemisinin alone, quinine alone, or a 1:1 mixture of artemisinin and quinine.
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40-Substituted bicyclic pyridones were prepared and evaluated for non-steroidal inhibition of type 1 and 2 steroid 5a-reductase (SR).


SAR for 40-substituents were determined and compared to SAR derived from a known class of SR inhibitor.
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SAR study of the biphenyl region of cyclopropanecarboxamide derived bradykinin B1 antagonists was examined.
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The synthesis and structure–activity relationships of a series of novel and selective benzothiophene, benzofuran and indole-based


peroxisome proliferator-activated receptor d agonists.
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A series of low molecular weight antagonists of both the human and murine CC chemokine receptor 2, containing a 1-alkyl-3-(3-


methyl-4-spiroindenylpiperidine)-substituted cyclopentanecarboxamide, is described.
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A series of paclitaxel C-10 carbamates was synthesized and evaluated in a bi-


directional permeability assay in comparison with paclitaxel and the blood–brain


barrier-permeable C-10 ester derivative, TX-67.
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The synthesis and biological activity of a novel series of thrombin receptor antagonists is


described. This series of compounds showed excellent in vitro and in vivo potency. The most


potent compound (40) had an IC50 of 7.6 nM and showed robust inhibition of platelet


aggregation in a cynomolgus monkey model after oral administration.
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A series of novel-substituted biaryl cannabinoid mimetics was synthesized and their biological activity determined.
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During an effort to search for more potent growth hormone secretagogues, we discovered a


class of compounds of which the best compound 8 was 7-fold more active in vitro than the


best compound in the series we revealed before [Tata, J. R.; Lu, Z.; Jacks, T. M.; Schleim,


K. D.; Cheng, K.; Wei, L.; Chan, W.-S.; Butler, B.; Tsou, N.; Leung, K.; Chiu, S.-H. L.;


Hickey, G. J.; Smith, R. G.; Patchett, A. A. Bioorg. Med. Chem. Lett. 1997, 7, 2319.].


Animal studies show that compound 8 can stimulate growth hormone release at the oral


dose as low as 0.06 mpk. Chemistry and biological studies are discussed.
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Design, synthesis, and anti-HIV activity of 20,30-didehydro-20,30-dideoxyuridine (d4U),
20,30-dideoxyuridine (ddU) phosphoramidate �ProTide� derivatives
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Phosphate pro-drug technologies (ProTides) lead to the activation of inactive nucleosides such as ddU, but not d4U, versus HIV.


Reasons for the difference are explored, including the second phosphorylation step.


A new class of histamine H3 receptor antagonists derived from ligand based design pp 3670–3675


Olivier Roche and Rosa Marı́a Rodrı́guez Sarmiento*


N
R R


O


N


N


N


N


Asp 3.32


Glu 5.46


Lipophilic
pocket


N
R R1


O


N


N


N


N


Asp 3.32


Glu 5.46


Lipophilic
pocket


Contents / Bioorg. Med. Chem. Lett. 17 (2007) 3517–3530 3523







Cytotoxic effects of C-glycosides in HOS and HeLa cell lines pp 3676–3681


Carlos A. Sanhueza, Carlos Mayato, Rubén P. Machı́n, José M. Padrón, Rosa L. Dorta and Jesús T. Vázquez*
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Fifty-two C-glycosides were synthesized and their in-vitro antiproliferative activity against human cervical carcinoma


(HeLa) and osteosarcoma (HOS) screened, showing significant activity.
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R = azaheterocycle


microwavesA series of fluconazole analogues 5–20 incorporating azaindole


and indole moieties were prepared using oxirane intermediates


synthesized under microwave irradiation. All of the compounds


were evaluated in vitro against two clinically important fungi,


Candida albicans and Aspergillus fumigatus. Four 2,4-dichloro-


phenyl derivatives 6, 13, 14 and 18 exerted high antifungal activity


against C. albicans with MIC80 values 3- to 28-fold lower than that


of fluconazole.
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Chemical transformation of the MePhe containing
enniatin 8 into the (S)-MeCha containing CHDP 9.


Cyclohexadepsipeptides (CHDPs) with cyclohexylmethyl side chains represent novel


enniatins with in vivo activity against the parasitic nematode Haemonchus contortus


Rudolphi in sheep. It was found that the replacement of benzylic by cyclohexylmethyl


side chains on the enniatin skeleton can increase anthelmintic efficacy. Here we report on


a simple total synthesis of the precursors for this type of CHDPs and efficient chemical


transformation of the benzylic into the corresponding cyclohexylmethyl side chains.
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2-Phenyl-2,3-dihydro-1H-imidazo[1,2-b]pyrazole derivatives: New potent inhibitors
of fMLP-induced neutrophil chemotaxis


pp 3696–3701


Olga Bruno,* Chiara Brullo, Francesco Bondavalli, Angelo Ranise, Silvia Schenone,
Maria Sofia Falzarano, Katia Varani and Susanna Spisani
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We report here the synthesis of title compounds and their evaluation on neutrophil activation and recruitment.


Antitumor anthraquinones from an endophytic actinomycete Micromonospora lupini sp. nov. pp 3702–3705


Yasuhiro Igarashi,* Martha E. Trujillo, Eustoquio Martı́nez-Molina, Saeko Yanase, Satoshi Miyanaga,
Takamasa Obata, Hiroaki Sakurai, Ikuo Saiki, Tsuyoshi Fujita and Tamotsu Furumai
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Two novel anthraquinones, lupinacidins A (1) and B (2), have been isolated


from the culture broth of an endophytic actinomycete. Lupinacidins showed


significant inhibitory effects on invasion of murine colon 26-L5 carcinoma cells.


Boswellic acids and glucosamine show synergistic effect in preclinical anti-inflammatory study in rats pp 3706–3711


Surjeet Singh,* Anamika Khajuria, Subhash Chandra Taneja, Ravi Kant Khajuria,
Jaswant Singh and Ghulam Nabi Qazi
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Boswellic acids (36% activity)


         +               Synergistic antiarthritic activity (55%  activity)


Glucosamine (21%  activity)


→


Leukotriene inhibiting boswellic acids and glucosamine individually are known for their anti-arthritic potential in


preclinical and clinical studies. A combination of both displayed significant synergism in chronic inflammation,


whereas in acute inflammation it was almost insignificant.


Synthesis and anticonvulsant activity of 4-(2-(2,6-dimethylphenylamino)-2-oxoethylamino)-N-
(substituted)butanamides: A pharmacophoric hybrid approach


pp 3712–3715


Perumal Yogeeswari,* Dharmarajan Sriram, Puppala Sahitya, Jegadeesan Vaigunda Ragavendran
and Velagaleti Ranganadh
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Pharmacophore hybrid


A series of pharmacophoric hybrids of ameltolide-c-aminobu-


tyric acid (GABA)-amides was designed, synthesized, and


evaluated for their anticonvulsant and neurotoxic properties.


Compound 4-(2-(2,6-dimethylaminophenylamino)-2-oxoethyl-


amino)-N-(2,6-dimethylphenyl) butanamide (7) emerged as the


most potent derivative effective in all the three animal models of


seizure with no neurotoxicity at the anticonvulsant dose.
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Docking-based 3D-QSAR study for selectivity of DPP4, DPP8, and DPP9 inhibitors pp 3716–3721


Nam Sook Kang,* Jin Hee Ahn, Sung Soo Kim, Chong Hak Chae and Sung-Eun Yoo


Synthesis and structure–activity relationships of taxuyunnanine C derivatives as multidrug
resistance modulator in MDR cancer cells


pp 3722–3728


Toshiaki Hasegawa,* Jiao Bai, Jungui Dai, Liming Bai, Junichi Sakai, Shigenori Nishizawa,
Yuhua Bai, Midori Kikuchi, Mariko Abe, Takao Yamori, Akihiro Tomida,
Takashi Tsuruo, Katsutoshi Hirose and Masayoshi Ando*


New taxoids bearing a bulky acyloxy group at C-2, C-5, C-7, C-9, C-10, and


C-14 were obtained by chemical and bio- transformations of taxuyunnanine C


and its analogs. In them, compounds 3, 5, 6, 8, and 9a have significant effects


of the accumulation of calcein in MDR 2780AD. Since compounds 6 and 8


have no cytotoxic activity, they are desirable compounds as MDR cancer


reversal agent. Since compounds 3, 5, and 9a have moderate cytotoxic activity,


they are expected to be lead compounds of new-type anticancer agents.


Structure–activity relationship, kinetic mechanism, and selectivity for a new class
of ubiquitin C-terminal hydrolase-L1 (UCH-L1) inhibitors


pp 3729–3732


Ara H. Mermerian, April Case, Ross L. Stein and Gregory D. Cuny*
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Synthesis and local anesthetic activity of fluoro-substituted imipramine and its analogues pp 3733–3735


Wen Li and Qidong You*
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Synthesis and evaluation of isoxazole derivatives as lysophosphatidic acid (LPA) antagonists pp 3736–3740


Takashi Yamamoto, Koichi Fujita,* Sayaka Asari, Akira Chiba, Yuka Kataba, Koji Ohsumi,
Naoko Ohmuta, Yuko Iida, Chiori Ijichi, Satoshi Iwayama, Naoyuki Fukuchi and Masataka Shoji
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A series of isoxazole derivatives were synthesized and their antagonistic activities against LPA stimulation on both LPA1/CHO cells


and rHSC cells were evaluated. Among them, 3-(4-{4-[1-(2-chloro-cyclopent-1-enyl)-ethoxycarbonylamino]-isoxazol-3-yl}-


benzylsulfanyl)-propionic acid (34) showed the most potent activities.


Synthesis and biological evaluation of analogues of the anti-tumor alkaloid naamidine A pp 3741–3744


Nicholas Aberle, Jenny Catimel, Edouard C. Nice and Keith G. Watson*
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The syntheses of deletion analogues and thiazole analogues of naamidine A (1) are reported, together with data


indicating inhibition of EGF- and IL3-dependent mitogenesis.


Phosphonic acid analogs of GABA through reductive dealkylation of phosphonic diesters
with lithium trialkylborohydrides


pp 3745–3748


Sarwat Chowdhury, Niraj J. Muni, Nicholas P. Greenwood, David R. Pepperberg* and Robert F. Standaert*


Lithium trialkylborohydrides were found to mono-dealkylate dialkylphosphonates rapidly (rate of cleavage Me,


Bn > 1�). The reaction was applied to the synthesis of a new GABAC antagonist, 2-aminoethyl methylphosphonate (4a).


N-(3-Triethoxysilylpropyl)-4-(N0-maleimidylmethyl)cyclohexanamide (TPMC): A heterobifunctional
reagent for immobilization of oligonucleotides on glass surface


pp 3749–3753


Arvind Misra*
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Design and synthesis of novel hydantoin-containing melanin-concentrating
hormone receptor antagonists


pp 3754–3759


Fabrice Balavoine,* Patrice Malabre, Thierry Alleaume, Astrid Rey, Valérie Cherfils,
Olivier Jeanneton, Sophie Seigneurin-Venin and Frédéric Revah


We report here new chemical series acting as antagonists of melanin-concentrating hormone receptor 1 (MCHR-1). Synthesis and


structure–activity relationships are described leading to the identification of compounds with optimized in vitro pharmacological


and in vitro ADME profiles. In vivo activity has been demonstrated in animal models of food intake and depression.


Optimization of triaryl bis-sulfones as cannabinoid-2 receptor ligands pp 3760–3764


Brian J. Lavey,* Joseph A. Kozlowski,* Bandarpalle B. Shankar, James M. Spitler, Guowei Zhou,
De-Yi Yang, Youheng Shu, Michael K. C. Wong, Shing-Chun Wong, Neng-Yang Shih,
Jie Wu, Stuart W. McCombie, Razia Rizvi, Ronald L. Wolin and Charles A. Lunn
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Optimization of triaryl bis-sulfone cannabinoid ligands is described. Formation of the trifluoromethane sulfonamide


moiety gives compounds that are highly potent and selective for CB2 with improved plasma levels.


Derivatives of oxoisoaporphine alkaloids: A novel class of selective acetylcholinesterase inhibitors pp 3765–3768


Huang Tang, Fang-Xian Ning, Yong-Biao Wei, Shi-Liang Huang, Zhi-Shu Huang,*


Albert Sun-Chi Chan and Lian-Quan Gu*
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Synthesis and biological evaluation of (R)-N-(diarylmethylthio/sulfinyl)ethyl/propyl-piperidine-
3-carboxylic acid hydrochlorides as novel GABA uptake inhibitors


pp 3769–3773


Jiange Zhang,* Pei Zhang, Xianbo Liu, Kai Fang and Guoqiang Lin*
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The synthesis of the novel uptake inhibitor 6a (IC50 = 0.92 lm) is reported.
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The crystal structures of copper(II), manganese(II), and nickel(II) complexes of a (Z)-2-
hydroxy-N0-(2-oxoindolin-3-ylidene) benzohydrazide—potential antitumor agents


pp 3774–3777


Xia Zhong, Hu-Lai Wei, Wei-Sheng Liu,* Da-Qi Wang and Xing Wang


Crystal Structure of the Complexes.


C(4)-alkyl substituted furanyl cyclobutenediones as potent, orally bioavailable CXCR2
and CXCR1 receptor antagonists


pp 3778–3783


Jianhua Chao,* Arthur G. Taveras, Jianping Chao, Cynthia Aki, Michael Dwyer, Younong Yu,
Biju Purakkattle, Diane Rindgen, James Jakway, William Hipkin, James Fosetta, Xuedong Fan,
Daniel Lundell, Jay Fine, Michael Minnicozzi, Jonathan Phillips and J. Robert Merritt
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The discovery and synthesis of the potent CXCR2 and CXCR1 dual antagonist 16 is described.


Synthesis, bioactivity, theoretical and molecular docking study of 1-cyano-N-substituted-
cyclopropanecarboxamide as ketol-acid reductoisomerase inhibitor


pp 3784–3788


Xing-Hai Liu, Pei-Quan Chen, Bao-Lei Wang, Yong-Hong Li, Su-Hua Wang and Zheng-Ming Li*
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1-Cycan-1-cycloproprane derivatives against KARI


were synthesized.


Ortho-azo substituted phenylboronic acids for colorimetric sugar sensors pp 3789–3792


Yuya Egawa,* Ryota Gotoh, Satoshi Niina and Jun-ichi Anzai
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Design, synthesis, and binding studies of bidentate Zn-chelating peptidic inhibitors of glyoxalase-I pp 3793–3797


Swati S. More and Robert Vince*
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The known affinity of ethyl acetoacetate (ACC) toward divalent zinc prompted us to attempt its employment as a chelating moiety


in the design of glyoxalase-I inhibitors. A practical synthetic route was developed to incorporate this pharmacophore into the side


chain of glutamic acid, with flexibility to allow incorporation of additional functionality at the end-stage of the synthesis. Herein, the


details of this synthetic approach as well as the evaluation of the resultant b-keto ester compounds are reported.
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Abstract—Ketol-acid reductoisomerase (KARI; EC 1.1.1.86) catalyzes the second common step in branched-chain amino acid
biosynthesis. The catalyzed process consists of two stages, the first of which is an alkyl migration from one carbon atom to its
neighbouring atom. The likely transition state is a cyclopropane derivative, thus a series of new cyclopropane derivatives, such
as 1-cyano-N-substituted-cyclopropanecarboxamide, were designed and synthesized. Their structures were verified by 1H NMR,
FTIR spectrum, MS and elemental analysis. The Ki values of active compounds 2, 4b against rice KARI were 95.30 ± 13.71,
207.9 ± 21.99 lM, respectively. The X-ray crystal structure of compound 4a was also determined. Auto-Dock was used to predict
the binding mode of 4a. This was done by analyzing the interaction of the compounds 4a with the active sites of spinach KARI. This
result was in accord with the result analyzed by the frontier molecular orbital theory.
� 2007 Elsevier Ltd. All rights reserved.

Plants and most micro-organisms have biosynthetic
ability which allows them to survive on relatively simple
nutrients. For this reason, plants and microorganisms
contain numerous enzymes that are potential targets
for designing bioactive compounds such as herbicides
and antibiotics. Enzymes involved in the biosynthesis
of the branched chain amino acids are one such exam-
ple. Isoleucine and valine are synthesized in a parallel
set of four reactions while an extension of the valine
pathway results in leucine.1


This pathway is the target for the sulfonylureas,2 the
imidazolinones3 and a variety of other herbicides,1


which all inhibit the first enzyme, acetohydroxyacid syn-
thase. The success of these herbicides has stimulated re-
search into inhibitors of other enzymes in the pathway,
including the second enzyme in the common pathway,4


ketol-acid reductoisomerase (KARI; EC 1.1.1.86), and
two enzymes in the leucine extension.5,6 The reaction
catalyzed by KARI is shown in Scheme 1 which consists

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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of two steps,7,8 an alkyl migration followed by a
NADPH dependent reduction. Both steps require a
divalent metal ion, such as Mg2+, Mn2+ or Co2+, but
the alkyl migration is highly specific for Mg2+. HOE
7049 and IpOHA10 are potent competitive inhibitors of
the enzyme (Scheme 1).


A transition state being a cyclopropane is postulated
and mimicked by Gerwick et al.11 They showed that
cyclopropane-1,1-dicarboxylate (CPD) can inhibit Esch-
erichia coli KARI. They also showed that application of
CPD to various plant tissues caused the accumulation of
the substrate 2-acetolactate; in vivo data strongly sug-
gest that the CPD can inhibit the activity of KARI
Scheme 1.12


The first step in the KARI catalyzed process involves an
alkyl migration from one carbon atom to its neighboring
atom. The likely transition state is a cyclopropane deriv-
ative. For this reason, some new cyclopropane derivatives
were synthesized in our laboratory (Scheme 2).


Biological studies revealed that some of these com-
pounds inhibit ketol-acid reductoisomerase in vivo
effectively.
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Table 1. Inhibition rate (%) of compounds 4a–p against rice KARI at


200 ppm in vitro


Compound R KARI activity


1 0


2 100


4a p-CH3C6H4– 61.21


4b 2-CHCl2C2N2S– 100


4c p-BrC6H4– 32.23


4d 2-CH3C3HNS– 69.81


4e 2,4,5-Cl3C6H2– 0


4f m-BrC6H4– 17.25


4g C6H5– 77.23


4h 2,4-Cl2C6H3– 97.04


4i o-CH3C6H4– 100


4j p-ClC6H4– 93.92


4k OHCH2CH2– 98.92


4l p-CF3C6H4– 0


4m m-ClC6H4– 0


4n o-CF3C6H4– 0


4o m-CF3C6H4– 0


4p p-OCH3C6H4– 3.95
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Scheme 1. Reaction catalyzed by KARI.
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Scheme 2. Synthesis route for compounds 4a–p.
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The 1-cyan-1-cyclopropane carboxylic acid, prepared
from 1,2-dichloroethane and ethyl cyanacetate was cyc-
lized for 16 h at refluxing temperature. In order to opti-
mize the reaction time, microwave assisted irradiation
was applied which shortened the reaction time to
40 min. Compound 3 reacted with substituted anilines,
heterocyclic amine or alkyl amines in the presence of
inorganic base to yield substituted cyclopropanecarbox-
amides as shown in Scheme 2.13


The KARI activities in vitro of these compounds were
determined.14 The results for compound, 1, 2 and com-
pounds 4a–p are summarized in Table 1.


It was found from Table 1 that compounds 2, 4b, 4h, 4i,
4j and 4k have favourable inhibitory activity against
KARI. The data given in Table 1 indicated that the
change of substituent at phenyl ring affects the KARI
activity. When the benzene ring is substituted by CF3


group, the compounds generally have no KARI bioac-
tivity, as 4l, 4n, 4o. While for heterocyclic and alkane
substituents, their inhibitory activities increase for 4b
and 4k. For the compounds, 2, 4a and 4b, further bioas-
say was conducted and their Ki values against KARI
were 95.30 ± 13.71, >300 and 207.9 ± 21.99 lM, respec-
tively. Hence, these identified cyclopropane derivatives
could be useful for further optimization work in finding
the potential KARI inhibitors.

In order to study the structure–activity relationship, the
single-crystal structure of 4a was determined15 by X-ray
crystallography16 as illustrated in Figure 1 in which
three C–N bond lengths C(5)–N(2), C(6)–N(2) and
N(1)–C(1) are 0.135, 0.142, and 0.114 nm, respectively,
which are all longer than that of 0.134 nm in the single
heterocycle ring.17 In 4a, the bond length of C(1)–N(1)
is 0.1396 nm, which is longer than the double C–N
bond.18 Based on the computal results by Gaussian,19,20


it was seen that DFT, HF and MP2 have good coher-
ence with the crystal diffraction, for example it can be
observed that C(2)–C(5) > C(1)–C(2) > N(2)–C(6) >
N(2)–C(5) >O(1)–C(5) > N(1)–C(1) in crystal structure,
which is accordance with the order of C(2)–C(5)
>C(1)–C(2) > N(2)–C(6) > N(2)–C(5) > O(1)–C(5) >
N(1)–C(1) in all calculation structures.


According to the frontier molecular orbital theory,
HOMO and LUMO are two most important factors
which affect the bioactivities of compounds. HOMO
has the priority to provide electrons, while LUMO
accepts electrons first.21,22 Thus, study on the frontier







Figure 1. Molecular structure of 4a.
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orbital energy can provide some useful information for
the active mechanism. Taking HF (Hatree–Fork)
results, the geometry of the frame of 4a is hardly influ-
enced by the introduction of either the cyano group or
the cyclopropane ring from Figure 2. The HOMO of
4a is mainly located on aromatic ring and the amide
group. On the other hand, the LUMO of 4a contains
aromatic ring, the amido group, the cyano group and
the cyclopropane ring. The fact that 4a has strong affin-
ity suggests the importance of the frontier molecular
orbital in the p–p stacking or hydrophobic interactions.
This also implies that the orbital interaction between 4a
and the rice KARI amino acid residues is dominated by
p–p or hydrophobic interaction between the frontier
molecular orbitals.


To make the results predicted by our frontier molecular
orbital model more relevant to the active sites of the en-
zyme and to further explore a probable binding site in
the KARI, the compound 4a was docked21,22 into the
active sites of KARI.23

Figure 2. Frontier molecular orbitals of compound 4a: (a) HOMO of


compound 4a; (b) LUMO of compound 4a.


Figure 3. Binding modes of compound 4a in the active sites of spinach


KARI: (a) p–p stacking interaction between the His 226 side chain and


phenyl ring; (b) hydrogen bond and hydrophobic interaction between


4a and the rice KARI amino acid residues.

Visual inspection of the conformation of 4a docked into
the KARI binding site revealed that the phenyl rings are
hosted in the pocket of KARI and are oriented to estab-
lish p–p stacking interactions with the His 226 side
chains (Fig. 3a). Moreover, two hydrogen bonds be-
tween the amino groups of 4a and the carbonyl oxygen
of Glu 319 and Asp 315 side chain are also observed.
Furthermore, the cyclopropane ring and aromatic ring
are embedded in a large hydrophobic pocket formed
by Ser 225, His 226, Glu 496, Leu 323, Ser 518, Glu
319 and Asp 315 (Fig. 3b).
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13. General procedure: ethyl cyanacetate (22.6 g, 0.2 mol),


1,2-dichloroethane (160 g, 0.2 mol), potassium carbonate
(220 g, 1.6 mol) and catalytic amount of Bu4NHSO4
(1.0 g) were vigorously refluxed in 1,2-dichloroethane for
6 h after which the reaction mixture was poured into water
(800 mL). The product was extracted with ether
(5· 100 mL), combined extracts were dried over MgSO4


and then the solvent was removed on a rotary evaporator
and the residue was distilled under pressure: bp 115–118/
15 mmHg. Yield 85%. 1H NMR(d, CDCl3):1.30–1.34 (t,
J = 7.14 Hz, 3H, CH3), 1.59–1.69 (m, J = 3.27 Hz, 4H,
cyclopropane–CH2), 4.21–4.27 (q, J = 7.13 Hz, 2H, CH2).
An ester (0.03 mol) was added to a ca. 15% aqueous
solution containing 3 mol equivalents of sodium hydrox-
ide and the suspension was vigorously stirred at ambient
temperature for 2 days until a homogeneous solution was
formed. The solution was extracted with ether (2· 50 mL)
to remove traces of unreacted ester, the water phase was
acidified with concentrated hydrochloric acid and a free
acid was extracted with ether (3· 100 mL). The combined
extracts were dried over MgSO4 and then the solvent was
removed on a rotary evaporator. Yields 51%. Mp 88–
90 �C.
To a benzene solution (25 mL) of cyanocyclopropane-
carboxylic acid (7.50 mmol) was added thionyl chloride
(30 mmol) and the mixture was refluxed for 2 h to give
acid chloride.
Preparation of compound 4a. Dropwised the acid chloride
to substituted p-toluidine (7.50 mmol), then vigorously
stirred at ambient temperature for 4 h. The yield was 84%
with mp (106–108) �C; 1H NMR (CDCl3, 300 MHz) d:
1.58–1.79 (m, 4H, CH2), 2.92 (s, 3H, CH3), 7.15–7.39 (m,
4H, ArH), 7.96 (s, 1H, NH); 13C NMR (CDCl3, 300 MHz)
d: 14.35 (s, 2C, CH2), 18.44 (s, 1C, C), 21.13 (s, 1C, CH3),
120.30 (s, 1C, CN), 120.81 (s, 2C, ArC), 129.82 (s, 2C,
ArC), 163.48 (s, 1C, CO), 135.40 (d, 1C, ArC); IR (KBr) m:
3338 (–NH), 3107, 3035, 2920 (cyclopropane, CH), 2243
(C � N), 1898 (C@O), 1689,1602, 1523 (Ar C–C),

810 cm�1, ESI-MS (41 eV): m/z: 199.6, 65.96.
Compound 4b. A white solid, yield 82%; mp 109–117 �C;
1HNMR (CDCl3, 300M) 1.73–1.80 (m, 4H, CH2), 6.26 (s,
1H, hetero-H), 7.02 (s, 1H, NH); IR (cm�1) 3336, 3184,
3077, 2991, 2268, 1731. ESI-MS: 273.48, 230.08, 204.43,
141.20.
Compound 4c. A white solid, yield 93%; mp 106–108 �C;
1HNMR (CDCl3, 300 M) 1.59–1.72 (m, 4H, CH2), 7.15–
7.39 (m,J = 8.784 Hz, 4H, ArH), 8.05 (s, 1H, NH); IR
(cm�1) 3347, 3093, 2236, 1692, 1598, 1525, 1489, 814. ESI-
MS: 264.98, 197.95, 116.02, 80.99. Elemental analysis: C,
49.80; H, 3.28; N, 10.58; calculated from C12H9BrN2O.
Observed: C, 49.84; H, 3.42; N, 10.57.
Compound 4d. A white solid, yield 93%; mp 106–108 �C;
1HNMR (CDCl3, 300 M)1.26(s,3H,CH3), 1.73–1.94(m,
4H, CH2), 7.81(d,1H, Heterocycle); IR (cm�1) 3450,
3077, 2991, 2855, 2268, 1731.ESI-MS: 206.37.
Compound 4e. A white solid, yield 93%; mp 106–108 �C;
1HNMR (CDCl3, 300M) 1.62–1.84 (m, 4H, CH2), 7.52 (s,
1H, ArH), 8.50 (s, 1H, ArH), 8.68(s, 1H, NH); IR (cm�1)
3369, 3122, 3020, 2229, 1692, 1576, 1496, 1456, 879. ESI-
MS: 287.22, 219.95, 253.84, 222.10, 183.72. Elemental
analysis: C, 45.82; H, 2.21; N, 9.41; calculated from
C11H7Cl3N2O. Observed: C, 45.63; H, 2.44; N, 9.67.
Compound 4f. A white solid, yield 93%; mp 106–108 �C;
1HNMR (CDCl3, 300M) 1.61–1.83 (m, 4H, CH2), 7.15 (d,
J = 7.573 Hz, 1H, ArH), 7.31 (d, J = 3.893 Hz, 1H, ArH),
7.66 (d, J = 1.938 Hz, 1H, ArH), 8.50 (s, 1H, ArH), 8.68(s,
1H, NH); IR (cm�1) 3320, 3195,3115, 2244, 1680,
1590,1527, 1476, 883,810,766,656.
Compound 4g. A white solid, yield 93%; mp 106–108 �C;
1HNMR (CDCl3, 300M) 1.59–1.81 (m, 4H, CH2), 7.18 (t,
J = 6.848 Hz, 1H, ArH), 7.36 (t, J = 7.933 Hz, 2H, ArH),
7.50 (d, J = 8.293 Hz, 2H, ArH), 8.03 (s, 1H, NH); IR
(cm�1) 3249, 3191,3127, 2239, 1680, 1595,1536, 1488,
751,693. ESI-MS: 185.41, 65.97. Elemental analysis: C,
70.94; H, 5.41; N, 15.39; calculated from C11H10N2O.
Observed: C, 70.95; H, 5.41; N, 15.04.
Compound 4h. A white solid, yield 93%; mp 106–108 �C;
1HNMR (CDCl3, 300M) 1.63–1.82 (m, 4H, CH2), 7.28 (d,
J = 2.270 Hz, 1H, ArH), 7.44 (d, J = 2.297 Hz, 1H, ArH),
7.28 (d, J = 8.888 Hz, 1H, ArH), 8.67(s, 1H, NH); IR
(cm�1) 3398, 3115, 2236, 1699, 1583, 1510, 959, 923, 821,
727. ESI-MS: 253.29, 185.98, 149.81, 114.05. Elemental
analysis: C, 51.70; H, 3.21; N, 10.79; calculated from
C11H8Cl2N2O. Observed: C, 51.79; H, 3.16; N, 10.98.
Compound 4i. A white solid, yield 93%; mp 106–108 �C;
1HNMR (CDCl3, 300M) 1.59–1.81 (m, 4H, CH2), 7.08 (t,
J = 6.815 Hz, 2H, ArH), 7.18 (d,J = 5.187 Hz, 1H, ArH),
7.77 (d, J = 8.998 Hz, 1H, ArH), 7.99 (s, 1H, NH); IR
(cm�1) 3435, 3105,3019, 2225, 1695, 1588, 1531,1459, 758.
ESI-MS: 200.15, 171.18, 106.16, 77.11.
Compound 4j. A white solid, yield 93%; mp 106–108 �C;
1HNMR (CDCl3, 300 M) 1.62–1.81 (m, 4H, CH2), 7.32 (d,
J = 8.794 Hz, 2H, ArH), 7.47 (d, J = 8.856 Hz, 2H, ArH),
8.03 (s, 1H, NH); IR (cm�1) 3331, 3120,2941, 2247, 1667,
1593, 1534,1490, 832.ESI-MS: 219.42, 152.06, 116.04.
Elemental analysis: C, 59.66; H, 3.96; N, 12.58; calculated
from C11H9ClN2O. Observed: C, 59.88; H, 4.11; N, 12.70.
Compound 4k. A white solid, yield 93%; m.p. 106–108 �C;
1HNMR (CDCl3, 300 M) 1.24 (t, 1H, OH), 1.51–1.71(m,
4H, CH2), 3.62 (t, 2H, J = 5.380 Hz, NH–CH2), 4.17 (q,
2H, J = 5.239 Hz, OH–CH2), 6.88 (s, 1H, NH); IR (cm�1)
3356, 3195,3115, 2251, 1698, 1588, 1534,1486, 832.
Compound 4l. A white solid, yield 93%; mp 106–108 �C;
1HNMR (CDCl3, 300 M) 1.64–1.84 (m, 4H, CH2), 7.60 (d,
J = 9.086 Hz, 2H, ArH), 7.65 (d, J = 9.071 Hz, 2H, ArH),
8.17 (s, 1H, NH); IR (cm�1) 3500,3327, 3120, 2239, 1674,
1617, 1567,1495, 808. ESI-MS: 287.34(M+Na), 160.33.
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Compound 4m. A white solid, yield 93%; mp 106–108 �C;
1HNMR (CDCl3, 300 M) 1.63–1.83 (m, 4H, CH2), 7.47
(dd, J = 7.530 Hz, 2H, ArH), 7.65 (d, J = 7.631 Hz, 1H,
ArH), 7.89 (s, 1H, ArH), 8.12 (s, 1H, NH); IR (cm�1)
3313, 3198,3120, 2261, 1681, 1602, 1538,1474, 872,
765,672. ESI-MS: 219.33, 152.02.
Compound 4n. A white solid, yield 93%; mp 106–108 �C;
1HNMR (CDCl3, 300 M) 1.61–1.82 (m, 4H, CH2), 7.55 (d,
J = 7.361 Hz, 1H, ArH), 7.65 (dd, J = 7.793 Hz, 1H,
ArH), 7.94 (d, J = 8.150 Hz, 1H, ArH), 8.48 (d,
J = 8.065 Hz, 1H, ArH), 6.64 (s, 1H, NH); IR (cm�1)
3312, 3188,3115, 2244, 1680, 1593, 1527,1476, 766. ESI-
MS:285.63(M+Na), 194.94, 117.05.
Compound 4o. A white solid, yield 93%; mp 106–108 �C;
1HNMR (CDCl3, 300 M) 1.61–1.81 (m, 4H, CH2), 7.15
(m, J = 7.626 Hz, 1H, ArH), 7.30(dd, J = 7.894 Hz, 1H,
ArH), 7.51 (d, J = 8.841 Hz, 1H, ArH), 7.66 (d,
J = 1.914 Hz, 1H, ArH), 8.05 (s, 1H, NH); IR (cm�1)
3334, 3127,3062, 2247, 1688, 1602, 1531,1476, 844.ESI-
MS:253.22,186.20, 166.02, 145.82. Elemental analysis: C,
59.41; H, 4.12; N, 12.13; calculated from C11H9ClN2O.
Observed: C, 59.88; H, 4.11; N, 12.70.
Compound 4p. A white solid, 93% yield; mp 106–108 �C;
1HNMR (CDCl3, 300M) 1.57–1.81 (m, 4H, CH2), 3.80 (s,
3H, CH3), 6.88 (d, J = 9.015 Hz, 2H, ArH), 7.04(d,
J = 9.001 Hz, 2H, ArH), 7.94 (s, 1H, NH); IR (cm�1)
3334, 3195,3115, 2251, 1680, 1600, 1534,1490, Elemental
analysis: C, 66.59; H, 5.51; N, 12.96; calculated from
C12H12N2O2. Observed: C, 66.65; H, 5.59; N, 12.96.


14. KARI activity was measured by following the decrease in
A340 at 30 �C in solutions containing 0.2 mM NADPH,
1 mM MgCl2, substrate (2-acetolactate or hydroxypyru-
vate) and CPD or other inhibitors as required, in 0.1 M
Tris–HCl, pH 8.0. The reaction was started by adding the
enzyme except for inhibitor preincubation experiments,
where the substrate was added last.


15. Crystal data of 4a. C12H12N2O, M = 200.24, Monoclinic,
a = 7.109(4), b = 13.758(7), c = 11.505(6) Å, b =
102.731(8)�, V = 1097.6(9) Å3, T = 294(2) K, space group
P2(1)/c, Z = 4, Dc = 1.212 g/cm3, l (Mo–Ka) =
0.71073 mm�1, F (000) = 424. 6109 reflections measured,
2290 unique (Rint = 0.0294), which were used in all
calculation. Fine R1 = 0.0490, wR (F2) = 0.1218 (all data).
Full crystallographic details of 4a have been deposited at
the Cambridge Crystallographic Data Center and allo-
cated the deposition number CCDC 612888.
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Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A.
J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.;
Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J.
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22. All docking procedures were done in NanKai Stars
supercomputer at Nankai University. The automated
molecular docking calculations were carried out using
AutoDock 3.05. The AUTOTORS module of AutoDock
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The active sites of the protein were defined using
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Abstract—In order to obtain information regarding the design of selective DPP4 inhibitors, a 3D-QSAR study was conducted using
DPP4, DPP8, and DPP9 inhibitors including newly synthesized six- and seven-membered cyclic hydrazine derivatives (KR64300,
KR64301), which were evaluated in vitro for their inhibition of DPP4, DPP8, and DPP9. In this study, a highly predictive CoMFA
model based on the fast-docking for DPP4, DPP8, and DPP9 inhibitors was obtained. This reliable model showed leave-one-out
cross-validation q2 and conventional r2 values of 0.68 and 0.96 for the DPP4 inhibitors, 0.58 and 0.98 for the DPP8 inhibitors,
and 0.68 and 0.97 for the DPP9 inhibitors, respectively. The validation of the CoMFA model was confirmed by the compounds
in the test set, including the synthesized six- and seven-membered cyclic hydrazines. According to this study, to obtain selective
DPP4 inhibitors compared to their isozymes, the interaction of the inhibitors with the S3 site and S1 0 site in DPP4 must be consid-
ered. The proposed newly synthesized compounds, KR64300 and KR64301, interact well with the sites mentioned above, showing
excellent selectivity.
� 2007 Elsevier Ltd. All rights reserved.

DPP4 is a serine protease which cleaves the N-terminal
dipeptide with a preference for Xaa-Pro or Xaa-Ala.1


Recently, DPP4 has become known as a promising
new target for the treatment of Type 2 diabetes melli-
tus.2 Inhibition of DPP4 increases the level of circulating
glucagon-like peptide 1 (GLP-1), an incretin hormone
stimulating glucose-dependent insulin biosynthesis and
secretion, and thus increases insulin secretion,3 which
can ameliorate hyperglycemia in Type 2 diabetes. A
number of orally active inhibitors of DPP4 have been re-
ported in the literature4 and several compounds includ-
ing Vildagliptin (LAF237)5 and Sitagliptin (MK-0431)6


are in late clinical development, and the first inhibitors
may reach the market within 3–4 years. However, poten-
tial side-effects associated with DPP4 inhibitors may re-
sult from the inadvertent inhibition of related enzymes.
As mentioned earlier, DPP4 belongs to a group of serine
proteases, of which the physiological importance is lar-
gely unknown. The enzymes most closely related to
DPP4 are the fibroblast activation protein-(FAP),
DPP-II, DPP8, and DPP9.7 Although the precise phys-
iological functions of the enzyme are not known,
DPP8 and DPP9 are widely distributed cytosolic en-
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zymes, and their inhibition has been suggested to be
responsible for at least some of the toxic effects of
DPP4 inhibitors identified to date, including alopecia,
thrombocytopenia, anaemia, enlarged spleen, multiple
histological pathologies, and animal mortality.8 Conse-
quently, DPP4 inhibitors should demonstrate high selec-
tivity against other peptidases mentioned above, in
particular DPP8 and DPP9.


For these reasons, a 3D-QSAR study was conducted to
examine the structural characteristics according to DPP
isozymes. In addition, the aligned conformations set up
for 3D-QSAR study were obtained from a docking
study in order to demonstrate the interaction between
inhibitors and DPP isozymes including DPP4, DPP8,
and DPP9. The experimental team conducting this study
synthesized the cyclic hydrazine derivatives (KR64300,
KR64301), including the trifluoro-benzene group like
MK0431. These were evaluated in vitro for their inhibi-
tion of DPP4, DPP8, and DPP9 in order to obtain small
molecules showing DPP4 selective biological activity.
Using the 3D-QSAR, the inhibitory activity of the new
inhibitors was predicted, and this was compared to the
experimental values.


Tables 1 and 2 show a series of DPP isozyme inhibitors
originally published by Weber et al. in 2005,9 which were
divided into a training set and a test set. The training set
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Table 1. The 43 compounds used in a training set (Ref. 9)


Compound2 DPP4-obs DPP8-obs DPP9-obs


01-45 5.60 4.62 4.20


01-46 5.96 4.68 4.19


01-49 5.74 4.15 4.00


01-51 5.46 4.74 4.62


01-52 5.80 5.03 4.57


01-56 5.57 4.66 4.30


01-57 5.11 4.21 4.00


01-58 5.82 4.24 4.00


01-61 6.14 4.49 4.59


01-63 5.80 4.96 4.47


01-64 6.07 5.24 4.44


01-65 5.23 4.00 4.00


01-66 5.32 5.15 4.70


01-68 5.44 5.37 5.11


01-69 5.59 5.52 5.02


01-70 5.42 5.48 5.29


01-71 5.89 5.49 5.19


01-73 6.24 4.20 4.00


01-74 6.59 4.80 4.37


01-75 6.89 4.75 4.55


01-76 7.85 5.07 4.60


02-02 5.38 5.66 5.80


02-03 5.34 6.66 6.49


02-04 5.01 4.00 4.00


02-12I 4.55 4.24 4.47


02-12M 5.44 4.21 4.17


02-12Q 5.92 4.07 4.00


02-12T 4.77 4.20 4.00


02-12Y 5.24 4.24 4.00


02-21 5.96 4.64 4.35


02-23 6.57 4.00 4.23


02-24 6.00 4.41 4.43


02-25 6.19 4.06 4.07


02-35 6.22 4.38 4.32


02-39 6.02 4.33 4.25


02-40 5.96 4.77 4.24


02-43 7.22 4.00 4.28


03-32 7.04 4.82 4.21


03-38 7.12 4.66 4.18


03-40 6.57 5.10 4.34


03-41 7.04 4.89 4.59


03-47 6.68 4.85 4.09


03-49 6.37 6.34 4.24


Table 2. The 10 compounds used in a test set


F


F
F


N


O


N


NH2


HCl


O


KR64300


F


F
F


N


O


N


NH2


HCl


O


KR64301


HO H
N


N


O
CN


LAF-237


F


F
F


N


ONH2


N
N


N


CF3MK-0431


Test sete DPP4-obs DPP8-obs DPP9-obs


01-54 5.66 4.25 4.00


01-60 6.41 5.00 4.89


01-67 5.51 4.54 4.39


01-72 5.54 4.55 4.52


02-01 6.32 6.00 5.57


03-43 7.48 5.68 5.59


KR64300a 6.30 4.00 4.00


KR64301b 6.15 4.05 4.31


LAF237c 6.10 4.55 4.46


MK0431d 6.32 4.03 4.00


a,bOur experimental team synthesized (Ref. 10).
c,dLately clinical state compounds.
e Ref. 9.
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comprises of 43 compounds. The test set, which was ran-
domly selected, consisted of 10 compounds including
LAF237 and MK0431 in late clinical development and
the proposed new inhibitors, KR64300 and KR64301.
The in vitro activities for DPP4, DPP8, and DPP9 of
the LAF237, MK0431, KR64300, and KR64301 com-
pounds were estimated by the biological experimental
team conducting this study.10 The in vitro activities,
IC50, were transformed into pIC50 (�logIC50) and used
as dependent variables in the CoMFA calculations. 3D
structures of b-amino group derivatives were built using
an in-house co-crystal structure of KR64301 with DPP4
(2OLE.pdb)10 and the Brookheaven Protein Databank,
1X70.pdb.11 Conversely, to prepare the 3D structures
of the selected compounds having a-amino groups,
DPP4-inhibitor complex structures were used in the
Brookhaven Protein DataBank, 1NU8.pdb12 and
1ORW.pdb.13 From these complex structures, inhibitor
structures were extracted and 3D structures were con-

structed by modifying the structures. The molecular-
modeling software package Sybyl7.1 was used to con-
struct these compounds. Partial atomic charges were
calculated by the Gasteiger–Huckel method and energy
minimizations were carried out using the Tripos
force-field14 with a distance-dependent dielectric and
the Powell conjugate gradient algorithm.


The 3D structure of DPP4 enzyme is well known, but
those of DPP8 and DPP9 are not relatively known.
DPP8 with 882 amino acid residues (AA) and DPP9
consisting of 971 AA show sequence homology of
51%15 and 26%16 with DPP4 (766 AA) at the atomic le-
vel, respectively. To construct the 3D structures for the
DPP8 and DPP9 enzymes, an automated protein homol-
ogy-modeling server, SWISS-MODELER,17 was used,
and molecular dynamics simulation techniques using
CHARMM32b1 force-field18 were used in an implicit
solvent model with distance-dependent dielectric con-
stant. In Figure 1, the characteristics of DPP4 active site
were analyzed and were found to consist of three parts
(S1, S2, S3 sites) being shown by three white boxes
including the catalytic residues, S630, N710, and
H740, and the ionic interaction site (E205, E206) follow-
ing S3 sites consisting of S209, F357, and R358. Accord-
ing to the 3D structure of DPP8 and DPP9 obtained
from the homology-modeling study, the S1 site with dif-
ferent DPP isozymes is nearly the identical in terms of
the residue composition, while the pocket size of the
S1 site is slightly different. The S2 site and the S1 0 site







Figure 1. The characteristics of DPP4 active site. The major three parts for the ligand binding are symbolized as S1 including catalytic residues, S2


with ionic interaction sites, and S3.
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are slightly different in terms of the residue composition
or conformation. In particular, the S3 site is greatly dif-
ferent for each isozyme. To validate the DPP4 isozyme
structures obtained from above procedure and also to
get an alignment for 3D-QSAR, we carried out a dock-
ing study for a training set, 43 compounds. At first, we
manually docked a training set into the active sites of
DPP4, DPP8, and DPP9, using an in-house window-
based modeling program, WinPro. For docking, we
used 1X70.pdb as reference complex structure. Then,
we calculated the binding score value using Sybyl7.1/
Chem_Score19 method with relax molecule algorithm.
We repeated these processes until we obtained a good
model having high correlation between the binding score
(Chem_Score) and the inhibitory activity (Fig. 2). The
aligned structures based on this good model are shown
in Figure 3.


For the 3D-QSAR studies, CoMFA, a sp3 carbon atom
and a +1 net charge atom were used as the steric and
electronic field energy probes, respectively. The Tripos
force-field with a distance-dependent dielectric constant
at all interactions in a regularly spaced (2A) grid was
used for the steric and electronic interactions. The en-
ergy cutoff was set to 30 kcal/mol, and a regression anal-
ysis was carried out using the full cross-validated partial
least squares (PLS) methods, incorporating leave-one-
out, with the CoMFA standard options for scaling vari-
ables. The minimum sigma was set to 2.0 kcal/mol to
improve the signal-to-noise ratio by omitting the lattice
points whose energy variation was below this threshold.
The final model obtained from the non-cross-validated
conventional analysis was developed with the optimal
number of components equal to that showing the
highest q2.

A PLS analysis for 43 DPP4, DPP8, and DPP9
inhibitors was carried out, and the results are shown
in Table 3. The predicted activities of a test set including
10 compounds are represented in Table 4. The correla-
tion plots of the predicted activities (predicted pIC50)
versus their experimental activities (observable pIC50)
are depicted in Figure 4a–c for DPP4, DPP8, and
DPP9, respectively. Table 3 and Figure 4 demonstrate
that the predicted activities by the CoMFA model are
in good agreement with the experimental data, showing
that the constructed CoMFA model is reliable.


A 3D-coefficient contour interaction map of the CoM-
FA results is shown in Figure 5(a–c) for DPP4, DPP8,
and DPP9, respectively. This demonstrates regional
variations in the steric and electrostatic characteristics
of the structural features of the different molecules con-
tained in the training set that increase or decrease the
biological activity. In these contour maps, the green re-
gions indicate areas where the sterically bulkier group
enhances the enzymatic inhibitory activities, and the yel-
low regions show that the sterically less bulky group is
favorable to inhibitory activity. Blue regions suggest
areas where more positively charged groups are favor-
able to enzymatic inhibitory activity, while red regions
represent the more negatively charged groups that are
favorable to activity.


The important binding sites S1, S2, and S3 are explained
in the aforementioned section (Fig. 1). The CoMFA
contour map showed that there are favorable regions
for steric interaction, indicated as the green-colored con-
tour around the S1 site in DPP8 and DPP9, which shows
different phenomena compared to DPP4. As another
study showed,20 the S1 pocket size is smaller in DPP4
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Figure 2. Chem_Score obtained for 43 compounds in active sites of (a)


DPP4, (b) DPP8, and (c) DPP9.


Figure 3. Alignment of 53 derivatives (a training set and a test set) for


3D-QSAR studies.


Table 3. The results of CoMFA calculations


CoMFA parameters DPP4 DPP8 DPP9


q2 (CV correlation coefficient) 0.68 0.58 0.68


N (number of components) 5 6 6


r2 (correlation coefficient) 0.96 0.98 0.97


F (F-ratio) 169.85 264.34 180.27


S:E (steric:electrostatic) 47.0:53.0 42.7:57.3 45.9:54.1


r2
bs (bootstrapping coefficient) 0.98 0.98 0.98


Table 4. Prediction of 10 compounds in a test set


Test set DPP4-pred DPP8-pred DPP9-pred


01-54 5.62 4.78 4.56


01-60 5.92 4.87 4.38


01-67 5.75 5.05 4.60


01-72 5.72 4.58 4.50


02-01 5.40 4.85 4.86


03-43 6.86 5.06 4.36


KR64300 5.80 4.61 4.35


KR64301 5.72 4.21 4.25


LAF237 5.88 5.43 5.36


MK0431 5.99 4.93 4.44
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Figure 4. The correlation plots of predicted pIC50 versus observable


pIC50 from training set (filled blue square) and test set (filled red


diamond) for (a) DPP4, (b) DPP8, and (c) DPP9 systems.
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compared to DPP8 and DPP9. Noticeably, the positions
of the S1 0 site differ greatly in DPP4 and its isozymes.
The S1 0 sites of DPP8 and DPP9 need less bulky and
positively charged groups, while those of DPP4 prefer
comparatively negatively charged groups. The positions
between the S2 site and the S3 site are favorable to less
bulky groups in DPP8 or DPP9, differing from DPP4. In
contrast, the S3 sites in DPP8 and DPP9 are acceptable
to bulkier groups compared to DPP4. According to
unpublished data obtained by the authors from an
X-ray co-crystal and from another paper,20 the S3 site,
in particular around F357 (DPP4), plays an important
role in enhancing the selectivity to DPP8. Accordingly,
it was expected that KR64300 and KR64301 with
six- and seven-membered cyclic hydrazines, which







Figure 5. CoMFA contour maps. (a) DPP4, (b) DPP8, and (c) DPP9


systems; (left) electrostatic, (right) steric map. Sterically favored areas


in green color; sterically unfavored area in yellow. Blue colored region


favored positive potential field; red colored region favored negative


potential field.


Figure 6. The important residues in S3 sites of DPP4, DPP8, and


DPP9. The shown inhibitors are MK0431 (mixed color), KR64300


(gray), KR64301 (brown), LAF23 7 (red), and 02-02 (magenta).
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obtain less bulky S3 site substituents but interact with
F357 in the S3 site and also possibly interact with the
S1 0, would show a good selectivity. The result of the pre-
diction from the CoMFA model, as shown in Table 4,
met the expectations. Evidently, the experimental IC50


values of the KR64300 and KR64301 compounds for
DPP8 and DPP9 inhibitory activity agreed with the
above results. Not having S3 site substituents, the
thiazolidide 02-02 and 02-03 compounds showed less
favorable selectivity. In Figure 6, the important residues

of DPP4 and its isozymes are depicted, suggesting that
the Y184 and F652 residues of DPP8 and DPP9 are
positioned downward from the S3 pocket. Hence, these
residues cause the outside part of the S3 pocket of DPP8
and DPP9 to become shallower, while causing the inside
of the S3 pocket to broaden. As shown in the CoMFA
contour map, the outside of the S3 pocket in DPP4
allows larger groups to enhance the activity, but in the
case of DPP8 and DPP9 this is not so. On the other
hand, the inside position of the S3 pocket in DPP4 pre-
fers the smaller group, while in the opposite is true for
DPP8 and DPP9. Equally, in Figure 6, compounds iden-
tical to thiazolidide 02-02 (magenta), which only occu-
pies S1 and S2 sites, have no selective activity.
However, compounds such as MK0431, KR64300, and
KR64301, which bind to the outside position of the S3
site, show very selective inhibitory activity.


In this study, a highly predictive CoMFA model for selec-
tive DPP4 inhibitors was obtained. The reliable model
showed leave-one-out cross-validation q2 and conven-
tional r2 values of 0.68 and 0.96 for DPP4 inhibitors,
0.58 and 0.98 for DPP8 inhibitors, and 0.68 and 0.97 for
DPP9 inhibitors, respectively. The reliability of the CoM-
FA model was verified by the compounds in a test set,
including the newly synthesized six- and seven-membered
cyclic hydrazines. Additionally, the consistency between
the 3D structure of protein and the CoMFA contour
map indicates the robustness of the 3D-QSAR model.
According to this study, in order to obtain selective
DPP4 inhibitors compared to the isozymes, the interac-
tion of the inhibitors with the S3 site and S1’ site in
DPP4 should be carefully considered. The proposed
newly synthesized compounds, KR64300 and KR64301,
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interact well with the aforementioned sites, thus showing
excellent selectivity. In addition, by combining the more
refined 3D structures of DPP8 and DPP9 with 3D-QSAR,
in terms of the atomic details, inhibitors more active to
DPP4 than to KR compounds and more selective to
DPP8 and DPP9 enzymes are sought by the authors.
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