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Abstract—Eightfold higher yields and three times faster reaction rates were achieved by means of using a mixture solvent system
composed of 90% acetone and 10% [BMIM]BF4 in the lipase-catalyzed regioselective synthesis of polymerizable ester of nucleoside
drugs.
� 2006 Elsevier Ltd. All rights reserved.
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Nucleoside analogues have been widely applied for can-
cer and viral chemotherapy,1 which represents an impor-
tant research area for drug discovery. One of the most
important strategies to synthesize their derivatives is
the modification of the sugar moiety, which can improve
bioavailability, reduce adverse effects, and increase anti-
viral activity.2 However, it is difficult to selectively mod-
ify nucleoside analogues due to the multifunctional
groups’ nature of these molecules.


Regioselective biocatalysis has played an important role
in the development of pharmaceutical compounds such
as nucleoside analogues and natural products.3 As a re-
sult, the enzymes can be recruited to modify nucleoside
analogues under mild conditions without the need of
tedious steps.4 However, the reaction rate and yield of
enzymatic reactions were usually much slower and low-
er. Therefore, it is desirable to develop new strategies to
improve the activity of enzymes. Several methods have
been reported to enhance the activity or selectivity of en-
zymes in a nonaqueous solvent system, and adding
proper additives was one of the most simple methods.5


Ionic liquids (ILs)6 are known to be ‘green’ alternatives
to common solvents because they have no measurable
vapor pressure compared with molecular organic sol-
vents, and they are good solvents for many compounds,
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especially the polar ones. It is reported that ionic liquids
would improve the stability and activity of enzymes.7


Drauz et al. used ionic liquids as additives in the synthe-
sis of chiral disubstituted malonates.8 And Bornscheuer
and Ganske applied a mixture composed of ionic liquid
and 40% tert-butanol to synthesize glucose fatty acid
ester in good yield.9


Herein, we would like to report using ionic liquids as
additive in the lipase-catalyzed nucleoside drugs’ ester
synthesis reactions, and faster reaction rate and higher
yield were achieved.


The ribavirin was acylated by divinyladipate (Scheme 1)
catalyzed by lipase acrylic resin from Candida antarctica
(CAL-B).10a The starting point of the present work was
to identify an appropriate ratio of ionic liquid as

cytarabine inosine


OH OH OH


ribavirin


OH OH


Scheme 1. Enzymatic regioselective synthesis of vinyl ribavirin ester,


vinyl cytarabine esters, and vinyl inosine esters.
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Figure 2. Ribavirin transesterification catalyzed by CAL-B in mixture


solvents composed of 10% different ionic liquids and acetone at 50 �C.
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additive. The amount of ½BMIM�BF4
11 in acetone was


progressively increased from 0 to 100% (v/v). The result
(Fig. 1) showed that there was no reaction when the
reaction media contained [BMIM]BF4 more than 60%.
High concentrations of IL cause high ionic strength in
the reaction media that might partially inactivate the en-
zyme. Also, the high viscosity of the reaction mixture
caused by high concentrations of IL may limit the mass
transfer of the substrate and product to and from the ac-
tive sites of the enzyme, and may contribute to the fall in
the yield at high IL concentrations. While, there was a
clear contrast in the reaction. A remarkable enhanced
yield was accomplished when the reaction was carried
out in a solvent system composed of 90% acetone and
10% [BMIM]BF4 (mixture).


Consequentially, CAL-B was used to catalyze the
transesterification of ribavirin in the mixtures which
were composed of different kinds of organic solvents
and [BMIM]BF4. And its activity was determined in
terms of the extent of esterification. From Table 1, the
yield was up to 98% in acetone (Entry 2) and moderate
in dioxane (Entry 1). However, poor results were ob-
tained in THF and dichloromethane (Entry 3, 4). No
product was detected when tert-pentylalcohol, toluene
or n-hexane was used (Entries 5, 6, and 7). It showed
that the mixture solvent composed of acetone and
[BMIM]BF4 was more suitable for CAL-B in this fixed
ratio. We also investigated other kinds of ionic liquids
as additives as shown in Figure 2. Yield decreased dras-
tically when the cationic part and anionic part were re-
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Figure 1. Ribavirin transesterification catalyzed by CAL-B in mixture


solvents composed of the different ratios of acetone to [BMIM]BF4 at


50 �C.


Table 1. Ribavirin transesterification catalyzed by CAL-B in mixture


solvents composed of [BMIM]BF4 and different organic solvents


Entry 10% (v/v) additive Organic solvent Yielda (%)


1 [BMIM]BF4 Dioxane 21.3


2 [BMIM]BF4 Acetone 98.5


3 [BMIM]BF4 THF 0.6


4 [BMIM]BF4 Dichloromethane 5.2


5 [BMIM]BF4 tert-Pentylalcohol n.db


6 [BMIM]BF4 Toluene n.d.


7 [BMIM]BF4 n-Hexane n.d.


a Reacted 12 h at 50 �C; determined by HPLC.
b not detected.

placed which conformed ionic part affecting lipase. It
was agreed with that the lipase activity was dependent
on the combination of both parts of the imidazolium
salts.12


A comparative study on the extent of the ribavirin’s
transesterification as a function of time in mixture as
well as in acetone was carried out.10b The initial rate
of transesterification dramatically increased three
times from 0.41 mmol ml�1 h�1 in acetone to
1.44 mmol ml�1 h�1 in mixture (Fig. 3). The reaction
time in mixture was only half of that in acetone to com-
plete the reaction. It is assumed that two factors may be
involved in the improvement of the enzymatic reaction.
One is that a small percent of [BMIM]BF4 would in-
crease the solubility of nucleoside drugs because of its
highly polar nature. To corroborate this point, the solu-
bility in different media was determined. The result
showed that ribavirin dissolved 13 mg ml�1 in mixture,
nearly double of that in acetone (7 mg ml�1). The other
is the modified flexibility of the enzyme by ionic liquid.
It was established that the change of the flexibility of li-
pase protein would reflect the performance of the en-
zyme.13 Ionic liquid has a certain impact on the
flexibility of the lipase through the electrostatic attrac-
tive interactions of the anion form of the ionic liquids
with the cation of the amino residues.14


Other nucleoside drugs including cytarabine and inosine
were tested (Scheme 1), because the activity of CAL-B in
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Figure 3. Time course of the ribavirin transesterification catalyzed by


CAL-B in acetone (.) and in co-solvent (d) at 50 �C.
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Figure 4. Comparison of the transesterification of cytarabine and


inosine catalyzed by CAL-B in acetone (h), in [BMIM]BF4 ( ), and in


co-solvent (j) at 50 �C.
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the acylation of ribavirin was enhanced markedly. Both
of them were acylated regioselectively at primary
hydroxyl group based on our previous works.4 The
yields (Fig. 4) of the acylation of cytarabine and inosine
in the mixture system were increased twofold and eight-
fold of that in acetone, respectively.


In conclusion, the environmentally benign ionic liquid
[BMIM]BF4 is found to be a suitable additive for the
enzymatic reactions of nucleoside drugs. Acylation of
the nucleoside drugs was carried out in the mixture with
the advantages of excellent regioselectivity, rapid reac-
tion rate, and high yield.
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Abstract—New non-steroidal chemotypes are required for the development of drugs targeting the steroid hormone receptors. The
parallel array synthesis of 3-aryl-1,2-diazepines employing solid-supported reagents is described. The resulting compounds demon-
strated high affinity binding to the progesterone receptor.
� 2006 Elsevier Ltd. All rights reserved.

Progesterone receptor (PR) ligands have utility as treat-
ments for a range of reproductive diseases and have
been the target of several medicinal chemistry pro-
grams.1 The PR antagonist mifepristone (RU-486) is
prescribed for termination of pregnancy and also offers
promise for the treatment of endometriosis, uterine fib-
roids, and breast cancer.2 Recently, non-steroidal PR
antagonists and partial agonists have been identified
with improved reproductive tissue safety profiles.3,4


Nevertheless, new chemotypes that are amenable to
high-throughput synthesis are useful to further structur-
al understanding of PR modulation.

3-Aryl-pyridazine PR agonist 15 and 3-aryl-pyrazoline
PR antagonist 26 have been previously disclosed. The
binding mode of the pyrazolines has been reported,
wherein the 3-aryl moiety occupies the steroid A-ring
binding pocket of PR.6 In our medicinal chemistry pro-
gram, we aimed to introduce a variety of pharmaco-
phores to a structurally related 1,3-disubstituted-1,2-
diazepine core via parallel synthesis. The strategy
furnished N-arylsulfonyl-3-aryl-1,2-diazepine based PR
ligands. The synthesis of high affinity 3-aryl-1,2-diaze-
pines 3 is disclosed herein.


The targeted synthesis of the 3-aryl-1,2-diazepine core
was first reported by Koenig and Wermuth.7 Prior to
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this disclosure, 1-N-alkyl-3-aryl-1,2-diazepines had been
isolated as pyrolysis side products.8 The template has
also been employed to prepare a diazepine thiosemicar-
bazide.9 The key annulation step in the synthesis of
diazepine targets involved treatment of phenyl-d-chlo-
robutyl ketones with hydrazine (Scheme 1). Unfortu-
nately, decomposition of the product occurred upon
standard aqueous workup. Modifications to the
protocol were required to allow parallel synthesis of
the diazepine targets. Details of the improved synthesis
are presented below.


Compounds were prepared starting from substituted
aryl-d-chlorobutyl ketones 4 (Scheme 1, for monomers
4, see Ref. 14).10 Initial experiments showed that ring
closure using 4 equiv of hydrazine hydrate in ethanol
at reflux overnight gave good yields of the diazepine
intermediates 5. Solvation with 2-propanol gave
improved annulation yields when o-substituted aryl
ketones (R1) were employed. The workup consisted of
a rapid filtration of the reaction to remove the majority
of the insoluble hydrazine hydrochloride byproduct,
followed by concentration of the filtrate to yield the
crude product. The remaining traces of hydrazine
hydrochloride were removed by suspending the residue
in dry dichloromethane, followed by filtration and
concentration of the solution. Attempts to chromato-
graph or extract the diazepine intermediate resulted in
typically >50% decomposition of product. In contrast,
the intermediates were stable at room temperature for
weeks if kept dry. The diazepine intermediate 5 could
also be precipitated from a dry diethyl ether solution
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by addition of HCl in ether to give a stable, hygroscopic
HCl salt. Cyclization could also be effected using micro-
wave heating at temperatures up to 170 �C for 5–30 min;
the forcing conditions were required to form some of the
diazepines with o-substituents (e.g., R1 = 2-bromo, 2-tri-
fluoromethyl). In some of these sterically hindered cases,
additional hydrazine hydrate was required, but 4 equiv
was adequate for most reactions. Use of fewer than
4 equiv of hydrazine led to side products derived from
incomplete ring closure and polymerization. Using this
methodology, solution-phase parallel synthesis in a 96-
well format allowed the isolation of >1300 sulfonamide
products 3 without chromatography on either step.


Standard conditions for the preparation of sulfonamides
3 from intermediates 5 (1 equiv arylsulfonyl chloride,
pyridine or 4-dimethylaminopyridine in dichlorometh-
ane) gave variable results (12–47% isolated yields). Typ-
ically, poorer yields were realized as scale was increased

Table 1. Isolated chemical yields and PR activities of diazepines


NR1


3


Compound R1 R2 Isolated yield (%)


3a 3,4-Cl2 5-Br-2-thienyl 64


3b 3,4-Cl2 5-Cl-2-thienyl 93


3c 3,4-Cl2 2,4-Cl2-Ph 32


3d 4-CN 2-F–Ph 86


3e 4-CN 5-Br-2-thienyl 85


3f 4-Cl 3-Cl–Ph 100


3g 2-Cl 5-Cl-2-thienyl 72


3h 3-F 4-Cl–Ph 82


3i 3-Cl 3-Cl–2-Me–Ph 100


3j 3-Br 5-Br-2-thienyl 87


3k 4-NO2 4-CF3O–Ph 74


RU-486


a Assay measures compound interaction with the ligand binding domain of
b Assay measures inhibition of progesterone-stimulated (4 nM) transactivatio


Luc reporter (n P 2, SD = 0.20).12


c NT, not tested.

(<20%). Presumably, formation of HCl promoted
decomposition of the diazepine intermediates 5. An
alternate route employed the ‘catch and release’ method
wherein 4 equiv of arylsulfonyl chloride was reacted
with 4 equiv of polystyrene-supported 4-dimethylamino-
pyridine (PS-DMAP) for 2 h.10 The resin was washed
with dichloromethane to remove the excess arylsulfonyl
chloride followed by addition of diazepine in dichloro-
methane to give products of >90% purity after stirring
overnight. The formation of traces of decomposition
products could be avoided through addition of merely
a catalytic amount of diisopropylethylamine (DIPEA)
or triethylamine to the resin activation medium to buffer
the reaction mixture. Finally, Silicycle Si-TrisAmine�


scavenger was added and agitation continued for 1–2
more hours to remove any remaining arylsulfonyl chlo-
ride. Filtration and evaporation of solvent furnished
diazepines 3 with purities acceptable for biological test-
ing (85–100%, Table 1).

N
SO


O


R2


LC purity (%) PR Bdg.a pKi CV-1 cellb pIC50 (% max)


85 7.6 6.5 (60)


100 7.4 NTc


94 7.3 6.7 (82)


100 6.0 6.4 (89)


100 7.2 NT


100 6.2 5.9 (89)


96 6.7 6.2 (68)


95 6.1 6.3 (91)


96 6.5 5.7 (86)


93 7.2 6.6 (71)


92 7.3 6.8 (65)


8.0 9.6 (100)


PR by displacement of a fluorescent ligand (n P 3, SD = 0.25).11


n of BacMam-expressed human PR-B in CV-1 cells using an MMTV-
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Sulfonamides 3a–k were highly active representatives of
the >1300 1,3-disubstituted diazepines that were tested
for progesterone receptor binding affinity13 and func-
tional antagonism in CV-1 cells (Table 1, array com-
pounds with highest affinity R1 groups shown).
Products wherein the R1 group was 3,4-dichloro exhib-
ited high affinity for PR (e.g., 3a–c). The 5-bromo-2-thi-
ophene-sulfonamide 3a (pKi = 7.6) bound to PR with
similar affinity to the steroidal antagonist RU-486
(pKi = 8.0). Dichloro substitution (e.g., 3a,b) on the 3-
aryl moiety provided higher affinity ligands than those
with monochloro substitution (e.g., 3f,g). Array mem-
bers wherein R1 was H, 3-methyl, 4-methyl, or 4-meth-
oxy did not display measurable PR binding
(pKi < 5.0). Halogenated thiophenes represented one of
the optimal arene groups at R2. Generally, halo-aryl
substituents at R2 were necessary for high affinity PR
binding. Electron-rich and bicyclic aromatic R2 groups
gave poor PR binding. Consistent with the related pyr-
azoline series (and unlike the pyridazine based, breast
cell stimulatory agonist series5) the diazepines generally
antagonized progesterone-stimulated reporter activity in
CV-1 cells (for 3c, pIC50 = 6.7).6 Less than 5% of array
members exhibited PR agonist activity. While a small
percentage of array members bound to the glucocorti-
coid receptor with ca. micromolar affinity (pKi = 6.0–
6.3), the diazepines 3 generally exhibited >50-fold selec-
tivity for PR over the other steroid hormone receptors
(data not shown).


In summary, we have described a practical, two-step ar-
ray synthesis of new progesterone receptor binding 3-ar-
yl-1,2-diazepines. Solution-phase parallel synthesis using
solid-supported reagents and resin scavengers facilitated
the synthesis of >1300 products while removing the need
for purification of the intermediates and products by
column chromatography. As an application of this
chemistry, key intermediates 4a–k were carried forward
to biologically active PR ligands 3a–k.
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1 cells. The antagonist response is expressed as a pIC50


and the percentage of maximal efficacy is measured
relative to the fully efficacious antagonist RU-486 (RU-
486 pIC50 = 9.6, 100% efficacy).


13. Approximately 289 of the >1300 array members were
progressed from single concentration testing to the full-
curve PR binding assay. Eighteen members exhibited pKi


7–7.6, 119 members at pKi 6.0–6.9, 127 members at pKi


5.0–5.9, and 25 members at pKi <5.0.
14. d-Chlorobutyl aryl ketones were purchased from Rieke


metals. The following monomers were purchased: R1 = 3-
or 4-substituted F, Cl, Br, Me, CF3, and NO2; R1 = H, 4-
OMe, 4-CN, 3,4-F2, 3,4-Cl2, and 3-Me-4-Br.


15. Ohno, K.-I.; Suzuki, S.; Fukushima, T.; Maeda, M.;
Santa, T.; Imai, K. Analyst 2003, 128, 1091.
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Abstract—5-Pyrimidinyl-2-aminothiazole 1 was identified as an inhibitor of cyclin-dependent kinases (CDKs) by a screening of the
Merck sample repository. The introduction of a methyl group at the C-5 or C-6 position on the pyrimidine ring, directed toward the
gate keeper residue of CDK4 (Phe93), led to significant enhancement of selectivity for CDK4 over other CDKs. Compound 3 exhib-
ited more than 300-fold selectivity for CDK4 over CDK1, 2, 5, 7, and 9. Subsequent improvements in aqueous solubility afforded
compound 4, which is available for further in vivo studies and this compound inhibited pRb phosphorylation and BrdU incorpo-
ration in tumor models.
� 2006 Elsevier Ltd. All rights reserved.

CDKs are a prominent family of protein kinases which
plays key roles in regulation of the cell cycle in eukary-
otic cells.1 Orderly cell cycle progression requires activa-
tion of CDKs, which is mainly controlled by expression
of their activator subunit, cyclin. CDK4 and CDK6
complex with cyclin D, and CDK2 complex with cyclin
E or A sequentially phosphorylate retinoblastoma pro-
tein (pRb) to facilitate the G1/S progression. CDK4
and CDK6 are closely related proteins with basically
indistinguishable biochemical properties. pRb is a nega-
tive regulator of transcription factor E2F, with which it
forms a complex. When hyperphosphorylated by CDKs,
pRb loses its binding activity to E2F and the released
E2F activates transcription of genes whose products
are critical for the cell cycle progression. CDK activity
is also regulated by CDK inhibitory proteins (CDKIs).
Among them, INK4 family protein represented by
p16INK4a selectively inhibits cyclin D/CDK4 and
CDK6 complexes, and induces G1 cell cycle arrest when
overexpressed in pRb-positive mammalian cells. Dereg-
ulation of the cell cycle is a hallmark of cancer.2 Indeed,
genetic or epigenetic mutations in p16INK4a/cyclin
D/CDK4 and CDK6/pRb pathway are commonly
observed in a variety of many types of human cancers,
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suggesting CDK4, 6 may be an attractive target for
development of anti-cancer drugs.


To date, 13 types of CDKs have been identified in the
human genome, and there are some with functions unre-
lated to cell cycle regulations.3 CDK7 and CDK9 are
components of transcription regulation factor TFIIH
and P-TEFb, respectively,4 and CDK5 plays numerous
functions in the nervous system.5 Thus, for development
of anti-cancer agents, a small molecule inhibitor of
CDK4, 6 with selectivity over non-cell cycle CDKs
would be important to further understanding of biology
of CDKs and development for anti-cancer agents. Here,
we report the development of novel CDK4, 6 selective
inhibitors with a 5-pyrimidinyl-2-aminothiazole scaffold.


We previously reported that the diarylurea class of
compounds was identified to be a novel class of CDK4
selective inhibitors.6 Further characterization of this
class of compounds showed limited CDK4 selectivity
over some other CDKs, except for CDK1 and 2. We
attempted to find new classes and strategies for generat-
ing inhibitors with selectivity for CDK4 over other
CDKs including CDK5, 7, and 9 as well as 1 and 2.
In the first place, we screened the Merck sample reposi-
tory, and a series of compounds with a 5-pyrimidinyl-2-
aminothiazole scaffold was identified to show potent
inhibitory activities against all CDKs tested. Struc-
ture–activity relationships (SARs) obtained during
screening indicated that the cyclohexyloxy group at the
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C-2 position on the pyrimidine ring is an important
component of the compounds’ potent inhibitory activity
against CDK4.


We investigated the docking study of compound 1 with
the ATP-binding pocket of a CDK4 model (Fig. 1). As a
result of this study, it seemed that the gate keeper7 and
the solvent accessible site6 were accessible from com-
pound 1. The gate keeper residue is generally accepted
as the target site for influencing selectivity in protein
kinases. Also as reported previously, non-conserved
residue, Thr102 in CDK4, was found to be the key
residue for selectivity of CDK4 over other CDKs,
especially CDK1 and 2. Therefore, we decided to intro-
duce substituents at the C-5 and C-6 positions on the
pyrimidine ring, directed toward the gate keeper and
the C-5 position on the pyridine ring, directed toward
the solvent accessible site.


The results of the gate keeper-directed modification are
shown in Table 1. It was concluded from the docking
study that the space available between the pyrimidine
ring and Phe93 gate keeper residue was limited

OH
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Figure 1. Schematic representation of predicted binding mode of


compound 1 in CDK4 model.
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N


N
H


S


N


N


N
O


N
H


S


N


N


N
O


1 2


Compound Inhib


CDK4 CDK1 CDK2


1 4.2 24 1


2 13 >1000 27


3 34 >10000 >1000

(Fig. 1); therefore, a methyl group was introduced at
either the C-5 or the C-6 position on the pyrimidine ring.
Surprisingly, these gate site-directed modifications were
found to greatly reduce the inhibitory activity against
other CDKs than CDK4, while CDK4 inhibitory activ-
ity was retained. In particular, the C6-methyl derivative
3 showed more than 300-fold selectivity for CDK4 over
other CDKs (Table 1).


Selective inhibitors of CDK4 have been reported in the
literatures8; however, there are few reports of showing
the inhibitory activity against non-cell cycle-related
CDKs, such as CDK5, 7, and 9 among current selective
CDK4 inhibitors. To our knowledge, this is the first
identification of an inhibitor that displays high selectiv-
ity for CDK4 over CDK1, 2, 5, 7, and 9. In the course of
medicinal chemistry efforts to generate compounds with
adequate solubility, compound 3 led us to identify com-
pound 49 (Table 2) which has an amino alkyl group on
the pyrazine ring. The compound 4 also exhibited signif-
icant selectivity for CDK4, 6 over other CDKs and
showed sufficient aqueous solubility for intravenous
administration. Compound 4 potently inhibited more
than 80% of pRb phosphorylation at Ser780 residue,
which is specifically phosphorylated by CDK4, 6, and
consequently roughly 90% of cells were arrested at G1
in Eol-1 human eosinophilic leukemia cells at 300 nM
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Table 2. CDK4/6 selective inhibition by compound 4
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Scheme 1. Synthesis of compound 4. Reagents and conditions: (a) DPPA, Et3N, 3 h, 100 �C, dioxane, tBuOH, 88%; (b) NBS, AIBN, 12 h, 100 �C,


CCl4; (c) KOAc, 18-crown-6-ether, 1 h, rt, MeCN; (d) 3 N NaOH aq, 12 h, rt, MeOH, 29% in 3 steps; (e) TBDPSCl, imidazole, 12 h, rt, DMF, 99% ;


(f) TFA, 5 h, rt, CHCl3, 92%; (g) BzNCS, rt, 2 h, THF, 96%; (h) K2CO3, 45 �C, 5.5 h, THF/MeOH/H2O, 99%; (i) ethyl ethynyl ether, BH3 Æ THF, rt,


4 h, THF; (j) 3 N NaOH aq, PPh3, Pd(OAc)2, rt, 6 h, THF, 88% in 2 steps; (k) NBS, rt, 0.5 h, EtOH, 80%; (l) p-TsOH Æ H2O, 90 �C, 12 h, EtOH/H2O;


(m) TBSCl, imidazole, 3 h, rt, DMF; (n) SEMCl, EtNiPr2, 1 h, 0 �C, DMF, 27% in 3 steps; (o) mCPBA, 1.5 h, 0 �C, CHCl3, 99%; (p) NaH, cyclohexyl


alcohol, rt, 0.5 h, DMF; (q) 1 M TBAF in THF, 1 h, rt, THF, 40% in 2 steps; (r) MsCl, EtNiPr2, 1 h, 0 �C, CHCl3; (s) N-methylpiperazine, K2CO3,


1 h, 70 �C, CHCl3; (t) 4 N HCl in dioxane, 12 h, rt, MeOH, 45% in 3 steps.
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in vitro. In addition, this compound inhibited pRb phos-
phorylation and BrdU incorporation by 99% and 91%,
respectively, in Eol-1 xenograft tumor models in nude
rats when administered via constant intravenous
infusion for 24 h at a plasma concentration of 510 nM
(manuscript in preparation).


The synthetic route for preparation of compound 4 is
illustrated in Scheme 1. Reaction of the thiourea A-5,
which was prepared from 5-methylpyrazine-2-carboxylic
acid A-1 in 8 steps, with 2-bromo-diethyl acetal B-3 gave
5-pyrimidinyl-2-aminothiazole C-1. Next, the methyl-
thio group was oxidized with mCPBA, followed by
introduction of a cyclohexyloxy group to give C-3. N-
Methylpiperazine was then introduced via the mesyla-
tion reaction. Finally, deprotection of SEM group
provided compound 4 as a HCl salt.


In conclusion, we used compound screening and medic-
inal chemistry techniques, supported by molecular mod-
eling, to identify potent CDK4 inhibitors 3 and 4 which
show high selectivity over other CDK family kinases.
These compounds are based on a novel 5-pyrimidinyl-
2-aminothiazole scaffold. Introduction of a methyl
group at the C-6 position of the pyrimidine ring in this
series was found to greatly enhance CDK4 selectivity
over other CDK family kinases. Compound 4, which
showed significant selectivity for CDK4, 6 over non-cell
cycle CDKs, showed mechanism-based inhibition of
CDK4 in cultured cells and in vivo. These results suggest
that compound 4 may be useful in drug development

and for further elucidation of CDK biology. Further
SAR analysis of the analogues and molecular modeling
studies to clarify the mechanism of their CDK4, 6 selec-
tive inhibitions and biological profiles of compound 4
will be reported elsewhere in due course.
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Abstract—Water-soluble a-alanine C60 adduct was synthesized, and its scavenging abilities for superoxide anion O2
�� and hydroxyl


radical �OH were studied by the spectrophotometry and chemiluminescence. It was found that a-alanine C60 adduct showed an
excellent efficiency in eliminating superoxide anion and hydroxyl radical. The 50% inhibiting concentration (IC50) for superoxide
was 184 lg/mL by spectrophotometry and 292 lg/mL by chemiluminescence. The IC50 for hydroxyl radical was 42 lg/mL. In
different test systems, the results showed that a-alanine C60 adduct had comparable radical scavenging abilities as thiourea and
ascorbic acid, and was proved to be an effective scavenger for superoxide anion and hydroxyl radical. It can be prospected that
water-soluble a-alanine C60 adduct will be useful in radical related biomedical fields.
� 2006 Elsevier Ltd. All rights reserved.

The peculiar cage structure of C60 has attracted most
attention since its discovery. Many research achievements
have been gained in the fields of superconductivity,
magnetics, photology, catalysis, and polymer science.1


Among them, it is very important the biological activity
study of C60 and its derivatives. Many experiments
have affirmed that C60 derivatives have prospective
applications in many fields such as enzymatic inhibition,
anti-HIV activity, neuroprotective, antibacterial, DNA
cleavage, and photodynamic therapy.2 Neuroprotective
properties are based on the fact that C60 derivatives
can scavenge free radicals.3 Chiang and Zhu have
separately reported the scavenging effect of fullerenols
on superoxide anion O2


�� and hydroxyl radical �OH.4,5


Recently, many water-soluble C60 derivatives have
been found to possess effective free radical scavenging
activities.6–12


It is known that many phenomena in biological systems
are interrelated to free radicals. Excessive free radicals
will cause cell trauma, pathological changes, and unusu-
al death. Superoxide anion is the essential free radical
and can form other free radicals through a series of reac-
tions. The chemical activity of hydroxyl radical is the
strongest, which can easily react with biomolecules such
as amino acids, proteins, and DNA.13 So it is very

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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important to search highly effective scavengers for
superoxide anion and hydroxyl radical. C60 has thirty
C@C double bonds and is regarded as ‘sponge for
radical absorbing’.14 Considering its insolubility in
water, so it is essential to synthesize water-soluble C60


derivatives for researches on their biological activities.
In this paper, we report the synthesis of water-soluble
a-alanine C60 adduct and its scavenging ability for
superoxide anion and hydroxyl radical by spectropho-
tometry and chemiluminescence.


a-Alanine (3.5 g) and sodium hydroxide (1.5 g) were
dissolved in 4.0 mL deionized water, 40.0 mL ethanol
was added, and the resulting solution was added dropwise
to a stirred dry toluene solution (100 mL) containing C60


(P99.9%, purchased from Wuhan University, 100 mg).
a-Alanine C60 adduct was synthesized in alkali heteroge-
neous phases. After stirring at room temperature for five
days, the aqueous layer was separated from the colorless
organic layer, diluted with 5.0 mL H2O, 50.0 mL ethanol
was then added to cause the precipitation of product.
The precipitation was purified several times by dissolving
in water, precipitated from absolute ethanol, then
dried under a vacuum. Ninhydrin test showed no free
a-alanine present in the product. The product was
separated by HPLC and showed one peak.15 FTIR and
1H NMR (500 MHz) were used to characterize a-alanine
C60 adduct.16 The incorporation of a-alanine group in
C60 was confirmed by absorption bands (IR) at
1406 [csym(COO�)] and 1589 cm�1[cas(COO�)], and
proton absorption (1H NMR) at d = 1.91–2.01 and
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3.94–4.12 ppm. The broad bands at d = 1.27–1.39 and
3.58 ppm may be due to protons on the C60 molecule.
Compared with C60, a-alanine C60 adduct has different
soluble properties. It cannot dissolve in benzene, absolute
methanol or ethanol. a-Alanine C60 adduct (1.5 mg) can
dissolve in 1.0 mL dimethylsulfoxide and 2.0 mg in
1.0 mL water.


Superoxide anion scavenging activity was determined by
spectrophotometry according to the following proce-
dure. 0.3 mL of 3 mmol/L pyrogallol, 4.5 mL of
100 mmol/L buffer solution (Tris–HCl, pH 8.2), and
4.2 mL redistilled water were mixed intensively after
pre-equilibrated at 25 �C. The absorbance of the above
mixture at 325 nm was measured every 30 s on an ultra-
violet–visible spectrophotometer (WFZ 800-D 2C). The
autoxidation rate of pyrogallol, calculated from the
change of absorbance at 325 nm, was controlled about
0.070 by adjusting the concentration of pyrogallol. The
autoxidation rate of pyrogallol was represented by the
increment of absorbance every minute in the linear
range. The scavenging rate of a-alanine C60 adduct to
superoxide anion radical was calculated as per the fol-
lowing formula: SR = (K0 � K1)/K0 · 100%, where K0,
K1 are autoxidation rates of pyrogallol without and with
a-alanine C60 adduct, respectively.


Superoxide anion was generated by a luminol-enhanced
autoxidaton of pyrogallol and determined by chemilu-
minescence. 0.8 mL of luminol (1 · 10�3 mol/L) and
0.2 mL Na2CO3/NaHCO3 buffer solution (0.05 mol/L,
pH 10.3) were mixed vigorously, and the background
intensity was measured on a bio-chemical luminescence-
measuring instrument (SGH-C, made in Shanghai).
Then 0.1 mL pyrogallol (6.25 · 10�4 mol/L) was added
to initiate the luminescence reaction. The luminescence
kinetics curve chemiluminescence (CL–t) was measured
with an integral time of 6 s and accumulated continu-
ously for 150 s.The relative content of superoxide anion
radical O2


�� in the system was calculated as the abstrac-
tion value of the peak value of curve CL–t and the back-
ground. a-Alanine C60 adduct was added into the above
system, and at the same time the volume of the buffer
solution was reduced to keep the volume constant.
The scavenging rate for superoxide anion O2


�� was
calculated as: SR = (CL0 � CL1)/CL0 · 100%, where
CL0 and CL1 represent peak values in the CL–t curves
of the control group and test group, respectively. Every
data point was obtained from three parallel determina-
tions. The tolerance was no more than 3%. The free
radical produced in the system was proved to be
superoxide anion tested by superoxide dismutase
(SOD), catalase, and mannitol.


Hydroxyl radical scavenging activity was determined
by chemiluminescence. 0.4 mL CuSO4 (2.0 mmol/L),
0.2 mL ascorbic acid (2.0 mmol/L), 0.6 mL of
50.0 mmol/L phosphoric acid buffer solution (or a-ala-
nine C60 adduct), and 0.2 mL zymosan (25.0 mg/mL)
were mixed intensively and the background intensity
was measured on a bio-chemical luminescence-measur-
ing instrument (SGH-C, Shanghai). H2O2, 0.6 mL,
(66.0 mmol/L) was added to initiate the luminescence

reaction, and the chemiluminescent emission from the
resulting mixture was counted at an interval of 15 s for
100 times. The amount of hydroxyl radical in the system
was represented by the chemiluminescence intensity. The
scavenging rate for hydroxyl radical was calculated
according to the following formula: SR = (CL0 � CL1)/
CL0 · 100%, where CL0, CL1 are the chemiluminescence
intensities in the system without and with scavenger,
respectively. The free radical produced in this system
was proved to be hydroxyl radical tested by superoxide
dismutase (SOD), catalase, and mannitol. Every data
point was obtained from three parallel determinations.
The tolerance was no more than 3%. Thiourea and
ascorbic acid were used as a control. a-Alanine was used
as a radical scavenger in the above three antioxidant
evaluation systems.


The autoxidation of pyrogallol has been widely used in
the determination of active of SOD and valuation of
antioxidative properties of some substance.17,18 Figure
1, lines a and b shows the change of absorbance A with
the increase of time t when no and 17 lg/mL a-alanine
C60 adduct were added, respectively. Compared with
line a, the slope of line b decreased obviously, which
indicated that the content of superoxide anion
decreased, that is, a-alanine C60 adduct has scavenged
superoxide anion in the system.


The superoxide anion scavenging effect of a-alanine C60


adduct at different concentrations is shown in Figure 2.
The scavenging rate increased with the increase of
concentration of a-alanine C60 adduct. At the concen-
tration of 184 lg/mL, a superoxide anion scavenging
rate of approximately 50% was achieved, that is, the
50% inhibition concentration (IC50) was 184 lg/mL.
The maximum scavenging rate of a-alanine C60 adduct
against superoxide anion was 74.8% when the concen-
tration was 255 lg/mL. In the above system, the IC50’s
of tea polyphenols, thiourea, and ascorbic acid were
80, 205, and 312 lg/mL, respectively. So, a-alanine C60


adduct has comparable scavenging ability as thiourea
and ascorbic acid, and is an effective superoxide anion
scavenger.
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Figure 2. Scavenging rate of a-alanine C60 adduct against superoxide


anion at different concentrations by spectrophotometry.
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Figure 4. Scavenging rate of a-alanine C60 adduct against hydroxyl


radical at different concentrations by chemiluminescence.
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In the luminol-enhanced antioxidation of pyrogallol, the
content of superoxide in the system can be measured by
the intensity of chemiluminescence. When free radical
scavengers were added into the reaction system, the
amount of superoxide anion would decrease, and thus
the chemiluminescence intensity would be inhibited.
The stronger the scavenging ability, the more the chemi-
luminescence intensity would be inhibited. As shown in
Figure 3, the scavenging rate increased with the increase
of concentration of a-alanine C60 adduct. The IC50 was
292 lg/mL. The maximum scavenging rate of a-alanine
C60 adduct against superoxide anion was 84.1% when
the concentration was 1050 lg/mL. In this system, the
IC50’s of tea polyphenols, thiourea, and ascorbic acid
were 113, 258, and 253 lg/mL, respectively. Though in
different determined systems, the results showed that
a-alanine C60 adduct has comparable scavenging ability
as thiourea and ascorbic acid, and is an effective super-
oxide anion scavenger.


Similar to scavenging of superoxide anion, in the cop-
per-catalyzed Haber–Wiess reaction, the scavenging rate
for hydroxyl radical may be calculated by the ratio of
chemiluminescence intensity with and no a-alanine C60
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Figure 3. Scavenging rate of a-alanine C60 adduct against superoxide


anion at different concentrations by chemiluminescence.

adduct added. The scavenging rate of a-alanine C60


adduct against hydroxyl radical at different concentra-
tions is shown in Figure 4. The IC50 is about 42 lg/
mL, and the maximum scavenging rate was 93% at the
concentration of 350 lg/mL. As compared, the IC50’s
of thiourea, benzoic acid, and mannitol were 20, 201,
and 123 lg/mL, respectively. The results showed that
a-alanine C60 adduct was an effective scavenger for
hydroxyl radical.


In the above three determined systems for superoxide
anion and hydroxyl radical, a-alanine was added into
the systems as radical scavenger but showed no scaveng-
ing effect on superoxide anion or hydroxyl radical. This
indicated that the scavenging ability of a-alanine C60


adduct might be concerned with the C@C double bonds
in C60. C60 with thirty C@C bonds is typical alkene that
is lacking electron, and has the ability of capturing
electron, so it is called ‘sponge of absorbing free
radical’.14 But C60 has poor water solubility, which
restricted its application in biomedical fields. After the
addition of water-soluble amino acid chains, the adduct
still has some C@C double bond and retains the
scavenging ability for superoxide anion and hydroxyl
radical. It can be prospected that water-soluble amino
acid C60 adduct will be a kind of effective radical scaven-
ger and will be applied in the radical related fields such
as neutroprotection.
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Abstract—A new series of 4-(1,3-dialkyl-2,4-dioxo-2,3,4,5-tetrahydro-1H-pyrrolo[3,2-d]pyrimidin-6-yl)benzenesulfonamides has
been identified as potent A2B adenosine receptor antagonists. The products have been evaluated for their binding affinities for the
human A2B, A1 and A3 adenosine receptors. 6-(4-{[4-(4-Bromobenzyl)piperazin-1-yl]sulfonyl}phenyl)-1,3-dimethyl-1H-pyrrolo[3,2-
d]pyrimidine-2,4(3H,5H)-dione (16) showed a high affinity for the A2B adenosine receptor (IC50 = 1 nM) and selectivity (A1: 183x;
A3: 12660x). Synthesis and SAR of this novel class of compounds showing improved absorption properties is presented herein.
� 2006 Elsevier Ltd. All rights reserved.

Adenosine is an endogenous nucleoside that is normally
increased under conditions of hypoxia or high metabo-
lism typically occurring in pathological or stressful situ-
ations. Adenosine interacts with four G-protein-coupled
membrane receptors, A1, A2A, A2B and A3, with differ-
ent affinities. A1 and A2A are high affinity receptors
for adenosine with affinities in the range of 0.01 lM,
while A2B and A3 are low affinity receptors, with affini-
ties in the range of 5–10 lM.1


Concentration of extracellular adenosine in normal tis-
sues is estimated to be below 1 lM, with levels increas-
ing to as much as 100 lM during inflammatory or
ischaemic conditions.2 Thus, while tissue expression of
all four adenosine receptors is ubiquitous, different affin-
ities for adenosine indicate that A2B and A3 receptors
would not be constitutively activated in normal
conditions.

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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There is a large body of evidence linking the A2B recep-
tor to the pathophysiology of asthma:3


• Adenosine is present in the bronchoalveolar lavage
(BAL) of asthmatic subjects at concentrations up to
4-fold higher than in normal subjects (193 vs 60 lM)4


• It is well documented that the A2B receptor has likely
roles in mast cell degranulation and in the stimulation
of IL6, IL8, IL4/IL13, IL19 and MCP-1 secretion
pathways both in mast cells and in other cell types
like lung fibroblasts and bronchial smooth muscle
cells.5


The hypothesis that A2B receptor antagonism mediates
the antiasthmatic properties of theophylline, a clinically
proven antiasthmatic with severe safety limitations due
to poor selectivity,6 together with the recent description
of A2B receptors on human airway smooth muscle cells
mediating cytokine and chemokine release provides firm
basis to recognize A2B antagonists as potential novel
anti-asthma drugs.7


As a first approach to design novel A2B adenosine recep-
tor antagonists, we developed a series of pyrrolopyrim-
idines8 that led to the discovery of compound (1)
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(Fig. 1) showing good potency and selectivity (against
A2A and A3 receptors) but modest selectivity versus A1


adenosine receptor. Additionally, amide metabolic lia-
bility together with a low solubility (thermodynamic sol-
ubility <10 lg/mL at any pH) that we recognized as a
limiting factor for absorption, led us to direct our efforts
to expand this series toward more selective, stable and
soluble derivatives.


Recently, in a series of similar A2B antagonists, amide
bond was replaced by heterocyclic 5-membered rings
leading to compounds such as (2) (Fig. 1) in order to
achieve metabolic stability and oral bioavailability.9


From our lead compound 1 bearing a phenoxyaceta-
mide moiety, we synthesized a number of pyrrolopyrim-
idine derivatives with a metabolically stable
benzenesulfonamide group.10 Additionally, in order to
increase solubility and achieve oral bioavailability we in-
stalled a basic ionizable function at the sulfonamide
moiety.


Synthesis of compounds of general formula 3 (Scheme
1) was initiated by reaction of a monosubstituted urea
derivative with diketene. Further alkylation followed
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Figure 1. Structure of compounds 1 and 2.
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Scheme 1. General synthesis of 6-phenylpyrrolopyrimidines. Reagents


and conditions: (a) diketene, AcOH, reflux (60–75%); (b) Me2SO4 or


R1I, 4 N NaOH, EtOH, 25 �C (88–99%); (c) HNO3, H2SO4, 0 �C (81–


94%); (d) PhCHO, piperidine, 3Å molecular sieves, EtOH, reflux (43–


73%); (e) Na2S2O4, formic acid, reflux (35–94%); (f) ClSO3H, SOCl2,


0 �C (51–92%); (g) HNR3R4, TEA or polymer supported morpholine,


DCM, 25 �C (35–75%).

by conventional nitration gave the 6-methyl-5-nitroura-
cil derivatives. Condensation with benzaldehyde and
subsequent reductive cyclization provided the 6-phenyl-
pyrrolopyrimidine nucleus.


Regioselective chlorosulfonylation occurs para to the
phenyl group in the presence of chlorosulfonic acid
and thionyl chloride, to provide the sulfonyl chloride
derivatives. The final step of sulfonamide formation
was achieved using either triethylamine or polymer sup-
ported morpholine as a base. The latter reagent allowed
the use of solution phase parallelization techniques to
systematically explore SAR around the sulfonamide
moiety.


All compounds described herein were tested for their
ability to bind the A2B adenosine receptor. Binding affin-
ities for A1 and A3 receptors were determined for the
interesting compounds.11 As shown in Table 1, we first
explored the variation of the sulfonamide group keeping
a methyl group in R1 and R2. Our initial idea was testing
the presence of moieties of ranging basicity such as pyr-
idine, piperidine or piperazine. Pyridine ring either

Table 1. Structure and binding affinities of selected sulfonamides


bearing 1,3-dimethyl groups at the pyrrolopyrimidine core


N


N
H


O


N


O


S


O


O


N
R


4


R
3


Compound NR3R4 hA2B IC50
a


(nM)


hA1 IC50
a


(nM)


hA3 IC50
a


(nM)


4
HN N


12 68 1354


5


HN
N


O


18 54 1525


6
HN


N


O


20 101 38,050


7
HN N


14 150 2085


8 HN
O N


17 396 6438


9
NHN


43 — —


10
NN


90 — —


11
NN


16 415 3169


12 NN 6 — —


a Values are means of two experiments.







Table 2. SAR around selected benzylpiperazinyl sulfonyl derivatives


N


N
H


O


N


O


S


O


O


N N
R


5


Compound R5 hA2B IC50
a


(nM)


hA1 IC50
a


(nM)


hA3 IC50
a


(nM)


11 Ph 16 415 3169


13 3-F–Ph 7 152 8888


14 4-F–Ph 10 — —


15 2,4-DiF–Ph 7 126 —


16 4-Br–Ph 1 183 12,260


17 5-Chloro-2-thienyl 4 102 5249


18 4-Pyridyl 27 — —


a Values are means of two experiments.
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directly attached to the sulfonamide moiety (compounds
4 and 5) or via a one, two or three atom linker
(compounds 6–8) showed similar affinities for the A2B

Table 3. Structure and binding affinities of selected sulfonamides bearing di
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R
2


O


R
1


Compound R1 R2 NR3R4


19 Et Et
NN


F


20 Et Et


NHN


F


21 Et Et
HN N


22 nPr nPr
NHN


23 nPr Me


NN


N


24 nPr Me
HN N


25 nPr Me
HN


N


O


26 Me nPr
NN


F


27 Me nPr


NN


O


O


a Values are means of two experiments.

adenosine receptor (IC50 < 20 nM) and variable selectiv-
ities versus A1 adenosine receptor. Concerning A3 aden-
osine receptor, all products show a very good selectivity.
Although, basic amines at the sulfonamide moiety such
as those in compounds 4–8 showed good affinities, N-(1-
benzylpiperidine-4-yl)sulfonamides 9–10 were less po-
tent. The (4-benzylpiperazin-1-yl)sulfonyl derivative 11
came out as one of the most promising groups both in
terms of potency and selectivity.


Even though compound 12 showed the highest potency,
we did not further characterize this product because of
the low basicity of the phenylpiperazino moiety, leading
to a very limited solubility. Actually, while compound
12 showed a thermodynamic solubility lower than
10 lg/mL at any pH, compounds 7 and 11 displayed in-
creased solubility in acidic media (pH: 1.2, 57 and 70 lg/
mL, respectively).


Taking benzylpiperazines as a promising starting point
we explored the SAR of diversely substituted N-arylm-
ethylpiperazines. As can be seen in Table 2, substitution

verse alkyl groups at positions 1 and 3 of the pyrrolopyrimidine core


S


O


O


N
R


4


R
3


hA2B IC50
a (nM) hA1 IC50


a (nM) hA3 IC50
a (nM)


15 350 21,880


12 205 4314


75 140 18,950


18 59 1467


6 370 950


17 123 844


15 12 7600


17 — —


13 102 14,860
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with halogens at the phenyl ring of benzylpiperazines in-
creased potency for the A2B adenosine receptor up to the
low nanomolar level (compounds 13–16) and particular-
ly compound 16 showed an outstanding potency (IC50


A2B: 1 nM) and good selectivity (A1: 183x; A3: 12260x)
relative to compound 11. Substituted thienyl rings (com-
pound 17) showed a very good potency inhibiting A2B


adenosine receptor. In the case of substitution with a
4-pyridyl (compound 18), a lower affinity was observed.


In order to expand SAR and further improve selectivity,
we next studied the effect of variation of the R1 and R2


substituents at the pyrimidinedione central core by using
combinations with methyl, ethyl and n-propyl groups
with some of the best NR3R4 moieties identified (Table
3). Lower alkyl groups in R1 and R2 have proven to be
the preferred substituents in this type of structures.8–10


In compounds 19–27, although potency antagonizing
A2B adenosine receptor is acceptable (most of them
showing IC50 < 20 nM) we were not able to observe a
clear improvement in selectivity versus A1 adenosine
receptor. Only in the case of compound 23 (p-cyanoben-
zylpiperazine) we observed excellent potency (IC50 A2B:
6 nM) and a good selectivity against A1 and A3 adeno-
sine receptors (A1: 62x; A3: 160x).


Compounds 7 and 11 were chosen as representative for
pharmacokinetics. When dosed orally at 10 mg/kg in
rats moderate AUC of 985 and 252 ng h/mL, respective-
ly, with a tmax in both cases of 6 h. were observed. These
results can be considered as an improvement since after
oral administration of compound 1 (10 mg/kg) in rat, an
AUC < 20 ng h/mL was observed.


In conclusion, we have identified a series of pyrrolopyr-
imidin-6-yl benzenesulfonamides as potent A2B adeno-
sine receptor antagonists and selective versus A1 and
A3 adenosine receptors with improved physicochemical
properties, resulting in an increased oral
bioavailability.


Furthermore, compounds 16 and 23 showed an out-
standing profile of potency against A2B adenosine recep-
tor (IC50: 1 and 6 nM, respectively) as well as good
selectivity versus A1 and A3.


The overall pharmacological activity of the pyrrolopyr-
imidine benzenesulfonamides suggests that these novel

compounds constitute a promising starting point to
develop novel A2B antagonists for clinical progress.
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Abstract—Homologation and cyclization back to the chiral methine of compound 3 yields achiral 4,4-disubstituted piperidine priv-
ileged structures (e.g., 8a) useful in the construction of melanocortin 4 receptor (MC4R) ligands. The piperidine nitrogen was
replaced with carbon, oxygen, sulfur, and sulfone with minor erosion of binding. The methyl cyclohexane substituent was the most
potent while significant affinity was still seen for smaller lipophilic groups such as ethyl.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1.

The melanocortin 4 receptor (MC4R) is one of five type
I G-protein-coupled receptors (GPCRs) which have the
melanocortin peptides a-, b-, and c-melanocyte-stimu-
lating hormones (MSH) as their endogenous ligands.1


The MC4R is expressed in the hypothalamus and is
thought to regulate a variety of processes including feed-
ing, metabolism, and reproductive behaviors.2 We have
been interested in developing ligands for the melanocor-
tin receptors to facilitate their pharmacological charac-
terization, and our efforts to date have yielded
compounds primarily selective for MC4R. The com-
pound series developed thus far have all required a
dipeptide address element coupled to a C-terminal priv-
ileged structure cap (Fig. 1).3


Pharmacophore requirements for the piperazine-con-
taining subunits have generally included both hydropho-
bic and polar moieties. We have found that a number of
structurally related piperazine-containing moieties
afford reasonable activity and a fair degree of inter-
changeability when attached to the dipeptide address
element. Recently, we have reported on several new
structurally related families, the latest of which is
exemplified by structure 3.4,5 This scaffold uses a chiral
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tertiary carbon atom to link the key lipophilic and polar
pharmacophores.


While the activity achieved with these structures has
been adequate for pharmacological characterization,
the chiral center afforded an unnecessary level of com-
plexity in synthesis. We wondered if this chiral carbon
and attached polar moiety could be replaced with a sym-
metrical subunit that still allowed the desired privileged
structure pharmacophores to be presented in a similar
orientation. Specifically, we thought that cyclization of
the polar residue back to the methine position of the chi-
ral carbon of 3, affording an achiral 4,4-disubstituted
piperidine (8a), might provide topography similar to
our previously described privileged structures (Fig. 2).
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Figure 2. The design strategy to mitigate asymmetry in our previous


privileged structure was achieved by the cyclization and homologation,


a and b, respectively.


Table 1.
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THF


Compound P R R2 Compound


6a Boc Me Ph 7a
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6a Boc Me c-C6H11ACH2 7c


6a Boc Me n-C6H13 7d


6a Boc Me Et 7e
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6b Bn Boc c-C6H11ACH2 7h


6b Bn Boc (CH3)2CHACH2 7i
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Scheme 2. Reagents: (a) TMSCN, ZnI2; (b) iBu-MgBr, THF, 91–98%;


(c) TFA, DCM; (d) MsOH, mCPBA, DCM.
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Simple modeling of the 4,4-disubstituted piperidine of
8a revealed that many of the conformations accessible
to 3 remain available to the more constrained 4,4-disub-
stituted piperidine 8a. Herein, we report on the reduc-
tion of this hypothesis to practice and the continued
progress on the preparation and use of novel 4,4-disub-
stituted piperidine structures in the construction of
ligands for the melanocortin receptors.


Preparations of structures 8a–l containing functional-
ized piperidines are outlined in Scheme 1. Intermediates
6a, b were conveniently prepared from the correspond-
ing protected piperidines 4a, b using a modified Strecker
synthesis.6 Treatment of amino nitrile 6a with alkyl
Grignards gave modest yields (10–50%) of the 4,4-disub-
stituted piperazines 7a–g.7,8 The reactions of amino ni-
trile 6b with alkyl Grignards were more efficient for
the preparation of intermediates 7h (86% yield) and 7i
(94% yield) (Table 1). Deprotection of the Boc-protected
piperazines 7a–g with TFA yielded the N-methyl piperi-
dines 8a–g. Piperidine intermediates 7h (R = Boc) and 7i
(R = Boc) were deprotected with TFA, then sulfonylat-
ed, acylated or reductively aminated to yield the
corresponding benzyl-protected, functionalized 4,4-di-
substituted piperidines. The functionalized piperidines
were then debenzylated under palladium-mediated
hydrogenolysis to yield structures 8h–l. Cyclic ketones
9a–c were transformed in a similar manner as outlined
for the above piperidine ketones (Scheme 2). Notably,
reaction of the amino nitrile with an alkyl Grignard
was again more efficient (91–98% in route to 10a–c) than
observed for compounds 7a–g. Compounds that contain
a basic piperidine nitrogen such as 7a–g were typically
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Scheme 1. Reagents: (a) TMSCN, ZnI2; (b) R2MgBr, THF; (c) TFA,


DCM; (d) One of the following; MsCl, Alkyl-COCl, Alkyl-COH and


NaBH4; (e) Pd/C, H2, EtOH.

less efficient in Grignard substitution reactions when
compared to those without the basic amine. Oxidation
of the thiomorpholine 10c with mCPBA in the presence
of methanesulfonic acid yielded 10d. The piperazine
structures 8a–l and 10a–d were coupled to the Boc-pro-
tected dipeptide9,10 11 in the presence of HATU as
previously described.11 The penultimate compounds
were then treated with TFA to generate 12a–p as the
corresponding TFA salts (Scheme 3).


Final products 12a–p were evaluated for binding at the
MC4 receptor by determining competitive inhibition of
[125I]NDP-a-MSH binding in HEK293 cells stably
transfected with human MC4 receptors as previously
described.12,13 Compound 12a, an achiral analog of
1, yielded high affinity with a Ki of 7 nM. This observa-
tion suggests that this new achiral structure can mimic
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Table 3.


N


N


X
12m-p


Compound X MC4 Ki (nM)


12m CH2 46.9


12n O 31.4


12o S 68.4


12p SO2 75.8


The Ki data are the average of at least two determinations with an


average error of 15%.
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the key topography afforded by chiral analog 1. Using
12a as a lead structure, we next explored the nature of
the aliphatic group R2, while holding the N-methyl
piperidine constant (12a–g, Table 2). The aromatic
counterpart to 12a, where R2 = Bn (12b), displayed a
6-fold decrease in binding affinity (Ki = 44 nM). Remov-
al of the methylene spacer of 12b (R2 = Bn) yields com-
pound 12c, (R2 = Ph) whose Ki of 215 nM is 31-fold less
than analog 12a. The alkyl substituted compound 12d
(R2 = n-hexyl) was 10-fold less active than compound
12a. Contracting the aliphatic unit of 12d (R2 = n-hexyl)
to yield compound 12e (R2 = ethyl) decreased binding
affinity by 5-fold (Ki = 370 nM). The isopropyl analog
12f resulted in binding affinity 9-fold better (Ki = 42 nM)
than its non-branched counterpart 12e (R2 = ethyl).
Homologation of 12f afforded the isobutyl analog 12g
(R2 = isobutyl) which had a 3-fold improvement in bind-
ing relative to 12f.


Next we turned our attention to functionalization of the
piperidine nitrogen, while holding R2 constant as iso-
butyl. We observed minimal effects on binding affinities
for the family of alkyl substitutions on nitrogen. Both
12h (R = ethyl) and 12i (R = isopropyl) failed to differ-
entiate from the parent compound 12g (R = methyl)
with binding affinities of 16, 13, and 13 nM, respectively.
Acylation of the nitrogen yielded 12j (R = acetyl) which
resulted in a 3-fold loss in binding affinity (Ki = 38 nM)
relative to 12g. The branched alkyl amide of 12k
(R = COCH(CH3)2) demonstrated lower binding
affinity (Ki = 101 nM) than its simple alkyl amine coun-
terpart 12g.


The focus then turned to replacement of the piperidine
ring with carbocycles and non-basic heterocycles
(Table 3). Here we found that both all aliphatic carbo-
cycle (12m X = CH2) and heterocycles 12n–p (X = O,
X = S, and X= SO2, respectively) produced binding
affinities typically 2- to 6-fold less than their tertiary

Table 2.


N


N


NR
R2


Compound R R2 MC4 Ki (nM)


12a Me c-C6H11ACH2 6.8


12b Me Bn 43.9


12c Me Ph 214.6


12d Me n-C6H13 69.6


12e Me Et 369.9


12f Me (CH3)2CH 41.8


12g Me (CH3)2CHACH2 12.7


12h Et (CH3)2CHACH2 15.6


12i (CH3)2CH (CH3)2CHACH2 12.9


12j COCH3 (CH3)2CHACH2 37.5


12k COCH(CH3)2 (CH3)2CHACH2 100.7


12l SO2CH3 (CH3)2CHACH2 27.3


The Ki data are the average of at least two determinations with the


average error of 15%.

amine- and tertiary sulfonamide-containing counter-
parts 12g (R = methyl) and 12l (R = SO2CH3).


The above data demonstrate that replacement of the chi-
ral structure 3 with a 4,4-disubstituted piperidine yields
structures which can be employed in the construction of
a new and physicochemically diverse set of MC4R li-
gands. Consistent with our hypothesis, the presumed de-
crease in conformational mobility afforded by the ring
structure of 8a did not preclude this new scaffold from
attaining the required conformation for binding to the
MC4R. In addition to the elimination of a stereocenter,
the synthetic route was straightforward with many of
the piperazine fragments being prepared in three steps.
For the MC4R, the amine moiety of the disubstituted
piperidine can posses an alkyl group (12g, polar,
charged) or be converted to a sulfonamide (12l, polar,
non-charged) with minimal loss of affinity. Similarly,
this piperidine nitrogen can be replaced by carbon, oxy-
gen, sulfide, and sulfone while still displaying good
MC4R affinity.


In summary, we have described a convenient synthesis
of useful 4,4-disubstituted piperidines and heterocycles
as achiral privileged structures with widely varying
physical properties for the preparation of MC4R li-
gands. Further, the subunits described here may afford
an attractive path to probe numerous GPCRs given
the highly conserved nature of the binding domains
across GPCRs. Understanding of privileged structure
topographical requirements and developing a collection
of these subunits can present a significant opportunity to
rapidly prepare ligands for the pharmacological explora-
tion of a variety of GPCRs.
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Abstract—A novel class of cyclophosphamide spiropiperaziniums was synthesized and evaluated for their in vivo anti-cancer activ-
ities against S180 and H22. Most of them exhibited definite activities. Especially, compounds 8b and 8k showed good anti-cancer
activities, meanwhile, 8k also showed much lower toxicity than CP. Several interesting structure–activity relationships were revealed.
� 2006 Elsevier Ltd. All rights reserved.

Cyclophosphamide (CP, 1) is a widely used anti-cancer
agent that is dependent on cytochrome P450 metabolism
for its therapeutic effectiveness. The pharmacology and
chemistry of CP have been extensively studied and
reviewed.1–3 During the process of metabolism, CP
liberates two important metabolites, phosphoramide
mustard (PM, 2) and acrolein. And then, PM is
transported into cell to interfere with DNA that shows
the anti-tumor activities. On the contrary, acrolein is
responsible for hemorrhagic cystitis, a side effect
observed during CP therapy. To reduce the side effect
and find more potent anti-cancer drug, numerous mod-
ifications for CP have been performed over 50 years.4–19


However, these extensive structure–activity relationship
studies failed to produce better drugs than CP. Analysis
of the known works revealed that nearly all the modifi-
cations were focused on the left part of CP, just as cyclic
and acyclic phosphoramidate alkylating agents (3 and
4), and the mustard group still remained perfectly,
because it was considered as a very key pharmacophore.


Nevertheless, spirobromine (5) with dispirotripiperazini-
um structure is also an alkylating agent that exhibited
not only excellent anti-cancer activities and broad

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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spectra, but also quite low toxicity (LD50 = 1980 mg/
kg).20 Furthermore, some recent works have been report-
ed that the drug molecules incorporating quaternary
ammonium moiety exhibited high in vivo target-function
for cartilage, for example compounds 6 and 7.21


Our group has been interested in the biological activities
and synthesis of piperazine quaternary ammonium salts
all along.22,23 Inspired by above results, we envisioned
that changing the mustard group of CP into spiropiper-
azinium structure might be an effective way for the mod-
ification of CP. Herein, we disclose the first report of
novel class of cyclophosphamide spiropiperaziniums
(CPSP, 8), and some of them showed significant in vivo
anti-tumor activities and low toxicity.24


According to our previously described procedure,25 the
compounds 8a–l were prepared in good yields by the
reaction of CP with the corresponding cyclic secondary
amines or acyclic secondary amines in the presence of
NaHCO3 refluxing for 5–10 h (Scheme 1). The
compound 8k was treated with potassium bromide and
potassium iodide, respectively, to give the corresponding
compounds 8m and 8n (Scheme 2). All the compounds
were purified by recrystallization and identified by
NMR and elemental analysis.


Preliminary anti-tumor activities of all the newly synthe-
sized compounds 8a–n were assessed in vivo against
Sarcoma 180 (S180) and hepatocyte sarcoma 22 (H22)
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Table 1. Preliminary anti-cancer activities of 8 against S180 and H22


(ip)


Compound Dose


(mg/kg)


Inhibition rate


against S180 (%)


Inhibition rate


against H22 (%)


CP 30 72.94*** 72.02***


8a 30 39.86* 12.79


8b 30 35.98** 48.43**


8c 30 26.66 17.26


8d 30 10.70 8.64


8e 30 �27.61 32.49*


8f 30 �13.30 32.25*


8g 30 46.63** 20.60


8h 30 18.87 —


8i 30 33.47** 28.79*


8j 30 �3.28 �6.63


8k 30 42.31** 41.66***


8l 30 33.70** —


8m 30 18.72 11.60


8n 30 29.41* 16.19


Mice (10 mice in group) were implanted subcutaneously (sc) with


tumor cells, and the drugs were dosed (mg/kg) intraperitoneally (ip)


one time daily for successive 10 days, the dissected sarcoma weights (g)


were obtained precisely, and inhibition rates and P value were calcu-


lated using normal saline as control. Inhibition rate (%) = the average


weight of control group (g)—the average weight of experiment group


(g)/the average weight of control group (g) · 100%.
* P < 0.05.
** P < 0.01.
*** P < 0.001.
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in mice at the dose of 30 mg/kg, and the CP was used as
control. The results are summarized in Table 1.


Because this kind of compound was designed as pro-
drug principle, all of them showed very poor in vitro

anti-tumor activities. However, as shown in Table 1,
most of them displayed definite in vivo activities against
S180 and/or H22. Especially, the compounds 8b and 8k
showed the inhibition rates of 35.98% and 42.31% for
S180, and 48.43% and 41.66% for H22, respectively.


From the biological results of compounds 8a–c, it is
found that size of terminal spirocycle significantly influ-
ences the activity against H22. Such as, compound 8b
(seven-member ring) shows highest anti-cancer activity
(48.43%); compounds 8a (six-member ring) and 8c
(five-member ring) only show weak activities. However,
its effect on the activity against S180 is slight.


In an attempt to explore the influence of incorporating
heteroatom in the moiety of terminal spirocycle on the
activity, the 9-CH2 in 8a was, respectively, replaced with
–NH, O, –NMe, and –NCH2C6H5 to afford the corre-
sponding compounds 8d, 8e, 8k, and 8l. Biological
results indicated that introduction of 9-NH (8d,
10.70% against S180 and 8.64% against H22) led to a dra-
matic decrease of activity; however, 9-N-substituted
analogues 8k (9-NCH3, 42.31% against S180 and
41.66% against H22) and 8l (9-NCH2C6H5, 33.70%
against S180) showed similar to or better activities than







Table 3. LD50 of CP, 8b, and 8k (ip)


CP (mg/kg) 8b (mg/kg) 8k (mg/kg)


LD50
a 387.4 ± 33.8 239.4 ± 13.9 1202.0 ± 27.0


a Drugs were dosed (mg/kg) intraperitoneally (ip) to mice (five groups,


10 mice each) at different concentrations for successive 7–10 days.


Death was recorded to calculate the LD50 value.
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8a. It is suggested that substitution of hydrogen at 9-NH
in compound 8d with suitable group would improve the
activity. Comparing with 8a, after replacing 9-CH2 with
9-O, compound 8e exhibited better activity against H22


than 8a and complete loss of activity against S180.


Compounds 8f and 8g, methyl-substituted derivative of
8a and dimethyl-substituted derivative of 8e at carbon
atoms of terminal ring, respectively, show interesting
biological results. Comparing the 8f with 8a, introduc-
tion of methyl group led to the loss of activity against
S180 (8a, 39.86%; 8f, �13.30%) and increase of activity
against H22 (8a, 12.79%; 8f, 32.25%); on the contrary,
for compound 8g, after introduction of two methyl
groups, the activity against S180 (8e, �27.61%; 8g,
46.63%) was enhanced significantly and the activity
against H22 (8e, 32.49%; 8g, 20.60%) was slightly
decreased. These results should be contributed from
the change of conformation caused by introduction of
substitute. Compound 8h with benzospirocycle showed
far lower biological activity (18.87% for S180) than 8a
(8a, 39.86%), also demonstrating that the suitable
conformation is very critical for the activity. Additional-
ly, it is worth to note that compound 8g showed the
highest activity against S180 among the tested com-
pounds. Because compound 8g has two kinds of
stereo-structures, trans-8g and cis-8g, one of them may
be having more potent activity.


Though only the moiety of anion is different among
compounds 8k, 8m and 8n, they showed different
activities against both S180 and H22, just as, for S180:
8k (Cl�, 42.31%) > 8n (I�, 29.41%) > 8m (Br�,
18.72%); for H22: 8k (Cl�, 41.66%) > 8n (I�,
16.19%) > 8m (Br�, 11.60%). These results reveal that
the anion of quaternary ammonium also influences the
anti-tumor activity markedly.


As compared with spiropiperazinium derivatives of CP,
we also synthesized two unspiropiperazinium derivatives
of CP, 8i (R1 = R2 = Me) and 8j (R1 = Me,
R2 = C6H5CH2). Compound 8i exhibited significant
activity against both S180 (33.47%) and H22 (28.79%).
However, compound 8j did not show any activity.

Table 2. Anti-cancer activities of 8b and 8k against S180 and H22 (ip)


Compound Dose (mg/kg) Inhibition rate against S180 (%)


NS — —


CP 30 78.85***


8b 15 38.16*


30 35.98**


60 53.36**


8k 15 37.50*


30 42.31**


60 55.22***


Mice (10 mice in group) were implanted subcutaneously (sc) with tumor cells,


for successive 10 days, the dissected sarcoma weights (g) were got precisely, a


control. Inhibition rate (%) = the average weight of control group (g)—the


group (g) · 100%.
* P < 0.05.
** P < 0.01.
*** P < 0.001.

This result demonstrates that unspiropiperazinium deriv-
atives of CP still have activity as long as selecting suitable
substitutes connected with quaternary nitrogen atom.


Among the tested compounds, the most potent
compounds are 8b and 8k. Therefore, we selected them
to further study for their in vivo activities against S180


and H22 at three doses of 15, 30, and 60 mg/kg, and
the results are summarized in Table 2. Both compounds
8b and 8k showed excellent dose–activity relationships.
Though their activities are slightly weaker than that of
CP, 8b and 8k did not significantly cause the body
weight loss comparing with the NS group even at the
dose of 60 mg/kg. However, the CP group’s mice have
lost the weight greatly than NS group.


In order to further examine their toxicity, the LD50 of
compounds 8b and 8k were also tested and the CP as
control. The result from Table 3 shows that the LD50


of 8k (1202 mg/kg, ip) is more than three times higher
and the LD50 of 8b (239 mg/kg) is slightly lower compar-
ing with that of CP (387 mg/kg).


In summary, we have designed and synthesized a novel
class of cyclophosphamide spiropiperaziniums and eval-
uated for their in vivo anti-tumor activities against S180


and H22. Most of compounds showed definite anti-
cancer activity. Among them, compounds 8b and 8k
are most potent which retained the similar anti-tumor
activity as CP, meanwhile, the latter 8k also showed
much lower toxicity than CP. These results demonstrate
that changing mustard group of CP into suitable
spiropiperazinium structure is an effective way for the
modification of CP. Several structure–activity relation-
ships have been revealed that would be valuable for us
to develop more potent anti-cancer agents.

Inhibition rate against H22 (%) Weight (g) (X ± SD)


— 12.09 ± 3.10


68.87*** 8.58 ± 1.78


17.19 13.86 ± 3.03


48.43** 12.22 ± 1.69


51.3** 10.68 ± 2.00


24.43 10.88 ± 2.13


41.66** 12.02 ± 3.00


38.04* 13.10 ± 2.61


and the drugs were dosed (mg/kg) intraperitoneally (ip) one time daily


nd inhibition rates and P value were calculated using normal saline as


average weight of experiment group (g)/the average weight of control
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Abstract—A potential photoreactive analog of anandamide was synthesized via selective hydrogenation of a skipped tetrayne
intermediate. This compound might be a useful tool to search for new cannabinoid receptors.
� 2006 Elsevier Ltd. All rights reserved.

Several unsaturated fatty acid derivatives have been
identified as the endogenous ligands for the two cannab-
inoid receptor subtypes cloned thus far: the CB1 and
CB2 receptors. These lipid mediators are referred to as
endocannabinoids (eCBs) in order to distinguish them
from the natural cannabinoid, D9-tetrahydrocannabinol
(THC), derived from the Cannabis sativa plant.1 The
eCBs identified to date include2,3 the eicosanoids; N-ara-
chidonoylethanolamide (anandamide), 2-arachidonoyl-
glycerol (2-AG), 2-arachidonylglyceryl ether (noladin
ether), O-arachidonoylethanolamide (virohamine), and
N-arachidonoyl-dopamine, together with the ethanol-
amides of docosatetraenoic and homo-c-linolenic acids.
They have been suggested to participate in several phys-
iological and pathological conditions in mammals.4,5


Several excellent reviews on endocannabinoids and their
synthesis, metabolism, and functions have appeared
during the last three years.6 However, despite the recent
considerable advances and the extensive studies under-
taken over the past 14 years, the eCB system is still
not completely understood.7


While the anandamide cellular uptake mechanism is cur-
rently the source of much controversial debate,8,9


numerous contemporary experiments suggest that eCBs
cause some of their effects independently of the known
CB1 and CB2 receptors.

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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Recently, it was reported that GPR55, an orphan G-
protein-coupled receptor, might represent a new CB
receptor.10 In addition, thanks to the development of
selective CB1 or CB2 antagonists and to the availability
of gene knock-out and double knock-out mice (CB1�/�,
CB2�/�, and CB1�/�/CB2�/�), there is emerging evi-
dence suggesting that novel cannabinoid receptors may
exist for anandamide in various tissues.11,12 Interesting-
ly, some of these molecular targets are not sensitive to
plant-derived cannabinoids.13,14 To date, none of these
putative receptors have been cloned.


Within this context, we reasoned that an anandamide-
derived and potentially photoactivatable tool might be
useful for the identification of non-CB1, non-CB2 eCB
receptors. We therefore focussed our attention on the
synthesis of an aryl azide probe of anandamide. Our
design featured a flexible synthetic strategy allowing us
to readily change the head and/or tail group at a later
stage 1.
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Since little is known about the targeted putative recep-


tors, structural requirements are rather unpredictable
at this time. However, it was clearly established that
methylation at the alpha position to the nitrogen atom
significantly enhances the metabolic stability toward
the FAAH enzyme (and also its CB1 binding affinity).15


In addition, SAR with both CB receptors highlights the
importance of the number of double bonds and their
location on the carbon skeleton.16 Thus, we have chosen
to introduce the potentially photoactivatable group in
the tail of (R)-methanandamide. This will allow us also
to infer the influence of the terminal bulky group on the
affinity of anandamide analogs for CB1 and CB2 recep-
tors, a type of information that is limited to date.


We report herein the total synthesis of compound 2. The
2-azido-5-iodobenzoate ester group has already been suc-
cessfully used in photolabeling experiments.17 Its radiola-
beled analog (125I) is readily obtainable.26 Moreover,
besides their greater stability, aryl azides have the advan-
tage over alkyl azides that their irradiation can be per-
formed with an activation wavelength higher (>300 nm)
than the ultraviolet absorption for most proteins18,19


(thus limiting protein damage). It is hypothesized20 that
the irradiation of the aryl azide by UV light will generate
a nitrene intermediate which would bind to putative non-
CB1, non-CB2 eCB receptors, establish an irreversible
cross-link to these proteins, and permit the isolation and
mapping of the receptor site.


Retrosynthetically, the strategy involves the saponifica-
tion of the ester function of the key intermediate 3 to
introduce the anandamide head group, and esterification
of the x-hydroxy function with 2-azido-5-iodobenzoic
acid (Scheme 1).


The tetraene backbone comes from selective hydrogena-
tion of the tetrayne 4. The three skipped diynes of tetra-
yne 4 were assembled using cross-coupling between
copper(I) alkynides and propargylic halides. Instead of

HO


O


N
H


OH
CH3H


O O


N3


I


2


HO


Scheme 1. Key advanced intermediates to probe 2.

the previously21,22 described linear strategy which built
consecutively the diyne, triyne, and then tetrayne back-
bone, we have developed a convergent route to the
skipped tetrayne 4, by coupling the two skipped diynes
5 and 6.


The synthesis of 2 is depicted in Scheme 2.


The precursor 5 was prepared according to Razdan.23


Thus, starting from the commercially available 5-hexy-
noic acid 7, esterification followed by a cross-coupling
reaction with 4-chlorobut-2-yn-1-ol 9 and subsequent
bromination with CBr4, in the presence of PPh3, gave
the expected bromide 5 in 73% yield. The synthesis of
precursor 6 was achieved in two steps in 73% yield via a
coupling reaction between the commercially available 3-
bromo-1-(trimethylsilyl)-1-propyne 12, and 3-butyn-1-ol
11 and subsequent deprotection of the silyl group with
fluoride. The key coupling reaction between the precur-
sors 5 and 6 was carried out under mild conditions24 using
Cs2CO3 and afforded tetrayne 4 in 45% yield. In our
hands, this skipped tetrayne 4 was found to be unstable
when stored in a freezer under argon. However, if used
immediately its selective reduction using the P2-nickel
catalyst subsequently yielded the expected all cis key tetr-
aene 325 (47% yield).


The x-hydroxyl function of tetraene 3 was protected as a
dimethoxytrityl group. Upon saponification of the result-
ing tetraene 14, the amide coupling reaction with the O-
silylated (R)-(�)-2-amino-1-propanol 16, using the mixed
anhydride procedure, provided the expected amide 17
along with its corresponding x-free hydroxyl analog 18.
This partial deprotection of the dimethoxytrityl group oc-
curred during the purification step by column chromato-
graphy using Florisil. The remaining protected material
17 was converted into the desired alcohol 18 by treatment
with hexafluoro-2-propanol. Steglich esterification of the
key tetraene 18 with 2-azido-5-iodobenzoic acid 19 (pre-
pared as described by Perrier et al.26) followed by removal
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Scheme 2. Reagents and conditions: (a) APTS, MeOH, CH2Cl2, reflux, 24 h, 96%; (b) SOCl2, PhH, 55%; (c) CuI, NaI, K2CO3, DMF, 30 �C, 20 h,


85%; (d) CBr4, PPh3, CH2Cl2, 1 h, 90%; (e) CuI, NaI, Cs2CO3, DMF, 30 �C, 18 h, 77%; (f) TBAF, THF, 0 �C, 1 h, 95%; (g) CuI, NaI, Cs2CO3, DMF,


35 �C, 18 h, 45%; (h); P-2 Ni, H2, EtOH, 8 h, 13 �C, 47%; (i) DMTrCl, DMAP, NEt3, CH2Cl2, rt, 15 h, 81%; (j) LiOH, MeOH, 55 �C, 22 h, 96%; (k) i-


BuOCOCl, NMN, MeCN, �5 �C, 3 h; (l) HFIP, 12 h, rt, 65%; (m) DCC, DMAP, CH2Cl2, rt, 15 h, 82%; (n) TBAF, THF, rt, 1 h30 min, 75%.
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of the silyl group with TBAF, afforded the expected com-
pound 227 in 61% yield.


Compound 2 was tested for its affinity for human re-
combinant CB1 and CB2 receptors using a previously
described procedure and employing membranes from
COS cells overexpressing either receptor and
[3H]CP55-940 as the high affinity ligand.28 The com-
pound exhibited Ki (lM) = 0.57 ± 0.05 and 0.22 ± 0.03
for CB1 and CB2 receptors, respectively (means ± SE,
N = 3). In the same conditions, anandamide shows Ki


(lM) = 0.07 ± 0.03 and 0.18 ± 0.02, respectively. Thus,
these assays showed, for the first time, that a cumber-
some ‘tail’ group reduces the binding of putative ligands
to CB1 but not CB2 receptors. This residual affinity for
the CB2 receptor might suggest that compound 2 might
be used as a tool for yet-to-be characterized new eCB
receptors. On the other hand, the reduced affinity for
CB1 receptors as compared to anandamide also suggests
that compound 2 might turn out to be a rather selective
tool for the putative new receptor(s).


In summary, probe 2 was found to bind to CB1 and,
particularly, CB2 receptors with affinities that should

allow its use to identify other non-CB1, non-CB2
cannabinoid receptors for anandamide. Its synthesis
was achieved in 11 steps at a 1.6 mmol scale. The
skipped tetrayne backbone was obtained using a con-
vergent strategy starting from four commercially
available reagents; that is, 5-hexynoic acid 7, 1,4-
butynol, 3-bromo-1-(trimethylsilyl)-1-propyne 12 and
3-butyn-1-ol 11. We think that the synthesis of differ-
ent endocannabinoid probes will be attainable in a
similar fashion replacing 2-(R)-aminopropan-1-ol with
a suitable alternative head group (for example, dopa-
mine, aminoacids, etc., or alcohols such as glycerol,
ethanolamine, etc.). The synthesis of these novel
probes together with their binding affinities at CB1
and CB2, and photoaffinity labeling experiments with
probe 2 are in progress and will be reported in due
course.
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Abstract—Based on lead compounds 2 and 3 a series of 3,5-disubstituted pyridines have been designed and evaluated for inhibition
of AKT/PKB. Modifications at the 3 position of the pyridine ring led to a number of potent compounds with improved physical
properties, resulting in the identification of 11g as a promising, orally active Akt inhibitor. The synthesis, structure–activity relation-
ship studies, and pharmacokinetic data are presented in this paper.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. 3,5-Disubstituted pyridines as Akt-1 inhibitors.

The prevalence of enhanced Akt1/protein kinase B
(PKB) activity has been observed in a large proportion
of human malignancies.1–4 The initial discovery of
Akt1, a serine-threonine kinase, as a viral oncogene5


was followed by the discovery of homology of Akt1 with
PKA and PKC kinases.6 Three cellular isoforms of Akt1
have been identified.7,8 Akt plays a pivotal role in sever-
al signal transduction pathways9–11 and is critical in the
repression of a number of apoptotic pathways.12 Over-
expression of Akt is linked to an effective survival mech-
anism for tumor cells and is associated with an increase
in tumor progression.13,14 Hence, inhibition of Akt
would be a significant tool in cancer therapy.


We have previously described the discovery of 3,5-disub-
stituted pyridines as novel small molecule inhibitors of
Akt1.15–17 Considerable exploration of substituents at
the 5 position of the pyridine resulted in the identifica-
tion of several potent and selective inhibitors, com-
pounds 1–3 in Figure 1. Optimization of 1 led to 2
and 3 as nanomolar inhibitors of Akt1. In order to fur-
ther investigate these lead compounds, substituents at
the 3 position of the pyridine ring were systematically
explored. In this paper, we describe our efforts in this
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direction and report the synthesis and structure–activity
relationship studies of this work.


The route used to synthesize the 3,5-disubstituted pyri-
dines is shown in Scheme 1. The N-Boc phenols were
generated using a published procedure.18 The carboxylic
acids used were either commercially available or were
prepared by hydrolysis of the corresponding ester with
lithium hydroxide. Treatment of the acid with isobutyl
chloroformate at �10 �C, followed by a rapid reduction
with sodium borohydride, gave high yields of the alco-
hol 5. Compound 5 was treated with 3,5-bromohydroxy
pyridine under Mitsunobu conditions to generate the
3-oxo-5-bromo-pyridine compound 7. While DEAD
as well as DBAD reagents worked equally well in the
Mitsunobu reactions, the purifications of the products
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Scheme 1. Reagents and conditions: (a) 1—isobutyl chloroformate,


NMP, �10 �C; 2—NaBH4 DMF, �10 �C; (b) Ph3P, DEAD/DBAD,


THF, 0 �C to rt; (c) hexamethylditin, tetrakis(triphenylphosphine)pal-


ladium(0), toluene, 100 �C; (d) ArSnMe3, Pd2dba3, (2 0-dicyclohexyl-


phosphanyl-biphenyl-2-yl)-dimethyl-amine, TEA, DMF, 95 �C; (e)


TFA, CH2Cl2, rt.
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were easier when the DEAD reagent was used. Aryl
stannanes 8, prepared by treatment of the bromo aryl
compound with hexamethyl ditin, were used for cou-
pling with the bromo pyridines 7 under Stille conditions
to form the N-protected compounds 9. Finally removal
of the N-Boc group under acidic conditions yielded
target compounds 10 and 11.


Synthesis of the amino compound 16 is outlined in
Scheme 2. Introduction of the amino side chain was car-
ried out by reductive amination of amino pyridine 12

a
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Scheme 2. Reagents and conditions: (a) NaBH3CN, Ti(iPrO)4, EtOH,


rt; (b) ArSnMe3, Pd2dba3, (2 0-dicyclohexylphosphanyl-biphenyl-2-yl)-


dimethyl-amine, TEA, DMF, 95 �C; (c) TFA, CH2Cl2, rt.

with tryptophanal 13. The 30% yield obtained in this
reaction was caused by the deactivation of the aryl
amine by the pyridine ring. Introduction of the aryl
group and deprotection of the amine were carried out
as previously described.


Thio ether 23 was prepared as shown in Scheme 3.
Alkylation of the thiophenol 18 with dibromopyridine
17 using sodium hydride, followed by deprotection of
the methoxy benzyl group, provided compound 19.
Although Mitsunobu reactions of earlier compounds
were generally high yielding, coupling of 19 under Mits-
unobu conditions provided only a 41% yield of 21. Stille
coupling followed by removal of the Boc protecting
group provided compound 23.


Comparative in vitro studies of the initial compounds
prepared are summarized in Tables 1 and 2. The com-
pounds were assayed for their ability to bind to the
ATP binding site of Akt.15 At first we sought to study
the effect of replacing the indole group of the lead com-
pound 2 as shown in Table 1. Though these compounds
were less active than 2, the naphthyl analog 10d and the
indazole analog 10b were reasonably potent. A 5-fold
drop in inhibitory potency (10f vs 10i) was observed
when the chain length was shortened.


A similar study of analogs of the 3-indazole compound 3
(Table 2) demonstrated the importance of the indole
group to the potency of Akt1 inhibition. Analogous to
the previous findings, all compounds prepared for this
study were less potent than the parent compound 3.
Nonetheless, many of the analogs showed nanomolar
Akt1 inhibition. Larger rings such as the naphthyl group
(11c and 11d) were tolerated in this position with the 2-
methoxynaphthyl derivative 11e showing 1.1 nM activi-
ty. The 2-methyl indole analog 11a also showed good
potency at 2.1 nM and the benzothiophene compound
11b was a fairly good Akt1 inhibitor (6.6 nM). An

 c
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Table 2. Akt1 inhibition of 5-indazolyl pyridines


N


R
N


N
H


R Compound Akt1 inhibition Ki (nM)


O
NH2 NH


3 0.16


O
NH2 NH


11a 2.1


O
NH2 S


11b 6.6


O
NH2


11c 3.2


O
NH2


11d 8.3


O
NH2O


11e 1.1


O
NH2 N


11f 185


O
NH2


11g 11


O
NH2 N


11h 3282


O
NH2


11i 368


O
NH2


11j 233


Values were measured against Akt1 with ATP concentration of 10 lM.


Table 1. Akt1 inhibition of 5-isoquinolinyl pyridines


N


R
N


R Compound Akt1 inhibition Ki (nM)


O
NH2 NH


2 2


O
NH2 N


10a 54.6


O
NH2 N NH


10b 6.8


O
NH2 S


10c 63.7


O
NH2


10d 3.5


O
NH2 N


10e 85


O
NH2


10f 89.6


O
NH2 N


10g 1525


O
NH2


10h 672


O
NH2


10i 465


Values were measured against Akt1 with ATP concentration of 10 lM.
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aromatic ring is required in this position as seen by the
loss in potency in going from the phenyl analog 11g
(11 nM) to the cyclohexyl analog (368 nM). The quino-
line compounds exhibited diminished activity in both
series (10e and 11f) and the 4-pyridyl replacements
resulted in a complete loss of activity (10g and 11h).


The effect of a decrease or an increase in chain length
was demonstrated by 11j–11m in comparison to 11g
(Table 3) and was seen to result in a significant drop
in Akt inhibition. Replacement of the ether linkage of
compound 11g with a nitrogen linkage (16) resulted in
a more potent compound, while replacement of the ether
linkage of 3 with sulfur (23) proved deleterious to
activity.


While enzymatic potencies of compounds 2 and 3 were
extremely high, we have reported earlier that they exhib-
ited extremely poor aqueous solubility and this was det-
rimental to the potential development of these
compounds. The mouse pharmacokinetic profile of the
more potent currently described compounds was evalu-
ated and is shown in Table 4. In this study, 11g

displayed excellent oral bioavailability (67%). While
the naphthyl derivatives, in particular 11c, did exhibit
improved PK over the parent 3, other more potent com-
pounds demonstrated either lower or no oral bioavail-
ability. Interestingly, the isoquinoline analog of 11g,
compound 10f, was not orally bioavailable.


Antiproliferative activity of the Akt inhibitors was eval-
uated in a MTT assay15 and is illustrated in Table 5. Cell
growth inhibition determined in MiaPaCa-2 human
pancreatic cancer cells indicated reasonable cellular
activity in most cases.


The excellent pharmacokinetic profile of 11g prompted
us to carry out a more detailed study of the pharmaco-
kinetics of this compound in other species as shown in
Table 6. The results clearly indicate significant oral bio-
availability with a good clearance and half-life across
species.







Table 3. 5-Indazolyl pyridine analogs


N


R
N


N
H


R Compound Akt1 inhibition Ki (nM)


NH2


O
11k 289


NH2


O 11l 197


O
NH2


11m 70.6


N
H NH2


16 8.3


S
NH2 NH


23 244


O


NH2
24 626


Values were measured against Akt1 with ATP concentration of 10 lM.


Table 4. PK profile of select Akt1 inhibitors in mouse (10 mg/kg po)


Compound Akt1 inhibition


IC50 (nM)


PK PO AUC F (%)


2 2 0 0


3 0.16 0 0


10d 3.5 0.073 3.9


10f 89.6 0 0


11a 2.1 0 0


11b 6.6 0.42 4.2


11c 3.2 0.524 27.6


11e 1.1 0.394 17


11g 11 2.01 67


16 8.3 0 0


Table 5. Cellular activity in MiaPaCa-2


Compound 2 3 10d 10f 11a 11b 11c 11e 11g 16


EC50 (lM) 0.4 0.1 18 1.0 0.2 0.4 1.9 0.3 0.4 0.2


Table 6. PK profile of 11g across different species


Species Dose (mg/kg) T1/2 Vb Cl PO AUC F (%)


Mouse 10 1.0 7.6 5.0 2.0 67


Rat 5 3.6 8.4 1.6 0.94 30


Dog 2.5 3.1 3.9 0.9 1.83 63


Monkey 2.5 NC* NC* <0.49 0.68 13


* Not calculated.


Table 7. Selectivity profile of 11g for different kinases


Kinase AKT-1 inhibition Ki (nM)


AKT-1 11


PKA 16


PKCy 1200


PKCd 360


PDK1 >20,000


CDK2 46


ERK2 260


GSK3b 110


MAPK-AP2 1100


CK2 5400


KDR >3700


SRC 13,000


cKIT 5800


FLT1 >2200


CHK1 2600


RSK2 580


S. A. Thomas et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3740–3744 3743

Since, as described in our earlier work, the S-enantiomer
was responsible for Akt1 potency, we had prepared only
the S-isomers of our analogs. However, the promising
profile of 11g prompted us to prepare the R-enantiomer

(24) as well. We used the route depicted in Scheme 1 for
the preparation of 24. As seen in Table 3, compound 24
exhibited greatly diminished Akt1 inhibition, reiterating
the role played by the chirality of the amine toward
Akt1 inhibition.


The selectivity profile of 11g was assessed against a large
panel of kinases and is shown in Table 7. Selectivity is
always a challenge for kinase inhibitors and the results
we obtained were as we had expected. While 11g exhib-
ited considerable selectivity against less closely related
kinases, the high degree of homology between PKA
and Akt1 was reflected in the lack of selectivity against
PKA.


In summary, we have demonstrated that replacement of
the indole moiety in 3,5-disubstituted pyridine analogs
can lead to compounds retaining Akt1 inhibitory activ-
ity. We selected several compounds for further evalua-
tion and found a number of compounds with
improved pharmacokinetic properties. We further iden-
tified a compound, 11g, as a novel, potent, selective, and
orally bioavailable inhibitor of Akt1 kinase.
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Abstract—Endomorphin-2 (EM-2) and morphiceptin are the same class of putative l-opioid receptor ligands. To investigate the
effectiveness of phenylglycine (Phg, LL or DD) and homophenylalanine (Hfe) as the surrogates of phenylalanine in the position 3
and/or 4 of them, a series of their analogues were synthesized. Opioid receptor binding affinities were determined. Two analogues,
[Hfe3]EM-2 and [Phg4] (EM-2/morphiceptin), showed different but potent antinociceptive activity in mouse hot-plate test, the results
combined with their half-lives of degradation by mouse brain homogenate could also present some evidence to the in vivo degra-
dative mechanism of EM-2.
� 2006 Elsevier Ltd. All rights reserved.

In 1997, Zadina and his colleagues isolated Endomor-
phin-1 (EM-1: Tyr-Pro-Trp-Phe-NH2) and Endomor-
phin-2 (EM-2: Tyr-Pro-Phe-Phe-NH2) from bovine
brain and human brain. They have shown high selectiv-
ity toward l-opioid receptor with potent analgesic
activity1–3. Morphiceptin (Tyr-Pro-Phe-Pro-NH2) was
isolated from an enzymatic digest of milk protein,
b-casein, its structure differs from endomorphin-2 only
by the amino acid in the fourth position (Pro and Phe,
respectively).4 Endomorphin-2 and morphiceptin are
the same class of opioid peptides which have a unique
N-terminal Tyr-Pro-Phe sequence different from the
N-terminal tetrapeptide sequence Tyr-Gly-Gly-Phe,
characteristic for typical opioid peptides, like enkepha-
lins, endorphins, and dynorphins. The aromatic amino
acids (Tyr1, Phe3, or Phe4) of EM-2 and morphiceptin
have been shown to be important structural elements
that interact with the opioid receptors besides the
proline residue at the second position conferring high
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selectivity on the l-opioid receptor.5 Unfortunately,
the exogenous application of these opioid peptides
generally met with failure, owing to their biological
instability and inability to be transmitted through the
blood–brain barrier (BBB).6 In order to avoid these dis-
advantages and increase their affinity and selectivity, a
number of their analogues were synthesized and evaluat-
ed. One major approach is introducing derivates of Tyr
and Phe to opioid peptides. Replacement of Tyr1 in
EM-2 or its deleted fragments by 2 0,6 0-dimethyltyrosine
(Dmt) could remarkably enhance their opioid receptor
binding affinity and biological activity despite their
selectivity on l-opioid receptor decreased.7 Dolle and
his colleagues discovered that (S)-4-(carboxamido)
phenylalanine (Cpa) could act as a surrogate for Tyr1


in opioid peptide ligands.8 Using 2 0,6 0-dimethylphenyl-
alanine (Dmp) to substitute the Phe3 in EM-2 increased
both its binding affinity and selectivity to l-opioid
receptor and Dmp could also mimic the Tyr1 in opioid
peptides.9,10 Cardillo and his colleagues introduced
b-amino acids to scan the EM-1 sequence, only
b-(R)-Pro2 substitution acquired positive results; ana-
logues containing b-Tyr1, b-(S)-Pro2, b-Trp3, and
b-Phe4 all decreased the l-opioid receptor binding affini-
ty of EM-1.11 N-methylation of Phe3 in EM-2 attenuated
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its binding affinity and produced a rightward shift of
[35S]GTPcS binding curves.12 Our group has first intro-
duced a-aminoxy phenylalanine into EM-2 and obtained
interesting N–O turn mimetics.13 Our results on the biva-
lent analogues of EM-2 also suggested the importance of
the Phe3.14 To morphiceptin, there are also some success-
ful examples about introducing Phe derivates into it.5,6


Homophenylalanine (Hfe) and phenylglycine (Phg) have
been introduced into deltorphin A, deltorphin B, and
deltorphin C to study the role of phenylalanine in the
interaction of these d selective opioid peptides with their
receptors.15,16 Hfe and its isomer have also been intro-
duced into the j selective opioid peptide, [DD-Ala8]dynor-
phin A-(1–11), and good results were acquired.17


Though Shimohigashi et al. had introduced side chain
prolonged Phe mimics into morphiceptin, they had dis-
covered the l-opioid receptor binding affinities of these
analogues decreased.18 Except that, no one introduced
both Hfe and Phg into the l selective opioid peptides,
EM-2 and morphiceptin, to study the structure–activity
relationships. Hfe and Phg could not only keep the aro-
matic property of Phe but also resist to the enzymatic
degradation owing to their profiles of non-protein ami-
no acids and they could also help us to investigate the
effects on activities by altering Phe’s lipophilicity and
length of side chain; these are the other reasons why
we chose Hfe and Phg. Therefore, we designed and
synthesized a series of EM-2 and morphiceptin ana-
logues with Phe substituted by Hfe, Phg (LL or DD), respec-
tively. We determined their binding affinities for l- and
d-opioid receptors and chose two potent analogues to
evaluate their antinociceptive activity and half-life of
degradation by the mouse brain homogenate.


All the compounds in this study were synthesized by
solution methodology for peptide synthesis using Boc-
amino protection groups and using N-methyl morpho-
line (NMM) and isobutyl chloroformate (IBCF) as
coupling reagents. TFA and anisole (v/v = 9:1) were
used as deprotection reagents. All the analogues
were synthesized by the modified methods reported
previously.13,19 After deprotection, the compounds

Table 1. Analytical data of morphiceptin/EM-2 analogues


Compound


Calculat


Morphiceptin Tyr-Pro-Phe-Pro-NH2 522.3


1 Tyr-Pro-Hfe-Pro-NH2 536.3


2 Tyr-Pro-Phg-Pro-NH2 508.3


3 Tyr-Pro-DD-Phg-Pro-NH2 508.3


4 Tyr-Pro-Hfe-Phe-NH2 586.3


5 Tyr-Pro-Phg-Phe-NH2 558.3


6 Tyr-Pro-DD-Phg-Phe-NH2 558.3


7 Tyr-Pro-Phe-Hfe-NH2 586.3


8 Tyr-Pro-Phe-Phg-NH2 558.3


9 Tyr-Pro-Phe-DD-Phg-NH2 558.3


EM-2 Tyr-Pro-Phe-Phe-NH2 572.3


a FAB-MS.
b ESI-MS.
c Solvent system: ethyl acetate/MeOH/ammonia (8:1:1).
d MeOH (20 �C), c = 0.3.

were precipitated with ether, filtered, the crude peptides
were obtained as TFA salts and then purified using
RP-HPLC, purity of all peptides was greater than
95%. The analytical data are listed in Table 1.


The opioid receptor binding assays were performed in
50 mM Tris–HCl buffer, pH 7.4, at a final volume of
0.5 mL containing 250–400 lg of protein (synaptosomal
brain membrane P2 was prepared from Wistar rats). In
competition experiments, the following conditions were
used for incubations: [3H]DAMGO (0.5 nM, 25 �C,
1 h), [3H]DPDPE (1 nM, 25 �C, 3 h). Non-specific bind-
ing was determined in the presence of 10 lM naxolone.
Kd values of [3H]DAMGO and [3H]DPDPE were 0.533
and 2.75 nM, respectively.14 All reactions were repeated
at least three times. Ki values were calculated according
to the equation of Cheng and Prusoff.20 The Ki values of
EM-2 in [3H]DPDPE and [3H]DAMGO assays agreed
with Okada et al.7 and Tóth and co-workers,21 respec-
tively. The data are listed in Table 2.


The antinociceptive activity was determined by the hot-
plate test according to the modified method of Tseng
et al.22 Mice were individually placed on the hot-plate
(54.5 ± 0.5 �C), and the reaction time starting from the
placement of the mouse on the hot-plate to the time of
licking or quickly withdrawing the paw was measured.
Control latencies were approximately 5–10 s. The laten-
cy of the hot-plate responses was measured before (T0)
and at various times after (T1) intracerebroventricular
(icv) injection of the testing compounds. The injection
volume was 4 ll. The inhibition was expressed as a per-
centage of the maximum possible effect (% MPE), which
was calculated as [(T1 � T0)/(T2 � T0)] · 100, where the
cut-off time, T2, was set at 30 s. The data were expressed
as means ± SEM (n = 6–10). The statistical significance
of differences between groups of each dose of com-
pounds and normal saline (NS) was assessed with a
one-way ANOVA followed by Dunnett’s test. The
results are shown in Figures 1–3.


Mouse brains were isolated, pooled, and homogenized
with cold Tris buffer, centrifuged twice at 49,000g for

MS [M+H]+ TLCc (Rf) [a]D
d (�)


ed Found


522.6b


536.4b 0.50 �58


508.5b 0.48 +4


508.3b 0.45 �99


586.3a 0.52 �12


558.3b 0.53 +16


558.2b 0.51 �37


586.4a 0.56 �27


558.3b 0.55 +15


558.3b 0.52 �47


572.3a







Table 2. Opioid receptors binding assay of morphiceptin/EM-2 analogues


Compound [3H]DAMGO (l) [3H]DPDPE (d) Selectivity


Ki ± SE (nM) Relative potency Ki ± SE (nM) (Ki d/Ki l)


Morphiceptin 135 ± 18.4 1 >10,000 >74.1


1 586 ± 246 0.23 >10,000 >17.1


2 1042 ± 279 0.13 >10,000 >9.60


3 24.4%a >10,000


4 28.4 ± 11.5 4.75 >10,000 >352


5 268 ± 25 0.50 >10,000 >37.3


6 1347 ± 84 0.10 2100 ± 671 1.56


7 74.5 ± 18.1 1.81 >10,000 >134


8 26.9 ± 6.93 5.02 >10,000 >372


9 216 ± 22.9 0.63 >10,000 >46.3


EM-2 8.23 ± 0.48 16.4 8360 ± 1314 1016


a Percentage decrease of maximum binding at 10,000 nM.
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Figure 2. Time course of the changes in icv compound 8 induced hot-


plate inhibition. P < 0.05 (*) and P < 0.001 (***).
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hot-plate inhibition. P < 0.05 (*), P < 0.01 (**), and P < 0.001 (***).
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45 min, and stored at �80 �C until used. 10 ll of end-
omorphin-2 and its analogues (concentration of
5 · 10�4 M) was incubated with 190 ll of homogenate
containing 2.15 mg protein/ml for 0, 15, 30, and
45 min at 37 �C. At the required time, 20 ll of the reac-
tion mixture was taken out into a tube. The reaction

was stopped by placing the tube on ice and adding
90 ll acetonitrile then acidifying with 90 ll of 0.5%
aqueous HOAc solution. After centrifuging at
13,000g for 15 min, the obtained supernatants were fil-
tered and analyzed by HPLC. All reactions were
repeated twice. The half-life was calculated according
to the literature.23


From the opioid receptor binding data shown in Table
2, we can see that all the analogues were selectively bind-
ing to the l-opioid receptor. Compounds 1, 2, and 3
with substituted Phe3 decreased the l-opioid receptor
binding affinity of their parent morphiceptin. The effec-
tiveness order was Hfe > Phg > DD-Phg. The compounds
4, 5, and 6 with substituted Phe3 of EM-2 decreased the
l-opioid receptor binding affinity of their parent, but
the effectiveness order was also Hfe > Phg > DD-Phg.
And the l-opioid receptor affinity of all the three ana-
logues of EM-2 was higher than that of the correspond-
ing substituted analogues of morphiceptin. The l-opioid
receptor affinity of analogue 4 was more potent than
morphiceptin for 4.75-fold. These results suggested that
Hfe could be more effective than that of Phg and DD-Phg
in substitution of Phe3 both in EM-2 and morphiceptin
and Phe3 might play the similar role in their binding to







Table 3. Amount of peptides remained after degradation by the mouse brain homogenate and their half-lives


Compound Area [%] Half-life (min)


15 min 30 min 45 min


EM-2 Tyr-Pro-Phe-Phe-NH2 40.1 34.8 ND 19.7


4 Tyr-Pro-Hfe-Phe-NH2 67.5 50.0 38.2 32.5


8 Tyr-Pro-Phe-Phg-NH2 54.2 42.2 35.5 24.1
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the l-opioid receptor; aromatic group in position 4
might be important to l-opioid receptor binding.


The parent of position 4 substituted analogues (com-
pounds 7, 8, and 9) can be considered as either EM-
2 or morphiceptin. The effectiveness order was
Phg > Hfe > DD-Phg, which indicated the different role
of aromatic groups in positions 3 and 4 combined
with the results discussed above. Analogues 7 and 8
both increased the l-opioid receptor binding affinity
of morphiceptin for 1.81- and 5.02-fold, respectively.
Though we believed that the N-terminal tripeptide of
morphiceptin and endomorphin-2 might play the key
role in their l-opioid receptor binding, the aromatic
group of position 4 can also improve the binding
properties.14,24,25


We chose the compounds 4 and 8 to evaluate their
antinociceptive activity by the mouse hot-plate test.
From the curves shown in Figures 1 and 2, we can
see that 8 had the similar potent antinociceptive activ-
ity as that of EM-2. After injection, they both reached
their peak values at 5 min and declined fast. Their
antinociceptive effects lasted for less than 15 min at
the doses of 2, 6, and 20 nmol/kg. From Figure 3, we
can see that compound 4 showed long-lasting antinoci-
ceptive effects at the same doses as that of EM-2 and
compound 8. The effects lasted for about 40 min. We
also tested the effects of morphine (data are not
shown); compound 4 had the similar antinociceptive
properties (peak values and lasting times) as those of
morphine. From the data of degradation by mouse
brain homogenate shown in Table 3, the stability order
was 4 > 8 > EM-2. Therefore, the compound 4 might
be a good candidate to the opioid peptide analgesics.
These results also presented evidence to the possible
in vivo degradative mechanism of EM-2 which has
been discussed by Tömböly and Péter et al. and Jane-
cka and co-workers.23,26,27 The Pro2-Phe3 bond might
be the major in vivo enzymatic site of endomorphin-2
when injected intracerebroventricularly. Introducing
unnatural amino acids or non-peptide structures into
positions 2 and 3 could acquire improved stability
and prolonged activity of endomorphin-2. The other
related activities of the interesting compound 4 will
be tested in our laboratory soon.
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Abstract—Comparison of several amine-substituted and methoxy-substituted analogs of N1-(4-aminobenzene)sulfonylindole sug-
gests that these substituents might contribute to the 5-HT6 serotonin receptor affinity of these agents via their electronic effect
on the indolic nucleus. Their 1,2,3,4-tetrahydrocarbazole counterparts behave differently.
� 2006 Elsevier Ltd. All rights reserved.
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5-HT6 receptors, one of seven families (5-HT1–5-HT7)
of serotonin receptors, are of interest because of their
possible involvement in certain neuropsychiatric and
neurological disorders.1–3 MS-245 (1; Ki = 2.1 nM) was
one of the first examples of a 5-HT6 receptor antago-
nist.4,5 1,2,3,4-Tetrahydrocarbazole 2 (Ki = 1.5 nM) rep-
resents an analog of MS-245 wherein the
conformationally flexible side chain has been somewhat
constrained.6 The 4 0-amino derivative of MS-245 (i.e., 3;
Ki = 0.8 nM) retains the affinity of its parent;7 likewise,
compound 4 (Ki = 2.0 nM) retains the affinity of 2.8


Both 3 and 4 can be abbreviated in structure (i.e., 5 and 6;
Ki = 10 and 29 nM, respectively) with only a small loss in
affinity, but with retention of 5-HT6 antagonist action.7–9


To this extent, it appears that the tetrahydrocarbazoles
behave much in the same manner as their simpler indole
counterparts with respect to binding at 5-HT6 receptors.


Amine-bearing analogs of 5, such as 7 (Ki = 21 nM) and
8 (Ki = 7.0 nM), retain affinity or, as with 9
(Ki = 1.9 nM), bind with enhanced affinity at 5-HT6


receptors.9 Interestingly, when an indolic methylamine
is present, the 4 0-position primary amine is not required
for binding (e.g., 10; Ki = 26 nM).9
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To account for these observations, we suggested two
possibilities: in some cases one of the methylamino
groups (rather than the primary amine) might interact
with the amine binding site of the receptor—presumably
the TM3 aspartate moiety—and/or (particularly when
the primary amine is present) the methylamino group(s)
might make an indirect (e.g., electronic) contribution to
binding.9
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It has been concluded that indole-containing ligands
need not bind at 5-HT6 receptors with superimposable
indolic nuclei, and that multiple amine groups, although
possibly having an affinity-enhancing effect, are not
required for binding.9


The purpose of the present investigation was 2-fold.
First, we wished to determine if introduction of a meth-
ylamino group would have an effect on the binding of
tetrahydrocarbazole 6 comparable to that seen upon
conversion of 5 to 7 or 8 (i.e., 11a and 11b). Second,
because the presence of an indolic methylamino group
might influence the binding of 7–10 directly, by inter-
action with the amine binding site, or indirectly, via its
electronic character, we proposed to examine several
derivatives of 5 bearing an electron-donating methoxy
group (i.e., 12 where R = –OMe) in place of the
methylamino group.
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7   R4 = NHMe, R6 = H, R = NH2


8   R4 = H, R6 = NHMe, R = NH2


9   R4 = R6 = NHMe, R = NH2


10 R4 = R6 = NHMe, R = H


R4
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ii—N-acetylsulfanilyl chloride, 0 �C/16 h; (b) 10% ethanolic HCl, D/3 h;


(c) i—50% NaOH, (n-Bu)4NHSO4, CH2Cl2, rt/20 min; ii—4-nitro-


benzenesulfonyl chloride, rt/16 h; (d) SnCl2Æ2H2O, absolute EtOH,


D/3 h.
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Scheme 2. Reagents and conditions: (a) ClCOOEt, pyridine, DMF,


�10 �C, 45 min; (b) i—10% ethanolic HCl, reflux, 2 h; ii—LiAlH4,

Compounds 12a and 12b were obtained (Scheme 1) by
reaction of N-acetylsulfanilyl chloride with the appro-
priately substituted methoxyindolyl anion. The protect-
ed amide intermediates 14 were hydrolyzed to the target
amines with dilute ethanolic HCl. An attempt to prepare
12c in the same manner was unsuccessful. Subsequently,
4,6-dimethoxyindole (15)10 was converted to its anion
and allowed to react with 4-nitrobenzenesulfonyl chlo-
ride, followed by reduction of the nitro intermediate
16 to the desired product (Scheme 1).
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THF, reflux, 5 h.

Dimethoxycarbazole 11c was prepared in the same man-
ner employed for the synthesis of 12a and 12b beginning
with 5,7-dimethoxy-1,2,3,4-tetrahydrocarbazole.11 The
two methylamino carbazole analogs, 11a and 11b, were
prepared in a common manner as shown for 11a in
Scheme 2. The requisite nitro compound12 was reduced
(SnCl2Æ2H2O) to amine 17, and 17 was reacted with ethyl
chloroformate to afford intermediate 18. Careful hydro-
lysis of the amide followed by lithium aluminum hydride
reduction afforded the target compound 11a. Com-
pound 11b was prepared from the known 7-nitro coun-
terpart.12 Both products were isolated as their oxalate
salts, but it was not possible to remove all traces of
Et2O from the salts obtained.

All of the compounds examined displayed nanomolar
affinity for 5-HT6 receptors (Table 1). However, neither
methylaminotetrahydrocarbazole 11a (Ki = 165 nM)
nor 11b (Ki = 205 nM) showed an affinity comparable
to that of the unsubstituted tetrahydrocarbazole 6
(Ki = 29 nM). Unlike what was seen with the simpler
indole derivatives, introduction of the methylamino
group was not well tolerated and resulted in about
5- to 10-fold reduced affinity.


In contrast, the affinity of 5 (Ki = 10 nM) was enhanced
upon introduction of a methoxy group at either the
4-position (12a; Ki = 3.3 nM) or 6-position (i.e., 12b;
Ki = 1.8 nM). As a consequence, the 4,6-dimethoxy-
substituted analog 12c (Ki = 0.8 nM) was prepared and
found to bind with >10 times higher affinity than 5.
As a further comparison between the indoles and tetra-
hydrocarbazoles, the corresponding dimethoxy tetra-
hydrocarbazole 11c was examined. Compound 11c
(Ki = 210 nM) displayed an affinity comparable to meth-
ylaminotetrahydrocarbazoles 11a and 11b, and nearly
10-fold lower than the parent tetrahydrocarbazole 6
(Ki = 29 nM).







Table 1. Physicochemical and 5-HT6 receptor binding properties of target compounds
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R Recrystallization solvent Melting point (�C) Empirical formulaa Ki, nM (±SEM)13


6b –H — — — 29


11a 5-NHMe CH2Cl2 135–137 C19H21N3O2S 1.25 C2H2O4
c 165 (24)


11b 7-NHMe CH2Cl2 151–152 C19H21N3O2S 2.0 C2H2O4
d 205 (20)


11c 5,7-Di OMe MeOH 199–200 C20H22N2O4S 0.25 H2O 210 (30)


5b –H — — — 10


12a 4-OMe EtOH 151 C15H14N2O3S 3.3 (0.4)


12b 6-OMe EtOH 143–145 C15H14N2O3S 1.8 (0.5)


12c 4,6-Di OMe MeOH 200–201 C16H16N2O4S 0.8 (0.1)


12db 4,6-Di NO2 — — — 980


a All compounds were homogeneous as determined using thin-layer chromatography, assigned structures are consistent with 1H NMR spectra, and


compounds analyzed within 0.4% of theory for C, H, and N. C2H2O4 = oxalate salt.
b Binding data for 5,9 6,8 and 12d9 were previously reported.
c Crystallized with 0.5 mol Et2O.
d Crystallized with 0.25 mol Et2O.
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These new data show that replacement of the methyl-
amino group of 7 and 8 by methoxy (i.e., 12a and 12b,
respectively) was not only tolerated, but resulted in
slightly enhanced affinity. In addition, the dimethoxy
compound 12c displayed an affinity similar to that of
its dimethylamino counterpart 9, and >10 times the
affinity of its parent indole 5.


Because the electron-donating methoxy groups do not
likely contribute directly to an interaction with the
amine binding site, it would appear that they influence
binding indirectly either by their electronic character
or their ability to form a hydrogen bond with some
receptor-associated binding feature. These results are
also consistent with the earlier finding that the presence
of electron withdrawing groups decreases the affinity of
5. For example, 4,6-dinitro-N1-benzenesulfonylindole
(12d, Ki = 980 nM)9 binds at 5-HT6 receptors with
>500- to 1000-fold lower affinity than 8 and 12c. On this
basis, it would not seem that the secondary amine
groups of 7–9 interact directly with the amine binding
site. However, this conclusion may not apply to com-
pound 10 which lacks any other amine function for
binding.


Despite their structural similarity, and the similar affin-
ity of 1 with 2, and 5 with 6, the results indicate that the
tetrahydrocarbazoles 11 do not necessarily behave in a
manner comparable to that of the structurally simpler
N1-benzenesulfonylindoles 12 upon introduction of a
methylamino group (viz. 11a and 11b) or a dimethoxy
group (viz. 11c). That is, in the presence of the partially
saturated benzenoid ring, introduction of these aromatic
substituents tends to decrease 5-HT6 receptor affinity.
In contrast, it has been demonstrated that there are a
number of binding similarities between analogs of 1
and 2.8 Differences are evident primarily when the com-

pounds possess a 4 0-amino group rather than an indolic
alkylamine as their sole amine substituent. Whereas evi-
dence suggests that analogs of 1 and 2 might bind in a
similar fashion,8 and although analogs of 11 and 12
may or may not bind similarly to one another, they
might not bind in a manner common to that of 1 and
2. Given this supposition, it would seem that the region
of the receptor into which 6 binds does not readily
accommodate indole substituents such as found in 11.


Overall, then, it would appear that analogs of 5 and 6
might not always bind in a similar fashion at 5-HT6


receptors despite their structural similarity, and that
when an amino group is present at the benzenesulfonyl
ring 4-position, the indolic methylamino group(s) of 5-
derived compounds 7–9 can be replaced by a methoxy
group without unfavorable effect on affinity. Such infor-
mation should contribute to investigations aimed at
identification of pharmacophore models for 5-HT6


receptor binding.
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Abstract—Previously, chemistry effort on the gem-cyclohexane series of c-secretase inhibitors has focused on the 4-position of the
cyclohexane ring. Recently chemistry has been directed towards the 3-position and substitution here has also provided compounds
with high c-secretase activity.
� 2006 Elsevier Ltd. All rights reserved.

Alzheimer’s disease (AD) is the major cause of dementia
in the developed world. It is characterized clinically by a
progressive decline in memory and cognitive function
which ultimately leads to death. For more than a dec-
ade, it has been proposed that the neurodegeneration
observed in AD is due to the accumulation and aggrega-
tion of amyloid b-peptide (Ab) into extracellular pro-
teinaceous plaques.1 The potential consequence of
plaque formation is the loss of synaptic and neuronal
function. Ab-peptides are formed from the sequential
cleavage of amyloid precursor protein (APP) by two
proteases (b- and c-secretase). It is the subsequent aggre-
gation and precipitation of Ab-peptide that leads to the
formation of amyloid plaques. One particularly compel-
ling approach to the treatment of AD would be the inhi-
bition of either of the two proteases involved in the
formation of Ab-peptide. Based on this hypothesis, a
chemistry programme was initiated to develop a selec-
tive inhibitor of c-secretase activity in order to reduce
Ab and delay the onset and progression of Alzheimer’s
disease.
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In a previous publication from our laboratories we
reported the identification of a novel series of c-secre-
tase inhibitors.2 In the substituted gem-cyclohexane
series of c-secretase inhibitors, work had primarily
focused on the 4-position of the cyclohexane ring. Re-
cent chemistry has been directed towards substituted
analogues at the 3-position, for example, 1. This com-
munication describes the synthesis of compounds
which illustrate how the conformation of the substitu-
ents on the cyclohexane ring relates to in vitro c-secre-
tase activity.
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The gem-substituted cyclohexanes were initially prepared
as outlined in Scheme 1. Reaction of d-valerolactone 2
with lithium bis(trimethylsilyl)amide and allylbromide
gave 3 in moderate yield. Facile reduction of the lactone
ring with lithium borohydride and subsequent activation
of the diol as the bis-mesylate 4 allowed double alkylation
of 132 to generate the gem-cyclohexane. The resulting
mixture of diastereoisomers cis-5 and trans-5 was
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obtained as a (1:1) mixture and separated using flash
chromatography. Each diastereoisomer was processed
separately using the same chemistry, however, only cis
structures are shown in Scheme 1. The terminal olefin
was functionalized using a cross-metathesis reaction with
methyl acrylate utilising Grubb’s second generation cat-
alyst.3 The unsaturated ester cis-8 was obtained. Hydro-
genation using rhodium on carbon gave the desired
saturated ester cis-9 without any cleavage of the aromatic
chlorine. Alternatively hydroboration of cis-5 using
borane–tetrahydrofuran complex at low temperature

gave the truncated alcohol, cis-6. Subsequent conversion
to the acid cis-7 was achieved using pyridinum dichro-
mate in DMF.


By starting with the methyl analogue 10 (where a methyl
group was introduced at the 3-position of the cylohex-
ane ring after the initial allylation step) a second quater-
nary centre was generated. This ultimately gave
compound cis-12 after employing identical chemistry
to that described previously.


An alternative route to 3-substituted gem-cyclohexanes
is illustrated in Scheme 2. Double addition of methyl
acrylate to 132 using sodium hydride and potassium
tert-butoxide as base gave the b-keto ester 14 in moder-
ate yield. The ketone was selectively reduced by conver-
sion to the enol mesylate and treatment with sodium
borohydride/nickel chloride to give a moderate yield of
the ester trans-15 as a 1:10 mixture of cis:trans diastere-
oisomers. This reaction was complicated by competing
reduction of the arylchloride moiety; however this by-
product was easily separated by chromatography. At-
tempts to epimerise the trans-ester to the cis-isomer
failed. However, by reducing the ester to the aldehyde
trans-16 and treating with potassium carbonate in meth-
anol, complete epimerisation to the cis-aldehyde cis-16
(where both the aryl sulfone and the aldehyde occupy
an equatorial position) was achieved.


Previous results with 4-substituted gem-cyclohexane
sulfones2 have demonstrated the importance of an axial-
ly disposed aryl and an equatorial sulfone for high
enzyme inhibition. The large sulfone group dictates the







O2S


Cl


F


F


CO2Me


O2S


Cl


F


F CO2Me


A Bcis-12


O2S


Cl


F


F


CO2Me


O2S


Cl


F


F CO2Me


A Bcis-9


Figure 2.


R. A. Jelley et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3839–3842 3841

conformation; it adopts an equatorial position, even if
this results in an axial 4-substituent (Fig. 1). As a result,
both cis and trans diastereoisomers are potent c-secre-
tase inhibitors.


Analysis of the SAR (Table 1) shows a different pattern
for 3-substituted gem-cyclohexane sulfones.


For most examples, the cis-isomer is more potent than
the corresponding trans-isomers. Analysis of 1H NMR
data for the cis isomers, such as cis-9 (Fig. 2),5 shows
unsurprisingly, that the molecules adopt a conformation
(A) in which both the sulfone and the 3-substituent are
equatorial. The alternate conformer (B) is extremely
unfavourable as it would place both large substituents
axial; unfavourable 1,3-diaxial interactions would fur-
ther destabilise this conformer. The preferred conforma-
tion therefore fits the pharmacophore model; the 3-
equatorial substituent is well tolerated and the molecules
are good inhibitors of c-secretase.


If the compound is di-substituted at the 3-position (cis-12)
1,3-diaxial interactions occur in both conformations A
and B (Fig. 2) but the energetic benefit of placing the large
sulfone group equatorial dominates and the active con-
formation A is again the only one present in solution.5
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Table 1. c-Secretase inhibition for 3-substituted sulfones
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F
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(±)1


Entry R1 R2 IC50
4 (nM)


cis-5 H 44


trans-5 H 85


cis-6 OH H 8


trans-6 H 112


cis-7 CO2H H 24


trans-7 H 380


cis-8 CO2Me H 10


trans-8 H 210


cis-9 CO2Me H 3


trans-9 H 376


cis-16 CHO H 77


trans-16 H 55


cis-12 CO2Me CH3 10


trans-12 1628

In the case of trans isomers, such as trans-9
(Fig. 3), 1H NMR analysis shows that the sulfone
no longer dominates the conformation;5 it is forced
into an axial position. This is in marked contrast
to the 4-substituted cyclohexanes and can be attrib-
uted to the added presence of unfavourable 1,3-diax-
ial interactions (A). With the sulfone axial (B), the
molecules no longer fit well into the pharmacophore
and therefore show relatively poor enzyme
inhibition.


There are some notable exceptions however. For smaller
3-substituents (e.g., allyl, trans-5), the trans-isomer
shows improved inhibition. In the case of the smallest
group (carboxaldehyde, trans-16) the difference in
potency between cis and trans actually reverses. Again,
this can be explained by analysis of 1H NMR data

O2S


Cl


F


F


O2S


Cl


F


F


A Btrans-9
CO2Me


CO2Me


Figure 3.


O2S


F


F


Cl


HO


g


i
a


h


fc
e b


d


SO2


Cl


F


F O


H


f


d


a


b


c


e


A B


Figure 4.







3842 R. A. Jelley et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3839–3842

(Fig. 4);5 it is evident that both conformations A and B
are in rapid equilibrium as the observed NOE’s between
Hb–Hc and Hd–He are not both possible within a single
conformer. This reflects the decreasing importance of
unfavourable 1,3-diaxial interactions as the 3-substitu-
ent is reduced in size. With the equatorial sulfone con-
formation (A) present in solution, enzyme inhibition is
recovered.


In conclusion, we have further explored the effect of
conformation on enzyme inhibition for the cyclohexyl
sulfone c-secretase inhibitors and demonstrated that
substitution at the 3-position is well tolerated, provid-
ed that it does not destabilise the equatorial sulfone
conformation through 1,3-interactions. This was a
key discovery which allowed the further development
of this series to useful compounds for the treatment
of Alzheimer’s disease. This work will be reported
subsequently.
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Abstract—A series of 2-pyridinylpiperazines derived from b-Ala-(2,4-Cl)Phe dipeptide was synthesized for the study of their SARs
and possible interactions with the MC4 receptor. Compounds such as 11k (Ki = 6.5 nM) possessed high potency.
� 2006 Elsevier Ltd. All rights reserved.

We have previously demonstrated that the basic nitro-
gen of the benzylamines 1 (Fig. 1), which possibly inter-
acts with Asp122 of the human melanocortin-4 receptor
(hMC4R), is very important for high affinity binding.1


Thus, the benzylamines bearing an alkyl side chain such
as 2-thienylethyl (1a, Ki = 1.8 nM) or 1-methoxy-2-pro-
pyl group (1b, Ki = 8.8 nM) possess potent affinity in a
competition binding assay.2 Since the phenyl ring of
the benzylamines 1 could reside in an area close to the
transmembrane domain seven (TM-7) of hMC4R, and
interacts with several lipophilic residues such as
Phe284, Leu288, and Ile289 based on a computational
receptor model,1 we designed and synthesized a series
of cyclohexyl derivatives exemplified by 2a and 2b as po-
tent hMC4R antagonists.3 Interestingly, while com-
pound 2a (Ki = 11 nM) bearing a basic side chain
exhibits good binding affinity as expected, compound
2b (Ki = 4.2 nM), with an amide group, also possesses
high potency. One possible explanation for these results
is that, instead of the charge-charge attraction between
the basic amine of 2a and an acidic residue of the recep-
tor, the amide of 2b may pick up the interaction with
Asp122 through hydrogen-bonding. However, the piper-
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azine of 2 is weakly basic (estimated pKa value is 6.8 on
the basis of calculation), it might participate in the inter-
action of 2b with the receptor. Therefore, we decided to
explore the role of the weakly basic piperazine by install-
ing the more basic 2-piperazinepyridine moiety (calcu-
lated pKa is 9.2). In addition, the more hydrophilic
pyridine will reduce the lipophilicity of its phenyl
analogs such as 3 (c logD = 3.1). Here we report the syn-
thesis and structure–activity relationship studies of a
series of 2-pyridinylpiperazines, derived from b-Ala-DD-
(2,4-Cl)-Phe dipeptide, bearing an amine or amide side
chain, as potent hMC4R antagonists.


The synthesis of the targeted compounds started from
the 2-chloro-3-pyridinylcarboxaldehyde 4, which was
condensed with N-Boc-piperazine at an elevated temper-
ature to give the 2-aminopyridine 5. Deprotection of 5
with trifluoroacetic acid in dichloromethane, followed
by a standard peptide coupling protocol with DD-N-
[N-(tert-butoxycarbonyl)-b-alanine]-2,4-dichlorophenyl-
alanine, or DD-N-acetyl-2,4-dichlorophenylalanine, afforded
the key intermediate 6a, or 6b. Reductive amination of
the aldehyde 6a with ammonia provided the primary
benzylamine 7, which was subjected to coupling reac-
tions with various carboxylic acids to give the amides
8a–l after TFA-deprotection. Coupling reactions of
7 with different chloroformates in the presence of
triethylamine, followed by TFA treatment, afforded
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the carbamates 9a–c. Condensations of 7 with several al-
kyl or arylisocyanates provided, after deprotection, the
ureas 10a–h in excellent yields (Scheme 1).


Alternatively, reductive aminations of 6a with various
primary amines afforded the secondary amines 11a–l
after TFA treatment. Similarly, compounds 12a–c were
obtained from 6b.


The synthesized compounds were tested for their ability
to compete with [125I]-NDP-MSH at hMC4R expressed
in HEK 293 cells in a binding assay as previously
described.4 The amides 8a–l displayed Ki values of
310–2800 nM regardless of the R3-group, implying this
group is not in the contact with the receptor. For
example, the 4-methoxybenzoyl 8e (Ki = 1500 nM) and
the 4-methoxyphenylacetyl 8k (Ki = 550) displayed simi-
lar binding affinity. In contrast, cyclohexylpiperazine
analogs 2c (Ki = 250 nM) and 2b (Ki = 4.2 nM) exhibited
about 40-fold difference in potency, suggesting the
aromatic ring of 2b, but not 2c, offers extra binding
energy. To further explore this point, several carbamates
9a–c and a series of ureas 10a–h were synthesized and
examined. The carbamates 9a–c exhibited Ki values of
440–1,800 nM, and the ureas 10a–h displayed Ki values
of 560–1300 nM (Table 1). These results were no better
than that of the carboxamides 8a–l, including acetamide
8a (Ki = 2800 nM). In comparison, the urea 2d
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(Ki = 36 nM) of cyclohexylpiperazine had about 9-fold
reduction in potency, suggesting the conformation of this
side chain is an important factor for 2. These results indi-
cate that the aromatic ring in the side chain of 8–10 did
not participate in the interaction of these compounds
with the receptor. They are clearly different from the
cyclohexyl compounds such as 2a–d in which the pheny-
lacetamides (i.e., 2b) are much better than the benzoyla-
mides (i.e., 2c) and arylureas (i.e., 2d), but the
phenethylamine 2a had comparable binding value to 2b.3


A series of amines 11a–l then was studied. We have previ-
ously demonstrated that a proper N-alkyl group can im-
prove binding affinity of a primary benzylamine over
60-fold.1 While an aromatic ring connected by an ethylene
such as 2-thienylethylamine is an optimal side chain for
both benzylamine 1a and cyclohexylmethylamine 2a, a
smaller 1-methoxy-2-propyl group is found to be a
suitable replacement for 1a. Thus, the racemic compound
1b (Ki = 8.8 nM) is a potent hMC4R antagonist. Howev-
er, while this group was incorporated into the pyridine
series, the corresponding analog 11c (Ki = 87 nM) exhib-
ited 10-fold reduction in binding from 1b, although it was
still better than the lipophilic trifluoroethyl 11a (Ki =
170 nM) and the hydrophilic hydroxyethyl 11b (Ki =
520 nM). Its O-demethylated analog 11d (Ki = 420 nM)
was only moderately active, and an additional methyl
group on 11d did not alter its binding affinity (11e,
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Table 1. SAR of amides, carbamates and ureas at hMC4R


N


N


N


O


8-10


Cl Cl


NH


O NH2


HN


O R3


Compound R3 Ki (nM)


8a Me– 2800


8b MeOCH2– 2800


8c Ph– 1800


8d 4-FC6H4– 2200


8e 4-MeOC6H4– 1500


8f 2-Furanyl– 2600


8g 2-Thienyl– 1800


8h 2-FC6H4CH2– 450


8i 2-MeOC6H4CH2– 360


8j 4-FC6H4CH2– 1000


8k 4-MeOC6H4CH2– 550


8l 2-ThienylCH2– 310


9a PhO– 1200


9b 2-MeOC6H4O– 1800


9c BnO– 440


10a i-PrNH– 1300


10b PhNH– 710


10c 2-FC6H4NH– 1100


10d 2-MeOC6H4NH– 1300


10e BnNH– 1000


10f 2-FC6H4CH2NH– 970


10g 2-MeOC6H4CH2NH– 560


10h 2-ThienylCH2NH– 750


Table 2. SAR of amine at hMC4R
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11 12


Compound R4 Ki (nM)


11a CF3CH2– 170


11b HOCH2CH2– 520


11c MeOCH2CH(Me)– 87


11d HOCH2CH(Me)– 420


11e HOCH2C(Me)2– 480


11f MeOCH2CH(Et)– 200


11g HOCH2CH(Et)– 710


11h (HOCH2)2CH– 1500


11i 2-FC6H4CH2– 130


11j 2-FC6H4CH2CH2– 12


11k 2-MeOC6H4CH2CH2– 6.7


11l 2-ThienylCH2CH2– 15


12a MeOCH2CH(Me)– 180


12b 2-MeOC6H4CH2CH2– 10


12c 2-ThienylCH2CH2– 21
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Ki = 480 nM). The 1-methoxy-2-butyl analog 11f
(Ki = 200 nM) exhibited slightly reduced potency from
11c, and its O-demethylated derivative 11g (Ki = 710 nM)
again displayed over 3-fold reduction in binding. As
expected, the more hydrophilic 11h had further reduction
in binding affinity, and the 2-fluorobenzyl 11i, however,
showed similar potency to that of 11c. Further extension
of the 2-fluorobenzyl group of 11i resulted in compound
11j with 10-fold improvement (Ki = 12 nM). The 2-meth-
oxyphenethyl 11k (Ki = 6.7 nM), exhibiting the best affin-
ity of this series, was slightly better than that of the
2-thienylethyl 11l (Ki = 15 nM) which had similar binding
affinity to 11j. However, the binding affinity of these two
compounds was 4- and 10-fold, respectively, lower than
that of benzylamines 1a (Ki = 1.8 nM) and 1c
(Ki = 1.6 nM) (Table 2).


Similarly, the acetamides 12b (Ki = 10 nM) and 12c
(Ki = 21 nM) exhibited Ki values close to that of 11k
and 11l, while 12a (Ki = 180 nM) was slightly less potent
than the b-alanine derivative 11c. The pyridine com-
pound 12c was again about 9-fold less active than the
benzene analog 3 (Ki = 2.4 nM).


Apparently, the 2-piperazinepyridine bearing an amide
side chain at the 3-position such as 8k (Ki = 550 nM)
could not mimic the piperazinecyclohexane attached
by an amide at the 1-position such as 2b (Ki = 4.2 nM).
In contrast, the pyridine analogs 11 of benzylamines

1a–c were only moderately less potent. For example,
the Ki values of 11k (Ki = 6.7 nM) and 11l (Ki = 15 nM)
were 4- and 8-fold higher than that of 1c (Ki = 1.6 nM)
and 1a (Ki = 1.8 nM), respectively. Computational anal-
ysis of the conformations of piperazinebenzylamine and
the corresponding pyridine analog indicates that the al-
most planar acylpiperazine ring is orthogonal to the aro-
matic ring, while the dihedral angle of the pyridine
analog could be slightly smaller (Fig. 2). This difference
in conformations could partly explain the different
binding affinities of these two series of compounds.
Alternatively, the pyridine ring is less lipophilic and p-
electron-deficient in comparison with benzene, there-
fore, its interaction with an aromatic residue through
p-stacking, or aliphatic side chains of the receptor via
van der Walls interaction, would be less favored.5 One
aromatic acidic acid Phe284 of hMC4R is located at
the top TM-7, which is involved in the interaction with
a small molecule agonist based on mutagenesis studies.4a


While the orthogonal conformation of the phenyl- and
pyridinyl-piperazines could account for the difference
in binding affinity between these two series, the lower
affinity of amides such as 8i than the amine such as
11k needs further understanding. The lack of SAR of
the amides could not be simply explained by the loss
of a charge–charge interaction of the amides 8–10 since
it has been demonstrated the aromatic ring on the
N-side chain plays a role in receptor binding. A reason-
able explanation is the lack of cation–p interaction.6


Thus, in the case of a 2-pyridinylpiperazine with an
amine side chain, such as 11k, the protonated amine
under physiological conditions has a strong interaction
with the p-system of the aromatic pyridine ring. This
interaction might position the phenethyl side chain of
11k to a conformation required for the pharmacophore.
It will cost energy for 8i to possess a similar conforma-







Figure 2. Orthogonal relationship between pyridine and piperazine


represented by 5 (generated by DS ViewerPro 5.0, Accelrys).
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tion due to a much weaker amide-p interaction.7 In the
cyclohexyl series, the amine nitrogen of 2a presumably
resides at the top of the cyclohexyl ring as an active con-
formation, and the amide functionality of 2b could be
slightly favored to do so, because of the weak interac-
tion of the partially positively charged protons of the
cyclohexyl ring with the electron-negative amide, which,
in combination with an amide-acid hydrogen bond,
could compensate for the loss of a strong charge–charge
attraction. Thus, the amide 2b possessed slightly better
binding affinity than the amine 2a. In comparison to
2b (Ki = 4.2 nM), in which the 2-methoxyphenyl group
is connected through a methylene to the amide, the
directly connected 2c (Ki = 250 nM) and the NH-linked
2d (Ki = 36 nM) push the aromatic ring to a less favored
position for receptor interaction. One of the amino acid
residues of the receptor interacting with this aromatic
moiety could be Phe184 at the top of TM-4 based on
a receptor model. This residue has been demonstrated
to interact with a-MSH based on mutagenesis studies.8


Compounds such as 11k from this series were also
highly selective. Thus, 11k had Ki values of 5000, 6.7,
and 2100 nM at hMC3R, hMC4R, and hMC5R, respec-
tively. All compounds had no significant stimulation of
cAMP production at the human MC4 receptor
expressed in HEK 293 cells at 10 lM concentration.


However, despite the reduction in lipophilicity, com-
pounds such as 12b possessed low metabolic stability
possibly due to their structural features such as high
flexibility. For example, 12b had an intrinsic clearance
CLint of greater than 3500 ml/min kg in an in vitro rat
liver microsomal assay, predicting a zero percentage of
bioavailability in this species. In comparison, the dibasic
molecule 11k with a calculated logD of 1.1 had a CLint

of 390 ml/min kg, which would give an oral bioavailabil-
ity of 15% assuming complete absorption. The poor
metabolic stability prevents the further development of
these compounds.


In conclusion, a series of 2-pyridinylpiperazines was syn-
thesized to study the detailed structure–activity relation-
ships and their interactions with the MC4 receptor.
While these compounds possessing a basic moiety dis-
played high binding affinity, similar to the benzylamine
analogs, analogs bearing an amide side chain were much
less potent. These results are different from the cyclo-
hexylpiperazines, in which an amide side chain resulted
in a compound with similar to or better than that with
an amine group in binding affinity. Compounds from
this series possessed high binding affinity. For example,
12b had a Ki value of 10 nM at hMC4R. While it was
slightly less potent than its phenyl analog 3
(Ki = 2.4 nM),9 the reduced lipophilicity caused by the
hydrophilic pyridine provided 12b with a desirable
calculated logD value of 2.7.
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Abstract—Core sequences necessary for substrate recognition and its inhibition at the PR/p3 site of HTLV-1 protease were clarified
for the first time. From the cleavage rates of peptides containing a part of the PR/p3 site, a heptapeptide was found to be the min-
imal sequence required for substrate recognition. The use of synthetic inhibitors containing hydroxyethylamine dipeptide isostere
indicated that a tetrapeptide sequence was necessary to achieve potent inhibition.
� 2006 Elsevier Ltd. All rights reserved.

Human T-cell leukemia virus type I (HTLV-1) is a
retrovirus that is etiologically associated with human
adult T-cell leukemia and a number of chronic diseases.1


As in other retroviruses, HTLV-1 proteins are initially
translated as large precursor polyproteins that undergo
proteolytic processing by HTLV-1 protease. The prote-
ase is an aspartic protease and is itself auto-processed
from a precursor protein.2 Thus, HTLV-1 protease is a
crucial factor for successful virus replication. In a previ-
ous paper, we reported stereo selective syntheses of
HTLV-1 protease inhibitors containing hydroxyethyl-
amine dipeptide isostere, and found for the first time
that the configuration at the hydroxyl- and side chain-
bearing asymmetric centers shows effects on the inhibi-
tory activity by 2 orders of magnitude.3 In this paper,
we report a core sequence for protease inhibition at
the PR/p3 site as well as the evaluation of a minimum
substrate sequence necessary for protease recognition.


Identification of the minimum sequence required for
substrate recognition is basic information for the design
of protease inhibitors. HTLV-1 protease cleaves the
precursor protein at several processing sites such as
MA/CA (matrix/capsid) site, CA/NC (capsid/nucleocap-
sid) site, GAG/PR (Gag protein/protease) site, and
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PR/p3 (protease C-terminal) site.4–6 Among them, we
investigated the substrate sequence necessary for recog-
nition at the PR/p3 site (KGPPVILPIQAP, in which LP
is the scissile site), since no detailed examination at this
sequence was achieved.


Twelve peptide amides (S-1 to S-12) containing a por-
tion of the PR/p3 processing site were synthesized using
stepwise Fmoc-based solid-phase peptide synthesis
(SPPS) starting from Rink amide resin7 (4-(2 0,4 0-dimeth-
oxyphenyl-Fmoc-aminomethyl)-phenoxy resin). SPPS
was achieved by the combination of Fmoc deprotection
using 20% piperidine/DMF with a coupling reaction
using a standard diisopropylcarbodiimide (DIPCDI)/
HOBt protocol. Each peptide was purified by prepara-
tive HPLC after cleavage from the resin by treatment
with TFA–triisopropylsilane (TIS)–H2O (95:2.5:2.5) at
25 �C for 1 h. Homogeneity was further confirmed by
MALDI-TOF MS and amino acid analysis.8


The digestion of each synthetic peptide was conducted
using a chemically synthesized mutant of HTLV-1
protease (C2A HTLV-1 PR), since the kinetic properties
of this autodigestion-resistant mutant have already been
evaluated.9 The cleavage reaction was conducted
according to the published procedure9 and was moni-
tored by analytical HPLC. Typical HPLC profiles are
shown in Figure 1. Each hydrolysis product was identi-
fied by MALDI-TOF MS analysis.10 After incubation
with the protease for 2 h at 37 �C, the cleavage rate of
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Figure 1. HPLC profiles of hydrolysis products obtained after


digestion with HTLV-1 protease: (i) digestion of S-2 containing
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each synthetic peptide was estimated from the amount
of the corresponding hydrolysis product. As summa-
rized in Figure 2, a 9-residue peptide covering the
P5–P04 sequence (S-5) was cleaved to yield approximately
85% of the hydrolysis product compared with the 12-res-
idue peptide (S-1) used as the standard substrate.9 Five
peptides (S-4, S-7, and S-10–12) were not cleaved even
after 24 h hydrolysis with the protease. The minimal
sequence required for substrate recognition was a
7-residue peptide containing the P4–P03 sequence (S-9).


We then synthesized inhibitors containing a hydroxyeth-
ylamine dipeptide isostere, a typical transition-state
isostere,3,11 to examine the minimal sequence required
for inhibition of the HTLV-1 protease. Among the pos-
sible isostere configurations, (R)-hydroxy- and (S)-side
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Figure 2. Cleavage rate at the PR/p3 site of HTLV-1 protease:


cleavage of S-1 substrate was taken as 100%.

chains at the scissile site were adopted as suitable config-
urations according to our previous report.3 Based on the
above results regarding substrate recognition, six inhib-
itors (I-1 to I-6) containing a portion of the P5–P02 se-
quence of the PR/p3 site were synthesized on a solid
support.


The inhibitor containing a P4–P02 sequence (I-1) was syn-
thesized on a solid support using the acid-stable succi-
nate ester linker (Scheme 1). The (S,R)-aminoalkyl
epoxide 1, a key intermediate in our previous synthesis,3


was reacted with H-Pro-OAllyl at 25 �C for 18 h to give
the hydroxyethylamine product at 63% yield.12 A succi-
nic acid linker was introduced by reaction with succinic
anhydride in the presence of DMAP at 25 �C for 16 h,
and the product was anchored to H-Gly-MBHA (glycyl
p-methylbenzhydrylamine) resin with DIPCDI/HOBt-
mediated reaction (25 �C, 18 h). The resulting resin 2
contains an N-terminal Boc group and a C-terminal
allyl group, and thus can be elongated selectively in

O Ile-NH-CH2C6H5I


H-Pro-Val-Ile-NH N


O Ile-NH-CH2C6H5I


OH


(g) (h)


4


I-1


Scheme 1. Synthetic scheme for inhibitor I-1 containing the P4–P02
sequence. Reagents and conditions: (a) H-Pro-OAllyl in 2-propanol,


25 �C, 18 h; (b) succinic anhydride/DMAP, 25 �C, 16 h; (c) H-Gly-


MBHA resin/DIPCDI/HOBt, 25 �C, 18 h; (d) [(C6H5)3P]4Pd(0) under


Ar, 25 �C, 2 h; (e) H-Ile-NHCH2C6H5I/DIPCDI/HOBt, 25 �C, 18 h; (f)


Boc-based solid-phase synthesis; (g) HF, 4 �C, 30 min; (h) aqueous


ammonium acetate solution pH 10, 25 �C, 5 days.







Table 1. Inhibition of HTLV-1 protease by inhibitors containing the


PR/p3 site sequence


Compoundsa IC50
b (lM)


I-1 H-Pro-Val-Ile-[HEA]-Pro-Ile-NHCH2C6H5I 0.13


I-2 H-Pro-Pro-Val-Ile-[HEA]-Pro-NHCH2C6H5I 2.4


I-3 H-Pro-Val-Ile-[HEA]-Pro-NHCH2C6H5I 5.8


I-4 H-Val-Ile-[HEA]-Pro-Ile-NHCH2C6H5I 18.3


I-5 H-Val-Ile-[HEA]-Pro-NHCH2C6H5I 19.6


I-6 H-Ile-[HEA]-Pro-NHCH2C6H5I na


a [HEA], NHCH(CH2CH(CH3)2)CH(OH)CH2–.
b Values are means of three experiments (na, not active).
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either direction. The C-terminal allyl group of 2 was re-
moved with [(C6H5)3P]4Pd(0) (25 �C, 2 h),13 and H-Ile-
NHCH2C6H4I was coupled to the resulting resin using
DIPCDI/HOBt (25 �C, 18 h). The Boc group of the
product resin 3 was removed with 50% TFA/CH2Cl2,
and Boc-Ile-OH was condensed by DIPCDI/HOBt.
The same deprotection/condensation procedure was
repeated for the successive introduction of Boc-Val-
OH and Boc-Pro-OH. Part of the intermediate resin
was separated for the parallel preparation of an inhibi-
tor (I-4) containing the P3–P02 sequence.


The product resin 4 was then treated with HF at 4 �C for
30 min to cleave the inhibitor precursor from the resin.
The crude product showed a single major peak on
HPLC and, without further purification, was treated
with aqueous AcONH4 at pH 10. After 5 days, the pre-
cursor disappeared on HPLC and the product was puri-
fied by preparative HPLC to produce I-1 with 19%
isolation yield (calculated from the starting MBHA res-
in). Other inhibitors containing different chain lengths
(compound I-2 covering the P5–P01 sequence, compound
I-3 for the P4–P01 sequence, compound I-5 for the P3–P01
sequence, and compound I-6 for the P2–P01 sequence)
were similarly synthesized on MBHA resin.14


The inhibitory activity of each compound was examined
using a synthetic dodecapeptide (S-1) as the substrate.
Cleavage of the substrate by mutant HTLV-1 protease
in the presence of various concentrations of the inhibitor
was monitored by analytical HPLC, as described above.
The inhibitory activity of each inhibitor was evaluated
using the corresponding IC50 value obtained from the
sigmoidal dose–response curve (Fig. 3). As summarized
in Table 1, the P3–P01 sequence (I-5) of the scissile site is
the core sequence for the inhibition of HTLV-1 prote-
ase. The addition of P4-Pro to the core sequence was
more effective than P02-Ile (I-3 vs I-4), and the P4–P01 se-
quence was necessary to compare an inhibitor such as
pepstatin, a standard inhibitor for aspartic acid
proteases.


Thus, it has been shown for the first time that a 7-resi-
due peptide containing the P4–P03 sequence of the PR/

Figure 3. A typical sigmoidal dose–response curve used for estimation


of the IC50 value of the inhibitor I-2.

p3 site is required for the substrate recognition of
HTLV-1 protease. From the evaluation of synthetic
inhibitors containing the hydroxyethylamine dipeptide
isostere, the P3–P01 sequence of the PR/p3 site has been
shown to be a core sequence for achieving potent inhibi-
tion of the protease. Based on these findings, the con-
struction of HTLV-1 protease inhibitor libraries is
currently in progress.
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(400 MHz, CDCl3): d 0.89 (d, J = 6.6 Hz, 3H), 0.95 (d,
J = 6.6 Hz, 3H), 1.22–1.32 (m, 2H), 1.45 (s, 9H), 1.58–1.76
(br m, 2H), 1.80–2.04 (m, 3H), 2.12–2.22 (m, 1H),
2.60–2.73 (m, 3H), 3.09–3.19 (m, 1H), 3.29–3.35 (m,
1H), 3.40–3.52 (br m, 1H), 3.58 (br s, 1H), 3.65 (br s, 1H),
4.62–4.68 (d, J = 5.7 Hz, 2H), 4.73 (br d, J = 9.0 Hz, 1H),
5.20–5.30 (dd, J = 9.3 Hz, J = 1.2 Hz, 1H), 5.30–5.38 (dd,
J = 15.7 Hz, J = 1.5 Hz, 1H), 5.88–5.98 (m, 1H). The other
intermediates were similarly purified and characterized.


13. Bang, J. K.; Hasegawa, K.; Kawakami, T.; Aimoto, S.;
Akaji, K. Tetrahedron Lett. 2004, 45, 99.


14. Compound I-1: m/z 883.03 for [M+H]+ (calcd 882.44 for
C41H69N7O6I). Compound I-2: m/z 866.52 for [M+H]+


(calcd 866.40 for C40H65N7O6I). Compound I-3: m/z
769.09 for [M+H]+ (calcd 769.35 for C35H58N6O5I).
Compound I-4: m/z 785.33 for [M+H]+ (calcd 785.38 for
C36H62N6O5I). Compound I-5: m/z 672.01 for [M+H]+


(calcd 672.30 for C30H51N5O4I). Compound I-6: m/z
573.58 for [M+H]+ (calcd 573.23 for C25H42N4O3I).
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Abstract—Screening of our in-house compound library comprised of intermediates of natural product synthesis projects resulted in
discovering two novel c-secretase inhibitors, which coincidently had similar moieties, that is, cyclohexenone and two aryl groups
arranged on the core six-membered ring. Structure–activity relationship studies of these compounds were also developed.
� 2006 Elsevier Ltd. All rights reserved.

Alzheimer’s disease (AD), a dementing neurodegenera-
tive disorder, is currently a serious public health prob-
lem in aging society and is predicted to affect 20
million people worldwide within 20 years.1 AD is char-
acterized pathologically by neuronal loss in the cerebral
cortex accompanied by massive deposition of amyloid-b
peptides (Ab) as senile plaques. A body of evidence sug-
gests that amyloid deposits are strongly implicated in
the pathogenesis of AD. Therefore, regulation of the
Ab levels is considered as a mechanism-based therapeu-
tics for AD. Ab is produced from amyloid precursor
protein (APP) through sequential proteolytic processing
by two membrane associated aspartic proteases termed
b- and c-secretases. Thus, these secretases are predicted
to be prime molecular targets toward prevention and
cure of AD.


A number of c-secretase inhibitors have been reported
so far.2 In fact, some potent inhibitors (e.g., N-[N-(3,5-
difluorophenacetyl)-LL-alanyl]-S-phenylglycine tert-butyl
ester (DAPT),3 N2-[(2S)-2-(3,5-difluorophenyl)-2-
hydroxyethanoyl]-N1-[(7S)-5-methyl-6-oxo-6,7-dihydro-

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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5H-dibenzo[b,d]azepin-7-yl]-LL-alaninamide (LY411575),4


and 2-[(1R)-1-[[(4-chlorophenyl)sulfonyl](2,5-difluoro-
phenyl)amino]ethyl]-5-fluorobenzenepropanoic acid
(BMS-299897))5 are reported to reduce Ab levels in
mouse brains and biological fluids by oral administra-
tion. However, several c-inhibitors have been shown to
affect Notch processing pathway, thereby causing
unwanted side effects.6–8 Thus, discovery and develop-
ment of new inhibitors without side effects have been
continuously challenging and demanding tasks for
medicinal chemists. Herein we provide our new findings
that cyclohexenone derivatives are novel potent c-secre-
tase inhibitors.


We began our search for c-secretase inhibitors by
screening our in-house compound library. The library
consisted of intermediates of several natural product
synthesis projects in our group (e.g., ecteinascidin
743,9 vinblastine,10 antascomicin,11 etc.), and thus, high
structural diversity of the members of the library is at-
tained. The ability of compounds to inhibit Ab forma-
tion was evaluated by an in vitro assay using
recombinant C-terminal fragment of APP as a sub-
strate.12 After an intensive screening, we discovered
two compounds with potent c-secretase inhibitory activ-
ity among about 600 selected compounds (Fig. 1).
Though these compounds were intermediates in the dif-
ferent targets of natural products, coincidentally they
have similar structures, six-membered cyclic enone, on
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which two aromatic rings are arranged. We paid atten-
tion to the common moieties of these compounds, and
synthesized various derivatives to explore the struc-
ture–activity relationships.


GS155 (1) had been synthesized from furfral 3 by means
of aza-Achmatowicz reaction (Scheme 1). Furfral was
transformed into the corresponding cyanohydrin. Alkyl-
ation followed by cleavage of the silyl ether afforded ke-
tone 4, which was reduced with sodium borohydride
to furnish alcohol 5. Nitrogen was introduced
using N-benzyloxycarbonyl-2-nitorobenzenesulfonam-
ide (NsNHCbz)13 by means of Mitsunobu reaction,14


and the Ns group was removed to produce 6. Upon
treatment with m-chloroperbenzoic acid (m-CPBA), 6
underwent aza-Achmatowicz reaction to form GS155
(1).15


For the derivatization of GS155, we planned to remove
the hemiaminal moiety of GS155 because the hemiami-
nal moiety seemed labile. The derivatives were synthe-
sized as shown in Scheme 2. Addition of alkyne to DLDL-
phenylalaninal (7)16 furnished a diastereomeric mixture
of alcohol 8. Hydrogenolysis of 8 induced saturation
of the triple bond and cleavage of the benzyloxycarbon-
yl group (Cbz) to afford aminoalcohol. After introduc-
tion of 2-nitrobenzenesulfonyl group (Ns) onto the
amino group selectively, sequential protective group
manipulation furnished 10, which was cyclized by means
of Mitsunobu reaction to afford 11. After removal of the
Ns group under standard conditions, acylation of the
amine with various acyl chlorides afforded 13a–d. The
remaining secondary alcohol was oxidized to afford ke-
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tube, 120 �C, 95%; (b) LDA, BnBr, THF, �78 �C; TBAF, rt, 54%; (c)


NaBH4, MeOH, 0 �C to rt, 67%; (d) NsNHCbz, DEAD, Ph3P,


toluene–THF, 0 �C to rt, 68%; (e) PhSH, K2CO3, DMF, 53%; (f) m-


CPBA, CH2Cl2, 69%.

tone 14a–d, which was transformed into enone 15a–d
according to the Ito-Saegusa’s method.17


On the other hand, GS416 (2) had been prepared from
tri-O-acetyl-DD-glucal via catalytic Ferrier rearrange-
ment,18 and the synthesis has been already reported.11


According to the similar procedure, derivatives of 2 were
synthesized as shown in Scheme 3. Deprotection of the
acetyl groups of methyl glucoside 16 derived from tri-
O-acetyl-DD-glucal followed by selective acetalization of
the resultant 1,3-diol moiety gave benzylidene acetal
17a,b. Alkylation of the remaining 3-hydroxyl group
(introduction of R1) was followed by cleavage of the
benzylidene acetal, and subsequent selective protection
of the primary alcohol with trityl group afforded
18a,b. The second alkyl group (R2) was introduced onto
the remaining secondary hydroxyl group. After removal
of the trityl group, the resulting alcohol was converted
into enol ether according to the known procedure. That
is, the primary alcohol was converted into iodide 20a,b,
which was treated with sodium hydride to afford 21a,b.
The enol ether 21a,b was then subjected to the condi-
tions of catalytic Ferrier rearrangement to furnish
hydroxyketone 22a,b. Mesylation of the alcohol induced
b-elimination to produce enone 23a,b. The results of
hydrogenation depended on the source of Pd–C. Using
10% Pd–C purchased from Wako Pure Chemical Indus-
tries saturated the double bond of 23a,b selectively
(24a,b). Similarly GS416 (2) was reduced to give 24e.
In contrast, 10% Pd–C purchased from Aldrich Chemi-
cal Company afforded debenzylated products (24c,d).


The results of c-secretase inhibition assay of these deriv-
atives are shown in Tables 1 and 2. Removal of the
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Table 1. Inhibitory activities of GS155 (1) and its derivatives


Compound R– IC50 (Ab40, lM) IC50 (Ab42, lM)


13a BnOCO– >100 >100


13b MeOCO– >100 >100


14a BnOCO– 21% inhibition


at 100 lM


>100


14b MeOCO– >100 >100


15a BnOCO– 4.6 7.4


15b MeOCO– 7.2 9.8


15c PhCO– 1.0 2.2


15d PhSO2– 5.9 12.3


GS155 (1) — 0.5 0.7


Table 2. Inhibitory activities of GS416 (2) and its derivatives


Compound R1 R2 IC50 (Ab40, lM) IC50 (Ab42, lM)


22a Bn Me >100 >100


22b Me Bn >100 >100


23a Bn Me 33.9 26.0


23b Me Bn 6.9 10.2


24a Bn Me >100 >100


24b Me Bn 4.9 13.9


24c H Me >100 >100


24d Me H >100 >100


24e Bn Bn >100 >100


GS416 (2) — — 1.6 1.1
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hemiaminal moiety of 1 slightly reduced the activity
(15a). The hydroxyl group of the hemiaminal moiety
of GS155 might fix the conformation of the six-mem-

bered ring by intramolecular hydrogen bonding to in-
crease its activity. Saturation of the double bond
caused loss of the inhibitory activity (14a,b). The aryl
group connected to the nitrogen atom was important
for the inhibition. The methoxycarbonyl derivative 15b
had weaker activity, and benzoyl derivative 15c was
slightly stronger. In the case of GS416 (2) saturation
of the double bond also caused a complete loss of activ-
ity, while 24b retained activity. Though the benzyl group
closer to the ketone was more important for the activity,
the presence of both benzyl groups was needed for main-
taining the high activity. These results were parallel to
the SAR of 1.


These results suggested that the enone moiety in each
derivative is the most important structure for the c-se-
cretase inhibition, while some compounds such as 24b
retained activity. The enone moiety could be necessary
to fix the molecule to the active conformation in the
GS155 derivatives, while not necessary in the GS416
derivatives. It is known that enone moiety tends to react
with enzyme nonspecifically by means of Michael
addition. However, inhibitory activities of 1 and 2
against c-secretase were retained in the presence of 2-
mercaptoethanol, under which conditions Michael addi-
tion of 1 or 2 with proteins is thought to be suppressed
(data not shown). Moreover, these compounds had no
inhibitory effect on b-galactosidase activity (data not
shown). Thus, we could rule out the possibility of non-
specific inhibition and/or crosslink of c-secretase by
these compounds.


In summary, we discovered novel cyclohexenone c-se-
cretase inhibitors from our in-house library comprised
of intermediates of natural product synthesis projects.
The SAR study of these compound suggested the enone
moiety and the two aryl groups were important for the
potent c-secretase inhibitory activity. Synthesis of
molecular probes for functional analysis of c-secretase19


as well as structural development studies using 1 and 2
are currently underway and will be reported in due
course.
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Abstract—Biaryl urea lead compound 1 was discovered earlier in our MCH antagonist program. Novel benzimidazole analogues
with increased chemical stability, devoid of the potential carcinogenic liability associated with a biarylamine moiety, were synthe-
sized and evaluated to be potent MCH R1 antagonists. Two compounds in this series have demonstrated in vivo efficacy in a rodent
obesity model.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Lead compound and the design of benzimidazole analogues.

Melanin-concentrating hormone (MCH), a cyclic
19-amino-acid peptide, was first identified in teleost fish
where it appears to regulate color change.1 The MCH
R1 receptor was discovered in 1999.2 More recently,
the MCH R1 receptor has been investigated thoroughly
for its possible role in regulating eating behavior in
mammals. MCH-deficient mice have reduced body
weight and are lean due to hypophagia;3a MCH mRNA
levels are increased in ob/ob mice and in fasted mice;3b


transgenic mice overexpressing the MCH gene are
susceptible to insulin resistance and obesity;3c and dis-
ruption of MCH receptor 1 expression resulted in resis-
tance to diet-induced obesity despite hyperphagia.3d All
these findings suggest that MCH receptor antagonists
could be useful for the treatment of obesity. A variety
of small molecule MCH R1 antagonists have appeared
in the literature.4,5 Herein, we would like to report the
design and synthesis of a series of novel orally effica-
cious MCH R1 antagonists.


The urea lead 1 was identified earlier in our MCH antag-
onist program;6 however, it contains a biarylaniline moi-
ety which was found to be highly mutagenic in the Ames
test.7 In order to circumvent this potential liability, one
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strategy is to modify the biaryl part.4c We reasoned that
the biarylaniline N atom is sp2-like and might be
replaced with a vinyl carbon atom. Furthermore, the
phenylamide moiety would be substituted with an
isosteric benzimidazole skeleton based on our earlier
findings.8 Thus, our design involves two distinctly new
elements and is depicted in Figure 1.


The first-generation synthetic route started with substi-
tuted phenylenediamines (Scheme 1). The SEM-protect-
ed benzimidazole 2, obtained in two steps from
commercially available diamines, was coupled with the
known ketone 39 to give the tertiary alcohol 4. Chlorina-
tion of 4 followed by elimination with pyridine afforded
the desired tetrasubstituted alkene 5 as the major prod-
uct and some endo-alkene isomer, which can be partially
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Table 1. SAR of substituents at the benzimidazole phenyl ringa


N


N
H


N


CN


X


Compound X MCH Ki (nM)


6a 5,6-Cl2 15


6b 5,6-F2 52


6c 4,6-Cl2 87


12b 5-CN 133


12c 5-F, 6-CF3 3.5


a Mean values (n = 3). h-MCH R1.
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converted to 5 under basic conditions.10 Suzuki coupling
installed the required 3-cyanophenyl moiety. Deprotec-
tion of the N-Boc group and subsequent derivatization
of the revealed NH by conventional methods provided
the N-substituted piperidine analogues 6a–c.


A more efficient synthesis is depicted in Scheme 2. Con-
densation of 4-bromobenzonitrile with 1-Boc-4-piperi-
done gave compound 7. Selective reduction with
DIBAL afforded aldehyde 8,11 which was treated with
diamines in the presence of sodium bisulfite to give benz-
imidazole 9.12 From this advanced intermediate, a reac-
tion sequence (d-e-f), namely: (i) Suzuki coupling, (ii)
deprotection of the N-Boc, and (iii) N-substitution via
parallel synthesis (reductive amination or acylation),
provided the final targets 12. Alternatively, removal of
the N-Boc group first, followed by reductive alkylation,
gave the bromo-compound 11, which set the stage for
another parallel synthesis to explore the SAR of the bia-
ryl moiety (e-f-d). Suzuki coupling of 11 with various
phenylboronic acids furnished the targets 12. In cases
where the boronic acids were not easily available, com-
pound 11 was converted to its pinacolboronic ester13


and then coupled with appropriate aryl bromides to give
the final analogues (12d, 12e). Through these flexible
reaction sequences, we developed SAR in both direc-
tions handily.


The analogues mentioned above were evaluated in a
radioligand binding assay as described in the preceding
article8 and the results are shown in Table 1.


As shown in Table 1, compound 12c displayed single-
digit nanomolar affinity to the MCH R1 receptor. These
initial results prompted us to focus on the 5-F–6-CF3


substituents on the benzimidazole and explore the
SAR of the biaryl part. As revealed in Table 2, 3-cyan-
ophenyl remained optimal for MCH R1 binding, consis-

tent with our earlier findings.8 Small changes such as
those in compounds 12d and 12e were also tolerated.
Other substituted analogues were less potent.


The SAR of the piperidine N-substituent is summarized
in Table 3. The N–H analogue 12a was equally potent as







Table 2. SAR of modification of biarylsa


Ar


N


N
H


N CF3


F


Compound Ar MCH Ki (nM)


12c


CN


3.5


12d


CN


F


3.9


12e


N


CN


10.3


12f


CN


26


12g
N


NC


OH
99


12h
NHO


174


12i
N


N
95


12j


CONH2


77


12k


SO2Me


132


12l
CN


464


a Mean values (n = 3). h-MCH R1.


Table 3. SAR of substituents at the piperidine nitrogena


N
R


N
H


N CF3


F


CN


Compound R MCH Ki (nM)


12a H 3.6


12c Cyclopropylmethyl 3.5


12m HOCH2CH2 7.2


12n NH2COCH2 15.5


12o
S


N
45


12p MeCO 31


12q
O


21


12r
S O


20


12s N O
10.1


12t Me2NCO 37


12u Et2NCO 22


12v MeSO2 71.4


12w i-PrSO2 129


12x Me2NSO2 64


a Mean values (n = 3). h-MCH R1.
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the cyclopropylmethyl analogue 12c. Polar substituents
as in 12e and 12f were also tolerated, although slightly
less potent. It is noteworthy that some non-basic piper-
idine analogues such as amides, ureas, and sulfonamides
retained quite good activity (12p–x).


Considering the potential metabolic instability of the
alkene moiety, we replaced it with a cyclopropane isoste-
re to generate cyclopropyl benzimidazole analogues as
depicted in Scheme 3.14 To this end, the a,b-unsaturated
nitrile 7 was treated with trimethylsulfoxonium iodide in

the presence of base to give compound 13 in excellent
yield.15 Following similar reaction steps as per Scheme
2 led to compounds 15a–i.


As shown in Table 4, the cyclopropyl benzimidazole
analogues (racemic) were very potent MCH R1 ligands,
and followed a similar SAR trend as corresponding
alkene-linked countparts, confirming the isosteric equiv-
alence of cyclopropyl and ethylene groups in this series.


Several potent compounds were selected for pharmacoki-
netic investigation in rats16 and a mouse ex vivo binding
assay.17,18 The profiles are reported in Table 5. The alkene
analogues (6a, 12c, 12d, 12p, and 12t) exhibited very good
exposure in rats, indicating the tetra-substituted olefin
bonds are metabolically quite stable. The lower AUC of
cyclopropyl analogue 15b compared to compound 6a
was a surprise and may be a result of poorer absorption
relative to the olefinic analogue. All the compounds
showed good to excellent ex vivo binding in mice.


Compounds 6a and 12c have been demonstrated to be
full MCH R1 antagonists in a functional assay (with
Kb values of 70 and 25 nM, respectively).19 More impor-
tantly, compounds 6a and 12c were chosen for further
in vivo study and, as seen in Table 6 both compounds
produced a robust reduction of food intake after oral
dosing at 30 mg/kg in a fasted DIO mouse model20,21.
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Table 4. SAR of cyclopropane-linked benzimidazole analoguesa


N
R


N
H


N CF3


F


CN


Compound R MCH Ki (nM)


15a H 1.7


15b Cyclopropylmethyl 4.8


15c Bn 10.3


15d Et2NCH2CH2 15


15e HOOCCH2 41


15f Me2NCO 32


15g Et2NCO 221


15h N
O


44


15i i-PrSO2 67


a Mean values (n = 3). h-MCH R1.


Table 5. Rat Pharmacokinetics and mouse MCH receptor ex vivo


binding of selected compoundsa,b


Compound AUC0–6 h
a (ng/mL h) Ex vivo bindingb


6 h 24 h


6a 6637 68 ± 16 54 ± 13


12c 2882 96 ± 23 84 ± 20


12d 3001 92 ± 22 80 ± 18


12p 5252 48 ± 11 NT


12t 1292 50 ± 12 NT


15b 1032 74 ± 18 NT


a Data are from pooled samples from two mice (n = 2; dosed at 10 mg/


kg, po) in cassette-accelerated rapid rat protocol as described in Ref.


16.
b Expressed as a percent of inhibition of MCH-ADO binding relative


to vehicle control ± SEM (n = 3; dosed at 30 mg/kg, po).


Table 6. In vivo efficacy in DIO micea


Compound % Inhibition at indicated time


2 h 6 h 24 h


6a 37.4 ± 6.5 41.8 ± 5.6 26.8 ± 7.2


12c 31.0 ± 5.6 32.6 ± 5.4 18.6 ± 5.5


a All values are significantly different (p < 0.05) from vehicle control


animals and represent the % inhibition of cumulative food intake at


the indicated times in fasted DIO mice. There are 15 mice per


group.
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In summary, we have designed and synthesized potent
novel benzimidazole MCH R1 antagonists. Among
them, compounds 6a and 12c demonstrated good phar-
macokinetics in rats and oral efficacy in a DIO mouse
model for weight loss.
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Abstract—Efforts toward developing orally bioavailable factor VIIa inhibitors starting from parenteral lead compound 1 are
described. SAR resulted in improved physicochemical properties, leading to enhanced oral absorption in rat.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. (a) Representation of key interactions of 1 with fVIIa. (b)


In vitro profile and calculated physicochemical parameters for


compound 1.

There is increasing interest in developing oral anti-coag-
ulants with improved therapeutic efficacy over the exist-
ing standard of care.1 Our approach toward developing
an anticoagulant is the direct inhibition of factor VIIa
(fVIIa), a key enzyme in the coagulation cascade.2,3 In
this communication, we disclose our efforts to improve
the oral bioavailability of our lead fVIIa inhibitors by
modifying its physicochemical properties.


We have reported the development of potent and selec-
tive small-molecule inhibitors of the factor VIIa/tissue-
factor (fVIIa/TF) complex.3 An example, compound 1,
is efficacious after bolus intravenous (iv) dosing in a ba-
boon model of arterial thrombosis.3 Expectedly, com-
pounds similar to 1 with amidine and diacid
functionalities had limited oral absorption when dosed
in rats. We recognized the need to modify the properties
of this class of compounds to lead us toward oral bio-
availability.4 Of concern was the charged nature of the
amidine and diacid functionalities. Combined with the
urea, these lead to a high polar surface area (PSA) and
molecular weight (MW).


We undertook an analysis of the role of each part of
compound 1 in the potency and selectivity profile, as
outlined in Figure 1a. This analysis is based on a crystal
structure of 1 in fVIIa.3 The amidine interacts with
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Asp189 in the S1 pocket. A prodruging approach
(as the hydroxy amidine) would be employed to neutral-
ize the charge and help improve absorption. The success
of this approach has been demonstrated in the develop-
ment of the thrombin inhibitor Ximelagatran.7 The
amidine, in conjunction with the imidazole NH and
the 2-phenolic OH, is integral to the binding of this class
of inhibitors to trypsin-like enzymes.8 In addition, the
distal 2 0-phenol offers further fVIIa potency and
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selectivity against other trypsin-like enzymes.9 There-
fore, our plan was to preserve these interactions, while
exploring the possibility of replacing the succinic acid
and urea substituents. The goal was to considerably
reduce the MW and PSA.


The succinic acid at the 5-position improves fVIIa
potency by interacting with Lys192, while enhancing
thrombin selectivity through negative interactions with
Glu192. In our earliest reports of fVIIa inhibitors, the
5 0-acidic group played a very important role in potency
and selectivity gains.2a More importantly, we have uti-
lized this position as a handle to modulate pharmacoki-
netic properties.10 With the discovery of the distal urea
functionality,3 we reasoned that the 5-acidic group
may be expendable. Numerous 5-substituted analogs
were synthesized and evaluated, of which, selected
examples are shown in Table 1. We noted that replacing
the succinic acid with small non-polar substituents such
as –CH3, –F, and –H had minimal effect on the in vitro
parameters.5 The fVIIa potency was unaffected by these
changes and the selectivity profile remained impressive.
Indeed, the crystal structure of 1 in fVIIa had revealed
numerous other points of interaction with the enzyme,
which are most likely maintained in this new set of com-
pounds. It was gratifying that the in vitro efficacy, as
measured by the 2 · PT6 assay, did not change. However,
as suspected, the pharmacokinetic profile of the newly

Table 1. SAR at the 5 0-position


N
H


N


NH


H2N


HO
HO


Compound R fVIIa Ki
5 (lM) 2 · PT6 (


1 CH(COOH)CH2COOH 0.001 1.9


2 CH2COOH 0.014 —


3 CH3 0.004 2.0


4 F 0.005 2.5


5 H 0.014 2.3


a Polar surface area.


Table 2. SAR to replace the urea


N
H


NH


H2N


HO
HO


Compound R fVIIa Ki (lM) 2 · PT (lM)


6 CH2OH 0.003 0.9


7 CH3 0.12 —


8 CH2CH2CH2N(Me)2 0.016 0.9


9 N O 0.017 2.0


10 CH2(CH2)3CH3 0.013 1.4


a Mean residence time.

synthesized analogs suffered from rapid clearance. After
iv dosing in rat, compound 1 has a mean residence time
(MRT) of greater than 1 h,3 while the analogs 2–5 had
MRTs of less than 20 min (data not shown). Therefore,
while removing the succinic acid from compound 1
allowed us to considerably reduce the PSA and molecu-
lar weight, we were left with the need for further
optimization.


Next, we examined the role of the urea functionality on
the distal aryl ring. As depicted in Figure 1a, it makes
specific contacts with His57, Asp60, and Lys60a.
Among numerous analogs made, we found that amides
which lost the interaction with Asp60 but preserved the
‘CH2–NHC(O)’ part of the urea were reasonably well
tolerated and retained desirable in vitro characteristics.
Selected examples (6–10) of analogs replacing the urea
are shown in Table 2.


These include alkyl amides (7 and 10), amides incorpo-
rating polar groups (6 and 8) as well as a disubstituted
urea 9. These analogs were prepared with an indole
replacing the benzimidazole ring. Based on previous
experience with this class of compounds,2 we were con-
fident that this change would be well tolerated, while
providing another opportunity to lower the PSA. The
loss of the Asp60 interaction in the amide series is
reflected in an overall loss of selectivity, particularly

HN


O


NH2


R


lM) Selectivity against PSAa (�A2) MW


Thrombin fXa Trypsin


100,000 3600 11,333 250 532


10,700 235 328 213 475


10,900 303 584 175 431


11,700 404 744 175 435


6923 207 276 175 417


HN
R


O


Selectivity against PSA (�A2) MRTa (min)


Thrombin fXa Trypsin


1233 60 400 157 117


1250 6 142 135 —


3375 37 181 138 50


3117 28 194 147 —


7222 107 237 135 89
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against fXa. Selected compounds were dosed iv (intrave-
nous) to male Sprague–Dawley rats and the pharmaco-
kinetic parameters compared. The MRTs are listed in
Table 2. Our SAR leads us to the hexanoyl amide analog
10 which had the best combination of lowered PSA and
MW as well as in vitro potency, efficacy, and selectivity.
In addition, this lead offered pharmacokinetic parame-
ters which warranted further evaluation. Since we were
aware, based on our previous study,11 that even simple
amidino compounds (without distal ring substituents)
in this series had poor oral absorption, we decided to
convert amidino group in 10 to a neutral hydroxyami-
dine in order to improve chances of oral absorption.


Compound 11, the hydroxyamidine prodrug of 10,
was dosed orally at 10 mg/kg to male Sprague–Dawley
rats with jugular vein and portal vein cannulae.12


Monitoring the blood levels of both prodrug 11 and
the parent compound 10 revealed that while the oral
bioavailability of 11 was 11%, that of the parent
was negligible13 (Table 3).


Scheme 1 outlines the synthesis of benzimidazole com-
pound 5. The commercially available bromo phenol 12
was selectively ortho formylated with paraformaldehyde
and magnesium chloride as reported previously.14 The
bromo salicylaldehyde intermediate thus obtained was
protected as its MEM ether and the aryl bromide con-
verted to the pinacol boronate ester 13 using bis-(pina-
colato)diboron with PdCl2(dppf) as a catalyst.15 Aryl
bromide 14 was obtained from 15 in three steps via phe-
nol protection as the MEM ether, reduction of the nitrile
followed by protection of the benzyl amine as its Boc
derivative. Suzuki coupling of 13 with aryl bromide 14
furnished the biaryl aldehyde 16. Oxidative condensa-
tion of the aldehyde 16 with 3,4-diamino-benzamidine,9


removal of protecting groups (MEM ethers and Boc)
followed by treatment of resultant benzyl amine with
potassium cyanate gave urea 5. Other benzimidazole
derivatives 2–4 were prepared in an analogous manner
starting from the appropriately substituted
salicylaldehyde.


To prepare indole derivative 10 and hydroxy amidine11
(Scheme 2), aldehyde 16 was converted to alkyne
17 using dimethyl-1-diazo-2-oxopropylphosphonate.16


Palladium-mediated coupling of the alkyne 17 with
N-(4-cyano-2-iodo-phenyl)-methanesulfonamide 1817 fol-
lowed by alkaline hydrolysis of the mesylate gave

Table 3. Pharmacokinetics, bioconversion, and oral bioavailability of prodrug 11 following iv and oral administration in rats


PK parameter12 (po 10 mg/kg, n = 3) Prodrug (11) Parent (10)


PVCa JVCb PVCa JVCb


Cmax (lM) 1.31 1.73 0.014 0.012


Tmax (min) 31 30 40 30


AUC (lM min) 122 144 0.88 0.73


Terminal t1/2 (min) 49 54 26 37


Oral absorption (%) 9 —


Oral bioavailability (%) 11 Negligible


a PVC, blood samples collected from portal vein catheter.
b JVC, blood samples collected from jugular vein catheter.
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triaryl compound 19. Removal of protecting groups
(MEM and Boc) with 4 M HCl in dioxane, followed
by treatment of the resulting benzyl amine with hexa-
noyl chloride, generated amide 20. Hydroxyamidine
prodrug 11 was generated by heating amide 20 with
aqueous hydroxylamine in ethanol. To prepare amidine
10, hydroxyamidine 11 was acylated and reduced under
hydrogenation conditions. Other indoles (6–9) were pre-
pared in an analogous manner.


We have described SAR that has allowed us to evolve
from compound 1, which is suitable for development
as a parenteral anticoagulant agent, to lead compound
10, which may be explored as an orally administered
anticoagulant. We demonstrated that it is possible to
considerably reduce MW and PSA of 1, while maintain-
ing suitable in vitro characteristics. The strategy of mit-
igating the charge of the amidine in the form of a
prodrug was successful in improving oral bioavailability
of the prodrug. Our studies with the hydroxyamidine
prodrug 11 revealed that it is not reduced to the parent
10 in vivo in rat. Efforts directed at exploring other pro-
drugs which will be cleaved in vivo and offer improved
absorption will be the subject of future publications.
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Abstract—Previous study showed that 4-hydroxybenzaldehyde is a competitive inhibitor of GABA transaminase. As a result, 4-
acryloylphenol was synthesized as a 4-hydroxybenzaldehyde analogue, and shown to inactivate potently the enzyme in a time-
dependent manner. The inactivation was protected by a-ketoglutarate, indicating that it occurs at the active site of the enzyme.
b-Mercaptoethanol also prevented the enzyme from inactivation. The possible mechanism involving a Michael addition was
proposed to rationalize the inactivation.
� 2006 Elsevier Ltd. All rights reserved.
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Scheme 1. The reaction catalyzed by GABA-T.

c-Aminobutyric acid (GABA, 1) is the major inhibitory
neurotransmitter in the mammalian central nervous sys-
tem.1 The major pathway for its degradation is via
transamination with a-ketoglutarate (3) catalyzed by
the pyridoxal 5 0-phosphate (PLP)-dependent enzyme
GABA transaminase (GABA-T, E.C. 2.6.1.19)
(Scheme 1).2 GABA-T has been considered as a target
for neuroactive drugs,3,4 because its inhibition in brain
tissues increases the concentration of GABA and could
have therapeutic applications in neurological disorders
including epilepsy, Parkinson’s disease, Huntington
chorea, and Alzheimer’s disease.5 Selective inactivation
by vigabatrin, a mechanism-based inhibitor of the en-
zyme,6 is already successfully applied in treatment of
epilepsy.7 Silverman and co-workers have reported a
great lot of GABA-T inactivators and rationalized their
inactivation mechanisms for decades. So far most of the
GABA-T inhibitors are GABA analogues without ben-
zene ring, mainly including vigabatrin (4) analogues,5,8,9


4-amino-5-halopentanoic acid (5) analogues,10 and
(Z)-4-amino-2-butenoic acid (6) analogues.11 Vigabatrin
analogues inactivate the enzyme by two pathways: a
Michael addition mechanism (Scheme 2, pathway a)
and an enamine mechanism (pathway b).8 The mecha-
nism of the inactivation of GABA-T by 5 was shown
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to proceed only via an enamine pathway.10 Moreover,
hydrazine analogues, a class of general inhibitors of
PLP-dependent enzymes, were found to be potent
GABA-T inhibitors.12


It has previously been showed that 4-hydroxybenzalde-
hyde (7) potently inhibits GABA-T.13 Recently, based
on the result, we found that the compound gives
competitive inhibition of GABA-T with respect to
a-ketoglutarate.14 Our results indicated that 4-hydroxy-
benzaldehyde is similar to a-ketoglutarate and succinic
semialdehyde (2) in structure, suggesting that replace-
ment of the carboxylic acid by the phenol moiety is
accepted by the enzyme. Consequently, we attempt to
design novel 4-hydroxybenzaldehyde analogues as
GABA-T inhibitors. As a result of the effort, 4-acryloyl-
phenol (8, Scheme 3), a novel 4-hydroxybenzaldehyde
analogue, was synthesized and preliminarily assayed,
exhibiting more inhibitory potency than 4-hydroxybenz-
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Figure 1. Time-dependent inactivation of GABA-T by 8.
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aldehyde.14 In this paper, we further study inactivation
of GABA-T by 8.


GABA-T and succinic semialdehyde dehydrogenase
(SSADH) were isolated from rat brains by a modified
procedure,11,15 respectively. Time-dependent inactiva-
tion of GABA-T by 8 was carried out using a modified
assay of Qiu and Silverman.10 GABA-T (0.008 unit) was
added to solutions of 8 (120 lL in final, with varied con-
centrations of 8), in 100 mM potassium pyrophosphate
buffer, pH 8.5, containing 5 mM GABA at 25 �C. At
timed intervals, aliquots (30 lL) were withdrawn and
added to the assay solution (1 mL) in 100 mM potassi-
um pyrophosphate, pH 8.5, containing 5 mM GABA,
5 mM a-ketoglutarate, 0.5 mM NAD+, and excess
SSADH. Amount of NADH generated was measured

by a HITACHI FL-4500 Fluorescence Spectrophotom-
eter (excitation 355 nm, emission 459 nm). The loga-
rithm of the remaining activity was plotted against
time for each concentration of inhibitor. A secondary
plot of t1/2 obtained from the first plot versus 1/[inactiva-
tor] was constructed to determine KI and kinact values16


for the inactivator.


Compound 8 potently inhibited GABA-T in a time-de-
pendent and concentration-dependent manner (Fig. 1,
KI = 470 lM, kinact = 0.061 min�1, and kinact/
KI = 0.129 mM�1 min�1). Surprisingly, KI value is so
low, indicating that the phenol moiety has even a stron-
ger affinity for the active site of the enzyme than the car-
boxylic acid of its substrate. The results are supported
by the fact that (3-hydroxybenzyl)-hydrazine inhibits
more potently GABA-T than methylhydrazine.12


Inactivation by 8 was prevented by addition of a-keto-
glutarate to the incubation, indicating that the inacti-
vation occurs at the active site and 8 is bound to
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PMP form of the coenzyme to form Schiff base 12
(Fig. 2). So far, most of the published GABA-T inac-
tivators are bound to PLP form of the enzyme as
GABA analogues. Like 7, however, 8 appears to be
an analogue of a-ketoglutarate. Furthermore, as
shown in Figure 2, addition of b-mercaptoethanol to
the incubation of 8 with the enzyme led to a signifi-
cant decrease in inactivation rate. 8 was possibly
chemically trapped in the presence of b-mercap-
toethanol, resulting in the protection from inactivation
(Scheme 3). Inactivation of GABA-T with 8 followed
by removal of excess inactivator using gel filtration
results in no return of enzyme activity, indicating that
the inactivation is irreversible. However, 7 is a revers-
ible inhibitor, and major difference in inhibitory
manner resulting from introduction of a vinyl group
is very interesting and important.


The Michael addition mechanism of inactivation by
vigabatrin may be used in rationalization of the inac-
tivation by 8. In the Michael addition mechanism,
vigabatrin undergoes azaallylic isomerization via the
normal catalytic process of GABA-T, leading to a
reactive intermediate (9, Scheme 2). This intermediate
is hydrolyzed partly to give the transamination
product 10. The remainder undergoes nucleophilic
attacked to give adduct 11. Compound 10 also may
be attack on by the active-site nucleophile to result
in adduct 11 prior to its release from the active site.8


Pan et al. also reported that (1s, 3s)-3-amino-4-meth-
ylenyl-1-cyclopentanoic acid could be catalyzed by
GABA-T to yield an a,b-unsaturated ketone, which
may return to the active site of the enzyme and
become covalently attached to the enzyme, leading
to the enzyme’s inactivation.9 By comparisons of
the structures between 2 and 7, and between 10
and 8, it was concluded that 8 is similar to 10 in
structure. Thus, like 10, 8 is a potent electrophile
and a Michael acceptor, so that it may be attacked
on by the active-site nucleophile to result in forma-
tion of adduct 13 after 8 reacted with the coenzyme
to form Schiff base 12. Since 10 may be converted
into adduct 14 in the presence of b-mercap-
toethanol,17 it is obvious that 8 can be trapped by
the nucleophile via a Michael addition. The
conjugative effect of the benzene ring may result in
low KI value of 8, according to 7, but decrease the

electrophilic reactivity of 8, thus leading to low kinact


value of 8. We will further investigate its metabolites
to confirm the presumed mechanism.


It should be noted that based on the present and
previous results, the phenol moiety may mimic the
carboxylic acid functionality in the case of a-ketoglu-
tarate or GABA binding to GABA-T. Introduction
of a phenol moiety may not only result in a stronger
affinity for GABA-T, but also increase lipophilicity
and rigidity of drug candidates. GABA is a small
polar and hydrophilic molecule and does not cross
the blood–brain barrier, but GABA-T inhibitors that
are slightly more lipophilic than GABA and thus do
cross the blood–brain barrier, such as vigabatrin,
may elevate GABA concentration in brain. Our
results suggest that introduction of a phenol moiety
might be very useful to design GABA-T inhibitors
that could be more effective at crossing the blood–
brain barrier. Moreover, design of conformationally
rigid analogues of vigabatrin has been an active area
of research in recent years because vigabatrin was
found to be associated with the irreversible visual
field defects18 and is catalyzed by GABA-T to pro-
duce a potent electrophile.8 Apparently, introduction
of the phenol moiety may increase the conformation-
al rigidity of its inhibitors. Substitution of a phenol
moiety for the carboxylic acid of vigabatrin is
probably an interesting and worthy work.


GABA analogues inactivating GABA-T could
potentially inhibit pyridoxal 5 0-phosphate (PLP)-de-
pendent glutamate decarboxylase (GAD) and thus
inhibit synthesis of GABA. Gabaculine, for example,
an irreversible inactivator of GABA-T,19 also inacti-
vates potently GAD.20 Therefore, structural analogues
of succinic semialdehyde (2) are useful as selective
inactivators of GABA-T. So far, however, only two
analogues of succinic semialdehyde, 3,5-dioxocyclohex-
anecarboxylic acid21 and 5-fluoro-4-oxopentanoic
acid,22 were found to inactivate only the PMP form
of the enzyme. Although 8 has some potentially side
and toxic effects as a Michael acceptor, these results
may give a clue to the design of a novel class of
GABA-T inhibitors that inactivate only the PMP form
of the enzyme.


In summary, 4-acryloylphenol was found to inactivate
potently the enzyme in a time-dependent manner. The
inactivation was protected by a-ketoglutarate, indicat-
ing that it is active site-directed. The presumed mecha-
nism involving a Michael addition was proposed to
elucidate the inactivation. The present work is the first
successful attempt to design GABA-T inactivator using
4-hydroxybenzaldehyde as a lead compound. The results
also suggested future directions for the design of more
potent GABA-T inhibitors.
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Abstract—A series of 3-arylpropionic acids were synthesized as S1P1 receptor agonists. Structure–activity relationship studies on the
pendant phenyl ring revealed several structural features offering selectivity of S1P1 binding against S1P2–5. These highly selective
S1P1 agonists induced peripheral blood lymphocyte lowering in mice and one of them was found to be efficacious in a rat skin trans-
plantation model, supporting that S1P1 agonism is primarily responsible for the immunosuppressive efficacy observed in preclinical
animal models.
� 2006 Elsevier Ltd. All rights reserved.
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Modulation of biological actions of sphingosine-1-phos-
phate receptors (S1Ps)—members of the G protein-
coupled receptor superfamily—has emerged as a new
paradigm for the discovery of therapeutic agents.1


FTY720 (1, Fig. 1) is a synthetic analog of myriocin,
an antifungal antibiotic isolated from entomopathogen-
ic fungus Isaria sinclairii.2 As a novel immunosuppres-
sant, FTY720 has progressed to phase III clinical trials
in the prevention of allograft rejection after renal trans-
plantation and phase II for the treatment of multiple
sclerosis.3 The mechanism of its action has been pro-
posed to be that 1 is phosphorylated in vivo to mono-
phosphate 24 which is an agonist of S1P1,3,4,5 receptors
but not S1P2,5 and that S1P1 agonism redirects the
trafficking of peripheral naı̈ve and activated CD4 and
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Figure 1. Structures of FTY720 (1), its metabolite FTY720-phosphate


(2), two azetidine-3-carboxylic acids (3 and 4), and lead S1P1 receptor


agonist 5.
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CD8 T cells and B cells from systemic circulation into
secondary lymphoid organs, resulting in the observed
immunosuppressive efficacy in preclinical animal mod-
els.6 The primary adverse effect observed in clinical trials
of FTY720 is transient and asymptomatic bradycardia;
S1P3 agonism has been shown to be responsible for
the acute cardiovascular toxicity observed in rodents.7


We have recently disclosed several series of amino acids
as potent and orally bioavailable S1P1 agonists selective
against S1P3 (exemplified by 3 and 4, Fig. 1).8–11 Com-
pound 3 is a potent S1P1 agonist (IC50 = 1.2 nM) with
good to moderate selectivity over other S1P subtypes
(440-fold over S1P3, 1350-fold against S1P4, and 20-fold
over S1P5). In comparison, compound 4 is a more
potent S1P1 agonist (IC50 = 0.6 nM) with excellent selec-
tivity against S1P3 (20,000-fold), but its selectivity over
other subtypes is low (120-fold over S1P4 as a weak
antagonist and non-selective against S1P5). While phys-
iological actions of other S1P subtypes remain to be
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Scheme 1. (a) Zn(CN)2, Pd2(dba)3, dppf, H2O, DMF, 120 �C; (b) NH2OH


(4 h)—100 �C (14 h) (14–60%); (d) NaOH, CH3OH, rt (63–100%); (e) methy


70 �C; (f) 10% Pd/C, H2 (15 Psi), CH3OH, rt, (49% over two steps); (g) derivat


TFA, CH2Cl2, rt (81%); (i) BrZn(CH2)nCO2Et, n = 3 and 5, Pd[P(tBu)3]2, 1,4-


NMP, THF, 80 �C.

further elucidated,12–14 investigation that establishes
the connection of S1P1 and alterations in lymphocyte
trafficking makes it desirable to have an S1P1-specific
agonist as an immunosuppressant. Here we describe
the discovery of a series of 3-arylpropionic acids as po-
tent S1P1 agonists derived from lead compound 5.15


Structure–activity relationship studies of the left-hand
side pendant phenyl ring identify several structural
motifs offering S1P1 agonists selective against all other
known S1P subtypes.


Based on the structural similarity between azetidine-3-
carboxylic acid 4 and lead compound 5, we decided to
introduce a carboxylic acid group to the right-hand side
phenyl ring of 5 at the position para to the oxadiazole
ring, where it may interact potentially with negatively
charged residues of S1P1 receptor (e.g., Arg120 and
Arg292).16 The distance—defined by the number (n) of
methylene groups—between the carboxylic acid group
and the phenyl ring was varied incrementally to optimize
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Table 2. S1P functional binding affinities (EC50, nM) for compounds


having 3,4-disubstituted pendant phenyl ringa


O
N


NO


CO2HR


X


Compound R X S1P1 S1P3 S1P5


13a CF3 0.09 110 40


13b CF3 0.4 460 260


13c H3C CF3 3.2 >10,000 2600


13d F 1.9 4070 530


13e Cl 0.2 1500 140


13f CH3 0.2 460 210


13g Br <0.08 230 43
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S1P1 binding potency. These analogs can be readily pre-
pared from commercial materials using known synthetic
methods. Synthesis of analogs having n = 0 and 1 fea-
tured palladium catalyzed cyanation (Scheme 1a). Syn-
thesis of analogs having n = 2 utilized Heck coupling
reaction (Scheme 1b). The low yielding (�10%) for the
formation of amidoxine 12 from methyl 3-phenylpropi-
onate was circumvented by using corresponding tert-bu-
tyl ester instead. Synthesis of analogs having n = 3 and 5
exploited Neigishi coupling (Scheme 1c).17 Finally, prep-
aration of pyridine analogs was achieved using either
properly derivatized pyridine carboxylic acids or chemi-
cal modification of intermediate 19 (Scheme 1d).


S1P binding affinities (IC50) of the new compounds were
determined in competitive binding assays of [33P]-la-
beled S1P ligand on Chinese hamster ovary (CHO) cell
membranes stably expressing S1P receptors.5a Their
respective functional binding affinities (EC50) were
determined by measuring the ligand-induced uptake of
[35S]GTPcS by CHO cell membranes stably expressing
S1P receptors.5a All tested compounds were found to
be full agonists of S1P1,3,5 and inactive (IC50 > 10 lM)
against both S1P2 and S1P4. This class of carboxylic
acids appeared significantly more potent when evaluated
for functional activity as compared to receptor binding.
While reasons for such shift are not fully understood at
present, they are not unprecedented and with these com-
pounds we found EC50 values a better guide for inter-
preting in vivo activity. Compound-induced peripheral
blood lymphocyte (PBL) lowering in mice was measured
by the reduction percentage of the absolute PBL counts
determined at a three-hour time point after the oral
administration of the test compound in comparison to
those from vehicle controls.5a The murine PBL lowering
has been previously shown to correlate with immuno-
suppressive efficacy in rodents.18


Among all carboxylic acids with varying distance be-
tween the phenyl ring and the carboxylic acid group,
3-phenylpropionic acid 14 was the most potent S1P1


agonist (Table 1). Its S1P1 binding affinity was improved
about sixfold in comparison to 5; whereas, its selectivity

Table 1. S1P functional binding affinities (EC50, nM) for compounds


with varying distance between the carboxylic acid and the right-hand


side phenyl groupa,b


NO


N
n


CO2H


Compound n S1P1 S1P3 S1P5


5 — 2.4 >10,000 266


9a 0 467 >10,000 >10,000


9b 1 830 >10,000 4000


14 2 0.4 160 591


17a 3 14 1100 840


17b 5 12 1220 1080


a Ligand-induced uptake of [35S]GTPcS on CHO cell membranes


expressing S1P receptors. Data are reported as means for n = 3


measurements. SD were generally within ±20% of the average.
b The EC50 values of S1P2 and S1P4 are generally greater than 10 lM.

against S1P3 was significantly decreased and selectivity
against S1P5 was enhanced just about twofold. Com-
pound 14 was also found to lower murine PBL modestly
versus vehicle after a 1 mpk po dose. In contrast, com-
pounds having distance other than n = 2 showed greater
than fivefold S1P1 binding potency loss. Based on these
data, 3-arylpropionic acids were selected for further
investigation.


3-Arylpropionic acids having a pendant 3,4-disubstitut-
ed phenyl group demonstrated significant potency
enhancement (Table 2). Analog 13a is a 90 pM S1P1

13h OCH3 1.1 620 270


13i CN <0.08 1100 6.5


13j CN 0.07 470 15


13k
F3C


CN 0.03 500 3.1


13l
F3C


F3C
CN 0.1 340 0.7


13m
F3C


CN 0.11 1600 44


a Ligand-induced uptake of [35S]GTPcS on CHO cell membranes


expressing S1P receptors. Data are reported as means for n = 3


measurements. SD were generally within ±20% of the average.
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agonist, and its selectivity against S1P3 and S1P5 was
about 1200- and 450-fold, respectively. It was also able
to lower murine PBL maximally versus vehicle after a
0.1 mpk po dose. Changing isopropyl group into ethyl
and methyl groups led to the incremental loss of S1P1


binding affinity. Replacement of 3-trifluoromethyl
group of 13a yielded a series of potent S1P1 agonists.
Among them, bromide 13g and nitrile 13i were found
to be full agonists even at the lowest testing concentra-
tion (80 pM) in S1P1 functional binding assay. Com-
pound 13i showed greater than 14,000-fold of
selectivity against S1P3 and 80-fold over S1P5 and low-
ered PBL maximally versus vehicle after a 0.1 mpk po
dose. Chloride 13e is a potent S1P1 agonist with good
selectivity against both S1P3 (7500-fold) and S1P5


(700-fold). One methyl group extension of isopropyl
group in 13i led to 13j having almost threefold decrease
in selectivity against S1P3. Fluorination on the isopropyl
group of 13i resulted in equipotent S1P1 agonists but
loss of selectivity against S1P3. The latter, but not the
former, was observed previously with 2-aryl(pyrroli-
din-4-yl)acetic acids.11 Analog 13m is a potent S1P1 ago-
nist and has good selectivity against S1P3 (16,000-fold)
and S1P5 (400-fold). Both 13e and 13m were able to low-
er murine PBL modestly and maximally versus vehicle
after a 0.3 mpk po dose, respectively (Table 3).


Another lead structure we have pursued in the hope of
identifying S1P1 specific agonists was pyridine analog
19a—a modest potent S1P1 agonist with excellent selec-
tivity against both S1P3 and S1P5. Replacement of

Table 3. S1P functional binding affinities (EC50, nM) for test


compounds having substituted pyridyl ringa


R N


NO


CO2H


Compound R S1P1 S1P3 S1P5


19a
N


nBu


16.0 >10,000 >10,000


19b
N


3.4 1200 >1000


19c N


F F


0.9 470 820


19d


N


88 >1000 >1000


19e


NO


208 >10,000 >10,000


19f


NO


Cl
0.7 950 950


19g
NOF3C


Cl
0.1 160 24


a Ligand-induced uptake of [35S]GTPcS on CHO cell membranes


expressing S1P receptors. Data are reported as means for n = 3


measurements. SD were generally within ±20% of the average.

n-butyl group with isobutyl resulted in about fivefold
potency enhancement. Fluorination of isobutyl group
led to further enhancement (fourfold); however, selectiv-
ity of S1P1 against S1P3 and S1P5 was again attenuated;
an instance was observed previously with 2-aryl(pyrroli-
din-4-yl)acetic acids.11 Translocation of the nitrogen on
the pyridine ring of 19b away from the oxadiazole ring
gave 19d, which was found to be 25-fold less potent.
Conversion of isobutyl group of 19d to isopropyloxy
furnished 19e with significant potency loss. Remarkably,
introduction of chlorine ortho to isopropyloxy of 19e
exhibited almost 300-fold potency gain, with 1400-fold
of selectivity against both S1P3 and S1P5 receptors.
Again, fluorination of isobutyl group of 19f led to fur-
ther sevenfold potency increase, but its selectivity
against both S1P3 and S1P5 was substantially decreased.
Compounds 19f and 19g showed modest ability to lower
murine PBL modestly versus vehicle after a 3 mpk po
dose and modestly after a 0.3 mpk po dose, respectively.


Rat pharmacokinetics for selected 3-arylpropionic acids
generally showed low clearance (except for pyridine
analog 19f), low volume distribution, and good oral
bioavailability (Table 4). But regardless of structural
variations on the pendant phenyl ring, 3-arylpropionic
acids all exhibited relatively short halflives in rat.


To demonstrate that an S1P1 agonist selective against
all other S1P subtypes could maintain the immunosup-
pressive efficacy of 1, compound 13m, which has the
shortest half life in rat and good selectivity against
S1P3,5, was selected to test in a skin allograft model,
using the MHC–disparate combination of DA (donor)
and Lewis (recipient) rats.19 Compound 13m (1.5 mpk/
day or 4.5 mpk/day, n = 6 rats, delivered via Alzet
mini-osmotic pumps placed in the peritoneal cavity)
and 1 (1 mpk/day, po, n = 6 rats) were administered
one day prior to graft transplantation, until graft death.
The median graft survival times were 11 days (vehicle,
n = 8 rats), 13 days (13m at 1.5 mpk/day), 14 days
(13m at 4.5 mpk/day), and 12 days (1). Graft survival
was statistically significantly enhanced by treatment
with either 1 or 13m (at either dose), but there was no
statistically significant difference between treatment with
either 1 or 13m. Treatment of 13m at higher dose, how-
ever, prolonged graft survival significantly better than
with lower one. The degree of PBL lowering achieved
at day 7 in rat, post-transplantation, was found to be
maximal for 1 and 13m at both doses, respectively.


In conclusion, a series of 3-arylpropionic acids—struc-
turally complementary to the other series of S1P1 ago-
nists discovered in these laboratories—have been
identified as potent and selective S1P1 receptor agonists.
Structure–activity relationship studies on the pendant
phenyl ring allowed for the identification of several
S1P1 potent agonists with high selectivity against other
S1P subtypes. These highly selective S1P1 agonists can
effectively lower peripheral blood lymphocytes in mice.
Compound 13m was tested in a rat skin transplantation
experiment and found to be immunosuppressive compa-
rable to 1. 3-Arylpropionic acids exhibit overall good
pharmacokinetic properties except that they have







Table 4. Rat pharmacokinetic parameters of selected 3-arylpropionic acidsa


Compound Rat PK


13a Clp = 8.7 mL/min/kg, Vdss = 1.1 L/kg, t1/2 = 1.1 h, %F = 88.0


13e Clp = 5.7 mL/min/kg, Vdss = 0.4 L/kg, t1/2 = 0.8 h, %F = 80.0


13i Clp = 2.3 mL/min/kg, Vdss = 0.2 L/kg, t1/2 = 0.7 h, %F = 53.0


13m Clp = 1.2 mL/min/kg, Vdss = 0.1 L/kg, t1/2 = 0.6 h, %F = 59.0


19f Clp = 13.5 mL/min/kg, Vdss = 0.9 L/kg, t1/2 = 1.0 h, %F = 78.3


a Plasma compound concentrations used to calculate pharmacokinetic parameters were obtained after iv administration (1.0 mpk) and po admin-


istration (2.0 mpk) of test compounds to male Sprague–Dawley rats (n = 2), respectively.
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relatively short half life in rat. Together, these results
suggest that 3-arylpropionic acids are suitable for fur-
ther investigation with the aim of identifying highly
selective S1P1 agonists with good overall physical prop-
erties and biological activities.
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Abstract—Fourteen compounds of 3,6-disubstituted-1,4-dihydro-1,2,4,5-tetrazine derivatives were prepared and their structures
were confirmed by single-crystal X-ray diffraction and the semi-empirical calculation of PM3 method. This reaction yields the
1,4-dihydro derivatives rather than the 1,2-dihydro derivatives. The central six-membered ring of 1,4-dihydro-1,2,4,5-tetrazine
has a chair conformation and therefore is not homoaromatic. Their antitumor activities were evaluated in vitro by SRB method
for A-549 and BEL-7402 cells, and MTT method for P-388 and HL-60 cells. The results show that there is one compound which
is highly effective against P-388 cells and one compound which is highly effective against HL-60 cells. So it is a kind of compound
which possesses potential antitumor activities and is worth to research further.
� 2006 Elsevier Ltd. All rights reserved.

1,2,4,5-Tetrazine derivatives have a high potential for
biological activity, possessing a wide range of antiviral
and antitumor properties, and these derivatives have
been widely used in pesticides and herbicides.1 1,2,4,5-
Tetramethyl-3,6-bis(phenylethynyl)-1,2,4,5-tetrazine has
been suggested as an antitumor agent.2 Although no
data about antitumor activities were reported, it was
the first indication that this kind of compound may pos-
sess potential antitumor activity. We are interested in
whether changing the structure is possible to improve
the antitumor activity or not.


Dihydro-1,2,4,5-tetrazine has four isomers, namely 1,2-,
1,4-, 1,6-, and 3,6-dihydro-1,2,4,5-tetrazine. There still
seems to be much confusion over the structures of 1,2-
and 1,4-dihydro-1,2,4,5-tetrazines, and the same com-
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pound is often formulated as both structures. For exam-
ple, the CAS number of both 3,6-diphenyl-1,2-dihydro-
1,2,4,5-tetrazine and 3,6-diphenyl-1,4-dihydro-1,2,4,5-
tetrazine is 14478-73-0.6a,b In most cases, the dihydro
structure which would be the first reaction product is
presented, or authors have formulated their compounds
in the dihydro structure which seemed to be the most
accepted at that time.1a Most scientists3 believe that
the dihydro structure is 1,2-dihydro-1,2,4,5-tetrazine.


Fourteen compounds4 of 3,6-disubstitutedihydro-
1,2,4,5-tetrazines (1 or 2) and 3,6-disubstituted-1,2,4,5-
tetrazines (3) were prepared. The route of synthesis is
shown in Scheme 1. The results are summarized in
Table 1. However, IR, 1H NMR, and MS studies failed
to prove whether the hydrogen or the nitrogen is located

ity; Chair conformation.
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at the 4 or 2 positions (compounds 1 or 2). Their struc-
tures were confirmed by single-crystal X-ray diffraction

N(1a)
N(2a_3)


N(1


C(1a_3)


N(2a_3) C(1a


C(1a) N(2a)


N(1a)


N(1a_3)


Figure 1. X-ray structure of 1d.


Table 1. Synthesis of compounds (1) and (3)


Compound R Yield (%) Mp (�C)


1a Ph 83.2 190–1923b


1b p-CF3Ph 85.5 213–216


1c p-ClPh 71.1 250–2525


1d p-ClC6H4CH2 32.0 193–194


1e


N


CH3


50.3 211–213


1f o-ClPh 54.4 208–2106


1g
ClHO


35.1 250 (d)


3a Ph 98.8 195–1967


3b p-CF3Ph 99.5 186–1888


3c p-ClPh 87.4 228–2309


3d p-ClC6H4CH2 91.2 131–132


3e


N


CH3 
47.2 179–180


3f o-ClPh 51.8 178–1806


3g
ClHO


33.2 239–241

and the semi-empirical calculations using the PM3
method.


The single-crystal structure of 1d was determined by
X-ray crystallography.10 The molecular structure of 1d
is illustrated in Figure 1. In 1d, the N(2a)@C(1a)[1.272
(3) Å] bonds correspond to typical C@N double bonds,
and the N(1a)–N(2a_3)[1.502 (4) Å], N(2a)–N(1a_3)
[1.502 (4) Å], and N(1a)–C(1a)[1.422 (4) Å] bond lengths
correspond to typical single bonds. Therefore, the
tetrazine ring is the 1,4-dihydro structure, the compound
being 3,6-bis(4-chlorobenzyl)-1,4-dihydro-1,2,4,5-tetraz
ine (1d), rather than the 3,6-bis(4-chlorobenzyl)-1,2-dihy
dro-1,2,4,5-tetrazine (2d). So the products (1 or 2) have
the 1,4-dihydro structure rather than the 1,2-dihydro
structure.


The energy of compounds 1a, 2a, 1d, and 2d has been
calculated by the semi-empirical calculation of PM3
method in Gaussian 98 procedure.11 The results show
that the value of Hartree–Fock of compound 1a
(HF = 0.2003401 a.u.) and 1d (HF = 0.1676137 a.u.) is
lower than that of 2a (HF = 0.2125709 a.u.) and 2d
(HF = 0.1814932 a.u.), respectively. So the structures
of compounds 1a and 1d are more stabilized than those
of 2a and 2d.


Homoaromatic structures have been demonstrated by
X-ray diffraction for the 1,6-dihydro structures.12 There
still seems to be some doubt as to whether the 1,4-dihy-
dro structures have homoaromaticity.13 In 1d, the atoms

a_3)
N(2a)


C(1a)


C(2)


C(3)


C(8) C(7)


C(6)
C(5)


C(4)


Cl(1)
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C(1a), N(2a), C(1a_3) and N(2a_3) are coplanar, and
the adjacent N(1a_3) and N(1a) atoms deviate from
the plane by 0.5798(63) Å and �0.5798(63) Å, respec-

Table 2. The inhibition ratio for A-549 growth


Compound


10�4 10�5


1a 55.8 67.2


1b 70.3 22.0


1c 73.4 2.0


1d 64.5 17.8


1e 2.6 3.6


1g 65.3 80.3


3a 60.4 9.5


3b 51.5 44.4


3c 52.3 35.1


3d 58.4 29.1


3e 93.5 9.8


3f 8.2 2.8


3g 7.6 62.3


Table 3. The inhibition ratio for P-388 growth


Compound


10�4 10�5


1a 87.6 69.0


1b 47.7 36.9


1c 65.9 51.0


1d 48.8 15.5


1e 0.0 0.0


1g 89.0 0.0


3a 15.5 0.0


3b 40.2 2.5


3c 0.0 0.0


3d 65.8 57.1


3e 34.9 0.0


3f 0.0 0.0


3g 92.5 90.7


Table 4. The inhibition ratio for HL-60 growth


Compound


10�4 10�5


1a 82.1 16.1


1e 96.3 13.6


3a 35.1 16.4


3b 43.7 7.0


3c 66.7 12.2


3d 85.4 22.3


3e 94.3 96.6


Table 5. The inhibition ratio for BEL-7402 growth


Compound


10�4 10�5


1a 54.0 14.3


1e 94.9 8.3


3a 41.7 7.4


3b 21.3 12.6


3c 27.4 0.1


3d 61.2 0.0


3e 93.0 23.8

tively. The dihedral angle between C(1a), N(2a),
C(1a_3), N(2a_3) plane and N(1a), C(1a), N(2a_3) plane
or N(1a_3), C(1a_3), N(2a) plane is 43.03 (34)�. The

Concentration (mol/L)


10�6 10�7 10�8


5.4 10.2 0.0


0.0 0.0 0.0


4.7 0.0 7.1


3.0 10.1 7.8


0.0 0.0 0.0


0.0 0.0 0.0


20.3 27.1 29.7


33.0 19.5 9.7


29.0 19.4 16.1


9.3 8.9 0.0


0.0 0.0 0.0


5.6 14.6 12.6


16.4 0.0 0.0


Concentration (mol/L)


10�6 10�7 10�8


0.0 0.0 0.0


15.2 13.8 9.1


36.0 19.4 4.9


4.4 2.9 0.0


0.0 0.0 0.0


0.0 0.0 0.0


0.0 0.0 0.0


0.0 0.0 0.0


0.0 0.0 0.0


13.1 1.1 8.7


0.0 0.0 0.0


0.0 0.0 0.0


91.2 88.0 82.8


Concentration (mol/L)


10�6 10�7 10�8


2.9 2.6 17.2


2.9 2.6 17.2


13.9 13.9 0.0


5.8 1.4 0.0


0.0 4.0 0.0


13.5 21.1 7.6


7.0 9.1 4.2


Concentration (mol/L)


10�6 10�7 10�8


0.0 0.0 0.0


0.0 0.0 0.0


0.0 0.0 0.0


0.0 0.0 0.0


0.0 0.0 3.4


0.0 0.0 6.0


0.0 0.0 2.8
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central six-membered ring of 1d, the tetrazine ring, has
an obvious chair conformation and therefore is not
homoaromatic.


The antitumor activities in vitro for these compounds
were evaluated by SRB method for A-549 and BEL-
7402 cells, and MTT method for P-388 and HL-60 cells.
The results are summarized in Tables 2–5.


Usually, when the concentration of the compound solu-
tion is 10�6 mol/L, the inhibition ratio of the solution to
cancer cell growth is more than 50%, or when the con-
centration of the compound solution is 10�5 mol/L,
the inhibition ratio of the solution to cancer cell growth
is more than 85%, the compound is considered as
strongly effective. According to this standard, it can be
found from Tables 2–5 that there is one compound
(3g) that has a very strong effect against to P-388 cells.
The inhibition ratio of the solution to cancer cell growth
is more than 80% in 10�8 mol/L. And there is one com-
pound (3e) that has a strong affect against HL-60 cells.


The different group of 3,6-positions has prodigious
diversity of antitumor activity. Changing the group of
3,6-positions is possible to improve the antitumor activ-
ity. So 1,4-dihydro-1,2,4,5-tetrazine is a kind of com-
pound which may have potential antitumor activities.
It is a good lead compound that warrants further
investigation.
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Abstract—A series of N-{1-[(3-thioxo-5,6-dihydroimidazo[2,1-c][1,2,4]thiadiazol-7-ylthio)thiocarbonyl]-2-imidazolidene}arylsulf-
onamides (2a–z) was obtained by reacting 6,7-dihydro-1H-imidazo[2,1-c][1,2,4]thiadiazol-3-thione (1) with arylsulfonyl chlorides.
The relationships between structure and anti-tumor activity revealed that compound 2o with p-Cl substituent at the phenyl ring
was most active (�log GI50 > 8.00, �log TGI = 7.66) and was found to exhibit high selectivity toward the leukemia CCRF-
CEM cell line (Df = 3.08 and 3.31, respectively).
� 2006 Elsevier Ltd. All rights reserved.
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In recent years 1,2,4-thiadiazole derivatives have been
found to possess a broad pharmacological potential.
They act as allosteric modulators1,2 or antagonists3 of
adenosine receptors, melanocortin MC4 receptor ago-
nists,4 potassium channel openers,5 cyclogenase 2 inhib-
itors6 as well as anti-angiogenic7 and anti-bacterial
agents.8,9 Promising non-ATP competitive glycogen
synthase kinase 3b (GSK-3b) inhibitors10 and acetylcho-
linesterase inhibitors11 with 1,2,4-thiadiazolidinone ring
system were also discovered as promising candidates for
development of Alzheimer’s disease pharmacotherapy.


Moreover, following the finding that 1,2,4-thiadiazoles
may act as thiol trapping agents,12 novel liver transglu-
taminase (TGase) inhibitors13 and cathepsin B14 inhibi-
tors were synthesized. As shown in Figure 1, the
proposed enzymatic mechanism involves the nucleophil-
ic attack of the active site cysteine thiol at the sulfur
atom leading to the formation of a disulfide bond upon
the opening of the 1,2,4-thiadiazole ring.13
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On the other hand, aromatic and heteroaromatic sulfon-
amides have emerged as important therapeutic agents
for the development of anti-tumor drugs acting as po-
tent inhibitors of tumor-associated carbonic anhydrase
isozymes IX and XII.15–19


Finally, compounds bearing a dithiocarbamate moiety,
such as brassinin and its synthetic analogues, have
recently been found to act as potent inhibitors of indole-
amine 2,3-dioxygenase which plays a role in undermin-
ing immune response to tumor growth, and therefore,
they emerge as a new potential anti-cancer therapeutic.20


In this paper, we wish to describe a facile method for the
preparation of novel class of sulfenamide compounds
incorporating all the above-mentioned pharmacophoric
groups: the 1,2,4-thiadiazole ring, arylsulfonamide and
dithiocarbamate moieties, which exhibit structure
dependent in vitro anti-cancer activity.
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The starting 6,7-dihydro-5H-imidazo[2,1-c][1,2,4]thia-
diazol-3-thione (1) was obtained by reacting 2-hydroxyl-
amino-4,5-dihydroimidazoliun-O-sulfonate with carbon
disulfide in the presence of triethylamine as described
previously.21 Compound 1 was found to react with
alkylating reagents as well as with acetic acid anhydride
to give the corresponding N-7 alkylated or acetylated
products.21


However, as shown in Scheme 1, the reaction of 1 (2 mo-
lar equivalents) with variously substituted arylsulfonyl
chlorides (1 molar equivalent) carried out in pyridine
solution at 0–20 �C, unexpectedly, led to the formation
of thiocarbonylsulfenamides 2a–z in 55–90% yield.22


Structure of these products was confirmed by elemental
analyses, IR as well as 1D and 2D NMR spectroscopic
data (Supporting Information).


Apparently, at the first step of the reaction sequence the
electrophilic attack of N-arylsulfonyl pyridinium cation
at the N-1 nitrogen atom of 1 takes place to give inter-
mediate A, which subsequently upon nucleophilic attack
of the chloride anion undergoes ring opening with the
formation of thiocarbonyl sulfenyl chloride B. The latter
compound reacts with a second molecule of 1,2,4-thia-
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diazole 1 present in the reaction mixture to give the final
product 2 incorporating both the sulfenamide and
sulfonamide moieties.


It should be pointed out that cleavage of sulfenamide
S–N bond upon treatment with hydrobromic acid lead-
ing to the formation of corresponding sulfenyl bromides
and amines was previously described.23 However, no
information has been found in chemical literature
regarding S–N bond scission upon treatment with
arylsulfonyl chlorides.


In contrast, the reaction of 1 with methanesulfonyl
chloride carried out under similar conditions furnished
the expected N-7 substituted product 3 (Scheme 2).
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Structure of sulfonamide 3 was confirmed by X-ray sin-
gle crystal analysis (Supporting Information). Different
reactivity of methanesulfonyl chloride may be explained
by initial formation of the sulfene (CH2@SO2) in pyri-
dine solution, which then reacts readily with N7-H
group of 1.


All the compounds 2a–z were tested against a panel of
approximately 60 human tumor cell lines (NCI60).
Details of this test system and the information, which
is encoded by the activity pattern over all cell lines, have
previously been published.24–27


The systematic modification of substitution pattern at
the phenyl ring of the compounds 2 enabled us to eluci-
date the important structure–activity relationships. First
of all, we have found that in this series the potency and
selectivity of anti-tumor action is very sensitive to minor
structural modifications. Thus, the multiply substituted
congeners 2c, 2d, 2h, 2r, 2s, 2t, 2u, and 2v as well as com-
pounds with electron-withdrawing substituents such as
CF3 (2e), NHCOCH3 (2l) or NO2 (2m) were inactive.
Also analogues with bulky substituents such as phenyl

Table 1. Overview of the results of the in vitro anti-tumor screening for com


Compound No. of the cell lines giving positive log GI50
b, log TGIc


and log LC50
d


M


log GI50 log TGI log LC50


No Range No Range No Range log


2b 57 �6.94 to 49 �5.37 to 21 �5.03 to �4.


�4.49 �4.01 �4.02 2.


2f 55 �4.88 to 24 �4.58 to 5 �4.27 to �4.


�4.01 �4.01 �4.05 0.


2g 56 �5.79 to 48 �5.47 to 30 �5.14 to �4.


�4.49 �4.10 �4.03 1.


2i 58 �5.51 to 37 �4.89 to 12 �4.17 to �4.


�4.21 �4.02 �4.07 0.


2j 58 �5.69 to 51 �5.37 to 37 �5.08 to �4.


�4.36 �4.19 �4.04 0.


2k 58 �5.88 to 53 �5.24 to 37 �4.48 to �5.


�4.59 �4.01 �4.02 0.


2n 53 �7.56 to 23 �4.41 to 3 �4.09 to �4.
�4.14 �4.02 �4.04 2.


2o 56 <�8.00 to 39 �7.66 to 15 �6.15 to �4.


�4.24 �4.06 �4.04 3.


2p 56 �5.42 to 48 �4.73 to 25 �4.30 to �4.


�4.41 �4.09 �4.01 0.


2q 56 �5.83 to 52 �4.51 to 29 �5.18 to �5.


�4.54 �4.12 �4.02 0.


2x 39 �5.56 to 7 �4.95 to 0 >�4.00 �4.


�4.09 �4.01 1.


2z 57 �5.60 to 34 �4.49 to 6 �4.14 to �4.


�4.21 �4.01 �4.01 0.


a Data obtained from the NCI’s in vitro disease—oriented human tumor cel
b The log of the molar concentration that inhibits 50% net cell growth.
c The log of the molar concentration leading to total growth inhibition.
d The log of the molar concentration leading to 50% net cell death.
e MG_MID = mean graph midpoint = arithmetical mean value for all teste


concentration interval, the highest tested concentration was used for the ca
f The reported data represent the logarithmic difference between the param


parameter. Delta is considered low if <1, moderate >1 and <3, high if >3.

(2w) and naphthyl (2y) did not pass the preliminary
tests, whereas other compounds exhibited reasonable
activity against one or more tumor cell lines (Table 1).


Relatively highest sensitivity to the compounds
described here was found for cell lines of leukemia and
renal cancer (Table 2, Supporting Information). Thus,
compounds 2f, 2g, and 2i bearing strong electron-donat-
ing OCH3 group showed rather marked inhibitory activ-
ity (�log GI50 = 4.63–5.79) against renal RXF393 and
UO-31 cell lines. However, the highest activity against
tested tumor cell lines was exhibited by compounds 2o,
2p, and 2q with electron-withdrawing Cl substituent at
positions o-, p-, and m- of phenyl ring, respectively.
The most active compound 2o (�log GI50 = 8.00, �log
TGI = 7.66) was also found to exhibit high selectivity to-
ward leukemia CCRF-CEM cell line (Df = 3.08 and
3.31, respectively; Table 2, Supporting Information).


We further tested the abilities of the compounds to
inhibit cell growth in the human bladder cancer cell lines
5637 and RT-4, the human pancreas cell line YAPC, the
human breast cancer line MCF-7, the human cervix

pounds 2b, 2f, 2g, 2i, 2j, 2k, 2n, 2o, 2p, 2q, 2x, and 2za


G_MIDe and


Df for


Most sensible cell lines


GI50 log TGI


83 �4.36 Melanoma LOXIMVI, ovarian cancer SK-OV-3


11 1.01


46 �4.1 Melanoma LOXIMVI, renal cancer ACHN


42 0.48


78 �4.37 Renal cancer UO-31, RXF 393


01 1.1


65 �4.19 Renal cancer RXF 393


86 0.7


96 �4.49 Leukemia CCRF-CEM, RPMI-8226


73 0.88


03 �4.52 Leukemia SR, CNS cancer SF-539


85 0.72


57 �4.08 Leukemia RPMI-8226, non-small cell lung


cancer HOP-9299 0.35


92 �4.35 Leukemia CCRF-CEM, HL-60(TB)


08 3.31


81 �4.33 Leukemia CCRF-CEM, renal cancer RXF 393


61 0.4


14 �4.59 CNS cancer SF-539, renal cancer UO-31


69 0.92


27 �4.03 Leukemia HL-60(TB), SR


29 0.92


68 �4.16 Leukemia CCRF-CEM, RPMI-8226


92 0.33


l screen (see Refs. 5–7 for details).


d cell lines. If the indicated effect was not attainable within the used


lculation.


eter value referred to the most sensible cell line and the same mean
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cancer line SISO, and the human esophagus cancer cell
line KYSE-510. Full details on the method of testing
have been described elsewhere,28 but unlike the NCI
testing method,26 which exposes cells to compound for
48 h, this method exposes cells to the test compound
for 96 h. Furthermore, our method is based on staining
the cells with crystal violet instead of sulforhodamine B
(SRB).


Five of the six cell lines show about an equal average
sensitivity to the compounds, while the KYSE-510 cell
line is particularly resistant to the compounds and no
compound gives a GI50 value below 20 lM (Table 3,
Supporting Information). Overall, the new compounds
have an in vitro activity comparable in potency to chlor-
ambucil. The 5637 cell line is the most sensitive to any
one single agent, with 2 m showing a GI50 value of
3.67 lM. However, this compound is not the most active
in all cell lines; in fact in the YAPC and RT-4 it is one of
the weakest. The 5637 cell line shows the greatest differ-
ence in the range of activities, with GI50 values ranging
from 3.67 to >20 lM; a 51% relative standard deviation
between the compounds over all 21 compounds is noted.
The other cell lines show considerably less dependency
on the structure of the compounds to inhibit cell growth.
Thus, a discussion of structure activity relationships is
limited to just the 5637 cell line.


The compounds with the best growth inhibitory activity
against the 5637 cell line possess electronegative (i.e., -I)
substituents in the phenyl ring, in particular NO2,
OCF3, and Cl. The position in the ring does not appear
to be a factor that influences growth inhibition since
o- (2o), m- (2p), and p- (2q) substituted Cl-derivatives
all have about the same activity. The presence of a sec-
ond chloro-substitutent increases activity slightly. The
presence of three methyl groups (2c) gives one of the
most active compounds. A single methoxy group in

the phenyl ring has no effect on activity (compare 2a
with 2g or 2f) but a p-phenoxy group (2x) leads to an
activity reduction. On the other hand, the presence of
a p-phenyl group (2w) increases activity slightly.


In conclusion, variations in the substitutents in the
phenyl ring of arylsulfenamides lead to changes in the
potency of in vitro anti-tumor activity; however, the rel-
ative changes are dependent on the cell line investigated.
Interestingly, the KYSE-510 cell line is insensitive to all
of the tested arylsulfenamides, suggesting an intrinsic
mechanism of resistance to these compounds.


The mechanism of anti-proliferative action of the com-
pounds 2 has not been investigated in detail. However,
we have recently found that upon heating in aqueous
DMF a facile cleavage of the sulfonamide S-N bond
of 2 takes place leading to the radicals A and B, as
shown in Figure 2.29 Recombination of sulfur radials
B gives rise to the formation of disulfide C, while radical
B may react further with water molecule to give 6,7-
dihydro-5H-imidazo[2,1-c][1,2,4]thiadiazol-3-thione (1)
and hydroxyl radical which upon subsequent recombi-
nation may form hydrogen peroxide. Thus, the reactive
oxygen species which play important role in apoptosis
may be responsible for anti-proliferative action of the
compounds 2.


Further experiments aimed at confirming the above
mechanism are planned and will be reported in due
time.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bmcl.2006.
04.067.
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21. Sączewski, F.; Sączewski, J.; Gdaniec, M. J. Org. Chem.
2003, 68, 4791.


22. General procedure for the synthesis ofN-{1-[(3-thioxo-
5,6-dihydroimidazo[2,1-c][1,2,4]thiadiazol-7-lythio)-thio-
carbonyl]2-imidazolidene}arylsulfonamides (2a–z). 6,7-
Dihydro-5H-imidazo[2,1-c][1,2,4]thiadiazole-3-thione (1)
(0.5 g, 3.14 mmol) was dissolved in pyridine (10 mL).
The resulting solution was cooled to 0 �C and a
corresponding sulfonyl chloride (1.89 mmol) was added.
The reaction mixture was stirred for 12 h at room
temperature. Then, water was added (15 mL) and the
solution was concentrated under reduced pressure to
half of its initial volume. The oily product 2 thus
obtained was purified by either crystallization or column
chromatography (see Supplementary material).


23. Benati, L.; Montevecchi, P. C.; Spagnolo, P. Tetrahedron
1993, 49, 5365.


24. The anti-tumor activity of a test compound is given by
three parameters for each cell line: log GI50 value
(GI50 = molar concentration of the compound that inhib-
its 50% net cell growth), log TGI value (TGI = molar
concentration of the compound leading to total inhibition
of net cell growth), and log LC50 (LC50 = molar concen-
tration of the compound leading to 50% net cell death).
Furthermore, a mean graph midpoint (MG_MID) is
calculated for each of the mentioned parameters, giving
an averaged activity parameter over cell lines. Selectivity
of a compound with respect to one or more cell lines of the
screen is characterized by a high deviation of the partic-
ular cell line parameter compared to the MG_MID value.


25. Boyd, M. R. Am. Assoc. Cancer Res. 1989, 30, 652.
26. Monks, A.; Scudiero, D.; Skehan, P.; Shoemaker, R.;


Poull, K.; Vistica, D.; Hose, C.; Langley, J.; Cronise, P.;
Vaigro-Wolf, A.; Gray-Goodrich, M.; Cambell, H.;
Mayo, J.; Boyd, M. J. Natl. Cancer Inst. 1991, 83, 757.


27. Weinsten, J. N.; Myers, T. C.; O’Connor, P. M.; Friend, S.
H., ; Fornance, A. J., Jr.; Kohn, K. W.; Fojo, T.; Bates, S.
E.; Rubinstein, L. V.; Anderson, N. L.; Buolamwini, J. K.;
van Osdol, W. W.; Monks, A. P.; Scudiero, D. A.;
Sansiville, E. A.; Zaharewitz, D. W.; Bunow, B.; Viswa-
nadhan, V. N.; Johnson, G. S.; Wittes, R. E.; Paull, K. D.
Science 1997, 275, 343.


28. Bracht, K.; Boubakari; Grünert, R.; Bednarski, P. J.
Anticancer Drugs 2006, 17, 41.
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Abstract—A series of novel cyclobutane derivatives as potent and selective NK1 receptor antagonists is described. Several com-
pounds in this series exhibited high in vitro binding affinity (Ki 6 1 nM), and potent inhibition of central NK1 receptor following
oral administration. Syntheses of these compounds are also described herein.
� 2006 Elsevier Ltd. All rights reserved.
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Substance P (SP) belongs to the tachykinin family of
neurotransmitters that selectively binds to the NK1


receptor. SP has been implicated in numerous patholog-
ical conditions in the central nervous system (CNS) and
peripheral tissues including pain, inflammation, depres-
sion, anxiety, and emesis.1 Hence, a NK1 antagonist
has potential therapeutic use in the treatment of wide
range of central and peripheral diseases.


The phenyl glycine-based structure 1 represents a prime
pharmacophore among the diverse chemotypes reported
to date as NK1 receptor antagonists. Structure 1 has
spawned several acyclic2,3 and cyclic NK1 antagonists4


where the nitrogen is tied together with the C1 or C2
carbon atom. Initially it appeared that the position of
the nitrogen relative to the diaryl ether portion of the
pharmacophore structure 1 is important but later it
was shown that the nitrogen position can be varied while
retaining good binding affinity (e.g., 2, IC50 =
0.95 nM).5


High affinity of structural type 2 prompted us to explore
other molecular scaffolds in place of piperidine. Herein,
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we report the discovery of a novel class of 3,3-disubsti-
tuted cyclobutane derivatives 3 as potent and selective
NK1 antagonists that have good CNS penetration and
are orally active in vivo. The cyclobutane ring provides
the structural novelty as well as the rigid conformation
support to the diaryl ether pharmacophore. Compounds
3 contain a methyl group at the benzylic position since it
has been reported in literature that such substitution im-
proves binding affinity and duration of in vivo activity in
the diaryl ether containing NK1 antagonists by decreas-
ing the benzylic site metabolism.6

CF3
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R2


3


Initially, we explored a series of 1-monosubstituted cyc-
lobutane analogues listed in Table 1. The synthetic route
for the preparation of the cyclobutanone compound 3a
and 1-monosubstituted cyclobutane derivatives 3b–h is
illustrated in Scheme 1.7 Alkylation of (R)-a-methyl
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Scheme 1. Reagents and conditions: (a) 2-hydroxyacetophenone, 2,6-


di-tert-butyl-4-methyl-pyridine, Tf2O, ClCH2CH2Cl, rt, 3 h, then 4,


80 �C, 4 h, 70%; (b) NaNH2/CH3PPh3Br, THF, rt, 24 h, 92%; (c) Zn–


Cu couple, Et2O/DME, trichloroacetylchloride, reflux, 5 days, 86%; (d)


Zn dust, AcOH, rt, 48 h, 82%; (e) BnNH2, NaBH(OAc)3, rt, 24 h, 94%;


(f) H2, 10% Pd/C, 1 atm, rt, 24 h, 81%; (g) ClCH2CH2Cl, Et3N,


CH3C(O)Cl, 0 �C, 2 h, 93%; (h) separation of isomers by HPLC on a


Chiralcel OD� column eluting with hexane/IPA (9:1); (i) i—


ClCH2CH2Cl, Et3N, ClCH2CH2CH2C(O)Cl, 0 �C, 3 h; ii—THF,


NaH, 0 �C, 15 min, then rt, 14 h, 80% over two-steps; (j) separation


of isomers by HPLC on a Chiralpak AD� column eluting with hexane/


IPA (9:1); (k) DMF, K2CO3, chlorotriazolinone, 0 �C, 9 h, 77%; (l)


MeOH, ammonium formate, 10% Pd/C, reflux, 1 h, 92%.


Table 1. NK1 receptor binding affinity and GFT inhibition for


compounds 3a–h


3a-h
CF3


O
PhF3C


R1


1


Compound R1 NK1
a Ki


(nM)


GFTb (% inh)


t = 4 h


3a @O 2.4 11


3bc –NH2 0.02 21


3cc –NHBn 0.3 25


3dc NH


N NH


H
N O


0.5 22


3e (trans) NHAc 0.1 23


3f (cis) NHAc 0.4 25


3g (trans)  
N


O
0.4 41


3h (cis)  
N


O
0.3 3


a See Ref. 11.
b See Ref. 13.
c 1:1 mixture of cis/trans isomers.
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3,5-bis(trifluoromethyl)benzylalcohol8 4 with the triflate
of the 2-hydroxyacetophenone in the presence of 2,6-di-
tert-butyl-4-methyl pyridine afforded the ketone 5. Wit-
tig olefination of ketone 5 provided alkene 6.9 Subjec-
tion of the olefine 6 to a [2+2] cycloaddition with
dichloroketene afforded isomeric dichlorocyclobutanone
7. Reduction of 7 with zinc in acetic acid gave the
cyclobutanone 3a. Reductive amination of 3a with ben-
zylamine afforded a cis/trans mixture of 3c. Hydrogena-
tion of the benzyl derivative 3c provided a cis/trans
mixture of amine 3b. Acetylation of amine 3b followed
by separation of the isomers by HPLC provided the
compounds 3e and 3f. Acylation of amine 3b with 4-
chlorobutyryl chloride followed by cyclization and sep-
aration of the isomers by HPLC afforded the lactam
analogues 3g and 3h.


The cis and trans configurations of compounds 3e–h
were assigned based on the NOE experiments. The triaz-
olinone compound 3d was prepared by alkylation of 3c
with chlorotriazolinone10 followed by deprotection of
the benzyl group by hydrogenation.


The in vitro NK1 binding and in vivo NK1 agonist-in-
duced gerbil foot-tapping (GFT) inhibition data for cyc-
lobutane derivatives (3a–h) are listed in Table 1. The
NK1 binding assay determines the affinity of these com-
pounds (3a–h) toward the NK1 receptor. The GFT inhi-
bition measures the potency of these compounds to
antagonize an NK1 receptor-mediated CNS effect
following oral administration. As shown in Table 1,
even the simple cyclobutanone compound 3a exhibited

good NK1 binding affinity (Ki = 2.4 nM). The change
of ketone to primary amine (3b) and secondary benzyl-
amine (3c) derivatives resulted in a significant improve-
ment in binding affinity with the unsubstituted primary
amine (3b, Ki = 0.02 nM) as one of the most potent
NK1 antagonist reported to date. However, both amines
3b and 3c displayed poor GFT activity (21% and 25%
inhibition of foot-tapping, respectively, at 1 mg/kg po
after a 4 h pretreatment time). The substitution on the
primary amine 3b with a triazolinone moiety which
had previously provided significant enhancement in
potency in the Merck piperidine series,15 did not lead
to activity improvement (3d, Ki = 0.5 nM, 22% GFT
inhibition) in the present cyclobutane series. We next
evaluated the effect of modification of amine to neutral
amide groups. Both trans- and cis-isomers (3e and 3f,
respectively) of the neutral N-acetyl amide retained







Table 2. NK1 receptor binding affinity and GFT inhibition for compounds 3i–o


CF3


O
F3C


R1
R2


3i-o


Compounds R1 R2 NK1
aKi (nM) GFTb (% inh.) t = 4 h


3i –NH2 –C(O)NH2 1 81


3j –C(O)NH2 –NH2 0.43 30


3k –NH2 –C(O)NHCH3 1 98


3l –C(O)NHCH3 –NH2 0.5 58


3m –NH2 –C(O)N(CH3)2 3.3 79


3n –NH2


O


N 1.3 13


3o –NH2


O


N
O


1.3 15


a See Ref. 11.
b See Ref. 13.
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excellent NK1binding activity suggesting that in addi-
tion to a basic amino group, the neutral polar groups
are also well tolerated. However, these compounds did
not provide improvement in the GFT activity. To in-
crease metabolic stability, we prepared cyclic amides
(lactams) 3g and 3h. The trans lactam analogue 3g which
maintained subnanomolar binding affinity (Ki = 0.4 nM)
displayed modest increase in GFT activity (41% inhibi-
tion) compared to 3e (23% inhibition). The correspond-
ing cis isomer 3h also exhibited good in vitro activity
(Ki = 0.3 nM) but provided considerably lower GFT
activity (3% inhibition). The lower GFT activity of the
3h compared to the corresponding trans isomer 3g
may be due to poorer pharmacokinetic profile of the
former. Overall, the lactam analogue 3g provided the
best combination of high NK1 binding affinity and good
oral in vivo activity in the 1-monosubstituted cyclobu-
tane series.


We next evaluated 1,1-disubstituted cyclobutane
analogues where an amide group (compounds 3i–o,
Table 2) was substituted at the carbon attached to the
amine.


The 1,1-disubstituted cyclobutane derivatives (3i–o)
were prepared by the synthetic route illustrated in
Scheme 2. Initially, we attempted to prepare amino-
amides 3i–o from the amino-acid 10 which could be ob-
tained from ketone 3a via Strecker reaction followed by
hydrolysis. Although amino-nitrile 9 was readily ob-
tained from 3a via Strecker reaction, hydrolysis of the
nitrile 9 to amino-acid 10 under either acidic or basic
conditions was unsuccessful. Consequently, an alternate
route that employs a hydantoin, which is a suitable
intermediate in the synthesis of amino-acids, was
explored.16 Heating a mixture of ketone 3a and standard
hydantoin formation reagents in a steel bomb, followed

by separation of isomers, afforded the hydantoin deriv-
atives 11a and 11b.17,18 The di-protection of hydantoin
11a with Boc-anhydride followed by hydrolysis under
basic conditions provided a 7:1 mixture of amino-acid
to Boc-protected amino-acid. The crude mixture was
treated with Boc-anhydride to afford Boc-protected ami-
no-acid 12. Coupling of 12 with amines in the presence
of PyBOP followed by removal of the Boc-moiety
with trifluoroacetic acid afforded the desired trans
amino-amides 3i, 3k, and 3m–o. Similarly the hydantoin
derivative 11b was converted to the cis amino-amides 3j
and 3l.


The biological data for the 1,1-disubstituted cyclobu-
tane analogues (3i–o) are shown in Table 2. The trans
analogue 3i led to significant loss of in vitro activity
compared to the monosubstituted lead amine com-
pound 3b (3i, Ki = 1 nM vs 3b, Ki = 0.02 nM) but con-
siderable improvement in the oral in vivo activity was
observed for 3i (3i, 81% inhibition vs 3b, 21% inhibi-
tion). Interestingly, the in vivo activity showed confor-
mational bias toward the trans isomer in the
disubstituted series, for example, the cis isomer 3j dis-
played inferior GFT activity (30% inhibition) com-
pared to the trans isomer (3i, 81% inhibition) despite
exhibiting 2-fold better binding affinity. To see an ef-
fect of increasing lipophilicity, N-alkylated amides
(3k–m) were explored. The trans N-methylated amide
compound 3k retained good binding activity
(Ki = 1 nM) and demonstrated further improvement
in the in vivo activity (98% inhibition). The cis N-
methylated compound 3l also exhibited better GFT
activity (58% inhibition) compared to the unsubstitut-
ed analogue 3j. Additional methyl substitution on the
amide NH was found to decrease the binding affinity
(3m, Ki = 3.3 nM) as well as the in vivo activity (79%
inhibition). Further increase in size to cyclic amides
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Scheme 2. Reagents and conditions: (a) NaCN, BnNH2, AcOH,


MeOH, reflux, 19 h, 98%; (b) acidic or basic hydrolysis; (c) i—KCN,


(NH4)2CO3, EtOH/H2O (1:1), steel bomb, 90 �C, 36 h; ii—separation


of isomers, 11a (46%) and 11b (43%); (d) (Boc)2O, DMAP, THF, rt,


3 h, then 1 M aq LiOH, THF, rt, 24 h; (e) (Boc)2O, satd aq NaHCO3,


THF, rt, 24 h, (88%) over two-steps; (f) PyBOP, i-Pr2EtN, CH2Cl2,


0 �C, 30 min then rt, 1 h, then appropriate amine, rt, 24 h; (g) TFA,


CH2Cl2, rt, 24 h, 60–80% over two-steps.
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(3n,o) was found to decrease GFT activity. Overall,
the 1,1-disubstituted acyclic amide cyclobutane
analogues (e.g., 3i,k,m) displayed superior oral in vivo
activity than the 1-monosubstituted compounds
despite the reduced binding affinity.19


In conclusion, we have identified a novel series of
cyclobutane derivatives as potent and selective NK1


antagonists.20 The initial lead (compound 3b,
Ki = 0.02 nM) was optimized to afford compounds
with good CNS penetration and oral in vivo activity.
The 1,1-disubstituted amine-amide analogues 3i and
3k provided the best combination of high NK1 affin-
ity (Ki = 1 nM) and excellent in vivo GFT activity
(>80% inhibition at 1 mg/kg after a 4 h pretreatment).
Further details of the SAR effort to improve potency
in this class of NK1 antagonists will be reported in
due course.

References and notes


1. (a) Duffy, R. A. Exp. Opin. Emerg. Drugs 2004, 9, 9; (b)
Seward, E. M.; Swain, C. J. Exp. Opin. Ther. Patent 1999,
9, 571.


2. (a) Owens, A. P.; Williams, B. J.; Harrison, T.; Swain, C.
J.; Baker, R.; Sadowski, S.; Cascieri, M. A. Bioorg. Med.
Chem. Lett. 1995, 5, 2761; (b) Swain, C. J.; Cascieri, M.
A.; Owens, A.; Saari, W.; Sadowski, S.; Strader, C.; Teall,
M.; Van Neil, M. B.; Williams, B. J. Bioorg. Med. Chem.
Lett. 1994, 4, 2161.


3. Owens, A. P.; Harrison, T.; Moseley, J. D.; Swain, C. J.;
Sadowski, S.; Cascieri, M. A. Bioorg. Med. Chem. Lett.
1998, 8, 51.


4. (a) Shue, H.-J.; Chen, X.; Shih, N-Y.; Blythin, D. J.;
Paliwal, S.; Lin, L.; Gu, D.; Schwerdt, J. H.; Shah, S.;
Reichard, G. A.; Piwinski, J. J.; Duffy, R. A.; Lachowicz,
J. E.; Coffin, V. L.; Liu, F.; Nomeir, A. A.; Morgan, C. A.;
Varty, G. B. Bioorg. Med. Chem. Lett. 2005, 15, 3896; (b)
Harrison, T.; Williams, B. J.; Swain, C. J. Bioorg. Med.
Chem. Lett. 1994, 4, 2733; (c) Harrison, T.; Williams, B. J.;
Swain, C. J.; Ball, R. G. Bioorg. Med. Chem. Lett. 1994, 4,
2545.


5. Stevenson, G. I.; MacLeod, A. M.; Huscroft, I.; Cascieri,
M. A.; Sadowski, S.; Baker, R. J. Med. Chem. 1995, 38,
1264.


6. (a) Shue, H.-J.; Chen, X.; Schwerdt, J. H.; Paliwal, S.;
Blythin, D. J.; Lin, L.; Gu, D.; Wang, C.; Reichard, G. A.;
Wang, H.; Piwinski, J. J.; Duffy, R. A.; Lachowicz, J. E.;
Coffin, V. L.; Nomeir, A. A.; Morgan, C. A.; Varty, G. B.;
Shih, N-Y. Bioorg. Med. Chem. Lett. 2006, 16, 1065; (b)
Swain, C. J.; Baker, W. R.; Cascieri, M. A.; Chicchi, G.;
Forrest, M.; Herbert, R.; Keown, L.; Ladduwahetty, T.;
Luell, S.; MacIntyre, D. E.; Metzger, J.; Morton, S.;
Owens, A. P.; Sadowski, S.; Watt, A. P. Bioorg. Med.
Chem. Lett. 1997, 7, 2959.


7. For more experimental details, see: Wrobleski, M. L.;
Reichard, G. A.; Shih, N.-Y.; Xiao, D. PCT Int. Appl.
WO 078376, 2003.


8. Reichard, G. A.; Stengone, C.; Paliwal, S.; Mergelsberg,
I.; Majmundar, S.; Wang, C.; Tiberi, R.; McPhail, A. T.;
Piwinski, J. J.; Shih, N.-Y. Org. Lett. 2003, 23, 4249.


9. Schlosser, M.; Schaub, B. Chimia 1982, 36, 396.
10. Cowden, C. J.; Wilson, R. D.; Bishop, B. C.; Cottrell, I.


F.; Davies, A. J.; Dolling, U.-H. Tetrahedron Lett. 2000,
41, 8661.


11. NK1 binding assay: Binding data are the average of two or
three independent determinations. Receptor binding assay
was performed on membrane preparations from CHO
cells in which recombinant human NK1 receptor was
expressed. [3H]-Sar-Met Substance P was used as the
ligand for the NK1 assay, at concentrations near the
experimentally derived Kd value. Ki values were obtained
using the Cheng and Prusoff equation.12


12. Cascieri, M. A.; Macleod, A. M.; Underwood, D.; Shiao,
L.-L.; Ber, E.; Sadowski, S.; Yu, H.; Merchant, K. J.;
Swain, C. J.; Strader, C. D.; Fong, T. M. J. Biol. Chem.
1994, 269, 6587.


13. The NK1 agonist GR73632 (3 pmol in 5 ll) was admin-
istered centrally to female Mongolian gerbils via icv
injection. Immediately following recovery from the anes-
thesia, gerbils were placed into clear Plexiglas boxes for
5 min, and the duration of foot-tapping was measured.
Foot-tapping was defined as rhythmic, repetitive tapping
of the hind feet. NK1 antagonists were administered orally
in 0.4% methylcellulose in distilled water at a dose of 1 mg/
kg (unless otherwise stated) at various pretreatment times
prior to injection of GR73632. Data are expressed as a
percent decrease (% inhibition) in the amount of time







M. L. Wrobleski et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3859–3863 3863

spent in foot-tapping compared to vehicle-treated
controls.14


14. Rupniak, N. M. J.; Williams, A. R. Eur. J. Pharmacol.
1994, 265, 179.


15. Ladduwahetty, T.; Baker, R.; Cascieri, M. A.; Chambers,
M. S.; Haworth, K.; Keown, L.; MacIntyre, D. E.;
Metzger, J. M.; Owen, S.; Rycroft, W.; Sadowski, S.;
Seward, E. M.; Shepeard, S.; Swain, C. J.; Tattersall, F.
D.; Williamson, D.; Hargreaves, R. J. J. Med. Chem. 1996,
39, 2907.


16. Conditions for hydantoin hydrolysis, see: Kubik, S.;
Meissner, R. S.; Rebek, J., Jr. Tetrahedron. Lett. 1994,
35, 6635, and references cited therein.


17. Refluxing the reaction mixture at atmospheric pressure led
to incomplete reaction. Heating in a steel bomb was
required to drive the reaction to completion.


18. The absolute configurations of compounds 11a and 11b
were assigned based on the absolute configurations of the
corresponding reduced cyclic urea products, which were
determined by NOE.

19. The improved in vivo activity of the 1,1-disubstituted
compounds could be due to their better CNS penetra-
tion. For example, the 1-monosubstituted compound 3b
and 1,1-disubstituted compound 3i have similar plasma
levels.


20. The compounds in the cyclobutane series exhibited good
selectivity over other neurokinin receptors. For example,
3b: NK2 = 25% inhibition at 3 lM; NK3 Ki = 4051 nM.
3e: NK2 = 26% inhibition at 3 lM; NK3 Ki = 631 nM. 3f:
NK2 = 23% inhibition at 3 lM; NK3 Ki = 2131 nM. 3k:
NK2 = 1.2% inhibition at 0.3 lM; NK3 Ki = 1999 nM.21


21. NK2 and NK3 binding assays: Binding data are the
average of two or three independent determinations.
Receptor binding assays were performed on membrane
preparations from CHO cells in which recombinant
human NK2 and NK3 receptors were expressed. [3H]Neu-
rokinin A and [125I]neurokinin B were used as the ligands
for the NK2 and NK3 receptor assays, at concentrations
near their experimentally derived Kd value. Ki values were
obtained using the Cheng and Prusoff equation.





		Cyclobutane derivatives as potent NK1 selective antagonists

		References and notes








Bioorganic & Medicinal Chemistry Letters 16 (2006) 3802–3805

Nanomolar inhibition of the enterobactin biosynthesis enzyme,
EntE: Synthesis, substituent effects, and additivity


Brian P. Callahan,* Joseph V. Lomino and Richard Wolfenden


Department of Biochemistry and Biophysics, University of North Carolina, Chapel Hill, NC 27599-7260, USA


Received 2 March 2006; revised 12 April 2006; accepted 12 April 2006


Available online 5 May 2006

Abstract—2,3-Dihydroxybenzohydroxamoyl adenylate (I) was prepared as a potential product analog inhibitor of EntE (EC#
2.7.7.58), a 2,3-dihydroxybenzoate AMP ligase from Escherichia coli that is required for the biosynthesis of enterobactin. This com-
pound, obtained by the aqueous reaction of imidazole-activated adenosine 5 0-phosphate and 2,3-dihydroxybenzohydroxamic acid,
is a competitive inhibitor with a Ki value of 4.5 · 10�9 M. Deletion of the catecholic 3-OH group of (I), in compound (II), reduced
inhibitory activity by a factor of 3.5, whereas, removal of both the 3-OH and 2-OH groups, in (III), reduced inhibitory activity by a
factor of �2000. Acetohydroxamoyl adenylate (IV), in which the entire catechol moiety of (I) is replaced by a hydrogen atom, gave
610% inhibition at 6 · 10�4 M, indicating a reduction in affinity by more than 105. The binding free energy of (I) is nearly equivalent
to the sum of the corresponding values for adenosine 5 0-phosphate and 2,3-dihydroxybenzoate.
� 2006 Elsevier Ltd. All rights reserved.

Siderophores are low molecular weight chelating agents
secreted by certain strains of infectious bacteria, includ-
ing Mycobacterium tuberculosis1 and Yersinia pestis2


(cause of plague), that require iron for virulence. Their
equilibrium constants (Ka) for association with free FeIII


are sufficiently high as to render chelation essentially
irreversible,3 and liberation of bound FeIII for cellular
use requires pathogen hydrolases that dismantle the fer-
ric siderophore itself.4 Because no equivalent systems
seem to be present in mammals, the enzymes involved
in siderophore biosynthesis5 represent logical targets
for the development of bactericidal agents.6–10


Here, we describe a new class of aryl adenylate analogs
with potent inhibitory activity against EntE, an enzyme
from Escherichia coli that catalyzes the formation of 3
equivalents of 2,3-dihydroxybenzoyl adenylate (DHB–
AMP) during the early stages of enterobactin biosynthe-

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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sis.11 Using the same number of serine residues, down-
stream enzymes tether the DHB moieties into a ring,
allowing each of the six catecholic hydroxyl groups to
coordinate FeIII (Scheme 1). Recent evidence suggests
that production of this siderophore by E. coli may be
correlated with virulence in urinary tract infections,12


and similar associations have been found for catecho-
late-type siderophores produced by the pathogens, Bru-
cella abortus and Vibrio anguillarum, which require the
action of EntE homologues (Table 1).


Like many adenylate forming enzymes, EntE binds its
product with high affinity, perhaps to protect DHB–
AMP from being exposed to attack by adventitious
nucleophiles in the cell and ensure that the labile acyl
group is available to holo EntB for the next enzymatic
transformation. By measuring the catalytic turnover of
pyrophosphate released from EntE, a rate constant of
0.4 min�1 has been determined for dissociation of the
EntE–DHB–AMP complex,11 much lower than dissoci-
ation rate constants of typical E–P complexes.13


We attempted to exploit the high affinity of the product
binding site by designing a stable mimic of DHB–AMP
as a potential inhibitor. This analog contains an N-acyl
hydroxamoyl phosphate group in place of the labile car-
boxylic–phosphoric anhydride linkage, a modification
that increases the distance between the AMP and aryl
moieties by 2 Å and renders the molecule unreactive.
The choice of a phosphoryl group, rather than an
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Scheme 1.


Table 1. DHB–AMP forming enzymes in microbial siderophore biosynthesis


EntE homologue Catecholate siderophore Microbe


DhbEa Bacillibactin Bacillus subtilis


AngEb Anguibactin Vibrio anguillarum (fish pathogen)


VibEc Vibriobactin Vibrio cholerae (cause of cholera)


DhbEd Brucebactin Brucella abortus (ruminant pathogen)


AgbEe Agrobactin Agrobacterium tumefaciens (plant pathogen)


a May, J. J.; Wendrich, T. M.; Marahiel, M. A. J. Biol. Chem. 2001, 276, 7209.
b Lorenzo, M. D.; Stork, M.; Tolmasky, M. E.; Actis, L. A.; Farrell, D.; Welch, T. J.; Crosa, L. M.; Wertheimer, A. M.; Chen, Q.; Salinas, P.;


Waldbeser, L.; Crosa, J. H. J. Bacteriol. 2003, 185, 5822.
c Wyckoff, E. E.; Stoebner, J. A.; Reed, K. E.; Payne, S. M. J. Bacteriol. 1997, 179, 7055.
d Bellaire, B. H.; Elzer, P. H.; Hagius, S.; Walker, J.; Baldwin, C. L.; Roop, R. M. 2nd. Infect. Immun. 2003, 71, 1794.
e Sonoda, H.; Suzuki, K.; Yoshida, K. Genes Genet. Syst. 2002, 77, 137.
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uncharged surrogate, was based on the X-ray structure
of the homologous enzyme from Bacillus subtilis, DhbE
(47% identical based on its amino acid sequence), which
shows a potentially favorable interaction between the
side chain of a conserved active site histidine residue
(H234) and the 5 0-phosphoryl group of bound DHB–
AMP.14


The preparation of hydroxamate-linked adenylate ana-
logs was conceptually similar to the syntheses of sulfa-
moyl-7 or tetrazolide-9linked analogs, but did not
require catalysts, protecting groups, or anhydrous
solvent conditions. Compound I was obtained by com-
bining imidazole-activated adenosine 5 0-phosphate
(AMP-Im)15 (0.2 mmol) with 2,3-dihydroxybenzohydr-
oxamic acid (DHB-Hx) (0.4 mmol) in 6 ml H2O at
25 �C, pH 7.0. After 1 h, 31P NMR16 showed 76% con-
version to I. The solution was passed over a Q-cellulose
column (1.25 · 35 ml) at a flow rate of 1.1 ml/min of
potassium phosphate buffer (0.025 M, pH 6.2) at 4 �C,
with the results shown in Figure S1. Fractions containing
I were pooled, concentrated in vacuo, and desalted using
a Sephadex G-10 column (38 · 1 cm). Results of high
resolution ESI/MS and 1H NMR were consistent with
the assigned structure.17 Stock solutions were stored at
�80 �C.


Compounds II–IV were prepared in a similar manner
except that the pH of the reaction was adjusted to a
value roughly midway between the pKa values of the

imidazolium group of AMP-Im18 and the respective
hydroxamic acid.19 For III and IV, reaction times were
extended to 24 h and the temperature lowered to 4 �C.
Yields for each of these analogs were >50%.20


Competitive inhibition experiments indicate that com-
pound I was bound by EntE with a Ki(app) value of
9 nM. That affinity is 102 more favorable than that of
DHB (Km, 2.7 lM) and 105 more favorable than that
of ATP (Km, 1120 lM),11 suggesting that I may interact
with both substrate binding sites at once.


Binding of compound I is competitive with respect to
substrate DHB. Figure S3 shows that increasing the
concentration of I results in an equivalent increase in
the apparent Km value of DHB. The Ki value of I, cor-
rected for substrate competition, is 4.5 nM. The strength
of this interaction appears to be substantially greater
than that reported for an adenylate analog inhibitor of
DhbE in which a sulfamoyl group replaces the native
phosphoryl group of DHB–AMP (Ki, 85 nM, 37 �C).10


A second sulfamoyl-linked analog has been reported
to inhibit the salicyl activating enzyme, YbtE, from
M. tuberculosis, but binding was noncompetitive with
respect to salicylate.7 Although trivial explanations for
different inhibitor modalities are possible, a likely expla-
nation is that, despite their sequence similarity (42%
identical based on amino acid sequence), EntE and
YbtE may follow different kinetic mechanisms (random
vs ordered, respectively).







Figure 1. Estimated free energy of dissociation of EntE with substrates


and inhibitors [DGdiss = �RTln (Kdiss)]. Asterisks indicate the algebraic


sum of the free energies of dissociation of the substrate, using Km


values reported by Rusnak et al., and AMP using the Ki(app) value of


9 · 10�4 M determined in this work. SAL: 2-hydroxybenzoate.
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To investigate the basis for the strong interaction be-
tween EntE and I, compounds II–IV were prepared
and tested as potential inhibitors, with the results sum-
marized in Table 2. Deletion of the catecholic 3-OH
group of I, in compound II, resulted in only a minor
(3.5-fold) reduction in the observed inhibitory activity.
For compound III, in which both hydroxyl groups are
removed, enzyme affinity was reduced by a factor of
2000. This result is in reasonable agreement with the
substrate specificity of EntE, described by Rusnak
et al.11 Thus, 2-hydroxybenzoate is activated by EntE
10-fold less efficiently (kcat/Km) than DHB, whereas 3-
hydroxybenzoate and benzoate are not acted upon by
EntE to any measurable extent. Together, these results
indicate the importance of binding interactions between
EntE and the catecholic 2-OH group. The superior inhi-
bition displayed by III, compared with IV (610% inhibi-
tion at 5.9 · 10�4 M), suggests that noncovalent forces
of attraction are also at work between the unsubstituted
benzene ring and the EntE active site (Table 2).


If compound I is represented as A–B, and its compo-
nents, AMP and DHB, are represented as A and B, it
would be of interest to know whether the free energy
of binding of A–B is equivalent to the sum of the free
energies of binding of A and B individually:


DGA�B
bind ¼ DGA


bind þ DGB
bind


Such a comparison, evaluating the additivity of inhib-
itor binding interactions, might be expected to be
sensitive to differences in entropy, strain, or solvation,
associated with binding of A–B relative to A or B.21


As shown in Figure 1, however, the binding of com-
pounds I and II appears to be purely additive.22 In
future experiments, it would be of interest to explore
the possibility that adjustments in the length and flex-

Table 2. Ki(app) values with EntE (uncorrected for substrate compe-
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ibility of the linker between the aryl and AMP moi-
eties of compound I might disturb that relationship,
and permit its two fragments to be bound
synergistically.


Compound I is a powerful inhibitor of EntE, suggest-
ing that the N-acyl hydroxamoyl phosphate group
effectively mimics the acyl phosphate group present
in DHB–AMP. Inhibitor synthesis is carried out in
water, gives high yields, and uses reactants that are
storable and in some cases commercially available.
Comparisons with the inhibitory activity of derivatives
II and III indicate that the catecholic 2-OH group is
critical for tight binding. Tight binding of the EntE–
I complex also appears to be a consequence of the
near additivity of the free energies of binding of its
AMP and DHB moieties.
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Abstract—Glutathione S-transferases (GSTs) are cytosolic enzymes that catalyze the conjugation of glutathione with a variety of
exogenous and endogenous electrophiles. High affinity, isozyme-specific inhibitors of GST are required for use as pharmacological
tools as well as potential therapeutics. The design of selective inhibitors is hindered due to the broad substrate binding capabilities of
the GST enzymes. GSTs are dimeric enzymes, and therefore offer a unique discriminator for achieving inhibitor selectivity: the dis-
tance between binding sites on each monomer unit as a function of its quaternary organization. Bivalent analogs of the non-selective
GST inhibitor ethacrynic acid were prepared, and selectivity for the GST A1-1 isozyme over GST P1-1 (IC50 values of 13.7 vs
1022 nM, respectively) was achieved through the optimization of the spacer length between the ethacrynic acid ligand domains.
� 2006 Elsevier Ltd. All rights reserved.
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Dimeric Protein A Dimeric Protein B
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Glutathione S-transferases represent a family of cytosol-
ic enzymes that catalyze the conjugation of glutathione
(GSH) to a variety of exogenous and endogenous elec-
trophiles,1,2 and are implicated in tumor cell resistance
toward chemotherapy agents.3 While recent studies have
focused on the GST P1-1 enzyme and its involvement in
cell proliferation,4 considerable interest has been paid to
the study of the related isozyme GST A1-1 and its role in
the regulation of lipid peroxides,5,6 which are important
regulators of apoptosis.7 A potent and selective inhibitor
of GST A1-1 would help further characterize its bio-
chemical role in acquired tumor cell resistance and
apoptosis, and potentially result in a useful adjuvant
to restore chemotherapeutic sensitivity in resistant
tumor cells.


The difficulty in the rational design of selective inhibi-
tors for GST lies in their inherent ability to bind and
conjugate a wide variety of hydrophobic substrates.
GSTs are dimeric proteins and therefore provide a un-
ique discriminator for selectivity: the differences in dis-
tance and environment between binding sites on each
monomer unit. This would allow selectivity to be engi-
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neered through the optimization of the spacer length
between ligand domains in a bivalent inhibitor.
‘Selective bivalency’ describes this concept of imparting
isozyme selectivity through spacer optimization to an
otherwise non-selective inhibitor. The concept of
selective bivalency is illustrated in Figure 1. In example
I, dimeric proteins A and B differ by the spatial

Dimeric Protein A Dimeric Protein B


III.


Figure 1. The concept of selective bivalency.
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Scheme 1. Synthesis of bivalent core 5. Reagents and conditions: (i) N-


bromosuccinimide, benzoyl peroxide; (ii) diethyl phosphite; (iii)


sodium azide; (iv) triphenylphosphine; (v) 2 N aqueous HCl, reflux;
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orientation of the binding sites on the individual mono-
mer units. The non-selective monovalent inhibitor will
bind to each monomer unit binding site with equal affin-
ity, and thus exhibit no selectivity. In example II, two
non-selective inhibitors are bound together by a spacer
of optimized length, resulting in bivalent inhibitor X
with enhanced affinity to dimeric protein A. The spacer
length chosen is too short to span the gap between the
binding sites of dimeric protein B, therefore bivalent li-
gand X does not exhibit the same increase in affinity
for dimeric protein B, resulting in an overall increase
in selectivity for dimeric protein A. In example III, the
spacer length in bivalent inhibitor Y is increased such
that it is able to bind both dimeric proteins A and B.
In this case, selectivity for either dimeric protein is not
observed.


While the concept of selective bivalency was utilized to
prepare potent and selective inhibitors of human glyox-
alase I,8 its use as a method to develop GST inhibitors
was first investigated by Lyon et al.9 in which bivalent
inhibitors based on S-nitrophenyl glutathione conju-
gates exhibited a 100-fold increase in affinity and a 10-
fold increase in isozyme selectivity for GST P1-1. In or-
der to develop selective bivalent inhibitors for GST A1-
1, the crystal structures of GST A1-110 and GST P1-111


co-crystallized with the non-selective GST inhibitor eth-
acrynic acid 112 (EA, Fig. 2) were analyzed. We hypoth-
esized that GST A1-1 selectivity could be achieved by
exploiting the spatial orientation differences between
the EA binding sites of GST A1-1 and P1-1. Bivalent
inhibitors comprised of EA ligand domains coupled to
various amino acid spacers linked to a bivalent core
were prepared and evaluated for inhibition against
GST A1-1 and GST P1-1.


The method used to prepare the bivalent inhibitors
based on EA was adapted to a solid-phase strategy to
allow for synthetic ease as well as the potential for future
combinatorial library development. This was accom-
plished by utilizing 3,5-diaminomethylbenzoic acid as
the bivalent core, which was synthesized in its protected
form as shown in Scheme 1. Methyl 3,5-diaminomethyl
benzoate 2 was treated with N-bromosuccinimide and
catalytic amounts of benzoyl peroxide, followed by
diethyl phosphite and diisopropylethylamine to yield
dibromo ester 3.13 Treatment with sodium azide,
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Figure 2. Ethacrynic acid and bivalent inhibitors based on ethacrynic


acid.

followed by reduction with triphenylphosphine14 and
subsequent acid-catalyzed ester hydrolysis resulted in
diamino acid 4. The free amines were then protected
using N-(9-fluorenylmethoxycarbonyl)oxysuccinimide
(Fmoc-OSu) to yield the protected bivalent core 5. The
bivalent core was then loaded onto Tentagel SRAM
resin using O-benzotriazole-N,N,N,N 0-tetramethyluro-
nium hexafluorophosphate (HBTU) as the coupling
agent with N-hydroxybenzotriazole (HOBt) as an
additive. Initial synthetic efforts to prepare the bivalent
inhibitors used Fmoc-protected spacer amino acids,
but HPLC and mass spectrometric analyses of the crude
products indicated that there were substantial amounts
of by-products containing one or two additional spacer
amino acid residues. A phthaloyl-based protection
scheme resulted in higher product purities, and this
protection strategy was then adopted for the bivalent
inhibitor series. Phthaloyl-protected amino acid spacers
of different lengths were then coupled to the bivalent
core using HBTU and HOBt. The phthaloyl group
was then removed using 1 M hydrazine in EtOH, and
the carboxyl group of EA was coupled to the resulting
free amine using HBTU and HOBt. In bivalent inhibitor
7, EA was directly coupled to the bivalent core molecule
to investigate the effects of having no spacer amino acid
present. In contrast, bivalent inhibitor 13 was
synthesized with a spacer consisting of three repeating
4-aminobutyric acid units to measure the effects of a
lengthy spacer between the EA ligand domains. As a
control, the monovalent analog 6 was also synthesized
using commercially available Fmoc-3-aminomethyl
benzoic acid as the monovalent core. The inhibitors
were then cleaved from the solid support by treatment
with 95% TFA/H2O and purified by semi-preparative
HPLC. The purified compounds were then evaluated
for inhibition of GST A1-1 and GST P1-1 mediated
GSH conjugation to 1-chloro-2,4-dinitrobenzene
(CDNB)15. GST A1-1 and GST P1-1 were expressed
in Escherichia coli and purified as described previously.9


The results are shown in Table 1.







Table 1. Evaluation of compounds 1, 6–13 on the inhibition of GST A1-1 and GST P1-1


Compound IC50 ± SE (nM) Selectivity A1-1/P1-1a Distance (Å)b


GST A1-1 GST P1-1


1c 5000 4000 0.8 N.A.


6 13,850 ± 1475 15,046 ± 1149 1.1 N.A.


7 32.7 ± 4.6 992.4 ± 180 30 19.28


8 24 ± 4 704 ± 38 29 26.97


9 13.7 ± 1.8 1022 ± 136 75 27.91


10 14.3 ± 1.4 624 ± 109 44 32.04


11 39.3 ± 5.0 46.1 ± 2 1.2 37.06


12 52.1 ± 5.3 31.0 ± 0.3 0.6 42.03


13 98.9 ± 7.8 142 ± 7 1.4 56.23


IC50 values are the average ± SEM of three independent experiments.
a Selectivity ratio = (GST P1-1 IC50) � (GST A1-1 IC50).
b Distances between the aromatic groups of the EA ligand domains were estimated using ChemDraw 3D (CambridgeSoft, Cambridge, MA) with the


bivalent inhibitors drawn and rendered in the fully extended state.
c IC50 values for EA obtained from Ploemen et al. (Ref. 12).
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Upon evaluation, the monovalent EA-based inhibitor 6
exhibited non-selective inhibition of GST A1-1 and GST
P1-1 with IC50 values of 13,580 and 12,500 nM, respec-
tively. The higher IC50 values seen for the monovalent
control would suggest that any improvement in inhibi-
tion observed for the bivalent analogs can be attributed
to factors other than favorable interaction between the
linker core with the enzyme. While bivalent inhibitors
7–10 all exhibited increased selectivity for GST A1-1
over GST P1-1, bivalent inhibitor 9 exhibited the highest
degree of selectivity (75-fold), as well as the lowest IC50


for GST A1-1 (13.7 nM). Incubation of GST A1-1 in the
presence of inhibitor 9 for a period of 2 h did not yield
any conjugation products by mass spectrometric analy-
sis (data not shown), suggesting that bivalent ligand 9
is not inhibiting GST A1-1 via covalent modification.


The estimated distance between the aromatic rings of
the pendant EA ligand domains in 9 corresponds well
to the measured separation distances of the bound EA
molecules in the crystal structure of GST A1-1 (27.91
vs 26.0 Å, respectively). As depicted in Figure 1, we
hypothesize that bivalent inhibitor 9 is able to bind in
a bivalent manner to GST A1-1, resulting in a large in-
crease in binding affinity in regard to both the parent EA
and the monovalent control. Due to its length, it is pos-
tulated that bivalent inhibitor 9 is unable to bridge the
distance between the GST P1-1 binding sites, therefore
precluding bivalent (but not monovalent) interaction
with GST P1-1. The increase in binding affinity to
GST A1-1 resulted in a large increase in overall selectiv-
ity for GST A1-1 over GST P1-1. This selectivity is lost
as the spacer is lengthened, as depicted in the IC50 values
for bivalent inhibitors 11, 12, and 13. In these cases, we
postulate that the distance between the EA ligand do-
mains was long enough to allow bivalent interaction
with GST P1-1, resulting in a dramatic increase in
GST P1-1 binding affinity and subsequent loss of GST
A1-1 selectivity.


In summary, the concept of selective bivalency was
applied to the non-selective inhibitor EA to impart selec-
tivity for GST A1-1. Bivalent inhibitors with varying
spacer lengths between the EA ligand domains were

prepared and evaluated for GST A1-1 and P1-1 inhibi-
tion. Bivalent inhibitor 9 exhibited markedly increased
selectivity for GST A1-1 with respect to EA as well as
the monovalent analog. To our knowledge, bivalent
inhibitor 9 represents a GST A1-1 inhibitor with the
highest affinity and selectivity reported in the literature
to date, as well as an example in which the concept of
selective bivalency was used to impart isozyme selectiv-
ity to a non-selective inhibitor between two dimeric pro-
teins belonging to the same enzyme family.
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Abstract—A new class of lymphocyte specific tyrosine kinase (lck) inhibitors based on an N-4,6-pyrimidine-N-alkyl-N 0-phenyl urea
scaffold is described. Many of these compounds showed low-nanomolar inhibition of lck kinase activity as well as IL-2 synthesis from
Jurkat cells. One of these analogs, 7i, was shown to be orally efficacious by in vivo testing in a rat adjuvant-induced arthritis study.
� 2006 Elsevier Ltd. All rights reserved.
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Lymphocyte specific protein tyrosine kinase (Lck), one
of the eight members of the Src family of tyrosine ki-
nases, is expressed on T-lymphocytes and natural killer
cells. Lck plays a critical role in T-cell antigen receptor
(TCR) signal transduction. Upon presentation of anti-
gens associated with the MHC complex to the T-cell ex-
pressed CD4/CD8 co-receptors, auto-phosphorylation
of Lck occurs initiating additional kinase activity.1,2


The immunoreceptor tyrosine activation motif (ITAM)
of the f chain of the CD3 subunit is phosphorylated
by Lck, leading to binding of ZAP-70 through its SH2
domain. This in turn leads to phosphorylation of
ZAP-70 by Lck.3 Following activation of additional
signaling molecules within the T-cell, Ca2+ is released
inducing calcineurin activation and the ultimate produc-
tion of interleukin-2 (IL-2) and interferon-c (INF-c)
cytokines.4 Expression of these cytokines leads to fur-
ther activation and proliferation of T-lymphocytes char-
acterized as the immune response.


The over-expression of pro-inflammatory cytokines has
been implicated in a number of autoimmune disorders
such as rheumatoid arthritis (RA), inflammatory bowel
disease (IBD), psoriasis, systemic lupus erythematosus
(SLE), and organ graft rejection. Lck �/� mice have
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been shown to lack proper T-cell development and acti-
vation.5 Therefore, selective inhibition of Lck by small
molecule inhibitors would provide an orally bioavailable
therapy for suppressing cytokine production and ulti-
mately treating autoimmune disorders.


We have previously investigated a series of trisubstituted
ureas for the inhibition of TNF-a production. Using
X-ray co-crystallization studies, the potent analog 1
(Fig. 1) was shown to bind to p38a MAP kinase.6 The
compound adopted a pseudo-bicyclic conformation
through internal hydrogen bonding between the urea
NH and one of the pyrimidine nitrogens. Compounds
from this class containing the 2,4-pyrimidine
substitution were not active when screened against lck

FF


1
TNF-a IC50 = 122 nM


Lck IC50 = >10 μM


2
Lck IC50 = 3.86 μM


Figure 1. Urea inhibitors of TNF-a and lck kinase.
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Table 1. In vitro activity for N-methyl ureas


N N


NN
H


HN


O


R
R1


Compound R R1 Lck IC50
a (lM)


2 F 2,6-di-Cl 3.86


7a F 2-Cl 1.82


7b Et2N 2-Cl 3.13


7c N


O
2,6-di-Cl 0.301


7d N


O
2-Cl-6-Me 0.190


7e N


O
2-Cl 4.29


7f N


N
2,6-di-Cl 0.006


7g N


N
2-Cl-6-Me 0.009


7h N


N
2-Cl 0.708


7i N
O


2,6-di-Cl 0.087


7j N
O


2-Cl-6-Me 0.028


7k N
O


2-Cl,6-CF3 0.096


7l N
O


2,6-di-F 0.418


7m N
O


2-MeO >10


a Standard deviation for the assay was ±15% or less.
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kinase. However, the closely related analog 2 (Fig. 1),
containing the 4,6-pyrimidine substitution, was shown
to have moderate potency toward inhibition of lck
kinase activity with an IC50 of 3.86 lM.


Recently, a patent application from Novartis disclosed
their efforts toward the development of a similar series
of trisubstituted ureas as protein kinase inhibitors.7 In
this manuscript, we would like to report the results of
our own independent efforts in the development of tri-
substituted ureas as lck inhibitors.


Synthesis of the 4,6-pyrimidine urea class of lck inhibi-
tors is exemplified in Scheme 1. Boc protection of 4-mor-
pholinoaniline (3) gave Boc-aniline 4. Addition of 4
to 4,6-dichloropyrimidine gave the anilino-pyrimidine
5. A second displacement with methyl amine using
microwave irradiation (250 W, CEM DiscoverTM micro-
wave synthesizer) led to the formation of diamino
pyrimidine 6. Urea formation was effected by reaction
of 5 with 2,6-dichlorophenylisocyanate. Finally, Boc
deprotection gave the desired urea 7c. The remaining
analogs in this report were synthesized using a modified
version of this route.


All compounds in this study were tested for inhibition of
lck kinase activity.8 When the N-2,6-dichlorophenyl
group was replaced with 2-chlorophenyl (7a), the lck
inhibition improved marginally (Table 1). Further
replacement of the 4-fluoroaniline with a 4-diet-
hylaminoaniline gave compound 7b which showed com-
parable lck inhibition to 2. Morpholinyl analogs 7c and
7d containing an N 0-2,6-disubstituted phenyl substituent
showed greatly improved lck potency. However, the cor-
responding N 0-2 substituted phenyl 7e showed much re-
duced activity. A similar trend was seen with the
corresponding N-methyl piperazine analogs 7f–7h,
although the compounds were relatively more potent
overall. We also observed sub-100 nM lck inhibition
for the 4-(2-diethylamino)-ethylether analogs 7i–7k.
An approximate 5-fold loss in potency was seen
when substituting an N 0-2,6-difluorophenyl for the
N 0-2,6-dichlorophenyl analog (7l vs 7i). As with the
N 0-2-chlorophenyl analogs, a significant loss of activity
was seen with the N 0-2-methoxyphenyl analog 7m.


Having explored some general SAR about the 6-pyrim-
idyl and urea N 0-positions, we next turned our attention
to the urea N-position. We replaced the N-methyl group
with various alkyl and aryl substituents as summarized
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Scheme 1. Synthesis of 4,6-pyrimidine urea 7c. Reagents and conditions: (a)


80%; (c) MeNH2, dioxane, microwave, 125 �C, 15 min, 79%; (d) 2,6-dichloro

in Table 2. The N-benzyl analog 8a containing an N 0-di-
substituted phenyl group showed modest activity.
However, other N-benzyl analogs containing an
N 0-chlorophenyl group (8b and 8c) lost all inhibitory
kinase activity. When the N-dimethylaminopropyl
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Boc2O, toluene, 110 �C; (b) 4,6-dichloropyrimidine, NaH, THF, 65 �C,


phenylisocyanate, toluene, 110 �C, 80%; (e) TFA, CH2Cl2, rt.







Table 3. 6-Pyrimidine substitution SAR


N N


N
H


N O


HN
R


R1


Cl


Cl


Compound R R1 Lck IC50
a


(lM)


9a Me 4-Et2N–(CH2)2OPh >10


9b Me N 2.35


9c N Me >10


9d N Me 5.99


9e
O


Me >10


9f
N


O
Me >10


a Standard deviation for the assay was ±15% or less.
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group was incorporated (8d–8g), kinase inhibition was
regained. The most potent analog, 8g, contained the
4-morpholinoaniline group. When the dimethylamino-
propyl group was replaced with a methylpiperazine
(8h), only minimal attenuation of activity was observed.
Substitution with a 4-pyridyl group (8i) conversely
caused a complete loss of activity.


We also investigated various alkylamino substitutions
at the 6-pyrimidyl position to replace the anilines used
to this point (Table 3). The methylamine analog 9a, a
urea regioisomer of 7i, was inactive toward lck inhibi-
tion. The N-dimethylaminopropyl analog 9b showed
some modest activity, but still much reduced compared
to the corresponding 6-pyrimidyl aniline derivatives.
While maintaining the N-methyl-N 0-2,6-dichlorophenyl
urea functionality constant, we looked at various 6-
alkylamino pyrimidine analogs (9c–9f). Several combi-
nations of linear and cyclic alkyl groups of various
tether lengths were tested, but none of these analogs
showed any appreciable activity. These results indicate
the importance of having an anilino substituent off the
6-position of the pyrimidine in order to produce lck
inhibition.

Table 2. Urea N-alkyl and phenyl SAR


N N


N
H


N O


HN


1


R


Cl


R2


R


Compound R R1 R2 Lck IC50
a (lM)


8a F CH2Ph Me 1.45


8b NEt2 CH2Ph H >10


8c NEt2
N


H >10


8d NEt2
N H 4.49


8e NEt2
N Me 0.971


8f N
O


N Cl 0.229


8g N


O
N Cl 0.155


8h N


O


N


N
Cl 0.230


8i N


O N
Cl >10


a Standard deviation for the assay was ±15% or less.

Next, we investigated an alternative substitution pattern
about the N 0-phenyl group of the urea. An initial lead in
the N 0-2,5-disubstituted phenyl analogs was the 5-meth-
oxy-2-methylphenyl derivative 10a (Table 4). We discov-
ered that demethylation of the methoxy group in 10a

Table 4. N 0-2,5-Disubstituted phenyl urea SAR


N N


N
H


N O


HN
R


R1


Compound R R1 Lck IC50
a (lM)


10a N
O


MeO 2.58


10b N
O


OH 0.003


10c N


O
OH 0.004


16a N
O O N


NH


O


0.004


16b N
O


0.032


18a N
O


N


O


HN
0.149


18b N
O


S


O


HN
0.052


18c N
O


F3C


H
N


O


0.003


a Standard deviation for the assay was ±15% or less.
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(BBr3, CH2Cl2, �78 �C to rt) gave 5-hydroxy-2-methyl
derivative 10b which showed excellent activity in the
kinase assay. The substitution of the pyrimidyl 4-(2-
diethylamino)-ethoxyaniline with a 4-morpholinyl
aniline (10c) did not result in any reduction in activity.


Based on the success of the N 0-5-hydroxy phenyl analogs
10b and 10c, we decided to extend the substitution at the
5-position of the N 0-phenyl group to include amide func-
tionality. Scheme 2 shows the synthesis of amides 16 and
18. Starting with anilines 119 or 12, formation of the cor-
responding isocyanates was effected by heating the
hydrochloride salts of the amides in the presence of
phosgene in a sealed tube to give 13 and 14. The Boc-
protected ureas 15 and 17 were formed using standard
conditions (see Scheme 1). Deprotection of the Boc
group in 15 gave the desired amide urea 16. Nitro analog
17 was reduced (H2, Pd/C) and the resulting aniline acyl-
ated and Boc-deprotected to give the reverse amide 18.
Table 4 shows the results of kinase inhibition experi-
ments for five of these analogs. Activities in the
3–149 nM range were observed for the various deriva-
tives, indicating that even larger, more extended ureas
were well tolerated in the assay. Perhaps most interest-
ing was the 10-fold difference in potency between the
two amide isomers 16b and 18c.


Compounds from above that showed promising lck
inhibition were progressed into further in vitro and

H2N R


a


OCN R


b


N N


R1N


Ar


N O


HN R d, e, c


11  R = C(O)NHR2


12  R = NO2


13  R = C(O)NHR2


14  R = NO2


15  R = C(O)NHR2, R1 = Boc
16  R = C(O)NHR2, R1 = H
17  R = NO2


N N


HN


Ar


N O


HN N
H


R3


O


18c


Scheme 2. Reagents and conditions: (a) (i)—1 M HCl, Et2O; (ii)—


phosgene, toluene, 100 �C; (b) 4,6-diaminopyrimidine, CH2Cl2; (c)


TFA, CH2Cl2; (d) 17, H2, Pd/C, MeOH; (e) NaOH (aq), CH2Cl2,


R3C(O)Cl.


Table 5. IL-2 inhibition and pharmacokinetic data for select ureas


Compound IL-2 IC50
a


(lM)


Solubility


(lg/mL)


CLint
b


(mL/min/kg)


Cmax


(ng/mL)


F


(%)


7c 2.90 3 48 9 0


7g 0.749 2 — — —


7i 0.862 38 40 394 66


7j 3.10 34 25 — —


10b 0.064 41 108 3 1


16a <0.010 1 — — —


18c <0.010 3 — — —


a IL-2 synthesis inhibition measured from Jurkat cells.
b Intrinsic clearance after 1 h for compounds (1 lM concentration)


tested in cryopreserved rat hepatocyte suspensions.

PK studies (Table 5). All compounds were tested for
inhibition of IL-2 production in a Jurkat cellular as-
say.10 Morpholinyl and piperazinyl analogs 7c and 7g
showed fair to good IL-2 inhibitory activity (2.90 and
0.749 lM). However, both of these compounds showed
poor aqueous solubility contributing to the reported
poor bioavailability for 7c. When the 4-(2-diethylamino-
ethoxy)-aniline was used (7i and 7j), the resulting com-
pounds again showed good to fair IL-2 activity, but
both compounds showed significantly improved aque-
ous solubility and good in vitro metabolism. Additional-
ly, 7i proved to be well absorbed orally in a rat PK study
(F% = 66%). The highly potent lck inhibitor 10b showed
equally strong potency in the IL-2 assay. The compound
also possessed good aqueous solubility. However,
metabolism studies showed a high intrinsic clearance
(CLint = 108 mL/min/kg)11 resulting in very poor oral
bioavailability. We then transitioned to the equally po-
tent amides 16a and 18c, which showed even greater rel-
ative inhibition of IL-2 production, but low solubility
prohibited further progression of these compounds into
PK studies.


Urea 7i was progressed further into an in vivo rat adju-
vant-induced arthritis study to test for oral efficacy. We
observed that 7i significantly (p < 0.01) inhibited hind
paw swelling when administered orally twice daily at
25 mg/kg for 7 days by 63% compared to vehicle-treated
control animals.14


In summary, we have reported a class of trisubstituted
ureas that have shown nanomolar activity for inhibiting
lck kinase activity. Six of the most potent analogs were
further tested for inhibition of IL-2 cytokine production,
showing a wide range of potencies. The urea analog that
showed the best profile from an in vitro activity and
pharmacokinetic stand point was tested for in vivo effi-
cacy. Urea 7i showed significant reduction in hind paw
swelling when tested in a rat adjuvant-induced arthritis
study. Therefore, this class of lck inhibitors shows prom-
ise as an orally bioavailable treatment for inflammatory
disorders.
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Abstract—A series of non-nucleoside HCV NS5B polymerase inhibitors based on the N-1-benzyl or N-1-[3-methylbutyl]-4-hydroxy-
1,8-naphthyridon-3-yl benzothiadiazine core substituted in the D-ring aromatic moiety have been prepared and evaluated. Aromatic
substituents extending from position 7 of the D-ring exhibited excellent potency against both genotypes 1a and 1b.
� 2006 Elsevier Ltd. All rights reserved.
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Hepatitis C virus (HCV) is a human pathogen affecting
approximately 3% of the world’s population.1 Left
untreated, HCV infection can lead to chronic hepatitis,
liver cirrhosis, and hepatocellular carcinoma. Viral iso-
lates of hepatitis C are classified into six genotypes with
genotypes 1 and 2 being the most prevalent in the Unit-
ed States, Europe, and Japan.2 The current standard for
drug therapy consists of a combination of pegylated
a-interferon (IFN-a) and ribavirin the use of which is
often limited by safety and tolerability issues. The
response rate for patients infected with viral genotypes
1, 4, 5, and 6 virus is approximately 48%, while patients
infected with genotypes 2 and 3 exhibit an 88% response
rate.3 Therefore, the need for more effective and tolera-
ble agents for the treatment of HCV, especially for
patients with genotype 1 virus, has stimulated an intense
research effort. Significant efforts have been directed
toward several targets within the HCV genome, includ-
ing NS3 protease/helicase complex and NS5B RNA-

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


doi:10.1016/j.bmcl.2006.04.022


Keywords: HCV NS5B polymerase; N-1-Benzyl or N-1-3-methylbutyl-


4-hydroxy-1,8-naphthyridon-3-yl benzothiadiazine.
* Corresponding author. Tel.: +847 937 5938; e-mail: todd.w.


rockway@abbott.com

dependent RNA polymerase (RdRp).4 Recent publica-
tions5–12 have described efforts toward the development
of small molecule inhibitors of NS5B RdRp. Nucleo-
side5 and non-nucleoside inhibitors binding within the
palm region7–10 of the NS5B RdRp as well as alloste-
ric6,11,12 inhibitors binding in the palm domain at the
junction with the thumb region of the enzyme have been
described. We recently described preliminary structure–
activity inhibition data of the non-nucleoside N-1-alkyl-
4-hydroxy-quinolon-3-yl benzothiadiazine class of
NS5B RdRp inhibitors.8 The benzothiadiazine class of
molecule is illustrated in Figure 1.

R1 = Benzyl (1) R1 = 3-Methylbutyl (2)


Figure 1. General naphthyridone-based benzothiadiazine structure


depicting the A-, B-, C-, D-rings, where the B-ring substituent is


designated by R1 and the D-ring substituent positions 5, 6, and 7 are


designated by R5, R6, and R7.
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Table 2. Effect of large or hydrophobic substituents on genotype 1


potency in the N-1-benzyl series of analogs


N N


N
H


S
N


O


O O


OH


R1


R7


R6


R5


Compound R1 R5 R6 R7 IC50 (lM)


1b 1a
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The benzothiadiazine class of HCV inhibitors can be de-
scribed as a tetracyclic system containing four distinct
regions defined by each of the rings labeled A, B, C,
and D. The A- and B-rings are represented by the N-
1-substituted-1,8-naphthyridonyl ring system, initially
described by Darcy et al. in 2003.13 The C- and D-ring
structure describes the benzothiadiazine moiety, where
the C-ring contains the cyclic amino sulfonamide moiety
and the D-ring is depicted by the aromatic ring moiety.


This report describes the synthesis and biological evalu-
ation of analogs based on both the N-1-benzyl-4-hy-
droxy-1,8-naphthyridon-3-yl benzothiadiazine class, 1,
and the N-1-[3-methylbutanyl]-4-hydroxy-1,8-naph-
thyridon-3-yl benzothiadiazine class, 2, possessing sub-
stituents on the D-ring in positions 5, 6, and 7. Initial
studies were directed toward an investigation of the ef-
fect of D-ring substituents on polymerase inhibition of
compound 1. The analogs in this series were designed
to test the effect of small D-ring substituents on enzyme
inhibition. Compound 1 was substituted with either
methoxy or hydroxy groups in positions 5, 6, and 7 on
the D-ring and most of the compounds exhibited potent
genotype 1b enzyme inhibition but weak genotype 1a
inhibition.


The data presented in Table 1 suggest that analogs
substituted in position 7 proved to be the least affected
by substituents, maintaining essentially the same poten-
cy as parent compound 1. Position 5, compound 3, and
position 6, compound 4, however, exhibited at least a
20- to 30-fold loss in potency compared to compound
1. Removal of the methyl group in compounds 3 and
4 produced compounds 6 and 7. In this case, compound
6 was equipotent to compound 1 against genotype 1b,
however, compound 7 showed no improvement in
potency from 4. We concluded from this study that po-
sition 6 in the D-ring was possibly very close to the en-
zyme and could not tolerate groups other than hydrogen
at this position. Inspection of the recently published X-
ray structure of compound 210 suggested to us that posi-

Table 1. Effect of D-ring hydroxy and methoxy substituents on


genotype 1 inhibition in the N-1-benzyl series of analogs18


N N


N
H


S
N


O


O O


OH


R1


R7


R6


R5


Compound R1 R5 R6 R7 IC50 (lM)a


1b 1a


1 Benzyl H H H 0.083 5.8


3 Benzyl OMe H H 2.12 18


4 Benzyl H OMe H 3.9 ND


5 Benzyl H H OMe 0.076 8.31


6 Benzyl OH H H 0.054 8.37


7 Benzyl H OH H 2.51 ND


a IC50 values in all tables are means of at least two independent


determinations, standard deviation ± 10%. Detailed protocols can be


found in the supplementary material.

tion 6 of the D-ring is indeed close to the protein. There-
fore, position 6 on the D-ring did not appear to be
amenable for further modification. However, the possi-
bility of improving potency with larger substituents in
positions 5 and 7 was still open to investigation.


Table 2 illustrates the effect of either hydrophobic or
larger polarizable substituents at position 5 or 7 on the
genotype 1 inhibition potency.


Small hydrophobic groups, for example, methyl groups,
are tolerated in both positions 5 and 7, compounds 8
and 9, respectively, with no loss in genotype 1b potency.
However, increasing the size of the substituent to bromo
produced a 3-fold loss in potency for the position 7 ana-
log (compound 10), and a 12-fold loss in potency for the
position 5 analog 11. We compared the effect of replac-
ing the benzyl group in the N-1 position on the B-ring,
compound 1 with a B-ring, N-1-3-methylbutyl substitu-
ent, compound 2. The potency for each compound in
genotype 1b was similar, however, the genotype 1a
potency of compound 2 was superior to compound 1,
exhibiting a 7-fold improvement in enzyme inhibitory
potency. We next tested the effect of either hydroxyl or
methoxy substituents in positions 5 and 7 on the more
potent compound 2. Table 3 illustrates the effect of these
substituents on genotype 1a and 1b inhibitory potency.

8 Benzyl H H Me 0.23 25.7


9 Benzyl Me H H 0.096 6.7


10 Benzyl H H Br 0.756 16.75


11 Benzyl Br H H 1.17 6.2


Table 3. Effect of methoxy and hydroxyl D-ring substituents on


genotype 1 inhibition in the N-1-[3-methylbutyl] series of analogs


N N


N
H


S
N


O


O O


OH


R1


R7


R6


R5


Compound R1 R5 R6 R7 IC50 (lM)


1b 1a


2 3-Methylbutyl H H H 0.041 0.81


12 3-Methylbutyl OMe H H 1.17 17.58


13 3-Methylbutyl H H OMe 0.065 1.13


14 3-Methylbutyl H H OH 0.042 0.39
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In this series of compounds, there is a more pronounced
effect of D-ring substituents on the genotype 1a enzyme
inhibitory potency. Although compound 13 is equipo-
tent to compound 5 in genotype 1b, compound 13 is
8-fold more potent in genotype 1a and 15- to 18-fold
more potent than the position 5 analog, 12, in both
genotypes 1a and 1b. Removal of the methyl group from
compound 13 produced compound 14, which exhibited
submicromolar potency in both genotypes 1a and 1b.
Although, the genotype 1b potency for both N-1-benzyl
and N-1-isoamyl series was similar, compound 14 was
chosen as the lead compound for further modification
because this analog possessed improved genotype 1a
potency.


Scheme 1 represents our synthetic approach for the
preparation of suitably substituted position 5 and 7 sul-
fonamide precursors. Provided the necessary aniline was
commercially available, the procedure described by Gir-
ard et al.14 successfully produced many position 5 and 7
substituted analogs.


The synthetic route described in Scheme 1 when applied
to meta-substituted anilines could provide two possible
compounds. An alternative procedure outlined in
Scheme 2 was used to prepare the corresponding posi-
tion 6 D-ring sulfonamide precursors. The method de-
scribed by Topliss et al.15 provided position 6 analogs
with unequivocal regiochemistry.


In order to rapidly prepare a diverse set of O-alkylated
position 7 D-ring derivatives, the synthetic route out-
lined in Scheme 3 was chosen.


The assembly of the 7-methoxy analog, 12, was achieved
according to literature procedures.8,14,15


Deprotection of the methyl group with boron tribro-
mide provided compound 14. Alternatively, removal of
the benzyl group from the 7-benzyloxy analog, 16, was
effected by refluxing 16 in THF for 1 h with ammonium
formate, palladium hydroxide, and 10% palladium on
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30 min; (c) 50% aqueous H2SO4, reflux, 4 h (42%); (d) EtCO2CH2-
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R1 = 3-Methylbutyl, 14 R1 = 3-Methylbutyl, 15- 23


Scheme 3. Reagents and conditions: (a) NaH, THF, reflux, 3 h then


HOAc, reflux, 1 h; (b) BBr3/solvent, �78 to 0 �C, 20 h; (c) RX/DMF,


Cs2CO3, TBAI, rt, 8–15 h.

carbon. All analogs listed in Table 4 were prepared from
compound 14 as outlined in Scheme 3.


Analogs possessing hydrophobic groups, compounds
15–17, exhibit modest to weak genotype 1b and 1a
potency. The incorporation of more polar substituents
in position 7, compounds 18–23, exhibited only a slight
(approximately 2- to 3-fold) improvement in genotype







Table 4. Comparison of non-polar and polar alkoxy D-ring position 7


substituents of compound 14 on Genotype 1 inhibition potencies


N N


N
H


S
N


O


O O


OH


R1


O
R4


Compound R1 R4 IC50 (lM)


1b 1a


15 3-Methylbutyl CH2CH2CH3 0.93 1.62


16 3-Methylbutyl CH2Ph 1.49 ND


17 3-Methylbutyl CH2CO2tBu 0.85 5


18 3-Methylbutyl CH2COOH 0.057 0.367


19 3-Methylbutyl CH2CONMe2 0.07 0.934


20 3-Methylbutyl CH2CONHMe 0.08 0.18


21 3-Methylbutyl CH2CONH2 0.016 0.046


22 3-Methylbutyl CH2CH2NH2 0.051 0.637


23 3-Methylbutyl CH2CN 0.025 0.141
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Scheme 4. Reagents and conditions: (a) NH4NO3, concd H2SO4, 0 �C,


30 min, 81%; (b) Fe, NH4Cl, MeOH/THF/H2O (3:3:1), 65 �C, 1 h,


65%; (c) RX, Cs2CO3, DMF, microwave, 100 �C, 1 h or RSO2Cl,


CH2Cl2, Et3N, 20 h, rt.


Table 5. Effect of D-ring position 7 amino substituents on genotype 1


inhibition


N N


N
H


S
N


O


O O


OH
NHR4


Compound R4 IC50 (lM)


HCV NS5B


genotype 1b


HCV NS5B


genotype 1a


24 H 0.023 0.31


25 CH2CN 0.024 0.12


26 CH2CONH2 0.034 0.47


27 COCF3 0.070 0.906


28 SO2Ph 0.007 0.041


29 SO2iPr 0.003 0.008


30 SO2(CH2)3CH3 0.005 0.022


31 SO2Me 0.006 0.002
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1b inhibitory potency compared to compound 13, but a
marked improvement in the inhibitory potency for geno-
type 1a. Compound 21 was approximately 10-fold more
potent in genotype 1a inhibitory potency over the pre-
cursor analog 14. The substantial improvement in
potency for compound 21 suggested to us that extension
from position 7 of the D-ring especially with a polar
group effected a more favorable interaction of the inhib-
itor with the enzyme. The recently published structure10


illustrated that position 7 of the benzothiadiazine D-ring
was amenable to substitution with polar groups which
extend into an open mainly hydrophilic region.


We investigated the effect on enzyme inhibition potency
when the oxygen atom at position 7 was replaced with a
nitrogen atom. The goal was to determine whether the
hydrogen bond-accepting capability of the oxygen atom
at position 7 was contributing to improved inhibitory
potency or the replacement with a potential hydrogen
bond-donating NH would improve the potency further.
We prepared a series of analogs according to the
sequence outlined in Scheme 4.


Nitration of compound 2 with ammonium nitrate in
cold concentrated sulfuric acid provided nitration exclu-
sively in position 7 of the D-ring in approximately
30 min. Reduction of the nitro group with iron and
ammonium chloride in refluxing methanol, tetrahydro-
furan, and water cleanly produced D-7 amino com-
pound, 24, in good yield. Alkylation of the amino
group using standard conditions, Cs2CO3, RX, DMF,
and room temperature, was sluggish requiring long reac-
tion times and low yields, even when heating to 100 �C.
Alternatively, alkylation of compound 24 was achieved
cleanly by heating the reagents mentioned previously
at 100 �C for 1 h in a microwave reactor.


Table 5 presents the genotype 1 inhibition for a series of
D-ring position 7 amino compounds. The two most po-
tent oxygen-alkylated analogs, 21 and 23, were prepared
in the amino series and exhibited no improvement in

genotype 1a and 1b inhibitory potency. In fact, com-
pound 26 was approximately 10-fold less potent in geno-
type 1a than the corresponding oxygen-alkylated analog
21. The amide analog, 27, showed no improvement in
potency, however, the incorporation of alkyl or phenyl
sulfonyl groups, compounds 28–31, improved potency
significantly. Compound 31 exhibited potent genotype
1 inhibition, approximately 3-fold more potent in geno-
type 1b than compound 21 and 20-fold more potent
than compound 21 in genotype 1a. Presently, we can
only speculate as to the importance of the NH versus
the oxygen with respect to improved enzyme inhibition.
Comparing the enzyme inhibition potencies between
analogs, 21 and 26, for example, compound 26 shows
a loss of approximately 10-fold in genotype 1a inhibition
suggesting that the position 7 amino group has either no
interaction with the protein or produces a different posi-
tion of the acetamide side chain such that the interaction







Table 6. Comparison of position 7 D-ring substituents on genotype 1b


inhibition in cell culture


N N


N
H


S
N


O


O O


OH
R4


Compound R4 HCV NS5B


genotype 1b


EC50 (lM)a


HCV NS5B


genotype 1b


EC50 (lM)a, 40%


human serum


21 OCH2CONH2 0.078 2.74


24 NH2 0.48 ND


26 NHCH2CONH2 0.45 ND


28 NHSO2Ph 1.69 ND


29 NHSO2iPr 0.11 ND


30 NHSO2(CH2)3CH3 1.00 ND


31 NHSO2Me 0.003 1.31


a EC50 values in all tables are means of at least two independent


determinations, standard deviation ± 10%. Detailed protocols can be


found in the supplementary material.
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of the side chain with the protein is weaker. The signif-
icant improvement in enzyme inhibition potency,
especially genotype 1a, for the sulfonamide analogs sug-
gests that this substituent apparently improves the
inhibitor–protein interaction, again, by extending a
polar substituent into a hydrophilic region. However,
without the aid of an X-ray structure of a compound
31–protein complex, we cannot determine whether any
significant protein–inhibitor interactions contribute to
the observed enzyme inhibitory potency enhancement.
Several analogs containing either D-7 alkoxy,
compound 14 or D-7 amino, compound 24, substituents
were evaluated in the cell-based HCV replicon
system16,17 against genotype 1b, and the data are listed
in Table 6.


Compound 21 exhibited an approximately 5-fold loss in
the cell-based system inhibition potency when compared
with the corresponding genotype 1b isolated enzyme
inhibitory potency. Analogs 24, 26, and 29 show a
10- to 40-fold loss in cellular inhibition potency while
analogs 28 and 30 exhibited a further loss (200-fold) in
cellular inhibitory potency when compared with the iso-
lated enzyme inhibitory potency. Analog 31, however,
showed no loss in cellular inhibitory potency when com-
pared with the corresponding enzyme inhibition poten-
cy. Compounds 21 and 31 were tested in the cell-based
HCV replicon system containing 40% human serum, in
order to determine the effect of plasma protein binding
on biological activity. Each compound showed an
approximate loss of 30- to 400-fold when compared to
the replicon assay performed in 5% fetal calf serum,
indicating the compounds to be highly plasma protein
bound. Compounds 21 and 31 were subsequently deter-
mined to be greater than 99% plasma protein bound.


Finally, we evaluated the pharmacokinetic properties of
compound 21 as an orally administered agent in rats.

The analog was administered as a solution in vehicle
at a dose of 5 mg/kg and exhibited 35% bioavailability.
The Cmax was low (0.18 lM), the plasma AUC was
2.54 (mg h)/ml with modest clearance (0.74 L/h/kg),
and the half-life was 2 h. We analyzed the liver tissue
drug concentrations for compound 21 and determined
the liver to plasma ratio at 8 h to be 54. Suggesting that
a significant amount of the compound accumulated in
the liver over the course of the experiment.


A series of N-1-benzyl and N-1-[3-methylbutyl]-4-
hydroxy-1,8-naphthyridon-3-yl benzothiadiazine ana-
logs were prepared and evaluated as inhibitors against
NS5B RdRp genotype 1 enzyme. The oxyacetamide,
compound 21, exhibited excellent inhibition of both
genotype 1 strains and showed excellent genotype 1b
inhibition of viral replication in a cell-based assay. Com-
pound 21 exhibited modest pharmacokinetic properties,
however, the liver to plasma ratio suggested that the
compound was accumulating in the liver, the site of
HCV replication. Compounds 21 and 31, when evaluat-
ed in the HCV replicon assay containing 40% human
serum, showed an approximate 30- to 400-fold loss in
potency when compared to the values obtained in 5%
fetal calf serum. Subsequent measurements of com-
pounds 21 and 31 in the presence of serum plasma pro-
teins demonstrated that these compounds were highly
protein bound. The corresponding N-alkylated acetam-
ide, 26, exhibited comparable enzyme inhibition potency,
however, the cell-based replicon activity was reduced
approximately 6-fold. The sulfonamide series of D-ring
position 7 analogs, 28–31, exhibited excellent genotype
1b and 1a enzyme inhibition. However, only compounds
29 and 31 exhibited potent cell-based enzyme inhibition.
The improved inhibitory potency of compound 31 in the
cell-based system may be explained by the smaller size of
the methylsulfonamide group when compared to the oxy-
acetamide group in compound 21.


In summary, we have discovered a series of position 7
D-ring substituted N-1-3-methylbutyl-4-hydroxy-1,8-
naphthyridone benzothiadiazines exhibiting improved
enzyme inhibition potency and significantly improved
cell culture activity. Further evaluation and structural
improvements of this particular substituted class of ben-
zothiadiazines are continuing.


Detailed biological protocols for biochemical IC50


determinations and cell culture replicon assay EC50


determinations are available in the Supplementary data.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bmcl.2006.
04.022.
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Abstract—The synthesis of several 1-(2-cyano-3-aryl-allyl)-3-aryl-urea(thiourea) constructed from the reaction between allylamines
generated from Baylis–Hillman acetates and substituted isocyanates and isothiocyanates has been described. Further, their cycliza-
tion in the presence of a base led to the formation of 5-arylmethyl-4-imino-3-aryl-3,4-dihydro-1H-pyrimidin-2-ones. All compounds
were tested for their antibacterial activity. Few of the compounds showed superior activity or were equipotent to the standard anti-
bacterial agents.
� 2006 Elsevier Ltd. All rights reserved.

Figure 1. Triclocarban.

The emergence of resistant strains of bacteria has
renewed the interest of several research groups in the
development of new antibacterial compounds. The aryl
ureas remain one of the simplest of chemicals to be used
as antibacterials in clinics. For instance, diaryl urea tri-
clocarban (Fig. 1) is essentially used in the disinfecting
solutions in hospitals and households. The significance
of ureides as antiinfectives including antibacterials was
recently reviewed by us.1 In our efforts concentrated to-
ward generation of compounds of medicinal importance
using Baylis–Hillman reaction as the key step, we envi-
sioned the synthesis of new aryl urea derivatives in a
straightforward manner by the reaction between the
amines afforded by the Michael addition of ammonia
or primary amine on the Baylis–Hillman derivatives
and the commercially available aryl isocyanates. In prin-
ciple, these open-chain aryl ureas can be easily cyclized
in the presence of a base to yield the tetrahydropyrimi-
din-2-ones, the cyclic ureide analog. Such a synthetic
strategy would give a library of novel ureides for anti-
bacterial evaluation. In studies aimed toward these
objectives, we have carried out the synthesis of several
urea derivatives from the allylamines obtained from
the acetates of the Baylis–Hillman adducts of acryloni-
trile and successfully cyclized them to the corresponding
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tetrahydro-pyrimidin-2-ones. These compounds were
evaluated for their antibacterial activity. During the pre-
liminary in vitro screening, a few of the compounds
exhibited significant antibacterial activity against several
strains of bacteria, which prompted us to report our
findings in this communication.


Initially, the Baylis–Hillman adducts 1a and 1b were
prepared following the literature procedure.2 Treatment
of these compounds with methanolic ammonia or benzyl
amine gave the corresponding amino derivatives 2a, 3a
and 3b as illustrated in Scheme 1.3 The reaction of
amines 2a, 3a, and 3b with different isocyanates yielded
the required urea derivatives (4–7). Interestingly, these
ureas during the cyclization reaction in the presence of
K2CO3 or NaH afforded products 8–11. The loss of
the benzyl moiety in these compounds was conclusively
supported by spectroscopic data. Further support for
the assigned structure of products 8–11 was made on
the basis of alternate synthesis as outlined in Scheme
2. Treatment of acrylonitrile with benzyl amine in
methanol led to the product 12 which was reacted with
substituted isocyanate to give the urea derivative 13.



mailto:batra_san@yahoo.co.uk





Scheme 1. Reagents and conditions: (i) methanolic ammonia, rt 8 h or BnNH2, MeOH, rt 8 h; (ii) R2NCO, THF, rt, 1.5–2 h; (iii) K2CO3, MeOH,


reflux, 8–9 h or NaH, toluene, reflux, 8–9 h.


Scheme 2. Reagents and conditions: (i) BnNH2, MeOH, rt, 3.5 h; (ii) R2NCO, THF, rt, 1 h; (iii) NaH, toluene, reflux, 9 h.
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Subsequently, the reaction between the urea 12 and
NaH in refluxing toluene afforded the cyclized derivative
9. It was presumed that in the presence of strong base
such as K2CO3 or NaH the hydroxyl group present at
the benzylic position triggers off the loss of the benzyl
group as benzaldehyde. In order to validate, in a repre-
sentative compound 1a the hydroxyl group was convert-

Scheme 3. Reagents and conditions: (i) Ag2O, MeI, CH2Cl2, rt, 5 h; (ii) BnN


toluene, reflux, 8 h.


Scheme 4. Reagents and conditions: (i) AcCl, pyridine, CH2Cl2, rt, 3 h; (ii)


MeOH, reflux, 8–9 h or NaH, toluene, reflux, 8–9 h.

ed to the methoxy group 14.4 Subsequently, it was
reacted with benzyl amine and converted to the urea
derivative 16. The cyclization of urea 16 with NaH led
to isolation of the methoxy derivative 17 in moderate
yields as depicted in Scheme 3. This clearly showed that
the elimination of the benzyl group is due to the pres-
ence of the hydroxyl moiety. In the light of these results

H2, MeOH, rt, 6 h; (iii) 3,4-(Cl)2–C6H3NCO, THF, 45 min; (iv) NaH,


methanolic ammonia, rt, 1 h; (iii) R1NCO, THF, rt, 1 h; (iv) K2CO3,
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it was decided to evaluate the analogous reactions on the
acetates of the Baylis–Hillman adducts as shown in
Scheme 4. Accordingly, the Baylis–Hillman adducts
1a–d were prepared and acetylated in the presence of
pyridine and acetyl chloride. Treatment of acetates
18a–d with methanolic ammonia furnished the allylam-
ines 19a–d as Z-isomer.3a The reaction between the
allylamines and several commercially available
iso(thio)cyanates yielded the required (thio)urea deriva-
tives 20–36 in good yields as solids. These products (20–
36) were cyclized in the basic medium to yield the respec-
tive 4-imino-tetrahydro-pyrimidin-2-ones 37–53 in mod-
erate yields. The tautomerization of the benzylidene
double bond from an exocyclic to an endocyclic position
was supported by the NMR data. All the compounds

Table 1. Yields, physical characteristics and antibacterial activities of report


Compound Yield (%) Physical state, mp (�C)


4 81 White solid, 160–162


5 79 White solid, 142–144


6 51 White solid, 86–88


7 59 White solid, 168–169


8 82 White solid, 208–210


16 77 Yellow oil


17 38 Brown solid, 140–144


20 66 White solid, 173–175


21 70 White solid, 173–174


22 54 White solid, 148–149


23 72 White solid, 212–213


24 74 White solid, 214–216


25 78 White solid, 185–186


26 60 White solid, 165–166


27 60 White solid, 150–152


28 73 White solid, 203–205


29 63 White solid, 205–206


30 63 White solid, 201–202


31 77 White solid, 176–177


32 60 White solid, 160–161


33 58 White solid, 212–213


34 62 White solid, 206–207


35 55 White solid, 220–221


36 62 White solid, 161–163


37 58 White solid, 207–210


38 63 White solid, 185–187


39 60 White solid, 210–212


40 44 White solid, 197–199


41 65 White solid, 204–206


42 40 White solid, 214–215


43 43 White solid, 216–217


44 58 Pale yellow solid, 212–213


45 57 White solid, 208–209


46 59 White solid, 147–149


47 40 White solid, 199–200


48 43 White solid, 210–211


49 51 Pale yellow solid, 205–206


50 40 White solid, 197–199


51 39 White solid, 118–120


52 55 White solid, 190–192


53 50 Pale yellow solid, 210–212


Norfloxacin


Gentamycin sulfate


Ampicillin


Sa, Staphylococus aureus; Sf, Streptococcus fecaelis; Kpn, Klebsiella pneumon


ND, not done.

generated during the study gave satisfactory spectro-
scopic and analytical data.5 The ureas 4–7, 16, 20–36,
and cyclized products 17 and 37–53 were evaluated 6


against the susceptible Gram-positive and the Gram-
negative bacteria including Staphylococcus aureus,
Streptococcus faecalis, Klebsiella pneumoniae, Escherich-
ia coli, and Pseudomonas aeruginosa strains and the re-
sults are summarized in Table 1. Among all the
compounds screened, 16, 17, 30, 32, and 46 exhibited
significant antibacterial activity with low MIC values.
Only two other compounds, 25 and 29, show prominent
activity against the E. coli.


It was interesting to discover that all active compounds
bear 3,4-dichloro-phenyl group which is a sub-structure

ed compounds


Antibacterial activity MIC (lg mL�1)


Sa Sf Kp Ec Pa


>50 >50 >50 >50 >50


>50 >50 >50 >50 >50


25 50 50 12.5 50


>50 >50 >50 >50 >50


50 50 50 25 50


3.12 6.25 3.12 3.12 50


1.56 3.12 3.12 1.56 50


>50 >50 >50 50 >50


>50 >50 >50 >50 >50


50 50 50 50 50


>50 >50 >50 >50 >50


>50 >50 >50 >50 >50


>50 >50 >50 1.56 >50


>50 >50 >50 >50 >50


>50 >50 50 >50 >50


>50 >50 >50 >50 >50


>50 >50 >50 6.25 >50


1.56 1.56 1.56 0.78 50


>50 >50 >50 >50 >50


1.56 3.12 3.12 1.56 25


>50 >50 >50 >50 >50


>50 >50 >50 >50 >50


>50 >50 >50 >50 >50


>50 >50 50 >50 >50


50 25 50 50 50


50 50 50 50 50


>50 >50 >50 >50 >50


>50 >50 >50 >50 >50


>50 >50 50 >50 >50


>50 50 >50 50 >50


50 50 >50 50 50


>50 25 >50 >50 >50


>50 >50 >50 >50 >50


3.12 3.12 3.12 3.12 25


25 25 50 25 50


>50 50 50 >50 >50


>50 25 50.0 >50 >50


>50 >50 >50 >50 >50


>50 >50 >50 >50 >50


>50 50 >50 >50 >50


>50 >50 >50 >50 >50


0.3 0.78 0.36 0.36 0.78


6.25 0.78 0.78 0.02 25.0


0.09 0.02 0.01 0.02 50.0


iae; Ec, Escherichia coli; Pa, Pseudomonas aeruginosa.
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unit of triclocarban. Compound 16, an open-chain urea
derivative, showed significant antibacterial effect with 2-
fold better activity than the standard gentamycin for S.
aureus. In comparison, the cyclized derivative 17 showed
marked activity against S. aureus with MIC of
1.56 lg mL�1, which was 2-fold better than 16 and 4-
fold better than the standard gentamycin. Both these
compounds also elicit significant antibacterial activity
against other P. aeruginosa and were found to be equi-
potent to the ampicillin. In the series represented by
compounds 20–53, the open-chain urea analogs were
found to show better antibacterial activity than the cyc-
lic dihydro-pyrimidin-2-one system. Within the urea
derivatives, the most potent in vitro antibacterial effect
was demonstrated by compounds 30 and 32 in relation
to all evaluated strains of bacteria, while compounds
25 and 29 show potent responses against E. coli only.
Although compounds 30 and 32 were equipotent against
S. aureus, compound 30 was 2-fold more active for S.
fecaelis, K. pneumoniae, and E. coli and was 2-fold less
active for P. aeruginosa than compound 32. Compounds
25 and 29 with MIC of 1.56 and 6.25 lg mL�1, respec-
tively, against E. coli were the only other actives in the
series. These results indicated that in open chain aryl
ureas, in comparison to the thiourea group, only the
compounds bearing urea moiety show antibacterial ef-
fect. On the other hand, the presence of 3,4-dichloro-
phenyl group was essential for antibacterial activity in
this class of compounds. The replacement of the phenyl
group with a heteroaryl group has negative effect on the
antibacterial activity. Unfortunately except for com-
pound 46, most of the cylclic ureide analogs were found
to be inactive. Compound 46 with MIC of 3.12 lg mL�1


against S. aureus was 2-fold more active than gentamy-
cin and with MIC of 25 lg mL�1 against P. aeruginosa
was equipotent to the same drug. Compound 47, the
cyclic derivative of urea 30, shows mild activity only
thereby indicating that even the presence of two 3,4-
dichlorophenyl groups did not have influence on anti-
bacterial activity. The biological evaluation of this limit-
ed set of compounds shows that the cyclized compound
1-benzyl-3-(3,4-dichloro-phenyl)-4-imino-5-(methoxy-
phenyl-methyl)-tetrahydro-pyrimidin-2-one (17) elicits
better antibacterial activity than its open chain urea pre-
cursor (16). On the contrary, the 1-(2-cyano-3-aryl-al-
lyl)-3-aryl-ureas (20–35) were better antibacterial as
compared to their cyclic analogs 5-arylmethyl-4-imino-
3-aryl-3,4-dihydro-1H-pyrimidin-2-ones (36–53).


In summary, we have discovered potent antibacterial
activity in new aryl ureas which can be easily afforded
from the Baylis–Hillman chemistry. Further work is
underway to optimize the SAR in the related structures
by introducing more diversity.
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Abstract—Isosteric replacement of the urea group of lead compound 1 led to novel substituted piperidine phenylamide analogues.
SAR on the electron-induced effects of various linkers as well as substituents on the phenyl rings and the piperidine nitrogen has
been investigated. Many single-digit nanomolar MCH R1 antagonists have been identified from this series.
� 2006 Elsevier Ltd. All rights reserved.
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Melanin-concentrating hormone (MCH), a cyclic
19-amino-acid neuropeptide, is expressed exclusively
within the lateral hypothalamus and has been regarded
as an appetite-stimulating agent in the past decade.1


The recent discovery of the G-protein-coupled MCH
receptor 1 (MCH R1) has prompted much interest in
developing MCH receptor antagonists for the treatment
of obesity.2,3 Several lines of pharmacologic evidence
indicated the important role of MCH on food intake
and body weight: injection of MCH into the lateral ven-
tricles of rats resulted in increased food consumption;4a


disruption of melanin-concentrating hormone receptor 1
expression leads to hyperphagia and resistance to diet-
induced obesity;4b transgenic mice overexpressing the
MCH gene are susceptible to insulin resistance and
obesity;4c and mice lacking MCH hormone are hyper-
phagic and lean.4d A variety of small molecule MCH
R1 antagonists have been disclosed in the literature.5,6


Herein we would like to report the synthesis and SAR
development of a series of piperidine-based phenylamide
MCH R1 antagonists.


Urea compound 1 emerged as a lead compound for our
MCH R1 antagonist program.5d In order to explore
potential novel linkers and structural requirements, we
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substituted an amide group for the urea moiety
(L = CH2). Moreover, for convenience of synthesis,
heteroatom linkers (L = N or O) were also inserted into
the chain as shown in Figure 1.


The syntheses of the phenylamide analogues are depict-
ed in Scheme 1. Compound 2 was converted to the ester
3 by the following steps: (i) reductive alkylation; (ii)
reduction of the nitrile to an aldehyde; and (iii) Horn-
er–Emmons elongation to give the a,b-unsaturated ester
3. Hydrogenation of the olefin followed by bromination
of the phenyl ring gave compound 4. After installation
of the 3-cyanophenyl moiety by Suzuki reaction, treat-

N
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N
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X


L = CH2, NH, O


Figure 1. Lead compound and isosteric analogues.
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Scheme 3. Reagents and conditions: (a) (Boc)2O, MeOH, 100%; (b)


3-cyanophenylboronic acid, Pd(PPh3)4, 2 N Na2CO3, toluene–MeOH


(1:1), reflux, 56%; (c) KH, BrCH2COOH, 92%; (d) anilines, DCC,


DMAP, THF, 50–80%; (e) TFA–DCM (1:1), 53–85%; (f) aldehydes or


ketones, NaBH(OAc)3, DCM.
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Scheme 1. Reagents and conditions: (a) cyclopentanone, NaB-


H(OAc)3, DCM; (b) DIBAL, DCM, �78 �C to room temperature;


(c) (MeO)2P(O)CH2CO2Me, NaH, 50% in 3 steps; (d) Pd(OH)2/C,


HCO2NH4, MeOH, 96%; (e) 3,5-dibromohydantoin, MeSO3H, DCM,


80%; (f) 3-cyanophenylboronic acid, Pd(PPh3)4, 2 N Na2CO3, toluene–


MeOH (1:1), reflux, 91%; (g) anilines, 2 equiv n-BuLi, THF, 40–70%.
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ment of the ester with various anilines in the presence of
base gave the final analogues 5.7


The corresponding N-linked amide analogues 10 and 11
were prepared according to Scheme 2. The piperidine
alcohol 7, derived from readily available 6, was convert-
ed to the primary amine 8 in two steps.8 The bromo sub-
stituent was exchanged to a 3-cyanophenyl group
through Suzuki coupling; the amine 9 was then alkyl-
ated with a variety of 2-bromoacetamides, which are
easily prepared by treatment of 2-bromoacetyl bromide
with various anilines.9 Finally, the N-Me-linked ana-
logues 11 were obtained by reductive alkylation of 10
with formaldehyde.
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Scheme 2. Reagents and conditions: (a) cyclopentanone, NaB-


H(OAc)3, DCM, room temperature, 82%; (b) concd H2SO4, MeCN,


60%; (c) 2 N HCl, reflux, 98%; (d) 3-cyanophenylboronic acid,


Pd(PPh3)4, 2 N Na2CO3, toluene–MeOH (1:1), reflux, 85%; (e) 2-


bromoacetamides, K2CO3, MeCN, 60 �C, 30–50%; (f) 37% aqueous


HCHO, NaBH(OAc)3, DCM.

Scheme 3 shows the synthesis of the O-linked analogues
15. Commercially available 4-(4-bromophenyl)-4-pipe-
ridinol was converted to 13 by treatment with Boc2O
and subsequent Suzuki coupling with 3-cyanophenylbo-
ronic acid. Treatment of 13 with potassium hydride
followed by 2-bromoacetic acid gave an acid intermedi-
ate,10 which in turn was coupled with various anilines in
the presence of DCC to afford the O-linked amides 14.
Deprotection of N-Boc followed by conventional
derivatization of the piperidine NH gave final
targets 15.


In conjunction with the SAR of the right side amides, a
series of biaryls of the left side was explored by parallel
synthesis utilizing intermediate 8 (Scheme 4).


Finally, by altering the sequence of reactions used previ-
ously, we could explore the SAR of the piperidine
N-substituent as shown in 21 (Scheme 5).
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Scheme 4. Reagents and conditions: (a) 3-chloro-4-fluorophenyl


2-bromoacetamide, K2CO3, 31%; (b) appropriate boronic acids,


Pd(PPh3)4, 2 N Na2CO3, toluene–MeOH (1:1), reflux.
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Scheme 5. Reagents and conditions: (a) DIBAL, DCM, 0 �C to room


temperature, 48%; (b) (MeO)2P(O)CH2CO2Me, NaH, THF, 85%; (c)


Pd(OH)2/C, HCO2NH4, MeOH, 60 �C, 97%; (d) 3,5-dibromohydan-


toin, MeSO3H, DCM, 54%; (e) (Boc)2O, MeOH, 70%; (f) anilines,


2 equiv n-BuLi, THF; (g) 3-cyanophenylboronic acid, Pd(PPh3)4, 2 N


Na2CO3, toluene–MeOH (1:1), reflux, 60%; (h) TFA–DCM (1:1); (i)


reductive alkylation or other derivatization.


Table 1. SAR of substituents on the amide phenyl ringa,b


N


L
N
H


O
X


CN


Compound L X MCH Ki (nM)


5a CH2 3,5-Cl2 42


5b CH2 3-CF3-4-Cl 128


5c CH2 3-Cl-4-F 30


5d CH2 3-5-F2 40


5e CH2 3,4-F2 13


10a NH 3,5-Cl2 3


10b NH 3-CF3-4-Cl 23


10c NH 3-CF3-4-F 16


10e NH 3-Cl-4-F 3


10f NH 3-5-F2 3


11a NMe 3,5-Cl2 9


11b NMe 3-CF3-4-Cl 16


11c NMe 3-CF3-4-F 18


11d NMe 3-Cl-4-F 4


11e NMe 3-5-F2 6


15a O 3,5-Cl2 2


15b O 3-CF3-4-Cl 49


a Inhibition of MCH-mediated Ca2+ influx into cells expressing


hMCH-R1 via FLIPR assay. Affinity at h-MCH-R2 > 3 lM for all


compounds.
b Mean values (n = 3). h-MCH-R1.


Table 2. SAR of substituents on the biaryl phenyl ringa


N


H
N


N
H


O


Cl


F


X


Compound X MCH Ki (nM)


16a H 241


16b 4-CN 523


16c 4-CF3 3247


16d 4-Cl 1428


16e 4-F 180


16f 3-CF3 281


16g 3-Cl 63


16h 3-OCF3 76


16i 3-OMe 77


16j 3-F 99


16k 3-CHO 21


16l 2-Cl 690


16m 2-F 178


16n 3,4-Cl2 2162


16o 3,5-Cl2 786


16p 3-5-F2 141


16q 2,5-Cl2 52


16r 2,6-Cl2 1667


a See Table 1 notes.
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The compounds described above were evaluated in a
radioligand binding assay.11 As revealed in Table 1,
within each series of same linker (L), electron-withdraw-
ing groups (either 3,4- or 3,5-disubstituents) on the
amide phenyl ring showed more or less similar potency.
In terms of the effect of various linkers, the order is as
follows: O > NH = NMe > CH2 (based on our full data
set), reflecting their decreased electronegativity and
therefore lower acidity of the attached amide N–H moi-
ety. These results indicated that the amide N–H moiety
serves as a hydrogen-bond donor when binding to the
MCH R1 receptor.12


In terms of the SAR of the biaryl part, more than 50
compounds were prepared, and selected data are
reported in Table 2. It is clear that analogues with 3-sub-
stituents are more active than those bearing 2- or 4-sub-
stituents. Within the 3-substituted series, the 3-cyano
group remained the best, consistent with earlier findings
for the related urea series as for compound 5c
(Ki = 30 nM).5d


The piperidine N-substituent effects can be seen in
Table 3, exemplified by the C-linked amide analogues.
Small alkyl groups are well tolerated, although cyclo-
propylmethyl is the best (21c). Interestingly, some ana-
logues bearing a nonbasic piperidine moiety are also
quite potent (21f and 21i).


In order to further improve the potency, a homologated
series was prepared (Scheme 6). Condensation of 4-
bromophenylacetonitrile with 4-piperidinone gave com-
pound 22. Sequential reduction of the olefin and then
the nitrile group using DIBAL afforded an aldehyde







Table 3. SAR of substituents on the piperidine nitrogena


N
R


N
H


O


CN


F


F


Compound R MCH Ki (nM)


21a Boc 51


21b H 25


21c Cyclopropylmethyl 8


21d Cyclobutyl 19


21e Cyclopentyl 13


21f MeCO 61


21g MeSO2 190


21h EtOCO 249


21i Et2NCO 45


21j Et2NSO2 193


a See Table 1 notes.
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Scheme 6. Reagents and conditions: (a) EtONa, EtOH, reflux, 56%;


(b) 1.2 equiv DIBAL, DCM, �78 �C, 65%; (c) 1.5 equiv DIBAL,


DCM, �50 �C to room temperature, 85%; (d) (MeO)2P(O)CH2-


CO2Me, NaH, THF, 50%; (e) H2, Rh/Al2O3, room temperature,


95%; (f) Pd(PPh3)4, 3-cyanophenylboronic acid, 2 N Na2CO3, toluene–


MeOH (1:1), reflux, 65%; (g) 3,4-difluorophenylaniline, Me3Al, tolu-


ene, reflux, 55%; (h) 1—ClCO2C(Cl)HMe, DCE, reflux; 2—MeOH,


reflux; (i) MeSO2Cl, TEA, DCM.
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Table 4. SAR of homologous amide analoguesa


 


N
H


O


CN


F


F


N
R


Compound R MCH Ki (nM)


26a Bn 1


26b H 1.2


26c MeSO2 26


a See Table 1 notes.
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intermediate.13 Horner–Emmons elongation followed
by selective hydrogenation provided the ester intermedi-
ate 25, which was coupled with 3-cyanophenyl boronic
acid under Suzuki conditions to give compound 26a.
Deprotection revealed the piperidine NH, and sulfony-
lation gave compound 26c.

As shown in Table 4, the homologated compounds are
more potent than the 4,4-disubstituted analogues.


Imidazole and benzimidazole have been used as isosteric
replacements for an amide moiety to circumvent the po-
tential instability of amide bond.14 Thus, several benz-
imidazole analogues were prepared (Scheme 7). The
ester intermediate 25 was reduced to an aldehyde inter-
mediate, which was treated with diamines to form benz-
imidazole compounds 27.15 Suzuki coupling gave
compounds 28a–28d.


The NH-linked benzimidazole analogues 33a–d were
synthesized according to Scheme 8. The known ketone
2916 was first converted to the amine 30 by reductive
amination. After Suzuki reaction, the resulting amine
was treated with the benzimidazole compound 3217 to
give compound 33a. Deprotection revealed the NH moi-
ety, and further reductive alkylation gave compounds
33c and 33d.


As can be seen from Tables 5 and 6, the benzimidazole
analogues showed quite good potency, although not as
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room temperature, 60%; (d) TFA–DCM (1:1), 100%; (e) cyclopropyl-


carboxyaldehyde or cyclopentanone, NaBH(OAc)3, DCM.


Table 5. SAR of benzimidazole analoguesa


CN


N
Bn


N
H


N


X


Compound X MCH Ki (nM)


28a 3-Cl, 4-F 46


28b 4,6-Cl,Cl 53


28c 3,5-Cl,Cl 26


28d 4-F,5-CF3 92


a See Table 1 notes.


Table 6. SAR of benzimidazole analogues (Cont’d)a


H
N


CN


N
R


N
H


N Cl


F


Compound R MCH Ki (nM)


33a Boc 48


33b H 20


33c Cyclopentyl 39


33d Cyclopropylmethyl 14


a See Table 1 notes.
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potent as their corresponding amide analogues. These
results are very encouraging and will be exploited in fu-
ture designs.18


In summary, we have successfully replaced the urea moi-
ety of our lead structure, 1, with isosteric amide and
benzimidazole groups to generate novel MCH antago-
nists. Extensive SAR exploration with various linkers
as well as the substituent effects led to the discovery of
many potent and selective MCH-R1 antagonists, such
as compounds 10a–f, 11a–e, and 26a–b.
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Abstract—A novel prodrug strategy for cyclin-dependent kinase inhibitor JNJ-7706621 has been explored. Through N-acylation of
a sulfonamide substituent, tails containing different solubilizing groups (amino, carboxyl, alkoxyl, and hydroxyl) were attached to
JNJ-7706621. Most of the prodrugs exhibited good aqueous solubility and the N-acyl groups on the sulfonamide were metabolically
cleaved to generate active drug in rat PK study.
� 2006 Elsevier Ltd. All rights reserved.

Figure 1.

The cyclin-dependent kinases (CDKs) play a key role in
regulating the cell cycle and cell proliferation.1 For
example, complexes of CDK4 and cyclin D1 control
the early G1 phase of the cell cycle, while the activity
of the CDK2/cyclin E complex is rate limiting for the
G1 to S-phase transition. Similarly, the CDK2/cyclin
A kinase complex is required for the progression
through S-phase and the CDK1/cyclin B complex con-
trols the entry into M-phase. A key regulator for these
cell cycle transitions is CDK1, the primary activity
required for a cell to enter mitosis in all eukaryotic cells.
Uncontrolled proliferation is a hallmark of cancer cells,
and CDKs are overexpressed with high frequency in
many important solid tumors.2 This evidence has led
to an intense search for small molecular inhibitors tar-
geted CDK family as an approach for cancer chemo-
therapy. As shown in Figure 1, several candidates have
been advanced into clinical trials, including the 2-amino-
thiazole derivative BMS-387032 (SNS-032),3 the non-
selective CDK inhibitor flavopiridol,4 and the purine
analogue (R)-roscovitine (CYC-202).5


Our program to develop small ATP-competitive CDK
inhibitors as cancer therapeutics has resulted in the dis-
covery of JNJ-7706621, a potent inhibitor of CDK1 and
CDK2 (IC50 = 6 and 2 nM, respectively).6 In cell based
assays, JNJ-7706621 displays antiproliferative activity
against various human tumor cells (IC50 = 284, 254,
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and 447 nM for HeLa, HCT116, and A375, respective-
ly). With low oral bioavailabilities in rodents (2% in
nude mice and 8% in rats), possibly due to poor aqueous
solubility (0.006 mg/mL at pH 2.0 and 0.017 mg/mL at
pH 7.4), the compound was administered via the intra-
peritoneal (ip) route to nude mice for in vivo efficacy
studies. Various formulation vehicles were evaluated in
order to maximize the antitumor effect. JNJ-7706621
showed 95% tumor growth inhibition in A375 (human
melanoma) tumor xenograft model study when
formulated as a nanocrystal suspension and adminis-
tered ip at a dose of 100 mg/kg. However, the suspen-
sion formulation is not suitable for intravenous (iv)
injection in clinical studies where a clear solution is
required. Though many clinically feasible drug delivery
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technologies were studied for JNJ-7706621, none was
amenable to iv administration. Therefore, developing
water-soluble prodrugs for JNJ-7706621 appears to be
an attractive alternative strategy.


Both the 3- and 5-amino groups on the triazole ring
have low reactivity due to their conjugation with the het-
eroaryl group. On the other hand, the NH2 of the sul-
fonamide shows greater flexibility and is more suitable
for prodrug synthesis. This residue could be selectively
acylated under appropriate conditions (vide infra).
Two prodrugs derived from N-acylation of sulfonamide
have been reported. As shown in Scheme 1, the prodrug
of celecoxib demonstrated the proof-of-concept that an
N-acylated sulfonamide could be metabolized to
–SO2NH2 in rat tissue preparations as well as in whole
animals after oral administration.7 Parecoxib, the sodi-
um salt of the propanoyl prodrug of valdecoxib that is
marketed for the hospital treatment of postoperative
pain, also exemplifies this principle.8 Therefore, we
hypothesized that iv-deliverable prodrugs for JNJ-
7706621 could be generated via N-acylation of the sul-
fonamide moiety.9


The chemistry used for prodrug synthesis is shown in
Scheme 2. Mixed anhydride 1a was formed by reacting
3-morpholin-4-ylpropionic acid with pivaloyl chloride
in the presence of Et3N. Compound 1a was then added
to a THF solution of the potassium salt of JNJ-
7706621, prepared by treating the drug with potassium
tert-butoxide to selectively deprotonate the –SO2NH2,
generating prodrug 1 in 32% yield. The regio-selectivity
for this N-acylation was confirmed by 1H NMR (in
DMSO), in which a singlet NH peak for the acylated sul-
fonamide appeared at 9.95 ppm, while the broad singlet

Scheme 1. Prodrugs based on N-acylation of –SO2NH2.


Scheme 2. Example procedure for prodrug synthesis.

peak at 7.09 ppm for the unacylated –SO2NH2 disap-
peared. Though a higher yield for the N-acylation step
could not be achieved despite numerous optimization at-
tempts, this methodology was still useful for generating
many other prodrugs because only one step was needed.


The prodrugs were evaluated for their ability to inhibit
CDKs and tumor cell proliferation. The data are
shown in Table 1. Compared to JNJ-7706621, the pro-
drugs were much less potent against CDK1 and
CDK2, and were also less potent in cells. In our previ-
ous SAR study on the –SO2NH2, it was also observed
that an unsubstituted NH2 is critical for CDK1 and
CDK2 inhibition; any modification of this NH2 group
was detrimental to kinase potency and cell activity.6


Despite the significant loss in potency, most of the pro-
drugs have improved aqueous solubility and could be
formulated as clear solutions for iv injection. With
amino groups added, compounds 3, 4, and 7 were sig-
nificantly more soluble than the parent compound in
aqueous solution. Interestingly, the solubilities of acidic
compound 2 and neutral compounds 5 and 6 were
higher at pH 7.4 than at pH 2.0. Special attention
was paid to formulate these prodrugs since their solu-
bilities were pH dependent.


A standard rat pharmacokinetics assay was used to
determine whether the N-acyl group on the sulfon-
amide could be metabolically cleaved in vivo to
–SO2NH2. In the experiment, prodrugs were formulat-
ed as solutions in 10% w/v Solutol in 5% dextrose in
sterile water vehicle and administered iv into rats.
Blood samples (0.5 mL) were collected via orbital sinus
puncture at 5, 15, and 30 min, 1, 2, 4, 6, 8, and 24 h
after dosing and plasma levels for both prodrug and
JNJ-7706621 were measured. The results, summarized
in Table 2, demonstrate that the N-acyl group could
be cleaved from the sulfonamide to produce active
drug JNJ-7706621 in rats. However, the conversion ra-
tio varied substantially with the N-acyl group. With
prodrug 2 or 6, high plasma ratios of JNJ-7706621
were achieved. On the other hand, only a small propor-
tion of active drug was generated from prodrugs 1, 3,
4, 5, or 7 in vivo. For all prodrugs, Tmax values for
both prodrug and JNJ-7706621 were short, ranging
from 0.08 to 0.12 h; T1/2 values were also relatively
short, ranging from 0.16 to 1 h. With good solubility







Table 1. CDK, antiproliferative, and solubility data for prodrugs


Compound R IC50 (lM) Solubility (mg/ml)


CDK1 CDK2 HeLa HCT116 A375 pH 2.0 pH 7.4


1 2-(Morpholin-4-yl)ethyl 1.55 0.118 20.91 50.8 >100 0.014 0.0047


2 HOC(O)CH2CH2 0.494 0.071 31.90 >100 20.25 0.0007 >1


3 2-(4-Methylpiperazin-1-yl)ethyl 1.34 0.266 >100 >10 >100 >1.0 0.82


4 H2NCH2 1.07 0.120 14.86 36.9 9.450 0.13 0.20


5 CH3OCH2CH2OCH2 1.66 0.247 >10 >10 >100 0.0054 >1.0


6 CH3CH2OC(O)CH2CH2 0.466 0.062 60.16 40.1 >10 0.0002 0.21


7 R-HOCH2CH(NH2) 1.41 0.140 4.024 71.2 >10 0.44 >1


Table 2. Standard rat PK results for prodrugs (iv dosing at 3 mg/kg)


Compound 1 2 3 4 5 6 7


Prodrug AUC (lM-h) 20.5 47.0 23.2 11.8 42.9 72.2 8.15


JNJ-7706621 AUC (lM-h) 1.4 18.0 0.93 3.67 7.62 29.1 0.63


Conversion %a 7% 38% 4% 31% 18% 40% 8%


a =100 * AUC(JNJ-7706621)/AUC (prodrug).
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at pH 7.4 and a high conversion percentage, compound
2 was scaled up for in vivo efficacy evaluation. Because
of the technical difficulties associated with daily iv dos-
ing of drugs in nude mice, the ip route was used as a
surrogate. However, in an A375 (human melanoma)
tumor xenograft model in nude mice, 2 failed to show
significant antitumor effect when dosed IP at 100 mg/kg
daily for 28 days. Possible explanations for this nega-
tive result include: lower conversion of prodrug in nude
mice compared to rats, leading to lower plasma levels
of JNJ-7706621; insufficient exposure to drug due to
short plasma T1/2 and rapid clearance of prodrug. Con-
tinuous iv infusion via an implantable pump would ad-
dress the latter issue, but such a concept exceeded the
scope of this work.


A novel prodrug strategy for JNJ-7706621 has been ex-
plored. Through N-acylation of a sulfonamide
substituent, tails containing different solubilizing groups
(amino, carboxyl, alkoxyl, and hydroxyl) were attached
to JNJ-7706621. Most of the prodrugs exhibited good
aqueous solubility and could be formulated as clear
solutions for clinical iv injection. The N-acyl groups
on the sulfonamide were metabolically cleaved to gener-
ate active drug in rat PK studies. The in vivo efficacy of
these prodrugs will be further investigated.


Meanwhile, other prodrug strategies for JNJ-7706621
could be pursued.
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Abstract—The 3-benzimidazol-2-yl-1H-indazole scaffold was developed as an alternate scaffold for our receptor tyrosine kinase
(RTK) inhibitor program. In exploring the SAR of this series, it was discovered that a subset of these compounds potently inhibit
the enzyme c-ABL. The SAR of these compounds is described.
� 2006 Elsevier Ltd. All rights reserved.

The tyrosine protein kinase, c-ABL, is ubiquitously
expressed in mammalian cells and is involved in cell
cycle regulation.1 A chromosomal translocation between
the bcr and abl genes results in a fusion protein with
constitutive ABL kinase activity, leading to expansion
of cells of the hematopoietic lineage and the disease,
chronic myelogenous leukemia (CML).2,3 The clinical
development of imatinib mesylate (STI571, GleevecTM,
1) has resulted in unprecedented response rates for the
treatment of chronic phase CML patients.4 Patients in
the blast crisis stage of CML, however, have a less dura-
ble response.4 The primary mechanism of acquired
GleevecTM resistance occurs through kinase domain
mutations in BCR-ABL.5 Other small molecule inhibi-
tors are currently under development to treat
GleevecTM-resistant CML.5


During the course of our RTK program, we desired an
alternate scaffold to the 4-amino-3-benzimidazol-2-yl-
hydroquinolin-2-one series (Fig. 1, 2).6–8 The 3-ben-
zimidazol-2-yl-1H-indazole (3, hereafter referred to as
indazole benzimidazole) series was designed, and the
SAR explored.9 During the course of that work, a subset
of compounds was identified as potent c-ABL inhibitors.
This SAR was developed and is presented here.


In evaluating the indazole benzimidazole scaffold, a
number of substituents were assessed on the D ring of
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the benzimidazole, and, when located at C5’, most
substituents were found to be tolerated. Typically, basic
amines improved physiochemical properties, and thus
were evaluated more closely. Compounds containing
the piperidinylpiperidine amine inhibited other RTKs
potently and exhibited good inhibition of cellular prolif-
eration.9 This moiety, then, was used in expanding the
SAR around the subset of compounds shown to exhibit
potent c-ABL activity. Compound 4 (Table 1), with no
functionality on ring A, moderately inhibits c-ABL
phosphorylation at 0.60 lM similar to the potency
exhibited by GleevecTM (1, 0.43 lM). Analysis of the
SAR of the indazole benzimidazoles indicated that
c-ABL affinity was dependent on being substituted at
C5 or C6.10 Incorporating a methoxy at C-5 (5) im-
proves the in vitro potency against c-ABL somewhat,
but a nearly 10-fold improvement is seen when the much
larger benzyloxy (7) moiety is incorporated at C5. This
improvement in affinity increases to 19-fold when C5
is substituted with phenoxy (6). Furthermore, a 200-fold
improvement in enzymatic inhibition is seen when a
methoxy is incorporated at C6, ortho to the
C-5 benzyloxy, (8). Attempts to incorporate two large
groups such as in compound 10 (5,6-dibenzyloxy) or
move the benzyloxy substituent to C6 as in compound
9 result in significant loss of affinity compared to 8.


Because of the observation that a large substituent at C5
of the indazole ring significantly improved potency
against c-ABL, effects of substitution on the phenoxy
were evaluated. Incorporation of a methoxy on the
ortho- positon of the phenoxy ring (11) yielded
similar affinity as the unsubstituted phenoxy (6), while
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Table 1. Structure–activity relationship of the indazole benzimidazole


series against c-ABL
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Figure 1. Imatinib mesylate (GleevecTM, 1), 4-amino-3-benzimidazol-2-ylhydroquinolin-2-one (2), and 3-benzimidazol-2-yl-1H-indazole (3).
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substitution at the meta- (12) and para-positions (13) led
to a decrease in activity. A similar trend was seen with a
fluoro substituent.10

Analogs with amino-linked substituents at C-5 were
synthesized and evaluated. The benzylamino substituted
analog (14) was less potent than the oxy analog (7), but
the more structurally constrained 1-benzyl-4-piperidyl-
amine (15) exhibited potent enzymatic inhibitory activi-
ty. The tert-butyl urea moiety (16) also conferred potent
enzymatic affinity to the molecule. The amide (17)
showed less potent c-ABL inhibition, but removal of
the carbonyl to give 2-furylmethylamine (18) improved
affinity. And, finally, replacement of the furan (18) with
a thiazole (19) gave an additional 5-fold potency
improvement.


A subset of the analogs screened in the enzymatic
assay were further evaluated in the CML cell line
K562 which expresses the Bcr-Abl protein (Table
2).11 The 5-benzyl analog (7) inhibited K562 cellular
proliferation with an EC50 of 0.97 lM which was
11-fold less potent than GleevecTM (1, 0.09 lM). The
amino-linked benzyl analog (14) exhibited poorer cell
growth inhibition than 7, while the 1-benzyl-4-piper-
idylamine analog (15) had 14-fold improvement in
cellular inhibitory activity compared to 7 and was
on par with that of GleevecTM’s (1). The tert-butyl
urea compound (16) had slightly improved cell
potency compared to 7 but significantly worse cellular
potency compared to 15. Comparing 17, 18, and 19,
the anti-proliferative effect followed the same trend as
the enzymatic data in that the 2-furylmethylamine
(18) was more potent against the K562 cells than
17, while the 2-thiazolylmethylamine (19) is the most
potent analog tested on this cell line. The potency of
18 on cell is greater than the c-ABL in vitro activity,
while the cellular potency of 19 is equipotent to the
enzymatic affinity indicating that the inhibition of
K562 proliferation is most likely influenced by
potency against other kinases.12


Synthesis of the indazole benzimidazole core from an in-
dazole aldehyde and a phenylenediamine has been previ-
ously described.9 For the aryloxy analogs (Scheme 1, 6,
11–13), the indoles were synthesized by SNAr of the
anion of phenol or substituted phenol on 4-fluoro-2-
methyl-1-nitrobenzene followed by condensation with
DMF Æ DMA, reduction, and in situ cyclization to the
indole.13,14 The anion of phenol (and substituted phe-
nols) could be made by combining the molten phenol
with KOH at 110 �C.13 The indazole aldehydes were
synthesized as previously described.9,15,16 For the
nitrogen-linked analogs (14–19), the nitro was carried







Figure 2. Compound 6 docked at the ATP binding site of c-ABL. The


protein structure is taken from Brookhaven Protein Data Bank, entry


1M52, where the kinase adopts an inactive conformation with the P-


loop residues wrapping around the ATP site (not shown in the picture)


and the Phe382 flanking out at the DFG loop. Surface of the binding


site is colored by atom-type (Oxygen, red; Nitrogen, blue; and Carbon,


white), and hydrogen bonds to hinge residues are also labeled.
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Scheme 1. Synthetic scheme for the 5-phenoxy-substituted indazole benzimidazole, 6.


Table 2. Cellular proliferation data for selected compounds


R


N
H


N


NH


N45


6


7


5'
N


N


Compound R c-ABL IC50


(lM)


K562 EC50


(lM)


1 (GleevecTM) — 0.43 0.09


7 5-OBn 0.06 0.97


14 5-NHBn 0.13 1.8


15 5- N
H


NBn 0.007 0.07


16 5-NH(CO)NHt-Bu 0.03 0.36


17 5-
HN


OO
0.15 0.56


18 5-
HN


O
0.06 0.03


19 5-
HNN


S
0.01 0.01
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through the reaction sequence from the commercially
available 5-nitroindole. Subsequent catalytic reduction
followed by reaction with an electrophile (16–17) or by
reductive amination (14–15 and 18–19) gave the desired
products.


Figure 2 shows a docking model of compound 6 at
the ATP binding site of c-ABL. In this proposed
binding mode, the indazole benzimidazole core of
compound 6 forms three H-bonds with residue

Glu316 and Met318 at the hinge of the kinase. The
basic piperidinopiperidine group of the ligand stretch-
es into the solvent and is in close contact with two
acidic residues Asp325 and Glu329. The phenoxy
group at C5 occupies the kinase specificity pocket
consisting mainly of the side chains of Val256,
Met290, Phe382, Ile313, Glu286, and Lys271.
Although, this docking model could explain the
general SAR that C5 substitution leads to more
active compounds, it is not representative of all the
C5 substituted compounds. For example, one of the
more active compounds, 15, would probably bind
to a different conformation of the enzyme (model
shown in Supplemental Material). It is also worth
noting that this series of compounds do not seem
to form the H-bond with the side chain of Thr315
as GleevecTM does, therefore they are expected to
overcome one of the major GleevecTM-resistance
mutations, T315I.17
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Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bmcl.
2006.04.043.
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Abstract—The preliminary SAR of a series of novel 1,5-biaryl pyrrole EP1 receptor antagonists derived from compound 1 is
described. Replacement of the benzyl group of 1 with isosteric groups was investigated. The most effective replacement was found
to be the isobutyl group. The cyclopentylmethyl and cyclohexylmethyl groups were also effective benzyl replacements. The cyclo-
hexylmethyl derivative 19 demonstrated the lowest metabolic clearance within this series. In addition, several high affinity substitut-
ed benzyl analogues were also identified. Compound 39 was found to have good bioavailability in rats and demonstrated efficacy in
the established FCA preclinical model of inflammatory pain with a calculated ED50 of 9.2 mg/kg.
� 2006 Elsevier Ltd. All rights reserved.

Prostaglandin E2 (PGE2) is a pro-inflammatory media-
tor1 that exerts its physiological actions by activating
four 7-transmembrane receptor subtypes, EP1–4.2 Stud-
ies with prostaglandin E synthase (PGES) knockout
(KO) mice have shown that PGE2 plays an important
role in pain1 and EP1 receptor KO mice have implicated
the EP1 receptor subtype in the sensation of PGE2-med-
iated allodynia3 and inflammatory pain.4 In conjunction
with this, EP1 receptor antagonists have shown efficacy
in preclinical models of postoperative pain,5 neuropathic
pain6 and allodynia.7 There is also evidence to suggest
that PGE2mediated pyrexia is controlled by the EP1


receptor.8 Furthermore, a recent report described the
efficacy of the AstraZeneca compound ZD6416 in a hu-
man model of visceral hypersensitivity.9 Thus, an EP1


receptor antagonist has the potential to deliver efficacy
in various pain states. By sparing the beneficial effects
of PGE2, at other EP receptors, and the synthesis of
prostaglandin I2 (PGI2) and thromboxane A2
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(TxA2),10 an improved side-effect profile over COX-2
inhibitors may be achieved.


Several EP1 antagonists are known in the literature,
such as ZD6416,11 ONO-871312 and ONO-8711,13 SC-
5132214 and analogues15 and the 2,3-biaryl thiophenes
from Merck Frosst.16


We recently disclosed the structures of several novel EP1


receptor antagonists, such as the pyrrole 1.17


Herein we describe the initial structure–activity relation-
ships (SAR) in this series.


Compound 117 showed good in vitro activity at the EP1


receptor, 8 nM in a [3H]PGE2 binding assay in CHO
cells and 0.7 nM in a functional assay (FLIPR) in
CHO cells.17,18 It has also shown low intrinsic clearance
in both rat and human liver microsomes (Fig. 1).
However, the rat in vivo pharmacokinetic profile was
not optimal. Thus, our goals were to explore the SAR
of this template and to optimise EP1 activity,whilst
improving the in vivo DMPK profile, which we hoped
would lead to in vivo efficacy in preclinical models of
inflammatory pain.



mailto:adrian.2.hall@gsk.com





Table 2. In vitro binding data for compounds 8–15


O


X
OH


O


N


Z


Y


Compound X Y Z Binding pIC50
a


8 Cl H H 8.0 ± 0.1


9 Cl 4-F CF3 6.7 ± 0.1


10 Cl 2,4-DiF CF3 7.0 ± 0.1


11 Cl H Cl 7.6 ± 0.1


12 Cl H Et 7.0 ± 0.2


13 Br H Et 7.1 ± 0.1


14 Cl 4-F Me 8.2 ± 0.2


15 Cl 2,4-DiF Me 8.4 ± 0.2


a Mean of at least three experiments.


Table 3. In vitro binding data for compounds 16–18


O


Cl
OH


O


N


X


Compound X Binding pIC50
a


16 Cl <6


17 Br 6.1 ± 0.2


18 Ph <6


a Mean of at least three experiments.
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EP1 binding pIC50 = 8.1
EP1 functional pKi = 9.15


rat CLi = 1.4 mL/min/g liver
human CLi = 1.6 mL/min/g liver


rat pharmacokinetics
CLb = 67 mL/ming/kg
Vss = 3.0 L/kg
t1/2 = 0.5h


Figure 1. Profile of lead compound 1.
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One of the first areas we sought to investigate was the
role of the chlorine atom, para to the benzyloxy group.
Initial data suggested that the bromo analogue 2 had an
improved in vivo DMPK profile relative to 1. Hence, we
were interested in exploring whether replacement of the
chlorine atom would improve EP1 receptor affini-
ty,whilst simultaneously optimising the pharmacokinetic
parameters of the series. Results show that the chlorine
atom can be replaced by isosteric electron-withdrawing
moieties such as Br and CF3 and even the larger methyl
sulfone group, compounds 2–4. Deletion of this elec-
tron-withdrawing moiety appeared to have little effect
on activity, as evidenced by compound 5. However,
replacement by aromatic groups such as phenyl or thi-
ophenyl led to a marked decrease in activity, compounds
6 and 7, Table 1. Despite the fact that 5 was essentially
equipotent with analogues 1–3, we chose the Cl, Br and
CF3 substituents for further exploration.


Next, we investigated substitution of the pyrrole ring.
We had previously discovered that the methyl group
on the pyrrole ring could be removed without effecting
activity, compound 8.17 In this instance, replacement of
the Me group by CF3 led to a substantial decrease in
activity, compounds 9 and 10, compared to the analo-
gous methyl derivatives 14 and 15. This may be due
to the increased steric nature of the CF3 group relative
to the Me group as it was found that the Me group
could be replaced by a chlorine atom, compound 11,
therefore implying that electron-withdrawing groups
are tolerated in this position. The steric restrictions of
this region of the molecule were further highlighted

Table 1. In vitro EP1 binding data for compounds 1–7


O


X
OH


O


N


Y


Compound X Y Binding pIC50
a


1 Cl H 8.1 ± 0.4


2 Br H 8.1 ± 0.2


3 CF3 H 8.3 ± 0.1


4 SO2Me H 7.6 ± 0.1


5 H H 7.7 ± 0.3


6 Ph H 6.4 ± 0.5


7 Thiophen-3-yl H 6.2 ± 0.7


a Mean of at least three experiments.

when the methyl group was replaced by an ethyl group,
compounds 12 and 13, which resulted in a considerable
loss of activity, approximately 10-fold, relative to the
corresponding methyl analogues (compounds 1 and
2), Table 2.


Further substitution of the pyrrole ring by addition of a
halogen atom or a phenyl group led to a marked de-
crease in EP1 activity, compounds 16–18, hence no fur-
ther analogues were pursued in this series, Table 3.


We were interested in exploring the role of the benzyl
group in binding to the EP1 receptor and its potential
in modulating the intrinsic clearance and CYP450 pro-
file of compounds.


To this end, we synthesized a range of analogues where
the benzyl group was replaced by potential non-aromat-
ic isosteric groups, Table 4.


We were pleased to find that the benzyl group could be
replaced by a cyclohexylmethyl group, compounds 19–
21, with a modest decrease in activity (5- to 16-fold).
Furthermore, the cyclohexyl ring could be replaced by
a tetrahydropyran (22) ring without further affect on







Table 4. In vitro EP1 binding data for compounds 19–29


O


R


X
OH


O


N


Compound X R Binding pIC50
a


19 Cl CH2Cyclohexyl 6.9 ± 0.5


20 Br CH2Cyclohexyl 7.4 ± 0.1


21 CF3 CH2Cyclohexyl 7.5 ± 0.2


22 Cl CH2tetrahydropyran-4-yl 7.4 ± 0.2


23 Cl CH2Cyclopentyl 7.6 ± 0.3


24 Br CH2Cyclopentyl 7.8 ± 0.3


25 Cl CH2tetrahydrofuran-2-yl 7.4 ± 0.2


26 Cl i-Bu 8.3 ± 0.1


27 Br i-Bu 8.3 ± 0.1


28 Br (5-Methyl-3-isoxazolyl)


methyl


7.6 ± 0.1


29 Br (3,5-Dimethyl-4-isoxazolyl)


methyl


6.7 ± 0.1


a Mean of at least three experiments.


Table 5. In vitro EP1 binding data for compounds 2 and 30–53


O


Br
OH


O


N


Y


Compound Y Binding pIC50
a


2 H 8.0 ± 0.2


30 2-Me 7.7 ± 0.2


31 4-Me 8.6 ± 0.1


32 3-CF3 6.6 ± 0.1


33 4-CF3 7.4 ± 0.1


34 3-OMe 7.3 ± 0.0


35 4-OMe 7.3 ± 0.3


36 3-OCHF2 7.1 ± 0.1


37 4-OCF3 7.8 ± 0.0


38 2-F 8.5 ± 0.1


39 4-F 8.2 ± 0.1


40 3,4-DiF 8.3 ± 0.2


41 2,5-DiF 8.1 ± 0.1


42 2,3-DiF 8.2 ± 0.1


43 2,6-DiF 9.0 ± 0.3


44 2,4,6-TriF 8.8 ± 0.5


45 2-Cl 7.9 ± 0.2


46 3-Cl 8.0 ± 0.2


47 4-Cl 8.0 ± 0.2


48 2,4-DiCl 8.3 ± 0.2


49 3,4-DiCl 7.0 ± 0.3


50 2-Cl, 4-F 7.8 ± 0.1


51 2-Cl, 6-F 7.9 ± 0.3


52 2-F, 4-CF3 7.9 ± 0.1


53 2-F, 6-CF3 7.0 ± 0.2


a Mean of at least three experiments.
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activity. Replacement of the benzyl group by the less
bulky cyclopentylmethyl moiety yielded more promising
analogues (23 and 24), with activity 2- to 3-fold lower
than their benzyl analogues. Again, we found that an
oxygen atom could be incorporated into the ring with
minimal detriment to binding affinity, compound 25.
The most potent analogues were obtained when the ben-
zyl group was replaced by an iso-butyl group, (26 and
27), as these compounds were equipotent with the origi-
nal benzyl analogues. These results suggest that the
benzyl group forms a lipophilic interaction with the
receptor, but that the environment may be limited steri-
cally, as the bulky cyclohexylmethyl group has lower
activity than the sterically less demanding cyclopentylm-
ethyl group and the smaller iso-butyl group. These re-
sults demonstrate the utility of the cyclohexylmethyl,
cyclopentylmethyl and iso-butyl groups as isosteres for
the benzyl group in this instance.


We also investigated replacement of the phenyl moiety
of the benzyl group by aromatic heterocycles such as
isoxazole, (28 and 29). Results show that 28 was well tol-
erated indicating that the 5-methylisoxazol-3-yl group is
a good isostere for a phenyl ring in this instance.


Synthesis of substituted benzyl analogues was undertak-
en in the bromo series as compound 2 had previously
demonstrated lower metabolic clearance than 1 in rat
in vivo study, Table 5.


The addition of both electron-donating and electron-
withdrawing substituents was explored. In general, elec-
tron-withdrawing groups were well tolerated. Addition
of a halogen atom to the 2-position, 38, the 4-position,
47, and the 2,4-position, 48, was well tolerated. The
most preferred substitution patterns were the 2,6- and
the 2,4,6-positions. The 2,6-difluoro derivative 43
showed excellent activity with an IC50 of 1 nM making
it the most potent compound in this series.

The pharmacokinetic parameters of several compounds
were assessed in vivo in a rat iv pharmacokinetic screen.
Results are summarized in Table 6.


The data in Table 6 show that substitution of the benzyl
group could be used to modulate the rate of clearance of
the compounds although the cyclohexylmethyl deriva-
tive (19) showed the lowest blood clearance. Derivative
39 also showed similar metabolic stability to analogue
2 and displayed a good CYP450 profile (IC50 values
all P17 lM, except the 2C9 isoform which displayed
an IC50 of 3.9 lM). When administered orally to rats
in 1% (w/v) methylcellulose aqueous formulation at a
dose of 3 mg/kg, 39 was found to have 44% bioavailabil-
ity. Due to these encouraging results, 39 was tested in
Freund’s complete adjuvant (FCA) model of inflamma-
tory pain.19 A dose-related effect was observed, 1 h post-
dose, at doses of 3, 10 and 30 mg/kg with a calculated
ED50 of 9.2 mg/kg, Figure 2.20


Compounds were synthesized as described in Schemes
1–5. Full experimental details and characterizing data
for key compounds have been described.18


The methyl-pyrrole derivatives were prepared as out-
lined in Scheme 1.21 Briefly, chlorosalicylaldehydes were
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Figure 2. Dose–response graph for compound 39 in FCA.


Table 6. In vivo pharmacokinetic data for selected compoundsa


Compound CLb (mL/min/kg) Vss (L/kg) t1/2 (h)


1 67 3.0 0.5


2 41 0.6 0.3


14 48 0.9 nd


15 62 0.9 nd


17 54 1.0 0.3


19 28 0.5 0.4


39 42 0.7 nd


47 51 0.8 0.2


50 48 0.8 0.3


a Compounds administered intravenously in 0.9% and (w/v) saline


solution containing 2% (v/v) DMSO and 10% (w/v) hydroxypropyl-


b-cyclodextrin at a dose of 1 mg/kg.
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Scheme 1. Reagents and conditions: (a) MVK, TEA, 3-ethyl-5-


(2-hydroxyethyl)-4-methyl-thiazolium bromide, reflux; (b) ethyl


3-aminobenzoate, PhMe, pTSA, reflux; (c) ethyl 3-aminobenzoate,


reacti-vial, 145 �C; (d) 2 M NaOH, EtOH, reflux; (e) 2 M NaOH,
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Scheme 2. Reagents and conditions: (a) 3,4-dihydro-2H-pyran, DCM,


HCl in dioxane, 78%; (b) n-BuLi, TMEDA, �15 �C then DMF,


�15 �C to rt, then aq HCl, 75%; (c) HMTA, TFA, 100 �C; (d) BnBr,


K2CO3, DMF, 60 �C; (e) PMBCl, K2CO3, DMF, 70 �C.


Table 8. Yields for the synthesis of compounds 54c and 58


Compound X Yields


54c CF3 78%,a 75%,b 19%d


58 SO2Me 30%,c 100%e


a Yield for conditions a.
b Yield for conditions b.
c Yield for conditions c.
d Yield for conditions d.
e Yield for conditions e.


Table 7. Yields for the synthesis of compounds 1–3 and 5


Compound X Yields


1 Cl 81%,a 60%,b 100%d


2 Br 78%,a 55%,b 100%d


3 CF3 32%,a 56%,c 96%e


5 H 72%,a 88%,b 91%e


a Yield for conditions a.
b Yield for conditions b.
c Yield for conditions c.
d Yield for conditions d.
e Yield for conditions e.
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Scheme 3. Reagents and conditions: (a) DCM, SOCl2, reflux; (b) 60,


THF, �60 �C to rt, 65%; (c) ethyl 3-aminobenzoate, NMP, pTSA,


150 �C, microwave 10 min, 50%; (d) 2M NaOH, EtOH, 100 �C,


microwave 2 min, 100%; (e) NCS, THF, 100%.


3660 A. Hall et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3657–3662

alkylated with benzyl bromide (K2CO3, DMF, 60 �C) to
give 2-benzyloxy-5-chlorobenzaldehyde 54a–d. Imple-
mentation of the Stetter reaction22 with methylvinylke-
tone (MVK) gave the corresponding 1,4-diketones
55a–d which underwent Paal–Knorr condensation23


with ethyl-3-aminobenzoate to give the requisite pyr-
roles 1–3 and 5, upon basic hydrolysis of the esters,
Scheme 1 and Table 7. The ethyl ester of Br-derivative

2 underwent Suzuki reaction with phenylboronic and
thiophene-3-boronic acid to give derivatives 6 and 7,
respectively, under standard conditions (PhMe–EtOH,
Pd(PPh3)4, K2CO3, reflux). The ethyl pyrrole derivatives
12 and 13 were prepared in an analogous fashion to the
corresponding methyl derivatives 1 and 2 using ethylvi-
nylketone (EVK).
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9 or 10 
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Scheme 4. Reagents and conditions: (a) DCM, SOCl2, reflux; (b) 57, THF, �60 �C to rt; (c) ethyl 3-aminobenzoate, NMP, pTSA, 150 �C, microwave


12 min, 92%; (d) ICF3, 30% H2O2, FeSO4Æ7H2O, DMSO, 43%; (e) NaSMe, DMF, 100 �C, 4h; (f) 4-fluorobenzyl bromide, KI, K2CO3, MeOH, 60 �C;


(g) 2,4-difluorobenzyl bromide, KI, K2CO3, MeOH, 60 �C.
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Scheme 5. Reagents and conditions: (a) PMBCl, K2CO3, DMF, 60 �C;


(b) MVK, TEA, 3-ethyl-5-(2-hydroxyethyl)-4-methyl-thiazolium bro-


mide, reflux; (c) PhMe, pTSA, reflux 4–6 h then ethyl 3-aminobenzo-


ate, reflux, 53% (X = Br), 74% (X = SO2Me); (d) substituted benzyl


bromide derivative, alkyl halaide or alkyl tosylate, K2CO3, DMF,


60 �C; (e) 2 M NaOH, EtOH, reflux or 2 M NaOH, EtOH, 100 �C,


microwave 2 min or 2 M NaOH, EtOH, reacti-vial, 100–200 �C.
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The ester of compound 1 could be chlorinated or
brominated with NCS or NBS to yield 16 and 17,
respectively, upon saponification. Suzuki reaction of
17 with phenylboronic acid, under standard conditions,
furnished 18.


2-Benzyloxy-5-trifluoromethylbenzaldehyde 57a was
prepared from 4-trifluoromethylphenol 56a as described
by Schäfer.24 Alkylation under standard conditions
furnished 54c, Scheme 2. 2-para-Methoxybenzyl-
5-methylsulfoxidebenzaldehyde was prepared from 4-
(methylsulfonyl)-phenol 56b by Duff reaction25 with
hexamethylenetetramine (HMTA) to give salicylalde-
hyde derivative 57b which was alkylated with para-
methoxybenzyl chloride to give 58 as illustrated in
Scheme 2 and Table 8.


The des-methyl pyrrole 8 was prepared as outlined in
Scheme 3.26 2-Benzyloxy-5-chlorobenzoic acid 59 was
converted to the corresponding acid chloride and react-
ed with the Grignard reagent 6026 to give the protected
acetal 61. Condensation with ethyl 3-aminobenzoate led
directly to 62 which underwent base-mediated ester
hydrolysis to give 8, Scheme 3.


The Cl-pyrrole 11 was prepared by chlorination of 62
with NCS in THF followed by ester hydrolysis,
Scheme 3.


The CF3 pyrrole derivatives 9 and 10 were prepared as
described in Scheme 4. 5-Chloro-2-methoxybenzoic acid
63 was converted to the corresponding acid chloride and
reacted with Grignard reagent 60 then ethyl 3-amino-
benzoate to give pyrrole 64. The CF3 group was in-
stalled by reaction with CF3I in the presence of
FeSO4Æ7H2O and H2O2 in DMSO.21 Simultaneous
deprotection of the methyl ether and ethyl ester was
achieved by reaction with sodium thiomethoxide. Selec-
tive alkylation of the phenol, in the presence of the
carboxylic acid, was achieved by reaction with the requi-
site benzyl bromide derivative in methanol with KI and
K2CO3 as base, Scheme 4.


The analogues described in Tables 4 and 5 were pre-
pared as detailed for the CF3- and Br-derivatives in
Scheme 5. The requisite salicylaldehyde derivatives 65a
and 57a were protected as their para-methoxybenzyl
derivatives, then subjected to the Stetter reaction22 to
give the analogous 1,4-diketones. Refluxing in toluene
with pTSA followed by addition of ethyl 3-aminobenzo-
ate and further heating effected a one-pot deprotection
of the PMB ether and pyrrole formation to give 66a

and b. Sequential alkylation and ester hydrolysis
furnished the desired compounds, Scheme 5.


In summary we have described the SAR of a range of
novel pyrrole EP1 receptor antagonists. The most potent
analogue 43 displayed an IC50 of 1 nM. We have also
shown that the Me group on the pyrrole ring could be
effectively replaced by a Cl-atom but not a CF3 group.
In addition, we have described several isosteric replace-
ments for the benzyl group of 1 and have shown that
replacement of this benzyl group by a cyclohexylmethyl
group, to give 19, resulted in lower metabolic clearance.
Finally, compound 39 showed good bioavailability in
rats and efficacy in a preclinical model of inflammatory
pain.
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Abstract—A series of b-site amyloid precursor protein cleaving enzyme (BACE-1) inhibitors containing a w(CH2NH) reduced amide
bond were synthesized. Incorporation of this reduced amide isostere as a non-cleavable peptide surrogate afforded inhibitors
possessing low nanomolar potencies in both an enzymatic and cell-based assay.
� 2006 Elsevier Ltd. All rights reserved.

Alzheimer’s disease (AD) is a devastating neurodegen-
erative disease that accounts for the majority of
dementia diagnosed in the elderly. AD is characterized
clinically by a slow and progressive decline in cogni-
tive function that inevitably leads to incapacitation
and death.


Current AD therapy relies primarily on palliative treat-
ment that can temporarily alleviate the symptoms but
fails to provide disease modifying amelioration. The pre-
dominant hypothesis that guides current research into
disease modifying therapies is based on the amyloid cas-
cade.1 This hypothesis states that the gradual and chron-
ic imbalance between the production and clearance of
Ab peptides results in their accumulation in the brain.
These secreted peptides, known as Ab40 and Ab42, are
the result of the proteolytic processing of the amyloid
precursor protein (APP) by two enzymes, b- and c-secre-
tase. Once formed, the Ab monomers can aggregate and
form neurotoxic oligomers that disrupt neuronal func-
tion and lead to cell death and memory loss that is the
phenotype of AD.2
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b-Secretase (BACE-1) is an aspartyl protease that func-
tions as the rate limiting step in the generation of these
Ab peptide fragments. Given the central role of Ab in
AD pathology, as well as the rich history in the field
of aspartic acid protease inhibition, there has been much
support for the pursuit of BACE-1 as a target for AD
therapy.3


Most of the inhibitors of aspartyl proteases (e.g., HIV
protease, renin, plasmepsin, and cathepsin D) that have
been reported in the literature contain a transition-state
isostere as the key binding element. In a similar fashion,
the majority of the BACE-1 inhibitors that have ap-
peared thus far are peptide-based analogs of the enzyme
substrate that replace the scissile amide bond with a
non-cleavable isostere. Typically the aspartate-bound
water molecule responsible for peptide cleavage is mim-
icked by an alcohol or amine and is contained within the
framework of an hydroxyethylamine (HEA), hydroxy-
ethylene (HE), statine, or norstatine pseudopeptide
backbone4 (Fig. 1).


The incorporation of a w[CH2NH] peptide bond isostere
into various peptide substrates is well documented and
has produced many important compounds for structure
activity investigations. In the context of aspartyl
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Table 1. BACE-1 enzyme and cell inhibition for P01 derivatives
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Figure 1. Structures of BACE inhibitors.
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protease inhibition, the concept of the reduced amide
isostere was first exploited by Szelke et al. to generate
potent inhibitors of human renin.5 X-ray crystallograph-
ic analysis showed that these inhibitors interacted with
the enzyme in a manner similar to their statine and
HE analogs.6 Since then, this isostere has been incorpo-
rated into the skeleton of inhibitors of other aspartyl
proteases, such as rhizopuspepsin,7 Sap28 and HIV
protease.9


In the course of our research to develop inhibitors of
b-secretase, we investigated utilizing the reduced amide
isostere as a key binding element. Previously we report-
ed that HEA inhibitors such as 1, when incorporated
into an N-terminal isophthalamide scaffold, were potent
inhibitors of b-secretase.10 The 1,3,5-trisubstituted
aromatic scaffold used in this paradigm was designed
to function as a P3–P1 Val-Asn-Phe peptidomimetic of
an optimized b-secretase cleavage site of APP.11 In those
examples there was a two pronged engagement of the
catalytic dyad upon binding with the hydroxyl and
secondary amino groups and further binding energy
was gained as the cyclopropyl group filled the S01 binding
pocket.


To understand the limits of engaging the catalytic
dyad, compound 2a, which was devoid of any prime-
side binding elements, was synthesized. While a poten-
cy loss of 60-fold (IC50 = 630 nM) was observed from
truncation to the terminal primary alcohol, it was
noteworthy that this small molecule inhibitor displayed
even moderate activity since it occupied only three
sub-sites of the BACE-1 enzyme. More discouraging
was that an additional 10-fold loss in potency was ob-
served when the hydroxyl group was substituted with a
primary amine (2b; IC50 = 5.9 lM). A similar loss in
potency was observed when amino statine isosteres
were compared to the corresponding statine-derived
inhibitors of BACE-1.12 In an effort to regain this pre-
cipitous loss in potency, we targeted the alkylation of
the amine for extension toward the prime-side of the
enzyme.


Early work in our laboratory detailed the SAR of a
series of micromolar, statine-derived BACE-1 inhibi-
tors 3.13 As such, we evaluated the elaboration of

amine 2b with the prime-side binding elements con-
tained in 3 and produced a w[CH2NH] reduced amide
inhibitor 4a (P01 ¼ H and P02 ¼ iBu), that showed po-
tent activity against BACE-1 in our enzymatic assay
(IC50 = 117 nM, Table 1). Although quite potent in
the enzyme assay, inhibitor 4a was less effective in
the cell culture assay that measured the production
of a secreted soluble N-terminal fragment of an APP
variant from cultured HEK 293T cells (sAPPb_NF;
IC50 = 3.7 lM).14


In order to optimize activity in both assays, we delineat-
ed SAR at the P01 region of the inhibitor and found that
the addition of either small alkyl groups (4b–d) or longer
hydrophilic substituents (4e,f) led to inhibitors with
enhanced enzymatic potencies. Compounds that incor-
porated a small alkyl group at P01 also resulted in a dra-
matic increase in cellular potency and produced
inhibitors with IC50 values ranging from 17 to 22 nM.
While the more polar substituents maintained enzymatic
activity, this modification resulted in diminished cell-
based activity, and can most likely be attributed to the
lower cell permeability of these compounds. All of the
reduced amide derivatives showed some selectivity over
the homologous enzyme BACE-2 (5- to 10-fold) and the
IC50 values versus human renin were greater than
20 lM.


Molecular modeling of compound 4b docked into the
BACE-1 active site revealed that the terminal amide ac-
cessed the S02 binding pocket. As such, we explored the
SAR in this region in order to optimize activity
(Table 2). We found that small alkyl, cycloalkyl and
benzyl groups were tolerated but only at the expense
of both cellular and enzymatic potency (4g–i). Also
apparent was a strict requirement for the presence of a
secondary NH group (cf. 4j) that functioned to properly
align the hydrogen bonding network between the
enzyme and the inhibitor.


The chemistry employed for the preparation of reduced
amide analogs 4 is detailed in Scheme 1. The synthesis
relied on the BOP-mediated coupling reaction between
carboxylic acid 810 and penultimate diamine 7.







Table 2. BACE-1 enzyme and cell inhibition for P02 analogs
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Figure 2. Overlay of HEA inhibitor 1 and reduced amide 4b.
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Figure 3. Hydrogen bonding network of inhibitor 4b.
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Intermediate 7 was synthesized by an amide coupling
reaction of isobutylamine to N-Boc-LL-alanine. Depro-
tection with HCl gas and reductive amination of the
functionalized a-amino amide (6) with commercially
available N-Boc-LL-Phe aldehyde afforded a mono-pro-
tected diamine precursor. Exposure of this intermediate
to HCl in EtOAc afforded the dihydrochloride salt 7.
Coupling to benzoic acid 8 afforded the final compounds
in good overall yield.


Owing to our success in obtaining a co-crystal structure
of HEA inhibitor 1, we were able to acquire an X-ray
structure of 4b at 1.8 Å resolution.15 When compared
to compound 1, both inhibitors were found to occupy
the same general space in the active site with a few key
differences (Fig. 2).


In both series, the a-methylbenzamide and Phe-derived
P1 groups occupy the S3 and S1 binding pockets,
respectively and the SAR is conserved between the
two structural classes. In addition there are hydrogen
bonding interactions between both of the P1 and P3


benzamide NH groups and the carbonyl of Gly230
(Fig. 3).


The sulfonamide group present on the aromatic scaffold
of inhibitor 4b occupies the S2 site in a manner consis-
tent with that of compound 1. Each sulfonamide oxygen
makes important hydrogen bonding interactions with
the enzyme; one with the backbone NH of Asn233,
and the other with the OH of Ser325.
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Scheme 1. Reagents: (a) isobutylamine, BOP reagent, DIPEA, DCM, 88%;


74%; (d) BOP reagent, amine 7, DIPEA, DMF, 78%.

The amide bond of the reduced amide subunit is
involved in two key interactions with the flap of the
enzyme that provided added potency. Namely, there is
one interaction between the Gln73 NH (3.2 Å) and the
P1 carbonyl and a second between the P2 0 isobutyl
amide carbonyl and Thr72 NH (3.0 Å) of BACE-1.
The carbonyl of Gly34 is in close proximity to the
isobutyl amide NH (3.0 Å).


Further analysis of the crystal structure of inhibitor 4b
in complex with BACE-1 revealed that unlike the mode
of binding of typical transition state isosteres, where the
hydroxyl and/or amino group is in close contact with
both catalytic aspartates, the nitrogen atom at the scis-
sile bond of reduced amide 4b shared a hydrogen bond
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Figure 4. Reduced amide inhibitor 9.
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with only half of the dyad, specifically Asp228. This
observation is consistent with the known binding prop-
erties of w[CH2NH]pseudopeptides to aspartic acid
proeteases.7–9


Cognizant of the fact that this motif introduced another
amide bond into the framework of the inhibitor, we
incorporated the reduced amide binding element into
one of our previously described non-amide P3 analogs.16


Gratifyingly, we substituted the P3 benzamide ligand of
inhibitor 4b with the isosteric cis vinylcyclopropane moi-
ety that also contained a trans methyl substituent
(Fig. 4). As such, we produced inhibitor 9 that was
equipotent in both the enzyme and cell-based assays
(BACE-1; IC50 = 20 nM; sAPPb_NF; IC50 = 23 nM).
This modification also improved the cell permeability
of the series (Papp = 24 · 10�6 cm/s) when compared to
either HEA inhibitor 1 (Papp = 0.6 · 10�6 cm/s) or re-
duced amide 4b (Papp = 10 · 10�6 cm/s). However, both
compounds were susceptible to P-glycoprotein transport.


The reduced amide isostere represents a new application
of an established pharmacophore in the field of aspartyl
protease inhibition and an alternative structural class of
BACE-1 inhibitors. The incorporation of the 5-substi-
tuted isophthalamide scaffold at the N-terminal site of
this isostere resulted in potent compounds that display
impressive cellular IC50 values. Further modification of
this general template has paved the way toward more
potent and efficacious inhibitors with improved physical
properties. Additional results from these modifications
will be forthcoming.
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Abstract—Systematic modification of a screening lead yielded a class of potent glycinamide based CCR2 antagonists. The best
compound (55, (2S)-N-[3,5-bis(trifluoromethyl)benzyl]-2-{[2-(1-piperidinyl)ethyl]amino}-2-(3-thienyl)acetamide) displayed good
binding affinity (IC50 = 30 and 39 nM) toward human monocytes and CHO cell expressing human CCR2b, respectively. Function-
ally, it blocked MCP-1 (CCL2)-induced calcium mobilization (IC50 = 50 nM) and chemotaxis mediated through the CCR2 receptor
(9.6 nM). It is selective against other chemokine receptors tested.
� 2006 Elsevier Ltd. All rights reserved.

Chemokines or chemotactic cytokines are a large family
of small (�8–15 kDa) structurally related proteins that
play an important role in leukocyte migration and acti-
vation.1–5 Most members of this family belong to one of
two major subfamilies which are distinguished based on
the arrangement of the first two conserved cysteines in
the sequence: the CC family which contains adjacent
cysteines and the CXC family in which the cysteines
are separated by a single intervening amino acid.
Chemokines mediate their effects through activation of
specific cell-surface seven-transmembrane spanning
G-protein coupled receptors. Monocyte chemoattrac-
tant protein (MCP-1/CCL2) belongs to the CC chemo-
kine subfamily and binds to CC chemokine receptor 2
(CCR2), which is expressed on the majority of blood
born monocytes.6 Interruption of the MCP-1/CCR2 axis
in rodent models of inflammatory and autoimmune dis-
eases by genetic deletion of either MCP-17 or CCR28–10


and use of peptidyl CCR2 antagonists,11 or anti-MCP-1
antibodies12 suggests that inhibition of CCR2 may pro-
vide potential therapies for a variety of diseases includ-
ing rheumatoid arthritis,11,12 multiple sclerosis13–15, and
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atherosclerosis.10,16–18 These prospects have prompted
the search for small molecule MCP-1/CCR2 antagonists
in many research laboratories.19 Several examples have
been reported in the scientific and patent literature as
shown in Figure 1. Compound 1 was among the first
reported CCR2 antagonists to exhibit micromolar bind-
ing affinity to the receptor and functional antagonism in
the chemotaxis (CTX) assay.20 Compound 2 showed
higher affinity to the receptor but had much reduced
functional antagonism.21 Compound 3, which bears
structural resemblance to earlier reported CCR1 antag-
onists, was reported to have potent binding and func-
tional activities.22 A series of indolyl piperidine based
CCR2b antagonists which also bind to 5-HT was report-
ed (compound 4).23,24 In addition, a class of potent
CCR5 antagonists have been reported to have low nano-
molar binding to CCR2 and act as functional antago-
nists of the CCR2 receptor.25,26 All of these are
piperidine based with at least two aromatic rings as their
pharmacophore. Two novel classes of CCR2 antago-
nists as represented by compounds 5 and 6 have also
been disclosed. Compound 5 is a carboxylic acid which
was reported to be a CCR2 antagonist with good bind-
ing affinity to the receptor.27 The acyl urea 6, however,
inhibits MCP-1-induced chemotaxis of human mono-
cytes in vitro and in vivo even though it does not
displace the binding of MCP-1 to CCR2.28,29 All these
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Figure 1. CCR2 antagonists.
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compounds suffer from various problems ranging from
low binding affinity and/or low functional activity to
poor selectivity. Herein we report a new class of glycin-
amide based potent CCR2 antagonists with good selec-
tivity over other chemokine receptors.


Screening of the Merck sample collection resulted in a
single hit 7 (IC50 = 770 nM, CCR2), which was original-
ly prepared for the neurokinin antagonist program
(IC50 = 650 nM, NK1). A modular approach was taken
to develop this lead, namely identification of an optimal
central amino acid, modification or replacement of the
diamines, and investigation of the importance of the
amide.


The synthetic approaches to these phenyl glycine deriv-
atives were carried out either through the alkylation of
the glycine or displacement of a-bromo-phenylaceta-
mide. Scheme 1 shows a typical route starting from an
N-protected phenyl glycine. EDC coupling with a benzyl
amine provided the corresponding amide. After acidic
deprotection, treatment of the resulting amine with an
amino ethyl chloride in the presence of sodium
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Scheme 1. Reagents and conditions: (a) EDC, HOBT, 3,5-bis(trifluoromethy


chloride HCl, NaHCO3, EtOH, 80 �C.

bicarbonate in refluxing ethanol provided the desired
compound. The stereochemistry of the amino acid was
retained during the synthesis.


A second approach from a-bromo-phenylacetamide is
depicted in Scheme 2. The desired a-bromo-phenylace-
tamide was prepared through the coupling of a-bromo-
acetic acid with a benzylamine as described earlier.
Treatment of the bromo phenylacetamide with neat
diamines, amino thiols, and amino alcohols gave the de-
sired compounds. This two-step synthesis allowed the
facile preparation of compounds incorporating sulfur
and oxygen as well as nitrogen at the backbone of the
lead.


Compounds were initially evaluated for their ability to
inhibit human 125I-MCP-1 binding to the CCR2b recep-
tor, stably expressed on CHO cells.30 A binding assay
based on human monocytes was later established and
the two binding assays generally agree well in this lead
class. Functional antagonism and efficacy of key com-
pounds were studied in a calcium flux or chemotaxis
assays, both using human primary monocytes.31,32
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Scheme 2. Reagents and conditions: (a) EDC, HOBT, 3,5-bis(trifluoromethyl)benzyl amine, CH2Cl2, 0 �C; (b) Me2N(CH2)2XH (X = NH, O, S;


neat).


Table 2. Binding affinity to human CCR2 (CHO).


N


H
N


N
H


O X


R


Compound X R Binding IC50 (nM)


24 H 2-CF3 1%


25 H 3-CF3 5%


26 H 4-CF3 7%


27 H 3,5-DiMe 0%


28 Me 3,5-DiCF3 28%


13 H 3,5-DiCF3 1000


% inhibition at 1 lM when no IC50’s were measured.


Table 3. Binding affinity to human CCR2 (CHO)


N


H
N


N
H


CF3


CF3


O


X


Compound X Binding IC50 (nM)


13 CONHCH2 1000


29 CONMeCH2 20%


30 CH2NHCO 0%


31 CH2NHSO2 0%


32 CH2NMeSO2 0%
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Structural optimization was carried out on each subunit
of the screening lead 7. The central 4-fluorophenyl
glycine has the LL or (S)-stereochemistry, while its DD or
(R)-enantiomer 11 is inactive (Table 1). Deletion of the
aromatic ring also resulted in an inactive compound
12. A survey of aromatic amino acids demonstrated that
the aryl group is important for hCCR2 activity. The par-
ent phenyl glycine derivative 13 is equipotent to the lead,
but its homolog phenylalanine 14 was inactive. As a
result, much of the early SAR was carried out with
phenyl at this position for easier access of starting mate-
rials. A fully saturated cyclohexyl glycine 15 did not
bind to the receptor suggesting very tight SAR in this
region. Most substitutions on the phenyl group with
the exception of small groups at the 4 position reduced
potency as demonstrated by compounds 16–20. The
4-fluorophenyl group can be replaced by a variety of
small heteroaryl groups that retain or improve hCCR2
binding affinity. For example, the thiophene derivative
22 and furan analog 23 are more potent than the
original lead.


The bis-trifluoromethylbenzyl group is extremely sensi-
tive to modification (Table 2). Both of the CF3 groups
are critical for activity. Attempts to replace the bis-triflu-
oromethylbenzyl group with other substituted benzyl
groups resulted in inactive compounds (24–27) as shown
in Table 2. The introduction of a methyl at the benzylic
position is a way of restricting the number of low-energy
conformations at this region, potentially favoring a

Table 1. Binding affinity to human CCR2 (CHO)


N


H
N


N
H


R


O
CF3


CF3


Compound Stereo R Binding IC50 (nM)


7 LL 4-F–Ph 770


11 DD 4-F–Ph 8%


12 — H 0%


13 LL Ph 1000


14 LL 4-F–PhCH2 1%


15 LL c-Hex 9%


16 DLDL 3,4-DiF–Ph 33%


17 DLDL 4-Cl–Ph 1100


18 DLDL 4-Br–Ph 25%


19 DLDL 3-Br–Ph 17%


20 LL 4-MeO–Ph 47%


21 LL 2-Thiophene 865


22 LL 3-Thiophene 424


23 DLDL 2-Furan 592


% inhibition at 1 lM when no IC50’s were measured.


33 CH2NAcCH2 4%


34 CH2NMsCH2 0%


35 CH2OCH2 6%


% inhibition at 1 lM when no IC50’s were measured.

more active conformation. Unfortunately, in this
instance it greatly reduced the binding of compound
28 as compared with the parent 13.


Likewise, the secondary amide is also critical for recep-
tor binding (Table 3). Replacement of the amide linker
with N-methyl amide, reversed amide, sulfonamide, or
ether linkers results in total loss in activity as shown in
Table 3.


The effects of substitution and replacement of the
glycine amine (NH) were investigated (Table 4). Simple
methylation to convert it to a tertiary amine (36)
abolished the binding affinity, as did acetylation (37).
The imine (38), ether (39), thioether (40), and methylene
(41) replacements all gave compounds with reduced
binding affinity.







Table 4. Binding affinity to human CCR2 (CHO)


N
X


N
H


CF3


CF3


O


Compound X Binding IC50 (nM) (%)


36 MeN 8


37 AcN 0


38 –N@ 10


39 O 0


40 S 25


41 CH2 13


% inhibition at 1 lM when no IC50’s were measured.


Table 7. Receptor selectivity profile of compound 55


Receptor Binding IC50 (nM) Receptor Binding IC50 (nM)


CCR1 >1000 (�19%) CCR8 >1000 (15%)


CCR3 >1000 (2%) NK1 >100 (31%)


CCR4 >2000 (6%) NK2 >1000 (20%)


CCR5 >1000 (49%) NK3 >1000 (10%)
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The dimethylamine unit on the left side of the molecule
is essential for binding as replacement with non-basic
groups generates inactive compounds (44, 45, Table 5).
Replacement of the dimethylamine group with other
amino groups is tolerated and can lead to improved
potency, with the piperidine group being optimal (47–
50). Substitution on the piperidine group did not im-
prove activity (51–53). Prolongation of the linker be-
tween the two amines reduced potency (54).


Having established the optimal moieties at each position,
we incorporated them into one molecule (Table 6). The

Table 5. Binding affinity to human CCR2 (CHO)


R


H
N


N
H


O
CF3


CF3


Compound Stereo R Binding IC50 (nM)


42 DLDL H2N 14%


43 DLDL Me2N 1477


44 DLDL i-Pr 0%


45 DLDL MeO 0%


46 DLDL Et2N 678


47 DLDL 1-pyrrolidinyl 521


48 DLDL 1-piperidinyl 342


49 LL 1-homopiperidinyl 400


50 DLDL 1-morpholinyl 575


51 LL 2-Me-1-piperidinyl 838


52 LL 4-Me-1-piperidinyl 756


53 LL 4-Ph-1-piperidinyl 822


54 LL 1-piperidinylmethyl 26%


% inhibition at 1 lM when no IC50’s were measured.


Table 6. Binding affinity to human CCR2 (CHO)


N


H
N


N
H


R


CF3


CF3


O


Compound R Binding IC50 (nM)


55 3-Thiophene 39


56 Ph 219


57 4-F–Ph 175

3-thiopheneglycine derivative 55 showed potent binding
affinity to the human CCR2 receptor. For comparison,
the phenylglycine and 4-F-phenylglycine analogs were 4-
fold less active. Furthermore, compound 55 showed sim-
ilar binding affinities to human monocytes with an IC50 of
30 nM. It inhibited MCP-1-induced calcium flux in hu-
man monocytes with an IC50 of 50 nM. More important-
ly, it inhibited MCP-1-induced chemotaxis of human
monocytes with an IC50 of 9.6 nM. In addition, com-
pound 55 shows good selectivity against other chemokine
receptors as well as neurokinin receptors (Table 7). These
data indicate that 55 is a CCR2-specific antagonist.


The PK profile of compound 55 was evaluated in rats.
Oral bioavailability was low (F = 4.5%), clearance was
high (Clp = 80 mL/min/kg), and half-life was modest
(t1/2 = 1.8 h). A study was carried out to see if the low
oral bioavailability was due to high first pass metabo-
lism. It was orally administered to rats (3 mg/kg), and
portal and systemic levels are measured at several time
points. It exhibited good oral absorption as demonstrat-
ed by high portal levels (over 300 ng/mL at 1 h), but lim-
ited systemic exposure (<20 ng/mL) suggests that first
pass metabolism is responsible for the low oral
bioavailability.


In conclusion, we have described SAR studies that have
resulted in the identification of compound 55 as a novel
and potent non-peptidyl CCR2 antagonist with compa-
rable binding (cloned receptor and human monocyte)
and functional chemotaxis and calcium flux activities.
Compound 55 shows remarkable selectivity toward
other chemokine receptors as well as the neurokinin
receptors. This lead has served as a starting point for
the design and synthesis of additional CCR2 antago-
nists. Progress in this area will be reported in due course.
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hMCP-1 was used to activate CCR2B receptors. Both
plates were placed into the Fluorescence Imaging Plate
Reader (FLIPR, Coherent, Inc.). Chemokines were dis-
pensed from addition plate into the cell plate and calcium
release was measured by the Argon Laser at an excitation
wavelength of 488 nm and an emission wavelength of
530 nm.


32. For a description of the chemotaxis assay, see: Ayala,
J.M.; Goyal, S.; Liverton, N.J.; Claremon, D.A.; O’Keefe,
S.J.; Hanlon, W.A. J Leukoc Biol 2000, 67, 869–75.
Briefly: assays were performed in 96-well disposable
chemotaxis plates (ChemoTx, NeuroProbe, Inc.) with a
5 m pore size (5.7 mm diameter). Monocytes (1 · 107 cells/
ml) were incubated with 2 M Calcein-AM (Molecular
Probes) in Hanks’ balanced salt solution containing 0.01%
BSA at 37 �C for 30 min. The dye-loaded cells were
washed and resuspended at 6 · 106 cells/ml in RPMI 1640
(lacking phenol red) containing 0.01% BSA. Assay was
performed with 1.5 · 105 cells/well.
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Abstract—A series of structurally novel aminothiazole based small molecule inhibitors of Itk were prepared to elucidate their struc-
ture–activity relationships (SARs), selectivity, and cell activity in inhibiting IL-2 secretion in a Jurkat T-cell assay. Compound 3 is
identified as a potent and selective Itk inhibitor which inhibits anti-TCR antibody induced IL-2 production in mice in vivo and was
previously reported to reduce lung inflammation in a mouse model of ovalbumin induced allergy/asthma.
� 2006 Elsevier Ltd. All rights reserved.

Itk (Interleukin-2-inducible T cell kinases), also known
as Emt or Tsk, is expressed mainly in T, natural killer,
and mast cells.1 Itk is tyrosine phosphorylated and acti-
vated in response to cross linking of TCR, CD28 or
CD2 and has been implicated in thymocyte development
and activation of T cells through TCR and CD28
engagement.2 Gene knockout studies have revealed that
mice lacking Itk have fewer T cells, especially CD4+ T
cells, and mature T cells isolated from these mice exhibit
defective TCR mediated responses such as calcium
mobilization, IL-2 secretion, and proliferation.3 In addi-
tion, Itk deficient mice are unable to establish functional
Th2 cells resulting in their inability to clear parasitic
infections dependent upon a Th2 response.4 Recent
studies have shown that Itk deficient mice have drasti-
cally reduced lung inflammation, eosinophil infiltration,
and mucous production in response to OVA induced
induction of allergic asthma.5 These studies suggest that
a selective Itk inhibitor should be useful as an immuno-
suppressive and/or anti-inflammatory agent and may be
an attractive modulator of dysregulated allergic path-
ways mediated by Th2 cells.6
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In an earlier report we described SAR optimization of
the directed screening hit 1 that led to the discovery of
2 as a potent and selective Itk inhibitor.7 In this commu-
nication, we outline SAR studies in a related and novel
2-amino-5-thioaryl-thiazole series that culminated in the
identification of 3 as a highly potent and selective small
molecule Itk inhibitor with excellent activity in reducing
T cell proliferation in vitro and Il-2 production in mice
in vivo (Fig. 1). As reported earlier,8 compound 3 reduc-
es lung inflammation in a mouse model of ovalbumin
induced allergy/asthma.


The synthesis of compounds related to 3 is shown in
Schemes 1–3. Scheme 1 outlines a general route to the
carboxamide analogs 9. Reaction of commercially avail-
able 2-amino-5-bromothiazole 4 with the appropriately
substituted 3-carboxythiophenol 5 in the presence of sodi-
um methoxide in methanol followed by addition of anhy-
drous hydrogen chloride in dioxane formed the thioether
6. Protection of the amino group as a tert-butylcarbamate
and subsequent base hydrolysis of the methyl ester affor-
ded acid 7. Coupling of acid 7 with the appropriate amines
under standard conditions followed by BOC-deprotec-
tion with TFA formed amine 8 which was further coupled
with an acid chloride in the presence of pyridine to form 9.


A similar but more concise route was used for the syn-
thesis of 3. Reaction of 2-amino-5-bromothiazole 4
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Figure 1. Itk inhibitory activity of aminothiazoles 1–3.
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4-chloromethylbenzoyl chloride; (d) MeOH, 2-amino-3,3-dimethylbutane, 36% overall yield in two steps.
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and 3-carboxy-4-methoxy-6-methylthiophenol 10 with
methanolic sodium methoxide at 0 �C to rt formed acid
11 which was then treated with N-acetylpiperazine to
form aminothiazole 12. Subsequent reaction of 12 with
4-chloromethylbenzoyl chloride and diisopropylethyl
amine at ambient temperature formed 13 which upon
treatment with 2-amino-3,3-dimethylbutane in refluxing

methanol afforded 3. This synthetic route eliminated the
protection/deprotection steps outlined in Scheme 1.


Preparation of 2-heteroarylamine analogs required a
different approach as illustrated in Scheme 3 with the
synthesis of 2-aminopyridine 18. Reaction of 2-amino-
pyridine 14 with benzoylisothiocyanate in acetone
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Scheme 3. Reagents: (a) acetone, benzoylisothiocyanate, 100%; (b) aq NaOH, 73%; (c) aq EtOH, chloroacetaldehyde, 79%; (d) bromine, AcOH,


86%; (e) 3-carboxythiophenol, NaOMe, MeOH, 86%; (f) EDAC, HOAt, i-Pr2NEt, N-acetylpiperazine, THF, 100%.


Table 2. SAR for thioaryl linker modification


N


SN
H


O


N


S


N


N


O


Me


O


Me


Me


R1


2


4
6


Compound R1 Itk inhibition


IC50 (lM)8


9a H 0.97


9b 2-Me >25


9c 4-Me 0.29


9d 6-Me 0.94


9e 4-Cl 0.6


9f 4-NH2 0.09


9g 4-OH 0.03


9h 4-OMe 0.034


9i 4-NHAc 0.25


9j 5-NH2 1.13


9k 5-CF3 19.24


9l 4,5-di-Me 0.21


9m 5,6-di-Me 3.9


9n 4,6-di-Me 0.06


9o 4-OH,6-Me 0.012


9p 4-OMe,6-Me 0.018
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followed by basic hydrolysis of the benzoyl protecting
group afforded a thiourea intermediate9 which was con-
densed with chloroacetaldehyde10 in aq ethanol to form
thiazole 15. Bromination of 15 with bromine and acetic
acid at 40 �C afforded 5-bromothiazole 16 which was
then treated with 3-carboxythiophenol to form the acid
17. Reaction of 17 with N-acetylpiperazine under stan-
dard conditions afforded 2-pyridylamino derivative 18.
This synthetic route is quite general and was used for
the synthesis of other heteroaryl amino derivatives.


Aminothiazole 1 and its analogs were tested for their
ability to inhibit the phosphorylation of an exogenous
substrate (GST-fused SLP-76)8 using a recombinant
Itk kinase domain as source of the enzyme (IC50,
Tables 1–6).


Table 1 outlines the SAR observed with the thiomethyl
ether linkage modification of the initial screening hit 1.
Truncation of the thiomethyl linker by deletion of either
the methylene group (9a) or the sulfur atom (1a) retains
the biochemical potency of the parent 1. In the 4-tert-
butyl benzamide series the thiomethyl linker can be re-
placed with an extended ether (1b) or N-methylated
amine (1c) without any loss of potency. The N-desmeth-
yl analog (1d) corresponding to 1c is at least an order of
magnitude less potent. Based on its biochemical potency
and selectivity over other kinases (data not shown) 9a
was selected for further optimization.

Table 1. SAR for thioether linker modification


N


SN
H


O


R


X


N


N


O


Me


O


Compound X R Itk inhibition


IC50 (lM)8


1 SCH2 Me2N 1.0


9a S Me2N 0.97


1a CH2 Me2N 0.82


1b CH2OCH2 t-Bu 0.93


1c CH2N(Me) CH2 t-Bu 2.19


1d CH2NH CH2 t-Bu 22.34

A profound increase in biochemical potency was
observed upon introduction of substituents on the
central thiophenyl ring (Table 2). A methyl group scan
revealed the importance of such substitution at the
C4- or C6-position of the phenyl ring (9d–e). A wide
variety of small substituents (9e–i) is tolerated at the
C4-position. In general electron donating groups led
to more potent analogs (9f–h). A similar trend is
observed with respect to substitution at the C5-position
of the phenyl ring (9j–k). Finally disubstitution in the
phenyl ring led to some of the more potent analogs.
4-Hydroxy-6-methyl and 4-methoxy-6-methyl analogs
9o and 9p are identified as the two most active
compounds in this series.


To optimize the potency further, we next turned to the
modification of the C2 0-benzamide moiety of compound
9p (Table 3). Replacement of the N,N-dimethyl group
on the benzamide with an ether (9q–r) has little impact
on the biochemical and cell potency of these analogs.







Table 3. SAR for C2-amide modification
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Table 4. SAR for C2 amine modification
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R
S


N


N


O


Me


O


R1


2


4
6


2


Compound R R1 Itk inhibition


IC50 (lM)8
Jurkat IL-2 inhibition


IC50 (lM)8


18a Ph H 34.2 NDa


18 2-Pyridyl H 0.69 24


18b 3-Pyridyl H >50 NDa


18c 2-Pyrimidinyl H 46.3 NDa


18d 2-Pyrazinyl H 6.06 NDa


18e 2-Thiazolyl H 7.07 NDa


18e 2-Pyridyl 4-OH 0.03 2.18


18f 6-Br-2-pyridyl 4-OH 0.007 0.37


18g 4,6-di-Me-2-pyridyl 4-OH 0.007 0.46


18h 4,6-di-Me-2-pyridyl 4-OMe, 6-Me 0.006 0.23


a ND, not determined.
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Furthermore, the benzylamine analog 9s is an order of
magnitude less potent than the parent 9p in the cell
based assay despite being biochemically equipotent.
Introduction of a large hydrophobic group on the ben-
zyl amine led to analog 3 as a highly potent Itk inhibitor
both biochemically and in the cell. The benzamide can
be replaced with a pyrrolo amide (9t) or cyclopropyl

amide (9u) with no loss of potency in vitro. However,
the cyclopropyl amide 9u is roughly 2-fold less potent
in the Jurkat cell based assay.


We also investigated the effect of replacing the C2 0-
carboxamide with an aryl/heteroaryl amine (Table 4).
Replacement with aniline (18a) resulted in substantial







Table 5. SAR for C2 and C3 carboxamide modification
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Compound R R1 Itk inhibition


IC50 (lM)8
Jurkat Il-2 inhibition


IC50 (lM)8
MLM ratea


9u
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0.009 0.69 High


9v  0.26 1.0 High
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N N
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Me


O Me


0.019 0.21 Moderate


9x
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N N Me


O


0.32 25.32 Low


9y
H
NN


H


Me
0.007 0.26 Moderate


a MLM (mouse liver microsome) rate (nmol/min/mg of protein): high >0.3; moderate 0.1–0.29; low <0.1.


Table 6. SAR for C3 carboxamide modification


N


SN
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NBr
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Compound R1 Itk inhibition


IC50 (lM)8
Jurkat Il-2 inhibition


IC50 (lM)8
MLM ratea


18f
N N Me


O
0.007 0.37 High


18j
N


CO2H


0.034 >50 Low


18k N CO2H 0.015 >50 Low


18l N(Me)CH2CO2H 0.37 >10 Low


18m


N


NH
SO2MeO


0.083 >10 Low


a MLM (mouse liver microsome) rate (nmol/min/mg of protein): high >0.3; moderate 0.1–0.29; low <0.1.
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loss of potency. Heteroaryl amine substitution revealed
that only the 2-pyridyl amine analog 18 retained the
biochemical potency, while the isomeric pyridine deriva-
tive 18b or other heteroaryl amines (18c–e) were signifi-
cantly less potent. In the 2-pyridyl series an increase in
potency was achieved by introduction of substituent in
the central thiophenyl ring (18e). Substitution on the
pyridine ring further increased both biochemical and cell

potency. Compounds 18f–h were identified as some of
the most potent analogs in this series.


Our SAR studies so far identified several extremely
potent Itk inhibitors (3, 9p, 9t, and 18f–h) in this novel
2-amino-5-arylthio thiazole series. However, in vitro
metabolism studies with both mouse and human liver
enzyme homogenates revealed that this class of analogs







Table 8. Single dose pharmacokinetic parameters of compound 3 in


mice


iv route Oral route


Dose 10 mg/kg Dose 20 mg/kg


Half-life (h) 1.3 Half-life (h) 1.4
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in general suffered from a rapid rate (>0.3 nmol/min/mg
of protein) of degradation. To address this issue, we
investigated the effect of incorporating an acidic or basic
functionality in the molecule that could reduce its
affinity for the cytochrome P450 isozymes. Table 5 out-
lines these results in the C2 0-carboxamide series. For
example, replacement of the N-acetylpiperazine group
in the cyclopropyl amide analog 9u with basic sidechains
(9v–w) or introduction of a methylaminomethyl
functionality in the pyrroloamide analog (9y) had little
impact on the metabolic degradation rates of these
compounds. The metabolically stable carboxylic acid
analog 9x was significantly less potent against the
enzyme, and more importantly, in the cellular assay.


A similar trend was observed with the 2-pyridylamino
analogs (Table 6). Several metabolically stable analogs
were identified through the introduction of an acid
(18j–l) or an acid surrogate group (18m). Some of these
analogs (18j–k) retained the intrinsic biochemical poten-
cy of the parent compound 18f but lacked any cellular
activity in the Jurkat Il-2 inhibition assay. To summa-
rize, the rapid rate of metabolic degradation of this class
of compounds could not be addressed without subse-
quent loss of cellular potency.


Based on its potent enzyme and cellular activity,
compound 3 was characterized for enzyme selectivity
in vitro. As shown in Table 7, analog 3 exhibited exqui-
site selectivity over other kinases. It was at least 200-fold
selective over Tec family kinases and over 55-fold selec-
tive against other kinases tested. In addition 3 showed
ATP competitive kinetics8.


Based on potency and selectivity, 3 was analyzed further
in cells. Compound 3 inhibited anti-CD3 antibody
induced IL-2 secretion both in human Jurkat T-cells
(IC50 = 0.25 ± 0.11 lM), PBMCs (IC50 = 0.39 ± 0.16 lM)
and in murine EL4 cells (IC50 = 0.07 ± 0.04 lM) and
splenocytes (IC50 = 0.38 ± 0.18 lM). The murine EL4
cell line appears to be the most sensitive to Itk inhibition.

Table 7. Enzyme selectivity of compound 3


Enzyme IC50 (lM)8 (selectivity ratio)a


Itk 0.019 (1)


Txk 11 (550)


Tec 17 (850)


Btk 4.1 (200)


Bmax >50 (>2500)


Lck 2.4 (120)


Fyn 1.1 (55)


Syk >50 (>2500)


ZAP-70 >50 (>2500)


IR 1.1 (55)


EGFR >50 (>2500)


Cdk2 29 (1450)


ERK-1 >50 (>2500)


PKA >50 (>2500)


PKC 24 (1200)


Akt1 >50 (>2500)


IKKb >50 (>2500)


GSK-3b 36 (1800)


a Selectivity ratio, IC50/IC50 (Itk).

Prior to assessing activity in vivo, the pharmacokinetic
profile of 3 was determined in mouse (Table 8). Single
iv and oral doses of 3 were administered. Concentra-
tions of 3 were determined in plasma using an LC/MS
assay. Plasma concentrations declined with a mean elim-
ination half-life of 1.4 h upon oral dosing. Analog 3 suf-
fered from a high rate of clearance compared to the
mouse hepatic blood flow. The oral bioavailability of 3
based on the dose-normalized AUCs after oral and iv
dosing was 6.4% in mice.


Compound 3 was tested for its ability to inhibit IL-2
production in vivo in mice following intravenous injec-
tion of anti-CD3 antibody (Fig. 2). A 50% inhibition
of serum IL-2 production was observed at a dose of
50 mg/kg, sc, irrespective of the amount of the antibody
used. In a separate experiment, the serum concentration
of 3 was determined to be 1.89 ± 0.34 lM (n = 5), 1.75 h
after administration at 50 mg/kg, sc. In addition we
reported earlier8 that compound 3 significantly reduced
lung inflammation at a dose of 25 mg/kg, sc in a mouse
model of ovalbumin induced allergy/asthma.


In summary, starting from a screening lead 1 with
modest biochemical and cell potency we identified a
novel series of potent and selective Itk inhibitors as
exemplified by 3 through systematic SAR optimiza-
tion. The problem of the metabolic instability of this
series could not be solved without concomitant loss
of cell potency. However, we demonstrated the poten-
cy of compound 3 in an in vivo mouse model. To our
knowledge, 3 is the first example of a potent and
selective small molecule Itk inhibitor to show efficacy
in a mouse model of lung inflammation. This analog
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Figure 2. Inhibition of anti-CD3 antibody induced serum IL-2


production in mice in vivo by 50 mg/kg of compound 3. *p < 0.05
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should serve as a useful tool in investigating the role
of Itk in T cell signaling.
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Abstract—A simple and efficient synthesis of 1,4-bis(furo[2,3-d]pyrimidine-2,4(1H,3H)-dione-5-yl)benzene derivatives was achieved
via a one-pot three-component reaction of isocyanides, N,N 0-dimethylbarbituric acid, and terephthaldialdehyde in DMF at room
temperature for 30 min. These improved reaction conditions allow the preparation of highly substituted furopyrimidinones in high
yields and purity under mild reaction conditions.
� 2006 Published by Elsevier Ltd.

Fused pyrimidine compounds are valued not only for
their rich and varied chemistry, but also for many
important biological properties.1 Among them, the furo-
pyrimidine ring system, because of a formal isoelectron-
ic relationship with purine, is of special biological
interest.2 It has numerous pharmacological and agro-
chemical applications viz. antimalarials,2a antifo-
lates,2b–f and antivirus,2g as well as potential radiation
protection agents.2h Recently, some furopyrimidines
were shown to be potent VEGFR2 (vascular endothelial
growth factor receptor 2) and EGFR (epidermal growth
factor receptor) inhibitors.2i Because of the importance
of furo[2,3-d]pyrimidine derivatives, several methodolo-
gies for synthesizing them have already been devel-
oped.3–14 However, many of the synthetic protocols
reported so far suffer from disadvantages, such as rely-
ing on multistep reactions,3 needing anhydrous condi-
tions,4 prolonged reaction times,4–6 harsh reaction
conditions,6 low yields,7–9 use of metal-containing re-
agents,10,11 and special instruments12 or starting materi-
als.13,14 Therefore, the development of new, efficient
methods for the preparation of furo[2,3-d]pyrimidine
derivatives is still strongly desirable.
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In recent years, multicomponent reactions (MCRs) have
become important tools in modern preparative synthetic
chemistry because these reactions increase the efficiency
by combining several operational steps without any iso-
lation of intermediates or changes of the conditions.15,16


This principle, therefore, is highly efficient in terms of
time as well as resources.17 Meanwhile, isocyanide-based
multicomponent condensation reactions (IMCRs) by
virtue of their synthetic potential, their inherent atom
efficiency, convergent nature, ease of implementation,
and the generation of molecular diversity, have attracted
much attention because of the advantages that they offer
to the field of combinatorial chemistry.18


In connection with our recent interest aimed at the
development of efficient protocols for the preparation
of biologically active heterocycles19 and continuing our
general interest in chemistry of isocyanides,20 we herein
report an efficient one-pot condensation reaction of
alkyl or aryl isocyanides, N,N 0-dimethylbarbituric
acid, and terephthaldialdehyde in N,N-dimethylformam-
ide (DMF) at room temperature which afforded 1,4-bis-
(furo[2,3-d]pyrimidine-2,4(1H,3H)-dione-5-yl)benzene
derivatives in good isolated yields (see Scheme 1).


The one-pot three-component condensation reactions of
alkyl or aryl isocyanides 1 with N,N 0-dimethylbarbituric
acid 2 in the presence of terephthaldialdehyde 3 proceed-
ed spontaneously at room temperature in small amount
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of DMF and were complete after 30 min to afford corre-
sponding 1,4-bis(6-alkyl or arylamino-1,3-dimethyl
furo[2,3-d]pyrimidine-2,4(1H,3H)-dione-5-yl)benzenes 4,
in good yields (67–91%).21 1H and 13C NMR spectra of
the crude products clearly indicated the formation of
1,4-bis(furo[2,3-d]pyrimidine-2,4(1H,3H)-dione-5-yl)ben-
zene derivatives 4. Any product other than 4 could not
be detected by NMR spectroscopy. The structures of
the products 4a–g were deduced from their elemental
analyses and IR, 1H NMR, and 13C NMR spectra.
The nature of these compounds as 2:2:1 adducts was
apparent from the mass spectra which displayed molecu-
lar ion peaks at the appropriate m/z values.


The 1H NMR spectrum of 4a exhibited five single sharp
lines readily recognized as arising from two tert-butyl
(d 1.08 ppm), two geminal methyl groups (d 1.13 ppm),
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two methylene protons (d 1.46 ppm), and two sets
of N-methyl (d 2.99 and 3.45 ppm). A singlet
(d 3.30 ppm) was observed for the two NH groups.
The presence of amine protons was confirmed by ex-
change with D2O. The para-substituted phenyl moieties
gave rise to a singlet in the aromatic region of the spec-
trum (d 8.14 ppm). The 1H decoupled 13C NMR spec-
trum of 4a showed 15 distinct resonances in agreement
with the suggested structure. Partial assignment of these
resonances is given in Ref. 21.


The structural assignments made on the basis of the 1H
and 13C NMR spectra of compounds 4a were supported
by measurement of its IR spectra. The IR spectrum
of 4a showed strong absorptions at 1710 and
1660 cm�1 due to the carbonyls and the amino group
at 3310 cm�1.
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The 1H and 13C NMR spectra of 4b–g are similar
to those of 4a except for the alkyl or arylamino groups,
which exhibit characteristic signals with appropriate
chemical shifts and the results are summarized in
Ref. 21.


The synthesis of 1,4-bis(furo[2,3-d]pyrimidine-
2,4(1H,3H)-dione-5-yl)benzenes can be rationalized by
initial formation of a conjugated electron-deficient hete-
rodiene 5 by a Knoevenagel condensation of the cyclic
N,N 0-dimethylbarbituric acid 2 and the terephthaldial-
dehyde 3. High rates of reactions at room temperature
have made us to establish a significant catalytic role
for DMF as well as urea22 in Knoevenagel condensation
reaction of N,N 0-dimethylbarbituric acid with aromatic
aldehyde. A reasonable possibility for DMF-catalyzed
Knoevenagel reaction has been suggested in Scheme 2.
The first step may involve formation of a six-membered
cyclic chair-like intermediate 6. The nucleophilic addi-
tion of N,N 0-dimethylbarbituric acid 2 to aromatic alde-
hyde 3 is facilitated by strong attraction of active
hydrogens with highly electronegative oxygen and nitro-
gen atoms of DMF moiety (double non-conventional
hydrogen bonds)23,24 in intermediate 6. Upon leaving
of the protonated-DMF 7, two anionic intermediates 8
and 9 can be produced in equilibrium with each other.
Finally, the reaction of intermediate 9 on its OH site
with protonated-DMF 7 via another six-membered cyc-
lic transition state 10 can catalyze the deleting of water
as a good leaving group, regeneration of DMF, and pro-
duction of heterodiene molecule 5.


The next step of this mechanism could involve the
[4 + 1] cycloaddition reaction25 of the electron-deficient
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Figure 1. UV–vis spectra of compounds 4a–g in dichloromethane.

heterodiene moiety of 5-arylidene-N,N 0-dimethylbarbi-
turic acid with the isocyanide to afford an iminolactone
intermediate 11. The subsequent isomerization of imino-
lactone 11 leads to formation of product 4 (Scheme 3).


In order to confirm the mechanism of the reaction in
Schemes 2 and 3, we examined the reaction of the isolat-
ed Knoevenagel condensation adduct 5 with two equiv-
alent amount of tert-butyl isocyanide, and we obtained
the product 4b.


The crystalline products 4a–g have colors from white
through yellow and green to brown. The UV–vis spectra
of these products demonstrate that the compounds have
significantly different absorption spectra and the differ-
ences in colors cannot be due to surface impurities
(Fig. 1).


In summary, we have demonstrated that the one-pot
three-component reactions of alkyl or aryl isocyanides
with N,N 0-dimethylbarbituric acid in the presence of
terephthaldialdehyde in small amount of DMF at room
temperature by shaking provide a facile and efficient
method for the preparation of 1,4-bis(6-alkyl or aryl-
amino-1,3-dimethyl furo[2,3-d]pyrimidine-2,4(1H,3H)-
dione-5-yl)benzene derivatives. The present method
may find some values in organic synthesis because of
its reasonably high yields, fast reaction times, the ready
availability of the starting materials, mild reaction con-
ditions, and the ease of operation. Detailed mechanistic
studies of the high rates of these reactions in DMF are
now in progress.

References and notes


1. Melik-Ogandzhanyan, R. G.; Khachatryan, V. E.; Gapo-
yan, A. S. Russ. Chem. Rev. 1985, 54, 262, and references
cited therein.


2. (a) Campaigne, E.; Ellis, R. L.; Bradford, M.; Ho, J.
J. Med. Chem. 1969, 12, 339; (b) Gangjee, A.; Devraj, R.;
McGuire, J. J.; Kisliuk, R. L.; Queener, S. F.; Barrews, L.
R. J. Med. Chem. 1994, 37, 1169; (c) Gangjee, A.; Devraj,
R.; McGuire, J. J.; Kisliuk, R. L. J. Med. Chem. 1995, 38,
3798; (d) Gangjee, A.; Zeng, Y.; McGuire, J. J.; Kisliuk,
R. L. J. Med. Chem. 2002, 45, 1942; (e) Gangjee, A.; Zeng,
Y.; McGuire, J. J.; Mehraein, F.; Kisliuk, R. L. J. Med.
Chem. 2004, 47, 6893; (f) Gangjee, A.; Zeng, Y.; McGuire,
J. J.; Kisliuk, R. L. J. Med. Chem. 2005, 48, 5329; (g)
Janeba, Z.; Balzarini, J.; Andrei, G.; Snoeck, R.; De
Clercq, E.; Robins, M. J. . J. Med. Chem. 2005, 48, 4690;
(h) Furukawa, S.; Takada, M.; Castle, H. N. J. Hetero-







3700 M. B. Teimouri, R. Bazhrang / Bioorg. Med. Chem. Lett. 16 (2006) 3697–3701

cycl. Chem. 1981, 18, 581; (i) Martin-Kohler, A.; Widmer,
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C6), 150.51 (2 C7a), 151.22 (2 C2), 158.11 (2 C4). MS (EI,
70 eV) (m/z, %): 688 (M+, <1), 603 (2), 512 (3), 410 (26), 283
(47), 156 (49), 57 (100). Anal. Calcd. for C38H52N6O6


(688.85): C, 66.26; H, 7.61; N, 12.20%. Found: C, 66.35; H,
7.58; N, 12.26%. 6-(tert-Butylamino)-5-{4-[6-(tert-butylami-
no)-1,3-dimethyl-2,4-dioxo-1,2,3,4-tetrahydrofuro[2,3-d]pyr-
imidin-5-yl]phenyl}-1,3-dimethylfuro[2,3-d]pyrimidine-2,4(1H,
3H)-dione (4b): lemon yellow crystals (0.260 g, 90%). Mp 207–
208 �C; IR (KBr) (mmax, cm�1): 3360 (N–H), 1707 and 1655
(C@O). 1H NMR (400 MHz, CDCl3): dH 1.20 (18 H, s, 2
C(CH3)3), 3.39 and 3.56 (12 H, 2 s, 4 NCH3), 3.55 (2 H, s, 2
NH), 7.63 (4 H, s, C6H4).


13C NMR (100 MHz, CDCl3): dC


28.27 and 29.38 (4 NCH3), 30.29 (2 CMe3), 54.37 (2 CMe3),
95.76 (2 C4a), 109.61 (2 C5), 129.20 (4 Cortho), 129.46 (2 Cipso),
148.44 (2 C6), 150.52 (2 C7a), 151.39 (2 C2), 158.19 (2 C4). MS
(EI, 70 eV) (m/z, %): 577 (MH+, <1), 520 (1), 495 (3), 465 (5),
68 (51), 57 (100), 39 (98). Anal. Calcd. for C30H36N6O6


(576.69): C, 62.48; H, 6.25; N, 14.57%. Found: C, 62.54; H,
6.30; N, 14.55%. 6-(Cyclohexylamino)-5-{4-[6-(cyclohexylami-
no)-1,3-dimethyl-2,4-dioxo-1,2,3,4-tetrahydrofuro[2,3-d]pyr-
imidin-5-yl]phenyl}-1,3-dimethylfuro[2,3-d]pyrimidine-2,4(1H,
3H)-dione (4c): Dark brown crystals (0.233 g, 74%). Mp 194–
196 �C; IR (KBr) (mmax, cm�1): 3415 (N–H), 1708 and 1653
(C@O). 1H NMR (400 MHz, CDCl3): dH 1.16-1.99 (20 H, m,
10 CH2), 3.30 (2 H, m, 2 N–CH), 3.36 (2 H, d, 3JHH = 6.9 Hz,
2 NH), 3.39 and 3.57 (12 H, 2 s, 4 NCH3), 7.61 (4 H, s, C6H4).
13C NMR (100 MHz, CDCl3): dC 24.97, 25.55, and 34.06 (10
CH2), 28.31 and 29.45 (4 NCH3), 55.45 (2 N–CH), 96.15 (2
C4a), 102.92 (2 C5), 129.04 (4 Cortho), 129.11 (2 Cipso), 149.12
(2 C6), 150.37 (2 C7a), 150.64 (2 C2), 158.29 (2 C4). MS (EI,
70 eV) (m/z, %): 628 (M+, <1), 553 (2), 465 (2), 369 (5), 314
(6), 285 (3), 265 (71), 222 (55), 169 (24), 110 (39), 97 (100), 83
(50), 69 (54), 55 (72), 41 (51). Anal. Calcd for C34H40N6O6


(628.71): C, 64.95; H, 6.41; N, 13.37%. Found: C, 65.01; H,
6.38; N, 13.43%. 6-(Benzylamino)-5-{4-[6-(benzylamino)-1,3-
dimethyl-2,4-dioxo-1,2,3,4-tetrahydrofuro[2,3-d]pyrimidin-
5-yl]phenyl}-1,3-dimethylfuro[2,3-d]pyrimidine-2,4(1H,
3H)-dione (4d): henna green crystals (0.229 g, 71%). Mp
209–211 �C; IR (KBr) (mmax, cm�1): 3200 (N–H), 1704
and 1653 (C@O). 1H NMR (400 MHz, CDCl3): dH 3.34
and 3.37 (12 H, 2 s, 4 NCH3), 4.34 (6 H, br s, 2 NH and
2 CH2), 7.26–7.34 (10 H, m, 2 C6H5), 7.51 (4 H, s,
C6H4). 13C NMR (100 MHz, CDCl3): dC 28.30 and
29.91 (4 NCH3), 50.56 (2 N–CH2), 97.46 (2 C4a), 102.03
(2 C5), 127.72, 127.80, 128.71, 128.93, 129.02, 139.00
(C6H4 and 2 C6H5), 149.25 (2 C6), 150.41 (2 C7a),
150.51 (2 C2), 158.31 (2 C4). MS (EI, 70 eV) (m/z, %):
644 (M+, <1), 515 (2), 410 (5), 306 (3), 299 (4), 285 (4),
243 (100), 194 (10), 156 (52), 106 (75), 91 (83), 42 (67).
Anal. Calcd for C36H32N6O6 (644.67): C, 67.07; H,
5.00; N, 13.04%. Found: C, 66.98; H, 5.05; N, 12.98%.
6-({[(4-Methylphenyl)sulfonyl]methyl}amino)-5-{4-[6-({[(4-
methylphenyl)sulfonyl]methyl}amino)-1,3-dimethyl-2,4-
dioxo-1,2,3,4-tetrahydrofuro[2,3-d]pyrimidin-5-yl]phen-
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yl}-1,3-dimethylfuro[2,3-d]pyrimidine-2,4(1H,3H)-dione
(4e): white crystals (0.269 g, 67%). Mp 232–234 �C; IR
(KBr) (mmax, cm�1): 3255 (N–H), 1750, 1716 and 1631
(C@O). 1H NMR (400 MHz, CD3COCD3 + DMSO-d6):
dH 2.44 (6 H, s, 2 CH3), 3.18 (12 H, s, 4 NCH3), 5.12 (4
H, d, 3JHH = 6.8 Hz, 2 NCH2SO2), 7.11 and 7.45 (8 H, 2
d, 3JHH = 8.0 Hz, 2 C6H4SO2), 7.64 and 7.74 (4 H, 2 d,
C6H4). 13C NMR (100 MHz, DMSO-d6): dC 21.24 (2
CH3), 21.60 (2 NCH2SO2), 27.36 and 27.99 (4 NCH3),
67.82 (2 C4a), 93.19 (2 C5), 125.94, 128.58, 129.12,
130.57, 133.92, 138.26, 145.91 (C6H4 and 2 C6H4SO2),
151.89 (2 C6), 160.33 (2 C7a), 162.32 (2 C2), 164.09 (2
C4). MS (EI, 70 eV) (m/z, %): 800 (M+, <1), 645 (3), 265
(100), 156 (50), 69 (54), 57 (46). Anal. Calcd. for
C38H36N6O10S2 (800.85): C, 56.99; H, 4.53; N, 10.49%.
Found: C, 57.08; H, 4.50; N, 10.53%. 6-(2,6-Dimethyl-
phenylamino)-5-{4-[6-(2,6-dimethylphenylamino)-1,3-di-
methyl-2,4-dioxo-1,2,3,4-tetrahydrofuro[2,3-d]pyrimidin-5-
yl]phenyl}-1,3-dimethylfuro[2,3-d]pyrimidine-2,4(1H,3H)-
dione (4f): Deep green crystals (0.306 g, 91%). Mp 266–
268 �C; IR (KBr) (mmax, cm�1): 3269 (N–H), 1713 and
1656 (C@O). 1H NMR (400 MHz, CDCl3): dH 2.18 (12 H,
s, 4 CH3), 3.39 and 3.41 (12 H, 2 s, 4 NCH3), 5.56 (2 H, br
s, 2 NH), 6.92–7.01 (6 H, m, 2 C6H3Me2), 7.75 (4 H, s,
C6H4). 13C NMR (100 MHz, DMSO-d6): dC 18.81 (4
CH3), 28.43 and 29.71 (4 NCH3), 94.88 (2 C4a), 108.60 (2
C5), 123.11, 129.97, 130.75, 131.46, 135.65, 139.72 (C6H4


and 2 C6H3Me2), 145.51 (2 C6), 150.31 (2 C7a), 151.90 (2
C2), 158.07 (2 C4). MS (EI, 70 eV) (m/z, %): 672 (M+, <1),
541 (23), 410 (98), 352 (10), 268 (10), 242 (63), 185 (5), 130
(100), 106 (71), 103 (41), 77 (31), 39 (48). Anal. Calcd for

C38H36N6O6 (672.72): C, 67.84; H, 5.39; N, 12.49%.
Found: C, 67.92; H, 5.44; N, 12.45%. 6-(2-Chlorophe-
nylamino)-5-{4-[6-(2-chlorophenylamino)-1,3-dimethyl-
2,4-dioxo-1,2,3,4-tetrahydrofuro[2,3-d]pyrimidin-5-yl]phen-
yl}-1,3-dimethylfuro[2,3-d]pyrimidine-2,4(1H,3H)-dione
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Abstract—Potential inhibitors of the Trypanosoma cruzi dUTP nucleotidohydrolase were docked into the enzyme using the program
FlexX. Compounds that docked selectively were then selected and synthesized using solid phase methodology, giving rise to a novel
library of amino acid uracil acetamide compounds which were evaluated for enzyme inhibition and anti-parasitic activity.
� 2006 Elsevier Ltd. All rights reserved.

The protozoan parasite Trypanosoma cruzi is the
causative agent of Chagas’ disease, also called American
trypanosomiasis. The parasite is transmitted by blood
sucking triatomine insects and is one of three species
of the genus Trypanosoma that are pathogenic to
humans. Chagas’ disease occurs mainly in South and
Central America. It is estimated that 16–18 million peo-
ple are infected with the disease, of which approximately
50,000 will die each year.1 Although the number of inci-
dences of the disease has declined over the past 20 years
due to vector control initiatives,2 there is still no satisfac-
tory cure for American trypanosomiasis and current
drug treatment is only effective against the early stages
of the disease. The need for new drugs to treat this dis-
ease is therefore urgent.


Recently, deoxyuridine 5 0-triphosphate nucleotidohy-
drolase (dUTPase) has been identified as a novel and
valid target against trypanosomatidae.3 The enzyme is
essential in both eukaryotes and prokaryotes, where
investigated.4,5 dUTPase catalyses the hydrolysis of
dUTP to dUMP in the presence of Mg2+ and plays a
critical role in maintaining the level of dUTP in the cell
10�5 times lower than that of dTTP. In doing so, incor-
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poration of uracil into DNA is minimized, excessive
incorporation of which would normally lead to DNA
fragmentation and cell death. dUTPases are known to
exist in several oligomeric forms. Monomeric enzymes
are encoded by herpes virus and Epstein–Barr virus,
while the homotrimeric forms are present in mammals,
various bacteria and viruses and also in the Plasmodium
falciparum parasite, the causative agent for malaria. The
homodimeric enzymes have been found in Leishmania
major, T. cruzi and Campylobacter jejuni. The
dimeric enzymes show no similarity in sequence or
structure to the monomeric or trimeric forms and are
thought to have reached their catalytic potential
through a different evolutionary route. Crystal
structures of seven trimeric (Escherichia coli,6 human,7


equine infectious anemia virus,8 feline immunodeficien-
cy virus,9 Methanococcus jannaschii,10 Mycobacterium
tuberculosis,11 and P. falciparum12) and two dimeric
(T. cruzi13 and C. jejuni14) dUTPases have been pub-
lished to date.


It has been shown that relative to other eukaryotic
dUTPase enzymes, a,b-imido-dUTP is a strong
inhibitor of the dimeric enzymes. It has been proposed
therefore that the triphosphate moiety is necessary for
inhibition of the dimeric dUTPases.15 To emphasise
the difference, tritylated nucleoside derivatives prepared
by our group were good inhibitors of the trimeric
enzymes12 but are inactive against the dimeric parasitic
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Table 1. Compounds docked into the TcdUTPase active site using


FlexX and subsequently synthesized


Compound R R 0 Colour


1 CH3 Orange


2 CH3 Red


3 CH3 Green


4 CH3 H Blue


5 CH3 Purple


6 CH3 Magenta


7 CH3 Violet


8 H — Greenblue


9 H Redorange


10 H By atom type


11 H White


dUDP Yellow
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dUTPases. In contrast to the trimeric dUTPases where a
glycine-rich site for phosphate binding is common, the
phosphates in the dimeric enzymes are held in place with
hydrogen bonds to charged side chains.13 Taking
advantage of the structural differences between these
enzymes, it was thought that selective inhibitors for
the dimeric T. cruzi dUTPase (TcdUTPase) could be
designed and synthesized as lead compounds for the
treatment of Chagas’ disease.


Considering the hydrophilic nature of the TcdUTPase
active site, compounds in which chains with good
hydrogen bond donating or hydrogen bond accepting
capability attached to N1 of the uracil ring were consid-
ered as potential inhibitors. Ease of synthesis of uracil
acetamide derivatives, to which were attached one or
two amino acids (Fig. 1), by the Fmoc solid phase strat-
egy allowed for a wide range of structural diversity to be
implemented and were therefore chosen for further
study. Compounds such as those shown in Figure 1 were
drawn, minimized and docked into the active site of
TcdUTPase using the program FlexX. The ligand-free
(native) TcdUTPase exists in an open form (pdb
1OGL). Binding of the substrate induces substantial
structural changes so that the enzyme closes over the li-
gand (pdb 1OGK).13 Docking studies were carried out
on the closed (complexed) form of the enzyme. The com-
pounds which docked with the best superimposition
over the endogenous dUDP ligand were synthesized
using solid phase chemistry and tested for biological
activity.


FlexX is a docking program that takes into account the
flexibility of the ligand but not that of the receptor. The
docking method it uses is based on an incremental con-
struction algorithm which consists of three phases: (1)
base selection, (2) base placement, and (3) complex con-
struction.16 The interaction types and scoring functions
in FlexX are based on work by Böhm and Klebe.17


Docking studies showed that: (1) the R side chain
should be H or CH3. Structures where the side chains,
R, were bigger than those of Ala or Gly were too bulky
to fit into the active site. (2) The optimum distance be-
tween the carbonyl marked with an * (Fig. 1) and the
terminal atom was 2 or 3 but no more than 5 atoms.
(3) The best scoring compounds were those where R 0


was a charged residue. A large degree of variation of
the R 0 side chain without effecting the superimposition
was, however, allowed. Compounds 1–11 (Table 1) were
among those which docked best into the TcdUTPase ac-
tive site (Fig. 2).


Compounds 1–11 were synthesized by solid phase Fmoc
chemistry as shown in Scheme 1. Amino acids 12–19

Figure 1. Structure of potential TcdUTPase inhibitors.


Figure 2. Docking of compounds 1–11 in TcdUTPase active site.


Superimposition with dUDP.







Scheme 1. General synthesis of compounds 1–11: (a) DIC, 12–19, DMAP, DMF (12, Ala; 13, Gly; 14, Asp; 15, Gln; 16, Glu; 17, Lys; 18, Thr; 19,


Tyr); (b) 20% piperidine, DMF; (c) TBTU, HOBt, 12–13, DIPEA, DMF; (d) 20% piperidine, DMF; (e) TBTU, HOBt, 20, DIPEA, DMF (f); 50%


TFA, DCM, TES.


O. K. Mc Carthy et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3809–3812 3811

were first converted to the appropriate anhydrides using
DIC. The anhydrides and DMAP were then added to
Wang resin18 and the percentage loading was calculated
by UV absorption.19 Subsequent deprotection of the
Fmoc group with piperidine was then followed by cou-
pling to the second amino acid using TBTU and
HOBt.20,21 A final deprotection and coupling to 1-carb-
oxymethyl uracil, 20,22 followed by cleavage from the
resin beads using 50% TFA released the desired com-
pounds 1–11. All final compounds were analysed and
characterized by 1H NMR and MS.


Compounds 1–11 were tested for both TcdUTPase en-
zyme inhibition23 and in vitro effects on parasite
growth.24 As can be seen from Table 2, none of the com-

Table 2. Biological activity of compounds 1–11


Compound Enzyme


inhibition Ki


In vitro


IC50 (lM)


Cytotoxicity


IC50
a (lM)


1 >1 mM >84 >252


2 >1 mM >81 >243


3 >1 mM >81 210


4 >1 mM >100 >301


5 >1 mM >81 >243


6 >1 mM >87 >262


7 >1 mM >74 214


8 >1 mM >132 >396


9 >1 mM >84 >253


10 >1 mM >91 >274


11 >1 mM >76 >230


Standard 18.40b lM 1.04c 0.15d


a Cytotoxicity tests were carried out on rat L6 cells.
b dUMP.
c Benznidazole.
d Podophyllotoxin.

pounds inhibited the TcdUTPase enzyme at a concen-
tration of 1 mM. Neither did the compounds inhibit
parasite growth at the maximum concentrations shown.


Thus, the search so far for lead inhibitors of the dimeric
dUTPase enzymes remains unsuccessful. There are a
number of reasons why this design paradigm was not
successful in this case. (i) Recently, the crystal structure
of the dimeric C. jejuni dUTPase revealed the coordina-
tion of Mg2+ ions within the active site of the enzyme.14


These ions are absent in the TcdUTPase crystal struc-
ture. It is unclear if the Mg2+ ions are bound to the
un-liganded enzyme, but it is possible that the presence
of these ions must be taken into account when designing
inhibitors in silico.


(ii) As previously mentioned, FlexX does not take into
account the flexibility of the protein in question.
Although this approximation reduces run time signifi-
cantly, in this case where binding of the ligand induces
a large conformational change in protein structure it is
possible that a docking program in which protein flexi-
bility is taken into account should be used.


(iii) There must be a mechanism by which the dUTPase
undergoes the large conformational change on binding
dUTP. Two mechanisms of binding could be envisaged.
First, the uracil and deoxyribose moieties, which bind to
motifs from the rigid domain of protein, would be rec-
ognized. The a, b, and subsequently c phosphates,
which are recognized by mobile domain motifs, would
then bond to the Mg2+ ions and respective amino acid
side chains sequentially and induce ‘active site closure’.
Alternatively, the phosphate moieties would be recog-
nized by the mobile domain first and the protein would
then undergo such a conformational change so as to
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encapsulate the uracil and sugar moieties. In the latter
case, the phosphate moieties would be more essential
for ligand recognition and therefore replacement of
them would be detrimental to ligand recognition. This
would explain the lack of activity of compounds 1–11.
In either case, the experimental biological data indicate
that compounds 1–11 do not possess the required struc-
ture to bind to the open form of the enzyme sufficiently
enough to induce the conformational change required
for inhibition.


Although compounds 1–11 docked with good superim-
position and favourable binding energies into the
TcdUTPase active site with FlexX, it is apparent that
other factors such as protein flexibility and the presence
of Mg2+ ions should be taken into account when design-
ing competitive inhibitors for these enzymes in silico.
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Abstract—A combination of solid phase and solution phase synthetic methods have been used to complete the total synthesis of the
neurotrophic lipopeptide aldehyde fellutamide B (2). The b-hydroxy aliphatic tail was prepared by regioselective reductive opening
of a cyclic sulfate, and later coupled to a solid phase resin. The synthetic compound was then examined in cytotoxicity and nerve
growth factor (NGF) induction assays. A simplified analog of fellutamide B also showed activity.
� 2006 Elsevier Ltd. All rights reserved.

Interest in neurotrophic small molecules has increased
significantly in recent years.1–3 It is hoped that the study
of such low molecular weight factors will provide further
insight into the biochemical mechanisms of neuronal cell
proliferation/differentiation and lead to drug candidates
for neurodegenerative conditions such as Alzheimer’s
disease. As part of a program directed toward the total
synthesis of biologically active natural products and the
identification of their relevant intracellular binding pro-
tein(s), we became interested in the group of lipopeptide
aldehydes known as the fellutamides.


Despite displaying potent activity in both the NGF
induction and cytotoxicity assays, the fellutamide class
of natural products have attracted little attention since
their isolation in 1991.4 Fellutamides A (1) and B (2)
were originally identified for their cytotoxic properties,
and later found to stimulate NGF synthesis and secre-
tion.5 The structures of fellutamides A and B were eluci-
dated by degradation studies, but have not yet been
confirmed by total synthesis. In an effort to better under-
stand the mechanism of action of these compounds, we
initiated a program directed toward synthesizing felluta-
mide B, studying its neurotrophic activity, and identify-
ing its target binding protein. In this letter, we report the
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total synthesis of fellutamide B, a simplified analog, and
confirmation of both molecules’ biological activities.


As both fellutamides A and B were reported to have
comparable IC50 values for cytotoxicity, we initially pur-
sued the synthesis of the more accessible fellutamide B
(2). It was envisioned early on that a solid phase con-
struction of the peptide chain would be facilitated by a
solution phase preparation of the (R)-(�)-3-hydroxydo-
decanoic acid synthon 6. Solid phase synthesis of the
peptide chain was a particularly attractive strategy, as
it would allow us to access analogs of the natural prod-
uct by coupling different amino acids to the resin. Addi-
tionally, the mild resin cleavage conditions would be
unlikely to epimerize the sensitive aldehyde functionality
(See Fig. 1).


Our route to the requisite b-hydroxy side chain is de-
scribed below (Scheme 1). Decanal (3) was homologated
to a,b-unsaturated ester 4 by means of a Horner–Wads-
worth–Emmons condensation with triethyl phospho-

Figure 1. Structures of fellutamides A and B.
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Scheme 1. Reagents and conditions: (a) LiOH, triethyl phosphonoac-


etate, THF, reflux, 4 h, 85%, 95:5 E:Z; (b) AD-Mix-b, MeSO2NH2, 1:1


t-BuOH/H2O, 0 �C, 36 h, 80%, 90% ee; (c) SOCl2, pyridine, 0 �C,


30 min, 99%; (d) NaIO4, 1 mol % RuCl3, 3:1 MeCN/H2O, rt, 30 min,


90%; (e) NaBH4, DMA, 0 �C to rt, 1 h, then 20% aq HCl, rt, 18 h,


72%; (f) LiOH, MeOH/H2O/THF 1:1:1, rt, 3 h, 97%.
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noacetate in 85% yield. Sharpless asymmetric dihydr-
oxylation6 of 4 was carried out using AD-Mix-b with ex-
cess methane sulfonamide in a 1:1 t-BuOH/H2O mixture
in 80% yield. The resultant diol was treated with thionyl
chloride, and the cyclic sulfite was immediately oxidized
to the sulfate by treatment with sodium periodate and
catalytic ruthenium(III) chloride.7 Cyclic sulfate 5 was
isolated in 79% yield over three steps. Regioselective
reductive cleavage of sulfate 5 was affected by treatment
with sodium borohydride, and acidic workup provided

Scheme 2. Reagents and conditions: (a) Fmoc-Gln(Trt)-OH, HBTU,


HOBt, 35 min; (b) 20% piperidine in DMF, 2 min; (c) Fmoc-Asn(Trt)-


OH, HBTU, HOBt, 35 min; (d) 6, HBTU, HOBt, 35 min; (e) TFA,


30 min; (f) 0.1:40:60 TFA/MeCN/H2O, 30 min; (g) octanoic acid,


HBTU, HOBt, 35 min.


Table 1. Cytotoxicity assay results for fellutamide B (2) and octanoyl felluta


Cell line Fellutamide B


KB (human epithelial carcinoma) 349 (±31.5)


PC12 (rat pheochromocytoma) 437 (±26.0)


L-M (mouse fibroblast) 482 (±81.5)


a Values are means of three to five experiments, standard error is given in p

the b-hydroxy ester.8 At this stage, the enantiomeric ex-
cess of the asymmetric dihydroxylation was confirmed
to be 90% by conversion of the alcohol to its corre-
sponding Mosher’s ester.9 Lithium hydroxide mediated
saponification of the ester in a MeOH/THF/H2O mix-
ture provided (R)-(�)-3-hydroxydodecanoic acid 6 in
70% over two steps. The preparation of acid 6 was
accomplished in six steps with 47% overall yield, closely
following the methods previously reported in a synthesis
of sulfobacin A.10


With acid 6 in hand, we next attempted to complete the
solid phase synthesis of fellutamide B (Scheme 2). Using
Fmoc solid phase peptide synthesis (SPPS) proce-
dures,11,12 leucinal loaded beads13 7 were coupled first
with protected glutamine (Fmoc-Gln(Trt)-OH), fol-
lowed by protected asparagine (Fmoc-Asn(Trt)-OH),
and finally with (R)-(�)-3-hydroxydodecanoic acid (6).
Global deprotection of the side chain protecting groups
with anhydrous trifluoroacetic acid (TFA)14 was fol-
lowed by cleavage of the peptide from the resin with
0.1% TFA in 2:3 MeCN/H2O.15 Fellutamide B was iso-
lated in analytically pure form after lyophilization from
the resin cleavage solution. Synthetic fellutamide B was
found to be identical in all respects to the isolated natu-
ral product.16


Encouraged by our success with fellutamide B, we next
prepared an N-octanoyl analog of fellutamide B 10
using an analogous strategy (Scheme 2).17 This analog
contains a shorter lipophilic tail and lacks the b-hydroxy
amide functionality present in the natural product. It
was hoped that this analog would allow us to determine
the importance of the N-acyl chain for NGF induction.


Having prepared the two aldehydes 2 and 10, we exam-
ined their biological activities. Cytotoxicity IC50 values
were determined for three cell lines (Table 1).18 In our
hands, fellutamide B exhibited a potency similar to ear-
lier reports.4,5 To our surprise, the N-octanoyl analog 10
was approximately an order of magnitude less cytotoxic
than 2 against all cell lines tested, suggesting that mod-
ification of the lipophilic tail has a significant effect on
the activity of these compounds.


With data in hand regarding the cytotoxicity of the two
compounds, we next examined the capacity of both
aldehydes to induce NGF secretion (Fig. 2).19 In this as-
say, L-M cells were treated with 50 lM fellutamide B or
octanoyl fellutamide for 24 h to allow for drug-induced
NGF secretion, after which the medium was removed,
filtered, and dialyzed. The conditioned medium was then
added to rat preneuronal PC12 cells for 48 h, after
which the cells were examined for neurite outgrowth.

mide analog 10a


(2) (nM) N-Octanoyl fellutamide (10) lM


4.83 (±0.20)


1.67 (±0.23)


3.33 (±0.39)


arentheses.







Figure 2. PC12 cells differentiate in response to fellutamide B-


conditioned medium. (A) Undifferentiated PC12 cells. (B) PC12 cells


treated with DMSO-conditioned medium, 48 h. (C) PC12 cells treated


with NGF (100 ng/mL), 48 h. (D) PC12 cells treated with 50 lM


fellutamide B-conditioned medium, 48 h.
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Neurotrophic activity is defined here as neurite out-
growth in response to the NGF present in the condi-
tioned medium.20 Importantly, Figure 2D indicates
that fellutamide B does induce the secretion of NGF
from L-M cells. In an identical assay, 50 lM 10 was
equally effective in inducing NGF secretion (not shown).
These data indicate that even though 10 is significantly
less cytotoxic than 2, the simplified analog retains neu-
rotrophic activity. While the capacity of these com-
pounds to induce NGF secretion is intriguing, it
should be noted that concentrations necessary to
achieve the neurotrophic effect are currently still above
the IC50 value for cytotoxicity. However, it should be
noted that the secretion of NGF in this assay can be
attributed directly to the action of fellutamide on the
L-M cells. In a similar assay, conditioning of medium
by treatment of L-M cells with other general toxic
agents such as ion channel inhibitors (veratridine and
ouabain)21 or an actin binding molecule (cytochalasin
D)22 did not produce neurite outgrowth in PC12 cells.


In conclusion, we have completed the first chemical syn-
thesis of the natural product fellutamide B (2) and an N-
octanoyl analog (10). Both compounds were verified to
be cytotoxic and induce NGF secretion in L-M cells.
Fellutamide B behaves in a manner similar to previous
reports. Simplification of the lipophilic tail of felluta-
mide B in 10 significantly decreases the cytotoxicity of
the compound, but the analog retains its neurotrophic
activity. As other peptide aldehydes are known to inhib-
it proteases,23 including the proteasome,24 it is possible
that protease or proteasome inhibition could be a poten-
tial mechanism of action for these compounds. Work is
ongoing in our laboratory to elucidate the specific intra-
cellular protein target of fellutamide B and its mecha-
nism of NGF induction.
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Abstract—We report the discovery of potent agonists for the human formyl-peptide-like 1 receptor (hFPRL1). These compounds
did not act at a closely related receptor denoted human formyl peptide receptor (hFPR) up to 10 lM concentration. Recent studies
have indicated that agonizing this receptor may promote resolution of inflammation. In an exploratory study, a novel hFPRL1
agonist showed efficacy in a mouse ear inflammation model following oral administration.
� 2006 Elsevier Ltd. All rights reserved.

Inappropriate inflammatory processes play a central
role in many diseases such as asthma and rheumatoid
arthritis. Many anti-inflammatory therapeutic agents
have been developed; however, most have some limita-
tions.1 Most of the currently used anti-inflammatory
drugs interfere with the action of pro-inflammatory
mediators, whereas less is understood about the
biochemical processes that resolve inflammation.
Principally, selective activation of such a pathway might
lead to an alternative treatment for inflammation.1 For
instance, Lipoxin A4 (LXA4) is an endogenously occur-
ring metabolite of arachidonic acid, which is formed in
response to inflammation.2 LXA4 and related structures
have been shown to promote resolution of inflammatory
processes, and it has been postulated that their anti-in-
flammatory effect is related to selective agonism of the
G-protein-coupled receptor hFPRL1 (also known as
ALXR or LXA4R).3–8 Recent studies suggest that this
receptor might also be involved in neuro-inflammatory
diseases.9 It is possible that an application of exogenous
Lipoxin A4 (or close analogs)10–12 for the treatment of

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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inflammation is hampered by the inherent physicochem-
ical properties of the poly-olefinic natural product.
Therefore, we set out to investigate whether a small-
molecule agonist for hFPRL1 would have potential as
an anti-inflammatory therapeutic agent. First non-pep-
tidic hFPRL1 agonists have recently been described.13,14


Using a cell-based assay in a high-throughput screen of
our compound library,15 we identified the pyrazolone 24
as a potent hFPRL1 agonist (Table 1). In absence of
structural information about the receptor, our next goal
was to establish a pharmacophore model by preparing
and testing analogs of 24. The synthesis of these com-
pounds is shown in Schemes 1 and 2. Condensation of
phenylhydrazine and various b-keto-esters (1–3),16 fol-
lowed by N-methylation of the cyclic intermediates,
led to the corresponding pyrazolones on multi-gram
scales. Subsequently, these pyrazolones were selectively
nitrosylated or nitrated at C(4), and the crude products
were reduced by hydrogenation to provide the respective
amines. Without further purification, the amines were
treated with a variety of aryl isocyanates in CH2Cl2.
Collection of the precipitated products by filtration,
followed by washing with CH2Cl2 or Et2O, provided
the final ureas 24–48. The N-ethyl derivative 49 was pre-
pared by analogy to this reaction sequence using ethyl
tosylate for the N-alkylation. The acetamide 14 and
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Table 1. Influence of substituents on hFPRL1-mediated Ca2+ mobi


lization (generic structure shown in Scheme 1, EC50 values in [lM])


Compound R1 R2 R3 hFPRL1a


EC50 [lM]


24 I CH3 CH3 0.03 ± 0.01


25 Br CH3 CH3 0.09 ± 0.03


26 Cl CH3 CH3 0.49 ± 0.09


27 F CH3 CH3 4.85 ± 1.16


28 CH3 CH3 >10


29 CH3 CH3 CH3 1.26 ± 0.53


30 CH3 CH3 0.77 ± 0.30


31 CH3 CH3 12.3 ± 6.37


32 CF3 CH3 CH3 0.10 ± 0.05


33 O CH3 CH3 2.73 ± 1.74


34 CN CH3 CH3 3.70 ± 0.80


35 S CH3 CH3 0.17 ± 0.03


36


Cl


CH3 CH3 >10


37


Cl


CH3 CH3 >10


38


F


CH3 CH3 0.98 ± 0.50


39
F


CH3 CH3 >10


40


O


O
CH3 CH3 5.88 ± 2.48


41


N


S


CH3 CH3 >10


42 Cl CH2CH3 CH3 0.14 ± 0.03


Table 1 (continued)


Compound R1 R2 R3 hFPRL1a


EC50 [lM]


43 Cl CH3 0.044 ± 0.005


44


Cl


CH3 >10


45 Cl CH3 0.023 ± 0.006


46


F


CH2CH3 CH3 0.31 ± 0.12


47


F


CH3 0.081 ± 0.023


48


F


CH3 0.083 ± 0.015


49


F


CH2CH3 0.10 ± 0.02


a EC50 values (n P 4) have been determined by Ca2+ flux in CHO


recombinant cells co-expressing hFPRL1, Ga15 protein, and


aequorin.
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the thiourea 16 were synthesized from the commercially
available aniline 13 applying standard amide and thio-
urea formation conditions, whereas the N,N-dimethy-
lated urea 15 was obtained from urea 24 (MeI, NaH,
DMF).17 Compounds with purities below 95% (HPLC)
were purified by crystallization or trituration. Coupling
of the known hydroxypyrazole 1718 with various aryl
bromides under Buchwald-type amidation conditions
gave the pyrazolones 18–20 in modest yields, as well as
O-alkylated pyrazoles as major side products.19 The
intermediates 18–20 were converted to the final ureas
50–58 as described above. All compounds that were
tested for biological activity showed purities in excess
of 95% as evidenced by HPLC and 1H NMR
spectroscopy.20


As the 4-iodo-substituent in molecule 24 may constitute
a potential liability (e.g., homolytic C–I bond cleavage),
we started to investigate alternative groups at position 4
of the phenyl group (Table 1). Replacement of this io-
dide with other halides resulted in decreasing hFPRL1
potency, correlating well with the size of the halo-substi-
tuent. In fact, the unsubstituted phenyl urea 28 was
completely inactive up to at least 10 lM. The 4-ethyl
compound 30 was slightly more active than the methyl
derivative 29. In contrast, the sterically more demanding
isopropyl compound 31 lost significant potency
(12.3 lM). A more detailed survey of substituent chang-
es pending off the phenyl-urea moiety demonstrated that
the steric and electronic nature of the para-substituent
on the phenyl group has incisive effects on hFPRL1
activity. For instance, the 4-CF3–phenyl compound 32
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Scheme 1. Synthesis of 24–49. Reagents and conditions: (a) PhNHNH2 (1 equiv), 50% aq AcOH, 115 �C, 3 h, 4 (53%), 5 (>95%), 6 (38%); (b)


CH3OTos (2 equiv), 160 �C, 2 h, 7 (66%), 8 (23%), 9 (53%); (c) NaNO2, AcOH, aq HCl, 5 �C, 1 h or 70% aq HNO3 (5 equiv), CF3COOH, 50 �C,


30 min, then H2, Pd (black), AcOEt, MeOH, crude; (d) CH2Cl2, R-NCO (1.1 equiv), ca. 1 h, 24 �C, 40–80%.
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was about as active as the one bearing the SMe group 35
or bromide 25 (100, 170, and 90 nM, respectively),
whereas the methoxy analog 33 showed potency only
in the micromolar range. Likewise, nitrile 34 was only
moderately active (3.7 lM). Alternating the position of
the substituent resulted in dramatic loss of potency, as
exemplified by the meta- and ortho-substituted chlorides
36 and 37, respectively. Various disubstituted ring
systems were investigated and compounds 38–40 stand
as representative examples: as above, subtle modifica-
tions in the substitution pattern at the phenyl moiety
were found to alter hFPRL1 activity dramatically; for
example, the 4-methyl-3-fluoro-compound 38 showed
low micromolar potency, while its isomer 39 was not
active below 10 lM. Replacing the phenyl group by a
thiazole ring (41) resulted in reduced activity as well,
suggesting that heterocyclic moieties at this position
might not be well tolerated.


Generally, ureas are well known to adopt a cis or trans
conformation or to exist as a mixture of both conform-
ers.21 For molecules like 24, it is conceivable that an
intramolecular hydrogen bond stabilizes the trans or
U-shaped conformation (illustrated in Scheme 1). Such
a conformation is not expected to be highly populated
for the acetamide 14, since the H-bond donor has been
removed. As the acetamide 14 did not show hFPRL1

activity (<10 lM), we reasoned that the bioactive
conformation of the ureas described herein might be
U-shaped. Quantum mechanic calculations suggest that
the urea 24 prefers a U-shaped conformation by
�1.4 kcal.22 Interestingly, for thioureas such as 16, the
U-shaped conformation is predicted to be more stable
than the W-conformer by about 4.6 kcal. Compound
16 demonstrated roughly equal potency as compared
to the urea analog 24 (26 nM vs 30 nM). Similarly to
the acetamide 14, the N,N-dimethylated derivative 15
did not show increased Ca2+ mobilization below
10 lM concentration. Next, we modified the substituent
at C(5) of the pyrazolone ureas and synthesized several
ethyl, isopropyl, and tertiary butyl derivatives (42–48).
We found that the potency of compounds with bulkier
C(5)-substituents was consistently enhanced [e.g., for
26 (Me) 490 nM; for 42 (Et) 140 nM; for 43 (iProp) 44
nM; for 45 (tButyl) 23 nM]. The observation that
increased steric demand of the group at C(5) gives rise
to enhanced activity may be a result of a shift in the
conformational equilibrium between the U- and
W-shaped conformation and/or additional van der
Waals interactions.


As above, the ortho-chloro substituted compound 44,
an isomer of the potent pyrazolone 43, did not show
activity up to 10 lM. Replacing the methyl group at
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N(1) with the larger ethyl substituent had no major im-
pact on potency (see 49).


We also studied the influence of the N(2)-substituent of
the pyrazolone core on hFPRL1 activity (Table 2) and
found that modifications within this portion of the
molecule are relatively well tolerated. For example, the
N(2)-pyrimidines (50, 53, and 56) and quinolines (51,
54, and 57) were roughly equally or more potent than
the corresponding N(2)-phenyl derivatives, while thiaz-
oles (52, 55, and 58) showed somewhat reduced activity.


Notably, the compounds described above did not show
significant activity (up to 10 lM) for the human formyl
peptide receptor (hFPR, counter-screen),23 which is the
closest homolog of hFPRL1.


Two pyrazolones with good hFPRL1-mediated Ca2+


flux activity (24, 43) were tested in a functional cell-
based assay side by side with two inactive analogs (15,
44): polymorphonuclear human neutrophils (PMN)
were preincubated for 45 min with compound or vehicle.
Subsequently, their migration against a gradient of
chemo-attractant (either IL-8 or N-formyl-methyl-leu-
cyl-phenylalanine = fMLP) was determined by fluores-
cence according to a standardized protocol by Martin
and coworkers (Table 3).24 In essence, the agonists 24
and 43 showed a dose-dependent inhibition of PMN
migration, irrespective of the nature of the stimulant,
while their inactive analogs 15 and 44 had no impact.
The concentrations required for inhibition of PMN
migration are somewhat higher than the respective

Table 2. hFPRL1 activity of compounds 50–58a


R1


Cl


N


N


50 0.25 ± 0.07


N


51 0.080 ± 0.013


N


S
52 0.54 ± 0.46


EC50 values in [lM] (generic structure shown in Scheme 2).
a EC50 values (n P 4) have been determined by Ca2+ flux in CHO recombin


Table 3. Inhibition of neutrophil (PMN) migration by pyrazolones (IC50 in


Compound IC50 [lM]


fMLPa


24 �2c


15 >10


43 0.64 ± 0.20


44 >10


a Mean IC50 values determined using PMNs from at least three donors.


[DMSO] = 0.1%.
b hFPRL1 activity for comparison.
c Approximate IC50 as determined by mean value of two donors. PMNs of

EC50 values determined for Ca2+ mobilization, which
may be due to high protein binding of the compounds
and/or different levels of receptor expression in neutro-
phils versus transfected CHO cells. Interestingly,
16-phenoxy-Lipoxin,10 a well-documented stable analog
of Lipoxin A4 (prepared according to Phillips et al.),12


did not demonstrate blockage of PMN migration under
these conditions.


As part of an exploratory profiling, the active and inac-
tive iodo-pyrazolones 24 (30 nM) and 15 (>10 lM) were
studied in a mouse ear inflammation model (topi-
cal).25,26 For this, mice (10 animals per group) were
treated topically with test compound 15 min prior to
inducing an ear edema with a combination of prosta-
glandin E2 and leukotriene B4 (5 lg each). Ear thickness
was measured 3 h post induction and compared to the
thickness prior to the inflammatory insult. As illustrated
in Figure 1, the active pyrazolone 24 caused reduction of
ear edema, whereas the inactive analog 15 did not show
a significant effect. Under these conditions (applied
topically), 16-phenoxy-Lipoxin demonstrated consider-
able reduction of ear swelling (at 6.2 lg/ear: 22%, at
12.5 lg/ear: 33%, at 25 lg/ear, 69% reduction of
swelling).


The poor solubility characteristics of the iodides 15 and
24 did not allow formulation necessary for advanced
in vivo studies. Therefore, we investigated the pharma-
cokinetic behavior and efficacy of the more soluble
pyrazolone 43. Following iv administration to rats
(0.5 mg/kg), the compound showed relatively low

R2


SMe CF3


53 0.043 ± 0.005 56 0.15 ± 0.02


54 0.030 ± 0.003 57 0.044 ± 0.006


55 5.13 ± 1.75 58 1.47 ± 0.68


ant cells co-expressing hFPRL1, Ga15 protein, and aequorin.


[lM])


hFPRL1b EC50 [lM]


IL-8


�2c 0.03 ± 0.01


>10 >10


0.24 ± 0.05 0.044 ± 0.005


>10 >10


IL-8 or fMLP were used as chemo-attractants (each 10 nM). Final


one donor did not show activity below 10 lM.
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Figure 1. Reduction of ear swelling in mice: topical administration of


agonist 24 and inactive analog 15. (X-axis: vehicle alone, topical


administration of 25, 2.5, and 0.25 lg/ear of 24 (white blocks), 15 (grey


blocks), and 30 lg of dexamethasone (Dex). Y-axis: ear thickness [lm],


3 h post induction. Statistical significance: **P < 0.01, ***P < 0.005.)
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clearance (0.126 L/h/kg) and a half-life of 2.78 h. Signif-
icant levels of 43 were detected in the systemic circula-
tion such that the bioavailability following po
administration (2 mg/kg) was 91%. Encouraged by these
data, we tested 43 in the mouse ear inflammation model
described above following oral administration (Fig. 2):25


mice (10 animals per group) were treated orally with
compound 43 60 min prior to induction of edema and
the ear thickness was analyzed 3 h post insult. At the
50 mg/kg dose, a reduction in edema by 58% was ob-
served, which is similar to that of the positive control
(dexamethasone, 1 mg/kg iv).27 At this dose, the plasma
concentration of 43 at the end of the experiment (free
fraction, corrected for plasma protein binding) was
185 ± 42 nM, that is, about four times higher than the
EC50 value for Ca2+ mobilization and in the range of
the IC50 value determined for IL-8 induced PMN migra-
tion.28 At the lower doses (16.6 and 5 mg/kg, respective-
ly), which resulted in only partial or no efficacy, the
endpoint concentration of free 43 was below the EC50


value (Ca2+ flux).


Notably, compound 43 did not show significant
cross-interaction with a series of unrelated protein
targets including the mitogen-activated P38a kinase,
the chemokine receptor CXCR2, the histamine receptor
1, and the vanilloid receptor 1.


In summary, a high-throughput screen and subsequent
medicinal chemistry effort resulted in potent and novel
hFPRL1 agonists. Two active compounds (24, 43)
inhibited fMLP and IL-8 induced human neutrophil
migration, whereas closely related structures with no
hFPRL1-mediated Ca2+ mobilization activity (15, 44)
did not show inhibition. Under these conditions,
16-phenoxy-Lipoxin did not regulate neutrophil migra-
tion. In a mouse model of acute inflammation (topical
application), compound 24 and 16-phenoxy-Lipoxin
were efficacious. Again, an inactive analog 15 did
not have an effect. The observation that a potent
hFPRL1 agonist showed inhibitory activity in a

functional cell-based assay and in vivo (topical), while
its inactive derivative did not have an impact, indi-
cates that the observed anti-inflammatory effect is tar-
get-mediated. The differential effects of the
pyrazolones and 16-phenoxy-Lipoxin on PMN migra-
tion may suggest that the signal transduction events
triggered by these different classes of agonists differ
from each other. Such differences between synthetic
and endogenous agonists have been precedented.29


Studies to further address the mode of action of these
molecules are ongoing.


Importantly, a prototypic hFPRL1 agonist and PMN
migration inhibitor (43) with improved properties and
very good oral bioavailability showed a dose-dependent
inhibition of ear swelling in mice following oral
administration.
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Abstract—A series of cyclic pentapeptides, c(His-DD-Phe-Arg-Trp-Z) (Z = x-amino acid), were prepared and biologically evaluated.
The effects of increasing alkyl chain length of x-amino acid on the functional activities and the receptor binding affinities for human
melanocortin receptors (hMC-Rs) were studied. Compound 2 was an agonist for hMC-4R with an EC50 value of 15.4 nM, which
was 4.7 times more potent than that of a-MSH. Compound 2 also showed a 4.3-fold higher hMC-4R selectivity over hMC-1R, thus
providing us with information concerning size and chemical structure of the lactam ring for the development of the agonist with
hMC-4R selectivity.
� 2006 Elsevier Ltd. All rights reserved.

It has been recognized that a-melanocyte-stimulating
hormone (a-MSH), an endogenous ligand for the mela-
nocortin receptors, is involved in a wide range of phys-
iological functions: the regulation of skin pigmentation
and immune system,1 the control of steroid production,2


the central nervous system regulation of body weight,3,4


and the regulation of secretion from exocrine gland.5


Five melanocortin receptors, MC-1R, -2R, -3R, -4R,
and -5R, were identified.


Because of the importance of MC-4R in feeding behav-
ior, many researchers have focused their attention to
discover highly potent and selective MC-4R agonists
and antagonists. A lot of nonpeptide agonists and
antagonists, such as piperidine-,6,7 piperazine-,8,9 or
guanidine10-based ligands, were developed and evaluat-
ed. On the other hand, peptidic MC-4R ligands were
also investigated based on the sequence of endogenous
MC-R agonists, for example, ACTH and a-, b-, and c-
MSH. They contain the common tetrapeptide sequence,
His-Phe-Arg-Trp, which is an essential core for biologi-
cal activity. Further studies with MC-Rs have shown
that Phe position is a critical determinant for activity,
when it was replaced with DD-Phe or DD-Nal(2)

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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[Nal(2) = 2-naphthylalanine], as seen with melanotan
II [MT-II, Ac-Nle-c(Asp-His-DD-Phe-Arg-Trp-Lys)-
NH2]11 and SHU/9119 [Ac-Nle-c(Asp-His-DD-Nal(2)-
Arg-Trp-Lys)-NH2].12 In fact, MT-II exhibited high
affinity and agonism at MC-4R (IC50 = 0.07 nM for
binding and EC50 = 0.5 nM for cAMP accumulation),13


while SHU/9119 showed potent antagonism at MC-4R
(IC50 = 0.04 nM for binding and pA2 = 9.63 for cAMP
accumulation).13 However, although MT-II and SHU/
9119 were potent ligands, they were not selective for
MC-4R. Bednarek et al.14 reported that the cyclic
lactam c(CO-CH2-CH2-CO-His-DD-Phe-Arg-Trp-Dab)-
NH2 (Dab = 2,4-diaminobutyric acid) exhibited potent
agonism at hMC-4R (IC50 = 37 nM for binding,
EC50 = 4 nM for cAMP accumulation), and was 55-fold
more selective over hMC-3R and 1000-fold more selec-
tive over hMC-5R. In this communication, we describe
the synthesis of c(His-DD-Phe-Arg-Trp-Z) (Z = x-amino
acid) and their evaluation by intracellular cAMP
accumulation and binding assays. The ligand-hMC-Rs
interaction was further studied using lactams with
various ring sizes.


Bednarek’s cyclic lactam c(X-His-DD-Phe-Arg-Trp-Y)-
NH2 contained the essential core sequence (His-DD-Phe-
Arg-Trp) required for high affinity at hMC-Rs and a
linker consisting of X and Y, where X is a succinic acid
or an x-aminocarboxylic acid and Y is an a, x-diamino-
carboxylic acid or an x-carboxy-a-amino acid.
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In this study, instead of a linkage through X and Y, we
employed a simpler approach using one x-amino acid to
produce membered lactams (Fig. 1). Namely, the mole-
cule was simplified by removing one amide bond be-
tween X and Y.


Synthesis of cyclic peptides was achieved by a combina-
tion of the solid-phase methods and the cyclization reac-
tion in a solution synthesis procedure15 shown in
Scheme 1.


All crude peptides were purified by semi-preparative
RP-HPLC [in an acetonitrile/water gradient (10–50%
over 40 min) containing 0.05% TFA]. The purity of
products was determined by HPLC.16 Structures were
characterized by high-resolution mass spectrometry16


and amino acid analysis.


The functional activities and binding activities of
compounds 1–7 at hMC-1R and -4R are summarized
in Table 1. The functional activities of the compounds
were estimated as an accumulation of cAMP in SaoS2
cells (ATCC HTB-85) expressing MC1/plDNA or
MC4/pcDNA3.1. The natural ligand, a-MSH, had
agonist activity (EC50 = 1.77 and 72.9 nM, at hMC-1R
and -4R, respectively). At hMC-4R, both compound 1,
c(His-DD-Phe-Arg-Trp-Aoc) (Aoc = 8-aminooctanoic acid),
and compound 2, c(His-DD-Phe-Arg-Trp-Ahp) (Ahp =
7-aminoheptanoic acid), exhibited agonist activity
(EC50 = 16.4 and 15.4 nM, respectively) meaning that
21- and 20-membered cyclic peptides were about a
5-fold more potent agonist than a-MSH at hMC-4R.
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Figure 1. The chemical structures of compounds investigated in this


study.


2-chlorotritylchloride resin


1. attachment of Fmoc-Z-OH in the
presence of DIEPA


2. 20% pipeidine/DMF
3. Fmoc-based solid-phase synthesis
4. 20% piperidine/DMF
5. DCM/TFE (7:3)


side-chain protected linear pentapeptide


1. PyBOP/HOBt/DIEPA
2.TFA/H2O/TIS (95:2.5:2.5)


c(His-D-Phe-Arg-Trp-Z) Z: ω -amino acid


Scheme 1. Outline of synthesis of cyclic peptides.

An approach to shorten the 21-membered lactam bridge
of compound 1 by substitution of Aoc with 6-amino-
hexanoic acid (Ahx) led to compound 3 (19-membered
cyclic peptide, EC50 = 3120 nM), which was 190-fold
less potent than a-MSH at hMC-4R. Compounds 4–6,
with a smaller lactam bridge, exhibited a weak agonist
activity at hMC-4R in the lM range. Interestingly, at
hMC-4R, compounds 1 and 2 acted as a full agonist,
while compounds 3–6 acted as a partial agonist. On
the other hand, at hMC-1R, compounds 1–6 exhibited
weaker agonist potency than that of a-MSH, being in
the range of 10�8–10�6 M and acted as a partial agonist.
Compound 7 with LL-Phe was the weakest agonist at
both hMC-1R and -4R. These data coincide well with
the fact that the inversion of chirality of the Phe to DD-
Phe resulted in a dramatic increase of agonist potency
at MCRs.11,12


The binding affinities of the compounds at MC-4R were
measured with a [125I]NDP-a-MSH displacement assay
in human recombinant HEK-293 cells expressing the
cloned MC-4R. The Ki values were 319 and 244 nM
for compounds 1 (21-membered cyclic peptide) and 2
(20-membered cyclic peptide), respectively, while the Ki


value of a 18-membered cyclic peptide was more than
10 lM. It means that a suitable ring size is required
for the formation and the stabilization of ligand–recep-
tor complexes. Compound 2 was 3.9 times less potent
and possessed 6.6-fold lower affinity than Bednarek’s
cyclic lactam c(CO-CH2-CH2-CO-His-DD-Phe-Arg-Trp-
Dab)-NH2 at MC-R4.This implies that not only proper
ring size, but also chemical structure of the linker, is
important to produce potent agonists.


Next, we compared the structure of compounds 2 (a rel-
atively potent agonist) and 4 (a weak agonist) using
CD17 and NMR18 spectroscopy. The CD spectra of
compounds 2 and 4 were obtained in trifluoroethanol
(TFE) in which all spectra were characterized by the
overall negative signal with a shape typically associated
with random-coiled polypeptides (Fig. 2). Distilled
water was added in order to obtain their CD spectra
in the presence of 10%, 20%, 40%, and 50% water in
TFE. The overall shapes of the CD spectra for both
compounds were not significantly different in the pres-
ence of 0–50% water in TFE, suggesting that both
compounds 2 and 4 would predominantly take a
random-coil conformation.


The 2D NMR spectra were assigned using the standard
assignment procedure, and the NOESY spectrum was
used to make sequential connections between them.
The NOE patterns for compounds 2 and 4 are summa-
rized in Figure 3. In both compounds 2 and 4, the
sequential NOEs, dNN and daN were observed. For com-
pound 2, the existence of a daN(i, i + 2) contact between
His and Arg suggests the possibility of a small popula-
tion of turn-like structure among the predominantly
random conformation. Compound 4 showed one daN(i,
i + 2) contact between His and Arg, and the other daN(i,
i + 2) contact between Phe and Trp. This indicates that a
higher population of turn-like structures exists in
compound 4 compared with compound 2. A relatively







Table 1. Functional activities and binging affinities of compounds 1–7 at hMC-1R and -4R


Compound Sequence Ring size Functional activity/EC50 (nM)a Binding affinity at hMC-4Rb


hMC-1R hMC-4R hMC-1R/-4R Ki (nM) Hill coeff.


a-MSH 1.8 72.9 0.024 — —


NDP-a-MSH N.T. N.T. — 0.102 0.792


1 c(His-DD-Phe-Arg-Trp-Aoc) 21 77.4 16.4 4.7 319 0.628


2 c(His-DD-Phe-Arg-Trp-Ahp) 20 67.0 15.4 4.3 244 0.747


3 c(His-DD-Phe-Arg-Trp-Ahx) 19 1303.7 3121.2 0.42 670 0.673


4 c(His-DD-Phe-Arg-Trp-Ava) 18 3301.8 10133.6 0.33 N.D. N.D.


5 c(His-DD-Phe-Arg-Trp-Abu) 17 269.9 1578.0 0.17 5780 0.613


6 c(His-DD-Phe-Arg-Trp-bAla) 16 135.0 1113.1 1.19 N.D. N.D.


7 c(His-LL-Phe-Arg-Trp-Aoc) 21 5095.8 9592.4 0.53 4420 0.604


a Values are means of three experiments (N.T., not tested).
b Values are means of two experiments (N.D., not determined); NDP-a-MSH, [Nle4, DD-Phe7]-a-MSH.


Figure 2. CD spectra for compound 2 at 0.5 mM (a) and compound 4


at 0.5 mM (b) in the presence of 0%, 10%, 20%, 40% and 50% water in


TFE, respectively.


Figure 3. Summary of the NOE patterns for compounds 2 and 4.


Figure 4. Chemical shift differences in each amino acid residues for


NH (opened square) and CaH (closed square): DdNH = dNHcompound


2–dNHcompound 4, DdCaH = dCaHcompound 2–dCaHcompound 4.
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large difference between chemical shifts of NH and
CaH, DdNH (dNHcompound 2–dNHcompound 4) and
DdCaH (dCaHcompound 2–dCaHcompound 4), was ob-
served on the Arg residue (Fig. 4), suggesting the possi-
bility that the change of lactam ring properties could
affect the orientation of the side chain of Arg to induce
diverse activity. The MC-Rs belong to the superfamily
of seven transmembrane spanning G-protein coupled
receptors in which the side chain of Arg has been
thought to interact with the Asp residue in the putative
transmembrane spanning domain (TM-3) and a Glu res-
idue in TM-2.19,20 The head-to-tail cyclization using
x-amino acid could generate an agonist due to an
alteration in the orientation of the Arg side chain.

In conclusion, the 21-membered cyclic peptide 2, c(His-
DD-Phe-Arg-Trp-Ahp), was the 4.7 times more potent
agonist at hMC-4R than a-MSH but the 3.8 times less
potent agonist than c(CO-CH2-CH2-CO-His-DD-Phe-
Arg-Trp-Dab)-NH2. Furthermore, compound 2 with a
straight chain linker of one x-amino acid exhibited
low hMC-4R selectivity over hMC-1R compared
with c(CO-CH2-CH2-CO-His-DD-Phe-Arg-Trp-Dab)-NH2.
This finding would provide us with useful information
concerning ring size and chemical structure of the linker
for the further development of potent agonists with
hMC-4R selectivity.
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Abstract—Novel series of sphingosine-1-phosphate (S1P) receptor agonists were developed through a systematic SAR aimed to
achieve high selectivity for a single member of the S1P family of receptors, S1P1. The optimized structure represents a highly
S1P1-selective and efficacious agonist: S1P1/S1P2, S1P1/S1P3, S1P1/S1P4 > 10,000-fold, S1P1/S1P5 > 600-fold, while EC50 (S1P1)
<0.2 nM. In vivo experiments are consistent with S1P1 receptor agonism alone being sufficient for achieving desired lymphocyte-
lowering effect.
� 2006 Elsevier Ltd. All rights reserved.

Sphingosine-1-phosphate (S1P)1 induces a range of cel-
lular responses by its interaction with the S1P family
of G-protein coupled receptors (GPCRs). A total of five
S1P receptors are known: S1P1–S1P5. The in vivo immu-
nosuppressive efficacy of a non-selective S1P receptor
agonist has been evidenced by the numerous preclinical
and clinical studies of FTY7202,3 (Novartis), a prodrug
for its monophosphate ester.4 Recent studies have dem-
onstrated that S1P receptor agonists affect lymphocyte
trafficking5 and that an interaction with S1P1 receptors
on lymphocytes drives the observed pharmacodynam-
ics.6 S1P3 receptor activity has been linked to acute tox-
icity and bradycardia in rodents.7 As no highly potent
and selective agonists have been reported to this date,8


definitive evidence has not yet been provided as to
whether a selective interaction with S1P1 receptors
would be sufficient for immunosuppressive efficacy. We
present here the design and SAR study leading to the
preparation of highly S1P1-selective agonists.


N-(4-(1,3,4-Oxadiazole)benzyl)azetidine-3-carboxylic and
N-(4-(1,2,4-oxadiazole)benzyl)azetidine-3-carboxylic acids
have been previously reported to be potent S1P1 receptor
agonists that select against S1P2 and S1P3 subtypes and

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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have good rat and dog pharmacokinetic profiles.5i,9 (4-
(1,2,4-Oxadiazol-3-yl)-3-methyl)phenylpropionic acids
1a–1c have been shown to be orally bioavailable potent
S1P1 receptor agonists that select against S1P2 and S1P4


subtypes.5b,5e–5g For the latter, the left-hand side aromatic
substituent can influence selectivity against S1P5 (Table
1).10 Based on these observations, we proposed to test a
new structural class of compounds with the SAR focused
on both S1P1 receptor efficacy and selectivity (Fig. 1).


In order to generate a diverse SAR dataset with respect
to the central heterocycle X (Fig. 1), we reasoned that
the core of the proposed series may be synthesized in a
three-step synthetic sequence consisting of two palladi-
um(0)-catalyzed cross-coupling reactions (Suzuki,
Negishi, or Stille couplings) and a bromination. This
hypothesis led to the development of a novel general
methodology yielding a variety of 2,5-diarylheteropenta-
lenes in a significantly more convergent manner com-
pared to previously reported alternatives (Scheme 1).
We believe that this synthetic approach represents the
most efficient route to a diverse array of 2,5-disubstitut-
ed heterocycles yet reported.11–13


A direct comparison of several heterocyclic analogs
sharing identical aromatic 2,5-disubstitution validated
the basis of our proposal: S1P1/S1P3 selectivity varies
profoundly as a function of the central heterocycle
(Table 1). Superior selectivity against the S1P3 receptor
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Table 2. Parallel of S1P1 receptor agonism in 1,3,4-thiadiazole and


1,2,4-oxadiazole series expedited identification of the optimal substi-


tution pattern of the 1,3,4-thiadiazole series; SAR optimization of the


4-substituent in 3-cyanophenyl-1,3,4-thiadiazole series (2a-v) for S1P1


receptor efficacy and S1P5/S1P1 selectivity


Ar1
S


NN Me


CO2H


S


NN Me


CO2HR


NC


Ar1
N


NO Me


CO2H


SAR of over 50 compounds


3,4-disubstitution superior


1,3,4-thiadiazole series 1,2,4-oxadiazole series


Compound, R EC50
a Selectivity S1P5/S1P1


b


2a, H >1000 N/Ac


2b, MeO 97 >100


2c, EtO 2.1 480


2d, n-PrO 3.4 110


2e, i-PrO 0.20 210


2f, i-Bu 0.16 320


2g, i-BuO 2.8 200


2h, cyc-PrCH2O 0.61 230


2i, sec-BuO 0.28 120


2j, cyc-BuO 0.79 170


2k, F 570 18


2l, FCH2CH2O 9.5 >100


2m, CF2HCH2O 1.1 230


2n, CF3CH2O 0.6 400


2o, CF3(CH2)2O 7.7 30


2p, (CF3)2CHO 38 2


2q, HO2CCH2O 360 28


2r, NCCH2O 45 220


2s, F3CH(Me)O 0.19 93


2t, (FCH2)2CHO 0.23 390


2u, AcO 94 110


2v, 2-thienyl 1.9 110


a EC50 (nM) for S1P1 receptor; for a summary of biological assays used


in this report, see Ref. 10; SD were generally ±20% of the average.
b EC50 and IC50 values for S1P2 and S1P4 receptors, respectively,


exceeded the S1P1 receptor EC50 by more than 1000-fold. S1P5/S1P1


is defined as the ratio of the respective EC50 values.
c S1P5/S1P1 not calculated due to low S1P1 receptor efficacy.


Table 1. S1P receptor agonism as a function of central heterocycle X


and left-hand side aromatic substituent Ar1 in 3-(4-heterocyclyl-3-


methyl-phenyl)propionic acid series (1c–g)


Ar1


Me


CO2H
X


Compound X Ar1 EC50 (nM)a,b or %


inhibition @ 10 lM


S1P1 S1P3 S1P5


1a
NO


N iPrO


F3C
0.10 110 13


1b
NO


N iPrO


Cl
0.15 940 73


1c
NO


N NiPrO


Cl
0.73 950 950


1d
NN


O NiPrO


Cl
19 82% 44%


1e
NN


S NiPrO


Cl
2.1 36% 1300


1f
O


N NiPrO


Cl
1000 8% 0%


1g
S


N NiPrO


Cl
30% 0% 6%


a For a summary of biological assays used in this report, see Ref. 10;


SD were generally ±20% of the average.
b EC50 and IC50 values for S1P2 and S1P4 receptors, respectively,


exceeded the S1P1 receptor EC50 by more than 1000-fold.


ZY


XAr1 Ar2


ZY


X
X, Y, Z = CH, O, S, or N


[M] = SnBu3, ZnBr, B(OH)2


Ar1I [M]


3 steps
31 - 67% overall yield


Furans
Thiophenes


Pyrroles
1,3-Oxazoles
1,3-Thiazoles


1,3,4-Oxadiazoles
1,3,4-Thiadiazoles
(> 20 examples)


+
ZY


XAr1


Br2, AcONa
AcOH


ZY


XAr1 Br


Ar2B(OH)2
Pd(Ph3P)4


Pd(Ph3P)4


5 mol%


5 mol%


Scheme 1. General synthesis of 2,5-diarylheteropentalenes served for


the preparation of many of the compounds reported in this


disclosure.11


Left-Hand Side
Aromatic Substituent


Ar1


Central
Heterocycle


X


Me
CO2H


Figure 1. Design of the structural series reported in this disclosure.
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observed for 1,3,4-thiadiazole 1e relative to its deriva-
tives is particularly important given the association of
S1P3 agonism and acute toxicity and bradycardia in
rodents.7

As previously disclosed series of S1P agonists have gen-
erally not selected against S1P5 subtype, we focused on
achieving a good S1P1/S1P5 selectivity, while maintain-
ing strong affinity for S1P1 receptor by optimizing lead
1e. In due course, we benefited from the parallel agree-
ment of trends in S1P1 receptor efficacy invoked by cor-
responding members of two simultaneously optimized
series: 1,2,4-oxadiazoles (represented by 1c) and 1,3,4-
thiadiazoles (represented by 1e).5d–g,14 The SAR of the
two series suggested that the superior substitution pat-
tern for Ar1 was 3,4-disubstitution.15 S1P1 efficacy in
1,3,4-thiadiazole series benefited from the strongly
electron-withdrawing nature of the 3-substituent, S1P1/
S1P5 selectivity was mostly dependent on the nature of
the 4-substituent. Generally, an electron-donating ether
or alkyl substituent in the 4-position provided the high-
est selectivity against S1P5 receptor. A detailed SAR of







Table 3. S1P receptor agonism as function of central heterocycle X


in 3-cyano-4-isopropyloxyphenyl left-hand side series (1a, 2e, and


3a–n)


iPrO


NC
Me


CO2H
X


Compound X EC50 (nM)a,b


S1P1 S1P3 S1P5


1a
NO


N
0.08 1144 6.5


2e
NN


S
0.20 >10,000 42


3a
NN


O
1.1 >10,000 460


3b
S


0.93 >10,000 220


3c
O


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


3d N
Me


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


3e
N


S
14 >10,000 200


3f
N


S
0.18 >10,000 120


3g N


S


Me


>3600 >10,000 >10,000


3h
NN


N
N


1.6 >10,000 43


3i N
NN


N
0.98 >10,000 150


3j
N


O
5.1 >10,000 >10,000


3k
S


290 >10,000 3200


3l
S


1200 >10,000 3200


3m


NN


N
Me


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


3n


NN


N
H


380 >10,000 >10,000


a For a summary of biological assays used in this report, see Ref. 10;


SD were generally ±20% of the average.
b EC50 and IC50 values for S1P2 and S1P4 receptors, respectively,


exceeded the S1P1 receptor EC50 by more then 1000-fold.
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2-((3-cyano-4-substituted)-phenyl)-1,3,4-thiadiazoles opti-
mizing the 4-position for the highest S1P1 receptor efficacy
and S1P1/S1P5 selectivity is summarized in Table 2.16 The
most S1P1/S1P5 selective (>200-fold) as well as highly
S1P1 efficacious (EC50 < 1 nM) derivatives include 2e, 2f,
2h, 2n, and 2t.


Having identified several desirable left-hand side aro-
matic substituents, we conducted a detailed SAR of
the central heterocycle, while maintaining both the left-
and right-hand side aromatic substituents unchanged.17


Our three-step synthetic sequence (Scheme 1) provided
facile access to the core of many compounds listed in
Table 3.18 While many of the heterocyclic derivatives
proved to be efficacious S1P1 receptor agonists, only a
handful of these concurrently exhibited a high degree
of selectivity for S1P1 receptor against all other members
of the S1P family: thiadiazole 2e, oxadiazole 3a, thio-
phene 3b, thiazole 3f, and tetrazole 3i (Table 3). Among
these, thiazole 3f was found to be the most effective to
maximally drive the lymphocyte-lowering response
(MOSL) inducing the strongest lymphopenia after oral
administration to mice.10,19


In conclusion, a systematic SAR analysis has identified
selective, highly potent, small molecule S1P1 receptor
agonists (Table 3). Optimized structures are exemplified
by compound 3f with an in vitro S1P1 receptor efficacy
EC50 = 0.18 nM, greater than 10,000-fold selectivity
against S1P2, S1P3, and S1P4 receptors and greater than
600-fold selectivity against S1P5 receptor. After oral
administration of a 0.3 mpk dose of 3f to mice, it was
found to maximally drive the lymphocyte-lowering re-
sponse previously seen with other S1P receptor ago-
nists.10 These results are consistent with the notion
that selective agonism of S1P1 receptor is sufficient for
achieving the desired degree of lymphocyte-lowering.
While agonist 3f exhibited good oral bioavailability in
the rat (F = 39%), its pharmacokinetic properties in that
species remained suboptimal (t1/2 < 1 h). The optimiza-
tion of 3f toward analogs with more desirable pharma-
cokinetic profiles will be a subject of our future
disclosures.
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LiOH


19. While 3 mpk of each of 2e, 3a, 3b, and 3i was needed


to maximally drive the lymphocyte-lowering after oral
administration to mice, 0.3 mpk dose of 3f was
sufficient to achieve the same effect; see Ref. 10 for
details.





		Highly selective and potent agonists of sphingosine-1-phosphate 1 (S1P1) receptor

		References and notes








Bioorganic & Medicinal Chemistry Letters 16 (2006) 3755–3760

Preparation of 1-(4-methoxyphenyl)-1H-pyrazolo[4,3-d]pyrimidin-
7(6H)-ones as potent, selective and bioavailable


inhibitors of coagulation factor Xa


John M. Fevig,* Joseph Cacciola,� Joseph Buriak, Jr.,� Karen A. Rossi, Robert M. Knabb,
Joseph M. Luettgen, Pancras C. Wong, Stephen A. Bai,


Ruth R. Wexler and Patrick Y. S. Lam


Bristol-Myers Squibb Pharmaceutical Research Institute, PO Box 5400, Princeton, NJ 08543-5400, USA


Received 28 March 2006; revised 18 April 2006; accepted 18 April 2006


Available online 8 May 2006

Abstract—Previously, potent factor Xa inhibitors were described based on a pyrazole core. Modifications of the pyrazole core have
provided additional novel, highly potent factor Xa inhibitors. This manuscript will describe the synthesis and biological activity of
factor Xa inhibitors containing the 1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one and related bicyclic cores. Many of these compounds are
potent, selective, and orally bioavailable inhibitors of coagulation factor Xa.
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Thromboembolic diseases remain the leading cause of
death and disability in developed countries. This reality,
combined with the limitations of current therapies, has
led to extensive efforts to develop novel antithrombotic
agents.1 Factor Xa has become a major focus of phar-
maceutical intervention in the past decade because of
its central role in the blood coagulation cascade.2 Exten-
sive preclinical and clinical evidence has demonstrated
that inhibition of factor Xa is efficacious in both venous
and arterial thrombosis.3,4


Previously, it was demonstrated that a series of N-aryl-
pyrazole carboxamides, represented by the P1 benzyl-
amine analog DPC423 (1),5 were highly potent,
selective, and orally bioavailable small molecule inhibi-
tors of factor Xa (Fig. 1). Subsequently, razaxaban
(2),6a with an aminobenzisoxazole P1, was discovered
and has been shown to be efficacious in phase II deep
vein thrombosis (DVT) clinical trials.6b Furthermore,
it was demonstrated that the 4-methoxyphenyl residue
could be an effective P1 group when combined with an

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


doi:10.1016/j.bmcl.2006.04.044


Keywords: Factor Xa inhibitors; Anticoagulants; Antithrombotic


agents; Pyrazole; Bicyclic core; Pyrazolo[4,3-d]pyrimidin-7(6H)-ones.
* Corresponding author. Tel.: +1 609 818 5285; fax: +1 609 818


3450; e-mail: john.fevig@bms.com
� Present address: AstraZeneca, Wilmington, DE, USA.
� Present address: DuPont Ag Products, Newark, DE, USA.

optimized pyrazole-P4 subunit, as in compound 3.7


Thus, the N-arylpyrazole carboxamides have been
shown to be a versatile and highly efficacious class of
fXa inhibitors.


However, it was recognized that the common pyrazole
carboxamide 4, present in all of the compounds 1–3,
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can potentially be hydrolyzed in vivo to liberate a
pyrazole carboxylic acid 5 and a biarylaniline 6
(Fig. 1). This was of concern due to the known mutage-
nicity of many anilines/biarylanilines.8 Furthermore, it
was discovered that there was no clear SAR in terms
of mutagenicity within this biarylaniline P4 series, neces-
sitating that any aniline of interest would require rigor-
ous purification and mutagenicity testing. Thus, in
efforts to discover back-up compounds to razaxaban,
several strategies were pursued that were designed to
avoid the potential formation of an aniline fragment.
One such strategy involved incorporating the amide
within a bicyclic core structure 7. This was expected to
provide protection from in vivo aniline formation by
rendering the amide less likely to be hydrolyzed and also
by requiring an additional step (cleavage of the N–b
bond) to liberate the free aniline. This manuscript
describes the initial success in realizing this strategy,9


where it was discovered that several bicyclic cores
maintained fXa potency and served as effective mimics
of the pyrazole carboxamide moiety when 4-methoxy-
phenyl was utilized as the P1 recognition group.7,10


The initial bicyclic core example, the 1H-pyrazolo-
[4,3-d]pyrimidin-5,7(4H,6H)-dione 13, was prepared as
described in Scheme 1. Diazotization of p-anisidine 8
was followed by treatment with malonitrile to afford
the dicyanohydrazone 9. Treatment of this hydrazone
with methyl bromoacetate and K2CO3 at 90 �C gave
the 4-aminopyrazole 10 by N-alkylation and in situ ring
closure. Weinreb coupling with the highly optimized
biphenylaniline 117 afforded the amide 12 in a low an
irreproducible yield, which was subsequently cyclized
to compound 13, also in low yield, by treatment with
carbonyl diimidazole.


The initial 1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one
examples 20–26, with a biphenylsulfonamide P4 group,
were prepared as shown in Scheme 2. A more stepwise
approach was taken to avoid the low-yielding Weinreb
amide coupling. Aminopyrazole 10 was diazotized and
treated with sodium azide to form a 4-azidopyrazole,
where the azide functionality essentially served as an
amine protecting group. Ester hydrolysis and amide
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Scheme 1. Reagents and conditions: (a) NaNO2, HCl/H2O, 0 �C; then


malonitrile, NaOAc, MeOH/H2O, 0 �C (70–80%); (b) BrCH2CO2Me,


K2CO3, DMF, 90 �C (35%); (c) 11, AlMe3, CH2Cl2, 40 �C (10–20%);


(d) CDI, THF (20%).

coupling via the acid chloride afforded amides 14.
Reduction of the azide was accomplished with tin(II)
chloride hydrate in refluxing methanol, conditions that
also effected the conversion of the nitrile to a methyl
ester. The resulting 4-aminopyrazole-5-carboxamide
was cleanly cyclized to the 1H-pyrazolo[4,3-d]pyrimi-
din-7(6H)-one bicyclic core 15 by refluxing in formic
acid. Suzuki coupling with boronic acid 166a smoothly
furnished the protected biphenylsulfonamide 17. The
pyrazole ester 17 was converted to the primary amide
18 by treatment with ammonium hydroxide in dioxane,
and the amide was subsequently dehydrated with POCl3
in refluxing benzene to afford the nitrile 19. Compounds
17–19 were deprotected with TFA to give compounds
20–24. The ester 17 was converted to the carboxylic acid
25 by hydrolysis and subsequent TFA deprotection.
TFA-catalyzed deprotection of 19 followed by nitrile
reduction furnished the primary amine 26.


The 1H-pyrazolo-[3,4-d]-pyridazin-7(6H)-one core
analog 32 was prepared as described in Scheme 3.
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The readily available 1-ethylidene-2-phenylhydrazine
2711 was treated with ethyl 2,4-dioxovalerate 28 in the
presence of ethanolic sodium ethoxide to afford a good
yield of a separable 1:1 mixture of pyrazole regioisomers
29 and 30. The desired 30 was smoothly condensed with
4-bromophenylhydrazine in refluxing ethanol to give the
1H-pyrazolo-[3,4-d]-pyridazin-7(6H)-one core 31, which
crystallized out of solution upon cooling. Suzuki cou-
pling with the boronic acid 16 and TFA deprotection
afforded 32.


Compounds with a basic N,N-dialkylaminomethyl
residue appended onto the terminal aryl ring of the P4
were prepared as described in Scheme 4. The pyrazole
diester 33 was prepared analogously to compound 10,
except that ethyl cyanoacetate was used instead of
malonitrile. The azidoamide 34 was also prepared as
described previously, with the key step being the
selective hydrolysis of the methyl ester with lithium
hydroxide. Tin(II) chloride reduction of 34 proceeded
cleanly to afford the 4-aminopyrazole, which was
cyclized as before with formic acid to give 35a
(R5 = H). Alternatively, cyclization of the 4-aminopy-
razole in refluxing glacial acetic acid produced 35b
(R5 = Me). Suzuki coupling of 35a with 2-form-
ylphenylboronic acid 36 afforded the biphenyl aldehyde
37. Reductive amination to introduce the N,N-dialkyl-
aminomethyl group was generally unsatisfactory. A
three-step protocol was more efficient, involving sodium
borohydride reduction of the aldehyde, phosphorus
tribromide-mediated bromination of the alcohol, and
displacement of the bromide with an appropriate cyclic
or acyclic secondary amine, to afford compounds 38. As
previously, the pyrazole ester was readily converted to
the primary amides 39 with ammonium hydroxide and
then subsequently dehydrated in one case (39a) to form
the nitrile 40a.


Also in Scheme 4, conversion of 35b to the alcohol 41 was
accomplished by hydrolysis and subsequent reduction of
the acid via sodium borohydride reduction of an acid-
derived mixed anhydride. Treatment of 41 with phospho-
rus tribromide afforded the bromide, which was displaced
by imidazole to give 42a, and by tetrazole to give an insep-
arable mixture of the two tetrazole regioisomers 42b and
42c. Suzuki coupling of 42 with boronic acid 36 was
followed by reductive amination with pyrrolidine and
sodium triacetoxyborohydride, which in this case gave
serviceable yields of compounds 43. The isomers 43b
and 43c were separable by HPLC. Compound 46 was
prepared from 31 by procedures described above.


Finally in Scheme 4, attempted ring closure of the
cyanopyridine 4412 under the standard conditions
(formic acid 85 �C) or other conditions (N,N-DMF
dimethyl acetal or HC(OEt)3, 100 �C) did not afford
the desired bicyclic core 45a. In all cases the expected
intermediate was formed (N-formyl or N 0,N 0-dimethyl-
N-formamidine) but ring closure of the amide nitrogen
onto this intermediate did not take place. It was pre-
sumed that the nitrile was having a negative effect on
either the amide reactivity or the basicity of the interme-
diates, or both. This problem was circumvented by
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employing an efficient two-step cyclization procedure.
Thus, treatment of 44 with N,N-DMF dimethyl acetal
at 100 �C afforded the expected N 0,N 0-dimethyl-N-form-
amidine intermediate, which does not close to the
desired bicyclic under the conditions in which it is

Table 1. Bicyclic cores with biphenylsulfonamide P4
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SO2NH2
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N
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Compounda R3 Y fXa Ki
b


(nM)
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IC2·c
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(lM)


2 — — 0.19 6.1 2.1


3 — — 3.5 104


12 — — 8.4


13 — — 3.0 197


20 CO2Me H 2.8 7.1


21 CO2Me F 1.8


22 CONH2 H 1.7 8.7


23 CONH2 F 1.2 9.8


24 CN H 1.9 5.8


25 CO2H H 38


26 CH2NH2 H 22


32 — — 2.8


a All final compounds were purified by prep HPLC and gave satis-


factory spectral data.
b Ki values were obtained from purified human enzyme and were


averaged from multiple determinations (n = 2), as described in Ref.


6a.
c The aPTT (activated partial thromboplastin time) and PT (pro-


thrombin time) in vitro clotting assays were performed in human


plasma as described in Ref. 6a.


Table 2. Incorporation of a basic P4 group
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a All final compounds were purified by prep HPLC and gave satisfactory sp
b Ki values were obtained from purified human enzyme and were averaged f
c The aPTT (activated partial thromboplastin time) and PT (prothrombin tim


in Ref. 6a.

formed. However, when this intermediate is isolated
and subjected to refluxing formic acid, smooth ring clo-
sure to 45a occurs. Therefore, the N 0,N 0-dimethyl-N-
formamidine intermediate is more reactive to ring clo-
sure relative to the N-formyl intermediate, but requires
acidic conditions for ring closure to occur. Likewise,
compound 44 was treated sequentially with N,N-dime-
thylacetamide dimethyl acetal at 100 �C and then with
refluxing glacial acetic acid to prepare 45b. Compounds
45a,b were treated as previously disclosed to afford com-
pounds 40b,c, respectively.


The SAR for the initial set of compounds, where the P4
was a biphenylsulfonamide residue, is shown in Table 1.
The initial bicyclic example, 13, illustrated the feasibility
of this strategy. This compound was equipotent with 3, a
highly optimized analog in the 4-methoxyphenyl P1 ser-
ies,7 and more potent than the uncyclized 12, thereby
suggesting that the bicyclic core effectively orients the
biphenyl residue for binding in the P4 pocket. However,
the poor potency of 13 in the in vitro aPTT clotting as-
say indicated that the 1H-pyrazolo[4,3-d]pyrimidin-
5,7(4H,6H)-dione core might suffer from very high
protein binding. The 1H-pyrazolo[4,3-d]pyrimidin-
7(6H)-one, the major focus of this manuscript, appears
to be a more promising bicyclic core. Compounds 20–
24 all have equal or more potent binding than 13, and
also appear to have significantly lower protein binding
as indicated by their more potent activities in the aPTT
assay, which are comparable to that of razaxaban and
more favorable than those of 3 and 13. The data show
that ester, primary amide, and nitrile are well tolerated
as 3-substituents and appear to be suitable replacements
for the CF3 group. Further SAR around the 3-substitu-
ent demonstrated that the carboxylic acid 25 and the
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Table 4. Dog pharmacokinetic profiles


Compound Cl


(L/h/kg)


Vdss


(L/kg)


t1/2


(h)


F


(%)


Caco-2


(Papp · 10�6 cm/s)


39aa 0.55 3.9 5.4 94 12


39ba 0.76 4.9 5.1 96 15


40aa 6.8 75 8.3 77 3.1


Razaxabanb 1.1 5.3 3.4 84 5.6


a Compounds were dosed as the TFA salts in an N-in-1 format at


0.5 mg/kg i.v. and 0.2 mg/kg p.o. (n = 2).
b Ref. 6a.


Table 3. Human enzyme selectivity profile


Enzyme Ki (nM) 39a 39b 40a Razaxaban


fXa 1.1 0.74 1.7 0.19


Thrombin 1600 1800 1100 540


Trypsin >4200 >2500 >2500 >10,000


aPC >76,000 >76,000 48,710 19,700


fIXa >41,000 >15,000 >15,000 9000


fVIIa >15,000 >15,000 >15,000 >15,000


Plasmin >15,000 >15,000 >15,000 >15,000


tPA >33,000 >33,000 >33,000 >33,000


Urokinase >13,000 >13,000 >13,000 >13,000


Chymotrypsin 7930 530 2030 8500


All Kis were obtained from purified human enzymes and are averaged


from multiple determinations (n = 2). See Ref. 6a for more details.
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primary amine 26 were 10- to 15-fold less potent than
20–24. The 1H-pyrazolo-[3,4-d]-pyridazin-7(6H)-one
core analog 32 was also found to have comparable
potency to compounds 20–24.


Recently, inspired by the basic N,N-dimethylamino-
methyl moiety present in razaxaban 2, it was demon-
strated that the sulfonamide group on the terminal
aryl ring of the P4 biphenylsulfonamides could be effec-
tively replaced by a variety of cyclic and acyclic N,N-
dialkylaminomethyl, N-alkylaminomethyl, and related
residues.13 This strategy was also employed in this series,
with the expectation that the resulting compounds might
have greater potency, both in fXa binding and in the
in vitro clotting assays.


The SAR for these compounds are shown in Table 2.
In general, there was little difference in fXa potency
upon replacing the terminal ring sulfonamide with
N,N-dialkylaminomethyl residues. Compounds 38a,b,
39a–c, and 40a,b were all potent fXa inhibitors, com-
parable to the corresponding analogs from Table 1.
The alcohol 38c, an intermediate from Scheme 4 with
a non-basic sulfonamide replacement, was an order of
magnitude less potent than the corresponding N-pyr-
rolidine 38a. Compound 40c demonstrates that 5-methyl
substitution is tolerated on the bicyclic core. Despite
no improvement in potency, compounds 38a and
39a–c show slightly enhanced activity in the aPTT as-
say relative to similar sulfonamide analogs from Table
1, suggesting that the basic P4 substitution may be hav-
ing a favorable effect in lowering protein binding. The
aPTT and PT profiles of the 3-amido analogs 39a–c are
comparable to that of razaxaban. Additional 3-substit-
uents, represented by 43a–c, were explored for the pos-
sibility of further improving fXa potency. However,
these compounds offered no potency advantage relative
to the nitrile 40c. Furthermore, the 2-tetrazolylmethyl
analog 43c was less potent in the in vitro clotting as-
says relative to 39a–c, suggesting an unfavorable effect
on protein binding. Compound 46 was equipotent with
the corresponding 1H-pyrazolo-[3,4-d]-pyridazin-7(6H)-
one example 32, but had poor activity in the aPTT and
PT assays, again indicative of high protein binding,
which is likely highly influenced by the 3-trifluoromethyl
substituent.


Compounds with the 4-methoxyphenyl P1 residue have
previously been reported to show high selectivity
for fXa versus thrombin and trypsin.7 Additional
selectivity data are shown for selected compounds in
Table 3. Compounds 39a, 39b, and 40a all showed
>1000-fold selectivity relative to trypsin, aPC, factor
IXa, factor VIIa, plasmin, tPA, plasma kallikrein,
and urokinase. They are less selective relative to throm-
bin and chymotrypsin, but still show >600-fold selec-
tivity in all cases. The overall selectivity profile for
these compounds in most cases is comparable to that
of razaxaban.


The pharmacokinetic profiles of compounds 39a, b, and
40a were studied in dogs via a cassette dosing format,
with dosing at 0.5 mg/kg intravenously and 0.2 mg/kg

orally (Table 4). The amides 39a and b compare very
favorably with razaxaban, with each having lower
clearance, longer half-life, higher bioavailability, and
comparable volume of distribution.


The higher permeabilities for 39a,b in the Caco-2 assay
correlate with the observed higher bioavailabilities.
These results demonstrate that the 3-amido group is a
well-tolerated substituent on the 1H-pyrazolo[4,3-d]pyr-
imidin-7(6H)-one core. The fluoro substituent on the in-
ner phenyl ring has little effect on the PK profile or
Caco-2 permeability. The nitrile analog 40a has an unfa-
vorable PK profile, with very high clearance and volume
of distribution.


Two of these compounds were also studied in the rab-
bit arterio-venous (A-V) shunt thrombosis model.5b


Upon intravenous dosing, compound 39a inhibited
thrombus formation with an IC50 of 1200 nM and
an ID50 of 5.5 lmol/kg/h (Table 5), which is about
3- to 4-fold less efficacious than razaxaban in this
model. Compound 39b is less potent, achieving only
33% inhibition of thrombus formation at 4.6 lmol/
kg/h. The reduced activity of 39a relative to 39b
may reflect the higher protein binding of 39b, since
the Ki and PT values are essentially equivalent. This
level of activity for 39a and 39b is somewhat surpris-
ing, given the potent fXa inhibition, low clearance in
the dog PK studies, and favorable protein binding in
the rabbit, where these analogs are expected to have
2- to 3-fold higher free fraction relative to razaxaban.
Apparently, their favorable PK and protein binding
are not sufficient to overcome their diminished fXa
potency compared to razaxaban. These results have
led to the conclusion that the fXa binding potency







Table 5. Anticoagulant activity in rabbits


Compound fXa Ki (rabbit)


(nM)


PT IC2x (rabbit)


(uM)


Rabbit A-V shunt5b IC50


(nM)


Rabbit A-V shunt5b ID50


(lmol/kg/h)


Protein binding14 (rabbit)


(% bound)


39a 1.0 1.8 1200 5.5 77


39b 1.2 1.6 >1000b 33% inh @ 4.6 lmol/kg/h 85


Razaxabana 0.19 1.9 340 1.6 93


a Ref. 6a.
b Concentration at 4.6 lmol/kg/h.
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of this series needs to be improved significantly in or-
der to achieve potent activity in the rabbit A-V shunt
thrombosis model.


In summary, the first examples of pyrazole-fused
bicyclic core fXa inhibitors have been described. The
1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one core is especial-
ly promising as a means to maintain potent fXa inhibi-
tion, while also reducing the probability that in vivo
amide hydrolysis will liberate an aniline fragment.
Within this series, the 3-amido analogs 39a and 39b
are not only potent fXa inhibitors, but they are also
highly selective versus relevant serine protease inhibi-
tors, have excellent pharmacokinetic profiles, and have
relatively low protein binding. Unfortunately, these
compounds were not highly efficacious in the rabbit
A-V shunt thrombosis model, perhaps because they
are not potent enough versus fXa, both compounds
being about 5-fold less potent than razaxaban. Further
efforts to increase the potency of this series will be
described in due course.
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Abstract—The first synthesis of [U-13C, 15N] labeled phosphotyrosine is described. Preliminary studies toward the binding of
phosphotyrosine to an SH2 domain have been performed by means of heteronuclear NMR.
� 2006 Elsevier Ltd. All rights reserved.

Protein phosphorylation is one of the primary means of
generating both transmembrane and intracellular signals
to coordinate a vast array of metabolic processes. Rapid
phosphorylation–dephosphorylation by protein kinases
and phosphatases accounts for the on and off signals
that typically result in a signal amplification cascade.
In eukaryotes, phosphorylation occurs primarily on
the amino acid residues serine, threonine, and tyrosine.
Of these, tyrosine in particular plays a major role in sig-
nal transduction.1 Phosphorylated tyrosine residues
serve as binding sites for other signaling proteins con-
taining phosphotyrosine recognition elements such as
the Src homology 2 (SH2),2 phosphotyrosine binding
(PTB),3 and certain Forkhead-associated (FHA)4 do-
mains. Malfunctioning of this molecular machinery
can lead to a whole range of diseases including several
types of cancer.5


Selective inhibition of different components of a signal
transduction process is of great importance in the eluci-
dation of the mechanism and its biological consequences
and may well be a first step in the design of therapeuti-
cally active compounds. SH2 domains in particular are
considered to be promising therapeutic targets,6 but
the development of high specificity small molecule inhib-
itors has met with moderate success.7 More detailed
understanding of the ligand–protein interaction could
help to overcome these difficulties.
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One approach to investigate the structure and behavior
of the phosphotyrosine ligand in the signaling cascade is
the synthesis of phosphotyrosine mimetics. Over the
years, several types of mimetics have appeared in the lit-
erature, all of which contain a functional group resem-
bling the properties of the natural phosphate.8 These
include (a-substituted) phosphonates,9 malonylated
phenylalanines or tyrosines,10 and monocarboxylated
aromatic amino acids.11 Although several of these
mimetics bind to SH2 domains, they all show signifi-
cantly lower affinity than the natural ligand. In order
to rationalize this reduced affinity it is important to first
understand the interaction of phosphotyrosine itself
with a receptor, such as the SH2 domain, in detail. In
this framework, the ready availability of stable isotope
labeled phosphotyrosine would allow a detailed study
of binding through focusing exclusively on the relatively
simple NMR spectrum of the ligand providing access to
hitherto unavailable information.


Herein we describe the first and efficient synthesis of
[U-13C, 15N] labeled phosphotyrosine and the initial re-
sults of an NMR-study aimed at better understanding
the interaction of this compound with an SH2 domain.


Commercially available Fmoc-[U-13C, 15N]-Tyr(O-t-
Bu)-OH12 was allylated under exclusion of light using
silver carbonate and allyl bromide in DMF to afford
crude allyl ester 2. Acidolysis of the tert-butyl group in
crude 2 with TFA afforded phenol 3 which was phos-
phorylated in a two-step procedure without purification
of the intermediates. Thus, phenol 3 was phosphitylated
with (N,N-diisopropylamino)-dibenzylphosphite under
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the influence of benzimidazolium triflate13 and the inter-
mediate phosphite triester was oxidized with
tert-butylhydroperoxide to give 4 (Scheme 1).


Treatment of crude 4 with acetic acid, tributyltin hy-
dride, and palladium (II), and purification by column
chromatography afforded 5 in 62% over four steps.
Debenzylation of 5 using a mixture of TFA/H2O/TIS
95:2.5:2.5 and removal of the Fmoc group yielded, after
HPLC purification, fully unprotected [U-13C,15N]-phos-
photyrosine 7 in 40% yield over two steps. The structure
of 7 was confirmed by LC–MS, HRMS, and NMR
analysis.


Previous studies have demonstrated chemical shift per-
turbations to the C-terminal SH2 domain of the b sub-
unit of the enzyme phosphoinositol 3 kinase (CSH2)
upon addition of phosphotyrosine-containing pep-
tides.14 In these studies addition of substoichiometric
amounts of peptide to the CSH2 domain resulted in
two sets of resonances indicating the peptide was in slow
exchange on the NMR time scale. Titration of phospho-
tyrosine into 15N labeled CSH2 domain resulted in
changes in the chemical shift of protein nuclei which
were gradual and dependent on the amount of com-
pound added.15 This observation indicates that com-
pound 7 is in rapid exchange with the protein on the
NMR time scale (i.e., Dd (Hz) << koff). However, the
chemical shift assignment of phosphotyrosine, particu-
larly in the bound state, is not available. The availability
of both 1H and 13C chemical shifts of phosphotyrosine
would enable validation of, for example, ab initio stud-
ies of ligand–protein interaction.

Scheme 1. Reagents and conditions: (a) AgCO3, allyl bromide, DMF; (


benzimidazolium triflate, ACN then tert-butylhydroperoxide; (d) AcOH, tri


(e) TFA/TIS/H2O 95:2.5:2.5, 2· 3 h; (f) 20% piperidine/DMF, HPLC, 40% o

To address this issue a titration experiment was con-
ducted in which a constant amount of CSH2 was treated
with a variable amount of [U-13C, 15N] phosphotyrosine
as ligand. We performed a [13C,1H] HSQC experiment
to acquire both 1H and 13C resonances of phosphotyro-
sine in solution. Focusing on the aromatic moiety, the
chemical shifts of 7 in the absence of protein are Cd
131 ppm, Hd 7.17 ppm, Ce 121 ppm, and He 7.12 ppm
(Fig. 1). Not surprisingly, the chemical shifts at the e po-
sition of both the 13C and 1H nuclei are considerably
downfield shifted with respect to tyrosine, while at the
d position they remain relatively unchanged. Upon addi-
tion of protein, the chemical shift of both Ce and He
shows concentration-dependent changes indicating that
7 is in rapid exchange with the protein. The chemical
shift of He is about 7.80 ppm in the fully bound state,
while that of Ce is about 121.4 ppm. Note that the peak
corresponding to the highest protein–ligand ratio (cyan
in Fig. 1) is missing. This can be explained by a poor sig-
nal to noise ratio due to the relatively low concentration
of 7 in combination with broadened linewidth caused by
averaging between the bound and free states. In con-
trast, the Cd–Hd correlation exhibits very different
behavior. Instead of a gradually shifting position upon
addition of protein, two distinct peaks appear at inter-
mediate ratios of ligand to protein (Fig. 1). As the ratio
of protein to the ligand 7 increases, the peak corre-
sponding to free 7 decreases and the new peak, corre-
sponding to bound 7, increases. The peak
corresponding to the bound state has coordinates of
7.12 ppm for Hd and 131.1 ppm for Cd. This behavior
is indicative of slow exchange on the NMR timescale.
In light of the rapid exchange observed for the He/Ce

b) TFA/H2O, 95:5; (c) (N,N-diisopropylamino)-dibenzyl phosphite,


butyltin hydride, Pd(PPh3)Cl2, 50% THF/DCM, 62% over four steps;


ver two steps.







Figure 1. Titration of [U-13C, 15N]-phosphotyrosine (7) with the CSH2


domain. The upper panel shows the He–Ce correlation while the lower


panel shows the Hd–Cd correlation of 7. The ratio of CSH2:7 used for


each experiment is indicated. At the lowest concentration, 7 was


present at 33 lM. An HSQC pulse sequence was used with 96


increments of 512 transients per increment. The 13C offset was placed


in the middle of the aromatic region at 120 ppm. The 1JHC was


assumed to be 160 Hz for the aromatic correlations. All data were


recorded at 14.1 T (600 MHz 1H frequency). Data in both dimensions


were apodized with a sine1 function prior to Fourier transformation.
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correlation, which corresponds well with the relatively
weak binding (KD = 0.6 mM)15 observed for 7 and the
CSH2 domain, this slow exchange is unexpected and,
at present, unexplained.


In conclusion, we have shown that [U-13C, 15N]-phos-
photyrosine (7) can be made via an efficient six-step
sequence in a 23% overall yield after HPLC purifica-
tion. Protected intermediate 5 can also be used for
solid phase peptide synthesis according to established
procedures.16 The NMR analysis of labeled phospho-
tyrosine ligand in the presence and absence of a pro-
tein has provided the aromatic carbon resonance
assignment in the bound state. An unexpected obser-
vation is the apparent difference in kinetic behavior
of the He/Ce and Hd/Cd correlations. Whether or

not this difference is related to the specificity for phos-
photyrosine over mimetics is not yet known and will
be the subject of future investigation.
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Abstract—The neutral mononuclear copper(II) complex with the quinolone antibacterial drug sparfloxacin has been prepared and
characterized with IR, UV–vis, and EPR spectroscopies and X-ray crystallography. The interaction of the complex with calf-thymus
DNA has also been investigated and the antimicrobial activity has been evaluated against three different microorganisms.
� 2006 Elsevier Ltd. All rights reserved.
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Quinolones, a commonly used term for the quinolone-
carboxylic acids or 4-quinolones, are a group of synthet-
ic antibacterial agents containing a 4-oxo-1,4-
dihydroquinoline skeleton.1 In general, quinolones can
act as antibacterial drugs that effectively inhibit DNA
replication and are commonly used as treatment for
many infections.2 In comparison with first- (nalidixic
acid, cinoxacin) and second- (norfloxacin, enoxacin,
ofloxacin, and ciprofloxacin) generation, third-genera-
tion quinolones (levofloxacin, sparfloxacin, gatifloxacin,
and moxifloxacin) show a much broader spectrum of
activity providing expanded gram-negative and gram-
positive activity coverage as well as expanded activity
against atypical pathogens.3–5 The interaction of transi-
tion metal ions with diverse first- and second-generation
quinolones as ligands has been studied.6 Specially, for
copper(II) the crystal structures of complexes of cipro-
floxacin,7 cinoxacin,8,9 and ofloxacin10 have been report-
ed as well as mixed ligands neutral mononuclear
copper(II) complexes of phenanthroline with nalidixic
acid,11 cinoxacin,12 and ciprofloxacin,13,14 and ionic
copper(II) complexes of protonated norfloxacin.15
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Sparfloxacin, Hsf, (Fig. 1) is a third-generation quino-
lone antimicrobial drug mainly used for the treatment
of acute exacerbations of chronic bronchitis and com-
munity-acquired pneumonia.3 Although electrometric
studies, elemental analysis, and magnetic measurements
of a parrot-green inner complex copper(II)-sparfloxacin
have been reported,16 no crystal structure of a metal
complex with a third-generation quinolone has been
reported yet.


The interaction of Cu(II) with the quinolone sparfloxa-
cin has been studied in an attempt to examine the mode

H


Figure 1. Sparfloxacin (Hsf = 5-amino-1-cyclopropyl-7-(cis-3,5-di-


methyl-1-piperazinyl)-6,8-difluoro-1,4-dihydro-4-oxo-3-quinolinecarb-


oxylic acid).
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Figure 2. Partially labeled ORTEP plot of 1 with 30% thermal


probability ellipsoids shown (primed atoms are related to the unprimed


ones through the symmetry operation 1�x, �y, 1�z). Selected bond


distances (Å
´


) and angles (�) of complex (1): Cu–O1 = 1.902(3),


Cu–O3 = 1.914(2), O3–C3 = 1.292(4), O1–C1 = 1.285(5), O2–


C1 = 1.230(5), Cu� � �O2 = 4.032(2); O1–Cu–O1 0 = 180.00, O1–Cu–


O3 = 92.9(1), O1–Cu–O3 0 = 87.1(1), O3–Cu–O3 0 = 180.00, C1–O1–


Cu = 130.0(2), C3–O3–Cu = 128.1(2), O2–C1–O1 = 122.6(3), O1–C1–


C2 = 119.7(3), O2–C1–C2 = 117.7(3), O3–C3–C2 = 122.0(3), O3–C3–


C4 = 119.3(3).
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of binding and possible synergetic effects. In this paper,
we report the crystal structure, the solid and solution
behavior of the mononuclear Cu(II) complex with the
quinolone Hsf, bis(sparfloxacinato)copper(II), 1, as well
as the interaction of the complex with calf-thymus DNA.
The antimicrobial efficiency of the complex has been
tested on three different microorganisms.


Complex 1 was prepared via the reaction of equimolar
quantities (0.4 mmol) of Hsf (157 mg), which was depro-
tonated with CH3ONa (22 mg), and CuCl2Æ2H2O
(68 mg) in CH3OH. The reaction mixture was refluxed
for 1 h. The green solution was reduced in volume and
left for slow evaporation. Green crystals of 1 suitable
for X-ray structure determination were deposited over
a week. Yield: 220 mg, 65%. The complex is soluble in
H2O, DMSO, DMF, CH2Cl2, and CHCl3, and is no
electrolyte.


In the IR spectrum of 1, the replacement of the valence
stretching carboxylic vibration m(C@O)carb of Hsf at
1716 cm�1 by the asymmetric, m(CO2)asym, at
�1605 cm�1 and the symmetric stretching m(O–C–O)
vibration, m(CO2)sym, at �1385 cm�1 as well as the D val-
ue (�220 cm�1) [D = m(CO2)asym � m(CO2)sym] are indic-
ative of the monodentate coordination mode of the
carboxylato group.17,18 The pyridone stretch m(C@O)p


is slightly shifted from 1641 to 1635 cm�1 upon bonding.
The overall changes in the IR spectra suggest that spar-
floxacin is coordinated to the metal via the pyridone and
one carboxylate oxygen atoms.6


The UV–vis spectrum of the complex has been recorded
as nujol mull and in aqueous solution. The spectrum in
aqueous solution is very similar with that recorded as a
nujol mull. The complex exhibits one asymmetric broad
d–d transition band composed with maxima at approx-
imately �525 nm and �645 nm, typical for square pla-
nar geometry with CuO4 chromophore.19,20 An
absorption band also exists as a shoulder at �425 nm
which can be assigned to the ligand-to-metal charge-
transfer transition for the quinolone ligand since it is
also present in the spectrum of the complex Cu(enroflox-
acin)2(H2O) in aqueous solution.21 The UV spectrum of
the complex is practically identical with that of the
quinolone ligand.


The crystal structure of 1 has been determined with X-ray
crystallography.� An ORTEP diagram of 1 is shown in
Figure 2 along with selected bond distances and angles.


The structure of the complex is centrosymmetric, the
Cu(II) ion is sitting on a center of symmetry and it is

� Crystal data of 1. C38H43Æ6CuF4N8O8.8, M = 892.74, triclinic,


a = 8.867(4), b = 10.418(5), c = 11.260(6) Å, a = 97.14(2),


b = 92.01(2), c = 106.19(2)�, V = 988.5(8) Å3, T = 298 K, space group


P-1, Z = 1, Dc = 1.500 g/cm3, l (Mo-Ka) = 0.637 mm�1, F (000) =


463. 3706 reflections measured, 3493 unique (Rint = 0.0311), which


were used in all calculation. Fine R1 = 0.0559, wR (F2) = 0.1583 (all


data). Full crystallographic details of 1 have been deposited at the


Cambridge Crystallographic Data Center and allocated the deposi-


tion number CCDC 297689.

coordinated to two bidentate sparfloxacinato ligands
related by the inversion center. Thus, the copper ion is
four-coordinate and as a result of the inversion center
it displays a square planar geometry. This is one of the
few cases described in which Cu(II) ion exhibits such
an environment, most of them observed with the ligand
acetylacetonate or derivatives20 as well as in [Cu(cinoxa-
cin)2].8 The coordination mode of the sparfloxacinato li-
gand in 1 is similar to that observed in other quinolone
complexes.6 The Cu–O bond lengths are similar to those
of square planar copper(II) complexes with acetonato
derivatives.19 The uncoordinated carboxylato oxygen
atom O(2) [Cu� � �O(2) = 4.032(2) Å] lies almost on the
CuO4 plane. The piperazinyl ring adopts the stable chair
conformation with atoms C15 and C17 displaced at 0.57
and 0.68 Å, respectively, above and below the mean
plane defined by the remaining four atoms, which form
an angle of 21.3� with the quinolone ring, whereas the
cyclopropyl ring forms an angle of 59.0� with the quino-
lone ring. Hydrogen bonding interactions between the
solvate water molecules (Ow1 and Ow2), the uncoordi-
nated carboxylato oxygen atom (O2), and the amine
group of the sparfloxacinato ligand (N2) form a 2D
polymeric network, stabilizing the lattice structure of 1.


Figure 3 shows an X-band EPR spectrum from a pow-
dered sample of 1 recorded at room temperature and un-
der nonsaturating conditions. The spectrum exhibits a
well-defined axial signal with gk > g? consistent with a
Cu(II) monomer. Resolved hyperfine interactions due
to Cu (I = 3/2) nucleus are observed at gk. We have fitted
the spectrum within the framework of the spin
Hamiltonian:


H ¼ bSgB þ IAS ð1Þ
where b is the Bohr magneton, S = 1/2, I = 3/2, and A is
the tensor for the hyperfine interaction.


The fit yields gk = 2.30 ± 0.01, g? = 2.05 ± 0.01,
Ak = 171(±3) · 10�4 cm�1, and A? = 4.5 (±1) ·
10�4 cm�1. The lineshape of the spectrum is reproduced
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Figure 4. Absorption spectra of complex 1 in the presence of calf-


thymus DNA for diverse r values. The spectra were recorded at 25 �C


after complex 1 had been incubated with calf-thymus DNA for 24 h at


37 �C.
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Figure 5. CD spectra of calf-thymus DNA in 5 mM buffer (containing


150 mM NaCl and 15 mM Tris–sodium citrate at pH 7.0) in the


presence of complex 1 in different r values. The spectra were recorded


at 25 �C after samples had been incubated with calf-thymus DNA for


24 h at 37 �C.
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Figure 3. Experimental (solid line) and theoretical (dashed line) X-


band EPR spectra from a powdered sample of 1 at room temperature.


EPR conditions: microwave power, 0.57 mW, modulation amplitude,


0.25 mT, and microwave frequency, 9.41 GHz.
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assuming Gaussian line-shape with an intrinsic line-
width of 2.2 mT and a distribution of the g values (g-
strain) with a width of rgk = 0.03 and rg? = 0.01.


The EPR parameters are consistent with the square pla-
nar geometry of complex 1.19,22 Moreover, the pair of val-
ues (gk, Ak) is consistent with the O4 coordination.8,19,23


DNA can provide three distinctive binding sites for the
quinolone complexes; namely, groove binding, binding
to phosphate group, and intercalation.24 This behavior
is of great importance with regard to the relevant biolog-
ical role of fluoroquinolone antibiotics in the human
body.25


The absorption spectra (Fig. 4) of the interaction of
complex 1 with calf-thymus DNA have been recorded
for a constant DNA concentration (3.125 · 10�4 M) in
different complex: calf-thymus DNA mixing ratios (r).
The changes observed in the absorption spectra of the
complex after mixing with DNA indicate that the inter-
action of complex 1 with DNA takes place by a direct
formation of a new complex with double-helical calf-
thymus DNA.26


The CD spectra of complex 1 with double-stranded
DNA for different r values are shown in Figure 5 and
they provide us with useful information concerning the
complex-nucleotide interaction. The existence of the
isosbestic point at 258 nm suggests that the conforma-
tion of the DNA-bound complex is homogeneous and
independent of the r value. The CD spectra of the free
ligand do not show any transitions because there is
not any asymmetry or chirality in the molecules.27


The CD spectra of calf-thymus DNA in the presence of
complex 1 consist of a positive band I at 279 nm and a
strong negative one II at 245 nm. When r increases up

to 1:400, the intensity of band I at kmax = 279 nm
increases indicating that complex 1 is bound to calf-thy-
mus DNA without being able to suggest the exact mode
of binding. For r values higher than 1:600, a positive
shoulder at �264 nm appears. From all these data, we
can conclude that complex 1 interacts with DNA but
we cannot safely suggest the exact mode of binding.26


The efficiencies of the ligand and the complex have been
tested against two Gram(�), Escherichia coli (E. coli),
and Pseudomonas aeruginosa (P. aeruginosa), and one
Gram(+), Staphylococcus aureus (S. aureus), microorgan-
isms.28,29 The results of these tests are presented in Table 1.


Comparing the MIC values between Hsf and complex 1,
it is evident (Table 1) that 1 is four times more active
than Hsf against E. coli, while Hsf is twice more active
than 1 against S. aureus. Both Hsf and 1 provide equal
inhibition against P. aeruginosa (MIC = 0.25 lg mL�1).
The best inhibition provided by the two compounds is
against P. aeruginosa (MIC = 0.25 lg mL�1). This fact







Table 1. Minimum inhibitory concentration (MIC) in lg mL�1


E. coli P. aeruginosa S. aureus


Hsf 8.0 0.25 0.5


Cu(sf)2, 1 2.0 0.25 1.0
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is in accordance with the specific activity of third-gener-
ation quinolones and related compounds since third-
generation quinolones are mainly used for the treatment
of acute exacerbations of chronic bronchitis and com-
munity-acquired pneumonia.3


The synthesis and characterization of a new mononuclear
copper complex with the third-generation quinolone anti-
bacterial drug sparfloxacin has been realized with physi-
cochemical and spectroscopic methods. In this complex,
sparfloxacin is bound to copper(II) via the pyridone and
one carboxylate oxygen atoms. The crystal structure of
the complex has been determined with X-ray crystallogra-
phy. This structure is the first reported crystal structure of
a complex of a third-generation quinolone. The EPR
spectrum of 1 at room temperature is consistent with
the square planar geometry of the cluster and the O4 coor-
dination. The interaction of the complex with calf-thymus
DNA has revealed that the complex is bound to calf-thy-
mus DNA. The antimicrobial activity of the complex has
been tested on three different microorganisms and the best
inhibition is provided by the complex against P. aerugin-
osa (MIC = 0.25 lg mL�1). Further biological experi-
ments in order to clarify the possible mechanism of
action of the complex are under investigation.
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Abstract—Three-dimensional QSAR studies for N-4-arylacryloylpiperazin-1-yl-phenyl-oxazolidinones were conducted using TSAR
3.3. The in vitro activities (MICs) of the compounds against Staphylococcus aureus ATCC 25923 exhibited a strong correlation with
the prediction made by the model developed in the present study.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction


Multidrug-resistant Gram-positive bacteria have contin-
ued to pose challenges to medicinal fraternity.1 Linezo-
lid, marketed as Zyvox�, is an oxazolidinone class of
antibacterial, approved for treating mostly Gram-posi-
tive bacterial infections, especially methicillin-resistant
Staphylococcus aureus (MRSA), Staphylococcus epide-
rmidis (MRSE), and vancomycin-resistant enterococci
(VRE).2 While much research has been aimed at the
development of novel oxazolidinones, no new members
of this class have achieved regulatory approval.


In the recent past, some efforts have been made to
understand three-dimensional quantitative structure–ac-
tivity relationships, 3D QSAR, on oxazolidinone anti-
bacterial agents using comparative molecular field
analysis (CoMFA).3–7 During the last decade synthesis
of a number of analogs of 4-piperazinylphenyloxazolid-
inone 1 (Fig. 1)8 and their antibacterial activities have
been reported;9 however, only a few 3D QSAR studies
have been published.


Pae et al.3 have reported 3D QSAR on piper-
azinylphenyloxazolidinone 1 albeit with a small set of
data. These authors have used a training set of 17 com-
pounds with 2 reference compounds. They used CoM-

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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FA steric and electrostatic fields and c logP as
descriptors. The r2


CV (0.653; cross-validated) and con-
ventional r2 (0.984) from PLS and CoMFA indicated
reasonable reliability of the value for predicting antibac-
terial activities. In the present study, we report 3D QSAR
studies on several novel 4-piperazinylphenyloxazolidi-
nones 1 and a correlation to predict the antibacterial
activities with high degree of reliability.


We performed 3D-QSAR on a data set consisting of 39
antibacterials (Fig. 2) to relate the in vitro minimum
inhibitory concentration (MIC) required to inhibit
growth of S. aureus ATCC 25923 that allows the
description and comparison of chemical structures
without performing their direct alignment. The QSAR
model was developed using multiple linear regression
(MLR) and validated using an external test set of
compounds.
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Table 1. In vitro (MIC) values of novel oxazolidinones 3–7 against


Gram-positive Staphylococcus aureus ATCC 25923


Compound R R1 MICa (lg/mL)


3a COMe 4


3b
HO


COMe 2


3c


OH


COMe 2


3d
S


COMe 1


3e
S


COMe 2


3f
O


COMe 2


3g
O


COMe 2


3h
HN


COMe 2


3i
N


COMe 2


3j
N


COMe 1


3k
N
H


COMe 2


3l
O


COMe 4


3m
O


OHC COMe 4


3n
O


HO
COMe 4
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2. Data set and methodology


The structures of 39 oxazolidinone derivatives 3–7
(Fig. 2) synthesized by us were selected for QSAR stud-
ies (Table 1). The structures were sketched using Chem-
Draw Ultra 5.0 (www.cambridgesoft.com) and were
exported to TSAR 3.3 software (www.accelrys.com).
Three-dimensional structures of all the molecules were
generated. Partial charges were derived using Charge-2
CORINA 3D package in TSAR 3.3 and their geometries
were optimized using cosmic module of TSAR. The cal-
culations were terminated, if the energy difference or the
energy gradient were smaller than 1E�005 and
1E�010 kcal/mol respectively.


Molecular descriptors were calculated with TSAR 3.3.
The descriptors were obtained for the entire molecule.
TSAR affords calculation of the following descriptors:
molecular surface area and volume, moments of inertia,
ellipsoidal volume, verloop parameters, dipole
moments, lipole moments, molecular mass, Wiener in-
dex, molecular connectivity indices, molecular shape
indices, electrotopological state indices, logP, number
of defined atoms (carbon, nitrogen, etc.), rings (aromatic
and aliphatic), and groups (methyl, hydroxyl, etc.).
Vamp which is a semiempirical molecular orbital pack-
age in TSAR 3.3 was used to calculate the electrostatic
properties like total energy, electronic energy, nuclear
repulsion energy, accessible surface area, atomic charge,
mean polarizability, heat of formation, HOMO and
LUMO eigenvalues, ionization potential, total dipole,
polarizability, and dipole components and perform
structure optimizations in vacuo using default parame-
ters using Hamiltonian method like PM3.


Descriptors with the same values for all the compounds
3–7 (Table 1) were discarded. Pairwise correlation anal-
ysis of the remaining descriptors was performed. For
each pair of descriptors, the correlation coefficient was
higher than 0.65. Regression was built using descriptor
subsets containing only one of these highly correlated
descriptors. The descriptors and their characteristics
are given in Table 2.

3o
O


AcO
COMe 8


3p
O


HOOC COMe >16


3q
O


O2N COMe 0.25

3. Training and test set


The data set was randomly divided into a training set
and a test set of 28 and 11, respectively. The test set
included compounds 3a, 3b, 3h, 3s, 3v, 4a, 4b, 4f, 5f,
5i, and 6 (Table 1). All the other compounds were
included in the training set.

3r
S


O2N COMe 0.25


3s
F


F


COMe >16


3t
O


S
O


O
COMe 8


3u
HO


HO
COMe 16

4. QSAR model development and validation


To develop QSAR models, stepwise MLR analysis with
leave-one-out (LOO) cross-validation was applied to the
training set. F-to-enter11 and F-to-leave11 values were
both 4. Model with the number of descriptors less than
5, cross-validation r2


CV greater than 0.6, F-ratio higher
than 20, and correlation coefficient R higher than 0.8
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Table 1 (continued)


Compound R R1 MICa (lg/mL)


3v
O


O
COMe >16


4a CSMe 0.25


4b
HO


CSMe 2


4d
S


CSMe 0.25


4f
O


CSMe 0.5


4i
N


CSMe 0.5


4k
N
H


CSMe 0.5


4q
O


O2N CSMe 0.25


5a CSNH2 1


5b
HO


CSNH2 1


5d
S


CSNH2 0.5


5f
O


CSNH2 1


5i
N


CSNH2 4


5k
N
H


CSNH2 0.25


5v
O


O
CSNH2 >16


6
O


COMe 4


7
O


O2N COMe 2


2 4


a MIC, minimum inhibitory concentration for inhibition of the


organism shown in lg/mL was determined as per NCCLS


guidelines.10
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between the predicted and the experimental antibacterial
activities was validated using compounds of the test
set.

In the beginning, the training and the test data set con-
sisted of 28 and 11 compounds, respectively. The QSAR
model with a high statistical significance is represented
by Eq. 1:


logð1=CÞ ¼ 0:006919662� X 1� 0:72196823 � X 2


� 0:034151886� X 3þ 0:0004945533


� X 4þ 4:8290181; ð1Þ
where X1 is heat of formation; X2 is LUMO; X3 is
polarization YY; and X4 is Octupole XYZ component
and the statistical parameters for above Eq. 1 are, s
value = 0.202528; F = 48.1599; regression coefficient
r = 0.945167; r2 = 0.893341; cross-validation, r2


CV ¼
0:799722, predictive sum of squares PRESS = 1.77147.


The definition of descriptors based on the model used in
the present study is indicated in Table 2. Heat of forma-
tion descriptor in the QSAR model indicates conforma-
tional stability and this may favor better binding and
better activity at the molecular level. LUMO, an elec-
tronic parameter, measures electrophilicity of the mole-
cule and it is negatively correlated with the activity.
Polarization component relates negatively with the
activity, whereas an octupole component relates posi-
tively with the biological activity. Octupole is the first-
order derivative with respect to the derivative of field
gradient in x, y or z direction. The overall biological
activity will depend on the combined effect of the four
descriptors.


The values of descriptors for all the training as well as the
test set are summarized in Table 3 derived from Eq. 1.


The estimated activity of the molecule against S. aureus
ATCC 25923 of the training set and test set is summa-
rized in Tables 4 and 5, respectively.


All the compounds included in the training set showed
negative heat of formation as well as negative value for
LUMO, whereas polarization was always a positive
value. On the other hand, octupole value could be positive
or negative, which is a parameter for antibacterial activi-
ty. The correlation between the observed and the predict-
ed antibacterial activities for Eq. 1 is shown in Figure 3.


From Eq. 1, it is clear that log (1/C) will depend heavily
on heat of formation (HOF) and LUMO. On the other
hand, the value of polarization and octupole really does
not affect the outcome of Eq. 1. Thus, if we assume that
log (1/C) will be dependent on HOF and LUMO, it is
clear from Table 3 that if HOF is relatively high (less
�ve value) and LUMO is relatively low (highly �ve val-
ue), the given compound shows a very high antibacterial
activity, that is, log (1/C) is high. However, the two fac-
tors together play a critical role. Thus, molecules that
show high heats of formation but low LUMO should
show good antibacterial activity. This assumption is
clearly verified in the test set (Table 5).


We plotted coefficient · heat of formation versus coeffi-
cient · LUMO for all the compounds as shown in
Figure 4.







Table 2. Descriptors included in the model


Descriptor Coefficienta Jacknife SEb Covariance SEc t-valued t-probabilitye


Heat of formation (X1) 0.0069197 0.000762 0.000638 10.847 1.61E�10


LUMO (X2) �0.72197 0.15224 0.11291 �6.3939 1.59E�06


Polarization YY (X3) �0.034152 0.010649 0.007421 �4.6021 0.000125


Octupole XYZ component (X4) 0.00049455 0.00018 0.000157 3.144 0.004546


Constant (C) 4.829 0.66639


a The regression coefficient for each variable in the equation.
b An estimate of the standard error on each regression coefficient derived from a jack-knife procedure on the final regression model.
c Gives an estimate of the standard error on each regression coefficient derived from the covariance matrix.
d Measures the significance of each variable included in the final model.
e Statistical significance for t-values.


Table 3. Descriptor calculations for N-4-arylacryloylpiperazin-1-yl-phenyl-oxazolidinones 3–7


Compound Heat of formation 0.006919662 · heat of formation LUMO 0.72196823 · LUMO Polarization YY Octupole xyz


3a �133.431 �0.8894 �0.83613 �0.6037 62.0362 �192.959


3b �178.186 �1.1877 �0.79324 �0.5727 64.3487 192.574


3c �178.258 �1.1882 �0.87611 �0.6325 62.4797 �90.519


3d �122.886 �0.8191 �1.21269 �0.8755 64.5067 �21.912


3e �125.284 �0.8351 �1.00035 �0.7222 62.9192 �119.022


3f �159.744 �1.0648 �0.85782 �0.6193 59.6859 375.224


3g �161.318 �1.0752 �0.64928 �0.4688 60.7604 133.153


3h �130.924 �0.8727 �0.62513 �0.4513 61.0953 236.936


3i �125.391 �0.8358 �1.15646 �0.8349 64.0023 �384.049


3j �125.498 �0.8365 �1.0773 �0.7778 64.1002 42.817


3k �115.998 �0.7732 �0.62269 �0.4496 63.5625 �66.395


3l �168.64 �1.1241 �0.82628 �0.5965 61.3 �152.28


3m �191.132 �1.274 �1.24423 �0.8983 64.0397 138.643


3n �204.073 �1.3602 �0.83036 �0.5995 64.0579 287.405


3o �246.568 �1.6435 �0.96664 �0.6979 59.7308 �349.294


3p �246.616 �1.6438 �1.33472 �0.9636 60.5341 �452.041


3q �164.123 �1.0939 �1.79968 �1.2993 62.0214 102.718


3r �127.101 �0.8472 �2.17754 �1.5721 64.6719 �102.234


3s �219.126 �1.4606 �1.25657 �0.9072 65.5749 �200.154


3t �246.637 �1.6439 �0.97309 �0.7025 62.6516 �13.896


3u �221.839 �1.4786 �0.85757 �0.6191 59.2606 25.61


3v �227.925 �1.5192 �0.91759 �0.6625 80.0716 �311.221


4a �62.7008 �0.4179 �1.03184 �0.7450 65.118 407.146


4b �108.103 �0.7206 �1.02931 �0.7431 64.5089 455.334


4d �52.8378 �0.3522 �1.18516 �0.8556 65.0254 �170.998


4f �88.6499 �0.5909 �1.0619 �0.7667 62.067 �154.475


4i �55.4126 �0.3693 �1.13322 �0.8181 64.9131 53.224


4k �45.8714 �0.3058 �1.04218 �0.7524 68.2142 202.853


4q �94.6545 �0.6309 �1.80353 �1.3021 60.0437 176.295


5a �58.6057 �0.3906 �0.86536 �0.6248 65.7018 205.86


5b �104.002 �0.6932 �0.86857 �0.6271 65.0974 226.469


5d �48.8215 �0.3254 �1.15567 �0.8344 65.7246 �136.197


5f �84.6378 �0.5641 �0.90901 �0.6563 62.6384 �117.024


5i �50.5512 �0.3369 �1.11066 �0.8019 67.6833 �361.832


5k �45.0351 �0.3002 �0.90636 �0.6544 55.4737 140.358


5v �153.076 �1.0203 �0.88376 �0.6380 85.5222 409.321


6 �122.746 �0.8182 �0.51003 �0.3682 60.3459 �72.532


7 �130.646 �0.8708 �1.3797 �0.9961 57.369 �928.236


2 �220.346 �1.4687 �0.60012 �0.4333 49.6036 �23.766
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In Figure 4, it is observed that the activity of the com-
pounds increases when LUMO is lower, whereas the
heat of formation is higher (as shown in Fig. 4). Thus,
the compounds, which are having lower HOF, become
less and less active. Similarly, compounds having lowest
LUMO are most active and the activity decreases as
LUMO increases.

Based on the present model, we have calculated that
phenyloxazolidinones containing substitutions such as
CF3, COCF3, SO2CH3, and SOCHF2 have a very
low HOF (large �ve) and high LUMO (high �ve
value). Therefore, we predict such compounds to
show poor antibacterial activity, based on predicted
log (1/C).







Table 4. The comparison between the experimental and the predicted antibacterial activities for the training set


Compound Experimental


MIC (lg/mL)


Experimental


log (1/C)


Predicted


log (1/C)


Predicted


MIC (lg/mL)


Residual = experimental


log (1/C) � predicted log (1/C)


3c 2 2.3825 2.0495 4.3059 0.3330


3d 1 2.6745 2.6404 1.0817 0.0341


3e 2 2.3735 2.4766 1.5770 �0.1032


3f 2 2.3584 2.4901 1.4768 �0.1317


3g 2 2.3584 2.1723 3.0703 0.1862


3i 2 2.3688 2.4206 1.7753 �0.0518


3j 1 2.6698 2.5704 1.2572 0.0994


3k 2 2.4028 2.2723 2.7009 0.1305


3l 4 2.0706 2.0898 3.8264 �0.0193


3m 4 2.0833 2.2862 2.5066 �0.2030


3n 4 2.0851 1.9708 5.2035 0.1142


3o 8 1.8200 1.6081 13.0331 0.2120


3p 16 1.4953 1.7952 8.0203 �0.2999


3q 0.25 3.3024 2.9253 0.5956 0.3770


3r 0.25 3.3160 3.2624 0.2829 0.0536


3t 8 1.8456 1.6784 11.7577 0.1672


3u 16 1.4936 1.9019 6.2490 �0.4083


4d 0.25 3.2911 3.0137 0.4734 0.2773


4i 0.5 2.9855 3.0732 0.4086 �0.0876


4k 0.5 3.0184 3.0347 0.4816 �0.0163


4q 0.25 3.3160 3.5127 0.1589 �0.1967


5a 1 2.6845 2.9062 0.6002 �0.2217


5b 1 2.6986 2.6252 1.1841 0.0734


5d 0.5 2.9909 3.0136 0.4746 �0.0227


5k 0.25 3.3318 3.3466 0.2416 �0.0149


5v 16 1.5621 1.6895 11.9319 �0.1274


7 2 2.3870 2.5028 1.5319 �0.1158


2 4 1.9939 2.0318 3.6664 �0.0378


C, concentration expressed in mM/L of the drug molecule required for inhibition of 90% growth of S. aureus ATCC 25923.


Table 5. The comparison between the experimental and the predicted antibacterial activities for the test set


Compound Experimental MIC


(lg/mL)


Experimental


log (1/C)


Predicted


log (1/C)


Predicted


MIC (lg/mL)


Residual = experimental


log (1/C) � predicted log (1/C)


3a 4 2.0669 2.2953 2.3638 �0.2285


3b 2 2.3825 2.0663 4.1421 0.3162


3h 2 2.3575 2.4051 1.7926 �0.0476


3s 16 1.4971 1.8815 6.6027 �0.3844


3v 16 1.5492 1.0258 53.3993 0.5234


4a 0.25 3.2857 3.1176 0.3682 0.1681


4b 2 2.3967 2.8462 0.7105 �0.4495


4f 0.5 2.9755 2.7862 0.7733 0.1894


5f 1 2.6754 2.7025 0.9394 �0.0272


5i 4 2.0833 2.7906 0.7848 �0.7073


6 4 2.0439 2.2511 2.4824 �0.2072


C, Concentration expressed in mM/L of the drug molecules required for inhibition of 90% growth of S. aureus ATCC 25923.
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Figure 3. (a) Prediction of antibacterial activity for training set compounds against Staphylococcus aureus ATCC 25923 using Eq. 1. (b) Prediction of


antibacterial activity for test set compounds against Staphylococcus aureus ATCC 25923 using Eq. 1.
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Figure 4. Plot of heat of formation versus LUMO of various training and test sets of compounds 3–7.
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On the other hand, substitutions like CN or NO2 group
on furan or benzene ring lead to high heat of formation
(low �ve value) and low LUMO (i.e., large �ve value)
and are predicted to show good antibacterial activity
from Eq. 1.


Thus, the present model based on 3D QSAR gives us a
reasonable prediction capability of antibacterial activity
of different oxazolidinones against S. aureus ATCC
25923. Presently, we are studying several sets of
compounds whose antibacterial activities have been
reported in the literature against different strains. We
are applying this model to predict the antibacterial
activities of these compounds based on Eq. 1 with rea-
sonable accuracy and will be reported later.
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Abstract—Water-dispersible C40 carotenoid derivatives, with increased utility in mammalian therapeutic applications, include
natural stereoisomer-based (3R,3 0R,6 0R)-lutein (b,e-carotene-3,3 0-diol) derivatives. Esterification with inorganic phosphate and
conversion to the sodium salt produced compounds (lutein diphosphate sodium salt; ‘LdP’) capable of forming red-orange aqueous
suspensions after addition to USP-purified water. The aqueous dispersibility of this diphosphate salt reached 29 mg/mL without the
addition of heat, detergents, co-solvents, or other additives, and was a potent direct scavenger of superoxide anion (by EPR
spectroscopy) in an isolated human neutrophil assay. In the current study, preliminary evidence of the aqueous aggregation of this
compound in EPR studies was confirmed using circular dichroism (CD) and electronic absorption (UV–vis) spectroscopy. Evidence
for H-type (‘card-pack’) and J-type (‘head-to-tail’) self-assemblies was obtained. In vitro analysis of the potential binding interaction
between LdP and human serum albumin (HSA) and a1-acid glycoprotein (AGP) revealed only non-specific binding with HSA (and
none with AGP), contrasting with previous reports of direct interaction between astaxanthin-based soft drugs and the major plasma
protein albumin. The rapid in vivo cleavage of this phosphodiester by promiscuous mammalian phosphatases may overcome the
aqueous aggregation of the formulated compound. This difference in potential plasma protein interaction with prior reports reflects
the subtle structural differences inherent in either the parent carotenoid scaffolds and/or the esterifying moieties.
� 2006 Elsevier Ltd. All rights reserved.

Figure 1. Chemical structure of lutein diphosphate sodium salt utilized


in current spectroscopic investigations.

Recently, the synthesis (using principles of retrometa-
bolic drug design) of a novel lutein-based diphosphate
soft drug was described (Fig. 1).1 This compound exhib-
ited significant water-dispersibility, �29 mg/mL in USP-
purified water. The compound was a potent direct scav-
enger of superoxide anion in an isolated human neutro-
phil assay, effective at millimolar (mM) concentration.
Apparent aggregation of LdP was observed during rad-
ical scavenging studies using an electron paramagnetic
resonance (EPR) spectroscopic assay. The preclinical
evaluation of LdP was furthered by analyzing its plasma
protein binding characteristics, described herein.

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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In the current study, the potential binding of lutein
diphosphate sodium salt (‘LdP’) to human serum albu-
min (HSA) and the acute-phase protein a1-acid glyco-
protein (AGP) was studied using circular dichroism
(CD) and electronic absorption (UV–vis) spectroscopy.
Evidence for both H-type (‘card-pack’) and J-type
(‘head-to-tail’) self-assembly2 was obtained in Ringer
buffer solution. Only non-specific binding to HSA was
identified, which increased the relative proportion of
head-to-tail aggregates in aqueous Ringer buffer
solution. No interaction with AGP was identified. The
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Figure 2. CD and vis spectra of lutein diphosphate sodium salt (LdP)


in EtOH (solid line) and in DMSO (dotted line) at 25 �C (c = 5.52 lM).


The kmax at 447.5 nm agrees well with literature values for natural


(R,R,R) all-trans lutein in organic solvent.18
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water dispersibility of this compound, in part enabled by
aqueous supramolecular assembly, appeared to be only
minimally modified in the presence of these major plas-
ma proteins. Therefore, the rapid in vivo cleavage of this
phosphodiester—as has been reported for other phos-
phate and phosphoryloxymethyl (POM) pro-drugs3–


7—may be important in generating free lutein for lipo-
protein binding after parenteral administration.8


Essentially fatty acid-free HSA and human serum AGP
were obtained from Sigma and used as supplied. Dou-
ble-distilled water and spectroscopy grade dimethylsulf-
oxide (DMSO, Scharlau Chemie S.A., Barcelona, Spain)
and ethanol (EtOH; Chemolab, Budapest, Hungary)
were used. Natural source lutein (3R,3 0R,6 0R-b,e-caro-
tene-3,3 0-diol) was used as supplied (Chromadex, Santa
Ana, CA). Lutein diphosphate sodium salt (‘LdP’;
R,R,R-stereoisomer) was synthesized as recently de-
scribed1 and used in all spectroscopic investigations
(purity >90% by HPLC, as AUC).


Preparation of lutein diphosphate sodium salt stock
solution. A pre-weighed amount of LdP was dissolved
in a small volume of DMSO. The carotenoid concentra-
tion was determined by measuring the optical density
of the stock solution diluted by EtOH in a 1 cm
cuvette at 447.5 nm (in EtOH the emax of lutein is
145,100 M�1 cm�1).9


Circular dichroism (CD) and UV–vis electronic absorp-
tion spectroscopy measurements. CD and UV–vis spec-
tra were recorded on a Jasco J-715 spectropolarimeter
at 37 ± 0.2 �C in a rectangular cuvette with 1 cm path-
length. Temperature control was provided by a Peltier
thermostat equipped with magnetic stirring. All spec-
tra were accumulated three times with a bandwidth
of 1.0 nm and a resolution of 0.5 nm at a scan speed
of 100 nm/min. CD spectra were recorded and dis-
played as ‘H’ (ellipticity) in units of millidegrees
(mdeg). Difference CD spectra were obtained by sub-
tracting the CD spectrum of the proteins alone from
those of the mixtures of LdP–HSA and LdP–AGP,
respectively.


CD–UV–vis titration of serum proteins with LdP in pH
7.4 Ringer buffer solution at 37 �C. Protein solution,
1.8 mL ([HSA] = 185 lM and [AGP] = 29 lM) was
placed in the cuvette with 1 cm optical pathlength, and
small amounts of the ligand stock solution were added
with an automatic pipette in microliter (ll) aliquots.
The CD and absorption spectra were recorded at differ-
ent ligand/protein (L/P) molar ratios. DMSO added
with the ligand never exceeded 5% (v/v).


UV–vis and CD spectral properties of LdP in organic and
aqueous Ringer buffer solutions. The visible absorption
spectrum of LdP measured in ethanolic solution was
typical for all-trans carotenoids having b,e end-groups
(Fig. 2): the strong absorption band between 350 and
550 nm exhibited vibrational fine structure, and the peak
maxima were nearly equivalent with that of the purified
natural source lutein used as synthetic starting
material [(all-E,3R,30R,60R)-b,e-carotene-3,30-diol]. There-

fore, as expected, chemical derivatization of the different
end-groups did not affect the light absorption properties
of the polyene chromophore. The solvent-induced batho-
chromic (red) shift is characteristic for carotenoid
compounds, and could be used to test for the presence
of the intact polyenic moiety. Upon increasing the solvent
polarizability, the main absorption peaks shift to higher
wavelengths.10 The absorption curve of LdP recorded in
the more polarizable solvent dimethylsulfoxide (DMSO)
clearly followed this rule, exhibiting a 13–14 nm red shift
in relation to the ethanolic spectrum (Fig. 2). It is difficult
to measure the CD activity of true molecular solutions of
chiral carotenoids above 350 nm at room temperature due
to the weak chiral perturbation of the terminal stereocen-
ters on the polyene p–p* electronic transition.11 Phosphor,
bound via oxygen to the b-ionone ring, is not expected to
influence the CD pattern12 and accordingly no definite CD
band was observed either in the ethanolic or DMSO solu-
tions of LdP (Fig. 2). Below 350 nm, however, the CD
curve of LdP was similar to the parent R,R,R-lutein mol-
ecule (data not shown), indicating the intact stereochemis-
try of the b,e-end-groups in the synthetic derivative.


The main absorption band of LdP in Ringer buffer
solution exhibited a large hypsochromic (blue) shift
(448–398 nm), loss of vibrational structure, bandwidth
narrowing, and hypochromism—all indicating the
formation of ‘card-pack’ (or H-type) aggregates in this
solution (Fig. 3).13,14 The absorption curve is mainly
determined by the light absorption properties of ‘card-
pack’ aggregates, although the long-wavelength tail
and the shoulder around 500 nm suggested the simulta-
neous presence of ‘head-to-tail’ (J-type) carotenoid
assemblies.15


The long-wavelength-negative and short-wavelength-
positive Cotton effects (CE) centered around 417 and
374 nm, respectively (Fig. 3) demonstrated the
left-handed (M) organization of the LdP molecules in-







Figure 3. CD and vis spectra of LdP in Ringer buffer solution at


different carotenoid concentrations (pH 7.4, t = 37 �C). The kmax is


blue-shifted relative to the solutions of LdP in organic solvents (cf.


Fig. 2), and shows loss of vibrational fine structure, bandwidth


narrowing, and hypochromism—consistent with the formation of


‘card-pack’ aggregation.


Figure 4. CD and vis spectrum and its second derivative curve (right


axis) of LdP dissolved in double-distilled water (c = 10 lM,


t = 25 �C). In parentheses, values of the molar absorption (e) and


the molar circular dichroic absorption (De) coefficients of resolved


peaks are indicated. Inset: illustration of the arithmetical sum of two


hypothetical, right-handed (higher wavelengths) and left-handed


(lower wavelengths) exciton CD band pairs (solid lines) resulting


in a polyphasic CD curve (dotted line) similar to that obtained


experimentally.
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side the ‘card-pack’ assemblies.13 No net CD activity
was observed in the long-wavelength region of the spec-
trum (above 450 nm). It should be noted that the parent
lutein molecules also form left-handed ‘card-pack’
aggregates in aqueous organic solvents; they display,
however, much higher CD intensities.13 Thus, the simi-
larity between the CD band pattern of lutein and LdP
aggregates suggested the role of the absolute configura-
tion of the stereocenters in determination of the helicity
of the arrangement of interacting carotenoid molecules,
while the presence of the phosphate moieties appeared
to alter the degree of the chiral packing of the polyene
chains—but not the chirality of the intermolecular
arrangement. This conclusion, however, is valid only
when the negative charges of the phosphate groups are
effectively shielded by the cations of the buffer solution;
in double-distilled water ‘card-pack’ type self-assemblies
of LdP molecules exhibit a qualitatively distinct CD mo-
tif from that measured in Ringer solution (Fig. 4). The
appearance of polyphasic CD bands (positive–nega-
tive–positive) in the region of the blue-shifted absorp-
tion band indicates the co-existence of two [right- (at
longer wavelengths) and left-handed (at shorter wave-
lengths)] ‘card-pack’ aggregates, of which the negative
bands overlap and thus enhance each other (see the inset
in Fig. 4). Due to the slight difference between the exci-
tation energies of these assemblies, their UV peaks were
not resolved in the absorption spectrum, but minima of
the second derivative curve revealed their exact positions
(Fig. 4). To explain the CD spectral changes observed in
distilled water, it should be noted that right- (P) and left-
handed (M) assemblies of a given chiral carotenoid mol-
ecule can be formed, but—as encoded by the absolute
configuration of the asymmetric centers—the equilibri-
um between them is shifted toward the lower-energy
form in the absence of any perturbing effect. In buffer

solution where the negative phosphate charges were
shielded and the Coulombic repulsion did not act, the
left-handed organization appeared to be more stable.
Due to the strong electrostatic interactions which arose
in distilled water, the energy difference between the
oppositely handed assemblies decreased, and both forms
appeared in a nearly equal ratio, resulting in the
observed CD curve (Fig. 4). It should be noted that
these assemblies were not mirror images; their intermo-
lecular overlay angles were opposite, but had no equal
values. This was indicated by the different excitation
energies (see the second derivative curve in Fig. 4), as
the exciton coupling energy depends on the angle
between the interacting chromophores.15


CD and UV–vis spectroscopic investigations of the inter-
action of LdP with human serum albumin (HSA) and
human a1-acid glycoprotein (AGP). The interaction
of LdP with HSA was studied near the approximate
physiologic serum concentration of the plasma protein
(�0.6 mM) at low L/P ratios (Fig. 5). Despite the
presence of the plasma protein in excess concentration
relative to the carotenoid ligand, HSA was not able to
prevent the aqueous aggregation of the carotenoid
molecules; both the CD and absorption spectra sug-
gest the formation and persistence of ‘card-pack’
aggregates in the combined solution. The blue-shifted
absorption peak could be seen as a shoulder around
385 nm. The excitonic CD band pair exhibited the
same signs and positions as those measured in buffer
solution alone (cf. Fig. 3), indicating that the albumin
molecules did not alter the chirality of the ‘card-pack’
aggregates.







Figure 5. CD and vis spectra of LdP in the presence of fatty acid-free


HSA at different L/P ratios (pH 7.4 Ringer buffer, t = 37 �C,


[HSA] = 185 lM). In parentheses, values of the molar absorption (e)
and the molar circular dichroic absorption (De) coefficients of resolved


peaks are indicated.


Figure 6. Difference electronic absorption spectrum of LdP (see text


for details).


Figure 7. CD and vis spectra of LdP in the presence of human AGP


at different L/P ratios (pH 7.4 Ringer buffer, t = 37 �C,


[AGP] = 29 lM).
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In comparison to the data obtained in Ringer buffer
solution (Fig. 3), however, the visible absorption band
showed that a significant fraction of LdP molecules
did not participate in the formation of ‘card-pack’
assemblies (Fig. 5). The visible spectra displayed three
vibrational peaks at 430, 456, and 486 nm, respectively,
which, for the peaks at 456 and 486 nm, were batho-
chromically (red)-shifted by�10 nm in relation to the cor-
responding peak positions measured in EtOH. To
estimate the ratio of LdP molecules contributing to this
spectral alteration, a simple calculation was made. The
absorption spectrum of LdP measured in buffer solution
alone at 2.35 lM (see the curve in Fig. 3) was substracted
from that of the LdP–HSA mixture obtained at the same
carotenoid concentration (L/P = 0.013, see the curve in
Fig. 5). In comparison with the ethanolic visible spectrum
of LdP measured at 5.52 lM, the maximum absorption
intensity value of the resulting difference absorption spec-
trum (Fig. 6) was used to calculate the concentration of
the ‘non-card-pack’ aggregated carotenoid molecules.
The calculation yielded 0.85 lM, which is 36% of the total
LdP concentration of the sample solution (2.35 lM,
L/P = 0.013).


A comparison of the absorption curves of LdP–HSA
mixtures with the UV–vis spectra of ‘head-to-tail’ (J-
type) lutein diacetate assemblies previously reported,15


and of the natural apocarotenoid bixin reported to bind
to HSA in monomeric form,16 suggested that there was
no specific binding interaction between the LdP mole-
cules and HSA in the current in vitro evaluation. Rath-
er, a non-specific, weak superficial association occurred
between the protein surface and the carotenoid assem-
blies, which resulted in an increase of the fraction of
the ‘head-to-tail’ type aggregates, which lacked any def-
inite chiral organization. This conclusion is strongly
supported by the total absence of extrinsic CD activity

in the spectral range of the vibrational sub-bands
(Fig. 5), and contrasts with the evidence of association
of astaxanthin conjugates (succinic acid salts and dily-
sine salts) with HSA in previous studies of plasma pro-
tein binding interactions.13,14,17 Whether this is
attributable to the different parent carotenoid scaffold
(astaxanthin vs lutein) or physicochemical differences
in the esterifying moieties (phosphates vs succinates/
amino acids) remains unknown.


The CD and electronic absorption spectra measured in
the presence of AGP again demonstrated the aqueous
aggregation of the ligand molecules with no appreciable
evidence of a carotenoid–AGP binding interaction
(Fig. 7).
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In Ringer buffer solution, LdP formed primarily H-type
(‘card-pack’) aggregates, with evidence of a smaller per-
centage of J-type aggregates in this aqueous solution.
The CD and UV–vis spectroscopic data suggested a
non-specific binding interaction between LdP and
HSA, which increased the relative percentage of J-type
(‘head-to-tail’) aggregates in Ringer buffer solution.
No evidence was seen for interaction with AGP. The
lack of association of this lutein-based soft drug with
the major plasma protein HSA, and the acute-phase
protein AGP, suggests that subtle differences between
the carotenoid scaffolds and/or esterifying moieties
may be important for these interactions to take place.
The rapid cleavage of phosphate esters in human serum
for the aggregated carotenoids may overcome the lack
of association with plasma proteins after parenteral
administration in mammals.
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Abstract—A series of novel, non-basic 3-(6-chloronaphth-2-ylsulfonyl)aminopyrrolidin-2-one-based factor Xa (fXa) inhibitors,
incorporating an alanylamide P4 group, was designed and synthesised. Within this series, the N-2-(morpholin-4-yl)-2-oxoethyl
derivative 24 was shown to be a potent, selective fXa inhibitor with good anticoagulant activity. Moreover, 24 possessed highly
encouraging rat and dog pharmacokinetic profiles with excellent oral bioavailabilities in both species.
� 2006 Elsevier Ltd. All rights reserved.
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Factor Xa (fXa) plays a central role in the coagulation
cascade where it combines with factor Va and calcium
ions on membrane surfaces to form the prothrombinase
complex that activates prothrombin to thrombin. A key
action of thrombin is to convert fibrinogen into fibrin
leading to clot formation.1 In the search for orally active
anticoagulants with improved efficacy/safety profiles, di-
rect thrombin inhibitors have been investigated by our-
selves2 and others.3 More recently, fXa has been
recognised as an alternative attractive target for devel-
opment of new antithrombotic agents.4


fXa is a trypsin-like serine protease and thus exhibits a
preference for basic groups to bind in its primary (S1)
specificity pocket. First-generation fXa inhibitors incor-
porated highly basic P1 moieties (e.g., benzamidine) and
whilst such compounds provide high affinity, they gener-
ally suffer from poor pharmacokinetic (PK) profiles and
low oral bioavailabilities. Our strategy has centred on
eliminating this developability risk by identifying novel
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series of non-amidine-based inhibitors with profiles suit-
able for chronic oral therapy.


fXa inhibitors incorporating a 3-amino-2-pyrrolidinone
scaffold and bearing benzamidine-based P1 motifs 1
have been disclosed5 and our in-house programme cen-
tred on identifying alternative N-substituted pyrrolidin-
2-one motifs that retained attractive in vitro potency
and promoted good in vivo profiles.

We report here the identification of a non-basic series of
amides (Table 1) and studies to optimise their profiles.
Scheme 1 illustrates the generalised synthetic approach.
The pyrrolidinone 8 was prepared from CBZ-Met-OH
and the tert-butyl ester of the appropriate amino acid
adapting a previously reported approach from our lab-
oratories.7 Removal of the CBZ group followed by sulf-
onylation of the resultant amine provided a late stage
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Table 1. fXa inhibitory activities6a for compounds 2–6
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Scheme 1. Reagents and conditions: (a) EDC, 1-hydroxybenzotriazole


(HOBT), Et3N, DMF, rt; (b) MeI, acetone, rt; (c) DOWEX [OH]�,


MeCN; (d) H2, Pd–C, EtOH, rt; (e) 6-chloronaphth-2-yl-SO2Cl


(RSO2Cl), pyridine, MeCN, rt; (f) TFA, DCM; (g) R3R4NH, EDC,


HOBT, Et3N, DCM, rt; (h) MeOTs, [(Me)3Si]2NLi, THF, �78 �C to


rt.


Table 2. fXa inhibitory activities6a for compounds 13 and 14
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Scheme 2. Reagents and conditions: (a) Et3N, MeCN, 50 �C; (b)


LiOH, THF–H2O, rt; (c) (PhO)2P(O)N3, Et3N, DMF, rt; (d) H2, Pd–


C, EtOH, rt; (e) RSO2Cl, iPr2NEt, DCM, rt; (f) TFA, DCM, rt; (g)


piperidine, EDC, HOBT, Et3N, DCM, rt.
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intermediate 9; deprotection of the tert-butyl ester fol-
lowed by coupling with a range of amines provided
the final products 10. Alternatively, N-alkylation of
intermediate 9 to provide 11 followed by deprotection
and amide coupling as described above provided a series
of related tertiary sulfonamides 12.


Analogues 138 and 14 (Table 2) were prepared as race-
mates by an alternative route (Scheme 2).


Alkylation of the appropriate amino tert-butyl ester
with ethyl azido-4-halobutanoate9 followed by selective
saponification of the ethyl ester gave the acid 15 which
was cyclised in the presence of diphenylphosphoryl azide

to give the racemic pyrrolidinone 16. Catalytic hydroge-
nation of the azido group followed by sulfonylation of
the derived amine gave intermediates 17 which were con-
verted into the desired products 18 using procedures
analogous to those in Scheme 1.


Focusing on the glycyl linker in 4, a series of branched-
chain analogues (Tables 1 and 2) showed that the
a-methyl-(alanyl) group conferred potent fXa inhibitory
activity in both the secondary and tertiary sulfonamide
series (5 and 6, respectively); related a-ethyl- and a,a-
di-methyl-analogues (13 and 14, respectively) showed
significantly reduced potency.


Retaining the alanyl linker, a wide range of terminal
amides was assessed and a representative subset is
shown in Table 3. The piperidine amide 5 was more
potent than the related pyrrolidine analogue 19 as were
the bridged analogues, 20 and 21.10 In contrast, the
piperazine 22 and N-methylpiperazine 23 derivatives10


showed significantly reduced activities. A range of sub-
stituents at C2 and C3 on the piperidine ring was also
well tolerated.11a All analogues tested from these series
possessed poor rat PK profiles characterised by moder-
ate to high plasma clearance and short half-lives.


A key finding from these studies was that reducing
hydrophobicity resulted in a better correlation between
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Scheme 3. Reagents and conditions: (a) TFA, DCM, rt; (b) morpho-


line, EDC, HOBT, Et3N, DCM, rt; (c) H2, Pd–C, EtOH, rt; (d)


RSO2Cl, pyridine, MeCN, rt; (e) MeOTs or R1-Br, [(Me)3Si]2NLi,


THF, �78 �C to rt; (f) TFA, DCM, rt.


Table 3. fXa inhibitory activities6a for compounds 5 and 19–23


O


N
H


N


R
1 O


SO
O Cl


Compound R1 fXa Ki (nM)


5 N 1


19 N 50


20 N 3


21 N NH 13


22 NHN 320


23 NN Me 2060
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intrinsic and anticoagulant potency as illustrated by the
in vitro profiles for the lipophilic bridged analogue 20
[CHI logD (pH 7.4) 2.94, 1.5· PT 21.7 lM] and the
more hydrophilic bispidine derivative 21 (CHI logD
(pH 7.4) 1.47, 1.5· PT 2.5 lM).6b,11–13 A difference in
the plasma protein binding of hydrophobic and more
hydrophilic analogues is believed to be a contributory
factor to this observation.14a


Building upon the benefits of reducing logD, a major
breakthrough was achieved by replacing the piperidine
with a morpholine ring 24 [CHI logD (pH 7.4) 2.2].
Not only did 24 retain good fXa inhibitory activity (Ta-
ble 4), it also showed promising anticoagulant activity
and a rat PK profile characterised by low plasma clear-
ance and good oral bioavailability (85%). A range of ter-
tiary sulfonamides was assessed11b and a subset 25–28 is
shown in Table 4. Whilst these retained good in vitro
profiles, these analogues generally possessed poorer rat
PK profiles (Table 4).


Reverse exploitation of the orthogonally protected inter-
mediate 29 provided 24 with high (>98%) diastereomeric
purity and provided a preferred route to this analogue
(Scheme 3); tertiary sulfonamides 25–28 were derived
using standard procedures.

Table 4. fXa inhibitory activities,6a anticoagulant potency6b and rat PK pro
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Compound R1 fXa Ki (nM) 1.5· PT


24 H 6 5


25 Me 10 —


26 CH2CO2H 2 7


27 CH2CONH2 3 3


28 CH2COEt 1 4


a Compounds were administered either iv as a bolus or po via gavage to ma

The preferred absolute stereochemistry in the highly
promising secondary sulfonamide 24 was unambiguous-
ly established utilising the tert-butyl esters of DD- or LL-al-
anine and DD- or LL-CBZ-Met-OH in the route shown in
Scheme 1. Evaluation of the four derived stereoisomers
24 and 32–34 demonstrated that the 1S,3S isomer 24
conferred the greatest potency (Table 5); similar findings
were established for the related piperidine analogues
(compare 5 with 35–37, Table 5).


Without a basic P1 motif, a key question was the bind-
ing mode of this series. A combination of approaches14a


shed light on this issue culminating in a high resolution
X-ray crystal structure of 24 bound in the active site of
fXa. The molecule could be unambiguously fitted to the
Fo � Fc electron density map establishing the binding
mode shown in Figure 1.15


Thus, the chloronaphthyl group binds in S1 where the
chlorine atom makes a key interaction with Tyr228.14a,16


The carbonyl group in the pyrrolidinone template makes
a water-mediated interaction with Ser214. Additional
affinity is achieved with the (S)-methyl group that binds

filesa for 24 and a series of tertiary sulfonamides 25–28


Cl


R
1


(lM) t1/2 (h) Clp (mL/min/kg) Vss (L/kg)


0.9 13 0.6


0.5 15 0.4


0.2 37 0.3


0.3 24 0.5


0.5 37 1.1


le Han Wistar rats at nominal doses of 1 mg/kg iv and 2.5 mg/kg po.







Figure 2. X-ray crystal structure of 24 complexed with fXa (alternative


view).


Figure 1. X-ray crystal structure of 24 complexed with fXa.


Table 5. Influence of stereochemistry on fXa activities6a in morpho-


line- and piperidine-alanylamide series
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Compound X fXa Ki (nM)


24 O 1S,3S 6


32 O 1R,3R 82


33 O 1S,3R 53


34 O 1R,3S 160


5 CH2 1S,3S 1


35 CH2 1R,3R 40


36 CH2 1S,3R 16


37 CH2 1R,3S 82


N. S. Watson et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3784–3788 3787

in a small pocket so providing a rationale for the in-
creased potency seen with alanyl- compared with gly-
cyl-based analogues (see Table 1). The morpholine-
alanylamide group fits into the S4 pocket formed by
Phe174, Tyr99 and Trp215 but makes no specific H-
bonding interactions with the protein. An alternative
view of this X-ray crystal complex (Fig. 2) illustrates
that the sulfonamide group provides the appropriate
geometry for both the chloronaphthyl group to access
S1 and the rest of the inhibitor to be directed into S4.


While some residual activity against thrombin (37-fold
selectivity) was apparent, morpholinamide 24 showed
good selectivity (>100-fold) over all other trypsin-like
serine proteases tested (fVIIa, fIXa, fXIIa, aPC, plas-
min, kallikrein, trypsin and elastase). Furthermore, 24
possessed an encouraging PK profile in the dog (t1/2,
2.1 h; Clp, 2.7 ml/min/kg; Vss, 0.44 L/kg) with excellent
oral bioavailability (100%).17 On the basis of this prom-
ising profile, the 2-(morpholin-4-yl)-2-oxoethyl series

was selected for further evaluation and findings from
these studies will be reported in separate publications.14
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Abstract—Peptides containing Ne-thioacetyl-lysine and Ne-acetyl-lysine were evaluated for their de(thio)acetylation catalyzed by
human HDAC8 and SIRT1, two distinct protein deacetylases. Ne-Thioacetyl-lysine was found to be a mimic of Ne-acetyl-lysine
for HDAC8-catalyzed reaction, but to confer inhibition against SIRT1. These results point to further diverse applications based
on Ne-thioacetyl-lysine.
� 2006 Elsevier Ltd. All rights reserved.

Protein posttranslational lysine Ne-acetylation has been
identified in an increasing list of intracellular proteins,
such as the core histone proteins, various transcription
factors, and a-tubulin that are, respectively, involved
in gene transcriptional and cytoskeletal control.1–3 This
type of protein posttranslational modification has
emerged as an intracellular signaling mechanism rivaling
protein posttranslational phosphorylation on serine,
threonine, and tyrosine side chain OH groups. Multiple
protein acetyltransferases and protein deacetylases have
been identified and shown to catalyze the lysine Ne-acet-
ylation and deacetylation reactions, respectively, on
proteins (Fig. 1).4–6


Based on homology with yeast transcriptional repres-
sors, phylogenetic analysis, and different cofactor
requirements, protein deacetylase enzymes have been
categorized into class I, II, III, and IV (HDAC11 and
its related enzymes) subfamilies.5,7 Class I, II, and IV en-
zymes all require a catalytic zinc (Zn2+), whereas class
III enzymes (also named sirtuins) require coenzyme
NAD+ for activity. The past several years have wit-
nessed significant advances in the fundamental under-
standing and pharmacological modulation of the
protein deacetylation reactions, in part fueled by the
observation that several inhibitors of class I and II
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enzymes have anti-proliferation effects on cancer cell
lines.8,9 Indeed, several small molecule inhibitors for
class I and II enzymes are being evaluated in clinical
trials for their anti-cancer potentials.8,9


Furthermore, various types of enzymatic assays and fur-
ther small molecule modulators have been developed for
many protein deacetylases.8–16 X-ray crystal structures
have also been solved for several protein deacety-
lases.6,17–20 Despite these past accomplishments, we are
still far from having a complete fundamental under-
standing of protein deacetylase-catalyzed deacetylation
reactions. More research is further warranted given the
critical roles played by these enzymes in gene transcrip-
tional and cytoskeletal control, with the aim of further
realizing the pharmacological potential through modu-
lating protein deacetylase-catalyzed deacetylation reac-
tions. In this report, we disclose the synthesis and
characterization of Ne-thioacetyl-lysine as a multi-facet
functional probe for enzymatic protein lysine Ne-deacet-
ylation (Fig. 2). We hypothesized that the thioacetyl
group would be a close structural mimic for acetyl
group, but would also be able to reveal its own function-
al uniqueness that can be exploited to develop novel
means for studying and modulating protein deacetyl-
ase-catalyzed deacetylation reactions.


We set out to test our hypothesis by assessing the possi-
ble enzymatic dethioacetylation reaction by protein
deacetylases. For our analysis, we chose human HDAC8
(histone deacetylase 8 named after its first discov-
ered protein substrate histone) and human SIRT1
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(Sirtuin type 1) as representative members, respectively,
from the zinc-dependent and the NAD+-dependent sub-
families of protein deacetylase enzymes.5,7 Previous
studies have demonstrated that C-terminal lysine Ne-
acetylated human tumor suppressor p53 protein could
be deacetylated by human HDAC1 and sirtuins includ-
ing human SIRT1 in vitro and in vivo.21–25 Further-
more, a peptide derived from the C-terminal region of
the human p53 protein (amino acid residue 372–389)
Ne-acetylated at Lys382 has been shown to serve as an
in vitro substrate for sirtuins including human
SIRT1.24,25 We therefore used this peptide template to
incorporate Ne-thioacetyl-lysine into position 382 (pep-
tide 3 in Fig. 3). For this purpose, Na-Fmoc-Ne-thioace-
tyl-lysine was synthesized as shown in Scheme 1 for
its subsequent incorporation into a peptide using
Fmoc-chemistry-based solid-phase peptide synthesis
(SPPS).26–28 As indicated in Figure 3, two additional
peptides, that is, peptides with Ne-acetylated or non-
acetylated Lys residue at position 382, were also synthe-
sized by Fmoc-chemistry based SPPS. Peptide 1 was
used as the synthetic authentic de(thio)acetylation pep-
tide product, whereas peptide 2 was evaluated side-by-
side with peptide 3.


Peptides 2 and 3 were first evaluated as potential sub-
strates for human HDAC8. In a typical HDAC8
assay,29–31 the de(thio)acetylated peptide product (pep-
tide 1) was formed from both peptides 2 and 3 following
a 1-h enzymatic reaction at 37 �C, as shown by the rep-
resentative HPLC assay chromatograms (Fig. 4a). The
absence of signal for peptide 1 above the HPLC reliable
detection limit (�1 lM) from non-enzymatic reaction
and from a HDAC8 assay with a p53 C-terminal peptide

(amino acid residue 372–389) Ne-thioacetylated at
Lys381 within the same reaction time frame (data not
shown) further corroborated the genuine enzymatic
de(thio)acetylation as represented in Fig. 4a. The
intriguing finding from our assay is that peptides 2
and 3 were comparably de(thio)acetylated by human
HDAC8 to form peptide 1 with estimated kobs being
0.38 min�1 and 0.41 min�1, respectively. This result sug-
gests that the thioacetyl group can serve as a functional
mimic for the acetyl group for the enzymatic deacetyla-
tion reactions catalyzed by HDAC8, and likely by all the
zinc-dependent protein deacetylase enzymes, because
these enzymes share a highly conserved catalytic domain
based on sequence homology.5,7 We are currently
expanding this finding to develop a novel spectrophoto-
metric HDAC assay via quantifying thioacetic acid
product released from the enzymatic reaction.


On the other hand, when peptides 2 and 3 were subject-
ed to human SIRT1 assay,32,33 the deacetylated peptide
product (peptide 1) was obviously formed from peptide
2, but not from peptide 3 (i.e., no peptide 1 signal above
the reliable detection limit of the HPLC assay (�1 lM)
was observed) following a 10-min enzymatic reaction at
37 �C, as indicated by the representative HPLC assay
chromatograms (Fig. 4b). The kobs for the SIRT1-cata-
lyzed deacetylation of peptide 2 was estimated to be
9.29 min�1. Through more extensive time course analy-
sis of SIRT1-catalyzed dethioacetylation of peptide 3,
the kobs was estimated to be 0.023 min�1. Peptide 3 is
thus �400-fold less efficiently processed by SIRT1 as
compared to peptide 2. Based on the currently available
structural and biochemical evidence, a catalytic mecha-
nism has been proposed for sirtuins,6,19,36–39 in that it
is generally believed that the first step along the reaction
coordinate is the cleavage of nicotinamide from coen-
zyme NAD+ with the formation of a high-energy
O-alkyl amidate intermediate. In this regard, two factors
may have contributed to our observed dramatic differ-
ence in SIRT1-catalyzed deacetylation of peptide 2
and dethioacetylation of peptide 3: (i) the perturbed nic-
otinamide cleavage upon replacing acetyl with thioacetyl
group; (ii) the perturbed catalytic formation of peptide 1
following nicotinamide cleavage upon replacing acetyl
with thioacetyl group. To preliminarily address these
two possibilities, we used an HPLC assay to monitor
the time-dependent enzymatic production of nicotin-
amide from peptides 2 and 3. Under the same assay con-
ditions as those for assessing SIRT1-catalyzed
de(thio)acetylation reactions, the kobs for the SIRT1-cat-
alyzed nicotinamide production from peptide 2 was
estimated to be 5.60 min�1, whereas the kobs for
SIRT1-catalyzed nicotinamide production from peptide
3 was estimated to be 0.46 min�1. This 7.4-fold differ-
ence in kobss for nicotinamide formation from peptides
2 and 3 thus suggested that the above second factor
may be contributing more for the observed difference
in SIRT1-catalyzed deacetylation and dethioacetylation.
While further studies are needed to unambiguously
account for the observed difference in SIRT1-catalyzed
deacetylation and dethioacetylation, our current studies
suggested that, due to the close structural similarity
between acetyl and thioacetyl moieties, peptide 3 is







Figure 3. Analytical RP-HPLC profiles for the purified peptides used in this study. Peptide sequences are H2N-KKGQSTSRHKXLMFKTEG-


COOH with X = Lys (peptide 1), Ne-acetyl-lysine (peptide 2), and Ne-thioacetyl-lysine (peptide 3).
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able to be processed by SIRT1, but to form a catalytically
less competent longer-lived intermediate following
the nicotinamide cleavage step along the reaction coordi-
nate, as compared to the normal processing of peptide 2
by SIRT1. Therefore, the Ne-thioacetyl-lysine-containing
peptide (e.g., peptide 3) could be an invaluable biochem-
ical/biophysical probe for dissecting the intermediate
events for sirtuin-catalyzed deacetylation reaction.

Peptide 3 was further evaluated as a potential inhibitor
for SIRT1-catalyzed deacetylation reaction. As shown
in Table 1, peptide 3 was a �260-fold stronger SIRT1
inhibitor than nicotinamide, a known inhibitor of
SIRT1.40,41 Prompted by this result, we also tested the
inhibition potency of two extremely truncated peptide
3 analogs, that is, Na-Fmoc-Ne-thioacetyl-lysine and
Na-acetyl-Ne-thioacetyl-lysine shown in Scheme 1.42 As
shown in Table 1, both of these simple compounds be-
haved as much weaker inhibitors of SIRT1 as compared
to peptide 3. This finding suggested that the amino acid
residues surrounding the Ne-thioacetyl-lysine residue
contribute to a strong binding interaction with SIRT1,
thus enhancing the inhibition potency dramatically.
Given the observed potent inhibition of SIRT1 by pep-
tide 3, its structure–activity relationship (SAR) studies
will be of great interest to investigate the structural
determinants for the potent inhibition of peptide 3
against SIRT1, aiming to develop potent and novel
types of SIRT1 inhibitors. These inhibitors will be not
only invaluable chemical tools to study SIRT1 biology,
but also potential therapeutic agents for human disor-
ders including cancer.43


Taken together, we have identified Ne-thioacetyl-lysine
as a multi-facet functional probe for enzymatic protein







a b


Figure 4. Enzymatic de(thio)acetylation of peptides 2 and 3. (a) HPLC chromatograms from a HDAC8 assay; (b) HPLC chromatograms from a


SIRT1 assay.


Table 1. Inhibition of SIRT1a


Compound IC50 (lM)


Nicotinamide 520


Peptide 3 2


Na-Fmoc-Ne-thioacetyl-lysine 2000 (IC25)


Na-Acetyl-Ne-thioacetyl-lysine No inhibition at 2 mM


a Substrate concentrations used, 0.5 mM b-NAD+, 0.3 mM peptide 2.
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lysine Ne-deacetylation. The use of this novel unnatural
amino acid will provide us with opportunities for devel-
oping novel HDAC assays and novel types of sirtuin
inhibitors, as well as for an enhanced mechanistic under-
standing of the class III protein deacetylase enzymes.
Given the critical roles played by protein deacetylase
enzymes in gene transcriptional and cytoskeletal con-
trol, as well as in regulating HIV transcription as recent-
ly identified,44 the study reported here will have far-
reaching impact. Furthermore, thioacetyl replacement
for acetyl group may also be an appealing strategy for
studying other deacetylases that accept non-protein
substrates.45
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Abstract—A quantitative structure–activity relationship (QSAR) study has been performed on 5-amino-2-mercapto-1,3,4-thiadia-
zole based inhibitors of matrix metalloproteinases (MMPs) and a bacterial collagenase known as Clostridium histolyticum collage-
nase (ChC) to understand the structural features influencing the affinity of these inhibitors towards the enzyme. The compounds in
the selected series were characterized by topological and fragmental descriptors calculated using QuaSAR module of molecular
operating environment (MOE). An indicator variable was also assigned to account for the presence of amide function in vicinity
of sulfonamide group in the parent structure. Correlations between different inhibitory activities and calculated predictor variables
were established through stepwise multiple regression employing the method of least squares. The results of the study indicates that
MMP inhibitory activity of 5-amino-2-mercapto-1,3,4-thiadiazoles can be successfully explained in terms of topology of the mole-
cule. The obtained correlations also suggest that increase in the number of fluorine atoms in the aromatic ring will augment inhib-
itory activity of these molecules against all the MMPs probably by virtue of hydrogen bond interaction with some complementary
groups in the active site of the enzymes. One prime requirement for better inhibition of MMPs (except for MMP-1) and ChC iden-
tified from the present study is the presence of amide function in vicinity of sulfonamide group in the parent structure as suggested
by the presence of indicator variable in almost all correlations. While MMP-1 and ChC inhibitory activity of the compounds studied
is shown to be dependent on Kier’s first order carbon valence molecular connectivity index indicating that increase in branching and
presence of heteroatoms in the molecule will improve the MMP-1 and ChC inhibitory potency of 5-amino-2-mercapto-1,3,4-thia-
diazoles, correlations derived for other enzymes (MMP-2, MMP-8, MMP-9) are quite similar. In addition to the number of fluorine
atoms and presence of indicator variable, MMP-2, MMP-8 and MMP-9 inhibitory activity of 5-amino-2-mercapto-1,3,4-thiadia-
zoles is found to be dependent on Kier’s alpha modified index of third order in such a way that infer, terminally branched functions
will increase the affinity of these molecules to the MMPs.
� 2006 Elsevier Ltd. All rights reserved.

MMPs also called Matrixins are a family of structurally
related zinc containing endopeptidases capable of cleav-
ing several macromolecules of the extracellular matrix
such as collagens, elastin, fibronectin, laminin, and
aggrecan.1,2 The mammalian MMP family is now
known to include at least 23 enzymes. Based on their
structure and substrate specificity, the human MMPs
are roughly divided into five groups: collagenases, gela-
tinases, stromelysins, membrane-type (MT) metallopro-
teinases, and the others, and it is likely that other
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members will be discovered in the next few years.3 These
MMPs have been implicated in the tissue remodeling at
various stages of human development, wound healing,
and disease. Their activation and upregulation results
into tissue degradation leading to a variety of diseases,
some of which are cancer,4–7 rheumatoid arthritis,8,9


multiple sclerosis,10,11 and congestive heart failure.12,13


In view of such wide-ranging clinical relevance, it is no
wonder that the search for clinically useful inhibitors
of these enzymes has been in the focus of intensive
research. Several MMP inhibitors have reached up to
clinical trials and a vast majority of them are hydroxa-
mic acid derivatives, such as batimastat (BB-94), marim-
astat (BB-2516), trocade (Ro 32-3555), and BAY
12-9566 (Fig. 1).14–22
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Figure 1. MMP inhibitors in clinical trials.
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In addition to MMPs there are also some other enzymes,
which can degrade ECM, such as bacterial collagenases.
One such bacterial collagenase known as Clostridium
histolyticum collagenase (ChC),23 which belongs to the
family of M-31 metalloproteinase family, is capable of
hydrolyzing triple helical region of collagen under phys-
iological conditions as well as many synthetic peptides.
MMPs and ChC, though relatively different, are consid-
ered to act through same mechanism of action in the
hydrolysis of proteins and synthetic substrates.


Most of the MMP inhibitors reported until now incor-
porate hydroxamic acid function as zinc binding group
(ZBG) because it provides most potent inhibitory activ-
ity against MMP but such inhibitors show some note-
worthy shortcomings, as these inhibitors are rapidly
metabolized and show poor selectivity toward different
MMPs. Additionally these inhibitors show poor bio-
availability. Recently, Scozzafava and Supuran24 report-
ed a series of 5-amino-2-mercapto-1,3,4-thiadiazole
derivatives as inhibitors of four MMPs (MMP-1,
MMP-2, MMP-8, and MMP-9) and ChC. These inhib-
itors are non-hydroxamates and thus may overcome
the aforementioned shortcomings of hydroxamate
inhibitors. With the view of progression of design and
development of such inhibitors of MMPs, a quantitative
structure–activity relationship (QSAR) study has been
performed in order to relate MMP inhibitory activity
of these non-hydroxamic acid inhibitors to their molec-
ular structures. Although structure based design has
been used primarily in the design of new MMP inhibi-
tors, there are several examples where the indirect

approaches such as QSAR have been utilized in search
of more potent analogues.25–27 QSAR analysis will pro-
vide structural insight into the mechanism of action of
these inhibitors, which is of utmost importance in the
design of new analogues by modification of structure
of parent compound.


The QSAR study has been performed on a series of
compounds incorporating 5-amino-2-mercapto-1,3,4-
thiadiazoles as zinc binding function, reported by
Scozzafava and Supuran. The biological activities of
these 27 compounds were expressed in terms of en-
zyme inhibition constants (Ki). These Ki values were
obtained by Scozzafava and Supuran from Easson–
Stedman plots, using a linear regression program, from
at least three different assays. All the Ki values of the
compounds were reported in terms of micromolar
(lM) concentration. For correlation purposes, report-
ed Ki values were converted to their molar units and
subsequently to free energy related negative logarith-
mic state, that is, log (1/Ki). All the computational
studies were performed on Compaq (Pentium-IV) com-
puter using the software Molecular Operating Environ-
ment (MOE version 2005.04). Molecules were sketched
using builder module of MOE. Various 2D descriptors,
for which neither energy minimization nor alignment is
required, were calculated for built structures of the
molecules, using QuaSAR module of MOE. A large
number of descriptors were generated by the MOE
(Table 1). The descriptor pool was reduced by elimi-
nating out the descriptors with constant and near con-
stant values. Further reduction in the descriptor pool







Table 1. Classification and description of the calculated molecular descriptors


Functional families of the descriptors Descriptor: definition


Physical properties apol: sum of the atomic polarizabilities


bpol: sum of the absolute value of the difference between


atomic polarizabilities of all bonded atoms in the molecule


mr: molecular refractivity


Weight: molecular weight


TPSA: topological polar surface area


log P(O/W): log of the octanol/water partition coefficient


Atom counts and bond counts a_aro: number of aromatic atoms


a_nN: number of nitrogen atoms


a_nO: number of oxygen atoms


a_nF: number of fluorine atoms


a_nS: number of sulfur atoms


a_nCl: number of chlorine atoms


a_nBr: number of bromine atoms


b_1rotN: number of rotatable single bonds


b_ar: number of aromatic bonds


b_ singlet: number of single bonds


b_double: number of double bonds


b_triple: number of triple bonds


Kier and Hall connectivity indices and Kier shape indices 0v: atomic connectivity index (order 0)
0vc: carbon connectivity index (order 0)
1v: atomic connectivity index (order 1)
1vc: carbon connectivity index (order 1)
0vV: atomic valence connectivity index (order 0)
0vV


c : carbon valence connectivity index (order 0)
1vV: atomic valence connectivity index (order 1)
1vV


c : carbon valence connectivity index (order 1)
1K: first kappa shape index
2K: second kappa shape index
3K: third kappa shape index
1Ka: first alpha modified shape index
2Ka: second alpha modified shape index
3Ka: third alpha modified shape index


KierFlex: Kier molecular flexibility index


Adjacency and distance matrix descriptors balabanJ: Balaban’s connectivity topological index


petitjeanSC: Petitjean graph shape coefficient


weinerPath: Wiener path number


weinerPol: Wiener polarity number


zagreb: Zagreb index
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was done by ousting the descriptors that are highly
degenerate and the descriptors that were showing very
low correlation with inhibitory activity. The remaining
fragmental and topological descriptors were taken into
account for the reported analysis. An indicator vari-
able was assigned for the presence of amide function
in vicinity of sulfonamide group in the title com-
pounds. The series of compounds along with the
descriptors used in the selected regressions are given
in the Table 2. Data set generated so was subjected
to statistical analyses. Stepwise multiple regression
analysis was used as statistical tool, with the help of
our inhouse statistical program VALSTAT.


Correlations between different inhibitory activities and
calculated predictor variables were established
through stepwise multiple regression using the
method of least squares. Statistically significant
QSARs generated for different inhibitory activity data
were as follows:

MMP-1


logð1=KiÞ ¼ ½4:39725ð�1:03418Þ�
þ1vV


c ½�0:207152ð�0:0851363Þ�
þ 3Ka½0:201545ð�0:0927689Þ�
þ a nF½0:0832763ð�0:0471238Þ�


N ¼ 27; r ¼ 0:913; r2 ¼ 0:834, SEE ¼ 0:122;


F ¼ 38:645ðF 3;23 ¼ 4:765Þ; chance ¼< 0:001;


q2 ¼ 0:734; SPRESS ¼ 0:154; SDEP ¼ 0:142. ð1Þ


MMP-2


logð1=KiÞ ¼ ½2:92822ð�0:860004Þ�
þ 3Ka½0:255415ð�0:122169Þ�
þ a nF½0:110207ð�0:0556175Þ�
þ I ½0:357692ð�0:191531Þ�







Table 2. Structural variation in 5-amino-2-mercapto-1,3,4-thiadiazole


derivatives along with descriptors involved in QSAR models


NH
N
H


H
N


N N


S


O


O
SH


S
R O


Compound 1 to 22 Compound 23 to 27


O NH
N
H


H
N


N N


S


O


O
SH


NH


O


S
R O


O


Compound R I a_nF 1vV
c


3Ka


1 C6H5– 0 0 5.737 6.684


2 C6H5CH2– 0 0 6.091 7.702


3 4-F–C6H4– 0 1 5.648 6.883


4 4-Cl–C6H4– 0 0 5.648 7.263


5 4-Br–C6H4– 0 0 5.648 7.508


6 4-I–C6H4– 0 0 5.648 7.725


7 4-CH3–C6H4– 0 0 6.148 6.925


8 4-NO2–C6H4– 0 0 5.648 7.181


9 3-NO2–C6H4– 0 0 5.648 7.181


10 2-NO2–C6H4– 0 0 5.654 6.955


11 4-AcNH–C6H4– 0 0 6.148 7.956


12 C6F5– 0 5 5.327 6.481


13 3-CF3–C6H4– 0 3 5.898 7.555


14 2,5-Cl2–C6H4– 0 0 5.565 7.614


15 4-OCH3–C6H4– 0 0 5.648 7.184


16 2,4,6-(CH3)3-C6H2– 0 0 6.981 6.969


17 1-Naphthyl 0 0 7.148 6.289


18 2-Naphthyl 0 0 7.143 6.475


19 5-(CH3)2N-1-naphthyl 0 0 7.065 6.831


20 2-Thienyl 0 0 4.783 6.631


21 Quinoline-8-yl 0 0 6.526 6.265


22 Camphor-10-yl 0 0 7.993 5.781


23 C6H5– 1 0 5.737 7.698


24 4-F–C6H4– 1 1 5.648 7.912


25 4-Cl–C6H4– 1 0 5.648 8.309
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N ¼ 27; r ¼ 0:893; r2 ¼ 0:797, SEE ¼ 0:152;

26 4-CH3–C6H4– 1 0 6.148 7.956


27 2-CH3–C6H4– 1 0 6.154 7.706

F ¼ 30:175ðF 3;23 ¼ 4:765Þ; chance ¼< 0:001;


q2 ¼ 0:682; SPRESS ¼ 0:189; SDEP ¼ 0:175. ð2Þ
MMP-8


logð1=KiÞ ¼ ½2:96998ð�0:987275Þ�
þ I ½0:413534ð�0:245314Þ�
þ a nF½0:272465ð�0:063659Þ�
þ 3Ka½0:242856ð�0:140256Þ�


2

N ¼ 25; r ¼ 0:916; r ¼ 0:840, SEE ¼ 0:170;


F ¼ 36:846ðF 3;21 ¼ 4:874Þ; chance ¼< 0:001;


q2 ¼ 0:773; SPRESS ¼ 0:203; SDEP ¼ 0:186. ð3Þ
MMP-9


logð1=KiÞ ¼ ½2:59183ð�1:56751Þ�
þ I ½0:789148ð�0:349099Þ�
þ a nF½0:237027ð�0:101373Þ�
þ 3Ka½0:293886ð�0:222674Þ�

N ¼ 27; r ¼ 0:885; r2 ¼ 0:784, SEE ¼ 0:276;

F ¼ 27:834ðF 3;23 ¼ 4:765Þ; chance ¼< 0:001;


q2 ¼ 0:676; SPRESS ¼ 0:338; SDEP ¼ 0:312 ð4Þ
ChC


logð1=KiÞ ¼ ½6:09875ð�0:569215Þ�
þ I ½0:574679ð�0:199763Þ�
þ 1vV


c ½�0:218646ð�0:0929326Þ�


N ¼ 25; r ¼ 0:858; r2 ¼ 0:736, SEE ¼ 0:156;


F ¼ 30:805ðF 2;22 ¼ 6:81Þ; chance ¼< 0:001;


q2 ¼ 0:626; SPRESS ¼ 0:185; SDEP ¼ 0:174 ð5Þ
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In the above QSAR models N is the number of data
points, r is correlation coefficient, r2 is squared correlation
coefficient which when multiplied by 100 gives explained
variance in biological activity, SEE is standard error of
estimate, F represents Fischer ratio between the variances
of calculated and observed activities, figures given in
parentheses that follow calculated F value are tabulated
F value, and the values in parentheses within the model
with ± sign are standard error associated with the regres-
sion coefficients, q2 is cross validated squared correlation
coefficient, and SPRESS and SDEP correspond to standard
deviation based on predicted residual sum of squares and
standard deviation of error of prediction, respectively.
The Z score method was adopted for the detection of
outliers. Z Score can be defined as absolute difference
between the value of the model and the activity field,
divided by the square root of the mean square error of
the data set. Any compound which shows a value of Z
score higher than 2.5, during generation of a particular
QSAR model, is considered as outlier (Table 3).


All the QSAR models are significant at 99% level as
shown by their Fischer ratio values, which exceed the
tabulated values by a large margin as desired for a
meaningful correlation. Each QSAR model can explain
more than 75% of the total variance (r2 > 0.75) in the
MMP inhibitory activity exhibited by 5-amino-2-mer-
capto-1,3,4-thiadiazole derivatives, the highest and
lowest r2 values of 0.84 and 0.78 were recorded for inhi-
bition of MMP-8 and MMP-9, respectively Eqs. 3 and 4.
Accuracy in the analysis is shown by low values of stan-
dard error of estimate. Absence of collinearity is con-
firmed by calculation of intercorrelation matrix for the
predictor variables used in the models (Table 4). Inter-
correlation coefficients, so obtained, indicate
non-dependency of the descriptors on each other.


It is very much evident from the obtained correlations
that the MMP inhibitory activity of 5-amino-2-mercap-
to-1,3,4-thiadiazoles can be successfully explained in
terms of topology of the molecule. The observation also
stems from the fact that topological indices appear
predominantly in all the regressions generated for
describing MMP inhibitory activity of 5-amino-2-mer-
capto-1,3,4-thiadiazoles.







Table 3. Z Score values of compounds in the QSAR models


Compound Model 1


(MMP-1)


Model 2


(MMP-2)


Model 3


(MMP-8)


Model 4


(MMP-9)


Model 5


(ChC)


1 0.890 0.766 0.166 1.030 �0.135


2 �0.594 �0.698 �1.496 �0.228 �0.305


3 0.206 �0.189 �1.063 0.008 �1.245


4 0.069 0.088 0.068 0.375 �1.103


5 �1.056 �0.155 �0.593 �0.465 �0.454


6 �0.931 �0.925 �0.784 �0.452 �0.065


7 0.030 0.012 �0.086 0.275 0.465


8 1.307 1.112 1.795 0.163 0.149


9 0.615 1.112 1.080 0.163 0.382


10 �0.787 0.836 0.693 0.839 �0.257


11 1.108 0.957 0.901 0.268 0.277


12 0.256 0.611 0.587 0.065 2.457


13 �0.542 �1.614 �0.625 �0.856 1.585


14 �0.504 0.892 1.424 �0.230 �0.388


15 �1.069 �0.129 �0.098 �0.097 �0.065


16 1.102 �0.621 �0.379 �0.394 1.322


17 �0.762 �0.637 �0.624 �0.322 �0.535


18 �0.701 �0.706 �1.229 �0.844 �0.932


19 �2.187 �1.929 �1.947 �1.148 �1.255


20 0.971 1.853 2.137 1.768 �0.049


21 �1.551 �0.991 �0.518 �0.332 �1.527


22 2.227 0.358 0.594 0.412 1.680


23 �0.341 0.343 0.301 �0.944 0.696


24 0.138 1.978 2.619 2.231 2.703


25 0.858 �0.073 3.482 2.212 3.396


26 0.846 �1.145 �0.093 �1.609 0.461


27 0.401 �1.103 �0.207 �1.888 �1.157
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The best correlation for modeling MMP-1 inhibition by
5-amino-2-mercapto-1,3,4-thiadiazoles comprises of two
topological descriptors, Kier’s first order carbon valence
molecular connectivity index28 ð1vV


c Þ and Kier’s alpha
modified index of third order.29 The topological descrip-
tor, 1vV


c , encodes information regarding degree of
branching, cyclization, heteroatom content, and hetero-
atom position in the molecule and is calculated as
follows:


1vV
c ¼


X
ðdv


i d
v
j Þ
�1=2


; ð6Þ


where dv
i and dv


j are the vertex connectivity indices of
carbon atoms i and j, respectively, and the summation
extends to all bonded pairs of non-hydrogen carbon
atoms in the group or molecule. For second and third
rows of atoms, Kier30 gave a unified definition of dv,
as expressed by Eq. 7. In this equation, Zv


i is the number
of valence electrons of atom i, hi is the number of hydro-
gen atoms attached to it, and Zi is its atomic number.

Table 4. Correlation matrix for intercorrelation between structural descripto


MMP-1 MMP-2 MMP-8 MMP-9


MMP-1 1.000


MMP-2 0.852 1.000


MMP-8 0.727 0.908 1.000


MMP-9 0.766 0.928 0.978 1.000


ChC 0.667 0.895 0.951 0.962


I 0.372 0.710 0.673 0.714


a_nF 0.406 0.303 0.440 0.398
1vV


c �0.799 �0.598 �0.440 �0.501
3Ka 0.652 0.722 0.563 0.604

dv
i ¼ ðZv


i � hiÞ=ðZi � Zv
i � 1Þ. ð7Þ


The value of the dv
i increases with branching and with


increases in the number of heteroatoms in the molecule.
Thus, the negative coefficient of the descriptor 1vV


c in Eq.
1 implies that increase in branching and presence of het-
eroatoms in the molecule will improve the MMP-1
inhibitory potency of 5-amino-2-mercapto-1,3,4-thiadia-
zoles. The distance matrix based Kier a modified shape
index of order three (3Ka) was derived from 3K shape in-
dex, a descriptor based on the counts of three-path (3P)
fragments. The 3K index was modified to account for
the different shape contribution of non-sp3 carbon
atoms, through addition of an a-modifier by Kier. 3Ka


have two solutions in terms of the total number of atoms
in the molecule, depending upon whether A, which
represents the total number of vertices in the graph, is
even or odd. It is calculated as:


3Ka ¼
ðAþ a� 3ÞðAþ a� 2Þ2


ð3Pi þ aÞ2
; (if A is even), ð8Þ


3Ka ¼
ðAþ a� 1ÞðAþ a� 3Þ2


ð3Pi þ aÞ2
; (if A is odd), ð9Þ


where 3Pi refers to the intermediate count of three path
fragments, which lay at or within the boundaries of
minimum and maximum values of 3P, that is,
3Pmin 6


3Pi 6
3Pmax.


The a modifier is calculated as the sum of the ratio of
radii of all heteroatoms or carbon of another valence
state (rx) relative to the sp3 carbon atom ðr3


C spÞ:


a ¼
X
½ðrx=r3


C spÞ � 1�. ð10Þ
3Ka index encodes the information about the specific
kind of branching in the molecule as it varies when the
branching occurs in the middle (centrality) or at the ends
(non-centrality) of a long chain fragment. The value of
the descriptor increases when branching is located in
the extremity of the molecular graph. Thus, the positive
coefficient of the 3Ka in the Eq. 1 indicates that terminal-
ly branched functions will increase the affinity of 5-ami-
no-2-mercapto-1,3,4-thiadiazoles to the MMP-1.
Furthermore, the positive coefficient of the fragmental
descriptor a_nF in the equation suggests that the
MMP-1 inhibitory potency of the 5-amino-2-mercapto-
1,3,4-thiadiazoles increases with the increase in the num-
ber of fluorine atoms in the molecule. This may be due

rs and their correlation to enzyme affinity data


ChC I a_nF 1vV
c


3Ka


1.000


0.785 1.000


0.208 �0.074 1.000


�0.419 �0.121 �0.237 1.000


0.603 0.582 �0.102 �0.468 1.000
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to participation of fluorine atom in the hydrogen bond
interaction with the complementary sites in the active
site of MMPs. The importance of fluorine atoms substi-
tuted in the aryl ring has also been suggested through
similar findings by Kumar and Gupta.26


The best regressions for MMP-2, MMP-8, and MMP-9
inhibitory activities of 5-amino-2-mercapto-1,3,4-thia-
diazoles Eqs. 2–4 comprised of the same set as descrip-
tors used for characterizing MMP-1 inhibition except
for the topological descriptor 1vV, which is replaced by
indicator variable I. The positive coefficient of I in all
these regressions reveals that presence of an amide func-
tion in vicinity of sulfonamide moiety in 5-amino-2-mer-
capto-1,3,4-thiadiazoles analogues contributes to the
tight binding of these molecules to the active site of
the enzyme. These parallel correlations also highlight
the similar mode of binding of inhibitor molecules
to the active site of the enzymes.


The last regression Eq. 5 derived for ChC inhibition of
5-amino-2-mercapto-1,3,4-thiadiazoles correlates the
ChC inhibition of these molecules with the indicator
variable I, and the Kier’s first order carbon valence
molecular connectivity index ð1vV


c Þ. The equation sug-
gests that presence of amide function, decrease in
branching, and introduction of heteroatoms in the
substituents molecule will be conducive for ChC inhibi-
tory activity.

Table 5. Observed and predicted activity values for MMP and ChC inhibiti


Compound


MMP-1 (Model 1) MMP-2 (Model 2) MM


Observed


activity


Predicted


activity


Observed


activity


Predicted


activity


Observ


activity


1 4.657 4.543 4.745 4.627 4.619


2 4.619 4.693 4.795 4.909 4.602


3 4.721 4.695 4.769 4.798 4.745


4 4.698 4.690 4.795 4.783 4.745


5 4.619 4.748 4.824 4.848 4.698


6 4.677 4.792 4.769 4.921 4.721


7 4.522 4.519 4.698 4.697 4.638


8 4.824 4.664 4.921 4.753 5.000


9 4.745 4.669 4.921 4.753 4.886


10 4.537 4.635 4.824 4.698 4.769


11 4.854 4.708 5.096 4.929 5.045


12 5.045 4.938 5.222 4.908 6.000


13 4.886 4.976 4.958 5.295 5.523


14 4.721 4.783 5.000 4.857 5.045


15 4.553 4.683 4.745 4.764 4.698


16 4.481 4.339 4.619 4.713 4.602


17 4.096 4.200 4.445 4.548 4.397


18 4.143 4.235 4.481 4.593 4.346


19 4.06 4.345 4.397 4.689 4.318


20 4.854 4.676 4.886 4.601 4.921


21 4.131 4.334 4.387 4.551 4.408


22 4.161 3.748 4.455 4.385 4.468


23 4.721 4.763 5.301 5.239 5.301


24 4.92 4.903 5.698 5.337 7.000


25 5.000 4.882 5.397 5.411 6.698


26 4.824 4.713 5.155 5.359 5.301


27 4.721 4.671 5.096 5.295 5.222


a Compounds 24 and 25 were not considered while deriving model 3 and mo

It was found that two compounds, viz. 4-flurophenyl-
sulfonyluriedo (compound 24) and 4-chlorophenylsulf-
onyluriedo (compound 25) analogues of 5-amino-2-
mercapto-1,3,4-thiadiazole, behaved as outlier in the
QSAR modeling of MMP-8 and ChC inhibition. It
was interesting to observe that the compounds with
the same pattern of substitution among sulfonamides
were quietly fitting into the derived models, which dem-
onstrate that the presence of sulfonyluriedo group may
be a factor behind the outlying pattern of these com-
pounds. Moreover, the outlying behavior of these com-
pounds may also be attributed to the fact that they
exhibit higher potency than the compounds with the
same pattern of substitution among sulfonamide deriva-
tives in the series and this phenomenon could not
described in terms of any of the descriptors present in
Eqs. 3 and 5.


Summarizing the above discussion, it may be concluded
that a fair idea about drug–enzyme geometric fit can be
achieved by using the descriptors 1vV, 3Ka, number of
fluorine atoms, and indicator variable representing the
sulfonyluriedo moiety. The sign of the regression coeffi-
cient of the topological descriptors 1vV and 3Ka in model
1 is particularly interesting as the topological descriptor
1vV advocates for the increase in branching and increase
in heteroatom content in the molecule for MMP-1 inhib-
itory potency whereas the descriptor 3Ka stress on the
importance of branching at the extremal part of the

on calculated by using the QSAR models
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activity


4.591 4.824 4.536 4.824 4.845


4.874 4.795 4.864 4.721 4.769


4.925 4.854 4.852 4.677 4.875


4.733 4.824 4.720 4.698 4.874


4.803 4.677 4.810 4.795 4.868


4.865 4.745 4.879 4.854 4.864


4.653 4.698 4.623 4.824 4.751


4.697 4.745 4.699 4.886 4.862


4.704 4.745 4.699 4.921 4.860


4.653 4.854 4.624 4.824 4.865


4.868 5.000 4.914 4.795 4.752


5.641 5.698 5.637 5.301 4.896


5.670 5.301 5.626 5.045 4.797


4.792 4.769 4.836 4.824 4.886


4.715 4.677 4.705 4.854 4.864


4.665 4.537 4.645 4.769 4.547


4.513 4.356 4.453 4.455 4.548


4.564 4.275 4.517 4.397 4.559


4.647 4.301 4.617 4.366 4.581


4.553 5.000 4.504 5.045 5.055


4.505 4.346 4.446 4.444 4.686


4.335 4.397 4.248 4.602 4.218


5.229 5.397 5.708 5.522 5.365
a 6.523 5.779 6.698 a


a 6.397 5.657 6.523 a


5.323 5.301 5.825 5.397 5.294


5.272 5.155 5.775 5.155 5.415


del 5.
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Figure 3. Graphical plot between predicted and observed activity


values for model 2.
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Figure 4. Graphical plot between predicted and observed activity


values for model 3.
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Figure 5. Graphical plot between predicted and observed activity


values for model 4.
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molecule for MMP-1 inhibition. Given the nature of the
substituents in the phenyl ring, it is more likely that the
valence molecular connectivity index of first order 1vV


characterizes the heteroatom content rather than the
connectivity of substituent atoms. Thus, it may be apt
to conclude that increase in the number of heteroatoms
in the molecule and branching of the substituents in the
phenyl ring is conducive for MMP-1 inhibition by 5-
amino-2-mercapto-1,3,4-thiadiazole derivatives.


It is worth mentioning here that the descriptor a_nF,
which represents the number of fluorine atoms in the mol-
ecule, appears to positively influence the binding affinity
of the molecules to all the matrix metalloproteases
(MMP-1, -2, -8, -9), except for bacterial collagenase
ChC. However, the magnitude of contribution of descrip-
tor a_nF differs with different MMPs as indicated by the
magnitude of the regression coefficient in the generated
models. The order of MMP inhibitory activity of title
compounds may be given as MMP-8 > MMP-9 >
MMP-2 > MMP-1. The finding suggests that increase in
the number of fluorine atoms in the 5-amino-2-mercap-
to-1,3,4-thiadiazole derivatives will impart selectivity
for MMP-8, MMP-9, and MMP-2 over MMP-l as they
are more likely to be influenced by the increase in number
of fluorine atoms in the molecule. Further, it is also ob-
served from the correlations Eqs. 1–5 that presence of
sulfonyluriedo moiety (indicator variable I) in the 5-ami-
no-2-mercapto-1,3,4-thiadiazole derivatives seems to
preferentially effect MMP-2, MMP-8, and MMP-9 inhi-
bition whereas it has no effect on MMP-1 inhibition.
The finding could be of clinical relevance as recent studies
have suggested that side effects owing to non-selective
MMP inhibition (collectively termed as musculoskeletal
syndrome) arise from the inhibition of MMP-1 owing
to its presumed role in the normal turnover of extracellu-
lar matrix in connective tissue.31 Thus, presence of sulf-
onyluriedo moiety and increase in the number of
fluorine atoms may impart the much-needed selectivity
for MMP-2, MMP-8, and MMP-9 over MMP-1.


Although, generation of QSAR models with good statis-
tical significance is of paramount importance, the
models should also exhibit good predictive ability. The
predictive ability of the models was gauged by a cross-
validation procedure following a leave-one-out scheme.
All the models exhibit high q2 and low SPRESS and SDEP
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Figure 2. Graphical plot between predicted and observed activity


values for model 1.
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Figure 6. Graphical plot between predicted and observed activity


values for model 5.
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values reflecting their good predictive potential and the
best being recorded for model 3 (MMP-8). Furthermore,
a comparison was made between the experimental activ-
ity values and predicted activity values calculated by
using the obtained models in Table 5 and graphical rep-
resentation of the same are depicted in Figures 2–6. This
comparison together with the graphical plot provides
ample evidence for the good predictive potential of the
models generated for modeling MMP inhibitory activity
of thiadiazoles.


The present study gives rise to quantitative models to be
capable of good prediction of MMP inhibition by
5-amino-2-mercapto-1,3,4-thiadiazole derivatives. In
addition to good predictivity, the analysis of the regres-
sion models also gives an insight into the characteristic
features of the inhibitor molecules that influences the
binding affinity for the MMPs. The results of the QSAR
study suggest a possibility that the increase of fluorine
atoms increases inhibitory potency of thiadiazole deriv-
atives against respective MMPs with preferential order
as MMP-8 > MMP-9 > MMP-2 > MMP-1. Further-
more, branching at the molecular terminus is found to
enhance the inhibitory potency of the 5-amino-2-mer-
capto-1,3,4-thiadiazole derivatives against all the
MMPs, except for bacterial collagenase ChC, whereas
increase in the overall branching and in the heteroatoms
content in the molecule is found to be beneficial for
MMP-1 and ChC inhibition. Additionally, incorpora-
tion of sulfonyluriedo moiety in the molecules spares
MMP-1 while inhibiting other MMPs, a finding that
might be of significance for designing MMP inhibitors
with lesser side effects.
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Jagabandhu Das,* Joseph A. Furch, Chunjian Liu, Robert V. Moquin, James Lin, Steven H. Spergel,
Kim W. McIntyre, David J. Shuster, Kathleen D. O�Day, Becky Penhallow, Chen-Yi Hung,
Arthur M. Doweyko, Amrita Kamath, Hongjian Zhang, Punit Marathe, Steven B. Kanner,
Tai-An Lin, John H. Dodd, Joel C. Barrish and John Wityak


N


S S
N
H


O


H
N


OMe


Me


Me
Me


Me
             3
Itk IC50 =  19 nM
Jurkat IL-2 I50 = 250 nM


Me


N


O


N Me


O
A series of structurally novel aminothiazole based small molecule inhibitors of


Itk were prepared to elucidate their structure–activity relationships (SARs),


selectivity, and cell activity in inhibiting IL-2 secretion in a Jurkat T-cell assay.


Compound 3 is identified as a potent and selective Itk inhibitor which inhibits


anti-TCR antibody induced IL-2 production in mice in vivo and was previously


reported to reduce lung inflammation in a mouse model of ovalbumin induced


allergy/asthma.


Potent hFPRL1 (ALXR) agonists as potential anti-inflammatory agents pp 3713–3718


Roland W. Bürli,* Han Xu, Xiaoming Zou, Kristine Muller, Jennifer Golden,
Mike Frohn, Matthew Adlam, Matthew H. Plant, Min Wong, Michele McElvain,
Kelly Regal, Vellarkad N. Viswanadhan, Philip Tagari and Randall Hungate
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R1, R4: aryl
R2, R3: alkyl


The discovery of potent agonists for the human formyl-peptide-like 1 receptor (hFPRL1) is reported. Recent studies have indicated


that agonizing this receptor may promote resolution of inflammation. Following oral administration, a representative compound


showed efficacy in a mouse ear inflammation model.


Inactivation of GABA transaminase by 4-acryloylphenol pp 3719–3722


Yun-Hai Tao, Hui-Bi Xu and Xiang-Liang Yang*
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Possible mechanism of inactivation of GABA-T by 4-acryloylphenol.


Design of cyclic peptides with agonist activity at melanocortin receptor-4 pp 3723–3726


Takenao Odagami, Yuko Tsuda,* Yuji Kogami, Hiroyuki Kouji and Yoshio Okada
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The synthesis of the potent hMC-4R agonist 2 (ED50 = 15.4 nM) is reported.


Contents / Bioorg. Med. Chem. Lett. 16 (2006) 3621–3634 3625







Novel class of cyclophosphamide prodrug: Cyclophosphamide spiropiperaziniums (CPSP) pp 3727–3730


Qi Sun, Run-Tao Li, Wei Guo, Jing-Rong Cui,* Tie-Ming Cheng and Ze-Mei Ge*
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Radical scavenging activities of a-alanine C60 adduct pp 3731–3734


Tao Sun* and Zhude Xu
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Water-soluble a-alanine C60 adduct showed an excellent efficiency in eliminating


superoxide anion and hydroxyl radical. The 50% inhibiting concentration (IC50) for


superoxide anion was 184 lg/mL by spectrophotometry and 292 lg/mL by chemilu-


minescence. The IC50 for hydroxyl radical was 42 lg/mL. In different test systems, the
results showed that a-alanine C60 adduct had comparable radical scavenging abilities as
thiourea and ascorbic acid.


Discovery of 3,5-bis(trifluoromethyl)benzyl LL-arylglycinamide based potent CCR2 antagonists pp 3735–3739


Lihu Yang,* Changyou Zhou, Liangqin Guo, Gregori Morriello, Gabor Butora,
Alexander Pasternak, William H. Parsons, Sander G. Mills, Malcolm MacCoss,
Pasquale P. Vicario, Hans Zweerink, Julia M. Ayala, Shefali Goyal,
William A. Hanlon, Margaret A. Cascieri and Marty S. Springer
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Extensive SAR of a screening hit resulted in a new series of potent and selective CCR2 receptor antagonists.


Identification of a novel 3,5-disubstituted pyridine as a potent,
selective, and orally active inhibitor of Akt1 kinase


pp 3740–3744


Sheela A. Thomas,* Tongmei Li, Keith W. Woods, Xiaohong Song, Garrick Packard,
John P. Fischer, Robert B. Diebold, Xuesong Liu, Yan Shi, Vered Klinghofer,
Eric F. Johnson, Jennifer J. Bouska, Amanda Olson, Ran Guan, Shayna R. Magnone,
Kennan Marsh, Yan Luo, Saul H. Rosenberg, Vincent L. Giranda and Qun Li
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Based on lead compounds 2 and 3 a series of 3,5-disubstituted pyridines have been


designed and evaluated for inhibition of AKT/PKB. Modifications at the 3 position of


the pyridine ring led to a number of potent compounds with improved physical


properties, resulting in the identification of 11g as a promising, orally active AKT


inhibitor. The synthesis, structure–activity relationship studies, and pharmacokinetic


data are presented in this paper.
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DNA sequence recognition by Hoechst 33258 conjugates of hairpin pyrrole/imidazole polyamides pp 3745–3750


Bryan J. Correa, Daniele Canzio, Alexandra L. Kahane, Putta Mallikarjuna Reddy
and Thomas C. Bruice*
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Identification of potent 5-pyrimidinyl-2-aminothiazole CDK4,
6 inhibitors with significant selectivity over CDK1, 2, 5, 7, and 9


pp 3751–3754


Tadashi Shimamura, Jun Shibata, Hideki Kurihara, Takashi Mita, Sachie Otsuki,
Takeshi Sagara, Hiroshi Hirai and Yoshikazu Iwasawa*
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Compound 4


A novel series of CDK4, 6 selective inhibitors with a 5-pyrimidinyl-2-aminothiazole


scaffold was identified. Especially, compound 4 exhibited significant selectivity for


CDK4, 6 over CDK1, 2, 5, 7, and 9. Compound 4 also inhibited pRb phosphorylation


and BrdU incorporation in tumor models.


Preparation of 1-(4-methoxyphenyl)-1H-pyrazolo[4,3-d]pyrimidin-7(6H)-ones as potent,
selective and bioavailable inhibitors of coagulation factor Xa


pp 3755–3760


John M. Fevig,* Joseph Cacciola, Joseph Buriak Jr., Karen A. Rossi, Robert M. Knabb,
Joseph M. Luettgen, Pancras C. Wong, Stephen A. Bai, Ruth R. Wexler and Patrick Y.S. Lam
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Previously, potent factor Xa inhibitors were described based on a pyrazole core. This manuscript will describe the synthesis and


biological activity of factor Xa inhibitors containing the 1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one and related bicyclic cores. Many of


these compounds are potent, selective and orally bioavailable inhibitors of coagulation factor Xa.


Evaluations of substrate specificity and inhibition at PR/p3 cleavage site of HTLV-1 protease pp 3761–3764


Hiromi Naka, Kenta Teruya, Jeong Kyu Bang, Saburo Aimoto, Tadashi Tatsumi,
Hiroyuki Konno, Kazuto Nosaka and Kenichi Akaji*
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PR/p3 cleavage site


Core sequences necessary for substrate recognition and its inhibition at the PR/p3 site of HTLV-1 protease were clarified.
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Synthesis of a potential photoactivatable anandamide analog pp 3765–3768


Laurence Balas,* Maria Grazia Cascio, Vincenzo Di Marzo and Thierry Durand
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A potential photoreactive analog of anandamide was synthesized via selective hydrogenation of a skipped tetrayne intermediate.


This compound might be a useful tool to search for new cannabinoid receptors.


Markedly enhancing lipase-catalyzed synthesis of nucleoside drugs� ester by using a mixture system
containing organic solvents and ionic liquid


pp 3769–3771


Bo Kai Liu, Na Wang, Zhi Chun Chen, Qi Wu and Xian Fu Lin*
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Eightfold higher yields and three times faster reaction rates in lipase-catalyzed nucleoside drugs� ester synthesis were achieved by
means of using a mixture solvent system composed of 90% acetone and 10% [BMIM]BF4.


Putative therapeutic agents for the learning and memory deficits of people with Down syndrome pp 3772–3776


Nam Doo Kim, Jeonghyeok Yoon, Jung Ho Kim, Jung Tae Lee, Yong Sog Chon,
Mi-Kyung Hwang, Ilho Ha* and Woo-Joo Song*


A novel series of DYRK1A inhibitors were identified by combination of in silico screening, in vitro assay, and cell-based screenings.


Array synthesis of progesterone receptor antagonists: 3-Aryl-1,2-diazepines pp 3777–3779


Robert W. Wiethe, Eugene L. Stewart, David H. Drewry, David W. Gray,
Abdul Mehbob and William J. Hoekstra*
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Bivalent inhibitors of glutathione S-transferase: The effect of spacer length on isozyme selectivity pp 3780–3783


Dean Y. Maeda,* Sumit S. Mahajan, William M. Atkins and John A. Zebala
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Bivalent inhibitors based on ethacrynic acid (EA) were synthesized and evaluated for inhibition of glutathione S-transferase (GST)


A1-1 and GST P1-1.


Design and synthesis of orally active pyrrolidin-2-one-based factor Xa inhibitors pp 3784–3788


Nigel S. Watson,* David Brown, Matthew Campbell, Chuen Chan, Laiq Chaudry,
Máire A. Convery, Rebecca Fenwick, J. Nicole Hamblin, Claudine Haslam,
Henry A. Kelly, N. Paul King, Cynthia L. Kurtis, Andrew R. Leach,
Gary R. Manchee, Andrew M. Mason, Charlotte Mitchell, Champa Patel,
Vipulkumar K. Patel, Stefan Senger, Gita P. Shah, Helen E. Weston,
Caroline Whitworth and Robert J. Young
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The synthesis is reported of the potent, selective fXa inhibitor 24 which shows highly


encouraging rat and dog pharmacokinetic profiles and excellent oral bioavailability.


3-Benzimidazol-2-yl-1H-indazoles as potent c-ABL inhibitors pp 3789–3792


Christopher M. McBride, Paul A. Renhowe, Thomas G. Gesner, Johanna M. Jansen,
Julie Lin, Sylvia Ma, Yasheen Zhou and Cynthia M. Shafer*
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The 3-benzimidazol-2-yl-1H-indazole scaffold was developed for our receptor tyrosine kinase (RTK) inhibitor


program. In exploring the SAR of this series, a subset of these compounds were found to potently inhibit the enzyme


c-ABL. The SAR of these compounds is described.


Binding of methoxy-substituted N1-benzenesulfonylindole analogs at human 5-HT6 serotonin receptors pp 3793–3796


Uma Siripurapu, Renata Kolanos, Małgorzata Dukat, Bryan L. Roth and Richard A. Glennon*
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Indole analog 12c (Ki = 0.8 nM) binds with high affinity at 5-HT6 serotonin receptors; the presence of the methoxy groups results in


enhanced affinity and might make an electronic contribution to binding. In contrast, 1,2,3,4-tetrahydrocarbazoles failed to behave in


a similar manner and introduction of the methoxy groups resulted in decreased affinity (11c; Ki = 210 nM).
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Association studies of aggregated aqueous lutein diphosphate with human serum albumin and a1-acid
glycoprotein in vitro: Evidence from circular dichroism and electronic absorption spectroscopy


pp 3797–3801


Ferenc Zsila, Geoff Nadolski and Samuel F. Lockwood*


Lutein diphosphate salt (LdP) retains the spectroscopic characteristics of


natural source lutein in organic solvent, and forms H- and J-type aggregates in


aqueous solution—without evidence of stoichiometric binding to human serum


albumin (HSA) in vitro.


Nanomolar inhibition of the enterobactin biosynthesis enzyme, EntE: Synthesis,
substituent effects, and additivity


pp 3802–3805


Brian P. Callahan,* Joseph V. Lomino and Richard Wolfenden


Facile synthesis and application of uniformly 13C, 15N-labeled phosphotyrosine for ligand
binding studies


pp 3806–3808


Adriaan W. Tuin, Gregg Siegal, Gijsbert A. van der Marel,
Herman S. Overkleeft and Dmitri V. Filippov*
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NMR binding studies


Design, synthesis and evaluation of novel uracil amino acid
conjugates for the inhibition of Trypanosoma cruzi dUTPase


pp 3809–3812


Orla K. Mc Carthy, Alessandro Schipani, Alex Musso Buendı́a,
Luis M. Ruiz-Perez, Marcel Kaiser, Reto Brun, Dolores González Pacanowska
and Ian H. Gilbert*


We report the in silico design and subsequent synthesis and biological evaluation of a


novel class of uracil acetamide derivatives as potential anti-parasitic compounds.
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Novel c-secretase inhibitors discovered by library screening of in-house synthetic natural
product intermediates


pp 3813–3816


Yasuko Takahashi, Haruhiko Fuwa, Akane Kaneko, Makoto Sasaki, Satoshi Yokoshima,
Hifumi Koizumi, Tohru Takebe, Toshiyuki Kan, Takeshi Iwatsubo,* Taisuke Tomita,
Hideaki Natsugari* and Tohru Fukuyama*
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3D QSAR studies of N-4-arylacryloylpiperazin-1-yl-phenyl-oxazolidinones: A novel class
of antibacterial agents


pp 3817–3823


B.B. Lohray,* Neha Gandhi, Brijesh Kumar Srivastava and Vidya Bhushan Lohray
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Three-dimensional QSAR studies for N-4-arylacryloylpiperazin-1-yl-phenyl-oxazolidinones were conducted using TSAR 3.3. The in


vitro activities (MICs) of the compounds against Staphylococcus aureus ATCC 25923 exhibited a strong correlation with the


prediction made by the model developed in the present study.


Synthesis and antibacterial evaluation of ureides of Baylis–Hillman derivatives pp 3824–3828


Somnath Nag, Richa Pathak, Manish Kumar, P.K. Shukla and Sanjay Batra*
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The antibacterial activity of the (thio)ureas and 4-imino-3,4-dihydro-1H-pyrimidin-2-ones obtained from acetyl derivatives of


Baylis–Hillman adducts is reported.


Efforts toward oral bioavailability in factor VIIa inhibitors pp 3829–3832


Dange Vijaykumar,* Roopa Rai, Michael Shaghafi, Tony Ton, Steve Torkelson, Ellen M. Leahy,
Jennifer R. Riggs, Huiyong Hu, Paul A. Sprengeler, William D. Shrader, Colin O�Bryan, Ronnell Cabuslay,
Ellen Sanford, Erik Gjerstadt, Liang Liu, Juthamas Sukbuntherng and Wendy B. Young
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Efforts toward developing orally bioavailable factor VIIa inhibitors starting from parenteral lead compound 1 are described. SAR


resulted in compound 11 with improved physicochemical properties, leading to enhanced oral absorption in rat.
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Inhibitors of HCV NS5B polymerase: Synthesis and structure–activity relationships of N-1-benzyl
and N-1-[3-methylbutyl]-4-hydroxy-1,8-naphthyridon-3-yl benzothiadiazine analogs
containing substituents on the aromatic ring


pp 3833–3838


Todd W. Rockway,* Rong Zhang, Dachun Liu, David A. Betebenner, Keith F. McDaniel,
John K. Pratt, David Beno, Debra Montgomery, Wen W. Jiang, Sherie Masse, Warren M. Kati,
Tim Middleton, Akhteruzzaman Molla, Clarence J. Maring and Dale J. Kempf
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3-Substituted gem-cyclohexane sulfone based c-secretase inhibitors for Alzheimer�s disease:
Conformational analysis and biological activity


pp 3839–3842


Richard A. Jelley,* Jason Elliott, Karl R. Gibson, Timothy Harrison, Dirk Beher,
Earl E. Clarke, Huw D. Lewis, Mark Shearman and Jonathan D.J. Wrigley
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The synthesis, biological activity and conformational analysis of 3-substituted gem-cyclohexanes based on 1 have provided


compounds with high c-secretase activity.


Privileged structure based ligands for melanocortin receptors—4,4-Disubstituted piperidine derivatives pp 3843–3846


Steven L. Kuklish,* Ryan T. Backer, Karin Briner, Christopher W. Doecke, Saba Husain,
Jeffrey T. Mullaney, Paul L. Ornstein, John M. Zgombick, Thomas P. O�Brien and Matthew J. Fisher
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QSAR analysis of some 5-amino-2-mercapto-1,3,4-thiadiazole based inhibitors of matrix
metalloproteinases and bacterial collagenase


pp 3847–3854


Ashutosh Jamloki, C. Karthikeyan, N.S. Hari Narayana Moorthy and P. Trivedi*
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A quantitative structure–activity relationship (QSAR) study on 5-amino-2-mercapto-1,3,4-thiadiazole derivatives was performed to


gain structural insight into the binding mode of the molecules to matrix metalloproteinases and bacterial collagenase.
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Neurotrophic peptide aldehydes: Solid phase synthesis of fellutamide B and a simplified analog pp 3855–3858


John S. Schneekloth Jr., John L. Sanders, John Hines and Craig M. Crews*


A total synthesis of the naturally occurring lipopeptide aldehyde fellutamide B and a simplified analog is reported. Both the natural


product and the analog showed potent cytotoxicity and activity in an NGF induction assay.


Cyclobutane derivatives as potent NK1 selective antagonists pp 3859–3863


Michelle Laci Wrobleski, Gregory A. Reichard, Sunil Paliwal, Sapna Shah, Hon-Chung Tsui,
Ruth A. Duffy, Jean E. Lachowicz, Cynthia A. Morgan, Geoffrey B. Varty and Neng-Yang Shih*
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The discovery of a novel series of cyclobutane derivatives 3 as potent and orally active NK1 selective antagonists is reported.


Crystal structure, spectroscopic, and biological study of the copper(II) complex with third-generation
quinolone antibiotic sparfloxacin


pp 3864–3867


Eleni K. Efthimiadou, Yiannis Sanakis, Catherine P. Raptopoulou,
Alexandra Karaliota, Nikos Katsaros and George Psomas*


The synthesis, spectroscopic study, crystal structure, and biological


activity of the mononuclear Cu(II) complex with the third-generation


quinolone sparfloxacin are reported.
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View of the crystal structure of the DB819-d(CGCGAATTCGCG)2 complex, looking down the minor groove of the DNA (see


Campbell, N.H.; Evans, D.A.; Lee, M.P.H.; Parkinson, G.N.; Neidle, S. Bioorg. Med. Chem. Lett. 2006, 16, 15.). The DB819


molecule is shown in space-filling mode. Visualisation produced with the VMD program. [Humphrey, W.; Dalke, A.; Schulten, K.


J. Mol. Graphics 1996, 14, 33.]
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B. Imperiali, Cambridge, MA


K. Janda, La Jolla, CA


W. L. Jorgensen, New Haven, CT


A. R. Katritzky, Gainesville, FL


J. Kelly, La Jolla, CA


P. Krogsgaard-Larsen, Copenhagen


R. A. Lerner, La Jolla, CA


H. Liu, Austin, TX


D. Mansuy, Paris


A. McKillop, Northumberland


B. W. Metcalf, King of Prussia, PA


R. Metternich, Berlin


S. Mignani, Vitry-sur-Seine


L. A. Mitscher, Lawrence, KS


W. H. Moos, San Diego, CA


K. Mori, Tokyo


K. C. Nicolaou, La Jolla, CA


H. L. Pearce, Indianapolis, IN


C. D. Poulter, Salt Lake City, UT


J. Rebek, Jr., La Jolla, CA


B. Samuelsson, Stockholm


J. Saunders, San Diego, CA


S. L. Schreiber, Cambridge, MA


P. G. Schultz, Berkeley, CA


K. Shokat, San Francisco, CA


R. Silverman, Evanston, IL


J. Stubbe, Cambridge, MA


G. L. Verdine, Cambridge, MA


C. T. Walsh, Boston, MA


P. A. Wender, Stanford, CA


G. Whitesides, Cambridge, MA


R. V. Wolfenden, Chapel Hill, NC


PUBLISHED TWICE MONTHLY


Orders, claims, and journal enquiries: please contact the Customer Service Department at the Regional Sales Office nearest you:


Orlando: Elsevier, Customer Service Department, 6277 Sea Harbor Drive, Orlando, FL 32887-4800, USA; phone: (+1) (877) 8397126 [toll free number for US customers],


or (+1) (407) 3454020 [customers outside US]; fax: (+1) (407) 3631354; e-mail: usjcs@elsevier.com


Amsterdam: Elsevier, Customer Service Department, PO Box 211, 1000 AE Amsterdam, The Netherlands; phone: (+31) (20) 4853757; fax: (+31) (20) 4853432;


e-mail: nlinfo-f@elsevier.com


Tokyo: Elsevier, Customer Service Department, 4F Higashi-Azabu, 1-Chome Bldg, 1-9-15 Higashi-Azabu, Minato-ku, Tokyo 106-0044, Japan; phone: (+81) (3) 5561


5037; fax: (+81) (3) 5561 5047; e-mail: jp.info@elsevier.com


Singapore: Elsevier, Customer Service Department, 3 Killiney Road, #08-01 Winsland House I, Singapore 239519; phone: (+65) 63490222; fax: (+65) 67331510;


e-mail: asiainfo@elsevier.com


� 2006 Elsevier Ltd.








Bioorganic & Medicinal Chemistry Letters 16 (2006) 3772–3776

Putative therapeutic agents for the learning and memory
deficits of people with Down syndrome


Nam Doo Kim,a Jeonghyeok Yoon,a Jung Ho Kim,b Jung Tae Lee,b Yong Sog Chon,b


Mi-Kyung Hwang,b Ilho Hac,* and Woo-Joo Songc,*


aResearch Center IDRTech Inc., 3rd FL., Chosun Refractory Building, 4-1, Sunae-Dong, Bundang-Ku,


Sungnam-Shi, Kyunggi-Do 463-825, South Korea
bHanwha Chemical R&D Center, #6 Shinsung-Dong, Yusung-Gu Daejeon 305-804, South Korea


cGraduate Program in Neuroscience and Institute for Brain Science and Technology (IBST), Inje University,


Hanwha Chemical CC R&D Building, #6 Shinsung-Dong, Yusung-Gu, Daejeon 305-804, South Korea


Received 20 December 2005; revised 30 March 2006; accepted 18 April 2006


Available online 12 May 2006

Abstract—Mental retardation is the most common and debilitating condition for individuals with Down syndrome (DS). The
hyper-activation of DYRK1A by overexpression causes significant learning and memory deficits in DS-model mice. Thus far, no
mechanism-based drug has been developed to address this. After a combination of in silico and in vitro screenings, two DYRK1A
inhibitors were isolated that are active in a cell-based assay. Further optimization could lead to a novel drug discovery that could
address DS learning and memory deficits.
� 2006 Elsevier Ltd. All rights reserved.

Down syndrome (DS) resulting from the presence of an
extra copy of human chromosome 21 is the most
common genetic disorder in human, with a frequency
of one in 800 live births.1 Among various phenotypes
related to this disorder, mental retardation is a major
factor in preventing these patients from leading fully
independent lives in their early to middle-age years.2


Until recently, no mechanism-based drug targeting the
responsible gene(s)/protein(s) for the mental retardation
has been developed. A few drugs for Alzheimer’s disease
were tried for DS patients, but the results were contro-
versial.3 Due to efforts in isolating the gene(s) responsi-
ble for DS mental retardation, the DYRK1A gene was
isolated.4 The DYRK1A protein plays a critical role in
neurodevelopment and becomes active by autophospho-
rylation at the Tyr 321 residue. Transgenic mice over-
expressing the DYRK1A protein showed significant
hippocampal-dependent learning and memory deficits
in a kinase activity-dependent manner.5 In the present
study, an initial attempt to discover a mechanism-based
drug to treat DS learning and memory deficits by the
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combination of in vitro and in vivo screenings is
reported.


The DYRK1A model was constructed based on the
crystal structure of the glycogen synthase kinase-3 beta
(GSK-3b) as a template (pdb accession code: 1q3w).6


In a previous study, Himpel et al. described a structural
model of DYRK1A that was built based on the homol-
ogy of the phosphorylated MAP kinase extracellular
signal-regulated kinase 2 (ERK2).7 They showed that
the activation loop of DYRK1A was very similar to
the known structure of the activated ERK2. However,
the overall sequence identities between ERK2 and
DYRK1A are about 29% which is lower than GSK-3b
(34%). Therefore, it is considered that the present
homology model of DYRK1A is more suitable for the
in silico screening study. A 3-dimensional (3D) model
structure of the kinase domain of DYRK1A was built
by using the HOMOLOGY module of InsightII. It
was further refined by using Discover version 2.98 of
InsightII.8 The overall model of the kinase domain of
DYRK1A was well conserved as that of GSK-3b.
However, the activation loop of DYRK1A is shorter
than the template structure of GSK-3b.


For the in silico screening of inhibitors for the DYR-
K1A autophosphorylation, the ATP binding site of
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DYRK1A was examined. An analysis of the binding
model shows that the most important interactions are
the hydrogen bondings between the backbones of Glu
239, Leu 240 and the adenine moiety of ATP (Fig. 1).
The analysis shows that the hydrophobic interactions
of Ile 165, Val 173, Leu 294, Val 306 and the hydrogen
bonding interactions of Asn 244 of the DYRK1A side
chains are also important. For these reasons, pharmaco-
phore of the DYRK1A ATP binding site that possibly
inhibits the catalytic site of DYRK1A was analyzed
using PharmoMapTM, IDRTech Inc’s in-house software
package for structure-based in silico screening.9 The
constructed PharmoMapTM is the feature-based
pharmacophore in which the pharmacophoric points
are represented by chemical features, such as hydrogen
bond acceptors/donors or hydrophobic features.
The pharmacophore map was generated using
PharmoMapTM for structure-based in silico screening.


The pharmacophore models were employed as search
queries to identify DYRK1A catalytic site target
inhibitors from a 3D small molecule database, which is
commercially available multi-conformer 3D database
of 3.6 million compounds (PharmoLibTM). The in silico
screening for DYRK1A ATP binding pocket was car-
ried out using the PharmoScanTM system, a structure-
based in silico screening tool developed by IDRTech
Inc. Compounds that exhibited unfavorable interactions
with the binding site or adopted unrealistic
conformations were filtered out during the pharmaco-
phore mapping into the ATP binding site of DYRK1A.


Final 182 compounds were selected for an in vitro
DYRK1A inhibition assay.10 Two types of inhibition
assays were performed; autophosphorylation of Dyrk1A
and phosphorylation of substrate. Dyrk1A activity is
dependent on the phosphorylation of the tyrosine 321
residue in the activation loop for activation. And

Figure 1. Pharmacophore model of the DYRK1A active site with ATP


was generated by PharmoMapTM. The blue and red arrows denote


hydrogen bond donors and acceptors, respectively. The black circles


denote the hydrophobic interaction sites. HA1 and 2, hydrogen bond


acceptors; and HD1 and 2, hydrogen bond donors.

Dyrk1A activity can be inhibited by blocking autophos-
phorylation.4 Another way to lower the Dyrk1A activity
is to inhibit the kinase activity by blocking the ATP
binding site. Results of the inhibition activity are
summarized in Table 1.


Eleven compounds showed an inhibition activity in the
in vitro DYRK1A autophosphorylation assay, with an
IC50 (concentration for 50% inhibition) ranging from
2.5 to 50 lM. Inhibition by 10 lM roscovitine used as
an internal control was 63% which was comparable with
the result (85%) reported by Bain et al.11 Most of the
tested compounds in the present study showed the
similar inhibition activity in two different assays.
However, compounds 2 and 8 exhibited no or little
inhibition, while compounds 1 and 4 showed higher
inhibition when the phosphorylation of DYRKtide
was measured. The difference may come from the differ-
ent inhibition mechanisms between autophosphoryla-
tion (tyrosine kinase) and phosphorylation of serine/
threonine as described by Lochhead et al.12


A cell-based assay was performed to test if the com-
pounds with inhibition activity from the in vitro assay
could go into the cell and inhibit the autophosphoryla-
tion of the Dyrk1A protein (Fig. 2).13 Among the test-
ed compounds, compounds 9 and 10 showed the
consistent phosphorylation inhibition activity with
IC50 of 200 and 100 lM, respectively (n > 6,
p < 0.01). The higher IC50 concentrations in the cell-
based assay comparing with those needed for the
50% inhibition in vitro may be due to the penetration
of compound into cells and/or high concentration of
ATP in the cells.


The compound 10 was the most active in in vitro and
cell-based assays. The plausible docking model of
compound 10 for further optimization was investigated.
For the docking model of compound 10, the affinity
module of InsightII was used. The docking protocol
was based on the Monte Carlo grid docking methodol-
ogy. The initial binding model of compound 10 was
matched with the pharmacophore map of the DYRK1A
catalytic site. All of the default parameters were used.
One thousand minimization steps were applied to the fi-
nal structure, and the active pocket of the receptor was
defined as residues 3.5 Å from compound 10. The poten-
tial of the complex was assigned according to the CVFF
(consistent valence force field). Non-bonding interac-
tions were used for the group-based approach. Finally,
the docked complexes of DYRK1A with compound 10
were selected according to the criteria of the interaction
energy and the lower root mean square (RMS) deviation
from the feature-based pharmacophore map.


Figure 3 shows the refined docking model of compound
10 with DYRK1A. The docking model indicated that
NH and C@O groups of the compound 10 tightly bind
to the backbones of Glu 239 and Met 240 of DYRK1A,
respectively. The 3-methoxy-4-hydroxy phenyl moiety of
compound 10 interacts with Leu 294 and Ile 165 residues
of DYRK1A, and the 3,4-dichloro phenyl moiety forms
a contact with the Phe 238, Val 173, and Val 306 resi-







Table 1. The inhibition of Dyrk1A by selected compounds


Compound Structure IC50 of autophosphorylation (lM) % inhibition at 10 lM (n = 4, mean ± SD)


1 >50 74 ± 5


2 20 No inhibition


3 >50 25 ± 1


4 50 51 ± 6


5 50 13 ± 2


6 10 52 ± 4


7 50 12 ± 2


8 5 8 ± 2


9 5 41 ± 4


10 2.5 82 ± 6


11 20 43 ± 1


Roscovitine 5 63 ± 2


Inhibition of autophosphorylation is shown as IC50, while inhibition of kinase activity is shown as mean of four determinations ±SD.
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Figure 3. Refined docking model of compound 10 with DYRK1A.


The dashed lines denote hydrogen-bonding interactions.


Figure 2. A representative cell-based assay. DMSO (final concentra-


tion, 1%) used for compound suspension and roscovitine (100 lM)


were a negative and a positive controls, respectively. The treated


compound concentration was as follows: compound 2 (200 lM);


compound 10 (200 lM); compound 5 (50 lM); compound 8 (100 lM).


Table 2. Inhibition of protein kinases by compounds 9 and 10


Protein kinase Compound 9 Compound 10


Abl 96 ± 4 94 ± 2


CaMKII 98 ± 2 72 ± 3


CDK2/cyclinA 96 ± 1 90 ± 6


CDK5/p35 104 ± 7 99 ± 3


CK2 110 ± 2 61 ± 2


CLK3 11 ± 1 36 ± 2


DYRK2 77 ± 0 59 ± 2


GSK3b 47 ± 1 69 ± 0


JNK3 98 ± 2 86 ± 3


Lck 113 ± 2 105 ± 1


MAPK2 138 ± 1 122 ± 5


PKA 104 ± 3 107 ± 7


PKCa 83 ± 0 78 ± 1


PRAK 69 ± 1 71 ± 6


SAPK2a 101 ± 4 112 ± 2


The concentrations for compound and ATP used are 10 and 100 lM,


respectively, in all assays. Results are presented as the kinase activity as


a percentage of the control incubations (means of duplicate determi-


nations ±SD). All kinases are originated from human except rat


CaMKII.
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dues. Additionally, compound 10 forms a hydrogen-
bonding interaction with the Glu 291 residue.


We also tested the inhibition activity of compounds 9
and 10 for 15 other well-characterized kinases
(Table 2).14 DYRK2 was chosen to represent the
DYRK family, and cdc-like kinase 3 (CLK3) was to rep-
resent a protein from neighboring branch of the dendro-
gram constructed by Becker and Joost.15 GSK3b and
CK2 were chosen since they were from the next closest
main branch of the dendrogram. The kinase assay for
these proteins will indicate how specific the compounds
are. The rest of the proteins tested were selected to rep-
resent kinases from the core panel described by Davies
et al., and from structure–activity relationship-based
and sequence-based kinase groups described by Vieth
et al.16 As expected from their close relationship to
DYRK1A, inhibition of the tested compounds for
CLK3 and DYRK2 was noticeable. Compounds 9 and
10 for CLK3 showed 89% and 64% inhibition at
10 lM, respectively. Compound 10 inhibits DYRK2
by 41%, while compound 9 was less inhibitory (23%).
For CK, compound 10 inhibited 49%, while compound

9 showed no inhibition. Most of the remaining protein
kinases show the inhibition of less than 30%.


Bain et al. showed that 10 lM roscovitine inhibited the
DYRK1A activity by 85%, while it did not inhibit the
activity of GSK3b, indicating that 3D structure of
ATP binding sites or inhibition mechanisms of DYR-
K1A and GSK3b could be quite different. Thus, it might
be better to consider other proteins as a Dyrk1A struc-
tural model in stead of GSK3b for further optimization
of the compounds. In addition since the inhibition by
roscovitine for more than 25 other tested kinases was
not detectable or very low, consideration of the struc-
ture of roscovitine would be useful to design the DYR-
K1A-specific inhibitor for further optimization.


In conclusion, utilizing a combination of in silico, in vi-
tro, and cell-based screenings, a novel compound inhib-
iting the DYRK1A activation was isolated. Thus far, no
drug development has been reported; although further
study and optimization are needed, it may be possible
to treat the learning and memory deficits of those with
DS by intervening in the hyper-activity of DYRK1A
resulting from the overexpression.
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The authors regret that compound S14297 was mistakenly referred to as S12947 in Table 1 and as S12497 in Ref. 18.
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DNA sequence recognition by Hoechst 33258 conjugates
of hairpin pyrrole/imidazole polyamides
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Abstract—A series of hairpin pyrrole/imidazole polyamides linked to a Hoechst 33258 (Ht) analogue (5–7) were synthesized on sol-
id-phase by adopting an Fmoc technique using a series of PyBOP/HOBt mediated coupling reactions. The dsDNA binding prop-
erties of Ht-polyamides 5–7 were determined by thermal denaturation experiments. Hairpin Ht-polyamides 5–7 bound to dsDNA
sequences 16 and 18 show DTm values that are 14–18 degrees higher than linear Ht-polyamides bound to the same sequences. All
three Ht-polyamides were found to be selective for their 9-bp match dsDNA sequences, supporting a relative stronger interaction of
an Im/Py anti-parallel dimer with an appropriately positioned G/C bp rather than sequences containing only A/T bps. In addition,
Ht-polyamides 5 and 7 showed a 20-fold preference for a properly placed G/C bp over a C/G bp, while 6 showed a 10-fold
preference.
� 2006 Elsevier Ltd. All rights reserved.

Studies indicate that low molecular weight minor groove
binding agents may bind to specific sequences of dsDNA
and influence gene expression by inhibiting the forma-
tion of key transcription factor (TF)-DNA complexes
in a target promoter region, thus impeding the binding
of RNA polymerases.1–7 The development of DNA
binding ligands capable of recognizing long sequences
with high affinity and improved sequence specificity is
essential to control a specific gene’s expression, thus cur-
ing the disease rather than simply treating the symp-
toms. Dervan and coworkers report that synthetic
polyamides consisting of N-methylpyrrole (Py) and
N-methylimidazole (Im) amino acids bind with sequence
specificities comparable to those of natural DNA bind-
ing proteins.2 Furthermore, head-to-tail linkage of such
polyamides with c-aminobutyric acid (c) provides
hairpin polyamides that mimic the 2:1 side-by-side
anti-parallel binding of the unlinked polyamides.8 The
binding affinity of these hairpin structures is 100-fold en-
hanced relative to that of the unlinked polyamides.8–14


However, attempts to inhibit the transcription of endog-
enous genes in cell lines have met with little success, pre-

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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sumably due to poor cellular uptake of these polyamides
and their inability to achieve nuclear localization.15


Recent studies have shown that the linkage of polya-
mides to minor groove binding bis-benzimidazole (bi-
Benz) dyes can recognize longer sequences of DNA
and also enhance cellular permeability.16–20 Linkage of
the biBenz dye Hoechst 33258 (Ht) fluorophore to the
six-ring hairpin pyrrole polyamide at the N-terminus
forms a Ht-polyamide (1, Fig. 1) that recognizes a 9-
bp A/T-rich site with high affinity and good selectivity.21


This Ht-polyamide binds to the 9-bp site with 1:1 stoi-
chiometry with the polyamide moiety adopting a hairpin
motif. However, the exclusively pyrrole constitution of
this Ht-polyamide limits its applications to DNA targets
containing only A/T base pairs (bp). To achieve the goal
of specifically inhibiting the expression of a misregulated
protein, minor groove binding agents must be developed
with the ability to recognize G/C bp within their other-
wise A/T-rich binding sites. A first step in that direction
called for the synthesis of imidazole-containing mole-
cules, which have been previously shown to tolerate,
and possibly prefer, a G/C bp.1–4 The exocyclic amine
of guanine presents, on the minor groove edge of a G/
C bp, a free hydrogen that can become involved in a
hydrogen bond. Crystal structures exploring the hydro-
gen bond array necessary for specific recognition of the
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Figure 1. Structures of pyrrole, imidazole Hoechst 33258-polyamides 1–4.


3746 B. J. Correa et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3745–3750

DNA-helix by pyrrole/imidazole polyamides have been
reported, providing direct confirmation of the formation
of a favorable hydrogen bond between the imidazole N3
and the exocyclic amine of guanine.22


In 2003, we reported the synthesis and study of pyrrole/
imidazole substituted Ht-polyamides 2–4, with a c-hy-
droxybutyric acid linker, capable of recognizing a G/
C bp in the 9-bp specific sequences.18 These conjugates
formed 1:1 ligand/dsDNA complexes, binding at sub-
nanomolar concentrations. Typically, the Im residues
in polyamides that bind to dsDNA in a 1:1 stoichiome-
try do not distinguish G/C from A/T, and thus bind to
all 4 bps indiscriminately, but with high affinity.23 How-
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Figure 2. Hairpin pyrrole, imidazole Ht-polyamides 5–7.

ever in this case, the Im residues in these Ht-polyamides
were found to distinguish G/C from A/T by �8-fold
magnitude.


In an effort to develop novel minor groove binding
agents with the desirable characteristics of high specific-
ity, longer binding sites, increased binding affinity and
increased probability of cellular uptake, a new class of
Ht-polypeptide dsDNA minor groove binding agents
has been designed. Replacement of the first pyrrole
in 1 with an imidazole residue produces Ht-polyamide
5 (Fig. 2). By varying the position of the imidazole
substitution, a series of imidazole-containing hairpin
polyamides (5–7) was created. The sequence selectivity
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of each polyamide was investigated by thermal denatur-
ation experiments. These novel hairpin pyrrole/imidaz-
ole Ht-polyamides maintain the sequence selectivity
demonstrated by shorter imidazole-containing conju-
gates, while the hairpin structure imparts increased
dsDNA binding affinities.


The solid-phase syntheses of conjugates 5–7 were
accomplished manually in a stepwise manner on rink
amide MBHA resin (0.5 mmol/g loading sites) by
employing Fmoc technique with a series of PyBOP/
HOBt mediated coupling reactions as described in
Scheme 1. The Fmoc-Py-OH (8), Fmoc-Im-OH (9),24


and Hoechst 33258 acid (11)25 building blocks were syn-
thesized as reported, and c-aminobutyric acid linker (10)
was purchased from Novabiochem. The solid-phase syn-
thesis of the conjugates is shown in Scheme 1. SPS syn-
thesis was accomplished using rink amide MBHA resin
(100–200 mesh) and standard Fmoc techniques.26 Cou-
pling reactions for 8 or 9 were accomplished using
2.5–3 equiv of 8 or 9, 3.75–6 equiv of HOBt, 3.75–
6 equiv of PyBOP, and 10 equiv of DIPEA in anhyd
DMF and were run for 12–24 h. High coupling yields
(70–100%) were measured by absorption at 290 nm of
deprotected Fmoc residue after treating with 20% piper-
idine/DMF solution. After each coupling, unreacted ter-
minal amines were capped with a DMF solution of
acetic anhydride and TEA. Coupling reactions for 11
were accomplished employing 3 equiv of 11, 6 equiv of
HOBt and PyBOP, and 10 equiv of DIPEA, and were
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run for 48 h. Resin cleavage was achieved in 2–4 h using
TFA containing 2.5% TIS. All final products synthe-
sized via SPS were purified via HPLC (silica, reverse
phase, C8 column) with an increasing gradient of aceto-
nitrile in 0.1% aq TFA solution and lyophilized to dry-
ness. After purification, the product was reconstituted in
a minimal amount of methanol and precipitated out of
solution by the addition of ether. Product purity was
checked by analytical RP-HPLC using the same column
and solvent system.27


Thermal denaturation experiments were employed to
investigate the dsDNA/ligand complex stabilities and se-
quence selectivities of each conjugate (Table 1).28 The
sequence selectivity of each ligand was determined by
investigating the binding affinities to the 18-bp dsDNA
by gradually changing the G/C position in the 9-bp
binding site. The thermodynamic data for the melting
transitions of dsDNA and ligand-bound dsDNA were
calculated using the method of Marky and Breslauer.29


Previous studies conducted in our laboratory21 have
suggested that the dsDNA binding affinity of hairpin
Ht-polyamides is driven by both the Ht recognizing its
target sequence (AATT) and the polyamide interactions
within the DNA minor groove. Dependence of the bind-
ing affinity of Ht-polyamides 5–7 on the presence of the
Ht target sequence is evident from the smaller values of
DTm for dsDNA sequences 20–24, which each lack the
AATT sequence. Amongst the dsDNA sequences
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Table 1. Melting temperaturesa (Tm in �C)


dsDNA T 0
m Tm DTm


7 5 6 7 5 6


5 0-gcggTATAAAATTcgacg-3 0 (13) 62 80 81 78 18 19 16


5 0-gcggCATAAAATTcgacg-30 (14) 65 80 80 78 15 15 13


5 0-gcggTGTAAAATTcgacg-30 (15) 65 82 80 79 17 15 14


5 0-gcggTACAAAATTcgacg-30 (16) 64 80 81 89 16 17 25


5 0-gcggTAGAAAATTcgacg-30 (17) 64 78 83 86 14 19 22


5 0-gcggTATGAAATTcgacg-3 0 (18) 64 84 87 79 20 23 15


5 0-gcggTATCAAATTcgacg-30 (19) 64 83 89 82 19 25 18


5 0-gcggTATAAGATTcgacg-3 0 (20) 64 79 78 78 15 14 14


5 0-gcggTATAAAACTcgacg-30 (21) 65 78 78 77 13 13 12


5 0-gcggTATAAAATCcgacg-30 (22) 64 79 79 79 15 15 15


5 0-gcggTATCAGATTcgacg-30 (23) 68 82 83 83 14 15 15


5 0-gcggTCTAAAAGTcgacg-30 (24) 69 77 77 79 8 8 10


5 0-gcggTATAGGAATTcgacg-3 0 (25) 67 84 84 78 17 17 13


a The binding region of each sequence is shown capitalized. All Tm values are the average of at least three determinations and standard deviations are


±1 �C. T 0
m values are melting temperature values of dsDNA in the absence of ligand, and DTm values are differences in melting temperature values


of dsDNA in the presence and absence of ligand.


Hoechst 33258 Imidazole Pyrrole GABA Linker


   3’-cgcc—A—T—A—G—T—T—T—A—A—cgacg-5’


5’-gcgg—T—A—T—C—A—A—A—T—T—cgacg-3’


dsDNA 19 + Ligand 5


5’-gcgg—T—A—C—A—A—A—A—T—T—cgacg-3’


   3’-cgcc—A—T—G—T—T—T—T—A—A—cgacg-5’


dsDNA 16 + Ligand 6


5’-gcgg—T—A—T—G—A—A—A—T—T—cgacg-3’


   3’-cgcc—A—T—A—C—T—T—T—A—A—cgacg-5’


dsDNA 18 + Ligand 7


Figure 3. Ligands 5–7 bound to their match sequences. The binding


regions of the dsDNA sequences are shown capitalized.
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containing the required Ht target sequence, the largest
DTm for each ligand is expected to occur upon its bind-
ing in the minor groove to its ‘match’ sequence (Fig. 3).


Conjugate 5 was found to bind specifically to its match
sequence, dsDNA 19. Substitution of the G/C bp with
an A/T bp (dsDNA 13) resulted in a decrease in DTm,
as well as DDG (Table 2). Both the DTm and the DDG
for conjugate 5 bound to 19 are 6 �C and 6 kcal/mol,
respectively, greater than conjugate 5 bound to 13, sup-
porting that the substitution of G/C for A/T at position
8 contributes to the binding affinity of the polyamide to
its target dsDNA.


Ht-polyamide 6 was found to be selective for dsDNA
16. Contribution of the imidazole on sequence recogni-
tion is shown by both the large DTm and DDG for bound
16. Again, substitution of a G/C bp with an A/T bp at
position 7 (dsDNA 13) resulted in a decrease in DTm


of 8 �C (Fig. 4) and in DDG of about 8 kcal/mol (Table
2).


Ht-polyamide 7 was found to bind highly specifically to
the 9-bp binding site of 18, as demonstrated by the DTm


of 20 �C and the DDG of 12 kcal/mol (Table 2). The
energy minimized complex of 7 bound to dsDNA 18 is
shown in Figure 5. The ligand was hand placed in the
minor groove based on PDB files,30,31 energy minimiza-
tion and docking functions were performed by Sybyl,32


and the molecular graphics were created using

Table 2. Free energy calculationsa


dsDNA DG (kcal/mol) DG 0 (kcal/mol) DDG (kcal/mol) DTm


7 5 6 7 5 6 7 5 6


13 7 12 16 17 5 9 10 18 19 16


16 7 12 14 25 5 7 18 16 17 25


17 7 17 20 24 10 13 17 15 19 22


18 7 19 20 15 12 13 8 20 23 15


19 7 17 22 20 10 15 13 19 25 18


a DG values represent dsDNA in the absence of ligand, DG 0 values represent dsDNA in the presence of ligand, and DDG represents the differences in


the changes of free energy of dsDNA in the presence and absence of ligand.
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PyMOL.33 The strong binding of polyamides 5–7 to
their respective match sequences relies on the interaction
between the Im/Py anti-parallel dimer and the G/C bp.


Previous studies have suggested that the discrimination
of the Im/Py anti-parallel dimer for a G/C bp over a
C/G bp relies on the strand-specific directionality of
the hydrogen bond formed between the exocyclic NH2


of guanine and the N3 of the imidazole.22,34 Although
the guanine N2 is approximately in the center of the
minor groove, the angle between the exocyclic NH2 of
guanine and the N3 of the imidazole is different depend-
ing on the location of the Im in respect to the guanine:
the angle has been calculated to be �160� when the Im
is on the guanine side, while �107� when the Im is on
the cytosine side.22

Figure 5. (a) Energy minimized all atom representation of 7 bound to the min


shown in white depicting the Im-G interaction present.

Indeed, conjugates 5–7 each demonstrate a preference
for an appropriately positioned G/C bp over a C/G bp.
Ht-polyamide 7 does not bind as well to dsDNA 19,
which presents a C/G bp at position 8, but successfully
recognized the presence of a properly placed G/C bp in
dsDNA 18 (Fig. 6). The binding of ligand 7 has a
2 kcal/mol preference for a G/C bp over a C/G bp.
Moreover, a 10-fold better binding of Ht-polyamide 6
with dsDNA 16 was observed compared to that of 17.
Ht-polyamide 5 showed an increase in binding affinity
toward the dsDNA 19 over 18 demonstrating the Im
G/C preference over a C/G bp (Fig. 6). These findings
support the formation of a favorable H-bond between
the imidazole and the guanine, indicating a stronger
interaction between an Im/Py anti-parallel dimer and a

or groove of 18. (b) Heavy atom representation with selected hydrogens
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G/C bp rather than with a C/G bp, as discussed in pre-
vious studies.22,23,34


The DTm for sequences14–15 bound to conjugate 5 are
all in agreement with the DTm for the same sequences
bound to conjugates 6 and 7 showing how the stability
of the complex is affected upon substitution of a G/
C bp mismatch within the 9-bp A/T-rich binding site.
These results confirm a study previously conducted in
our laboratory focused on the hairpin pyrrole Ht-poly-
amide 1, which was found to be capable of recognizing
a 9-bp sequence comprised of only A/T bp.21


In an effort to develop novel DNA binding ligands
capable of recognizing long sequences with high affinity
and improved sequence specificity, Ht-polyamides 5–7
were synthesized and evaluated via thermal denaturation
experiments. In comparison to the linear Ht-polyamides
2–4 bound to dsDNA sequences 16 and 18,18 Ht-poly-
amides 5–7 have DTm values that are 14–18 degrees larg-
er, indicating their much improved binding affinities. All
three Ht-polyamides were found to be selective for their
match dsDNA sequences, supporting a relative stronger
interaction of an Im/Py anti-parallel dimer with an
appropriately positioned G/C bp rather than sequences
containing only A/T bps. Larger increases in DTm and
the DDG were observed when conjugates 5, 6, and 7 were
interacting with dsDNA sequences 19, 16, and 18,
respectively, compared to the values observed when each
Ht-polyamide interacted with the exclusively A/T bp-
containing dsDNA 13. Ht-polyamides 5 and 7 showed
a 20-fold preference for a properly placed G/C bp over
a C/G bp, while 6 showed a 10-fold preference. These re-
sults suggest that the energetic preference for a stronger
Im–G hydrogen bond may be responsible for the ob-
served G/C over C/G selectivity, as previously dis-
cussed.22,23,34 Molecular dynamics experiments are
currently underway to examine this hypothesis.
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