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Abstract—Three tyrosyl gallate derivatives (1–3) with variable hydroxyl substituent at the aromatic ring of tyrosol were synthesized
and evaluated as potent inhibitors on tyrosinase activity and melanin formation in melan-a cells. Among three tyrosyl gallate deriv-
atives, 4-hydroxyphenethyl 3,4,5-trihydroxybenote (1) (IC50 = 4.93 lM), 3-hydroxyphenethyl 3,4,5-trihydroxybenote (2)
(IC50 = 15.21 lM), and 2-hydroxyphenethyl 3,4,5-trihydroxybenote (3) (IC50 = 14.50 lM) exhibited significant inhibitory effect
on tyrosinase activity. Compound 1 was the most active compound, though it did not show the inhibitory effect on melanin forma-
tion in melan-a cells. However, compounds 2 (IC50 = 8.94 lM) and 3 (IC50 = 13.67 lM) significantly suppressed the cellular melanin
formation without cytotoxicity. This study shows that the position of hydroxyl substituent at the aromatic ring of tyrosol plays an
important role in the intracellular regulation of melanin formation in cell-based assay system.
� 2007 Elsevier Ltd. All rights reserved.

Tyrosinase is the key enzyme that converts the amino
acid LL-tyrosine finally to melanin and its inhibitors are
target molecules to develop depigmentation agents for
treatment skin after sunburn.1 The melanin formation
by the tyrosinase activity after sunlight exposure causes
some dermatological disorders associated with freckles,
melasma, and senile lentigines.2 Therefore, potent inhib-
itors on tyrosinase and melanin formation should be
clinically and cosmetically useful for the treatment of
dermatological disorders.3,4


To develop depigmentation agents, we designed and
synthesized three natural product derivatives using tyro-
sol and gallate as basic skeletons, because many pheno-
lic compounds such as caffeic acid, ferulic acid,
resveratrol, and p-coumaric acid have been reported to
act as tyrosinase inhibitors.5,6 And also, some antioxi-
dant and anti-inflammatory compounds were reported
to inhibit the melanin formation in the melanogenic pro-
cess.7 Tyrosol and gallate are present in other dietary
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sources and have various biological properties such as
antioxidative, cancer preventive, and anti-inflammatory
activities.8


Tyrosyl gallate derivatives were synthesized in one
step through the reaction of esterification using N,N 0-
dicyclohexylcarbodiimide (DCC) together with 4-hydroxy-
phenyl alcohol, 3-hydroxyphenyl alcohol, and 2-hydroxy-
phenyl alcohol, respectively, in the presence of tetrahy-
drofuran (THF) and dichloromethane (CH2Cl2) at
the room temperature. The synthetic routes of
tyrosol gallate derivatives are shown in Scheme 1. The
synthetic tyrosol gallate derivatives, 4-hydroxyphenethyl
3,4,5-trihydroxybenote (1), 3-hydroxyphenethyl 3,4,5-tri-
hydroxybenote (2), and 2-hydroxyphenethyl 3,4,5-tri-
hydroxybenote (3), were successfully obtained by silica
gel column chromatography using mixture solvent of
ethyl acetate and n-hexane in 31.3%, 28.5%, and 26%
yields, respectively (Scheme 1). The chemical structures
of the synthesized compounds were determined by differ-
ent spectroscopic techniques, like 1H NMR, 13C NMR, IR,
and EA.15 4-Hydroxyphenethyl 3,4,5-trihydroxybenote
(1) is an already reported compound, but 3-hydroxyphen-
ethyl 3,4,5-trihydroxybenote (2) and 2-hydroxyphenethyl
3,4,5-trihydroxybenote are newly reported in synthetic
and natural constituents.9
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Scheme 1. Synthesis of tyrosyl gallate derivatives (1–3).
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All the synthesized tyrosyl gallate derivatives were sub-
jected to tyrosinase inhibition assay using melan-a cell
line as cell-based assay system.16 After incubation for
3 days with various concentrations of compounds in cul-
tured cell, a cell lysate containing tyrosinase enzyme was
prepared and the inhibitory activity with LL-tyrosine and
LL-Dopa measured. Arbutin isolated from the bearberry
is well-known tyrosinase inhibitor and it is therefore
used as a skin-lightening agent and a positive stan-
dard.10 Compounds 1, 2, and 3 exhibited significant
inhibitory effect on tyrosinase activity. As shown in
Table 1, compound 1 (IC50 = 4.93 lM), which has a
hydroxyl group of para-configuration, showed the
strongest inhibitory activity among compounds 2
(IC50 = 15.21 lM) having hydroxyl group of meta-con-
figuration and 3 (IC50 = 14.50 lM) having hydroxyl
group of ortho-configuration. The inhibitory activities
of tyrosyl gallate derivatives were more potent than that
of which arbutin showed tyrosinase activity with IC50


values of 30.26 lM. From the structural-activity point
of view, we have found that 4-hydroxyphenethyl 3,4,5-
trihydroxybenote (1) with a para-configuration of
hydroxyl group may contribute to the inhibitory activity
against tyrosinase enzyme.


The tyrosinase enzyme catalyzes the oxidation of
LL-Dopa to ortho-dopaquinone, and antioxidants may
prevent the oxidation step in the process of melanogen-
esis.11 Such as, we measured their DPPH radical

Table 1. Inhibitory effects of the synthetic tyrosyl gallate derivatives


on tyrosinase and melanin formation in melan-a cells


Compound Tyrosinase Melanin formation Cytotoxicity


IC50 (lM) IC50 (lM) IC50 (lM)


1 4.93 — >10


2 15.21 8.94 >50


3 14.50 13.67 >50


Arbutin 30.26 118.05 >1500

scavenging activity.17 The derivatives (1–3) showed sig-
nificant antioxidant activity with IC50 values of 7.52,
7.78, and 8.31 lM, respectively, like a-tocopherol
(IC50 = 9.89 lM) and vitamin C (IC50 = 13.60 lM). This
result demonstrates that the inhibitory effect of tyrosol
gallate derivatives against tyrosinase reaction is evidence
for direct correlation with antioxidant activity.


To evaluate the inhibitory potency against the melanin
formation, three tyrosol gallate derivatives were assessed
for their cytotoxicity and the inhibitory effect in the cul-
tured melan-a cells.19 After treatment of compound for
5 days, a melanin fraction from a cell lysate was pre-
pared and the melanin contents determined.18 A stan-
dard curve for melanin determination was prepared
using synthetic melanin purchased from Sigma Co.
Among three derivatives, compounds 2 (IC50 =
8.94 lM) and 3 (IC50 = 13.67 lM) significantly sup-
pressed the cellular melanin formation as compared to
the inhibitory activity of arbutin (IC50 = 118.05 lM).
Compound 1, which exhibited the highest activity on
tyrosinase inhibition, however, it did not show the inhib-
itory activity in melanin formation. As shown in the re-
sults for cytotoxicity of these compounds, compounds 2
and 3 did not show cytotoxic effects at concentrations
ranging from 1 to 50 lM in the cultured melan-a cells,
while compound 1 showed cytotoxic effect over the con-
centration of 10 lM.


From these results, tyrosol gallate derivatives can be uti-
lized for the development of new candidate for treat-
ment of disorders related to tyrosinase.

Acknowledgments


This study was supported by a grant from the Ministry
of Commerce, Industry and Energy (MOCIE) and the
Korea Institute of Industrial Technology Evaluation &







5464 C. W. Lee et al. / Bioorg. Med. Chem. Lett. 17 (2007) 5462–5464

Planning (ITEP) through the Biohealth Products Re-
search Center (BPRC) of Inje University and in partly
Brain Korea 21 (BK21) of Korea Research Foundation.

References and notes


1. Briganti, S.; Camera, E.; Picardo, M. Pigment Cell Res.
2003, 16, 101.


2. Frenk, E. Melasma: New Approaches to Treatment;
Martin Dunitz: London, 1995, pp. 9–15.


3. Hearing, V. J. In Methods in Enzymology; Academic Press:
New York, 1987; Vol. 142, pp 631–643.


4. Kligman, A. M.; Willis, I. Arch. Dermatol. 1975, 111, 40.
5. Go’mez-Cordove’s, C.; Bartolome’, B.; Vieira, W.; Vira-


dor, V. M. J. Agric. Food Chem. 2001, 49, 1620.
6. Ohguchi, K.; Tanaka, T.; Ito, T.; Iinuma, M.; Matsumoto,


K.; Akao, Y.; Nozawa, Y. Biosci. Biotechnol. Biochem.
2003, 67, 1587.


7. Kimaand, Y.-J.; Uyama, H. Cell Mol. Life Sci. 2005, 621,
707.


8. Tuck, K. L.; Hayball, P. J. J. Nutr. Biochem. 2002, 13, 636.
9. Viranga Tillekeratne, L. M.; Sherette, A.; Fulmer, J. A.;


Hupe, L.; Hupe, D.; Gabbara, S.; Peliska, J. A.; Hudson,
R. A. Bioorg. Med. Chem. Lett. 2002, 12, 525.


10. Maeda, K.; Fukuda, M. J. Pharmacol. Exp. Ther. 1995,
276, 765.


11. Hearing, V. J.; Tsukamoto, K. FASEB J. 1991, 5, 2902.
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17. DPPH radical scavenging assay. One hundred microliters
of 60 lM DPPH in ethanol was mixed with 100 ll of the
different concentrations of the tested compounds in 96-
well plate. After 30 min at room temperature, the absor-
bance was recorded at 520 nm using ELISA micro plate
reader.


18. Melanin formation assay. The melanin content for inhibi-
tion assay on melanin formation was measured using a
modified method.13 After incubation for 5 days with the
compounds, the cells were washed with ice-cold PBS (pH
7.4) and the pellets were collected by trypsinization and
centrifugation. The pellets were dissolved in 1 N NaOH
solution and the melanin was measured for absorbance at
400 nm using an ELISA reader. The melanin content was
determined in lg from a synthetic melanin standard curve
and correlated to mg protein using method of Kalb and
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19. Cytotoxicity assay. Cell viability of compounds was
determined using the MTT method. The melan-a cell was
plated in 96-well plates and after 24 h, the test compounds
were added to each well and incubated during indicated
time. Cell survival was determined in a colorimetric assay
using mitochondrial dehydrogenase activity in active
mitochondria to form purple formazan. The absorbance
was measured at 570 nm using an ELISA reader.
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Abstract—Two new series of chalcones have been synthesized by reacting 1-(4-piperazin-1-yl-phenyl)ethanone and 1-(2,5-dichloro-
3-thienyl)-1-ethanone with different substituted benzaldehydes in turn by Claisen–Schmidt condensation. The compounds have been
characterized by IR, 1H NMR spectral and microanalysis data. All the synthesized compounds have been evaluated for antimicro-
bial activity. Some of these derivatives are potentially active against Gram-positive bacteria, Staphylococcus aureus and Escherichia
coli while the most potent compound (1) in this study showed MIC50 value of 2.22 lg/mL against Candida albicans.
� 2007 Elsevier Ltd. All rights reserved.

OHHO

Infectious diseases caused by bacteria, fungi, viruses and
parasites are still a major threat to public health, despite
tremendous progress in medicinal chemistry. The impact
is more acute in developing countries due to nonavail-
ability of desired medicines and emergence of wide-
spread drug resistance.1 Antimicrobial resistance
settings have failed to address this essential aspect of
drug usage.2 Specifically, multi-drug-resistant Gram-po-
sitive bacteria including methicillin-resistant Staphylo-
coccus aureus (MRSA), Staphylococcus epidermidis
(MRSE) and vancomycin resistant enterococci (VRE)
are of major concern.3 There are a number of clinically
efficacious antibiotics becoming less effective due to
development of resistance. The bacterial resistance to
antibiotics is a major health problem and resulted in
emergence of an endless area for study and debate.
Chalcones, considered as the precursor of flavonoids
and isoflavonoids, are abundant in edible plants. Chem-
ically they consist of open-chain flavonoids in which the
two aromatic rings are joined by a three-carbon a,b-
unsaturated carbonyl system. Studies revealed that com-
pounds with chalcone-based structure have shown an
array of pharmacological activities, such as antiproto-
zoal,4–6 antifungal,7 anti-inflammatory,8–10 antileishma-
nial,11–14 nitric oxide inhibition,15 inhibition of the
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production of interleukin-116 and anticancer17 activities.
Licochalcone A (Fig. 1), an oxygenated chalcone iso-
lated from the root of Chinese liquorice,18 was shown
to possess activity against Gram-positive strains of
bacteria.19,20


Piperazinyl linked Ciprofloxacin dimers are reported to
be potent antibacterial agents against resistant strains, a
novel class of mixed D2/D4 receptor antagonists, dual
calcium antagonist, antimalarial agents and potential
antipsychotic agents.21 Recently, piperazine derivatives
containing tetrazole nucleus have been reported as anti-
fungal agents.22


The requirement is to synthesize novel molecules having
good potential with high therapeutic index. Keeping in
view the diverse therapeutic activities of chalcones for
the preparation of bioactive heterocycles, it was contem-
plated to synthesize a novel series of chalcones. Atten-

O O


Figure 1. Licochalcone A.
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tion has been focused on the modification of the aceto-
phenone moiety of chalcones to achieve a new antimi-
crobial profile. The present study describes synthesis of
the title compounds and screening them for their
in vitro microbial activity.


A series of substituted chalcones has been prepared by
introducing new functionality 4 0-piperazinoacetophe-
none or 3-acetyl-2,5-dichlorothiophene in place of ace-
tophenone. All the chalcone derivatives have been
prepared by the Claisen–Schmidt condensation using
catalytic amount of sodium hydroxide in ethanol.23


The residues were treated with 10% HCl in methanol
to obtain the corresponding chalcones in good yield
(Table 1). All spectral data (IR, 1H NMR and MS)
obtained were consistent with the structures assigned.


The spectral data confirm the presence of AC@O and
AC@CA and benzene ring (IR at 1670–1643, 1583–
1510, 815 and 840 cm�1). Similarly NMR multiplets in
the range of (6.7–8) ppm also confirm the presence of
aromatic rings. Coupling constant values in NMR show
that trans isomer has formed. The synthesis of A (1–8)
and B (9–16) is depicted in Scheme 1.


The synthesized compounds were tested for their anti-
bacterial activity by adopting (Cup-plate method)24 agar
well diffusion technique. The following bacterial cultures
were used for anti-bacterial activity studies.


(i) S. aureus 209 p, (ii) E. coli ESS 2231, (iii) Proteus vul-
garis, (iv) Klebsiella pneumoniae and (v) Aspergillus
fumigatus.


Ciprofloxacin was used as the standard drug. Nutrient
agar was poured onto the sterilized petri dishes (20–
25 mL: each petri dish). The poured material was al-
lowed to set (1–1.5 h) and thereafter the ‘CUPS’
(10 mm diameter) was made by punching into the agar
surface with a sterile cork borer and scooping out the
punched part of the agar. Into these cups the test com-
pound solution was added with the help of a sterile syr-
inge. The plates were incubated at 37 �C for 48 h and the
results were noted. A solvent control (10% DMSO in

Table 1. Physical data of the synthesized compounds


Compound R


1


S


Cl


Cl


2


3


4


5


6


7


8


9


N NH


10


11


12


13


14


15


16

methanol) was also run to note the activity of the blank
(solvent). The above-mentioned standard drug was also
screened under similar conditions for comparison. All
the compounds were also screened for their in vitro anti-
fungal activity against Candida albicans, C. albicans
ATCC 10231 and Candida glabrata. The antifungal
activities of test compounds were compared to that of
standard fluconazole. The results of these experiments
are summarized in Tables 2 and 3. Biological screening
results were mentioned in mm, showing diameter of inhi-
bition zone (i.e.) and these are categorised, as 0–6 mm
for mild, 7–13 mm for moderate and 14–26 mm for effi-
cacy, respectively.


From Table 2 it is evident that compounds 7, 9, 10, 12
and 15 indicated good activity against S. aureus (24–
26), 9 and 15 for E. coli while the remaining compounds
are statistically equivalent in antibacterial activity
against their microorganisms with moderate activity
(14–24). Most of the tested compounds possess potent
in vitro activity against P. vulgaris, K. pneumoniae and
A. fumigatus but were less active than the reference
drugs.


MIC50s were recorded as the minimum concentration
of a compound that inhibits the 50% growth of the
tested microorganisms. All of the compounds tested

R 0 (benzaldehyde) Yield (%) Mp (�C)


H 83 53–54


3-CH3 76 45–46


4-CH3 81 188–9


4-OCH3 86 58


3,4,5-Trimethoxy 72 189–92


4-Cl 86 98–99


3-NO2 84 148–52


Cinnamaldehyde 88 152–3


H 83 48–9


3-CH3 78 94–96


4-CH3 73 146–7


4-OCH3 77 135–6


3,4,5-Trimethoxy 69 161–3


4-Cl 79 167–8


3-NO2 63 158–9


Cinnamaldehyde 74 108–110







Table 2. Antibacterial and antifungal data of chalcones


Compound A B C D E F G H


1 18 20 22 18 24 26 26 26


2 11 20 06 10 20 10 22 14


3 12 16 09 08 06 16 10 12


4 14 18 14 16 22 20 18 18


5 12 14 12 06 14 06 22 20


6 14 16 14 08 18 24 22 14


7 24 22 18 20 16 18 12 14


8 09 16 11 07 20 08 16 16


9 22 24 20 18 22 24 24 24


10 24 22 20 16 20 16 24 22


11 16 14 14 14 18 22 22 24


12 24 22 14 16 18 22 14 18


13 06 08 06 09 12 09 12 09


14 18 22 16 14 12 18 20 14


15 24 26 18 14 20 16 18 18


16 10 16 08 05 14 09 14 06


Ciprofloxacin 22 24 24 24 24 Fluconazole 29 Fluconazole 29 Fluconazole 29


Zone of inhibition is expressed in mm at concentration level of 250 lg/mL of chalcones.


A, Staphylococcus aureus 209 p; B, Escherichia coli ESS 2231; C, Proteus vulgaris; D, Klebsiella pneumoniae; E, Aspergillus fumigatus; F, Candida


albicans; G, Candida krusei GO3; H, Candida glabrata HO3.


Table 3. MIC50 values (lg/mL) of chalcones


Compound A B C D E F G H


1 80 20 12.70 14.15 4.13 2.22 3.17 4.65


2 90 22.76 100 28.02 32.13 51.13 42.34 65


3 75 25.65 40 30 70 70 70 80


4 60 9.13 40 65 9.26 5 18.16 16.37


5 60 60 50 50 55 78 40.13 45.13


6 50 60 40 30 40 4.65 70 40


7 3.25 6.27 65 7.17 16.75 5.97 50 50


8 100 40 60 60 60 75 55.65 60


9 100 3.58 3.95 12.75 6.85 4.56 5.38 7.57


10 3.13 5.62 3.85 18.64 5.56 6.89 5.69 9.94


11 70 50 45 40 18.35 8.75 7.02 7.66


12 5.25 10.28 45 55 35 9.12 50 16.25


13 70 80 45 65 75 65 75 60


14 75 75 70 50 50 55 60 60


15 4.75 2.75 60 50 7.17 6.75 18.56 16.8


16 100 35 200 70 50 90 60 75


Ciprofloxacin 100 100 100 100 100


Carbencillin 200 200 200 200 200 Fluconazole 50 Fluconazole 50 Fluconazole 50


Amoxycillin 100 100 100 100 100


A, Staphylococcus aureus 209 p; B, Escherichia coli ESS 2231; C, Proteus vulgaris; D, Klebsiella pneumoniae; E, Aspergillus fumigatus; F, Candida


albicans; G, Candida krusei GO3; H, Candida glabrata HO3.
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illustrated significant antibacterial and antifungal
activity compared to reference drugs. The MIC50 values
are generally within the range of 2.22–100 lg/mL
against all evaluated strains. While comparing MIC50


values with that of Ciprofloxacin, all compounds were
found to be effective against S. aureus. Compounds 7,
10, 12 and 15 especially showed very high activity. All
the compounds were effective against E. coli. Com-
pounds 9, 10 and 15 showed very high activity. Com-
pounds 4, 7 and 12 especially showed strong activity
while compounds 2 and 3 showed moderate activity.


In comparing their MIC values with that of Ciprofloxa-
cin, it is apparent that all compounds were effective
against P. vulgaris. Compounds 9 and 10 especially
showed high activity and compound 1 showed good

activity. On the other hand the compounds exhibited
comparable activities against K. pneumoniae. Compound
7 showed high activity and compounds 1, 2, 9 and 10
showed moderate activity. From the results obtained with
A. fumigatus, out of all the 16 compounds, 1, 4, 9, 10 and
15 showed moderate activity, whereas compounds 2, 7
and 11 showed less activity compared to Ciprofloxacin.


The antifungal activity of the compounds was studied
with three pathogenic fungi. The results are summarized
in Tables 2 and 3. Fluconazole has been used as refer-
ence for inhibitory activity against fungi. All the com-
pounds showed good antifungal activity. Compounds
1, 9, 10 and 11 showed activity against all the three fun-
gi. In addition compounds 4, 6, 7 and 12 also exhibited
good activity against C. albicans while 4 and 15 showed
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moderate activity against fungi Candida krusei GO3.
Compounds 4, 12 and 15 also showed moderate activity
against Candida glabrata HO3.


To conclude, two series of compounds incorporating
piperazine and 2,5-dichlorothiophene heterocyclic nuclei
have been synthesized as potent antimicrobial agents.
These modifications resulted in change in the potency
and antibacterial activity profile of the chalcones and
indicated that introduction of nitro group at m-position
in benzaldehyde ring is well tolerated in terms of activity
against bacteria (S. aureus). Furthermore, studies have
revealed that the presence of electron-attracting groups
encourages the antibacterial activity. Substitution of a
bulky group with high polarizability probably enhances
the potency of these compounds as antibacterial agents.
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Abstract—Structure-based design of libraries of multi-component reaction products yields novel potent anti-tuberculosis com-
pounds. Synthesis and preliminary biological results are presented.
� 2007 Elsevier Ltd. All rights reserved.
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Tuberculosis is the world’s number one disease amongst
infections, killing every year 2 million peoples.1 More
than 2 billion humans (>30%) are infected by Mycobac-
terium tuberculosis, the causing organism of tuberculo-
sis. Often tuberculosis is accompanying AIDS.
Whereas tuberculosis is declining in developed coun-
tries, it is strongly augmenting in third world countries.
Despite the obvious urgentness for new and better treat-
ment options, probably due to the recent tractability of
TB in developed countries by current medications and
financial reasons, the development of novel drugs is a
slow process. However a recent outbreak of extreme
resistance tuberculosis (XTR TB) where neither stan-
dard drug nor any of at least three of the six classes of
more toxic and less-effective backup drugs is effective
could potentially prompt more attention to this under-
developed field in drug discovery and development.2


Recently the complete genome of M. tuberculosis was
published, and novel targets have raised high expecta-
tions for new drugs.3 A host of unusual properties of
the infectious agent account for the difficulties in tuber-
culosis treatment, including a complex cell envelope, col-
onization of macrophages, slow growth cycle and the
ability to remain quiescent, eventually reactivating dec-
ades after infection. Current first-line drugs include eth-
ambutol, isoniazid 1, pyrazinamide 2 and rifampicin and
second-line agents include kanamycin, p-aminosalicylic
acid, ciprofloxacine or cycloserine. However, current
drugs suffer from requiring a long treatment time, asso-
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ciated side-effects and a poor efficacy to eradicate dor-
mant pathogens. Moreover the rising incidence of
multi-drug-resistant (MDR) tuberculosis could poten-
tially make tuberculosis quickly incurable and an even
more dangerous worldwide threat.4 Generally recog-
nized mechanisms of resistance include, e.g., drug efflux,
drug metabolism and target adaptation to the drug.
Thus novel approaches in the chemotherapy of tubercu-
losis are highly needed.


A recent proteome-wide screening for isoniacid targets
in M. tuberculosis revealed 16 new isoniacid binding pro-
teins beyond NADH-dependent enoyl-ACP reductase
(InhA) and the NADPH-dependent dihydrofolate
reductase (DfrA).5 Thus, targeting of multiple enzymes
may account for the pleiotropic effects and powerful
mycobactericidal properties of INH.


Our approach to the discovery of novel anti-tuberculosis
drugs is therefore based upon the pharmacophor of 1
and 2 (Fig. 1), with the pyridine-4-carboxy and pyrazine
carboxy groups as essential pharmacophores. Thus we
designed two scaffolds based on these scaffolds and pro-
duced libraries with 192 compounds each, based on the
respective carboxylic acids as starting materials using
the Ugi four-component reaction (U-4CR) (Fig. 2).

N


N
H


N


NH2


1 2


Figure 1. Structural formulas of currently used first-line anti-tubercu-


losis drugs isoniazid (INH) and pyrazineamide.
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Figure 2. Anti-mycobacterial libraries based on Ugi’s 4-CR of nicotinic acid and pyrazine carboxylic acid. The screening results of a 96-well plate of


nicotinic acid derived compounds against Mycobacterium tuberculosis are shown (>90% growth inhibition (GI), blue; 80–90% GI, green; 70–80% GI,


orange determined at a single screening concentration of 12.5 lg/ml).
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The synthesis was conveniently performed at room
temperature in 96-deep- well polypropylene plates.
Analysis of the crude reaction mixtures after 24 h by
HPLC–MS revealed the formation of virtually all
products, although in different quantities. Moreover it
was found that some wells contained considerable

amounts of the corresponding Passerini products.10


Evaporation of the solvent using a GENEVAC yielded
the crude products.


The biological evaluation of the libraries was performed
in collaboration with the Tuberculosis Antimicrobial







Table 1. Minimum inhibitory concentration (MIC), cytotoxicity and macrophage assay


Compound Structure MICa


(lg/ml)


IC50
b


(lg/ml)


SIc EC90
d EC99


d EC90/MIC


3


N


N
N


O


N
H


O


3.13 27.9 9.9 n.d. n.d. n.d.


4


N


N


O


O


N 3.13 31.1 9.9 n.d. n.d. n.d.


5


N


N


O


O


N N 3.13 50.3 16.1 >12.5 >12.5 >3.99


6
N


N


O


O


O


N


6.25 >62.5 >10 n.d. n.d. n.d.


EC90 and EC99 represent the concentration effecting 90% and 99% reduction in residual mycobacterial growth after 7 days, compared to untreated


controls.
a MIC measured minimum inhibitor concentration in serial dilution beginning at 6.25 lg/ml.
b IC50 cytotoxicity assay on VERO cell line beginning at 10· of MIC.
c SI selectivity index is defined as the ratio of the measured IC50 to the MIC.
d Compounds are screened by serial dilution beginning at 12.5 lg/ml.
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Acquisition & Coordinating Facility (TAACF) of the
Southern Research Institute.6


The following biological screening cascade was used to
discover active compounds. First the crude compound
libraries were screened at one concentration (12.5 lg/
ml) against M. tuberculosis. Compounds exhibiting
<90% inhibition are not evaluated further. Out of the
best ranking compounds we resynthesized and purified
several examples.7 These compounds were rescreened
at a lower concentration against M. tuberculosis strain
H37Rv to determine the actual minimum inhibitory
concentration in a broth microdilution Alamar blue
assay (MABA). Concurrent with the MIC determination,
selected compounds are tested for cytotoxicity. Com-
pounds with a selectivity index >10 are tested for killing
of M. tuberculosis strain H37Rv in monolayer of mouse
peritoneal macrophages at 4-fold concentrations equiva-
lent to 0.25, 1, 4 and 16 times the MIC. Typical com-

pounds and its results from the biological screening
cascade are shown in Table 1.


We were delighted to find that a rather high percentage
of this library showed anti-tuberculosis activity. One
current model of isoniazid activity foresees isoniacid to
be an inhibitor of inhA-encoded NADH-dependent en-
oyl-ACP (acyl carrier protein) reductase enzyme.8 This
enzyme is responsible for one step in the biosynthesis
of the unusual fatty acids of the Mycobaterium sp. It
exhibits specificity for long-chain C18 and C16 enoyl thi-
oester substrates. The mode-of-action postulates the
acylation of the C4 of NADH by isoniazid. Thus
according to this model isoniazid is a prodrug which be-
comes activated by the mycobacterial catalase-peroxi-
dase enzyme KatG. The herein described inhibitors are
comprised of a nicotinicacyl moiety as in isoniazid.
However the bulkiness and the leaving group ability dif-
fer very much from the hydrazide isoniazid. Regarding
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the recently observed promiscuity of isoniazid and the
different chemotypes of the herein described inhibitors
one might speculate that other mycobacterial targets
are responsible for the observed activity.


In summary, we have introduced design, combinatorial
synthesis and first biological evaluation of a novel class
of isoniazid derived anti-tuberculosis compounds.
Libraries of these compounds were synthesized using
isocyanide-based MCRs.9 Several compounds showed
cell-based activities in the same range as the mother
compound isoniazid. The synthetic approach used here
allows for the rapid and efficient optimization of this
compound class. Further studies are needed to fully
delineate the biochemical mode of action of representa-
tives of this lead series. The selection of a wider set of
starting materials should lead to compounds with im-
proved biological and pharmacokinetic activities.
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of the compounds showing an IC50 = 12 lM.
� 2007 Elsevier Ltd. All rights reserved.
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Currently, there are four FDA-approved classes of
drugs to combat HIV infection: nucleoside reverse trans-
criptase inhibitors, non-nucleoside reverse transcriptase
inhibitors, protease inhibitors, and one fusion inhibi-
tor.1,2 Application of these agents in combating HIV
has led to remarkable success in inhibition of HIV-1 rep-
lication, reduction of viral load, and decline in morbid-
ity and mortality. However, their adverse effects
together with the emergence of resistant HIV mutants3,4


have highlighted the need to develop novel antiviral
agents with a different mechanism of action. Accord-
ingly, significant effort is presently devoted to the devel-
opment of inhibitors of integrase, the third viral
enzyme,5–7 which is responsible for the integration of
the viral DNA into the chromosomes of the host cell,
a process that occurs in two temporally and spatially
separated reactions known as 3 0-processing and strand
transfer.


Although a large number of compounds have been re-
ported to inhibit HIV-1 IN in biochemical assays,8–11


no drug active against this enzyme has been approved
by the FDA so far. The b-diketo acids (DKAs), acting
as specific inhibitors of the strand-transfer step (INS-
TIs), provided the first proof of principle for HIV-1
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IN inhibitors as antiviral agents8 followed by a series
of metabolically stable compounds characterized by
the incorporation of the diketo acid moiety into more
complex heterocyclic frames. Among them, S-1360 and
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Chart 1. Known integrase inhibitors and our hit compound 1.
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L-870,810 (Chart 1) represent the first generation of IN
inhibitors that have entered clinical studies.12–14


Differently to DKAs and naphthyridine analogs, styryl-
quinolines (SQs)15,16 and pyranodipirimidines
(PDP)17,18 (Chart 1) are two classes of compounds char-
acterized by the ability to inhibit the 3 0-processing reac-
tion in the low micromolar range and they are referred
to as integrase binding inhibitors (INBIs).


Within our ongoing efforts in the study of new antiviral
agents,19–22 and with the aim of identifying a novel class
of IN inhibitors acting at the level of the IN–DNA com-
plex formation, we set up a virtual screening protocol
based on the application of different sequential filters
which took into account both the structural information
coming from known inhibitors of the 3 0-processing step
and 3D structural data of the enzyme.23


A database of over 200,000 compounds (Asinex gold
collection) was initially screened using the electron–ion
interaction potential (EIIP) technique24 leading to the
selection of approximately 96,000 compounds. Next,
Lipinski’s rule-of-five was applied on all retrieved com-
pounds and the molecules that violated this rule were
eliminated. Finally, in consideration that most of the
known IN inhibitors are characterized by a rigid struc-
ture, only compounds having a number of rotatable
bond <10 were selected giving rise to a cluster of
40,000 compounds.


Subsequently, a three-dimensional ligand-based phar-
macophoric model was generated starting from 30 mol-
ecules known to inhibit the 3 0-processing step with IC50


values <1 lM. It should be noted that, while several
HIV-1 IN pharmacophores have already been re-
ported,25–28 based on the structure of strand-transfer
selective inhibitors, no pharmacophoric model based
on 3 0-processing inhibitors has been described so far.


The pharmacophoric model was used as search query on
previously selected compounds and the molecules that
fitted all the features of the hypothesis (ca. 15,000) were
retrieved. Finally, the binding mode of all retrieved com-
pounds was investigated by computational docking
using the 3D structure of the enzyme. The docking cal-
culations were performed into the IN core domain, in
the region of interaction with the DNA, which has been
widely explored by mutational studies29–31 and photo-
cross-linking experiments.32 On the basis of the docking
scores, 12 compounds were selected and their antiviral
activity was evaluated in in vitro assays. Among them,
compound 1, characterized by a completely new scaffold
(Chart 1), showed an interesting anti-IN activity
(IC50 = 164 lM) and was therefore chosen as a hit com-
pound for further development.


On this basis, we decided to investigate a number of
compounds structurally related to 1 with the aim of
identifying molecules endowed with a better pharmaco-
logical profile (validation of the molecular scaffold) and
of exploring their structure–activity relationships. Seven
additional compounds (2–8) were chosen on the basis of

a 2D substructure search and were purchased from the
ASINEX database,23 while 22 novel compounds (9–30)
were easily prepared starting from commercially avail-
able building blocks.


The synthesis of the new compounds was guided by the
following considerations: (i) exploration of different sub-
stitution patterns on the phenyl ring with the aim of
studying their effect on the activity of the molecule, (ii)
substitution of the cyano group with a hydrogen, a
methyl or an amide group in order to understand its
influence on the molecule toxicity, and (iii) bioisosteric
replacement of the benzimidazole moiety with benzox-
azole and benzothiazole to test the importance of the
H-bond donor NH group of the benzimidazole on the
activity of the molecule.


The new compounds could be easily accessed in a two-
step sequence consisting of an initial coupling reaction
followed by a condensation, starting from the appropri-
ate furan aldehyde derivative (Fig. 1).


In particular, 5-bromo-2-furaldehyde (Scheme 1) was re-
acted with the appropriate arylboronic acid in the pres-
ence of Pd(OAc)2/PPh3 as the catalyst and Na2CO3 as
the base in a PrOH/H2O mixture.33


The reaction rate was highly accelerated by the use of
microwaves in sealed tube giving the desired compounds
in 10–15 min. Alternatively, 2-furaldehyde was coupled,
according to the Meerwin arylation procedure,34,35 with
the aryldiazonium tetrafluoborate salt of the appropri-
ate aniline, in the presence of copper (II) chloride as
the catalyst to give, after 48 h at room temperature,
the target aldehyde as a solid after filtration of the reac-
tion mixture.


The condensation step was performed according to two
different methodologies on the basis of the final com-
pound to be obtained.


Thus, a Knoevenagel condensation between 2-cyanom-
ethylbenzimidazole (or cyanomethylbenzothiazole/2-
cyanomethylbenzoxazole) and the appropriate 5-aryl-
2-furaldehyde in the presence of piperidine (or Et3N)
afforded the CN substituted derivatives as colored solids
after simple filtration of the reaction mixture.36 A Wittig
reaction was instead used to prepare the unsubstituted
derivatives starting from the functionalized aldehyde
and the triphenylphosphonium salt of chloromethyl-
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benzimidazole in the presence of a slight excess of
NaOMe.37 In this case E/Z mixtures were obtained con-
sisting almost exclusively in the E isomer: recrystalliza-
tion afforded the E isomer pure enough for the
biological evaluation.


Compounds 16, 20–22, and 24–30 were prepared in a
single synthetic step by condensing a commercially
available functionalized aldehyde with the appropriate
activated methylene compound.


Compound 23 was obtained starting from the corre-
sponding nitrile derivative 20 by treatment with concen-
trated H2SO4 at 60 �C.


The results obtained from the biological evaluation of
compounds 1–30 are summarized in Table 1.

Table 1. Integrase inhibitory activity of hit compound 1 and its analogs


Compound X Y Z R1


1 C NH N 3-COOH


2 C NH N 2-Cl, 5-NO2


3 C NH N 3-OH, 4-COOH


4 C NH N 3-COOH, 4-Cl


5 C NH N 2-COOH, 4-Cl


6 C NH N 4-COOH


7 C NH N 2-CH3, 5-COOH


8 C NH N 3-COOH, 4-OH


9 C NH N 4-Cl


10 C NH N 3-CH3, 4-OCH3, 5-CH3


11 C NH N 4-NHBoc


12 C NH N 2-CH3, 3-NO2


13 C NH N 2-NO2


14 N NH N 4-OCH3


15 C NH N 2-COOH, 4-F


16 C NH N 3-NO2


17 C NH N 2-NO2


18 C NH N 3-CH3, 4-OCH3, 5-CH3


19 C NH N 2-CH3, 3-NO2


20 C NH N 2-NO2, 4-Cl


21 C NH N 3-NO2


22 C NH N 2-Cl, 5-CF3


23 C NH N 2-NO2, 4-Cl


24 C NH N 2-NO2, 4-Cl


25 C NH N 2-CF3, 6-Cl


26 C S N 2-CF3, 6-Cl


27 C S N 2-NO2, 4-Cl


28 C S N 3-NO2


29 C O N 2-CF3, 6-Cl


30 C O N 3-NO2


a Values are means of three experiments. Integrase inhibition was determine


transfer activities in the presence of Mg2+23.

Starting from our hit compound 1, the introduction of a
chlorine or a hydroxyl group on the 4 position of the phe-
nyl ring gave compounds 4 and 8 approximately two fold
more active. Moving the COOH moiety from the meta to
the para position led to a completely inactive compound
6; the activity was restored when an OH group was intro-
duced in the meta position (3), thus underlining the
importance, in this position, of a group able to interact
with the enzyme through hydrogen bond formation.


Good results were also obtained when different electron-
withdrawing groups such as Cl, CF3, and NO2 groups
were introduced on the phenyl ring (2, 22).


The substitution of the CN group with a H on the eth-
ylene bridge proved to be irrelevant for both the activity
and the cytotoxicity. In particular, in the series of

R2 R3 Method Overall IC50 ± SD (lM)a


CN H — 163.92 ± 94.22


CN H — 58.68 ± 2.02


CN H — 70.28 ± 16.37


CN H — 90.36 ± 4.26


CN CH3 — 36.16 ± 31.94


CN H — >281.40


CN H — 39.80 ± 24.01


CN H — 68.69 ± 11.34


CN H B + C >289


CN H A + C >271


CN H A + C >235


CN H B + C 85.84 ± 24.51


CN H B + C >281


CN H A + C >292


CN H B + C >268


H H D 12.02 ± 0.97


H H B + D >302


H H A + D >291


H H B + D >290


H H D >273


CN H C >281


CN H C 31.32 ± 22.47


CONH2 H — >244


CH3 H F >263


H H D >257


CN H E >232


CN H E >245


CN H E >268


CN H E >241


CN H E >280


d in overall integration assay, assaying both 30 processing and strand-
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unsubstituted derivatives, the only compound endowed
with interesting anti-IN activity (and also the best com-
pound among those tested) was 16 (IC50 = 12 lM) char-
acterized by the presence of a nitro group in the meta
position of the phenyl ring. Going from benzimidazole
(1–25) to benzothiazole (26–28) and benzoxazole (29–
30) the inhibitory activity is completely lost thus under-
lying the importance of the NH of benzimidazole in the
interaction with the enzyme.


All compounds were evaluated for their anti-HIV activ-
ity using MT-4/MTT experiments.18 None of the com-
pounds was able to inhibit HIV replication at subtoxic
concentrations.


In conclusion, a novel hit compound has been identified
as IN inhibitor by means of virtual screening techniques.
Starting from it, a library of structurally related com-
pounds has been rapidly generated and submitted to
biological evaluation with the aim of identifying poten-
tial INBI endowed with positive pharmacological pro-
file. Among all the tested compounds, 16 proved to be
the most interesting one, with an IC50 = 12 lM.


Further studies on this new family of IN inhibitors are
ongoing in our laboratories.
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Abstract—A structurally unique and new class of opioid receptor antagonists (OpRAs) that bear no structural resemblance with
morphine or endogenous opioid peptides has been discovered. A series of carboxamido-biaryl ethers were identified as potent recep-
tor antagonists against mu, kappa and delta opioid receptors. The structure–activity relationship indicated para-substituted aryloxy-
aryl primary carboxamide bearing an amine tether on the distal phenyl ring was optimal for potent in vitro functional antagonism
against three opioid receptor subtypes.
� 2007 Elsevier Ltd. All rights reserved.

In recent years obesity among the general public is
increasing at an alarming rate and in an epidemic pro-
portion especially among children and teenagers.1 The
frequent association of serious clinical conditions such
as diabetes and cardiovascular diseases with obesity
has become a serious concern in the medical community,
and therefore a pharmacological intervention for reduc-
ing weight in obese subjects is warranted. Opioid recep-
tor (mu, kappa, and delta) agonists are known to
stimulate, while antagonists against opioid receptors in-
hibit, food consumption in preclinical obesity models.2


Obesity and fasting elevates endogenous opioid peptides
in animal models and man.3 Reduced consummatory
behaviors appear to be most pronounced when animals
are obese or fed a palatable cafeteria diet containing
large amounts of a preferred macronutrient.4 A current
hypothesis is that opioid receptor antagonists produce
their effects on food intake by preventing central reward
mechanisms that occur when overeating a preferred or
palatable diet and/or by preventing the craving associ-
ated with dieting/abstinence. In this manner, opioidergic
control of appetite for palatable energy-dense foods may
share common neural substrates responsible for the
development of nicotine, alcohol, and narcotic depen-

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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dence and addiction. Human clinical studies with nal-
trexone, an opioid receptor antagonist, demonstrated
short-term effects on food intake, albeit at doses that
were higher than needed to precipitate opiate with-
drawal.5 Hepatotoxicity limited the dose of naltrexone
utilized in chronic studies and failed to demonstrate con-
sistent long-term effects on body weight. Therefore, the
clinical hypothesis evaluating the efficacy of an opioid
receptor antagonist (OpRA) as a treatment for obesity
has yet to be fully investigated.


Previous efforts at Lilly have demonstrated that
LY255582 is a nonselective OpRA that is very potent
and efficacious in rat obesity models.6 This effect ap-
pears to be mediated via antagonizing all three mu, kap-
pa, and delta receptor subtypes. LY255582 was found to
have substantially better anti-obesity activity in rats
than the clinically approved OpRAs such as naloxone
or naltrexone. Unfortunately, the poor oral bioavail-
ability and unacceptable margin of safety resulting from
irritation at the site of drug administration of LY255582
via various routes precluded its clinical development. In
the course of our efforts to find a new class of OpRAs,
we discovered carboxamido-biaryl ethers that were
structurally unrelated to the opiate morphine (Fig. 1).
We then launched structure–activity relationship
(SAR) studies to develop an orally efficacious OpRA
with activity comparable to that of LY255582 with few-
er side effects for the treatment of obesity. In this paper
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we report initial findings of our SAR study efforts on the
series of novel carboxamido-biaryl ether opioid receptor
antagonists.


In our early SAR study, we identified 6-(4-(2-benzylami-
noethyl)phenoxy)nicotinamide (2) as an initial lead hav-
ing good binding affinities at mu, kappa, and delta
opioid receptors (Table 2). We then explored the SAR
surrounding the lead structure 2. We first examined
the regiochemical effect of the carboxamide functional-
ity. The compounds were readily prepared by methods
as shown in Scheme 1. The results in Table 1 show that

O


N


O


O


NCl X


Y
W


+


1) K2CO3, D
2) (For X,Y =
    30% H2O2
3) TFA,:CH2
4) benzaldeh
    3Å MS, NaCompound A


X,Y = H, W = CONH2
Y,W = H, X = CN
X,W = H, Y = CN


Scheme 1.


Table 1. Effects of carboxamide regiochemistry on the opioid receptor bindi


H
N


Compound Amide position


Mu


1 2 643.47


2 3 7.44 ± 2


3 4 >2500


4 5 >2500

para-orientation between the aryloxy group and the car-
boxamide on the pyridine ring (2) was required for the
opioid receptor antagonism at the three receptor
subtypes.


We then sought a replacement of the carboxamide by
converting the 6-aryloxynicotinonitrile intermediate to
various functionalities R (Scheme 2 and Table 2). The
results in Table 2 indicate that a primary amide (2 and
9) is optimal for antagonizing the three opioid receptors.
The substituents on the amide nitrogen were not well
tolerated especially at kappa and delta receptors (12–

O


N


N


O


N


MF, 100 oC
 CN only) 
, K2CO3, DMSO


Cl2
yde, MeOH
BH4, rt


ng affinities


O N


O


NH2


Receptor binding affinity at high Na, Ki (nM)7


Kappa Delta


± 45.10 >5000 >5000


.94 136.26 ± 59.55 70.21


>5000 >5000


>5000 >5000
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Table 2. Effects of bioisosteric replacement of the carboxamide on the opioid receptor binding affinities


O


N
H


N


R( )n ( )m


Compound m n R Receptor binding affinity at high Na, Ki (nM)7


Mu Kappa Delta


2 2 1 CONH2 7.44 ± 2.94 136.26 ± 59.55 70.21


5 2 1 CN 1076.86 ± 179.58 >5000 >5000


6 2 1 CH2NH2 >2500 >5000 >5000


7 2 1 CO2H >2500 >5000 >5000


8 2 1 SO2NH2
a >2500 >5000 >5000


9 1 2 CONH2 0.17 ± 0.02 8.38 ± 2.30 1.16 ± 0.23


10 1 2 C(NH)NH2 20.55 ± 1.93 1147.5 ± 145.98 214.73 ± 6.35


11 1 2 C(NH)NHMe 234.53 ± 15.41 >5000 3458.36 ± 244.32


12 1 2 CONHMe 52.29 ± 2.20 >5000 718.45 ± 33.98


13 1 2 CONHEt 57.15 ± 1.07 2808.74 673.58 ± 27.70


14 1 2 CONHi-Pr 52.27 ± 13.74 >5000 2414.41 ± 38.48


15 1 2 COPipb 389.49 ± 61.60 >5000 >5000


a Benzenesulfonamide was prepared from 4-fluorobenzenesulfonyl chloride and [2-(4-hydroxyphenyl)ethyl]carbamic acid tert-butyl ester as starting


materials.
b Pip = 1-piperidine.
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15). Particularly detrimental seems to be a tertiary or a
cyclic amide (15). Replacement of the amide with ami-
dine (10 and 11) also suffered significant loss in binding
affinities at kappa and delta receptors.


Along with this SAR we also examined the positioning
of secondary amine nitrogen of the amine tether by
interchanging the carbon chain length (Cm and Cn) be-

Table 3. Effects of the position of amine tether of the 6-phenoxynicotinamid


N
H


( )n ( )m


Compound m n


Mu


2 2 1 2.25 ±


9 1 2 0.07 ±


16 2 2 16.56 ±


17 2 3 18.47 ±


18 3 1 22.26 ±


19 3 0 >1000


20 0 3 >1000


21 1 1 4.09 ±

tween the terminal and middle phenyl rings. Interest-
ingly, the phenethylaminomethyl compound 9 (where
m = 1 and n = 2) exhibited an order of magnitude
greater affinities at all three receptors than the benzyla-
minoethyl compound 2 (where m = 2 and n = 1). This
prompted us to examine further the optimal position
of the secondary amine nitrogen in the in vitro func-
tional antagonism (Table 3). By fixating the linker

e on the in vitro functional antagonism at the opioid receptors


O N


NH2


O


GTPcS functional antagonism, Kb (nM)8


Kappa Delta


0.47 18.41 ± 7.99 23.14 ± 6.88


0.02 1.15 ± 0.24 0.97 ± 0.14


2.49 23.34 ± 1.93 128.07 ± 52.19


3.34 24.15 ± 1.87 211.63 ± 83.06


0.33 45.83 ± 1.83 495.99 ± 12.24


>1000 >1000


>1000 >1000


1.1.44 2.47 ± 0.36 54.15 ± 16.31







Table 4. Effects of the replacement of pyridyl ring with other aryl rings9 on the opioid receptor antagonism


O A1
A2


NH2


O


N
H


Compound A1 A2 Receptor binding affinity at high Na, Ki (nM)7 GTPcS functional antagonism, Kb (nM)8


Mu Kappa Delta Mu Kappa Delta


9 N C 0.17 ± 0.02 8.38 ± 2.30 1.16 ± 0.23 0.07 ± 0.02 1.15 ± 0.24 0.97 ± 0.14


22 C C 0.29 15.04 1.88 ± 0.17 0.15 ± 0.01 1.22 ± 0.33 0.92 ± 0.11


23 C N 1.77 ± 0.16 69.27 ± 22.70 8.54 ± 1.40 0.44 ± 0.12 9.60 ± 1.14 2.86 ± 0.30


LY255582 0.15 ± 0.01 4.68 ± 0.83 4.82 ± 0.49 0.043 ± 0.008 0.32 ± 0.03 1.19 ± 0.21


Naltrexone 0.87 ± 0.02 5.28 ± 0.12 16.31 ± 0.28 0.59 ± 0.02 2.99 ± 0.10 11.06 ± 0.32
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atom numbers to four in the chain, the nitrogen was
moved along the chains from m = 0–3 (2, 9, 19, and
20). The position of nitrogen benzylic from the middle
phenyl ring (9 where m = 1 and n = 2) was confirmed
optimal for the in vitro antagonism, as the same trend
seen with the binding affinities. The loss of antagoniz-
ing activity with an aniline link either at the terminal
phenyl (19) or the middle phenyl (20) ring indicates
that a basic nitrogen is required for the receptor antag-
onism. We also changed the number of carbon linkers
n = 1–3 while maintaining m = 2 (2, 16, and 17). As
the chain length increased, functional antagonism
decreased especially at the delta receptor. These results
suggest that the four-atom linker between the two phe-
nyl rings may be optimal for the in vitro antagonism
(also seen with 2 vs. 18). This was also confirmed by
the shorter linker compound 21 (where m = n = 1)
which was less potent than 9 at all three receptors, par-
ticularly at delta.


With these findings, we then explored other aryl amides
as a potential replacement for the nicotinamide (Table
4). Benzamido- (22) and 2-pyridinecarboxamido- (23)
biaryl ethers exhibited comparable binding affinities
at the three opioid receptors as the nicotinamide 9,
albeit the 2-pyridinecarboxamide 23 was much less
potent at the kappa receptor. However, all the carbox-
amido-biaryl ethers possessed excellent in vitro func-
tional antagonist activities at all three receptors,
which were several fold more potent than the binding
affinities.


In conclusion, we have discovered potent opioid
receptor antagonists in vitro, which are structurally
unrelated to the typical opiate morphine. Further
SAR exploration of each series of carboxamido-biaryl
ethers shown above will be reported separately in due
course.
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Abstract—Previously we reported the discovery and initial optimization of a novel anthranilic acid derived class of antibacterial
agents which suffered from extensive protein binding. This report describes efforts directed toward understanding the relationship
of the acidity of the carboxylic acid with the extent of protein binding. The pKa of the acid was modified via the synthesis of a num-
ber of anthranilic acid analogs which vary the aromatic ring substituent at the 4-position. The pKa and HSA binding constants have
been determined for each of the analogs. Our results indicate a correlation between pKa and HSA Kd. The physical properties and
antibacterial activities will be discussed as well as how these results help address the protein binding issue with this series of
compounds.
� 2007 Published by Elsevier Ltd.

Emergence of bacterial resistance continues to be a grow-
ing problem in the treatment of bacterial infections.1–3


Thus, Pharmacia invested significant resources in an
attempt to discover antibiotics that targeted novel mech-
anisms of action, with the thought that this would be the
most expedient way to overcome resistance. We recently
reported the discovery of a novel class of protein tran-
scription/translation inhibitors4 through a combination
of high throughput screening and medicinal chemistry
optimization (compounds 1 and 2). While compound 2
exhibited good in vitro antibacterial activity, there was
no in vivo activity in a standard mouse bacteremia model
of infection. Since antibacterial activity is greatly reduced
in the presence of human serum, the lack of in vivo activ-
ity was attributed to the high protein binding of these
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compounds. As a consequence, subsequent optimization
efforts focused on further improving the potency and
reducing the protein binding of these leads.5,6


By focusing on reducing lipophilicity and molecular
weight, several analogs with improved antibacterial
activity and/or reduced protein binding, relative to ini-
tial leads (e.g., 1 and 2), were designed and synthesized
(Fig. 1, compound 3; Fig. 2, compounds 4–6). Protein
binding was routinely assessed by adding human serum
to the in vitro antibacterial assay. Compounds 3–6 have
MICs of 0.125–1 lg/mL against Staphylococcus aureus,
but the addition of 10% serum raises the MICs to the
4–8 lg/mL range; a 4- to 64-fold difference. Even the
level of reduced protein binding afforded by compound
6 did not translate into in vivo activity (ED50s >200 mg/
kg in a mouse bacteremia model). Since human serum
albumin (HSA) represents 60% of the total mass of plas-
ma proteins and is known to bind aromatic carboxylic
acids (e.g., salicylates, ibuprofen),7 we hypothesized that
further reduction of protein binding was required in or-
der to attain in vivo activity.
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Prior SAR studies had demonstrated that the carboxylic
acid was an essential part of the pharmacophore
required for activity. Substituting the acid with other
simple functional groups generally resulted in decreased
activity, except in cases where the functional group also
possessed an acidic proton. In such cases protein
binding was still a problem. Since we were limited to
acids or similar groups, it occurred to us that the acidity
of the acid might impact the extent to which the
compounds were protein bound. Therefore, we under-
took an investigation into the impact of the acidity of
the carboxylic acid on the protein binding, in order to
gain additional insight into ways in which protein
binding might be reduced.


Since previous studies had demonstrated that substitu-
tion on the 5-position of the aryl ring was detrimental
and substitution on the 4-position of the aryl ring was
beneficial4 we targeted the synthesis of analogs in which
the 4-aryl substituent was varied from electropositive
substituents to electronegative substituents. Addition-
ally, in the course of the exploration of the structure–
activity relationships (SAR), it had been determined that

sulfonamide substitution on the central aromatic ring
either meta or para to the amide carbonyl was opti-
mal.4,6 In addition, the potency of compound 6 was
one of the least impacted upon the addition of HSA.
Therefore, for the purposes of this study, we elected to
focus on the meta-substituted series of compounds
(Scheme 1, compounds 6 and 9–15).


The desired analogs were prepared following the route
shown in Scheme 1. 3-Chlorosulfonylbenzoic acid was
reacted with morpholine to provide the sulfonamide 7,
which upon conversion to its acid chloride was coupled
to an anthranilic acid methyl ester (8). Basic hydrolysis
of the methyl ester provided the desired carboxylic acids
(6 and 9–15). In the few instances where the anthranilic
esters were not commercially available, the desired
methyl ester was obtained via esterification of the avail-
able acid or reduction of the corresponding nitro
derivative.


The pKa of each compound was determined using pres-
sure-assisted capillary electrophoresis (PACE). The
measurement of pKa by PACE is based on the ionic
mobility of the solute over a range of buffer pH values.8


Mobility and pH data can then be fit to equilibrium
expressions and the pKa of the solute determined (Table
1, column 3). The accuracy of this method has been
found to be ±0.2 pH units. Additionally, pKas were pre-
dicted computationally using the computer program
PALLAS (Table 1, column 4).


The binding of small molecules to HSA can be measured
using a variety of methods. Previous experiments
demonstrated that this class of translation inhibitors
competitively displaces the fluorescent probe dansylsar-
cosine from site II on subdomain IIIA of HSA. While
this result does not preclude the binding of the molecules
to another site on HSA, it does indicate a high affinity
for an area close to site II. Using a previously developed
method,9 the dissociation constant, Kd, for each com-
pound was calculated from the percentage of dansylsar-
cosine displaced from HSA (Table 1, column 5). Finally,
the MICs in the presence and absence of 5% human
serum were determined to provide another measure of
the impact of protein binding on activity.







Table 1. Measured pKa, calculated pKa, measured protein binding, and antibacterial activity for the compounds with the 5-aryl ring substituent


varied


Compound R C log P pKa PACE pKa Pallas Protein binding Kd (lM) MIC (lg/mL)a


SAURb SAUR 5% serumc


9 H 2.6 3.18 4.00 6.0 ± 1.2 >128 >128


10 CH3 3.1 3.36 4.06 7.5 ± 1.6 >128 >128


11 OCH3 2.6 3.12 3.89 8.1 ± 1.7 >128 >128


12 F 2.8 2.92 3.66 6.6 ± 1.9 128 128


13 Cl 3.4 2.81 3.63 6.5 ± 1.2 4 32


14 Br 3.6 2.79 3.61 4.8 ± 0.7 4 32


6 CN 2.4 2.56 3.38 5.3 ± 1.2 1 2


15 NO2 2.7 3.44 (2.46)d 3.26 4.4 ± 0.3 4 16


a Minimum inhibitory concentration.
b Staphylococcus aureus UC9218.
c Staphylococcus aureus UC9218 + 5% pooled human serum. Human serum (male, from Sigma) was thawed at room temperature, then placed in a


56 �C water bath for 30 min. The serum was filtered using a 0.2-lm filtration system.
d Expected value of pKa given 0.8 units difference between calculated and experimental values.10
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Compounds in Table 1 are arranged from least acidic to
most acidic. It is interesting to note that the computa-
tional predictions (PALLAS) of pKa for this class of
compounds were consistently 0.7–0.8 pH units less
acidic than those determined experimentally by PACE.
This difference can be attributed to an intramolecular
hydrogen bond between the amide NH and the carbonyl
of the carboxylic acid enhancing the acidity of the acid.
Small molecule X-ray structures of compounds in this
analog series confirm the presence of such a hydrogen
bond.11 The computational prediction is not able to take
this interaction into account, and thus returns a less
acidic pKa.


The data collected in Table 1 indicate a correlation be-
tween the acidity of the acid (either calculated or mea-
sured) and the protein binding to HSA (Kd). Stated
another way: generally, the more acidic the acid, the
more highly protein bound the analog. A graphical rep-
resentation of the data is shown in Figure. 3, which plots
both the measured and calculated pKa of the analogs
versus the affinity for HSA (Kd). As the pKas increase
(either experimentally or calculated), the dissociation
constant for the dansylsarcosine site increases.


The biological data in Table 1 also indicate that the anti-
bacterial activity12 is dependent on the pKa of the acid.
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Figure 3. Anthranilic acid pKa versus HSA Kd.

Compounds (9–11) containing a carboxylic acid with a
pKa P 2.92 (measured) show little or no antibacterial
activity against S. aureus. For the compounds that exhi-
bit antibacterial activity against S. aureus, the addition
of just 5% serum reduces the potency. Calculating the
ratio between potency with and without 5% serum also
gives an indication of the extent of protein binding.
For compounds 6 and 13–15 the ratio runs from 2- to
8-fold and generally trends with the Kd measurement.13


Lipophilicity has also been shown to impact the degree
of protein binding in this series of compounds.6 Its im-
pact is likely to be observed in the MIC assays with ser-
um protein present as this system presents a more global
view of the total extent of protein binding (i.e., in cases
where the compounds bind to more than one site, or to
other proteins in the media, vide infra). It is clear that a
strategy built upon reducing pKa to minimize protein
binding will require balancing with the requirement to
retain the degree of acidity needed to retain the potent
antibacterial activity.


Compound 6 was selected for a more extensive evalua-
tion of its protein binding characteristics. Isothermal
titrating calorimetry (ITC) indicated that two or more
molecules of compound 6 bound to fraction V of
HSA, and that there is a 2 lM high affinity binding site
and a 19-lM lower affinity site(s). Kds of �14 and 2 lM
were measured using ultra filtration with human serum
and stopped-flow fluorescence quenching, respectively.14


Since the ITC measurement indicates more than one
binding site, the Kds in Table 1 determined by dansyl
sarcosine are only representative of a portion of the
affinity for HSA.


In conclusion, a study in which the pKa of the carboxylic
acid moiety was varied to determine impact on protein
binding demonstrated that acidity of the carboxylic acid
correlates with affinity to HSA as measured by dansyl
sarcosine displacement. It also appears that there is a
certain threshold of acidity required to retain the anti-
bacterial activity. The fact that compound 6, which is
both highly acidic and highly protein bound, was one
of the most potent analogs in the presence of human ser-
um at the time of this study underscores the complexity
of this issue. Correlation of antibacterial activity of
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these compounds in the presence and absence of serum
with the Kd measured via the dansylsarcosine displace-
ment is complicated by experimental data that indicate
binding at a second lower affinity site. Still, it appears
that efforts to reduce acidity would be well placed.


In addition to protein binding, it is likely that a combi-
nation of factors such as unbound clearance and volume
of distribution impacts the in vivo efficacy of this class of
compounds. The correlation between protein binding
and acid pKa presented herein guided the strategy for
further optimization of this series of compounds with
the aim of identifying a novel antibacterial agent. Future
reports will describe efforts to replace the carboxylic acid
with bioisosteres.11,15
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Abstract—In continuation of our earlier work on benzothiadiazines, we have prepared a series of nitrofuran, nitrothiophene and
arylfuran coupled benzothiadiazines and evaluated them for antimycobacterial and antibacterial activities. One of the compounds
2f has shown good in vitro antimycobacterial activity. All the synthesized compounds have shown moderate to good antibacterial
activity.
� 2007 Elsevier Ltd. All rights reserved.
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Tuberculosis is a dreadful disease caused by bacteria
called Mycobacterium tuberculosis and responsible for
more human deaths than any other single infectious dis-
ease. It is estimated that, about one-third of the world’s
population is infected with this disease. According to
World Health Organization, approximately 8 million
people contact TB annually with almost 2 million
deaths.1 Furthermore, treatment of this disease caused
by resistant bacteria is more difficult in immuno-com-
promised patients such as those infected with human
immunodeficiency virus (HIV).2 For these reasons, there
is an overwhelming need to develop novel antimycobac-
terial agents with different mechanism of action aimed at
a better understanding of antimycobacterial resistance.


The importance of nitrofurans and the isosteric nitrothi-
ophenes as antimicrobial agents is well documented.3


Although a lot of work has been done on these hetero-
cycles, they still remained an active area of research
interest.4 The antimicrobial activity of nitroheterocycles
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(1 and 2, Fig. 1) is mainly due to the metabolic reduction
of their nitro group by a class of enzymes called nitrore-
ductases.5 Recently, Lee and co-workers6 have prepared
a series of nitrofuranyl amides and tested for antimyco-
bacterial activity. One of the analogues has shown excel-
lent antimycobacterial activity, however, it did not reach
the expected in vivo profile due to poor bioavailability.
To overcome this problem, more recently, a new series

H 2


Nitrothiophene derivative (3) 5-Nitro-2-furocarbohydrazide 
derivate (4)


H


Figure 1. Antibacterial (1 and 2), antimycobacterial (3) and antitry-


panosomal (4) nitroheterocycles.
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of these compounds have been prepared and evaluated
for antimycobacterial activity. Some of these have
shown much higher activity with improved bioavailabil-
ity.7 Similarly, 5-nitrothiophene derivatives have been
studied as potential tuberculostatic agents (3, Fig. 1).8


Further, these heterocycles have also shown significant
bactericidal activity against growing and dormant
Mycobacterium bovis.9 Besides this, there has been con-
siderable effort placed on these molecules as antitrypan-
osomal agents.10 Davioud-Charvet and co-workers have
identified that 5-nitro-2-furanocarbohydrazide as an
excellent scaffold for the design of new antitrypanoso-
mal agents (4, Fig. 1). 11 In addition to these properties,
nitrofurans and nitrothiophenes have been described as
antiamoebic,12 hypoxia selective alkylating agents13 and
thioredoxin reductase inhibitors.14 The related arylhet-
erocyclic derivatives have also been found to exhibit dif-
ferent biological properties such as NHE-1,15


Escherichia coli methionine aminopeptidase16 and try-
panosomal cysteine protease cruzain inhibitory
activities.17


Sulfonamide derivatives have demonstrated potential
antibacterial, anticancer, and anti-inflammatory activi-
ties in the literature18 and benzothiadiazines can be con-
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sidered as cyclic sulfonamide class of molecules. These
compounds have been extensively studied as potassium
channel openers.19 Moreover, this ring system has also
been known for antimicrobial activity.20 Based on these
findings, recently we have reported the synthesis and
evaluation of antimycobacterial activity of these mole-
cules by coupling with pyrazine carboxylic acid deriva-
tives.21 Keeping the importance of the
nitroheterocycles in mind and in continuation of our
studies on antimycobacterials particularly benzothiadia-
zines, herein we have reported the synthesis of 5-nitrofu-
ran, 5-nitrothiophene and arylfuran coupled
benzothiadiazines and evaluated them for their antimy-
cobacterial and antibacterial activities.


The preparation of desired compounds was carried out
by the synthetic sequence illustrated in Schemes 1 and
2. The key intermediates 1a–d and 3a–d were prepared
according to our previous report.22 The desired com-
pounds 2a–g were obtained by the condensation of
hydrazide derivatives (1a–d) with 5-nitrofurfural and
5-nitrothiophene aldehyde. The other target compounds
5a–k were prepared by the reaction of chloro derivatives
(3a–d) with carbohydrazide derivatives of aryl and nitro-
furans (4a–c).23 All the synthesized compounds were
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Table 1. Antibacterial and antimycobacterial activities of 3-benzothi-


adiazinyl hydrazone (2a–g) and hydrazide derivatives (5a–k) (MIC in


lg/mL)


Compound M. tuber-


culosis H37Rv


S. aureus E. coli P. aeru-


ginosa


B. Subtilis


2a 8 37.5 18.75 150 37.5


2b 8 37.5 37.5 150 18.75


2c 8 37.5 18.75 150 9.37


2d 16 18.75 18.75 150 18.75


2e 4 18.75 18.75 150 18.75


2f 1 75 37.5 150 37.5


2g 4 37.5 18.75 150 37.5


5a 32 37.5 18.75 150 18.75


5b 32 150 18.75 150 18.75


5c 8 37.5 18.75 150 75


5d 4 37.5 18.75 150 18.75


5e >100 18.75 37.5 75 37.5


5f >100 9.37 18.75 150 18.75


5g >100 18.75 75 150 37.5


5h >100 75 18.75 150 37.5


5i >100 18.75 18.75 75 37.5


5j >100 75 75 150 37.5


5k >100 18.75 18.75 150 37.5


NF — 18.75 18.75 150 18.75


RMP 0.12 — — — —


INH 0.5 — — — —


NF, Nitrofurantoin; RMP, Rifampicin; INH, Isoniazid.
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characterized by 1H NMR, IR and mass spectral
analysis.24


The compounds 2a–g and 5a–k have been evaluated for
the antimycobacterial activity and the results are sum-
marized in Table 1. All compounds were initially
screened against M. tuberculosis H37Rv at the single
concentration of 100 lg/mL. The active compounds
from this screening were further tested for minimum
inhibitory concentration (MIC) determination using a
broth macrodilution assay. Compounds demonstrating
at least 90% inhibition in the primary screen were re-
tested at lower concentrations by serial dilution against
M. tuberculosis H37Rv to determine the actual MIC,
using the nitrate reductase assay (NRA).25 The growth
in the microtitre plate is indicated by the change in col-
our to pink detected by the addition of NRA reagent.
The MIC is defined as the lowest concentration of the
compound showing no change in colour relative to con-
trols. Rifampicin and isoniazid were used as reference
drugs. All the hydrazone derivatives have shown activity
between 1 and 16 lg/mL. Among these compounds
nitrofuran-derived phenyl-substituted benzothiadiazine
(2f) has shown good in vitro antimycobacterial activity
(1 lg/mL). The replacement of furan ring with thio-
phene moiety in this compound has led to the reduction
of activity by fourfold (2g). The replacement of phenyl
group with alkyl groups has also reduced the effective-
ness. Among the nitrofuran carbohydrazide derivatives,
only 7-chloro-N-methyl (5d) substituted and N-phenyl
(5c) derivatives have shown moderate activity. The cor-
responding nitrophenyl carbohydrazide derivatives have
not shown any significant activity.


Further, these compounds (2a–g and 5a–k) have also
been evaluated for antibacterial activity by broth dilu-

tion method for minimum inhibitory concentration
(MIC) as per the NCCLS26 against clinical isolates of
Bacillus subtilis MTCC 441, Staphylococcus aureus
MTCC 96, Escherichia coli MTCC 443 and Pseudomo-
nas aeruginosa MTCC 1688, and the results are summa-
rized along with standard drug nitrofurantoin in Table
1. All the evaluated compounds have shown consider-
able in vitro activity against tested strains of organism
except for P. aeruginosa.


In conclusion, we have synthesized a new series of nitro-
heterocyclic-coupled benzothiadiazines and evaluated
them for their efficacy as antimicrobial agents. Com-
pound 2f was found to be most active against M. tuber-
culosis amongst the compounds tested. Furthermore,
most of the compounds showed broad spectrum of
activity against almost all bacterial strains screened,
while these compounds exhibited mild activity against
P. aeruginosa. Therefore, this work would be fruitful
matrix for the development of a novel class of antimyco-
bacterial agents.
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Abstract—2-O-Carboxymethylpyrogallol derivatives (4–17) were synthesized, with their in vitro inhibitory activities against PTP1B
and in vivo antihyperglycemic effects examined. Compound 14, the most potent among the series, showed a Ki value of 1.1 lM
against PTP1B, 7-fold lower than that against TC-PTP. When compound 14 was fed to a high-fat diet-induced diabetic mouse mod-
el, significant improvements were observed in both the fasting glucose level and glucose tolerance.
� 2007 Elsevier Ltd. All rights reserved.
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Type 2 diabetes mellitus (T2DM) is a serious health
threat in modern society.1 Characterized by hyperglyce-
mia, T2DM is the cause of many complications, includ-
ing cardiovascular disease, blindness, renal failure, and
peripheral nerve damage.2 Increasing concern about
T2DM as health risk factor has led to an intensive
research for the development of an efficient treatment.3


Insulin resistance is an important factor in the patho-
genesis of T2DM and, therefore, insulin sensitizers, such
as TZD class molecules, have been used for the treat-
ment of this disease.4 The recent identification of protein
tyrosine phosphatase (PTP) 1B as an enzyme responsi-
ble for the dephosphorylation of insulin receptors has
raised the possibility that small molecule inhibitors of
PTP1B could act as insulin sensitizers and, thus, as anti-
diabetic drugs.5 This conception was validated in mouse
models; increased insulin sensitivity was observed when
the PTP1B gene was disrupted or when its expression
was suppressed by PTP1B antisense nucleotides.6


The development of PTP1B inhibitors exhibiting favor-
able pharmacological properties has been a challenge,
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with only one compound, Ertiprotafib, having pro-
gressed to phase 2 clinical trials, before it was stopped
due to insufficient efficacy and dose limiting side effects.7


As for the antidiabetic effect of Ertiprotafib, multiple
points of action have been proposed; PPARa, c and
IKK-b were reported as possible targets.8
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Table 1. Compounds used in this study


4-17


O


OR1


OH


R2


OH


O


Compound R1 R2


4 PhCH2 H


5 4-CF3PhCH2 H


6 PhCH2 Br


7 4-CF3PhCH2 Br


8 H Ph


9 PhCH2 Ph


10 4-CF3PhCH2 Ph


11 PhCH2 3-CF3Ph


12 4-CF3PhCH2 3-CF3Ph


13 PhCH2 3,5-(CF3)2Ph


14 4-CF3PhCH2 3,5-(CF3)2Ph


15 PhCH2 4-CF3Ph


16 4-CF3PhCH2 4-CF3Ph


17 3,5-(CH3O)2PhCH2 Ph
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Selective inhibition of PTP1B among >100 human PTP
family enzymes, especially the differentiation of PTP1B
and TC-PTP, have been major concerns in the design
of small molecule PTP1B inhibitors. The homology of
amino acid residues between PTP1B and TC-PTP
reaches 94% at the active site, and achieving PTP1B
selectivity has been a challenge.9 However, recent studies
have raised the possibility that the discrimination of the
two enzymes may not be crucial.9b,1a The insulin sensi-
tivity exhibited by heterozygous PTP1B+/� mice sug-
gests that partial inhibition of PTP1B might afford a
therapeutic effect.6a The healthy survival of TC-PTP+/�


mice indicates that partial inhibition of TC-PTP might
be tolerable.10 Furthermore, TC-PTP is known to be in-
volved in the regulation of insulin signaling.11 Taken to-
gether, a rather lenient therapeutic window, coupled
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Scheme 1. Synthetic strategy for the syntheses of 2-O-carboxymethylpyroga


imide, CHCl3, C2H5OH, NaH, �75 �C! rt! 65 �C, 66%; (b) BrCH2CO2Et


(ii) C2H5OH, H2SO4, 80 �C, overnight, 35–50% overall; (d) R2PhCH2Br,


toluene, C2H5OH, 80 �C, overnight, 75–81%.

with dose control, might be the strategy required for
drug development targeting PTP1B.1a


Another concern in the design of PTP1B inhibitors is the
cell permeability of the compounds. Negative charges
inherent in simple phosphotyrosine mimetics are unfa-
vorable factors for the translocation of the compounds
across the plasma membrane of the cell. Recently, 3a,
containing (2-hydroxyphenoxy)acetic acid as the core
structure, was reported to have a high level of cell per-
meability, and the equilibrium between the acid (3a)
and the lactone form (3b) has been suggested as a possi-
ble explanation for the improved membrane penetration
(Fig. 1).12 Previous studies on the design of PTP1B
inhibitors in our laboratory have indicated that a bulky
substituent (such as –OR1 in Table 1) in the ortho-posi-
tion of the phosphate mimetic group may contribute to
the inhibitor–enzyme complex formation.15 Based on
these premises, 2-O-carboxymethylpyrogallol deriva-
tives, with a benzyl or a substituted benzyl group at
O-1, were synthesized, and their in vitro PTP1B inhibi-
tory activities and in vivo antidiabetic effects examined.
The syntheses of compounds 4–17 are summarized in
Scheme 1. For the synthesis of 14, 2,6-dimethoxyphenol
(4a) was brominated, and then treated with ethyl bro-
moacetate to introduce a carboxymethyl functionality
to the central hydroxyl group. The palladium-catalyzed
coupling reaction of 6b with 3,5-di(trifluorometh-
yl)phenylboronic acid produced 14a. Removal of the
methyl protecting groups from 14a, followed by con-
trolled alkylation of one of the hydroxyl groups, by
reaction with 4-(trifluoromethyl)benzyl bromide, affor-
ded compound 14.17 Other compounds were synthesized
using similar strategies to that shown in Scheme 1.


The 2-O-carboxymethylpyrogallol derivatives were eval-
uated for their inhibitory activities against PTP1B, with
p-nitrophenyl phosphate (pNPP) used as the substrate.
The enzyme and compounds were preincubated for
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llol derivatives (4–17). Reagents and conditions: (a) N-bromosuccin-


, K2CO3, DMF, rt, 6 h, 95%; (c) (i) BBr3, CH2Cl2, �75 �C! rt, 1–3 h;


K2CO3, acetone, 75 �C, 3–4 h, 25–41%; (e) R3PhB(OH)2, Pd(PPh3)4,







Table 2. Inhibition of PTPases by compounds 1–17a


Compound IC50
b [Ki, lM] (lM)


PTP1B TC-PTP SHP-1cat LAR-D1 YOP YPTP-1


1, Ertiprotafib 1.4 (±0.1) [1.5c]


213 500 (±100) [102c]


312 [9.0d] [182d]


4 >1000


5 >1000


6 300 (±14)


7 73 (±5)


8 >1000


9 93 (±5)


10 17 (±1)


11 2.2 (±0.2) 120 (±20) 38 (±2) >200 33 (±4) 52 (±4)


12 5.0 (±0.4) 65 (±3) 13 (±1) >200 21 (±1) 17 (±2)


13 5.7 (±0.4) 37 (±2) 9.0 (±0.3) >200 15 (±1) 20 (±1)


14 2.0 (±0.1) [1.1e] 22 (±1) [8.2e] 4.0 (±0.2) 116 (±8) 6.0 (±0.5) 9.0 (±0.4)


15 13 (±1) 96 (±4) 25 (±1) >200 34 (±2) 17 (±2)


16 5.4 (±0.3) 44 (±3) 12 (±1) >200 13 (±1) 23 (±2)


17 40 (±3)


a The enzyme reaction was initiated by the addition of pNPP to the enzyme in assay buffer, preincubated for 10 min with inhibitors dissolved in


DMSO. The final assay mixture contained: 2 mM pNPP, 40 nM PTP1B (or 5 lg/mL for SHP-1cat, 33 U (manufacturer’s definition)/mL for LAR-


D1 and TC-PTP, 50 U (manufacturer’s definition)/mL for YOP, and 15 nM for YPTP-1), 50 mM Hepes, and 5 mM EDTA, at pH 7, plus 10%


enzyme dilution buffer (25 mM Hepes, 5 mM EDTA, 1 mM DTT, and 1 mg/mL bovine serum albumin, at pH 7.3). After incubation at 37 �C for


3 min, 0.5 M NaOH (0.95 mL) was added, and the A405 measured to determine the amount of p-nitrophenol released. The IC50 values of the


inhibitors were determined by measuring the PTPase activity with a range of different inhibitor concentrations. The PTPs used in this study were


obtained as described previously, except the native form of PTP1B was used.14


b Values are means (± standard deviations) of 2–3 experiments. The kinetic data were analyzed using the GraFit 5.0 program (Erithacus Software).
c Reproduced from our previous report.15


d Reproduced from a previous report.12


e The Ki value for 14 was determined using the relationships: Ki
app = ([S] + Km)/(Km/Ki + [S]/aKi) and ts/to = 1/([I]/Ki


app + 1).16


Figure 2. Intraperitoneal glucose tolerance test. Five-wk-old mice


(C57BL/6J Cr Slc, male), acclimatized for 1 wk, were fed HFD for 8


wks, and then divided into two groups (7 mice/group). The two groups


were fed HFD (d) or HFD + 14 (h) for 4 weeks. The lean control


group (j) was fed LFD all throughout the entire 12 wk period. The


mice were then fasted for 6 h, starting from the beginning of the light


cycle. Just before the intraperitoneal injection of glucose (1 g/kg body


weight), blood was withdrawn from the tip of the tail, and the baseline


glucose level measured. After the injection of glucose, tail blood was


collected at 20, 40, 60, 90, and 120 min later, with the blood glucose


concentration determined using an Accu-Chek� Active diagnostic kit


(Roche, Germany). All values are mean values ± SEM; n = 7/group.


Statistical comparisons between HFD and HFD + 14 groups were


performed using a 1-way ANOVA, where, *p < 0.01 and **p < 0.001.
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10 min prior to the initiation of the enzyme reaction by
the addition of the substrate. As shown in Table 2, low
micromolar IC50 values were observed for compounds
11–16. Compound 14 was found to be the most potent
of the derivatives, with a Ki value of 1.1 lM, which
was low compared to both 3 (Ki = 9.0 lM) and Ertipro-
tafib (Ki = 1.5 lM).12,15 Table 2 also shows the selectiv-
ity profiles of compounds 11–16 against several
phosphatases. These compounds demonstrated 5- to
13-fold greater PTP1B selectivity against TC-PTP.
Compound 14 showed a 7-fold greater selectivity for
PTP1B versus TC-PTP.


The antihyperglycemic effect of 14 was examined in a
high-fat diet (HFD)-induced diabetic mouse model.18


After 8 wks on HFD, the mice (C57BL/6JCr Slc, male)
were fed HFD or HFD + 14 for a further 4 weeks. The
compound 14 was administered as mixtures with the
food (1.0 g of 14 per kg of diet). The daily uptake of
14 was approximated as 3 mg/day/mouse, which is
equivalent to 85 mg/day/kg of mouse weight. At the
end of the 4 weeks of drug-feeding period, the fasting
glucose level of the drug-fed group was significantly low-
er than the HFD control group (Fig. 2, 0 min). After the
injection of glucose, the drug-fed group exhibited a sig-
nificantly faster decrease in the blood glucose concentra-
tion compared to the HFD control group (Fig. 2). In
contrast to the antihyperglycemic effect, no difference
was observed in body weights between the HFD and
HFD + 14 groups.
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In summary, a series of 2-O-carboxymethylpyrogallol
derivatives were synthesized in an attempt to improve
the inhibitory potency of (2-hydroxyphenoxy)acetic acid
derivatives against PTP1B. Among the compounds, 14
exhibited a Ki value of 1.1 lM against PTP1B and dis-
played in vivo efficacy, which significantly lowered the
fasting glucose level and improved the glucose tolerance
in an obesity-induced diabetic mouse model.
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Abstract—Carbocyclic analogs of 30-deoxyadenosine were synthesized as racemates and the resulting stereoisomers were separated by
chromatography on a chiral column. The conjugation of obtained compounds with hexa-(DD-arginine) via 6-aminohexanoic acid linker
led to a highly potent inhibitor of several basophilic protein kinases with some selectivity towards cAMP-dependent protein kinase.
� 2007 Elsevier Ltd. All rights reserved.

Protein kinases (PKs) play a key role in the regulation of
cellular protein functions. More than 400 human dis-
eases have been linked to aberrant PK signaling.1 This
fact and the recent success with PK inhibitor-based
drugs have made PKs the second largest drug target
after G protein-coupled receptors.2 Due to apparent
ease of development of high-affinity low molecular
weight inhibitors targeted to the well-defined hydropho-
bic adenine-binding cleft, and despite serious selectivity
problems (additionally to 500 coded PKs in human gen-
ome 1500 other proteins are able to bind adenine nucle-
otides)1 in combination with high concentration of
competing ATP in the cellular milieu, most of the devel-
oped and studied inhibitors of PKs are competitive with
ATP. The high degree of 3D structural conservation of
adenine nucleotide binding site of these proteins makes
the development of specific inhibitors a challenging task.


The structure of protein substrate-binding domain of ki-
nases is more variable and the development of highly
selective peptide inhibitors has been described.3 How-
ever, longer peptidic structures are needed for achieving
nanomolar potency which leads to problems with cellu-
lar transport and stability of the compounds.
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The development of bisubstrate-analog (biligand) inhib-
itors that simultaneously associate with both ATP and
protein-binding domains of PK could give selective
and potent inhibitors of these dual substrate enzymes.4


A linker enabling optimal positioning of the active frag-
ments comprising the bisubstrate inhibitor could lead to
a conjugate with kinase-binding energy substantially
exceeding the sum of binding energies of the fragments.5


Recently6 we described novel bisubstrate-analog-type
inhibitors of PK that consisted of adenosine and oligo-
(DD-arginine) moieties connected via 6-aminohexanoic
acid linker (ARCs, adenosine–oligoarginine conjugates).
The most active of the compounds, ARC-902 (number 5
in Table 1 of Ref. 6), showed low nanomolar inhibitory
potency toward the catalytic subunit (type a) of cAMP-
dependent protein kinase (cAPK Ca, also known as
PKA Ca), and high proteolytic stability.6 Later we dem-
onstrated that such highly potent ARCs really behave as
bisubstrate-analog inhibitors and can be displaced from
their complex with cAPK Ca by both ATP- and protein
substrate-competitive inhibitors.7


The further increase of inhibitory potency of ARC-type
inhibitors could be achieved by optimization of struc-
tures of the moieties and their spatial positioning. The
earlier structure–activity studies with adenosine and
adenine nucleotide analogs have shown that contrary
to other modifications of the structure that decrease
the affinity of adenosine analogs, the removal of the
hydroxyl group from the 3 0-carbon of the ribose moiety
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Table 1. Inhibition of cAPK Ca


Compound IC50 (0.1 mM ATP)a IC50 (1 mM ATP)a


1a/1b 328 lM (3.48 ± 0.20)b —


2a/2b 93 lM (4.03 ± 0.16) —


1a >1000 lM —


1b 168 lM (3.77 ± 0.18) —


ARC-659-1a/1b/


2a/2bc


3.45 nM (8.46 ± 0.22) 24.5 nM (7.61 ± 0.19)


ARC-659-1a/1b — 16.8 nM (7.77 ± 0.23)


ARC-659-2a/2b — 571 nM (6.24 ± 0.31)


ARC-659-1a — 97.3 nM (7.01 ± 0.22)


ARC-659-1b 2.41 nM (8.62 ± 0.12) 12.9 nM (7.89 ± 0.25)


a Concentration of the substrate (ATP) in the kinetic assay.
b Values in brackets express pIC50-s with 95% confidence intervals.
c ARC-659-1a/1b/2a/2b was synthesized from the mixture of racemic


diastereomers 1a/1b and 2a/2b.
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of adenosine may increase the affinity of compounds to-
wards several PKs up to 5-fold.8 Additionally, crystal
structures of cAPK Ca with adenosine derivatives reveal
the absence of polar interactions between the 4 0-oxygen
of the ribose and the kinase. These facts point to the
possibility of the use of chemically and enzymatically
more stable9 carbocyclic (cyclopentane) adenosine mim-
ics for the design of potent ARC-type inhibitors.


Here we present the synthesis of cyclopentane-based car-
bocyclic analogs of 3 0-deoxyadenosine (3 0-deoxyariste-
romycin), chromatographic separation of the formed
stereoisomers, their conjugation with oligo-(DD-argi-
nine)-containing peptides, and characterization of the
latter compounds as highly potent inhibitors of baso-
philic protein kinases.


The shortest synthetic scheme was selected to prepare
the derivatives of carbocyclic 3 0-deoxyadenosine 1a,
1b, 2a, and 2b that are applicable for easy conjugation
with peptides. 3-Cyclopentene-1-carboxylic acid (3)
was converted to the methyl ester 4 and the obtained es-
ter was oxidized to the appropriate epoxide (5a/5b ratio
3:1) with mCPBA (Scheme 1). Cis and trans isomers (5a
and 5b) of the epoxide were separated by column chro-
matography as described before.10 The products were
treated with the excess of adenine in the presence of
NaH or a phosphazene base.11 Nucleophilic ring open-
ing of epoxide required increased temperatures (90–
110 �C).12 The reaction led to a mixture of four stereo-
isomers (two diastereomers as racemates—1a/1b13 and
2a/2b) in almost equal amounts. The molar ratio of
formed stereoisomers was the same irrespective of
whether the starting epoxide existed as a pure single iso-
mer (5a or 5b) or a mixture of isomers (5a/5b). This was
apparently caused by the racemization occurring at the
most acidic 4 0-carbon adjacent to the ester group in ba-
sic medium at higher temperatures (>100 �C). 1a/1b and
2a/2b were obtained as racemates due to the symmetric
structure of the starting epoxides 5a and 5b. The appli-
cation of both NaH and the phosphazene base led to
similar yields and relative proportions of the products.
NaH appeared to be the preferred base due to easier
purification of the products. Adenine alkylation reaction
producing a mixture of 1a/1b and 2a/2b was the most
critical step due to low overall yield (12–16%). Appar-

ently, the low yield of the synthesis resulted from insta-
bility of the starting epoxides (5a and 5b) in the reaction
medium. The pairs of diastereomers (1a/1b and 2a/2b)
were separated by column chromatography on silica
gel. The overlapping fractions were purified repeatedly.
Structural elucidation of the diastereomers was based
on different NOE signals between 1 0- or 2 0-protons
and 4 0-proton of the isomers. The diastereomer 1a/1b
eluted faster than 2a/2b in case of normal phase chroma-
tography, which is consistent with the previous data
concerning ribose counterparts of the compounds.14


Enantiomers 1a and 1b were separated by HPLC on a
chiral chromatography column (Chiralpak AD-H).


Reactions of the enantiomers (1a and 1b) with (R)-a-
methoxy-a-trifluoromethylphenylacetyl chloride in
pyridine gave Mosher esters 8a and 8b (Scheme 2),







Table 2. Residual activities of PKs in the presence of the inhibitor


ARC-659-1b


Kinase Kinase group19 Residual activity (%)


0.01 lM 1 lM


PKA/cAPK AGC 7 ± 1 0 ± 0


ROCK 2 AGC 41 ± 2 1 ± 0


PKBb AGC 74 ± 1 2 ± 0


MSK1 AGC 37 ± 8 3 ± 0


PRK2 AGC 59 ± 7 3 ± 1


PIM1 CAMK 92 ± 1 6 ± 1


S6K1 AGC 81 ± 7 7 ± 0


PAK5 STE 71 ± 7 10 ± 1


MELK CAMK 86 ± 11 10 ± 3


AMPK CAMK 70 ± 6 12 ± 1


SGK1 AGC 40 ± 4 19 ± 3


CAMK1 CAMK 62 ± 1 19 ± 1


PIM2 CAMK 103 ± 2 20 ± 1


CHK1 CAMK 84 ± 7 27 ± 4


PDK1 AGC 76 ± 1 28 ± 1


RSK2 AGC 91 ± 2 28 ± 8


PKCa AGC 96 ± 1 30 ± 2


PKBa AGC 25 ± 4 32 ± 1


PKCf AGC 83 ± 7 33 ± 4


DYRK3 CMGC 81 ± 4 51 ± 3


Lck TK 86 ± 7 63 ± 6


AURORA B Other 76 ± 6 72 ± 10


PKD1 CAMK 81 ± 5 73 ± 15


CSK TK 97 ± 3 77 ± 4


ERK1 CMGC 82 ± 5 84 ± 5


Src TK 85 ± 9 84 ± 5


GSK3b CMGC 82 ± 0 88 ± 7


CK2 Other 86 ± 5 88 ± 5


MAPKAP-K3 CAMK 97 ± 4 91 ± 13


PRAK CAMK 88 ± 1 96 ± 8


RSK1 AGC 98 ± 3 98 ± 4


JNK3 CMGC 103 ± 9 104 ± 10


NEK6 Other 101 ± 11 111 ± 8


CDK2-Cyclin A CMGC 103 ± 4 114 ± 5


To make the inhibitory potencies comparable, assays were run at ATP


concentration which was close to the Km value for the given kinase.6,20
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respectively, which were used for the determination of
the absolute configuration of the compounds by
NMR.15 Methyl esters (1a, 1b and racemates 1a/1b
and 2a/2b) were hydrolyzed in the presence of triethyl-
amine (TEA). The obtained carboxylic acids (6a/6b,
6a, 6b, and 7a/7b16) were coupled to the peptides with
O-(1H-benzotriazol-1-yl)-N,N,N 0,N 0-tetramethyluronium
tetrafluoroborate (TBTU) and N-hydroxybenzotriazole
(HOBt) activation. Cleavage and deprotection of the re-
sin-bound compounds with trifluoroacetic acid (TFA)
led to the target conjugates of carbocyclic 3 0-deoxyaden-
osine and hexa-(DD-arginine) (ARC-659). The peptide
conjugates made from different isomers are designated
by adding the number of the isomer (1a, 1b, etc.) to
the common code of the compounds ARC-659.


The inhibitory potencies of the synthesized compounds
were evaluated against cAPK Ca with the application
of fluorometric TLC kinase activity assay,17 and the re-
sults are expressed as the IC50 values in Table 1. TAM-
RA-kempide (30 lM) and ATP (0.1 or 1.0 mM) were
used as substrates. The application of higher concentra-
tion of ATP (1.0 mM) in the test system increased the
IC50 value and enabled to avoid tight-binding conditions
of the assay (IC50 6 Ckinase).


18 The racemic nucleoside
analogs 1a/1b and 2a/2b showed expectedly weak inhib-
itory potencies. The IC50 values for these compounds
were comparable to that of adenosine (IC50 = 350 lM).
The diastereomer 2a/2b, being structurally less similar to
the native adenosine than 1a/1b, showed slightly stron-
ger inhibition. The inhibitory potency of the conjugates
of these racemates with hexa-(DD-arginine) differed by
more than 30-fold, and ARC-659-1a/1b (structurally
more similar to adenosine) revealed much higher po-
tency. This difference in activity may originate from
the more effective positioning of the 6-aminohexanoic
acid linker and the peptide in complex with the enzyme.


The separated enantiomer 1b was ca. 10-fold more po-
tent than 1a. This result indicates the importance of cor-
rect positioning of 2 0-hydroxy group for inhibitor
binding to the enzyme. The conjugates with peptides re-
vealed similar one-magnitude difference in activity. To
the best of our knowledge ARC-659-1b is the most
potent bisubstrate-analog inhibitor of protein kinases
described so far.


The selectivity of ARC-659-1b was tested (on the com-
mercial basis at the Division of Signal Transduction
Therapy, University of Dundee) against the panel of
protein kinases. Inhibition efficiency was determined at
two concentrations of ARC-659-1b (1 and 0.01 lM).


The inhibition data for 34 kinases are presented as the
percent of residual activity of the kinase in the presence
of the inhibitor relative to control incubations where the
inhibitor was omitted (Table 2). The analysis of the data
reveals that ARC-659-1b most potently inhibits cAPK.
The Ki value of �0.5 nM was estimated for this PK (Ta-
ble 1; calculated according to the Cheng–Prusoff equa-
tion21 with Km of 20 lM for ATP). The compound
also showed strong inhibition (ca. 50% at 10 nM concen-
tration) of ROCK-II, MSK1, and PRK2. Similar inhibi-

tion potency was determined toward Akt/PKB, SGK1,
and CAMK1. The moderately inhibited kinases (>90%
of inhibition at 1 lM concentration of the inhibitor)
were PIM1, S6K1, PAK5, MELK, and AMPK. Some
other kinases retained higher activity in the presence
of ARC-659-1b and several tested kinases were not
inhibited at all. Generally, the inhibition profile of
ARC-659-1b was similar to that of the previously re-
ported conjugate of adenosine and oligo-(DD-arginine),
ARC-902.6 However, ARC-659-1b has remarkable
cAPK selectivity while its adenosine counterpart ARC-
902 revealed preference for ROCK-II. Several kinases
of the CAMK group like AMPK, PIM-2, and CAMK1
were inhibited more strongly by ARC-659-1b, whereas
ARC-902 was more potent towards the kinases of the
RSK group. PAK5 and MELK kinases (both known
as basophilic kinases) were also strongly inhibited by
ARC-659-1b.


In conclusion, we have accomplished synthesis of the
carbocyclic analog of 3 0-deoxyadenosine along with sep-
aration and characterization of its stereoisomers. The
conjugation of these compounds with hexa-(DD-arginine)
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peptide led to potent inhibitors of basophilic PKs. The
stereochemistry of the nucleoside part of most active
conjugate ARC-659-1b is similar to that of adenosine,
but the novel conjugate does not incorporate a native
nucleoside with a chemically and enzymatically degrad-
able glycosidic bond. The selectivity study revealed that
ARC-659-1b strongly inhibited basophilic kinases and
was almost inactive toward a number of PKs that do
not contain multiple basic amino acids (arginine and/
or lysine) residues in their consensus phosphorylation
sequences.
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Conversion of the LXR-agonist TO-901317—From inverse
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Abstract—TO-901317, a LXR agonist, is an inverse modulator of Alzheimer’s disease associated c-secretase. We synthesized TO-
901317 analogous compound but replaced the hexafluorocarbinol moiety by an oxyacetic acid functionality and hypothesized that
the replacement would change the mode of action from an inverse modulation to normal modulation of c-secretase. As anticipated,
acid 9 was found to be an effective modulator of c-secretase and displayed activity at low micromolar concentration. This significant
modification can be applied to several inverse c-secretase modulators. Such modulators may preserve the cleavage of other c-secre-
tase substrates such as Notch.
� 2007 Elsevier Ltd. All rights reserved.

Alzheimer’s disease (AD) is a progressive, irreversible
neurodegenerative disorder characterized by memory
loss, personality changes and a decline in cognitive abil-
ities. An estimated 37 million people worldwide cur-
rently have dementia; AD affects about 18 million of
them.1 The pathological hallmarks of AD are extracellu-
lar amyloid plaques mainly composed of amyloid b-pep-
tides (Ab) and intracellular neurofibrillary tangles.2 Ab
is generated by the sequential cleavage of b-amyloid pre-
cursor protein (APP) by b- and c-secretases. APP is a
type I transmembrane glycoprotein and exerts a role in
neuro-protection, synaptic transmission, signal trans-
duction and axonal transport.3,4 APP is processed by
b-secretase to produce soluble APPb and the mem-
brane-bound C-terminal fragment C99.5 c-Secretase
cleaves the fragment C99 within its transmembrane do-
main to produce Ab. Ab42 is more hydrophobic and be-
lieved to trigger the neuropathological cascade which
ultimately leads to neurodegeneration.6,7 The c-secretase
complex is an unusual transmembrane aspartyl protease
which carries out the proteolytic cleavage within the li-
pid bilayer.8 c-Secretase occurs as a high molecular
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weight complex and is composed of at least four pro-
teins: presenilin 1 (PS1), nicastrin, anterior pharynx
defective-1 and presenilin enhancer-2. These four com-
ponents form the active core of the c-secretase complex9


and PS1 provides the proteolytic site.10–13 The c-secre-
tase complex processes several other type I transmem-
brane proteins such as Notch, E-cadherin, N-cadherin,
CD44, DCC, ErbB4, LRP and nectin-1, which are in-
volved in many physiological and pathological func-
tions.14 Purified c-secretase complexes revealed that
the membrane protein CD147 has a regulatory effect
on c-secretase activity.15


The mechanism of c-secretase-mediated proteolysis is of
great interest because it executes the final catalytic step
in the APP processing which ultimately results in Ab
secretion. c-Secretase activity can be controlled by the
inhibition of PS1 which contains the catalytic subunit
of the c-secretase complex. PS1 harbours two aspartates
in the transmembrane domains 6 and 7 that compose the
active site.16 Most of the reported and confirmed
c-secretase inhibitors are not substrate specific and inter-
fere with Notch processing and signalling.17,18 However,
compounds capable of modulating the active c-secretase
complex by allosteric binding and subsequent interfer-
ence with complex assembly or substrate recognition
can alter or block Ab production with little or no effect
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on Notch cleavage. Such compounds will be suitable
candidates for AD therapeutics as they retain the cleav-
age of other c-secretase substrates.19,20 Certain nonste-
roidal anti-inflammatory drugs (NSAIDs) (e.g.,
ibuprofen, indomethacin, and sulindac sulfide) can re-
duce the production of the highly aggregation prone
Ab42 peptide, and increase the level of Ab38 peptide,
independent of their COX inhibitory activity.21–23 En-
zyme kinetics indicated that they might be interacting
with a site distinct from the active site.24 Recently, we re-
ported that N-sulfonylated and N-alkylated carprofen
and carbazolyloxyacetic acid derivatives modulate
c-secretase independent of their COX inhibition.25,26


The most active compounds 2 and 3 affected the cleav-
age at the c38, c40 and c42 sites to a different extent
and particularly suppressed the formation of Ab42. They
enhanced the formation of Ab38 and thus showed the
typical profile of effective NSAIDs. Ab38 lacks the four
C-terminal hydrophobic amino acids of Ab42 and is
far more soluble and less prone to aggregate; it has no
known physiological function. Modification of the acid
moiety into amides or esters resulted in the loss or inver-
sion of modulatory activity (Table 1, compounds 2b and
2c); several NSAID derived esters turned out to be
inhibitors of Ab secretion.25,26,29 This observation indi-
cated an important contribution of the carboxylic acid
to target affinity. Riddell et al. reported recently that
TO-901317, a liver X receptor (LXR) agonist, reduced
Ab42 levels in the Tg2576 mouse model at brain concen-
trations of 5 lmol/l and reversed the contextual memory
deficit in these mice.27 Due to the rather nonphysiolog-
ical concentration they concluded that TO-901317 does
not directly interfere with APP processing and tenta-
tively attributed the activity to an APOE-mediated
mechanism. However, an opposite effect was observed
in vitro: Czech et al. demonstrated recently that TO-
901317 interacts with c-secretase at relevant physiologi-
cal concentrations in a cell free assay to alter the produc-
tion of different Ab peptides.28 Moreover, TO-901317
directly modulates APP cleavage by c-secretase in cellu-
lar assays and displays a cholesterol-independent effect
on APP processing. It was found to be an inverse mod-
ulator of c-secretase and displayed activity at the phys-
iological concentrations required for LXR agonism. It

Table 1. Activity report of compounds 1–9


Entry Compound Compound code Cell viabilitya (lM)


1 1a BSc3032 >40


2 1b BSc2912 20


3 2a BSc3041 40


4 2b BSc2405 >40


5 2c BSc2410 >40


6 3 BSc2842 40


7 4 TO901317 —


8 7 BSc3850 >40


9 8 BSc3851 >40


10 9 BSc3769 40


a Significant cellular toxicity was observed at this concentration. Viability re

selectively increased the formation of Ab42 and reduced
the formation of Ab38.


We investigated the LXR agonist TO-901317, because it
shares features of the structure–activity relationship for
normal and inverse c-secretase modulation observed for
NSAIDs and curcumins,25,26,29 but replaced the hexaflu-
orocarbinol moiety by an oxyacetic acid functionality.
We hypothesized that in analogy to NSAID derivatives
the replacement of the hexafluorocarbinol moiety by an
oxyacetic acid functionality would switch the mode of
action from inverse to normal modulation.


Therefore, we synthesized the LXR agonist TO-901317
analogous compound 9 as depicted in Scheme 1 and
compared it to the structurally related NSAID deriva-
tives 1–3. Alkylation of the phenolic –OH of 5 using
anhydrous K2CO3 and tert-butyl chloroacetate in ace-
tone at 60–70 �C and subsequent nitro group reduction
by hydrogenation using 10% Pd–C in ethyl acetate gave
amine 6. N-Sulfonylation of amine 6 was carried out
using triethyl amine, catalytic DMAP and 3,5-bis-(triflu-
oromethyl) benzene sulfonyl chloride in DCM to afford

Activity in lM


IC50Ab38 EC50Ab38 IC50Ab40 IC50Ab42 EC50Ab42


nd >40 11


7.8 19 7.5


5.8 >40 2.9


20 ± 5 na 20 ± 5


>20 >40 >20


9.3 >20 8.5


4.5 >40 3.6


>40 >40 10.6


13.3 >40 6.2


23.7 >40 19.6


duction >20%.







Figure 1. Dose–response curves; Ab (% of control). (a) Compound 7.


(b) Compound 8. (c) Compound 9.
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sulfonamide 7. N-Alkylation of sulfonamide 7 was
accomplished using KOtBu and n-octyl iodide in DMF
to provide the alkylated product 8. The subsequent
acidic cleavage of tert-butyl ester gave acid 9 as colour-
less solid.


Compounds 7–9 were tested for their ability to modulate
c-secretase in the cellular assay; we used the Ab liquid
phase electrochemiluminescence assay to measure se-
creted Ab isoforms.26 In accordance with previous re-
sults,25,26 the esters 7 and 8 (see Table 1 and Fig. 1)
affected the cleavage at the c38, c40 and c42 sites as
the inverse modulators 2b and 2c. They suppressed the
formation of Ab38, while enhancing the formation of
Ab42. N-Alkylation of the sulfonamide 7 enhanced the
inverse c-secretase modulatory activity of compound 8.
The transformation of the ester 8 into the free acid 9 re-
versed the inverse modulation to normal modulation.
Acid 9 displayed a typical NSAID like profile of secreted
Ab fragments. It particularly reduced the formation of
Ab42 and enhanced the formation of the less toxic
Ab38. Moreover, it showed toxicity at 40 lM concentra-
tion. Acid 9 is likely to have little effect on the c-secre-
tase cleavage at the e-site.25,26 These observations
confirm our hypothesis that the free acid moiety is
crucial for modulation of PS1. We speculate that the
lipophilic substituent anchors the N-substituted phe-
noxyacetic acid in the required orientation within the
membrane, thus the maximum tolerated length should
be similar to natural phospholipids (Scheme 2).


Replacement of the hexafluorocarbinol moiety of LXR
agonist, TO-901317, by an oxyacetic acid group chan-
ged the mode of action from inverse modulation to
modulation. In accordance with previous results, the
derivatisation of the acid into esters such as the com-
pounds 7 and 8 provided inverse modulators. Introduc-
tion of n-octyl, a lipophilic substituent on the
sulfonamide 7, increased the inverse modulatory activ-
ity. Compound 9 with the free acid was found to be a
normal modulator of c-secretase. Again, it is evident
from the structure–activity relationship data that the
free acid functionality is crucial for the PS modulatory
activity. This modification can be applied to several c-
secretase inverse modulators and is a reliable tool to
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convert the mode of action from inverse modulation to
modulation.
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Abstract—A series of tetrahydroisoquinolines acting as dual serotonin transporter inhibitor/histamine H3 antagonists is described.
The introduction of polar aromatic spacers as part of the histamine H3 pharmacophore was explored. A convergent synthesis of the
final products allowing late stage introduction of the aromatic side chain was developed. In vitro and in vivo data are discussed.
� 2007 Elsevier Ltd. All rights reserved.
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Fatigue is a frequent symptom experienced by the more
than 340 million people worldwide who are suffering
from depression.1 While antidepressants, particularly
selective serotonin reuptake inhibitors (SSRIs), are fre-
quently able to improve the overall sense of well being
for those who use them, these drugs often fail to im-
prove the symptom of fatigue even as mood improves.2,3


Some SSRIs even induce fatigue and excessive
sleepiness.4,5


One possible approach to mitigating the fatigue associ-
ated with depression and/or its treatment is through
the use of a wake promoting agent. Histamine H3 recep-
tor antagonists are known to increase wakefulness6


without showing nonspecific stimulant effects such as in-
creased locomotor activity.7 Thus the case can be made
that H3 antagonists would be useful adjuncts to antide-
pressant therapy.


As part of our strategy for the development of novel ap-
proaches to the treatment of depression, we have inves-
tigated the possibility of combining histamine H3


antagonism with serotonin transporter (SERT) inhibi-
tion in a single chemical entity. We have recently de-
scribed several chemical series8–11 with high affinities
for both targets (Fig. 1). The research described herein
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explores the effect of replacing the flexible propyloxy lin-
ker common to the earlier series with a more rigid and
polar aromatic spacer in an effort to expand understand-
ing of what is tolerated by the histamine H3 receptor.12


Increasing molecular rigidity has also been associated
with improved oral absorption.13 The target structure
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Figure 1. Dual histamine H3/SERT inhibitors.
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MeOH, 0 �C, 3.5 h, 97%; (b) 1 equiv 4-thiomethyl-2 0-bromoacetoph-


enone, 3 equiv DIPEA, 0.1 M CH3CN, 1 h; (c) 2 equiv NaBH4, 0.1 M


EtOH, 16% for two steps; (d) 20 equiv 40%(aq) MeNH2, 0.1 M EtOH,


1 h, then (e) 3 equiv NaBH4, 15 h, 78% for two steps; (f) 1.3 equiv 3-


hydroxybenzaldehyde, 2.5 equiv NaB(OAc)3H, 1 equiv HOAc,


0.25 M, THF, 0 �C rt, 18 h, 94%; (g) 5 mL MSA/g 11, 50 �C, 2.5 h,


67% 7-isomer, 31% 5-isomer, 98% total yield.
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type with the embedded H3 pharmacophore14 is shown
in Figure 2.


The initial linear synthetic route to the desired targets is
shown in Scheme 1. Reductive amination of 6-bromo-2-
pyridinecarboxaldehyde with piperidine gave amino
bromide 5, which was converted to biaryl ether 6 via
an SNAr reaction15 with 3-hydroxylbenzyl alcohol.
Swern oxidation of the alcohol followed by reductive
amination with methylamine gave the benzylic amine 7
in good yield. Alkylation of 7 with 4-thiomethyl-2 0-
bromoacetophenone followed by reduction16 of the ke-
tone with NaBH4 afforded the secondary alcohol 8.
Ring closure was affected by heating the alcohol in neat
methanesulfonic acid giving the final product 9 in good
yield. Other substrates similar to 8 gave a mixture of 5-
and 7-substituted isomers (see Schemes 1 and 2).


While the route shown in Scheme 1 is useful if variation
of the pendant aryl ring at position four is desired, it is
somewhat cumbersome if variation of the H3 side chain
is the objective. From previous work, we found tetrahy-
droisoquinolines with a 4-thiomethylphenyl substituent
in the 4-position yielded potent SERT inhibitors.17


Keeping the 4-thiomethylphenyl substituent constant
may allow for a simplified synthetic route enabling more
rapid evaluation of potential H3 pharmacophores.
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Scheme 1. (a) 1.5 equiv NaB(OAc)3H, 1.0 equiv piperidine, 0.5 M 1,2-


DCE, 71%; (b) 2 equiv 3-hydroxybenzyl alcohol, 2 equiv Cs2CO3,


0.5 M DMSO, 150 �C, 14 h, 59–63%; (c) 1.2 equiv oxalyl chloride, 2.2


equiv DMSO, 5 equiv Et3N, 0.1 M CH2Cl2, �78 �C, 3 h, 86%; (d) 2.1


equiv 40%(aq) MeNH2, 1.9 equiv NaBH4, 0.5 M MeOH, 0 �C, 3.5 h,


98%; (e) 1 equiv 4-thiomethyl-2 0-bromoacetophenone, 3 equiv DIPEA,


0.1 M CH3CN, 1 h; (f) 2 equiv NaBH4, 0.1 M EtOH, 80% for two


steps; (g) 1.0 M MSA, 5 h, 60 �C, 64%.


Scheme 3. (a) 1.25 equiv 14, 2 equiv Cs2CO3, 0.5 M NMP, 150 �C, 2 h;


(b) 1.5 equiv 14, 2 equiv Cs2CO3, 0.5 equiv CuI, 0.75 M NMP, 195 �C,


2 h.

As we wished to avoid the use of protecting groups in
the synthesis of the tetrahydroisoquinoline core, we
envisioned 10 as a useful intermediate. Compound
10 was readily preparable via reductive amination,
but was troublesome to work with due to high water
solubility18 and modest solubility in organic solvents.
Nevertheless, it could be converted to 11 via alkyl-
ation with 4-thiomethyl-2 0-bromoacetophenone and
reduction of the corresponding ketone, albeit in mod-
est yield.


Recognizing the high polarity of 10 as the source of dif-
ficulty with its manipulation, we desired an alternate
route to 11 with more lipophilic intermediates. Alkyl-
ation of methylamine with 4-thiomethyl-2 0-bromoace-
tophenone followed by immediate reduction of the
ketone (one pot) gave 12 in reasonable yield, but also
afforded significant amounts of the dialkylated product
13. Increasing the equivalents of methylamine from five







Table 1. Rat and human SERT19 and human histamine H3
7 in vitro binding affinities for compounds 9a–m and 16a–c


N
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N
Me


SMe
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9a-m 16a-c


Compound Side chain rSERT Ki (nM) hSERT Ki (nM) hH3 Ki (nM)


9a
N O


N
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O


N
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O
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S
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to 20 improved the yield of 12 from 45% to 78%. Reduc-
tive amination of 3-hydroxybenzaldehyde with 12 gave
11 in 94% yield. MSA mediated ring closure of 11 gave

14 and 15 in a 2:1 ratio with a combined yield of 98%.
Compounds 14 and 15 were easily separated
chromatographically.
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The side chains to be attached to 14 were prepared sim-
ply by reductive amination of the precursor bromo-alde-
hyde with the desired amine (Scheme 3). Attachment of
the side chains onto 14 was accomplished via SNAr or by
coupling in the presence of CuI. The in vitro activity for
the products 9a–m and 16a–c is shown in Table 1.


From Table 1 it is apparent 5-substituted compounds
16a–c have much lower affinity for the rat and human
SERTs and for the H3 receptor than the corresponding
7-isomers 9a–m. Compounds having 1,3-disubstituted
pyridyl spacers 9a, c–e (relative spacing) were all less po-
tent than the corresponding 1,3-disubstituted phenylene
derivative 9b. Pyridine ring nitrogen position had a large
impact on H3 affinity, but a more modest impact on
hSERT binding. Greater H3 affinity was generally found
in the corresponding 1,4-disubstituted arylene deriva-
tives, but again, the presence and location of a ring
nitrogen had a significant effect on potency. Compounds
possessing either 2,4 or 2,5 substituted thiazole spacers
(9k and 9m respectively) in the side chain retained excel-
lent hSERT and reasonable H3 affinity. None of the
compounds prepared were as potent as 2 at the hista-
mine H3 receptor.


We examined two of the more promising compounds, 9h
and 9k, in our H3 functional assay.7 Both compounds
were antagonists with pA2 values in the range of 7.7–7.9.


Throughout our H3/SERT program, we have been able
to qualitatively correlate slow absorption into the brain
(or slow onset of pharmacological response) with brain
and tissue accumulation along with concomitantly high
volumes of distribution.20 We therefore elected to use
the 5-hydroxytryptophan (5-HTP) induced head twitch
model of SERT blockade21 to triage molecules on the
basis of desirable physical properties. Only those mole-
cules with a robust response in the head twitch model
after 1 h and little to no response after 24 h would be
profiled further. One hour post ip injection (10 mg/kg)
of 9h elicited no change in head twitch response
(HTR) as compared with control animals. After 24 h,
an HTR of 272% over control animals was observed.
These data suggest 9h inhibits the serotonin transporter,
but gets into the brain slowly either due to slow absorp-
tion through the peritoneum or slow accumulation into
the brain due to a very high volume of distribution.
Compound 9k did not show significant differences in
the HTR over controls at either time point. In an effort
to improve the physical properties of 9h, the piperidine
ring was replaced with morpholine and 4-fluoropiperi-
dine.22 When such substitutions were made in this series
(9i and 9j) an unacceptable decrease in H3 affinity was
observed.


In conclusion, we have prepared a series of novel dual
SERT inhibitor/H3 antagonists possessing rigidified H3


pharmacophores. The compounds described generally
were potent SERT inhibitors and some 9b, 9f, 9h, 9k,
and 9m were potent H3 antgonists. One compound,
9h, was modestly effective in the 5-HTP model of SERT
inhibition after 24 h, but lacked the desired physical
properties to warrant further development.
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Abstract—A high throughput screen of Abbott’s compound repository revealed that the pyrazolo[3,4-d]pyrimidine class of kinase
inhibitors possessed moderate potency for IGF-IR, a promising target for cancer chemotherapy. The synthesis and subsequent opti-
mization of this class of compounds led to the discovery of 14, a compound that possesses in vivo IGF-IR inhibitory activity.
� 2007 Elsevier Ltd. All rights reserved.

Receptor tyrosine kinases (RTKs) have recently become
validated targets for cancer chemotherapy. The clinical
successes of agents that inhibit RTKs, such as Bcr-Abl
(Gleevec�), EGFR (Tarceva�), and EGFR/ErbB-2
(Tykerb�), have revealed that a variety of RTKs can
be successfully exploited for cancer treatment.1 There-
fore, the search for additional RTKs has led to the pro-
posal that small-molecule inhibitors of the insulin-like
growth factor receptor (IGF-IR) might yield effective
anti-cancer agents.2 IGF-IR is a member of a complex
system of growth factors and receptors that includes
the following: insulin receptor (IR), insulin-like growth
factor I/II (IGF-I/IGF-II), and six insulin-like growth
factor binding proteins.3 The complexity of the signaling
family is further increased due to the presence of hybrid
receptors, which are composed of both IGF-IR and IR.4


In normal tissue, IGF-IR is essential for growth, devel-
opment, and the suppression of apoptosis. This is a con-
sequence of the ability of IGF-IR to simultaneously
activate the anti-apoptotic phosphoinositide-3-kinase/
Akt pathway, and the mitogenic extracellular signal reg-
ulated kinase (ERK)/mitogen-activated protein kinase
pathway.5 In malignant cells, the ability of IGF-IR to
simultaneously control both the pro-survival and the
proliferative aspects of the cellular machinery allows
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these cells to avoid apoptosis, induce the production
of key angiogenic factors, and promote tumor cell
invasion.6


A variety of approaches have been or are currently being
employed to target IGF-IR, which include antibodies to
the extracellular domain of the receptor, dominant-neg-
ative receptor proteins, antisense RNA, siRNA, and
small-molecule inhibitors.7 The latter agents can be di-
vided into roughly two categories, substrate inhibitors
of IGF-IR8 and ATP-competitive inhibitors of IGF-
IR.9 One of the first examples of an ATP-competitive
inhibitor of IGF-IR in both enzymatic and cellular as-
says was recently disclosed (1, NVP-ADW742,
Fig. 1).10 Prior to the completion of our SAR efforts,
compound 2 was reported to also possess IGF-IR enzy-
matic and cellular activity.11 During a high throughput
screen of our compound repository, we noted that the
pyrazolopyrimidine class of kinase inhibitors, such as
3 possessed moderate potency for IGF-IR.12 The
remainder of this communication will focus on the syn-
thesis and IGF-IR inhibitory properties of this promis-
ing class of compounds.


The synthesis of the pyrazolopyrimidines begins with
boronation of the appropriate bromide 5 with diborane
reagent 4 to afford 6 in 85–99% yield (Scheme 1). The
known ketone 7 was treated with morpholine and for-
mic acid, which after recrystallization from DMF/IPA
afforded the desired trans-diastereomer,13 which was re-
acted with the aforementioned boronates 6 under Suzuki
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Table 1. Enzyme and cellular activities of substituted benzimidazole


pyrazolopyrimidines
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R1 R2 R3


1 — — — 78 323


2 — — — 37 58


9 –H –H –Ph 176 787


10 –H –H –CH2Ph 64 94


11 –H –H –CH2CH2Ph 328 487


12 –Me –H –CH2Ph 4334 2794


13 –H –Me –CH2Ph 35 132
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Figure 1. Structures of reported IGF-IR kinase inhibitors (1,2) and generic structure for the pyrazolo[3,4-d]pyrimidines 3.
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Scheme 1. Reagents and conditions: (a) PdCl2 Æ dppf, KOAc, DMF,


100 �C, 85–99%; (b) morpholine, HCO2H, NMP, 100 �C, 25% yield of


trans-diastereomer; (c) 6, (Ph3P)2PdCl2, 2 M aq Na2CO3, DME/H2O 2/


1 (v/v), 80 �C, 40–87%; (d) R3-CHO, 1 M Na2S2O4, EtOH, 130 �C,


20 min, microwave heating, 35–55%.


R. D. Hubbard et al. / Bioorg. Med. Chem. Lett. 17 (2007) 5406–5409 5407

reaction conditions to afford 8, in 40–87% yield. The ni-
tro-aniline was treated with the appropriate aldehyde in
the presence of 1 M Na2S2O4


14 in a microwave reactor
at 130 �C for 20 min to afford analogs 9–37, in 35–
55% yield.


The analogs, described herein, were synthesized to probe
the IGF-IR inhibitory properties of differentially substi-
tuted benzimidazoles, in the presence of the fixed mor-
pholino-cyclohexane moiety.15 Therefore, analogs 9–
37, in addition to 1, and 2, were tested for intrinsic po-
tency versus IGF-IR enzyme,16 and their ability to inhi-
bit intracellular phosphorylation (p-IGF-IR) of the
receptor in MiaPaCa-2 cells, a human pancreatic tumor
cell line.17 The initial set of analogs tested revealed that
the C2-phenyl substituted benzimidazole provided a po-
tent inhibitor of the enzyme (9, Table 1). Insertion of a
methylene unit affording 10 further increased enzyme
activity, while providing equipotent cell activity. Meth-

ylation of N1 of the benzimidazole did not affect the en-
zyme or cell activity; however, the C7-methyl-substituted
benzimidazole was completely void of enzyme activity
(13 vs 12).


The data provided in Table 1 indicated that the benzyl-
substituted benzimidazole analog 10 provided an
acceptable balance of cell and enzyme activity. There-
fore, we focused our attention toward further defining
the optimal substituent(s) on the aryl ring. As shown
in Table 2, a variety of substituents were tolerated at
the ortho-position, such as, –F, Cl, –Me, –OMe, and
even –Br, yielding analogs 14, 15, 16, 17, and 18, respec-
tively. All the aforementioned analogs provided potent
enzyme inhibitors, however, the cellular activity suf-
fered, with 14 providing the only analog with improved
cell and enzyme activity relative to 10.







Table 3. Comparison of the murine oral and intravenous pharmaco-


kinetic properties of 10, 14, and 33


Compound PO


DNAUCa


IV


DNAUCa


CLp


(L/h/kg)


t1/2


(h)


F (%)


10 0.16 1.1 2.3 1 15


14 0.43 1.5 1.2 1.2 28


33 0.039 0.42 4.6 0.60 9


a Units of DNAUC: lmol h/L/mg/kg.
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Figure 2. Inhibition of IGF-IR in vivo by 14.


Table 2. Enzyme and cellular activities of substituted benzyl benz-


imidazole pyrazolopyrimidines


N


N


NH2


N
N


N


N


HN


O


R


Analog R IGF-IR


enzyme


(IC50, nM)


Cellular


phosphorylation


(p-IGF-IR,


IC50, nM)


10 –Ph 64 94


14 –2-Cl–Ph 37 90


15 –2-Me–Ph 38 117


16 –2-F–Ph 51 168


17 –2-OMe–Ph 81 142


18 –2-Br–Ph 71 65


19 3-Cl–Ph 123 372


20 –3-Me–Ph 186 267


21 –3-F–Ph 58 140


22 –4-Cl–Ph 642 637


23 4-Me–Ph 70 257


24 4-F–Ph 924 1250


25 2,6-di-F–Ph 79 104


26 2-F, 6-Cl–Ph 90 113


27 3,5-di-F–Ph 152 183


28 2,3-di-F–Ph 173 197


29 3,4-di-F–Ph 674 819


30 2,6-di-Cl–Ph 125 252


31 3,4-di-Cl–Ph 488 429


32 2,3-di-Cl–Ph 2322 NDa


33
S


23 56


34


S


32 84


35
N


2337 2646


36 1309 2335


37
N


S
3310 1542


a ND, not determined.
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The SAR indicated that for the simple mono-substituted
analogs, the preferred position was the ortho-position,
while the substituents at the meta- and para-position
were tolerated, the enzymatic and cellular activity was

usually decreased. A series of disubstituted analogs were
prepared affording compounds 25–32. The preferred
analogs possessed 2,6-disubstitution patterns, for exam-
ple, the di-fluoro analog 25 possessed enzyme and cellu-
lar activity comparable to the 2-F, 6-Cl-analog 26,
which was analogous to the di-chloro-analog 30. A sur-
vey of putative heterocyclic replacements for the aryl
ring in 10 indicated that the thiophene-derived analogs
(33, or 34) provided improved cellular activity, with
comparable enzymatic activity. However, other rings
systems like pyridyl-analog 35, the thiazole-analog 37,
and the larger naphthyl-ring-analog 36 were all found
to lack relevant enzymatic and cellular activity.


From the data in Table 2, we decided to evaluate the
murine pharmacokinetic (PK) properties of three of
the more promising analogs (10, 14, 33, Table 3). Com-
parison of key PK parameters dose normalized AUC
(DNAUC), clearance (CLp), and half-lives (t1/2) indi-
cated that the compounds were characterized as possess-
ing short half-lives and moderate to high clearance.
Although the isosteric replacement of a phenyl with a
thiophene (10! 33) was tolerated at the enzyme and
cellular level, the aforementioned substitution yielded
much lower oral and intravenous (IV) murine exposure.
Fortunately, the 2-chloro-substituent yielded an analog
(14) that exhibited increased oral and IV exposure, as
well as decreased clearance. As a result of the promising
enzyme and cellular profile of 14, in combination with
improved pharmacokinetic properties, this compound
was chosen for further evaluation in a pharmacody-
namic model for in vivo IGF-IR activity (Fig. 2). Com-
pound 14 given orally at 12.5 mg/kg produced drug
plasma concentrations of 2.4–3.7 lM at a 4 h time point
after dosing, and resulted in nearly complete inhibition
of IGF-IR kinase activity (receptor autophosphoryla-
tion) in mouse lung tissue (92–99%).18 This confirms
that the in vitro IGF-IR inhibitory activity observed
for this class of compounds does indeed translate to
in vivo activity.
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In conclusion, we have disclosed a novel scaffold for
inhibiting the insulin-like growth factor receptor, the
pyrazolo[3,4-d]pyrimidine. Appropriate substitution of
the scaffold afforded 14, which possessed potent enzyme
and cellular activity (<100 nM), while simultaneously
displaying promising murine pharmacokinetics and
activity versus an in vivo pharmacodynamic model. Fur-
ther in vitro and in vivo characterization of 14, as well as
further SAR exploration of the pyrazolo[3,4-d]pyrimi-
dines, will be disclosed in due course.
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Abstract—A series of novel 8-indanylamino- and 8-indanyloxy-substituted imidazo[1,2-a]pyridines with reduced lipophilicity was
synthesized from easily accessible starting compounds. The anti-secretory activity of these compounds has been assessed in a com-
petitive binding assay against H+/K+-ATPase from hog gastric mucosa. Some of the compounds proved to be potent inhibitors of
the gastric acid pump.
� 2007 Published by Elsevier Ltd.
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The gastric H+/K+-ATPase located in the parietal cells is
responsible for the final step of acid secretion in the
stomach and is the main target in the pharmacological
treatment of acid related diseases. Since their introduc-
tion into the market, irreversible inhibitors of the H+/
K+-ATPase (proton pump inhibitors, PPIs) have revolu-
tionized the treatment of gastro-oesophageal reflux
disease (GERD).1 Despite of the clear success of these
agents, there are still limitations of current GERD ther-
apy with PPIs.2 The new reversible potassium competi-
tive acid blockers (P-CABs) may offer therapeutic
advantages over PPI therapy, and may have the poten-
tial to achieve faster inhibition of acid secretion and
longer duration of action compared to PPIs, resulting
in quicker symptom relief and healing.3


Most of the P-CABs disclosed so far belong to the
structural class of imidazo[1,2-a]pyridines.4–6 More re-
cently, a series of 8-(2,6-dialkylbenzylamino)-substi-
tuted imidazo[1,2-a]pyridines has been reported that
effectively inhibit gastric acid secretion by reversible
binding to the H+/K+-ATPase.7–10 However, many
compounds of this series, such as the known inhibitor
AR-HO47108 (1)8 (Fig. 1), suffer from high lipophilic-
ity and are therefore susceptible to extensive metabo-
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lism.9 As part of our studies on the development of
new P-CABs, we herein report the synthesis and bio-
logical evaluation of some related 8-indanylamino-
and 8-indanyloxy-substituted imidazo[1,2-a]pyridines
2 as well as certain derivatives thereof with significantly
reduced lipophilicity (Fig. 1).11


Recent experiments conducted in our laboratory have
demonstrated that various 8-amino- and 8-hydroxy-
imidazo[1,2-a]pyridines react with a wide range of
substituted 1,2-epoxyindanes under weakly basic
conditions to give the respective indanyl-substituted
imidazo[1,2-a]pyridines.12 In order to employ this ap-
proach for the synthesis of the target compounds 2 of
both N- and O-series, the appropriate precursor imi-
dazo[1,2-a]pyridines had to be prepared. The known

OH


AR-HO47108 (1) 2, X = NH, O


Figure 1. Structure of P-CAB AR-HO47108 (1) and target compound 2.
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imidazo[1,2-a]pyridine building block 7 (Scheme 1) was
synthesized with only minor modifications to the pub-
lished procedure.7b Starting from known 6-hydroxy-5-
nitronicotinic acid 3,13 chlorination and subsequent
careful treatment of the intermediate acid chloride with
methanol led to the carboxylic ester 4, which in turn
was reacted with gaseous ammonia to give the 2-
aminopyridine 5. On the other hand, when aqueous
ammonia was applied for the reaction, substantial
amounts of the corresponding carboxamide were ob-
tained as by-product. Subsequent reduction of the nitro
group of 5 led to the diaminopyridine 6 which, upon
treatment with 3-bromo-2-butanone, yielded the 8-
aminoimidazo[1,2-a]pyridine 7, required to access the
N-series of the target compounds 2 (Scheme 1).14


The synthesis of the unknown 8-hydroxy-imidazo[1,2-
a]pyridine 12 (Scheme 2) started from commercially
available 2-amino-3,5-dibromopyridine (8), which was
reacted with 3-bromo-2-butanone to give the imi-
dazo[1,2-a]pyridine 9. Reaction of dibromo compound
9 with benzyl alkoxide provided regioselectively the 8-
benzyloxy-substituted bromoimidazo[1,2-a]pyridine
10.15 The introduction of the carbonyl group in 6-posi-
tion of 10 was then effected by palladium-catalyzed
aminocarbonylation16: Heating a mixture of bromide
10, palladium acetate (15 mol %), triphenylphosphine
and dimethylamine (2 M solution in tetrahydrofuran)
under a pressure of 10 bar carbon monoxide furnished
directly the N,N-dimethylcarboxamide 11 in 81% yield.
Finally, cleavage of the benzyl ether by hydrogenation
of 11 provided the 8-hydroxy-imidazo[1,2-a]pyridine
12, which served as an entry to the O-series of the target
compounds 2 (Scheme 2).


With the key intermediates 7 and 12 in hand, the synthe-
sis of the final compounds 2 had to be accomplished. In
the case of the N-series, simple heating of the 8-amino-
imidazo[1,2-a]pyridine 7 with 1,2-epoxyindane 13
(Scheme 3) in a mixture of dioxane and water in the ab-
sence of a base provided the racemic 8-indanylamino-

substituted imidazo[1,2-a]pyridine ester 14 in good yield
and with high trans-selectivity (>95%). After saponifica-
tion of the ester 14 to the carboxylic acid 15, the carbox-
amides 16–19 were prepared by reaction of 15 with the
respective amine using TBTU17 as coupling reagent.
The low yield for the carboxamides 16 and 17 was
mainly due to losses during the workup procedure
(Scheme 3).


The analogous reaction of the 8-hydroxy-imidazo[1,2-
a]pyridine 12 with 1,2-epoxyindane (13) only proceeded
well in the presence of a base. The highest yield of the
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product 22 was obtained using triethylamine. As in the
case of the N-series, the trans-product was formed in a
selective manner (>95%). Additionally, we were inter-
ested in compounds carrying a substituent in 7 0-position
of the indane ring, since substituents such as 7 0-methyl
or 7 0-methoxy would further restrict the possible confor-
mations of the rotatable indanyl moiety. The required
7-methyl-1,2-epoxyindane (20) and 7-methoxy-1,2-epox-
yindane (21) were prepared from the corresponding
indenes by bromohydroxylation and subsequent epoxide
formation under basic conditions in analogy to the
known procedure for 1,2-epoxyindane (13).18 The reac-
tion of the amide 12 with the epoxides 20 and 21 pro-
ceeded sluggishly and provided the respective target

Table 1. Inhibition of H+/K+-ATPase by compounds 1 and 16–19


R


NH


N


OH


Compound R H+/K+-AT


�logIC50
a


1 AR-HO47108 6.2


16
NH2


O
4.8


17
(H3C)HN


O
5.4


18
(H3C)2N


O
6.3


19
N
H


O
O 4.7


a For assay details, see Ref. 6b.
b See Ref. 20.
c 1-Octanol/water partition coefficient of the neutral species.
d 1-Octanol/water distribution coefficient at pH 7.4.
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i
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20: R = CH3


21: R = OCH3


13: R = H


Scheme 4. Reagents and conditions: (i) EtOH, H2O, Et3N, 22: 70 �C, 3 h, 5

compounds 23 and 24 in low yields. Apparently, the
nucleophilic attack of the hydroxy group of 12 on the
epoxide ring is sterically hindered by the 7-substituent
adjacent to the benzylic position, thus leading to con-
comitant decomposition of the starting epoxides 20
and 21, respectively (Scheme 4).


All indanyl-substituted imidazo[1,2-a]pyridines 16–19 and
22–24, as well as the known P-CAB 1,19 were evaluated in a
competitive binding assay against H+/K+-ATPase from
hog gastric mucosa.6b Additionally, the lipophilicity and
pKa values of all the target compounds were determined.20


The results are summarized in Tables 1 and 2. The replace-
ment of the 2,6-dialkylbenzyl group of 1 by an indanyl

N


Pase pKa
b logPb,c


logD (pH 7.4)d


6.10 (±0.01) 4.95 (±0.08)


4.93


5.97 (±0.02) 3.11 (±0.05)


3.09


5.97 (±0.02) 3.40 (±0.04)


3.39


6.24 (±0.02) 2.85 (±0.05)


2.82


6.01 (±0.04) 3.43 (±0.05)


3.41


O


O


N


N


OH


R


23: R = CH3


24: R = OCH3


22: R = H


1%, 23: 30 �C, 5 h, 20%, 24: 30 �C, 4 h, 19%.







Table 2. Inhibition of H+/K+-ATPase by compounds 22–24


O


N


N


R


O


N


Compound R H+/K+-ATPase


�logIC50
a


pKa
b logPb,c


logD (pH 7.4)d


22
OH


5.7 6.21 (±0.02) 2.20 (± 0.06)


2.16


23
OH


CH3


6.9 6.22 (±0.02) 2.59 (± 0.02)


2.56


24
OH


OCH3


5.7 6.27 (±0.01) 2.30 (± 0.05)


2.27


a For assay details, see Ref. 6b.
b See Ref. 20.
c 1-Octanol/water partition coefficient of the neutral species.
d 1-Octanol/water distribution coefficient at pH 7.4.
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moiety (compound 16) led to an approximately 25-fold
reduction in activity (�logIC50 = 4.8). On the other hand,
a substantial increase in potency was observed when one of
the amide hydrogens of 16 was replaced by a methyl group
(17) and was even higher when both of the amide hydro-
gens were substituted by methyl (18). When the methyl
group of 17 was replaced by 2-methoxyethyl (19), the activ-
ity again dropped considerably. The dimethylamide ana-
logue 22 of the O-series was less active than 18, but
introduction of a 70-methyl group (compound 23) in-
creased significantly the activity (�logIC50 = 6.9). How-
ever, the 70-methoxy derivative 24 was found to be
equipotent to 22. The replacement of the 2,6-dialkylbenzyl
group by indanyl did not change the basicity of the com-
pounds to a large extent (pKa values ranging from 5.97 to
6.24), but the lipophilicity was significantly reduced with
the more polar 3-hydroxy-indanyl moiety (16 vs 1). The in-
crease of the pKa value as well as the decrease of the logP
value of compound 18 compared to 16 and 17 is in agree-
ment with theoretical predictions using fragmental based
programs for pKa and logP calculations, such as ACD/
pKa DB, ACD/logP DB or clogP.21 As shown by compar-
ison of the dimethylamides 18 and 22, the lipophilicity was
even further decreased when the bridging nitrogen was re-
placed by oxygen.


In summary, we have reported a convenient synthesis of
8-indanylamino- and 8-indanyloxy-substituted imi-
dazo[1,2-a]pyridines with improved physicochemical
properties compared to the 2,6-dialkylbenzylamino-
substituted series. The in vitro activity of compounds
18 and 23 as antagonists of the gastric H+/K+-ATPase
is excellent: the strength of inhibition of both com-

pounds is comparable to that of the known P-CAB
AR-HO47108 (1).
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Abstract—A series of HIV protease inhibitors with modifications on the P3 position have been designed and synthesized. These
compounds exhibit excellent antiviral activity against both the wild type enzyme and PI-resistant clinical viral isolates. The synthesis
and biological activity of the compounds are described.
� 2007 Elsevier Ltd. All rights reserved.
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Human immunodeficiency virus (HIV) protease cleaves
the gag and gag-pol polyproteins required by the infec-
tious virus to mature. Inhibition of HIV protease results
in immature virons that are incapable of replication.1


Protease inhibitors (PIs) used in combination with
reverse transcriptase inhibitors form the basis of
HAART therapy that has led to a significant reduction
in HIV-related morbidity. However, despite their clini-
cal success, prolonged use of PIs has resulted in emer-
gence of PI-resistant virus.2 Thus, there remains a
need to identify and develop next generation of drugs
that are effective against a broad panel of PI-resistant
mutant viruses.


In a recent paper, we described a hybrid analog that
incorporated P1 0P3 0 portion of indinavir and the
P1P2P3 of JE-2147 that resulted in a new class of potent
HIV protease inhibitors exemplified by (1).3 This novel
class of compounds exhibited excellent antiviral activity
against wild type enzyme (NL4-3) in both the enzyme
inhibition assay (IC50), and the viral spread assay
(CIC95). In addition, this series also showed good antiviral
activity against a panel of HIV-resistant mutants.
Extensive SAR conducted around the P2 portion of
the molecule, while keeping the P1 0, P3 0, and P3 groups
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constant, identified the 2,6-dimethyl benzyl group to be
optimal for antiviral activity. In order to explore the
SAR of the P3 portion of the molecule, we undertook
a study to find a surrogate for the thiazolidine ring
moiety. In this communication, we report that the thiaz-
olidine ring at P3 can be replaced with a spiro oxazoli-
dine moiety (Fig. 1).


The compounds described herein were prepared using
two different synthetic routes (Schemes 1 and 2). The
synthesis of the compounds of the structure 10 is out-
lined in Scheme 1. The epoxide 34 was treated with
NaH and p-methoxy benzyl alcohol to give the mono-

P2
P3'


Figure 1. Hybrid of indinavir and JE-2147.
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protected diol 4. The secondary alcohol was protected as
the benzoate ester using BzCl/pyridine. Next, the PMB
ether was de-protected under oxidative conditions with
DDQ to give the primary alcohol 5, which was oxidized
to the acid 6 with PDC in a 60% yield. The acid 6 was
converted to the acid chloride 7 under standard condi-
tions using oxalyl chloride. Commercially available
Boc-protected LL-proline was coupled to 2,6-dimethyl
benzyl amine using bromo-tris-pyrrolidino-phospho-
nium hexafluoro phosphate (pyBrop) and DIEA in
90% yield. Removal of the Boc group with TFA yielded
8, which upon treatment with the acid chloride 7 in
DCM gave the desired amide 9 in 50% yield. Removal
of the acetal group using HCl/dioxane followed by
saponification of the benzoate ester gave the final prod-
uct 10.


All compounds were tested for their ability to inhibit the
wild type enzyme (NL4-3, IC50).5a In addition, the com-
pounds were tested for their ability to inhibit the spread

of viral infection in MT4 human T-lymphoid cells in-
fected with the NL4-3 isolate (CIC95).5b A subset of
compounds were also tested against highly PI-resistant
viral constructs that were engineered from viral isolates
of patients infected with multiple PI-resistant HIV.6


We first examined the effect of ring size on activity.
Accordingly, four-, five-, and six-membered-ring ana-
logs were synthesized (Table 1). Proline analog 10 was
the most active compound with an IC50 = 14 nM com-
pared to either 11 or 12. However, compared to the
thiazolidine analog 1, it was significantly less potent.
This result suggested to us, the importance of the gem-
dimethyl groups present on the thiazolidine ring for
activity.


We reasoned that the gem-dimethyl group could impart
a conformational constraint that helps orient the entire
benzyl amide group at the P2 position in the enzyme
binding pocket. In addition, it was felt that the gem-di-
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Table 1. Antiviral activity as a function of ring size


n Enzyme inhibition


IC50 (nM) NL4-3


Viral spread assay


CIC95 (nM) NL4-3


Indinavir 0.6 45


0, 11 90 1000


1, 10 14 1000


2, 12 42 1000
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methyl group might have some positive van der Waals
interactions, accounting for the high affinity to the en-
zyme. To study this further the corresponding carbon
(20) and oxygen analogs (24) of the thiazolidine were
synthesized.


Scheme 2 outlines the synthesis of these compounds. (2S)-
3,3-Dimethyl-N-(Boc)proline 13 was prepared using a lit-
erature procedure.7 The carboxyl group was coupled to
2,6-dimethyl benzyl amine with pyBrop/DIEA in 91%
yield (Scheme 2). After removal of the Boc group with
TFA, 14 was coupled to the acid 153,8 using pyBOP to give
the desired amide 16 in 81% yield. Hydrolysis of the lac-
tone 16 with aqueous 1 N LiOH in dioxane followed by
protection of the alcohol as the tert-butyl dimethyl silyl
ether with TBSOTf/DIEA gave the desired acid 17. This
was coupled with cis amino chromanol9 18 to afford 19.
Removal of the TBS group with 1 M TBAF solution pro-
vided the final product 20 in 75% yield.


Synthesis of the oxazolidine intermediate 23 is outlined
in Scheme 3. Commercially available (S)-(�)-2-amino-
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Scheme 3. Reagents and conditions: (a) HCHO (37% aqueous), 2N


NaOH, 24 h, rt; (b) Boc2O; 70% over 2 steps; (c) 2,6-dimethyl benzyl


amine, pyBrop, DIEA, 67%; (d) CH3SO3H, DCM, 93%.


Table 2. Influence of the gem-dimethyl group on antiviral activity


HIV protease
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Indinavir 0.6 6


X@CH2, 20 0.14


X@O, 24 0.17

3-hydroxy-3-methyl-butanoic acid (b-hydroxy-LL-valine)
21 upon treatment with aqueous formaldehyde gave
the desired oxazolidine.10 The nitrogen was protected
with Boc group to give 22. This was elaborated using
the chemistry described in Scheme 2 to 24.


In vitro antiviral activity for the compounds is summa-
rized in Table 2. As anticipated, we observed a 100-fold
improvement in activity for 20 compared to 10 for the
wild type enzyme. More significant was the superior

inhibition IC50 (nM) Viral spread assay CIC95 (nM)


-60C V-18C WT K-60C V-18C


1 43.6 45 1000 890


1.6 0.4 15 500 31


2.2 1.3 15 500 62


HOOC HN
O31 32


Scheme 4. Reagents and conditions: (a) AllylMgBr, THF, �20 �C to


rt, 75%; (b) TMSOTf, Et3N, DCM, 55%; (c) Schrock’s catalyst, C6H6,


reflux 95%; (d) HCOONH4, HCOOH, EtOH, Pd/C, rt, 87%; (e) 1 M


TBAF, THF, 83%; (f) TsOH, MeOH rt, 100%; (g) Jones oxidation,


�15 �C to rt, 74%; (h) HCl, 1,4-dioxane; (i) HCHO (37% aq), 2 N


NaOH; (j) Boc2O, NaOH 48% over three steps; (k) pyBrop, DIEA,


2,6-dimethyl benzyl amine, 69%, (l) CH3SO3H, DCM, 78%.







Table 3. Antiviral activity of spiro cyclopentane-oxazolidine analogs with different P2 substituents
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antiviral activity observed for both 20 and 24 against
mutant enzymes, especially V18-C.


Encouraged by these findings we examined the effect of
placing a larger group at the P3 position. Thus, the gem-
dimethyl group was replaced with a spiro-cylopentane
moiety (33) (Scheme 4).


Treatment of commercially available DD-serine methyl es-
ter 25 with an excess of allylmagnesium bromide in
THF gave the desired tertiary alcohol in 75% yield, which
was protected as the TMS ether to give 26. Upon treat-
ment of 26 with Schrock’s catalyst in refluxing benzene,
it smoothly underwent olefin metathesis to give the cyclo-
pentene 27 in excellent yield.11 Hydrogenation of the dou-
ble bond followed by de-protection of the silyl group
afforded the alcohol 28. Next, the acetonide group was re-
moved under acid catalyzed conditions with p-toluene
sulfonic acid to give the diol 29. Jones oxidation followed
by removal of the Boc group gave the amino acid 30.
Treatment with formaldehyde followed by Boc protection
as described in Scheme 3 gave the desired amino acid. This
material was transformed to 33 using the chemistry de-
scribed in Scheme 1. We also synthesized three additional
analogs that varied the groups at the P2 position. The bio-
logical results are summarized in Table 3.


Consistent with our proposition, placing a large group
at the P3 position resulted in the wild type enzyme activ-
ity being maintained. We also observed an improvement
in the activity against the PI-resistant strains of the
virus. Interestingly, replacing the 2,6-dimethyl benzyl
group at P2 position with 2,6-dichloro benzyl group re-
sulted in a 2-fold decrease in activity. However, replac-

ing the benzyl group at the P2 position with the
smaller 5-membered heterocycle such as the isoxazole
35 or the isothiazole 36 resulted in a significant loss in
activity particularly against PI-resistant virus isolates.
This result was surprising to us because earlier observa-
tions by our group had shown that these groups syner-
gized well with the thiazolidine ring.3a The decrease in
activity of 35 and 36 in the viral spread assay could be
due to poor cell permeability.


In summary, we designed and synthesized a new series of
HIV protease inhibitors that were active against HIV-
resistant clinical isolates. In particular, we found that a
spiro cyclopentane-oxazolidine moiety to be an ideal
replacement for the thiazolidine ring while maintaining
the activity against both wild type and PI-resistant
isolates.
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Abstract—Two new alkaloids, hypserpanines A and B (1, 11), together with eleven known compounds, phenolbetain (2), acutumine
(3), acutumidine (4), dechloroacutumine (5), dauricumine (6), dauricumidine (7), pronuciferine (8), glaziovine (9), S-reticuline (10),
magnoflorine (12) and laurifoline(13), were isolated from Hypserpa nitida Miers. (Menispermaceae) and chemically elucidated
through spectral analyses. All the isolated alkaloids were evaluated for their anti-HBV activities in vitro using the HBV transfected
Hep G2.2.15 cell line. The most active compound, dauricumidine (7), exhibited an IC50 value of 0.450 mM (SI = 4.13) on hepatitis B
virus (HBV) surface antigen (HBsAg) secretion of the Hep G2.2.15 cell line.
� 2007 Elsevier Ltd. All rights reserved.

The hepatitis B virus (HBV) belongs to the family of
hepadnaviruses (hepatotropic DNA viruses) and causes
acute and chronic infections of the liver and is responsi-
ble for 1.2 million deaths annually.1 Although anti-HBV
drugs now available have improved the quality of the
lives of HBV patients, development of drug resistance
has prompted the search for new anti-HBV agents. Nat-
ural compounds, because of their structural diversity,
provide a large opportunity for screening anti-HBV
agents.2–4


Hypserpa nitida Miers. (Menispermaceae), distributed in
China and south Asia, is a folk medicinal herb used to
treat inflammation.5 Following the course of our contin-
uous search for anti-HBV active compounds from natu-
ral sources,6 it is suggested that the 90% EtOH extract of
H. nitida showed IC50 values of 0.445 and 0.925 mg/mL
against HBV surface antigen (HBsAg) and HBV e anti-
gen (HBeAg), respectively, and so far, to the best of our
knowledge, there was no report about the chemical con-
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stituents of H. nitida, which prompted us to investigate
active anti-HBV components from the title plant.


In the present study, column chromatographic separa-
tion7 of the 90% EtOH extract of H. nitida yielded two
new alkaloids hypserpanines A and B (1, 11) and eleven
known compounds: phenolbetain (2),8 acutumine (3),9,10


acutumidine (4),9,10 dechloroacutumine (5),11 dauricu-
mine (6),9 dauricumidine (7),9 pronuciferine (8),12,13 gla-
ziovine (9),13 S-reticuline (10),14,15 magnoflorine (12)16,17


and laurifoline (13)18,19 (Fig. 1). Structures of these com-
pounds were elucidated based on spectral analyses and
comparison of the spectral data with those reported in
literatures. Herein, we reported the structural elucida-
tion of two new alkaloids and anti-HBV activities of
the isolated compounds.


Hypserpanine A (1) was obtained as white amorphous
powder. The EIMS spectrum20 of 1 showed ion peaks
at m/z at 438 (M+, isotope peak), 439, 440 and 403
[M�Cl]+, indicating that compound 1 had one chlorine
atom in the molecular formula. The molecular formula
of compound 1 was assigned as C22H32N2O5Cl (m/z
439.2003, [M+H]+, calcd 439.1999) by positive HRE-
SIMS.20 IR absorption at 3418 cm�1 suggested that
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Figure 1. Structures of compounds 1–13.
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compound 1 contained hydroxyl group. Furthermore,
its EIMS fragmentation pattern was similar to that of
acutumine (3) or dauricumine (6),21 suggesting that 1
was an acutumine or dauricumine analogue.


The 1H NMR spectrum of 1 (Table 1) exhibited char-
acteristic signals due to core structure of acutumine at

Table 1. 1H and 13C NMR spectroscopic data of 1 in CDCl3 (d in


ppm, J in Hz)


Position Compound 1


d 1H d 13C


1 4.60 s 72.6 d


2 172.5 s


3 5.02 s 102.2 d


4 197.2 s


5 2.72 m 47.1 t


2.14 d (15.5 Hz)


6 193.5 s


7 138.2 s


8 159.8 s


9 2.96 t (12.3 Hz) 39.8 t


2.34 m


10 4.63 dd (12.0, 6.9 Hz) 58.6 d


11 66.3 s


12 52.2 s


13 73.2 s


14 2.64 m 39.1 t


1.58 m


15 2.72 m overlapped 51.3 t


2.34 m overlapped


16 2.32 s 35.9 q


17


17a 3.26 m 44.5 t


17b 3.58 m 45.1 t


17c 1.18 t (7.0 Hz) 11.3 q


17d 1.24 t (7.0 Hz) 14.4 q


18 3.66 s 60.2 q


19 4.07 s 60.6 q

d 5.02 (H-3), d 4.63 (H-10) and d 4.60 (H-1) as those
of 3 and 6. The signals of two methoxyl groups (d
4.07, H-19; d 3.66, H-18) and one N-methyl (d 2.32,
H-16) were in agreement with those of compound 6
(Table 1), but one methoxyl signal at d 3.70 (C-17
in compound 6) disappeared, two aliphatic methyl sig-
nals triplet at 1.18 (H-17c) and d 1.24 (H-17d) to-
gether with two heteroatom-connecting methylene
signals at d 3.58 (H-17b) and 3.26 (H-17a) were ob-
served. The 13C NMR data for compound 1 were
comparable to those of 6 and this indicated an identi-
cal core structure. In fact, the major differences be-
tween 1 and 6 were the absence of one methoxyl
signal at d 58.3 (C-17 in compound 6) and the pres-
ence of additional two aliphatic methyl signals (d
11.3, C-17c; d 14.4, C-17d) and two methylene signals
(d 44.5, C-17a; d 45.1, C-17b). The above mentioned
NMR data, together with the mass spectrometric
information,20 implied that one methoxyl group in 3
or 6 was replaced by a diethylamino group in 1, which
was supported by HMBC correlations (Fig. 2) from
the protons at d 3.58 (H-17b), 3.26 (H-17a) and 5.02
(H-3) to the carbon at d 172.5 (C-2). In addition,
the connectivity patterns between the proton at d
3.58 (H-17b) and 14.4 (C-17d), d 3.26 (H-17a) and d
11.3 (C-17c) were observed, implying that compound
1 was a 2-diethylamino substituted analogue.


The stereochemistry of 1 was established based on
ROESY correlation (Fig. 2) between H-10 and H-14,
indicating that C-10 was S-configuration, which was in
accordance with that of 3 or 6. Moreover, H-1 displayed
no correlation with H-14, suggesting that an a-OH was
located at C-1. Comparatively, the ROESY spectrum of
acutumine (3) showed strong correlation between H-1
and H-14, accordingly, the configuration of C-1 was
suggested and the structure of 1 was elucidated and is
shown in Figure 1.
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Hypserpanine B (11) was isolated as amorphous powder
and exhibited a molecular formula of C19H22NO3 by po-
sitive HRESIMS (m/z 314.1757, [M+2]+, calcd
314.1756). 13C NMR data of compound 11 (Table 2)
showed the presence of four sp2 methines (C-2, C-3,
C-8 and C-9), eight sp2 quaternary carbons (C-1, C-1a,
C-1b , C-3a, C-7a, C-10, C-11 and C-11a), three sp3


methylenes (C-4, C-5, C-7), one sp3 methine (C-6a)
and three methyl groups. The 1H NMR spectrum (Table
2) showed four aromatic protons, with two AB systems
(d 7.00 and 6.73, both d, J = 8.4 Hz; d 7.07 and 6.69,
both d, J = 8.8 Hz). Based on 13C NMR data, the
presence of two AB systems and the shifts of the two
N-methyl groups (d 3.14 and 3.06), the basic skeleton
of 11 was established as those of magnoflorine (12)
and laurifoline (13).

Table 2. 1H and 13C NMR spectroscopic data of 11 in CD3OD (d in


ppm, J in Hz)


Position Compound 11


d 1H d 13C


1 147.8 s


2 7.00 d (8.4 Hz) 113.2 d


3 6.73 d (8.4 Hz) 119.9 d


3a 122.1 s


4 2.98 m 23.9 t


3.14 overlapped


5 3.75 dt (13.2, 6.4 Hz) 55.4 t


3.40 overlap


6a 5.05 br d (5.2 Hz) 70.6 d


7 3.40 overlapped 37.4 t


3.22 m


7a 129.1 s


8 7.07 d (8.8 Hz) 131.4 da


9 6.69 d (8.8 Hz) 116.6 db


10 157.9 s


11 144.9 s


11a 120.3 s


11b 116.6 s


11c 131.4 s


1-OMe 3.87 s 56.6 q


2-OMe


10-OMe


N-Me 3.14 s 54.0 q


N-Me 3.06 s 51.7 q


a The 13C NMR signal was overlapped with that of C-11c.
b The 13C NMR signal was overlapped with that of C-11b.

The HMBC correlations (Fig. 3) from H-3 (d 6.73) to
C-4 (d 23.9), H-8 (d 7.07) to C-7 (d 37.4) and the
ROESY correlation between 1-OMe (d 3.87) and H-2
(d 7.00) revealed that the methoxyl group must be
located in position C-1 and the two hydroxyl groups
in positions C-10 and C-11. Besides, compound 11 has
a positive optical rotation,22 thus, C-6a was proposed
to be S-configuration23 and the structure was identified
and is shown in Figure 1.


The anti-HBV activities of compounds 1–13 were evalu-
ated in vitro using the Hep G2.2.15 cell line stably trans-
fected with the HBV genome as reported previously.6


Anti-HBV activity, cytotoxicity and selectivity index
(SI) are summarized in Table 3. The following is to be
noted regarding the anti-HBV activity data with the
tested compounds. (i) The alkaloids with acutumine core
structure such as hyperpanine A (1), acutumidine (4)
and dauricumine (6), have inhibitory action on the pro-
duction of HBsAg with IC50 values of 1.415, 2.023 and
1.312 mM (2 > SI > 1). The most active acutumine
alkaloid, dauricumidine (7), shows anti-HBsAg activity

Table 3. Anti-HBV activity, cytotoxicity and selectivity index of


compounds 1–13a


Compounds CC50


(mM)


HBsAgb HBeAgc


IC50 (mM) SId IC50 (mM) SI


1 2.226 1.415 1.57 >2.870 <1


2 2.181 2.367 <1 >4.525 <1


3 >2.989 >2.989 — >2.98 —


4 >2.888 2.023 >1.31 >2.888 —


5 >2.926 >2.926 — >2.926 —


6 2.193 1.312 1.67 >3.291 <1


7 1.859 0.450 4.13 >3.854 <1


8 0.050 0.042 1.19 >4.180 <1


9 0.007 0.008 <1 3.694 <1


10 1.909 2.143 <1 >2.994 <1


11 >3.615 >3.615 — >3.615 —


12 >4.114 >4.114 — >4.114 —


13 >3.684 >3.684 — >3.684 —


3TCe 30.0 11.7 2.56 25.9 1.16


a All values are means of two independent experiments.
b HBsAg, HBV surface antigen.
c HBeAg, HBV e antigen.
d SI = CC50/IC50.
e 3TC: Lamivudine, an antiviral agent used as positive control.
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with IC50 of 0.450 mM (SI = 4.13), while its N-methyl-
ated derivative dauricumine (6) only shows IC50 values
of 1.312 (SI = 1.67). Thus, it is suggested that the NH
group in 6 and 7 is necessary for potent activity against
HBsAg. (ii) The proaporphine alkaloids, pronuciferine
(8) and glaziovine (9), exhibit high inhibitory potential
against HBsAg with IC50 value of 0.042 and
0.008 mM, respectively, which are significantly smaller
than that of the positive control 3TC (IC50 = 11.7 mM).
But unfortunately, these two compounds are cytotoxic
in Hep G2.2.15 cells, as a result, compound 8 only
shows a SI value of 1.19. (iii) The quaternary aporphine
alkaloids 11–13 are inactive to HBsAg and HBeAg, but
the cytotoxicities of these compounds in Hep G2.2.15
cells are obviously lower than those of proaporphine
alkaloids 8 and 9. (iv) All the tested alkaloids show no
anti-HBeAg activity.


In conclusion, alkaloids isolated from H. nitida were
structurally diverse. Anti-HBV evaluation of these com-
pounds suggested that acutumine and proaporphine
were active to inhibit HBsAg in vitro for the first time,
which provided candidates for the study of this medici-
nal plant.
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8. Göber, B.; Pfeifer, S.; Pankow, K.; Kraft, R. Pharmazie
1979, 34, 830.


9. Sugimoto, Y.; Babiker, H. A. A.; Saisho, T.; Furumoto,
T.; Inanaga, S.; Kato, M. J. Org. Chem. 2001, 66, 3299.


10. Tomita, M.; Okamoto, Y.; Kikuchi, T.; Osaki, K.;
Nishikawa, M.; Kamiya, K.; Sasaki, Y.; Matoba, K.;
Goto, K. Chem. Pharm. Bull. 1971, 19, 770.


11. Sugimoto, Y.; Inanaga, S.; Kato, M.; Shimizu, T.;
Hakoshima, T.; Isogai, A. Phytochemistry 1998, 49,
1293.


12. Honda, T.; Shigehisa, H. Org. Lett. 2006, 8, 657.
13. Stuart, K. L.; Cava, M. P. Chem. Rev. 1968, 68, 321.
14. Chen, J.; Chang, Y.; Teng, C.; Chen, I. Planta Med. 2000,


66, 251.
15. Brochmann-Hanssen, E.; Nielsen, B. Tetrahedron Lett.


1965, 18, 1271.
16. Barbosa-Filho, J. M.; Da-Cunha, E. V. L.; Cornélio, M.


L.; Dias, C. D. S.; Gray, A. I. Phytochemistry 1997, 44,
959.


17. Stermitz, F. R.; Castedo, L.; Dominguez, D. J. Nat. Prod.
1980, 43, 140.


18. Domı´ nguez, X. A.; Benavides, L.; Butruille, D. Phtochem-
istry 1974, 13, 680.



http://dx.doi.org/10.1016/j.bmcl.2007.08.027

http://dx.doi.org/10.1016/j.bmcl.2007.08.027





5320 P. Cheng et al. / Bioorg. Med. Chem. Lett. 17 (2007) 5316–5320

19. Marsaioli, A. J.; Reis, F. D. A. M.; Magalhães, A. F.;
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Abstract—Benzothiadiazine–pyrrolobenzodiazepine conjugates linked through different alkane spacers have been prepared. These
new classes of hybrid molecules exhibit cytotoxicity against many cancer cell lines. Their DNA thermal denaturation studies have
been carried out and one of the compounds (4b) elevates the DNA helix melting temperature of the CT-DNA by 6.7 �C after incu-
bation for 36 h.
� 2007 Elsevier Ltd. All rights reserved.

In recent years, combination chemotherapy with different
mechanisms of action is one of the methods that is being
adopted to treat cancer. Therefore, a single molecule con-
taining more than one pharmacophore, each with differ-
ent mode of action, could be beneficial for the treatment
of cancer. Sulfonylurea derivatives constitute an impor-
tant class of therapeutic agents in medicinal chemistry.1


Compound LY186641 (1) was reported to possess a
broad spectrum of activity in several solid tumour mod-
els,2–4 and reached the clinical trials based on its impres-
sive preclinical activity and apparent lack of toxicity to
proliferating normal tissues.5,6 The mode of action of
these compounds differs from the traditional anticancer
drugs which typically inhibit DNA, RNA, or protein syn-
thesis. Further, it was found to accumulate in the cell
mitochondria which may be target site for antitumour
activity of these compounds.7,8 1,2,4-Benzothiadiazine
1,1-dioxide ring system and 2,10-dihydro-10-hydroxy-
3H-imidazo[1,2-b][1,2,4]benzothiadiazine 6,6-dioxide
(2) contain a built-in sulfonylhydroxyguanidine moiety.
Compound 2 exhibits its activity against several tumour
cell lines, which is considered to combine the imino group
of guanidine along with the hydroxylamino group of
hydroxyurea. The potent antiviral and anticancer activi-

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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ties of this compound are exhibited by inhibition of ribo-
nucleotide reductase.9,10


The pyrrolo[2,1-c][1,4]benzodiazepines (PBDs) are a
group of naturally occurring antitumour antibiotics,
members of which include anthramycin, tomamycin,
neothramycins A and B, sibiromycin, mazethramycin,
chicamycin, prothracarin, DC-81 (3) and dextochry-
sin.11 The formation of a covalent bond in the minor
groove of DNA by nucleophilic attack of 2-amino group
of guanine base to form an amino linkage to C-11 is
responsible for the biological activities of PBDs.12 In
the past few years, several hybrid compounds, in which
known antitumour agents tethered to PBD moiety, have
been designed, synthesized and evaluated for their bio-
logical activity.13–15 Recently, we have been involved
in the development of new synthetic strategies16 for
the preparation of PBD ring system and also in the de-
sign of structurally modified PBDs and their hybrids for
the development of more potent anticancer agents.17


A number of piperazine derivatives have been synthe-
sized for their chemotherapeutic use in the area of
medicinal chemistry.18 Michejda and co-workers19 re-
ported symmetrical bifunctional agents as a promising
antitumour class of compounds with remarkable selec-
tivity against colon cancers that possess a piperazine
moiety in its linker spacer. Recently, trans-diamine
dichloroplatinum(II) complexes with piperazine ligands
have exhibited significant cytotoxicity.20 In these, plati-
num–piperazine complexes are taken up by the cancer
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cells and bind to DNA much faster than the cisplatin.
Moreover, some of the PBD conjugates with piperazinyl
alkane spacers have also shown promising anticancer
activity.21


The 1,2,4-benzothiadiazine has been linked through 3-
piperazinyl alkane spacer to the C8-position of the A
ring of PBD ring system to explore their potential as
new class of anticancer agents. Such conjugates with
the combination of DNA binding and DNA, RNA or
protein synthesis inhibitors could be attractive targets
for their DNA-binding potential as well as antitumour
activity (Fig. 1).


Synthesis of these benzothiadiazine–pyrrolobenzodiaze-
pine conjugates has been carried out by employing 3-
chloro-1,2,4-benzothiadiazines (8a–b), which have been
obtained by previously reported methods22 and the pre-
cursors 5a–b have also been prepared by the methods
reported in our earlier studies.17 These precursors have
been treated with N-Boc piperazine to give 6a–b, which
on Boc deprotection yield intermediates 7a–b. 10-Substi-
tuted 3-chloro-1,2,4-benzothiadiazines (8a–b) are then
coupled with 7a–b in the presence of triethylamine to
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Table 1. IC50 valuesa (in lM) for compounds 4a–d in selected human cancer cell lines


Compound A549b Hop62b Zr-75-1c DWDd KBd Guravd PC3e


4a —f 343.00 2.24 —f 26.10 —f —f


4b 30.30 27.90 0.12 27.7 2.43 26.50 27.80


4c —f 369.00 0.15 —f 29.40 —f 357.00


4d 30.20 —f —f —f 2.30 356.00 2.35


ADR 1.92 —f 2.32 24.90 0.17 0.16 2.26


a Mean of three determinations.
b Lung cancer.
c Breast cancer.
d Oral cancer.
e Prostate cancer.
f IC50 value not attained at the concentrations used in the assay; ADR, adriamycin.


Control Concentration (μM)


UC C 5 10 15 20 25 30


Fig. 2. RED100-restriction endonuclease digestion assay for a C8-


linked PBD with CT-DNA inhibitory activity of 4c on the cleavage of


plasmid pBR322 by restriction endonuclease BamH1 (20 U in 2 lL)


for 1 h at 37 �C. The cut (C) and uncut (UC) products were separated


by agarose gel electrophoresis and visualized by ethidium bromide


staining under UV illumination. Lane 1: control pBR322; lane 2:


complete digest of pBR322 by BamH1; lanes 3–8: increasing concen-


tration of 4c.


A. Kamal et al. / Bioorg. Med. Chem. Lett. 17 (2007) 5345–5348 5347

Compounds 4a–d have been evaluated for their in vitro
cytotoxicity in selected human cancer cell lines of lung,
breast, oral and prostate by using Sulforhodamine
(SRB) method.24,25 The compounds exhibiting IC50 6


10�5 M are considered to be active on the respective cell
lines. Table 1 reveals that compounds 4a–c have exhib-
ited strong effect against Zr-75-1 cell line (IC50 0.12–
2.24 lM) in comparison to adriamycin (IC50 2.32 lM).
The in vitro cytotoxicity (IC50) for compound 4b is
2.43 lM in KB cell lines and in case of 4d, the activity
is 2.30 and 2.35 lM in KB and PC3 cell lines, respec-
tively, whereas, this value for adriamycin is 0.17 and
2.26 lM for the same cell lines. Therefore, the in vitro
cytotoxicity exhibited by these new PBD–benzothiadi-
azine conjugates is highly significant.


The DNA-binding ability for these benzothiadiazine–
PBD conjugates has been determined by thermal
denaturation studies using calf thymus (CT)-DNA.
These studies were carried out at PBD/DNA molar ra-
tio 1:5. Interestingly, all the compounds (4a–d) elevate
the helix melting temperature of CT-DNA in the
range of 3.9–6.1 �C at 0 h and also examined after
18 and 36 h incubation at 37 �C. Compound 4b
showed highest DTm of 6.1 �C at 0 h and increased
up to 6.7 �C after 36 h incubation, whereas the natu-
rally occurring DC-81 (1) exhibits a DTm of 0.7 �C
after incubation under similar conditions (Table 2).
This result indicates the effect on DNA-binding affin-

Table 2. Thermal denaturation data for benzothiadiazine–PBD con-


jugates with calf thymus (CT) DNA


Compound [PBD]:[DNA] molar ratiob DTm (�C)a after


incubation at 37 �C


0 h 18 h 36 h


4a 1:5 3.9 4.2 4.3


4b 1:5 6.1 6.4 6.7


4c 1:5 4.0 4.1 4.1


4d 1:5 4.2 4.4 4.6


DC-81 1:5 0.3 0.7 0.7


a For CT-DNA alone at pH 7.00 ± 0.01, Tm = 69.2 �C ± 0.01 (mean


value from 10 separate determinations), all DTm values are ±0.1–


0.2 �C.
b For a 1:5 molar ratio of [PBD]/[DNA], where CT-DNA concentra-


tion is 100 lM and ligand concentration is 20 lM in aqueous sodium


phosphate buffer [10 mM sodium phosphate + 1 mM EDTA, pH


7.00 ± 0.01].

ity introducing the benzothiadiazine moiety to PBD
through piperazine with different alkane piperazine
spacers at C8-position of the DC-81 possesses good
DNA-binding ability.


The restriction endonuclease inhibition assay carried out
on these molecules also confirms the relative binding
affinity of these PBD conjugates. The experimental proto-
col is described in the previous study.26,27 The result of a
representative compound 4c has been shown in Figure 2,
suggesting the inhibition of BamH1 by this PBD hybrid.


In conclusion, these new synthesized benzothiadiazine–
PBD conjugates have exhibited significant in vitro antit-
umour activity against breast, oral and prostate human
cancer cell lines and remarkable DNA-binding ability.
Further, the detailed biological and molecular modelling
studies are in progress.
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Abstract—3,5-Diaryl-4,5-dihydropyrazoles were discovered to be potent KSP inhibitors with excellent in vivo potency. These
enzyme inhibitors possess desirable physical properties that can be readily modified by incorporation of a weakly basic amine. Care-
ful adjustment of amine basicity was essential for preserving cellular potency in a multidrug resistant cell line while maintaining
good aqueous solubility.
� 2007 Elsevier Ltd. All rights reserved.

Small molecule inhibitors of kinesin spindle protein
are anti-mitotic agents that have clinical potential
for the treatment of cancer.1 Unlike anti-mitotic treat-
ments that directly target tubulin (e.g., taxanes, vinca
alkaloids), KSP inhibitors act upon a motor protein
(KSP or Hs Eg5) that drives the separation of centro-
somes during mitosis.2 Inhibition of KSP halts mitosis
affording a characteristic monoastral phenotype which
eventually leads to cell death in transformed cells.3


Compared with current tubulin-targeting agents, KSP
inhibitors may offer distinct advantages in having a
novel resistance profile and a reduced potential for
neurotoxicity. Several KSP inhibitors are currently in
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clinical trials to evaluate this mechanism as a potential
cancer therapy.4


Previous publications from this laboratory have de-
scribed efforts to design and synthesize small molecule
KSP inhibitors based on diaryl dihydropyrazole and
dihydropyrrole scaffolds.5 Preferred aryl substitutions
in these two series have been established with consider-
able overlap in structure–activity relationships between
the two. We have recently reported an important ad-
vance in the design of these enzyme inhibitors where
incorporation of a weakly basic amine tethered to the
2-position of the dihydropyrrole core conferred aqueous
solubility, enhanced enzyme inhibitory potency, and
maintained cellular activity in a P-glycoprotein (Pgp)
over-expressing cell line.


An important design consideration for our leading
KSP inhibitors is to maintain cellular potency in
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Table 1. Dihydropyrazole Inhibitors: Amides vs. Ureas


Compound KSP


IC50
a (nM)


MDR


ratioa


F


N


O
NMe2


NH2


F 9 2.2 1204


F


N N


O
NMe2


NH2


F 10 2.0 491


F


N N


O
Me


NH2


F 11 0.9 88


F


N N


O
Me


N


F


Me


Me


12 1.4 4.4


All values are reported for n = 3 or greater with standard deviations


within 25–50% of the reported value.
a See Refs. 9 and 10 for assay details.
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chemoresistant cell lines including cell lines that
overexpress Pgp. Pgp is an ATP-dependent efflux
pump that recognizes a broad set of substrates and
reduces cellular concentrations of chemotherapeutic
agents. This efflux transporter is upregulated by the
human MDR1 gene. Overexpression confers a mul-
ti-drug resistance phenotype to cells and may play a
role in clinical resistance to known anti-mitotic
agents.6


In a recent publication, we disclosed that Pgp trans-
port correlated with amine basicity for dihydropyrrole
inhibitors.5e Indeed, incorporation of b,b-difluorosub-
stitution to provide compound 1 moderates basicity,
preserves aqueous solubility, and maintains potency
in a multidrug resistant cell line (MDR+). However
difluorination of 1 is associated with a general increase
in lipophilicity and modest in vivo activity. In this pa-
per, we describe how dihydropyrazole amides were
modified by appending weakly basic amines in anal-
ogy to the efforts we have reported in the dihydropyr-
role urea series. These pyrazole amides have distinct
advantages with an overall reduced propensity for
Pgp efflux, enhanced physical properties, and an im-
proved in vivo profile.


Our efforts reported in this manuscript are focused on
dihydropyrazole amides (e.g., 12) as KSP inhibitors
(Table 1). A straightforward synthesis of dihydropy-
razole amides is shown in Scheme 1.7 Commercially
available 3-pentyn-1-ol 2 was protected as a tetrahy-
dropyranyl ether. Lithiation of the alkynyl ether with
n-butyllithium followed by acylation with Weinreb
amide 3 provided adduct 4 in excellent yield. Diphe-
nyl cuprate addition to 4 provided adduct 5 as a mix-
ture of olefin isomers in good yield. Treatment of 5
with hydrazine hydrate in pyridine with microwave
heating followed by cooling to 0 �C and treatment
with acetyl chloride provided the acetylated dihydro-
pyrazole 6. Acidic deprotection of 6 with TsOH
afforded primary alcohol 7 in good overall yield.
Racemic alcohol 7 could be resolved by chiral
HPLC to provide the desired 5S-enantiomer.8 Oxida-
tion of the primary alcohol with Dess–Martin peri-
odinane gave an aldehyde that was transformed by
reductive alkylation to provide the KSP inhibitors
11–21.


As shown in Table 1, pyrazole urea 10 is equipotent9


to pyrrole urea 9 with an improved MDR ratio. The
MDR ratio is calculated by comparing the cellular po-
tency (G2/M arrest) of a KSP inhibitor in a wild-type
KB-3-1 human epidermoid carcinoma cell line versus
the cellular potency in a Pgp-over-expressing KB cell
line.10 The ratio of these numbers (Pgp+EC50/wt
EC50) is reported as the MDR ratio. In this assay,
Taxol has an MDR ratio of ca. 25 · 103. In our view,
a compound with an MDR ratio <10 is desirable, and
a value of 1 is ideal. Replacing the dimethyl urea with
an acetyl group in 11 maintains potency and further
reduces the MDR ratio. Presumably, as a hydrogen-
bond acceptor, the urea in 10 is a contributor to
Pgp susceptibility. A further improvement in the

MDR ratio is attained when the primary amine in
11 is replaced with a tertiary amine as in 12.11


Based on these data, we refocused our efforts on com-
pounds related to 12 where various tertiary amines
were introduced onto the C-5 side chain. Potency
for these analogs is shown in Table 2. Enzyme po-
tency was maintained across a diverse set of substi-
tuted tertiary amines.


The crystal structures of the binary KSP-ADP and
ternary KSP-ADP-inhibitor complexes have been
solved for multiple compounds in the dihydropyrazole
series, including compound 14. These structures reveal
a unique loop, denoted L5, that is flexible and sol-
vent-exposed in the binary structure. The L5-loop
folds down to trap the inhibitor in a surface pocket
in the ternary structure. This novel binding site is dis-
tinct from the ATP and microtubule binding sites and
gives rise to allosteric enzyme inhibition.12 Tethered
tertiary amines such as the morpholine in 14 are
exposed to solvent in the solid state. Consistent with
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Scheme 1. General synthesis of 1,4-diaryl-4,5-dihydropyrazole KSP inhibitors. Reagents and conditions: (a) DHP, TsOH; (b) n-BuLi, then 3, THF


�78 �C, 92%; (c) PhLi, CuBr–DMS, THF, 95%; (d) H2 NNH2–H2O, pyridine, 90 �C, 30 min then cool to 0 �C, AcCl; (e) TsOH, MeOH, then chiral


HPLC 79% for three steps; (f) Dess–Martin periodinane, DCM, 80% R1R2NH; NaBH(OAc)3.


5392 P. J. Coleman et al. / Bioorg. Med. Chem. Lett. 17 (2007) 5390–5395

this mode of binding is the fact that increasing the ste-
ric bulk of the tertiary amine had no significant im-
pact on enzyme potency. Cellular potency was
maintained in most instances. Interestingly, single fluo-
rine substitution was tolerated in 19; however, installa-
tion of a second fluorine atom in 20 decreased cell
potency, presumably due to reduced cell permeability
as a result of greater lipophilicity.


As previously noted in a related series of pyrrole-based
KSP inhibitors,5e the MDR ratio correlated closely with
amine basicity (Table 3) for compounds in this class.
Lowering the pKa (below �8) of the tertiary amine
causes a significant attenuation in the MDR ratio. Inter-
estingly, these pyrazole amides had a greater tolerance
for basicity than the corresponding pyrrole ureas. KSP
inhibitor 13 possessed excellent intrinsic and cellular
potencies and a low Pgp susceptibility (MDR ra-
tio = 2.5). This compound was chosen for in vivo evalu-
ation in a pharmacodynamic model of G2/M arrest.


Aqueous solutions of compound 13 of increasing doses
were administered to nude mice bearing A2780 xeno-

graft implants via Alzet osmotic pumps.13 The mice
were then sacrificed after 22 h and the tumors were re-
moved and sectioned. The sections were stained for
phospho-histone H3, an inducible marker of mitotic ar-
rest. Minimal plasma concentrations associated with
maximal mitotic arrest in the tumor were determined.
In this model KSP inhibitor 13 induced maximal mitotic
arrest with a plasma exposure of 56 nM. The concentra-
tion of compound 13 was not measured in the tumor.
Compound 13 has similar protein binding in both mice
(92%) and human (91%) plasma suggesting that com-
pound 13 could provide a similar level of pharmacody-
namic potency in human. This level of in vivo potency
represents a >20-fold improvement over pyrrole urea
1.14


A potential limiting feature of 13 and several structur-
ally related tertiary amines from this series was a pro-
pensity to induce QTc prolongation in a canine
cardiovascular model at low micromolar (<10 lM)
exposures.15 The ECG changes associated with 13 were
not predicted by hERG binding (IC50 > 30,000 nM);
however blockade of the IKr current by 13 could be







Table 2. Side-chain amine SAR
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O
Me
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Compound R KSP


IC50 (nM)


Cell potencya


(nM)


11 NH2 0.9 2.6


12 N
Me


Me
1.4 2.3


13 N N
O


Me
2.8 6.0


14 ON 1.8 11


15 ON


H


H


1.0 2.8


16b


N
1.0 2.4


17 N F 1.8 7.2


18 N 1.3 3.1


19
N


F
1.0 1.8


20
N


F


F 4.0 55


21 N OMe
Me


2.0 7.0


a EC50 for G2/M block in A2780 cell line.
b Approximately 1:1 mixture of diastereomers.


Table 3. Mitotic arrest MDR ratio as a function pKa


Compound pKa
a Mitotic arrest MDR ratio


16 10.1 31


18 9.4 10


15 8.0 3.4


14 7.1 1.7


17 7.1 1.1


13 6.7 2.5


a Values were determined with a Sirius GLpKatitrator, average of n = 3


determinations.
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measured in a classical patch clamp assay.16 This activ-
ity reduced the potential safety margins associated with
13. Fortunately, the primary amine 11 was not a potent

functional inhibitor of IKr and efforts were refocused
on compounds related to 11 that lacked a tertiary
amine.


In order to attenuate the Pgp efflux issues associated
with primary amine 11, single b-fluorine substitution
was probed proximal to the appended amine. Both
the (5S,2 0S) and (5S,2 0R) b-fluoroamine diastereomers
were studied in detail. Preparation of the (5S,2 0S) dia-
stereomer is shown in Scheme 2. Primary alcohol 7 was
efficiently oxidized to the carboxylic acid with chro-
mium trioxide and transformed to acyl oxazolidinone
22. Diastereoselective fluorination of the sodium eno-
late of 23 with (PhO2S)2NF gave compound 23 with
greater than 20:1 selectivity for the 2 0S-fluoro substitu-
tion.17 Notably, racemic substituted pyrazole 7 could
be carried through this route and the diastereomers
associated with compound 23 could be separated on
silica gel. Transformation of 23 to amine 24 was
straightforward.


Although both diastereomers were potent KSP inhibi-
tors,18 the 5S,2 0S diastereomer 24 had superior phar-
macokinetic properties (dog T1/2 = 9 h vs 4.3 h) and
was the subject of additional study. Compound 24
had reduced potential for IKr blockade based on its
potency in a functional patch clamp assay
(EC50 > 30 lM). Indeed when evaluated in the same
cardiovascular dog model as compound 13, KSP
inhibitor 24 showed no propensity for ECG interval
changes with exposures as great as 40 lM. When eval-
uated in the mouse xenograft at 3 mpk, compound 24
provided a full mitotic arrest with circulating plasma
levels of 38 nM. As predicted from our previous
observations, potency for compound 24 was main-
tained in a Pgp over-expressing KB cell line (MDR
ratio = 5). Summary data for compound 24 relative
to compound 1 are shown in Table 4.


We have demonstrated that pyrazole amides such as 24
are potent KSP inhibitors that have a lower intrinsic
susceptibility for Pgp efflux relative to pyrrole ureas such
as 1 with a greater tolerance of basicity on the appended
side chain. Because of this, single b-fluorine substitution
preserves cellular potency in Pgp over-expressing cells
without compromising physical properties and in vivo
activity. Additionally, KSP inhibitor 24 has highly
favorable pharmacokinetics with a plasma half-life of
9 h in dogs. Unlike appended tertiary amines in this ser-
ies, compound 24 does not cause QTc changes in the
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Scheme 2. Reagents: (a) H5lO6/CrO3, H2O/MeCN, 99%; (b) SOCl2 then (4R,5S)-4-methyl-5-phenyl-2-oxazolidinone/n-BuLi, 79%; (c) NaHMDS,


(PhO2S)2NF, 39% (50% theoretical); (d) LiBH4; (e) MsCl, Et3N; (f) NaN3, DMF, 47% (three steps); (g) Pd/C, H2, 90%.


Table 4. Comparative data for compounds 1 and 24


F


N


O
NMe2


Ph
F


F


N N


O
Me


F NH2


F


NH2


CHF2 Ph


1 24


KSP IC50 5.2 nM 0.82 nM


Mitotic arrest (EC50) 22.5 nM 3.4 nM


In vivo mitotic arrest (EC50) 1425 nM 38 nM


MDR ratio 5.2 5.2


Dog PK (iv, 0.25 mpk) T1/2 = 3.2 h Vdss = 2.8 L/kg Cl = 16.5 mL/min/kg T1/2 = 9.0 h Vdss = 6.3 L/kg Cl = 11.1 mL/min/kg
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dog. Additional studies on related dihydropyrazole-
based KSP inhibitors will be described in the following
two papers.
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Abstract—Design, synthesis, and biological evaluation of 2 0-fluoro-substituted cap analogs, i.e., m7,2 0FG[5 0]ppp[5 0]G and
m7,2 0FG[5 0]ppp[5 0]m7G are described. Structures were confirmed by 1H, 31P, 19F NMR and MS data. The effects of the 2 0-fluoro-
substituted moiety from the normal and N7 double methylated mCAP were evaluated with respect to their capping efficiency,
in vitro T7 RNA polymerase transcription efficiency, and translation activity using cultured HeLa cells. Luciferase fusion protein
production was monitored by measuring the luciferase activity. mRNA poly(A) capped with 2 0-fluoro-substituted cap analogs,
(m7,2 0FG[5 0]ppp[5 0]G) and (m7,2 0FG[5 0]ppp[5 0]m7G), were translated �2.4- and 2.5-fold more efficiently, respectively, than mRNA
capped with conventional m7G[5 0]ppp[5 0]G.
� 2007 Elsevier Ltd. All rights reserved.

In eukaryotes, the 5 0-cap structure on mRNAs consists
of a 7-methylguanosine that is linked via a triphosphate
bridge to the 5 0-end of the first transcribed nucleotide,
resulting in m7G(5 0)ppp(5 0)N, where N is any nucleo-
tide. The mRNA cap plays an important role in gene
expression. It protects the mRNAs from degradation
by exonucleases, enables transport of RNAs from the
nucleus to the cytoplasm, and participates in assembly
of the translation initiation complex. The prevailing
method for the in vitro synthesis of capped mRNA em-
ploys a preformed dinucleotide of the form
m7G[5 0]ppp[5 0]G (mCAP) as an initiator of transcrip-
tion.1–7 The drawback of mCAP analog is that the 3 0


OH of either the G or m7G can serve as the initiating
nucleophile for transcriptional elongation leading to
the synthesis of two isomeric RNAs of either forward
or reverse form in approximately equal proportions
depending upon the ionic conditions of the transcription
reaction. The reverse form of capped mRNAs, i.e.,
G[5 0]pppm7G[pN]n will not be recognized during the
translation process, while only forward oriented se-
quences, i.e., m7G[5 0]pppG[pN]n will be translated.8


The recent literature reveals that the synthesis of two
‘‘anti-reverse’’ cap analogs (ARCAs) such as
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m7;30-O
2 G[5


0
]ppp[5


0
]G and m7,3


0
dG[5


0
]ppp[5


0
]G is exclu-


sively incorporated only in the forward orientation
because of modifications at the 3 0 OH group from N7-
methylguanosine.9,10 In a subsequent study, it is also re-
ported that by chemical modification at either the 2 0 or
3 0 OH group of N7-methylguanosine, the cap has incor-
porated solely in the forward orientation, even though
the 2 0 OH group does not participate in the phosphodi-
ester linkage.11 This observation has prompted us to
investigate 2 0 OH modifications of N7-methylguanosine.
Therefore, we designed and synthesized two
novel cap analogs, m7,20-FG[5


0
]ppp[5


0
]G and m7,2 0-F


G[5
0
]ppp[5


0
]m7G. In order to gain further information


about the structure, properties, interactions, and the im-
pact on translational efficiency by using the 2 0-fluoro
modification of N7-methylguanosine in a cap analog,
we have explored the chemically convenient and repro-
ducible method for the synthesis of novel cap analogs
by using the 2 0-fluoro moiety. We have synthesized
two 2 0-fluoro-substituted cap analogs, and evaluated
their biological activity with respect to in vitro transcrip-
tion and translation.


The reaction leading to the desired product formation of
m7,2 0-FGpppG 7 is shown in Scheme 1. The monopho-
sphorylation reaction of 2 0-fluoro guanosine (Metkinen
Chemistry, Kuusisto, Finland) 1 was carried out using
POCl3 and trialkyl phosphate that afforded the corre-
sponding 2 0-F GMP 2 with 87% yield.12 The 2 0-F GMP
2 was converted into the corresponding imidiazolide salt
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Scheme 1. Reagents and conditions: (a) POCl3, (OMe)3P, 0 �C, 2 h; (b) imidazole, aldrithiol, PPh3, DMF, rt, 5 h; (c) (Et3NH)3PO4, DMF, rt, 3 h; (d)


dimethyl sulfate, water, pH 4.0, rt, 4 h; (e) ZnCl2, DMF, rt, 1 h.
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3 using imidazole, triphenyl phosphine, and aldrithiol
with 81% yield.13 Next, the resulting imidazolide salt 3
was further phosphorylated in the presence of zinc chlo-
ride that furnished the corresponding 2 0-F GDP 4 with
72% yield.13 Notably, the methylation of 4 using di-
methyl sulfate as the methylating agent under acidic con-
ditions furnished highly regioselective N7 methylation
product 5 with 83% yield.14,15 No other isomer was de-
tected based on the proton and phosphorus NMR spec-
trum. Finally, the coupling reaction of 5 with ImGMP 6
in the presence of zinc chloride as the catalyst gave
m7,20-FGpppG 7 with 58% yield.16 The structure of 7 was
thoroughly characterized by 1H, 13P, and 19F NMR
and mass spectroscopic techniques.17 The formation of
m7,2 0-FGpppm7G is shown in Scheme 2. Treatment of 5
with m7ImGMP 8 in the presence of zinc chloride as the
catalyst furnished m7,20FGpppm7G 9 with 64% yield.18


In order to determine the capping efficiency of the new
cap analogs, i.e., compounds 7 and 9, were next tested
in an in vitro transcription system by using a pTri b-ac-
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Scheme 2. Reagents and condition: (a) ZnCl2, DMF, rt, 6 h.

tin vector from MAXIscript� Kit (Ambion Inc.) fol-
lowed by a gel shift assay.19 Under the reaction
conditions, of the four NTPs, only ATP and GTP were
used, while CTP and UTP were omitted from the tran-
scription reaction. Due to this omission only the 5 0-
end was transcribed by T7 RNA polymerase, producing
a transcript of only six nucleotides in length. During the
transcription reaction, GTP was compensated along
with compounds 7 and 9 in presence of [a-32P]ATP,
while the control reaction was performed without any
cap analog. The resulting transcription products (6-
mer RNA) were analyzed by 20% denaturing polyacryl-
amide/8 M urea gel. The outcome of the gel shift assay,
shown in Figure 1, indicates that due to the cap at the 5 0-
end, the capped RNAs migrated slower than uncapped
RNA. These reactions were performed in triplicate and
the capping efficiency was determined by quantitating
the intensities of capped versus uncapped RNA by nor-
malizing with the background intensity. From the gel
shift assay, it was clear that conventional cap, i.e.,
m7G[5


0
]ppp[5


0
]G has a capping efficiency of 61%, while
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Figure 1. Twenty percent dPAGE gel showing capping efficiency of


compounds 7 and 9 along with conventional cap analog. The control


reaction was normal in in vitro transcription reaction, in which no cap


analog was added. Radiation in the gel bands of interest was quantified


by a phosphorimager (GE Healthcare).19
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Figure 3. Translation efficiency of compounds 7 and 9 capped luciferase RNA


and 2 0-fluoro-containing compounds 7 and 9 capped luciferase RNAs poly(A


compounds 7 and 9 capped in vitro transcribed poly(A) tailed luciferase RN


lysed at different time points. Luciferase activity was measured and plotted a


was normalized to the control reaction, i.e., no cap, mRNA poly(A) transfe
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compound 7 has a 70% capping efficiency, and com-
pound 9, which has a N7-methyl on both bases of the
cap structure and a 2 0-fluoro substitutent, has a 52%
capping efficiency.


To study the ability of these cap structures to reconsti-
tute translation in cells, compounds 7 and 9 were used
in a transcription reaction.20 The supercoiled plasmid,
AmbLuc Poly(A) (Ambion Inc.), contains a 60-base
poly(A) tail and was digested with Blp 1 enzyme, result-
ing in a linearized plasmid for use in in vitro transcrip-
tion. The in vitro transcription was performed with
compounds 7 and 9 along with conventional mCAP
cap and a control reaction which contains no cap. The
transcribed 5 0 capped and uncapped mRNAs were puri-
fied by using the MEGAclearTM Kit (Ambion Inc.).
Transcripts produced with T7 RNA polymerase using
compounds 7 and 9 cap analogs were of the predicted
length (1.85 kb) and indistinguishable in size and homo-
geneity as compared to those produced with either con-
ventional cap or control reaction. Analysis of each
transcribed mRNA with poly(A) tail was performed
on an Agilent 2100 Bioanalyzer, which revealed that
mRNAs were not degraded and were of similar size
(data not shown). The AmbLuc Poly(A) vector will ex-
press the firefly luciferase mRNA, when transcribed with
T7 RNA polymerase. The RNA product generated from
this transcription reaction was next transfected. During
in vitro translation, protein production was measured as
luciferase activity by using luciferase assay reagent (Pro-
mega). In Figure 2, the control reaction was a normal
in vitro transcription reaction having final concentration
of 7.5 mM of GTP, while the cap reactions had final
concentrations of 1.5 mM of GTP and 6.0 mM of each
of compounds 7 and 9, and conventional mCAP, in sep-
arate reactions. The 5 0 capped and uncapped luciferase
RNAs were transfected into HeLa cells21 to determine
whether the presence of m7,2 0FG in the cap structures
of compounds 7 and 9 had any effect on translation.
Cells were harvested and lysed at 5, 10, 15, 20, 25, 35,
and 40 h post-transfection. Luciferase activity was mea-
sured during the in vitro translation reactions and was
quantified by measuring the relative light units (RLU)

25 35 40


Control mRNA, No Cap


m
7
G[5']ppp[5']G


m
7,2'F


G[5']ppp[5']G, 7


m
7,2'F


G[5']ppp[5']m7G, 9 


poly(A). Comparison of protein expression from conventional mCAP


), at different time points after transfection. The conventional mCAP,


A (400 ng) was transfected into HeLa cells. Cells were harvested and


gainst transfection time. The fold induction of luciferase protein data


ction results.21
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in a luciferase assay. Luciferase activity data were nor-
malized to the control reaction, i.e., no cap, poly(A)
transfection results. Comparison of capped luciferase
RNAs with poly(A) tail luciferase expression at different
time points after transfection from conventional mCAP,
and m7,20FG containing cap analogs 7 and 9 is illustrated
in Figure 3.


To summarize, we report the synthesis of two novel
dinucleotide cap analogs that, when used in in vitro
transcription protocols, allows the generation of 5 0


capped and poly(A) mRNA. Capping efficiency of the
2 0-fluoro-substituted cap analog 7 was 9% higher than
the conventional mCAP, while compound 9 showed
9% lower efficiency than the mCAP. The yield from
the transcription reactions in the presence of compounds
7 and 9 was in agreement with conventional mCAP. The
2 0-fluoro-substituted cap analogs 7 and 9 are compatible
with in vitro transcription and translation of luciferase
mRNA. The higher translation activity obtained with
the 2 0-fluoro cap analogs may be attributed to synthesis
of mRNAs in which the cap is correctly oriented in all
molecules, and 2 0-fluoro capped mRNAs could be less
prone to degradation than standard capped mRNA
thereby leading to an increase in the level of translation
product. Indeed, the amount of translation of the 2 0-flu-
oro capped mRNAs was increased �2.4- to 2.5-fold as
would be expected if all the caps are correctly oriented
in contrast to conventional cap analog in which half of
the product would be non-functional due to incorrect
orientation of the cap. The presence of the 2 0-fluoro
group is not responsible for improved translation activ-
ity, but rather the increase in correctly capped mRNA
molecules.
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solution of m7,2 0-FGDP 5 (0.2 g, 0.3 mmol) and ImGMP 6
(0.19 g, 0.45 mmol) in 10.0 mL dry DMF, zinc chloride
(81 mg, 0.6 mmol) was added under nitrogen atmosphere
and the reaction mixture was stirred at rt for 1 h. After
1 h, the reaction mixture was added to a solution of
EDTA disodium (0.45 g, 1.2 mmol) in 100.0 mL of water
at 0 �C. The resulting aqueous solution was adjusted to
pH 5.5 and loaded on a DEAE Sephadex column. The
desired product was eluted using a linear gradient of
0–1 M TEAB and the fractions containing the product
were pooled, evaporated, and concentrated to 10.0 mL
TEA salt of 7. The resulting 10.0 mL was passed through a
Strata-X-AW column (Phenomenex) and washed with
10.0 mL water followed by 10.0 mL MeOH. Then, the
desired compound was eluted with 15.0 mL of NH4OH/
MeOH/H2O (2:25:73) and the collected solution was
evaporated and dried to give a fine white powder 7 (Yield:
0.15 g, 58%).
Data for compound 7. 1H NMR (D2O, 400 MHz) d 8.02 (s,
1H), 6.14 (d, J = 14.4 Hz, 1H), 5.80 (d, J = 5.6 Hz, 1H),
5.41–5.27 (m, 1H), 4.63–4.47 (m, 3H), 4.39–4.24 (m, 6H),
4.03 (s, 3H); 31P NMR (D2O, 162 MHz) d �10.4 (d,
J = 16.8 Hz), �10.54 (d, J = 18.6 Hz), �21.95 (t,
J = 19.3 Hz); 19F NMR (D2O, 376 MHz) d �20.47 (m);
MS (m/z): 803 [M+H]+.


18. Compound 9. 1H NMR (D2O, 400 MHz) d 6.31 (d,
J = 14.8 Hz, 1H), 6.02 (d, J = 3.2 Hz, 1H), 5.53–5.37 (m,
1H), 4.75–4.62 (m, 2H), 4.52–4.38 (m, 5H), 4.30–4.21 (m,
2H), 4.11 (s, 6H); 31P NMR (D2O, 162 MHz) d �10.35 (d,
J = 11.8 Hz), �10.50 (d, J = 10.0 Hz), �21.80 (t,
J = 19.1 Hz); 19F NMR (D2O, 376 MHz) d �20.51 (m);
MS (m/z): 817 [M]+.


19. Gel shift assay was performed by using MAXIscript kit
(Ambion Inc.) by following manufacturer’s protocol.
Typical 20 lL of T7 RNA polymerase transcriptions
contained the following reagents at the final
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concentrations indicated: linearized pTri b-actin vector
template, 0.5 lg; ATP, 2 mM; GTP, 0.4 mM; compounds
7 and 9 1.6 mM each in separate reaction; 10· reaction
buffer, 4·; T7 RNA polymerase, 50 U/lL; [a-32P]ATP,
800 Ci/mmol; and DEPC water. The control reaction was
normal in vitro transcription reaction, in which no cap
analog was added. The transcription reaction was incu-
bated at 37 �C for 2 h, after which the reaction mixtures
(10 lL) were then applied to a 20% dPAGE gel. Radiation
in the gel bands of interest was quantified by a phosphor-
imager (GE Healthcare).


20. T7 RNA polymerase transcription was performed by
using MEGAscript kit (Ambion Inc.) in 20 lL final
volume, and contains the following reagents at the final
concentrations indicated: linearized AmbLuc Poly(A)
DNA, 1.5 lg; 1· reaction buffer; ATP, UTP, and CTP,
7.5 mM each; while GTP was compensated with com-
pounds 7, 9, and conventional cap analog. GTP, 1.5 mM;
compounds 7, 9, or m7GpppG cap analogs, 6.0 mM; and
50 U/lL of T7 RNA polymerase. The transcription
reaction was incubated at 37 �C for 2 h. In order to
hydrolyze the remaining plasmid DNA, 1 lL of turbo
DNAse was added to the reaction mixture and further
incubated at 37 �C for 15 min. Purification of transcrip-

tion reactions was done by using MEGAclearTM Kit
(Ambion Inc.) as per manufacturer’s protocol.


21. Luciferase assay. HeLa cells (60,000/well in 24-well plates)
were seeded at least 12 h before transfection in growth
medium without antibiotics. A complex of capped RNA
was prepared by mixing 1.8 lg of RNA, 7.5 lL of TfxTM-
20 Reagent (Promega), and 900 lL of serum-free DMEM
in polystyrene tubes and incubated for 15 min at rt. After
the incubation, media from the pre-plated HeLa cells were
removed and 200 lL (400 ng) of the complex was added to
three wells. The plates were incubated for 1 h at 37 �C, and
then 1 mL of pre-warmed media with serum was added.
The transfected plates were incubated at 37 �C for different
timepoints. Cells were harvested and lysed at 5, 10, 15, 20,
25, 35, and 40 h. The cells are harvested by removing the
media and adding 100 lL of 1· passive lysis buffer
(Promega). The plate was mixed carefully to disrupt the
cells and 10 lL of cell lysates from each transfection was
mixed with 100 lL of Luciferase Assay System substrate
(Promega) and measured immediately on POLARstar
OPTIMA Luminometer (BMG Labtech) in 96-well plates.
The fold induction of luciferase protein data was normal-
ized to the control reaction, i.e., no cap, mRNA poly(A)
transfection results.





		Synthesis and application of 2 prime -fluoro-substituted cap analogs

		Acknowledgments

		References and notes








Bioorganic & Medicinal Chemistry Letters 17 (2007) 5396–5399

Synthesis and SAR of 2-aryl pyrido[2,3-d]pyrimidines as potent
mGlu5 receptor antagonists


John A. Wendt,a,* Susan D. Deeter,b Susan E. Bove,c Christopher S. Knauer,c


Rachel M. Brooker,c Corinne E. Augelli-Szafran,a Roy D. Schwarz,c


Jack J. Kinsorac and Kenneth S. Kilgorec


aDepartment of Medicinal Chemistry, Pfizer Global Research & Development, 2800 Plymouth Road, Ann Arbor, MI 48105, USA
bUniversity of Michigan-Pfizer Summer Intern Program, Chemistry Department, University of Michigan, Ann Arbor, MI 49109, USA


cDepartments of CNS Biology and Inflammation, Pfizer Global Research & Development, 2800 Plymouth Road,


Ann Arbor, MI 48105, USA


Received 12 June 2007; revised 18 July 2007; accepted 19 July 2007


Available online 6 August 2007

Abstract—A novel series of potent 2-aryl pyrido[2,3-d]pyrimidine mGlu5 receptor antagonists are described. The synthesis and
pharmacological activities of these analogs are discussed.
� 2007 Published by Elsevier Ltd.

Non-competitive metabotropic glutamate receptor 5
(mGlu5) antagonists are viewed as having promise
against a number of CNS and peripheral diseases
including the treatment of pain, anxiety, gastro-esopha-
geal reflux disease (GERD), Fragile X, and Parkinson’s
disease.1 The mGlu5 receptor is one of eight known
metabotropic glutamate receptors which comprise a
family of G-protein-coupled receptors categorized into
three groups based on their sequence homology, phar-
macology, and preferred signal transduction mecha-
nism. Group I mGlu receptors (mGlu1 and mGlu5)
are positively coupled to phosphatidylinositol hydroly-
sis/Ca2+ mobilization, while group II (mGlu2 and
mGlu3) and group III (mGlu receptors 4, 6, 7, and 8)
are both coupled in an inhibitory manner to adenylyl
cyclase.2


MPEP (2-methyl-6-(2-phenylethynyl)pyridine) was devel-
oped as a non-competitive mGlu5 receptor antagonist as
part of a Sibia–Novartis collaboration and subsequently
has been reported to show positive effects in rodent
models of anxiety and pain.3 Structurally, metabotropic
glutamate receptors have a large extracellular gluta-

0960-894X/$ - see front matter � 2007 Published by Elsevier Ltd.
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mate-sensing domain coupled to a 7-transmembrane re-
gion, and a small intracellular domain that couples to
the G-protein. Studies have indicated that MPEP exerts
its non-competitive antagonist effect by binding in the
7-transmembrane domain.4 The non-competitive nature
of MPEP is highly desirable, since it can more readily
overcome the variable and sometimes high levels of
endogenous glutamate relative to a competitive
antagonist.


Recently, the target has attracted much attention in the
search for a small non-competitive antagonist that can
be useful for the treatment of various disease states.5–17


Our research focused on exploring analogs as potential
small molecule mGlu5 receptor antagonists which are
also active models of anxiety and pain. The approach
described herein targets the identification of structurally
novel chemical templates which do not possess the acet-
ylene linker found in MPEP. As such, we recently re-
vealed a class of 2-aryl quinolines which are potent
mglu5 receptor antagonists.17


N N


N
Me


R


1
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Seeking diversity in the bicycloheteroaryl template
portion of the 2-aryl quinoline series, we now report a
structurally novel pyrido[2,3-d]pyrimidine containing
template (1), which similar to the quinoline series, pos-
sesses a promising molecular modeling overlap with

Table 1. Functional (FLIPR) activity for 7-methyl-2-aryl pyrido[2,3-


d]pyrimidine analogs


N N


N
Me


R


1


Compound R FLIPR IC50
a (nM)


5 H 2700


6 2-Methoxy >30,000


7 3-Methoxy 1500


8 3-Cyano 240


9 3-Methylsulfonyl >30,000


10 3-Methanamine >30,000


11 3-Methyl 53.0

MPEP (illustrated in Fig. 1). The SAR exploration of
this new motif was primarily focused around substitu-
tion at the 7- and 2-position of the pyrido[2,3-d]pyrimi-
dine core and optimized for mGlu5 receptor potency.


The construction of this ring system was accomplished
through a simple two-step synthesis from commercially
available 2-amino-6-methylnicotinaldehyde (Scheme 1).
Formation of the initial amide bond required robust
conditions (1 equiv of DMAP at 140 �C) due to the poor
nucleophilic nature of the amino group of the 2-amino
pyridine 2. Alternate peptide coupling conditions were
tried to form this amide bond with poor success. In-
creased yields of the first step were realized when DMAP
was premixed with the acid chloride (3) prior to the
addition of pyridine 2. Purification of intermediate (4)
followed by aminolysis in a sealed tube at 80 �C afforded
the desired 2-aryl pyrido[2,3-d]pyrimidine scaffold (1).
Several 2-aryl pyrido[2,3-d]pyrimidines lacking a
7-methyl substituent (20) were additionally synthesized
from 2-amino-nicotinaldehyde in a similar manner.18


To probe the activity of the 7-methylpyrido[2,3-d]pyrim-
idine series, compounds 5 through 22 were prepared

Figure 1. Overlay of MPEP (green) and compound 5 (1 where R = H,


magenta).
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Scheme 1. Reagents and conditions: (a) DMAP (1 equiv), DMA, 140 �C; (b

(Table 1) and tested in an mGlu5 receptor functional
(FLIPR) based assay.19 Overall, the biological data re-
vealed good activity with a well-defined SAR for this no-
vel series of mGlu5 receptor antagonists. It was
observed that substitution at the C3-position of the 2-
aryl ring was necessary for good potency as highlighted
by the 3-methyl- and 3-bromo-containing analogs (11
and 12). However, it appears polar groups are not well
tolerated since the complete loss of activity was observed
for compounds 9 and 10. Further SAR revealed that
disubstitution in the C3- and C5-aryl positions provides
enhanced potency relative to monosubstitution in the

1


a N NH


CHO


Me


O


R


NMe


N


N
R


4


) NH3(l), EtOH, 80 �C, sealed tube.


12 3-Bromo 38.0


13 4-Methylcarboxy >30,000


14 4-Bromo >30,000


15 4-Cyano >30,000


16 3,4-Dichloro >30,000


17 2,4-Dichloro >30,000


18 3-Cyano-5-methoxy 1.20


19 3,5-Dichloro 0.72


20 3,5-Dimethoxy 179


21 3-Methyl-5-fluoro 39.7


22 3,4,5-Trimethoxy >30,000


a Compounds were measured for potency to inhibit quisqualate stim-


ulated calcium mobilization using FLIPR technology. The data


shown were obtained using CHO cells stably expressing rat mGlu5


receptors. Values are geometric means of two or more experiments.
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C3-aryl position. In particular, compound 17 (3-cyano-
5-methoxy) had a 200-fold increase in potency over

Table 2. Functional (FLIPR) activity for selected 2-aryl pyrido[2,3-


d]pyrimidine analogs


N N


N
R


23


Compound R FLIPR IC50
a (nM)


24 3-Cyano >26,100


25 3-Bromo 333


26 3-Cyano-5-methoxy 4.95


27 3,5-Dichloro 228


28 3-Methyl-5-fluoro 321


a Values are geometric means of two or more experiments.


Table 3. Functional (FLIPR) activity comparison between 2-aryl


pyrido[2,3-d]pyrimidine (23) and the 7-methyl-2-aryl pyrido[2,3-


d]pyrimidine (1)


N N
N


R
N N


N


Me
R


23 1 


Compound


from series 23


Compound


from series 1


R 23/1 FLIPR


IC50 (nM)


24 7 3-Cyano 109X


25 11 3-Bromo 9X


26 17 3-Cyano-5-methoxy 4X


27 18 3,5-Dichloro 317X
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Figure 2. Data are expressed as means ± SEM. Dosing was 1 h pre-treatment


way analysis of covariance adjusted for multiplicity of statistical testing by a


rats per group.

compound 7 (3-cyano). Additionally, compound 18
was identified as the most potent mGlu5 receptor antag-
onist (3,5-dichloro, IC50 = 0.72 nM) in this series. Inter-
estingly, alternate di- and tri-aryl substitution patterns
were not potent.


Table 2 illustrates selected pyrido[2,3-d]pyrimidines (24–
28) that were prepared and tested for mGlu5 receptor
antagonist activity. These analogs in this template (23)
lacked the 7-methyl substituent on scaffold 1.


From this study, the 7-desmethyl pyrido[2,3-d]pyrimi-
dines (Table 2) are revealed to exhibit a significant
decrease in activity relative to the 7-methyl pyrido[2,3-
d]pyrimidine series (Table 1). This implies that the
7-methyl moiety is required for optimal potency. This
loss in potency is illustrated in Table 3.


The most potent compound (18) was evaluated in vivo
(po, 10 mg/kg) in the rat monosodium iodoacetate
(MIA) model of osteoarthritis (OA) pain19,20 and the re-
sults are presented in Figure 2. In this model, MIA is
injected into the right knee joint of a rat resulting in
OA-like pain causing the animal to shift its weight onto
the left leg. This shift, referred to as change in hind paw
weight distribution, can be reversed by commonly uti-
lized therapies for OA pain including naproxen, acet-
aminophen, and the COX-2 specific inhibitor,
rofecoxib.20,21 The time course results of a single dose
oral administration of 18 revealed there was a significant
inhibition of change in hind paw weight distribution ver-
sus vehicle at both the 2 and 4 h post-dose time points.
This effect was shown to be quite similar to the oral
effect of the same single dose of the COX-2 inhibitor,
rofecoxib and further supports the mGlu5 receptor as
a reasonable target to alleviate the signs and symptoms
of arthritis.

se (hr)


4 6


Vehicle (HPMC, PO) 
Compound #18 (10 mpk, PO) 
rofecoxib (10 mpk, PO) 


*


*


(po). Statistically significantly differences were determined using a one-


Hochberg’s Procedure (*P < 0.05 vs vehicle at same time point). N = 8
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In summary, a series of readily accessible 2-aryl pyri-
do[2,3-d]pyrimidines were synthesized that possessed
potent mGlu5 receptor antagonist activity. Of the 2-aryl
pyrido[2,3-d]pyrimidines studied, it appears that appro-
priate substitution at the C3-position of the aryl ring
and further substitution at the 3,5-positions of the aryl
ring are preferred for mGlu5 receptor antagonist activ-
ity. In particular non-polar moieties appear to provide
optimal antagonist activity. Additional substitution of
7-methyl onto the pyrido[2,3-d]pyrimidine ring yielded
more potent analogs than the corresponding 7-desmeth-
yl analogs. In vivo activity (po) of compound 18 was
comparable in activity to the reference standard
(COX-2 inhibitor, rofecoxib) in the rat MIA model.
These results validate that the 2-aryl pyrido[2,3-d]pyrim-
idine is a promising new class of mGlu5 receptor antag-
onists and provides an additional tool beyond MPEP to
investigate the important area of glutamate research.

References and notes


1. Bach, P.; Isaac, M.; Slassi, A. Expert Opin. Ther. Patents
2007, 17, 371.


2. Swanson, C.; Bures, M.; Johnson, M.; Linden, A.-M.;
Monn, J.; Schoepp, D. Nat. Rev. Drug Disc. 2005, 4, 131.


3. Gasparini, F.; Lingenhohl, K.; Stoehr, N.; Flor, P.;
Heinrich, M.; Vranesic, I.; Biollaz, M.; Allgeier, H.;
Heckendorn, R.; Urwyler, S.; Varney, M.; Johnson, E.;
Hess, S.; Rao, S.; Sacaan, A.; Santori, E.; Velicelebi, G.;
Kuhn, R. Neuropharmacology 1999, 38, 1493.


4. Pagano, A.; Ruegg, D.; Litschig, S.; Stoehr, N.; Stierlin,
C.; Heinrich, M.; Floersheim, P.; Prezeaui, L.; Carrolli, F.;
Pini, J.-P.; Cambria, A.; Vranesic, I.; Flor, P. J.; Gaspa-
rini, F.; Kuhn, R. J. Biol. Chem. 2000, 275, 33750.


5. Augelli-Szafran, C.; Schwarz, R. Ann. Rep. Med. Chem.
2003, 38, 21.


6. Bach, P.; Nilsson, K.; Wallberg, A.; Bauer, U.; Hamm-
erland, L. G.; Peterson, A.; Svensson, T.; Oesterlund, K.;
Karis, D.; Boije, M.; Wensbo, D. Bioorg. Med. Chem.
Lett. 2006, 16, 4792.


7. Bach, P.; Nilsson, K.; Svensson, T.; Bauer, U.; Hammer-
land, L. G.; Peterson, A.; Wallberg, A.; Oesterlund, K.;
Karis, D.; Boije, M.; Wensbo, D. Bioorg. Med. Chem.
Lett. 2006, 16, 4788.


8. Chua, P. C.; Nagasawa, J. Y.; Bleicher, L. S.; Munoz, B.;
Schweiger, E. J.; Tehrani, L.; Anderson, J. J.; Cramer, M.;
Chung, J.; Green, M. D.; King, C. D.; Reyes-Manalo, G.;
Cosford, N. D. P. Bioorg. Med. Chem. Lett. 2005, 15,
4589.


9. Iso, Y.; Grajkowska, E.; Wroblewski, J. T.; Davis, J.;
Goeders, N. E.; Johnson, K. M.; Sanker, S.; Roth, B. L.;
Tueckmantel, W.; Kozikowski, A. P. J. Med. Chem. 2006,
49, 1080.


10. Alagille, D.; Baldwin, R. M.; Roth, B. L.; Wroblewski, J.
T.; Grajkowska, E.; Tamagnan, G. D. Bioorg. Med. Chem.
Lett. 2005, 15, 945.


11. Jaechke, G.; Porter, R.; Buettelmann, B.; Ceccarelli, S.;
Guba, W.; Kuhn, B.; Kolczewski, S.; Huwyler, J.; Mutel,
V.; Peters, J.-U.; Ballard, T.; Prinssen, E.; Vieira, E.;
Wichmann, J.; Spooren, W. Bioorg. Med. Chem. Lett.
2007, 17, 1307.

12. Hammerland, L.; Johansson, M.; Malmstroem, J.; Matts-
son, J.; Minidis, A.; Nilsson, K.; Peterson, A.; Wensbo,
D.; Wallberg, A.; Oesterlund, K. . Bioorg. Med. Chem.
Lett. 2006, 16, 2467.


13. Iso, Y.; Grajkowska, E.; Wroblewski, J.; Davis, J.;
Goeders, N.; Johnson, K.; Sanker, S.; Roth, B.; Tueck-
mantel, W.; Kozikowski, A. J. Med. Chem. 2006, 49, 1080.


14. Tasler, S.; Kraus, J.; Pegoraro, S.; Aschenbrenner, A.;
Poggesi, E.; Testa, R.; Motta, G.; Leonardi, A. . Bioorg.
Med. Chem. Lett. 2005, 15, 2876.


15. Bonnefous, C.; Vernier, J.-M.; Hutchinson, J.; Chung, J.;
Reyes-Manalo, G.; Kamenecka, T. Bioorg. Med. Chem.
Lett. 2005, 15, 1197.


16. Kulkarni, S.; Hauck Newman, A. Bioorg. Med. Chem.
2007, 17, 2987.


17. Milbank, J.; Knauer, C.; Augelli-Szafran, C.; Sakkab-
Tan, A.; Lin, K.; Yamagata, K.; Hoffman, J.; Zhuang, N.;
Thomas, J.; Galatsis, P.; Wendt, J.; Mickelson, J.;
Schwarz, R.; Kinsora, J.; Lotarski, S.; Stakich, K.;
Gillespie, K.; Lam, W.; Mutlib, M. Bioorg. Med. Chem.
Lett. 2007, 17, 4415.


18. Representative synthetic example: 2-(3-fluoro-5-methyl-
phenyl)pyrido[2,3-d]pyrimidine 28. To a solution of 4-
dimethylaminopyridine (0.872 g, 7.139 mmol) in dimethy-
lacetamide (3 mL) was added 3-fluoro-5-methylbenzoyl
chloride (1.540 g, 8.923 mmol) and the combined mixture
was stirred at room temperature wherein a solid forms. A
solution of 2-amino-nicotinaldehyde (0.871 g, 7.139
mmol) in dimethylacetamide (3 mL) was added to the
solid mixture and heated to 140 �C for 18 h. The crude
mixture was concentrated in vacuo and purified by silica
gel chromatography eluting with ethyl acetate/hexanes to
afford 0.712 g (39%) of 3-fluoro-N-(3-formylpyridin-2-yl)-
5-methylbenzamide as an off-white solid. This amide was
then dissolved in ethanol (30 mL) and ammonia (5 mL)
was added and the combined mixture was heated in sealed
bomb at 80 �C for 12 h. Upon cooling, the bomb was
opened and the contents were concentrated in vacuo and
purified by silica gel chromatography eluting with ethyl
acetate/hexanes to afford 0.378 g (57%) of 28 as an off-
white solid. 1H NMR (400 MHz, DMSO-d6) d 2.54 (s,
3H), 7.27 (d, J = 8.1 Hz, 1H), 7.45 (dd, J = 8.2, 4.3 Hz,
1H), 8.06 (d, J = 8.1 Hz, 1H), 8.26 (s, 1H), 8.6 (dd, J = 8.1,
2.1 Hz, 1H), 9.3 (dd, J = 4.3, 2.1 Hz, 1H), 9.08 (s, 1H)
HPLC:Phenomenex Develosil Combi RP3 4.6 · 50 mm,
4 min gradient, 50% CH3CN/50% H2O/0.1% HCO2H to
98% CH3CN/2% H2O/0.1% HCO2H; 0.5 min hold,
4.0 min run, 4 mL/min UV detection across 214, 254,
280 nm, 2.018 min retention time; MS (APCI): m/z 240.2
[M+H].


19. O’Brian, J.; Lemaire, W.; Chen, T.-B.; Chang, R.;
Jacobson, M.; Ha, S.; Lindsley, C.; Schaffhauser, H.;
Sur, C.; Pettibone, D.; Conn, P.; Williams, D. Mol.
Pharm. 2003, 64, 731.


20. Bove, S.; Calcaterra, S.; Brooker, R.; Huber, C.; Guzman,
R.; Juneau, P.; Schrier, D.; Kilgore, K. Osetoarthritis
Cartilage 2003, 11, 821.


21. All experimental procedures were conducted in an
AAALAC International-accredited facility in compliance
with the United States Department of Agriculture Animal
Welfare Act Regulations and the Guide for the Care and
Use of Laboratory Animals and were approved by the
PGRD Ann Arbor Institutional Animal Care and Use
Committee prior to initiation of the studies.





		Synthesis and SAR of 2-aryl pyrido[2,3-d]pyrimidines as potent mGlu5 receptor antagonists

		References and notes








Bioorganic & Medicinal Chemistry Letters 17 (2007) 5487–5491

Synthesis of neuroprotective cyclopentenone prostaglandin analogs:
Suppression of manganese-induced apoptosis of PC12 cells


Kyoji Furuta,a Masahide Maeda,a Yoko Hirata,b Shoko Shibata,b


Kazutoshi Kiuchib and Masaaki Suzukia,c,*


aRegeneration and Advanced Medical Science, Graduate School of Medicine, Gifu University, 1-1 Yanagido, Gifu 501-1194, Japan
bDepartment of Biomolecular Science, Faculty of Engineering, Gifu University, 1-1 Yanagido, Gifu 501-1193, Japan


cMolecular Imaging Research Program, Frontier Research System, RIKEN, 6-7-3 Minatojima-minamimachi, Chuo-ku,


Kobe 650-0047, Japan


Received 27 October 2006; revised 25 November 2006; accepted 4 December 2006


Available online 15 December 2006

Abstract—The synthesis and evaluation for anti- and proapoptotic properties of cyclopentenone prostaglandin analogs are
described. Novel J-type analogs of NEPP11 with a cross-conjugated cyclopentadienone moiety and a lipophilic x-side chain
suppressed manganese ion-induced apoptosis of PC12 cells at comparable levels to NEPP11, while monoenone derivatives were
inactive. The proapoptotic activities of J-type analogs were much lower than that of NEPP11. Natural 15-deoxy-D12,14-PGJ2 and
D7-PGA1 methyl ester were highly toxic, inducing apoptosis at lower concentrations.
� 2006 Elsevier Ltd. All rights reserved.

Prostaglandins (PGs) E and D are important lipid-
signaling mediators that are metabolized to cyclopen-
tenone PGs of the A and J series by both enzymatic
and non-enzymatic processes.1 Although cyclopente-
none PGs have no membrane receptors, they pene-
trate cell membranes and bind directly to
intracellular proteins, and thus regulate their activi-
ties. Cyclopentenone PGs are now attracting increas-
ing interest as low-molecular-weight compounds that
can modulate cellular proliferation, differentiation,
and viability.2,3


In previous studies on the synthesis and biological activ-
ities of cyclopentenone PGs, we demonstrated that cer-
tain synthetic analogs with a cross-conjugated dienone
structure exhibited neuroprotective activities.4–7 These
dienone PGs not only protected HT22 neuronal cells
against oxidative glutamate toxicity, but also promoted
neurite outgrowth from PC12 cells or from dorsal root
ganglion explants induced by nerve growth factor. The
most potent compound for both activities was analog
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1 (designated NEPP11).6 EPP11 was found to protect
the brain in vivo against ischemic death caused by per-
manent middle cerebral artery occlusion in mice.5 In
contrast, natural 15-deoxy-D12,14-PGJ2 (2), which pos-
sesses an extended trienone moiety, could not protect
neuronal cells against glutamate toxicity.5

COOCH3


O


1, NEPP11
O


COOH


2, 15-deoxy-Δ12,14-PGJ2

More recently, we found that low concentrations of
NEPP11 <10 lM) inhibited manganese ion-induced
apoptosis of PC12 cells,8 which has been used as a cellu-
lar model of Parkinson’s disease.9 These findings sug-
gested that NEPP11 may act as a therapeutic agent
against neurodegenerative diseases including Alzhei-
mer’s and Parkinson’s diseases. At high concentrations
P10 lM), however, NEPP11 was toxic to PC12 cells,
as well as inducing apoptosis,8 suggesting the need for
less toxic compounds with sufficient antiapoptotic activ-
ity. The rational design of better neuroprotective com-
pounds thus requires investigation of the relationships
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between the structure of NEPP11 analogs and their anti-
and proapoptotic effects. This paper describes the syn-
thesis of modified NEPP11 analogs and evaluation of
their effects on manganese ion-treated/untreated PC12
cells.


NEPP11 can protect neuronal cells from manganese ion-
induced apoptosis as well as glutamate-mediated cell
death (necrosis).5–7 We recently reported that induction
of hemeoxygenase-1 (HO-1) through activation of the
Keap1/Nrf2 pathway by NEPP11 is crucial for suppress-
ing glutamate-mediated necrotic death of HT22 cells.7


HO-1 is a phase II enzyme that serves as a defense sys-
tem against oxidative stress. In contrast, the antiapopto-
tic effect of NEPP11 on manganese ion-treated PC12
cells is associated with prevention of phosphorylation
of c-Jun N-terminal kinase (JNK).8 Since MKK4, an
upstream kinase of JNK, is activated by manganese
ion in the presence of NEPP11, one target of NEPP11
may be the phosphorylation stage of JNK by activated
MKK4. Taken together, these data suggest that
NEPP11 targets different molecules in each of the neuro-
protective effects. This implies that the structural fea-
tures of compounds required for the suppression of
manganese-induced apoptosis may differ from those re-
quired for protection against glutamate toxicity.


We reported previously that two structural aspects of
cyclopentenone PGs are essential for the suppression
of glutamate-induced neuronal cell death: a cross-conju-
gated dienone moiety and a modestly lipophilic x-side
chain.5 To explore simple relationships between the
structure and antiapoptotic effects of cyclopentenone
PGs on manganese ion-treated PC12 cells, we designed
and synthesized several NEPP11 analogs, particularly
focusing on the enone and x-side-chain moieties.10 The
structures of the compounds investigated are presented
in Figure 1.
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Figure 1. Structures of cyclopentenone PGs.

Two different types of monoenone analogs, an alkyliden
cyclopentanone type compound 3 and an endo cyclo-
pentenone type compound 4, can be seen in the struc-
tures. Compounds 5, 6, and 7 are x-side-chain
variants, in which 5 has a simple octyl chain, 6 has the
same x-side chain as natural primary prostaglandins,
and 7 does not have an x-side chain. The remaining
compounds in Figure 1 represent the topological iso-
mers of A-type PGs at the cyclopentenone ring and
are categorized as J-type PGs. Thus, 8 and 9 are the up-
side-down isomers of NEPP11 and 5, respectively. We
also designed 10 and its enantiomer 11, each of which
contains a bromophenyl group at the terminal end of
the x-side chain. These brominated compounds are
intended to apply to positron emission tomography
studies as 76Br-incorporated tracers.


The designed cyclopentenone PG analogs were generally
synthesized based on the established three-component
coupling method.11 We have already described the syn-
theses of NEPP11, 5, and 6.6,12 The monoenone deriva-
tives 3 and 4 were prepared from NEPP11 and 13 as
illustrated in Scheme 1. Thus, conjugate reduction of
NEPP11 with DIBAL–CuI–CH3Li complex13 proceed-
ed selectively at C10–C11 to yield the alkyliden-type
analog 3. In contrast, treatment of 13 with tributylstann-
ane in the presence of di-tert-butylperoxide gave the sat-
urated derivative 14,14 which was then converted to the
desired product 4 by acidic elimination of the oxygen
functional group at C11. The remaining A-type analog
7 was synthesized by aldol condensation of cyclopent-
2-en-1-one with 7-oxoheptanoate followed by the mesy-
lation-elimination sequence.


The J-type derivatives were synthesized by employing a
modified three-component coupling method, in which
the roles of the side-chain units were reversed. This pro-
cess involves nucleophilic attack of the organocuprate or
organozincate derived from the a-side-chain unit and
subsequent trapping of the resulting enolate with the
x-side-chain aldehyde. Scheme 2 demonstrates the syn-
thesis of 8 by this method. The orthoester 16, selected
as the a-side-chain unit, was prepared as described.15


The x-side-chain aldehyde 17 was synthesized by (1)
Friedel–Crafts acylation of toluene with 6-bromohexa-
noyl chloride, followed by reductive deoxygenation of
the resulting ketone with triethylsilane in one pot, (2)
conversion of the bromide, 6-(4-methylphenyl)-1-
bromohexane, to the corresponding iodide with sodium
iodide, and (3) DMSO oxidation of the iodide to the
desired aldehyde 17. The three-component coupling of
the cuprate generated from 16, (R)-4-(tert-butyldimeth-
ylsiloxy)cyclopent-2-en-1-one, and 17 afforded the aldol
adduct 18 in the ester form through concomitant
hydrolysis of the orthoester moiety during workup pro-
cedures. The adduct 18 was dehydrated with metha-
nesulfonyl chloride and 4-(dimethylamino)pyridine,
followed by elimination of the siloxy moiety under acid-
ic conditions to produce 8. The use of octanal or 5-(4-
bromophenoxy)pentanal as the x-side-chain unit yielded
the derivatives 916 (38% in three steps) and 10 (26% in
three steps), respectively. Compound 11, the antipode
of 10, was similarly synthesized using the enantiomeric
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Figure 2. DNA fragmentation patterns observed with compounds 2


(A), 5 (B), and 9 (C). PC12 cells were preincubated with each


compound (0, 10, and 20 lM) for 30 min and incubated with medium


in the presence (Mn2+(+)) or absence (Mn2+(�)) of MnCl2. After 20 h,


DNA fragmentation was measured.
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cyclopentenone unit with the 4S configuration (32% in
three steps). All compounds synthesized were fully
characterized by 400 MHz 1H NMR and 100 MHz
13C NMR.


The ability of the cyclopentenone PGs to inhibit manga-
nese ion-induced apoptosis of PC12 cells was evaluated
by DNA fragmentation.8 Briefly, PC12 cells (ca. 2·107


were preincubated with each PG (10 and 20 lM) at
37 �C for 30 min in Dulbecco’s modified Eagle’s medium
supplemented with 5% fetal bovine serum, followed by
the addition of 0.25 mM MnCl2 and further incubation
for 20 h at the same temperature. The soluble DNA
was extracted from the cells, electrophoresed on agarose
gels, and visualized with an ultraviolet transilluminator.
Proapoptotic activity of the PGs was evaluated under the
same assay conditions, but in the absence of manganese
ion. The results are summarized in Figure 2 and Table 1.


Compound 5 suppressed manganese-induced DNA
fragmentation to a similar extent as NEPP11. At
10 lM, compound 5 was less toxic than NEPP11,
whereas at 20 lM, compound 5 induced a considerable
degree of DNA fragmentation (Fig. 2B). The monoe-
none analogs, 3 and 4, were completely inactive, indicat-

ing that the cross-conjugated cyclopentadienone
structure is a prerequisite for exerting antiapoptotic ef-
fects. However, possession of the cross-conjugated die-
none structure alone is not sufficient, inasmuch as
D7-PGA1 methyl ester (6) and 7, both of which possess
the dienone moiety, showed no antiapoptotic activity.
These results indicate that the lipophilic interaction of
the x-side chain with the target protein is important
for binding. Thus, the hydroxy group in the x-side chain







Table 1. Anti- and proapoptotic activities of cyclopentenone PGs


Compound Antiapoa Toxicityb


1 ++ ++


2 � ++


3 � �
4 � �
5 ++ +


6 � ++


7 � �
8 ++ �
9 ++ �


10 + �
11 � ++


a Antiapoptotic activities: ca. 50% suppression of DNA fragmentation


at 10 lM (++); less than 50% (+); no suppression up to 20 lM (�).
b Proapoptotic activities: induction of extensive DNA fragmentation at


10 lM (++); slight fragmentation at 10 lM (+); no fragmentation up


to 20 lM (�).
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may interfere with its interaction with the target protein,
and deletion of the x-side chain results in a complete
loss of binding affinity. In addition, since the octyl deriv-
ative 5 retains antiapoptotic activity, the terminal tolyl
group in the x-side chain is probably not an essential
component, but it may also not impair binding.


Natural 15-deoxy-D12,14-PGJ2 (2), which seems to meet
the above requirements except for differences in topolo-
gy and conjugation of the cyclopentenone structure,
strongly induced DNA fragmentation by itself, even at
low concentrations; thus, any antiapoptotic effect on
manganese ion-treated cells was not detected across
the range of concentrations examined (Fig. 2A). By con-
trast, compound 9, which possesses a conjugation sys-
tem saturated at the distal double bond of the
extended trienone structure of 2, showed a concentra-
tion-dependent inhibition of DNA laddering, but was
not toxic, even at 20 lM (Fig. 2C). The NEPP11-type
analog 8 also displayed similar activities. These results
indicate that the topological feature of the cyclopenta-
dienone structure is not important, at least for inhibition
of DNA fragmentation, whereas the extension of conju-
gation leads to enhanced toxicity. The bromophenoxy
analog 10 only weakly inhibited manganese-induced
apoptosis, whereas its enantiomer 11, which did not sup-
press DNA fragmentation, strongly induced apoptosis
at 10 lM, suggesting the inadequacy of the bulky or
excessively lipophilic bromophenoxy group. These find-
ings emphasize the regulatory role of the x-side chain in
binding.


Cyclopentenone PGs commonly induce cytotoxicity
with increasing concentrations. Conjugated enones are
electron-deficient at their olefinic moiety, and thus easily
react with nucleophiles such as thiols to form 1,4-ad-
ducts under physiological conditions.17 Furthermore,
cross-conjugated cyclopentadienones are more reactive
to thiols than are simple cyclopentenones.17 Therefore,
cyclopentenone PGs with a cross-conjugated dienone
moiety may react with a sulfhydryl group of a cysteine
residue in various proteins in the cells, forming covalent
complexes at lower concentrations than monoenone

PGs. This covalent adduct formation may impair pro-
tein function, thus affecting cellular viability. Actually,
15-deoxy-D12,14-PGJ2 has been reported to target mito-
chondria respiratory complex I by covalent binding,
inhibiting the function of the protein and resulting in
the induction of reactive oxygen species.18 Although
the molecular mechanisms underlying the proapoptotic
effects of cyclopentenone PGs on PC12 cells are unclear,
differences in toxicity may partially be attributable to
the reactivity of the enone structures. This hypothesis
is supported by our finding, that compounds 3 and 4,
which have a less reactive monoenone structure, did
not exhibit cytotoxicity at the concentrations tested.
However, compound 6 was more toxic than NEPP11
and 5, suggesting that not only the cyclopentenone moi-
ety but also the structure of the x-side chain affected the
proapoptotic effects of these compounds. Conversely,
these findings suggest that appropriate modification of
the x-side chain and cyclopentenone moieties may elim-
inate the undesirable cytotoxicity of cyclopentenone
PGs. To achieve the desired functionality, it is necessary
to identify the target molecule(s) associated with the
proapoptotic effects and to establish structure–activity
relationships by rational structural modification. Analy-
sis of intracellular binding proteins using photoaffinity
labeling probes will be addressed in our future studies.


In summary, we have assayed the simple structure–ac-
tivity relationship of cyclopentenone analogs. These
experiments have provided a greater understanding of
the importance of the x-side chain for both anti- and
proapoptotic effects. Moreover, we have succeeded in
elaborating novel J-type analogs with reduced cytotoxic-
ity. These compounds may not only be powerful molec-
ular tools to elucidate the mechanisms of Parkinson’s
disease but may also provide important clues to the
development of drugs for the treatment of such neurode-
generative diseases.
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Abstract—The preparation and structure–activity-relationships of novel pyrrolidine-carboxamides and oxadiazoles are described.
Compounds in this series were found to be potent hNK1 antagonists in vitro and efficacious in vivo with minimal interactions with
P450 liver enzymes. Oxadiazole analog 22 was determined to have excellent hNK1 binding affinity, functional activity, and a good PD
response in vivo.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. From Aprepitant (1) to rationally derived leads 2 and 3.

Neurokinin-1 (NK1) is a member of the superfamily of
G-protein-coupled-receptors whose natural ligand is
Substance P. The receptor is highly expressed in both
the CNS and also peripheral tissues. Antagonism of
the NK1 receptor has been proposed as a therapeutic
strategy for conditions such as cystitis,1 emesis,2 and
major CNS disorders3 due to effects of NK1 agonists
in animal models of those disorders.


Previous efforts from these laboratories produced
Aprepitant (1)4 which is approved for use in chemother-
apy-induced nausea and vomiting and for post-opera-
tive nausea and vomiting (Fig. 1). The goals of our
backup program focused on achieving sufficient brain
penetration and pharmacokinetics consistent with once
daily oral dosing, while minimizing the potential for
cytochrome P450 interactions. This paper will describe
the discovery of novel pyrrolidine scaffold 3 and a sub-
sequent article will describe the piperidine scaffold 2,
both of which led to potent and efficacious NK1 antag-
onists with insignificant inhibition of the P450 class of
enzymes.
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An essential structural component to Aprepitant (1) and
other NK1antagonists has been the bis-phenyl motif,
typically a tethered-bis-CF3-phenyl moiety adjacent to
a phenyl group appended to a central core ring. While
maintaining this crucial feature, we were interested in
replacing the ether tether found in 1 with an amide
side-chain. To generate diversity, a systematic survey
of disubstituted pyrrolidine and piperidine scaffolds
employing an amide linkage to the bis-CF3-phenyl was
undertaken in which all regio- and stereochemical com-
binations were prepared and evaluated. Two promising
leads emerged from this initial study, specifically piper-
idine 2 and pyrrolidine 3a (Fig. 1).
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Scheme 1. Reagents and conditions: (a) N-(methoxymethyl)-N-(trim-


ethylsilylmethyl)benzylamine, TFA, DCM; (b) ACE-Cl, PhMe,


110 �C; MeOH, 80 �C; (c) BOC2O, DMAP, Et3N, DCM; (d) NaOH,


THF; (e) EDC, HOBT, DMAP, N-methyl-3,5-bis-trifluoromethylben-


zylamine, DCM; (f) HCl-EtOAc; (g) EDC, DMAP, R1CO2H, DCM;


(h) 1-piperidinecarbonyl chloride, DCM, Et3N, DMAP or cyclohexy-


lisocyanate; (i) cyclohexanecarboxaldehyde, Na(OAc)3BH, HOAc,


DCE; (j) (F3CCH2O)2POCH2CO2Me, NaHMDS, 18-C-6, THF;


(k) pivoyl chloride, Et3N, DCM; (S)-benzyloxazolidine, LiCl, Et3N,


THF; separate diastereomers; (l) LiOOH, THF.
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Azomethine ylide [3+2] cycloadditions afforded conve-
nient access, after protecting group manipulations, to
both trans and cis pyrrolidine derivatives 5 and 13 from
the corresponding E and Z5 cinnamate esters 4 and 12,
respectively, as key synthetic intermediates (Scheme 1).


The racemic analogs in Table 1 required preparation
of the common pyrrolidine intermediate 7 which was
readily prepared from ester 5 after saponification,
amide coupling, and pyrrolidine deprotection. Pyrroli-
dine 7 was converted to amides 8 (EDC, HOBT, car-
boxylic acids), ureas 9 (carbamoyl chlorides or

isocyanates), or alkylamines 10 (reductive amination)
to yield the targeted analogs. Cis-pyrrolidine 14 was
prepared from ester 13 analogously to the sequence
from 5 to 9.


The pure enantiomers found in Table 2 were prepared
from acid 6 by conversion to the separable acyl-oxa-
zolidinone diastereomers 15 and 166 under the condi-
tions reported by Ho and Mathre.7 Hydrolysis of
intermediates 15 and 16 using LiOOH furnished chiral
acids 17 and 18 which were transformed to 27–29 (see
Table 2) according to the procedures described for
racemic acid 6.


Oxadiazoles 20, 22, 25, and 26 were prepared from
amide-oximes 19, 21, and 24 by methodology reported
from these laboratories,8 wherein the requisite acids
were coupled to the amide-oximes (EDC/HOBT) fol-
lowed by thermal cyclodehydration (Scheme 2).
Amide-oximes 19, 23, and 24 in turn were prepared in
three steps from acids 17a, 18a, and 23,9 respectively,
by conversion to the primary amides, dehydration to
the nitrile, followed by treatment with hydroxylamine.
Deprotection of the tert-butylcarbamate group under
acidic conditions followed by coupling to 1-acetyl-4-pip-
eridinecarboxylic acid furnished targeted amides 20, 22,
25, and 26.


The hNK1 binding affinities of carboxamides 3 (Fig. 1)
were found to be sensitive to amide substitution. For
example, N-methyl-amide 3b led to a >10-fold improve-
ment in receptor binding affinity over 3a. We therefore
maintained this potency-enhancing feature in subse-
quent analogs.


We next focused on N-pyrrolidine variations (Table 1)
and found that amides (8) were generally well tolerated
and preferred over amines (10). For example, the hNK1


antagonist activity of cyclohexylamide 8a was 2-orders
of magnitude more potent than the corresponding
amine 10a. Urea 9a which is isosteric with amide 8a
was substantially less potent than 8a. The homologated
urea 9b on the other hand was equipotent to 8a. Incor-
poration of basic substituents, such as piperidine 8b, led
to decreased receptor binding affinity compared to 8a.
However, acylated derivatives of 8b, such as amide 8c,
retained the potency of 8a. The receptor binding affinity
of the pyrimidine amides was sensitive to the substitu-
tion pattern in which the IC50’s were in the order:
8d < 8f� 8g. Pyrazines 8e and 8h and pyrimidine 8d
were the most potent heteroaromatic carboxamide ana-
logs identified.


Intrigued by the potent hNK1 binding activity of 8c, we
prepared the single enantiomer and determined that the
active component was the 3(R)-carboxamide-4(S)-phe-
nyl isomer 27 (Table 2). As a major indication for
NK1 antagonists is the treatment of chemotherapy-in-
duced emesis, it is beneficial to design NK1 antagonists
that lack the potential to participate in drug-drug inter-
actions. Accordingly, we were gratified to observe that
27 along with all analogs in Table 2 were only weak
inhibitors of the P450 liver enzymes.
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c 3a is a secondary amide (see Fig. 1).
d 14a was a cis-3,4 pyrrolidine.


5312 J. R. Young et al. / Bioorg. Med. Chem. Lett. 17 (2007) 5310–5315

Receptor binding affinity was also sensitive to the ste-
reochemistry of the pyrrolidine scaffold. In contrast to
the morpholine scaffold present in Aprepitant 1 wherein
the 1,2-cis relationship was favored (10-fold),4a the 1,2-
trans stereochemistry of 8c was > 10-fold more potent
than that of the cis-isomer 14a in the pyrrolidine class
of hNK1 inhibitors. This finding was consistent with
the cyclopentane analogs described from these
laboratories.10


Administration of an NK1 agonist (icv) has previously
been reported to elicit a rapid and robust foot tapping
response in gerbils and provides the basis for an impor-
tant in vivo model of functional antagonist activity.11


The assay was performed by dosing the test compound
by iv infusion, followed by the central administration
of the NK1 agonist at a specified time post-drug infusion
and monitoring the ability of the compound to block the
agonist effect.


We evaluated 8c in the in vivo gerbil foot tapping (GFT)
model and found that 8c demonstrated rapid brain pen-
etration and was able to effectively block the agonist-in-
duced foot-tapping response in the gerbil at an early
time point (t = 0; ID50 = 0.41 mpk), but showed a poor
duration of action (24 h pre-dose prior to agonist
administration). This was consistent with the short
in vivo half-life determined in rats (t1/2 = 0.7 h). Amide
8c showed a 10-fold shift in receptor-antagonism when
the binding assay was performed in the presence of
50% human serum, which often correlates with in vivo
plasma protein binding, and should have a significant
impact on in vivo activity.


Another potential contributing factor to the poor dura-
tion of the pharmacodynamic response could be due to a
rapid dissociation from the receptor. We have recently
developed a functional binding assay (IP-1) that mea-
sures the ability of an hNK1 antagonist (100 nM) to
block the biochemical response (inositol phosphate gen-
eration) to Substance P (at a concentration of 10 lM) in
CHO cells engineered to overexpress hNK1.12 Signifi-
cant suppression of the maximal response can be inter-
preted as a desirable property for an antagonist,
insofar as it implies that the compound can maintain
receptor blockade even in the presence of a large excess
of agonist. The data are reported as the percent of the
Substance P response remaining (% SPRR) after a
30 min incubation time between the drug (100 nM)
and hNK1 cells followed by treatment with the agonist
(10 lM). Pyrrolidine 8c was found to be functionally
ineffective (81% SPRR) at blocking the effect of Sub-
stance P in this assay.


During the course of our optimization studies of the 4-
phenylpyrrolidine substituent, a key discovery that led
to improved IP-1 functional activity across this series
was incorporation of an ortho-methyl on the phenyl
ring. For example, 2-methyl-4-fluorophenyl analog 28
was able to block 97% (3% SPRR) of the Substance re-
sponse despite showing only a modest twofold improve-
ment in intrinsic binding activity over analog 27. Amide
28 showed good in vivo activity for up to 4 h in the GFT
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model but was only marginally efficacious after 24 h.
Analog 29, bearing a geminal-dimethyl group at the
benzylic position, was equipotent to 28 but resulted in

no improvement in in vivo activity. The 4-methylpyr-
azine carboxamide 30 had good intrinsic receptor-bind-
ing affinity that was substantially diminished in the
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presence of human serum (90-fold), yet 30 had only
slightly reduced IP-1 functional potency compared to
the acetylpiperidine analogs. Interestingly, compound
30 did provide 24 h efficacy in the gerbil assay. Based
on these data, we cannot rule out the possibility that
the in vivo activity was driven in part due to an active
metabolite.


We next examined amide replacements embedded in the
tether to see if improved metabolic stability would trans-
late to longer duration of in vivo activity. We prepared
the enantiomeric oxadiazoles 24 and 25, which were sur-
prisingly equipotent in terms of intrinsic receptor affin-
ity, but only isomer 24 demonstrated substantial
functional receptor blockade. Although oxadiazole 24
showed in vivo activity out to 4 h, this modification
did not provide the 24 h coverage that was desired.
The regioisomeric oxadiazoles 20 and 22 had exquisite
intrinsic activity, but only 22 had a low shift in the pres-
ence of 50% human serum (sixfold) and good functional
activity. An interesting and surprising feature was that
22 possessed the opposite absolute configuration to the
other carboxamides described thus far. Oxadiazole 22
showed improved (24 h) in vivo activity compared to
amide 28 presumably due to enhanced metabolic
stability.


We have described a series of pyrrolidine carboxamides
and oxadiazoles that displayed potent antagonism to-

ward the hNK1 receptor and showed reduced potential
for inhibition of CYP450 metabolizing enzymes com-
pared to Aprepitant. Acylation of the pyrrolidine core
led to increased hNK1 binding affinity. The ortho substi-
tuent on the 4-phenyl group was important for IP-1
functional activity. Replacement of the amide tether
with an oxadiazole was well-tolerated and equal to the
amide in all in vitro respects. Finally, carboxamide 30
and oxadiazole 22 were capable of inhibiting the effect
of an agonist 24 h after an initial iv dose in the gerbil
foot tapping assay.

Acknowledgments


The authors thank Sanjeev Kumar and the Drug Metab-
olism group for P450 counter-screening and the Synthetic
Services team for scale-up and large scale separation of
synthetic intermediates. Help from Paul Finke in pre-
paring this manuscript is also gratefully acknowledged.

References and notes


1. Saban, R.; Saban, M. R.; Nguyen, N.-B.; Lu, B.; Gerard,
C.; Gerard, N. P.; Hammaond, T. G. Am. J. Pathol. 2000,
156, 775.


2. Andrews, P. L. R.; Rapeport, W. G.; Sanger, W. G.
Trends Pharmacol. Sci. 1988, 9, 334.


3. Kramer, M. S.; Cutler, N.; Feighner, J. Shrivastava, R.;
Carman, J.; Sramek, J. J.; Reines, S. A.; Liu, G.; Snavely,
D.; Wyatt-Knowles, E.; Hale, J. J.; Mills, S. G.; MacCoss,
M.; Swain, C. J.; Harrison, T.; Hill, R. G.; Hefto, F;
Scolnick, E. M.; Cascieri, M. A.; Chicchi, G. G.; Sadow-
ski, S.; Williams, A. R.; Hewson, L.; Smith, D.; Carlson,
E. J.; Hargreaves, R. J.; Rupniak, N. M. J. Science. 1998,
281, 22, 1640.


4. (a) Hale, J. J.; Mills, S. G.; MacCoss, M.; Shah, S. K.; Qi,
H.; Mathre, D. J.; Cascieri, M. A.; Sadowski, S.; Strader,
C. D.; MacIntyre, D. E.; Metzger, J. M. J. Med. Chem.
1996, 39, 1760; (b) Hale, J. J.; Mills, S. G.; MacCoss, M.;
Finke, P. E.; Cascieri, M. A.; Sadowski, S.; Ber, E.;
Chicchi, G. G.; Kurtz, M.; Metzger, J. M.; Eiermann, G.;
Tsou, N. N.; Tattersall, F. D.; Rupniak, N. M. J.;
Williams, A. R.; Rycroft, W.; Hargreaves, R.; MacIntyre,
D. E. J. Med. Chem. 1998, 41, 4607.


5. Still, W. C.; Gennari, C. Tetrahedron Lett. 1983, 24, 4405.
6. Hale, J. J.; Budhu, R. J.; Mills, S. G.; MacCoss, M.;


Malkowitz, L.; Siciliano, S.; Gould, S. L.; DeMartino, J.
A.; Springer, M. S. Bioorg. Med. Chem. Lett. 2001, 11,
1437.


7. Ho, G. J.; Mathre, D. J. J. Org. Chem. 1995, 60, 2271.
8. Liang, G.-B.; Feng, D. D. Tetraheron Lett. 1996, 37, 6627.
9. Acid 23 was prepared in 2 steps from methyl 3,5-bis-


trifluoromethylphenylacetate: (1) LHMDS (3 eq), THF,
MeI (3 eq); (2) NaOH, MeOH.


10. (a) Finke, P. E.; Meurer, L. C.; Levorse, D. A.; Mills, S.
G.; MacCoss, M.; Sadowski, S.; Cascieri, M. A.;
Tsao, K.-L.; Chicchi, G. G.; Metzger, J. M.; MacIntyre,
D. E. Bioorg Med. Chem. Lett. 2006, 16, 4497; (b) Meurer,
L. C.; Finke, P. E.; Owens, K. A.; Tsou, N. N.; Ball, R.
G.; Mills, S. G.; MacCoss, M.; Sadowski, S.; Cascieri, M.
A.; Tsao, K.-L.; Chicchi, G. G.; Egger, L. A.; Luell, S.;
Metzger, J. M.; MacIntyre, D. E.; Rupniak, N. M. J.;
Williams, A. R.; Hargreaves, R. J. Bioorg. Med. Chem.
Lett. 2006, 16, 4504.







J. R. Young et al. / Bioorg. Med. Chem. Lett. 17 (2007) 5310–5315 5315

11. Rupniak, N. M. J.; Tattersall, F. D.; Williams, A. R.;
Rycroft, W.; Carlson, E. J.; Cascieri, M. A.; Sadowski, S.;
Ber, E.; Hale, J. J.; Mills, S. G.; MacCoss, M.; Seward, E.;
Huscroft, I.; Owen, S.; Swain, C. J.; Hill, R. G.;
Hargreaves, R. J. Eur. J. Pharmcol. 1997, 326, 201.


12. Briefly, CHO cells (2.5 · 104) stably expressing recombi-
nant human NK1 receptors were plated in 96-well tissue
culture dishes overnight followed by prelabeling overnight
with [3H]-myo-inositol (10–25 Ci/mmol, 1 lCi/well) in ino-
sitol-free medium with 0.02% BSA at 37 �C. The cells were
incubated with 10 mM LiCl, to inhibit inositol monophos-

phatases, in Hepes-buffered inositol-free (DMEM) medium
with 0.02% BSA for 15 min. Antagonists (100 nM) or
DMSO were added for 30 min then Substance P (10 lM)
was added for another 30 min, all at 37 �C. The reaction
was terminated by removal of the medium and addition of
60 lL of 10 mM formic acid for 60 min. at 22 �C. Lysates
(15 lL) were incubated with 1 mg RNA Binding Yittrium
Silicate (2–5 lm) SPA beads (Amersham) in Optiplates
with shaking for 2 h at 22 �C. [3H]-inositol phosphate
generation was quantitated on a Packard Topcount and the
data were analyzed using Prism (GraphPad).





		Pyrrolidine-carboxamides and oxadiazoles as potent hNK1 antagonists

		Acknowledgments

		References and notes








Bioorganic & Medicinal Chemistry Letters 17 (2007) 5455–5461

Capped diaminopropionamide–glycine dipeptides are inhibitors
of CC chemokine receptor 2 (CCR2)


Percy H. Carter,* Gregory D. Brown, Sarah R. Friedrich, Robert J. Cherney,
Andrew J. Tebben, Yvonne C. Lo, Gengjie Yang, Heather Jezak, Kimberly A. Solomon,


Peggy A. Scherle and Carl P. Decicco


Research and Development, Bristol-Myers Squibb Company, Princeton, NJ 08543-4000, USA


Received 25 April 2007; revised 7 July 2007; accepted 9 July 2007


Available online 21 July 2007

Abstract—A new series of CCR2 antagonists has been discovered that incorporates intramolecular hydrogen bonding as a strategy
for rigidifying the scaffold. The structure–activity relationship was established through initial systematic modification of substitution
pattern and chain length, followed by independent optimization of three different substituents (benzylamine, carboxamide, and
benzamide). Several of the acyclic compounds display 10–30 nM binding affinity for CCR2. Moreover, these antagonists are able
to block both MCP-1-induced Ca2+ flux and monocyte chemotaxis, and are selective for binding to CCR2 over CCR1 and CCR3.
� 2007 Elsevier Ltd. All rights reserved.
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CC chemokine receptor 2 (CCR2) is the primary chemo-
kine receptor on monocytes recruited to sites of inflam-
mation;1 it is also the exclusive receptor for monocyte
chemoattractant protein-1 (MCP-1), a well-charac-
terized pro-inflammatory cytokine. Targeting this
pro-inflammatory pair through both genetic and phar-
macologic approaches reduces inflammation in classic
rodent models of rheumatoid arthritis, multiple sclero-
sis, and atherosclerosis.2 These data, together with the
fact that both CCR2�/� and MCP-1�/� are viable,
fertile, and devoid of any overt phenotype, have
prompted researchers to pursue CCR2 antagonism as
an approach toward treating inflammatory diseases.2,3


Others have disclosed that cyclic diamines such as 3-
aminopyrrolidine and 3-aminomethylpiperidine could
serve as scaffolding elements for potent CCR2 antago-
nists (binding IC50’s < 100 nM).4 We postulated that
the 3-aminopyrrolidine subunit could be replaced with
an acyclic diamine motif, provided that a functional
group capable of intramolecular hydrogen bonding
was suitably positioned along the diamine backbone
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(Fig. 1). In this Letter, we describe our initial test of this
hypothesis.


Scheme 1 illustrates representative examples of the
straightforward chemistry used to synthesize these mol-
ecules.5 The commercially available Na-Boc, Nx-Cbz
diaminoacids were esterified or amidated. The resulting
products were deprotected (TFA) and coupled with a
substituted hippuric acid. Hydrogenolysis of the Cbz
and reductive amination provided final products. In
the case of diaminopropionic acid (Dap)-derived prod-
ucts (n = 1), the compounds could be derivatized further
through reduction, hydrolysis, or amidation. Longer
chain lengths (n = 2 and 3) required that the amide be
introduced in the first step in order to avoid intramolec-
ular cyclization in the late-stage coupling. Since the
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Figure 1. Use of intramolecular hydrogen bonding to constrain the


conformation of an acyclic scaffold while introducing additional


specificity/recognition elements.
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Scheme 1. Representative solution- and solid-phase synthesis of acyclic CCR2 inhibitors. Non-standard abbreviations: PAL-R = PAL polystyrene


resin. Reagents and conditions: (a) EDC, MeOH; (b) H2NR, HATU, i-Pr2NEt, CH2Cl2/DMF; (c) TFA, CH2Cl2; (d) HO2CCH2NHCO(3-CF3Ph),


BOP, i-Pr2NEt, CH2Cl2/DMF; (e) H2, 5% Pd/C (Degussa), MeOH; (f) 2,4-Me2PhCHO, NaCNBH3, MeOH; (g) LiBH4, MeOH, THF; (h) LiOH,


THF/MeOH/H2O; (i) H3N/MeOH, HATU; (j) piperidine/NMP wash, then Fmoc-amino acid, HBTU, HOBt, i-Pr2NEt, NMP; (k) piperidine/NMP


wash, then HO2C(3-CF3Ph), HBTU, HOBt, i-Pr2NEt, NMP; (l) Pd(PPh3)4, 37:2:1 CHCl3/AcOH/N-methyl morpholine; (m) 2,4-Me2PhCHO,


NaCNBH3, 1% AcOH/dimethylacetamide; (n) 95:5 TFA/H2O, triethylsilane.
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primary amide derivatives proved to be potent inhibitors
(see Table 1), we employed solid-phase peptide synthesis
protocols to access some compounds.6 This approach al-
lowed for the rapid variation of all regions of the scaf-
fold from the starting Na-Fmoc, Nx-alloc diaminoacids
(Scheme 1).


Table 1 lists the CCR2 binding data obtained with a pi-
lot set of compounds derived from Dap. The 2,4-dim-
ethylbenzyl group, glycine spacer, and 3-
trifluoromethylbenzamide grouping were standardized
for the initial study. Three observations stand out: (1)
the inhibitors derived from (S)-Dap are more potent
than those from (R)-Dap; and (2) sidechain amides are
more potent than the methyl ester, carboxylic acid,
and primary alcohol, with the large activity difference
between the isosteric primary amide and carboxylic acid
being particularly noteworthy; (3) the compounds with

Table 1. Initial test of the hypothesis shown in Figure 1 through


probing of sidechain identity and absolute stereochemistry


N
H


X


H
N


N
H


Ar
O


O


Ar' N
H


X


H
N


N
H


Ar
O


O


Ar'


1 2Ar' = 2,4-Me2Ph, Ar = 3-CF3Ph


Series, X group CCR2 binding IC50
a (lM)


1 2


a, CO2Me 1.0 ± 0.9 (2) 1.5 ± 0.5 (2)


b, CH2OH 2.2 ± 0.1 (2) 0.32 ± 0.22 (2)


c, CO2H 31% I at 10 lM 5.5 ± 1.8 (2)


d, CONH2 0.63 ± 0.10 (2) 0.066 ± 0.005 (4)


e, CONHEt 0.56 ± 0.29 (2) 0.11 ± 0.04 (2)


f, CONH-t-Bu 0.11 ± 0.03 (3) 0.048 ± 0.011 (13)


g, Me 35% I at 10 lM Not tested


h, i-Pr 20% I at 10 lM Not tested


a Binding was performed using 0.3 nM [125I]MCP-1 and human


peripheral blood mononuclear cells at 23 �C (Ref. 5). IC50 values (n)


are reported as mean ± SD (n = 2) or mean ± SEM (n > 2). For less


potent compounds, % inhibition (% I) at a fixed inhibitor concen-


tration is listed (n = 1).

simple alkyl sidechains (1g, 1h) are at least 10-fold less
active than their functionalized counterparts.


To test the hypothesis further, we synthesized a group of
compounds that altered the proposed hydrogen bonding
inherent in the diaminopropionic acid subunit (Fig. 2).
Alternate positioning of the amide or ester grouping
along the diaminoethane moiety provides inhibitors
with weaker potency (see 3a, 3b in Fig. 2;7 the (S)-vari-
ant of an analog of 3b exhibits similar activity, data not
shown). Inhibitors derived from elongation of either the
sidechain or main chain are less potent than their Dap
analogs (cf. 2 and 4, 5; analogs from longer main chain
lengths are weaker still). Notably, the rank-order activ-
ity for the three surveyed amide sidechain groups is
altered as the length of the main chain increases (cf.
2d–2f and 5d–5f). Furthermore, amine methylation ex-
erts differential effects on products from the Dap
(n = 1) and diaminobutyric acid (Dab, n = 2) scaffolds:

N


H
N


Ar' N
H


O
Ar


O


N
H


H
N


Ar' N
H


O
Ar


O


8, 0.017 ± 0.003 μM (20)


N
H


H
N


Ar' N
H


O
Ar


OX


3a, X = CO2Me, 15 μM (1)
3b, X = CONHEt, 22 μM (1) 4, 0.59 ± 0.23 μM


t-BuHN(O)C


N
H


H
N


Ar' N
H


O
Ar


O


5d, Y= NH2, 3.0 ± 1.6 μM
5e, Y= NHEt, 0.41 ± 0.09 μM (5)
5f, Y= NHt-Bu, 0.77 ± 0.17 μM


N
Me


H
N


Ar' N
HO


Ar


O


6, n = 1, Y = NHtBu, 12% @ 1 μM
7, n = 2, Y = NHEt, 0.15 ± 0.08 μM


n


YOYO


N
H


H
N


Ar' N
H


O
Ar


O


2i, Y= NHMe, 0.23 ± 0.02 μM
2j, Y= NMe2, 0.25 ± 0.01 μM


YO


2


Figure 2. Additional tests of the hypothesis shown in Figure 1. CCR2


binding IC50 values are listed as described in the footnote to Table 1


(n = 2 unless indicated). Ar = 3-CF3–phenyl and Ar 0 = 2,4-(Me)2–


phenyl.







HO
X


NHBoc


c, d


18 X = CO2H


Me


N3
NHBoc


20


Me


19 X = CONHEt
a


NHEtO


17a


HO
NHBoc


e, fMe


N3
NHBoc


22


Me


NHEtO


17b


NHEtO


b Steps c - f,


Scheme 1


Steps c - f,


Scheme 1


21


42%


51%


90%


24%


Scheme 3. Synthesis of b-methyl compounds 17a and b. Reagents and


conditions: (a) EtNH2, BOP, CH2Cl2; (b) DEAD, Ph3P, HN3, PhH; (c)


DEAD, Ph3P, HO2C(p-NO2Ph), PhH; (d) LiOH, 2:2:1 THF/MeOH/


H2O; (e) Ms2O, i-Pr2NEt, CH2Cl2; (f) NaN3, DMSO, 65 �C.
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in the (S)-Dab series, tertiary amines are more active
than their secondary counterparts, whereas tertiary
amines are >10-fold less active than their secondary
counterparts in the (S)-Dap series (cf. 2f and 6 vs 5e
and 7; several other examples in both series exhibit sim-
ilar shifts, data not shown). Note, however, N-methyla-
tion of the amide is tolerated in the (S)-Dap series (cf. 2i
and 2j).


Taken together, Table 1 and Figure 2 show that acyclic
N-benzylated Dap–Gly dipeptides are potent CCR2
antagonists. Indeed, the binding potency of 2f ap-
proaches that of cyclic lead structure 8. Collectively,
the data are consistent with the involvement of the intra-
molecular hydrogen bonding postulated in Figure 1,
with Mode A being optimum (sidechain acts as H-bond
acceptor). This conclusion is also supported by confor-
mational modeling in water, in which the internal H-
bond was found in >99.8% of Boltzmann-weighted pop-
ulation (see Supporting Information). An alternative
hypothesis is that the amide sidechain moiety interacts
beneficially with CCR2.


We continued our study by examining conservative
modifications of both the Dap and Gly subunits. While
the synthesis of the majority of the Gly analogs was
facilitated by employing the aforementioned solid-phase
approach using PAL resin as the support (Scheme 1),
the backbone methylation scan of the (S)-Dap subunit
required that we synthesize specialized starting materials
(Schemes 2 and 3).5 The synthesis of the a-methyl com-
pound 16 proceeded from the commercially available
(±)-a-methyl serine (Scheme 2); the choice of synthetic
route was ultimately dictated by problems relating to
the steric congestion of the a-alkyl amino acid. The syn-
theses of the b-methyl compounds 17a and 17b began
from LL-threonine (Scheme 3). Amide formation followed
by Mitsuonobu inversion of the hydroxyl with hydra-
zoic acid8 provided the a, b-diaminobutyramide equiva-
lent 20; the complementary stereoisomer 22 was
produced via a double inversion sequence
(19! 21! 22).9 Compounds 20 and 22 were carried
forward using the chemistry shown in Scheme 1.

HO
NH2 a, b


CO2HMe
HO


NHCbz


CONHEtMe


(±)-13


c - e
N


NHCbz


CONHEtMe


(±)-14


Ar'
Boc


N
H


H
N


Me
Ar' N


H


O


CF3


O
OEtHN


(±)-16


N


H
N


Me
Ar' NHCbz


O
OEtHN


(±)-15


Boc


h - j


f, g


NH2


21% 41%


Scheme 2. Synthesis of a-methyl compound 16. Abbreviations:


Ar = (2,4-Me2)-phenyl. Reagents and conditions: (a) Cbz2O, NEt3,


THF/H2O; (b) EtNH2, HATU, DMAP, CH2Cl2; (c) Dess–Martin


periodinane, Pyr, CH2Cl2; (d) 2,4-Me2PhCH2NH2, NaCNBH3,


MeOH; (e) Boc2O, NEt3, THF/H2O; (f) 1 atm H2, 5% Pd/C (Degussa),


MeOH; (g) HO2CCH2NHCbz, HATU, i-Pr2NEt, cat. DMAP,


CH2Cl2; (h) 1 atm H2, 5% Pd/C (Degussa), MeOH; (i) HO2C(2-


NH2,5-CF3)Ph, HATU, i-Pr2NEt, CH2Cl2; (j) TFA/CH2Cl2.

As illustrated in Table 2, conservative modification of
the Dap and Gly does not enhance the potency of the
inhibitors. Methyl substitution on the a-carbon (10,
11) of the glycine leads to reductions in CCR2 binding,
as does substitution of the Gly a-nitrogen for carbon
(12). The methyl scan of the Dap subunit reveals that
only substitution of a b-methyl group in the (R)-config-
uration (17b) does not impact the binding affinity sub-
stantially. The data in Table 2 may suggest that these
inhibitors bind to CCR2 in a conformation that requires
the wide U, W-tolerance of the unsubstituted amino
acids.


Since the unmodified (S)-Dap–Gly backbone appeared
optimal for CCR2 binding, we focused our efforts on
improving the affinity of series 2 through modification
of the three capping groups: benzylamine, carboxamide,
and benzamide. These groups were readily altered via
chemistry analogous to that shown in Scheme 1,5,10


beginning with Na-Boc, Nb-Cbz (S)-Dap. Table 3 sum-
marizes the remainder of the SAR profile of the carbox-
amide moiety. Although tert-butyl amide 2f is more
potent than primary amide 2d, other simple alkyl amides
and tert-alkyl amides are not as potent (cf. 2f and 2k–
2o). Tertiary amides (see 2j, Fig. 2, and 2y–2aa, Table
3) likewise offer no advantage. Cycloalkyl amides 2p–
2s exhibit similar potencies to each other (90–100 nM),
despite large differences in lipophilicity, but phenyl
amide 2t is 10-fold weaker (1200 nM). The apparent
intolerance toward aromatic rings is also evident in the
100-fold potency difference between benzyl amide 2u
and cyclopropylmethyl amide 2w. The 2,2,2-trifluoro-
ethyl amide 2x shows similar potency to 2w and tert-bu-
tyl 2f. Notably, 2,2,2-trifluoroethylamide also serves as
an effective tert-butylamide replacement in a series of
HIV protease inhibitors.11


Initial examination of the benzylamine moiety provided
guidance for further exploration (data not shown): (1)
removal of the benzyl grouping eliminates CCR2 activ-
ity; (2) carbamates, sulfonamides, and amides are inac-
tive, independent of ortho-substitution on the phenyl
ring; and (3) methyl substitution in either stereochemical
configuration on the benzyl methylene is tolerated, but







Table 2. Modification of the (S)-Dap–Gly dipeptide backbone


N
H X


H
N


Z


O
CF3


Rα
Rβ Y


O


Compound Rb Ra Xa Y Z CCR2 binding IC50
b (lM)


2d H H CONH2 H NH 0.066 ± 0.005 (4)


10 H H CONH2 (R)-Me NH 40% I at 10 lM


11 H H CONH2 (S)-Me NH 9% I at 10 lM


12 H H CONHEt H CH2
c 7% I at 10 lM


2e H H CONHEt H NH 0.11 ± 0.04 (2)


16 H Mea,c CONHEta H NH 8.7 (1)


17a (S)-Me H CONHEt H NH 2% I at 10 lM


17b (R)-Me H CONHEt H NH 0.13 ± 0.06 (2)


a All amide groups are in the (S)-configuration, save compound 16, which is racemic.
b Binding was performed using 0.3 nM [125I]MCP-1 and human peripheral blood mononuclear cells at 23 �C (Ref. 5). IC50 values (n) are reported as


mean ± SD (n = 2) or mean ± SEM (n > 2). For less potent compounds, % inhibition (% I) at a fixed inhibitor concentration is listed (n = 1).
c The 3-trifluoromethylbenzamide was replaced with 2-amino-5-trifluoromethylbenzamide, which confers �3-fold higher activity (see Table 5).


Table 4. Representative SAR of the benzylamine substituent


N
H


H
N


N
HO


O


Ar1 CF3


NHO
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not enhancing, regardless of whether or not an ortho-
substituent is present on the phenyl ring. Accordingly,
we synthesized approximately fifty simple benzylamines;
the highlights of this investigation are presented in Table
4. Inhibitors containing either the 2-methylbenzyl or 4-
methylbenzyl group display binding affinities that are
within 2-fold of each other, but �20-fold lower than
antagonists containing the 2,4-dimethylbenzyl group
(cf. 2f and 23, 24), suggesting an additive effect. Notably,
the 10- to 20-fold enhancing effect of the ortho-methyl
group is general for a variety of para-substituents (cf.
29–32 and 34–37). The disubstituted analogs follow
the same rank order as the 4-substituted analogs. Other
comparisons reveal additional steric and electronic

Table 3. Modification of the carboxamide moiety


N
H


H
N


N
HO


O
CF3


XaO


Compound Xa CCR2 binding IC50
a (lM)


2k NH-i-Pr 0.17 ± 0.03 (2)


2l NH-s-Bu 0.12 ± 0.05 (2)


2m NHC(Me)2Et 0.12 ± 0.04 (2)


2n NHC(Me)2CH2OH 0.19 ± 0.07 (5)


2o NH(a-Me)-c-Pr 0.10 ± 0.08 (2)


2p NH-c-Pr 0.088 ± 0.034 (2)


2q NH-c-Bu 0.097 ± 0.054 (2)


2r NH-c-Pent 0.099 ± 0.029 (5)


2s NH-c-Hex 0.15 ± 0.01 (2)


2t NHPh 1.2 ± 0.8 (2)


2u NHCH2Ph 7.0 ± 0.3 (2)


2v NHCH2CH@CH2 0.20 ± 0.01 (2)


2w NHCH2-c-Pr 0.060 ± 0.018 (2)


2x NHCH2CF3 0.055 ± 0.004 (4)


2y Pyrrolidine 0.26 ± 0.10 (2)


2z Morpholine 0.49 ± 0.12 (2)


2aa N(OMe)Me 0.11 ± 0.03 (4)


a Binding was performed using 0.3 nM [125I]MCP-1 and human


peripheral blood mononuclear cells at 23 �C (Ref. 5). IC50 values (n)


are reported as mean ± SD (n = 2) or mean ± SEM (n > 2). For less


potent compounds, % inhibition (% I) at a fixed inhibitor concen-


tration is listed (n = 1).

requirements for the benzylamine moiety: (1) while ethyl
is allowed at the ortho position, methoxy is not preferred
there (cf. 24, 25 vs 26, 35); (2) electron-withdrawing
groups are not preferred at the para-position, (see 27,
28, 33; a larger scan confirms this, data not shown);
(3) para-substituents larger than ethyl are poorly toler-
ated (see 43, 44; a larger scan confirms this, data not

Compound Ar1 CCR2 binding IC50
a (lM)


2f 2,4-Me2–Ph 0.048 ± 0.011 (13)


23 4-Me–Ph 0.75 ± 0.13 (2)


24 2-Me–Ph 0.40 ± 0.17 (2)


25 2-Et–Ph 0.38 ± 0.05 (4)


26 2,4-(MeO)2–Ph 37% I at 1.0 lM


27 4-CO2Me–Ph 20% I at 1.0 lM


28 4-SO2Me–Ph 7.2 (1)


29 4-Br–Ph 1.7 ± 1.1 (2)


30 4-MeO–Ph 1.1 ± 0.1 (4)


31 4-Et–Ph 0.53 ± 0.41 (2)


32 4-Me2-N–Ph 0.43 ± 0.18 (2)


33 2-Me,4-NC–Ph 0.90 ± 0.27 (3)


34 2-Me,4-Br–Ph 0.16 ± 0.02 (2)


35 2-Me,4-MeO–Ph 0.047 ± 0.009 (2)


36 2-Me,4-Et–Ph 0.036 ± 0.001 (2)


37 2-Me,4-Me2N–Ph 0.036 ± 0.001 (2)


38 3-F,4-Me–Ph 27% I at 1.0 lM


39 3-O2-N,4-Me–Ph 0.67 ± 0.51 (2)


40 3-H2-N,4-Me–Ph 0.12 ± 0.05 (2)


41 2,3-Me2,4-MeO–Ph 0.69 (1)


42 2,5-Me2,4-MeO–Ph 1.3 (1)


43 4-(n-Bu)–Ph 5.6 (1)


44 4-Ph–Ph 30% I at 1.0 lM


a Binding was performed using 0.3 nM [125I]MCP-1 and human


peripheral blood mononuclear cells at 23 �C (Ref. 5). IC50 values (n)


are reported as mean ± SD (n = 2) or mean ± SEM (n > 2). For less


potent compounds, % inhibition (% I) at a fixed inhibitor concen-


tration is listed (n = 1).
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shown); (4) electron-withdrawing groups are also not
preferred at the meta-position (see 38–40), and even
methyl substitution is modestly detrimental (cf. 35 and
41, 42). Although a number of potent benzylamines
are identified by this scan (Table 4), none clearly surpass
the initial 2,4-dimethylbenzylamine in CCR2 binding
affinity.


We examined approximately forty different benzamides
and highlights of this investigation are presented in
Table 5; more so than the benzylamine, our survey of
the benzamide was influenced by unpublished work in
a separate series.12 Replacing the 3-CF3 substituent with
less hydrophobic groups is detrimental, but the more
lypophilic pentafluoroethyl group does not improve
activity (cf. 2f and 46–49). Anthranilamide 50 and
meta-aniline 51 both exhibit improved affinity relative
to benzamide 2f. The ortho-amine also improves the po-
tency of the meta-trifluoromethoxy benzamide (cf. 47,
52). As expected, replacement of the 3-CF3 benzamide
with the 2-NH2, 5-CF3 benzamide enhances the activity
of analogs containing alternative amides and benzylam-
ines (see 65, 66, Table 6). Likewise, both the 2-NH2,
5-CF3 benzamide and 3-NH2, 5-CF3 benzamide enhance
the activity of the (S)-Dab-based series (i.e., analogs of
5f). However, none of the Dab-based inhibitors exhibit
equivalent potency to the best Dap-based inhibitors
(data not shown).

Table 5. Representative SAR of the benzamide moiety


N
H


H
N


N
H


Ar2


O


O


NHO


Compound Ar2 CCR2 binding


IC50
a (lM)


2f 3-CF3Ph 0.048 ± 0.011 (13)


46 3-CF2CF3Ph 0.065 ± 0.015 (2)


47 3-OCF3Ph 0.19 ± 0.06 (3)


48 3-SCF3Ph 0.15 ± 0.03 (2)


49 3-CF2HPh 0.40 ± 0.18 (2)


50 2-NH2,5-CF3Ph 0.011 ± 0.004 (7)


51 3-NH2,5-CF3Ph 0.023 ± 0.000 (2)


52 2-NH2,5-OCF3Ph 0.028 ± 0.019 (2)


53 2-NHEt,5-CF3Ph 0.013 ± 0.003 (4)


54 2-NHBn,5-CF3Ph 0.019 ± 0.007 (2)


55 2-NH-i-Bu,5-CF3Ph 0.023 ± 0.004 (2)


56 2-(NHCO2-i-Pr),5-CF3Ph 0.065 ± 0.004 (2)


57 2-(NHCONH-i-Pr),5-CF3Ph 0.015 ± 0.001 (2)


58 2-(NHCO-c-Hex), 5-CF3Ph 0.090 ± 0.016 (2)


59 3-NHMe,5-CF3Ph 0.016 ± 0.008 (2)


60 3-NHEt,5-CF3Ph 0.019 ± 0.008 (2)


61 3-NHBn,5-CF3Ph 0.11 ± 0.07 (2)


62 3-NH-i-Bu,5-CF3Ph 0.13 ± 0.06 (3)


63 3-(NHCO2Et),5-CF3Ph 0.31 ± 0.10 (2)


64 3-(NHCOc-Hex),5-CF3Ph 25% I at 1.0 lM


a Binding was performed using 0.3 nM [125I]MCP-1 and human


peripheral blood mononuclear cells at 23 �C (Ref. 5). IC50 values (n)


are reported as mean ± SD (n = 2) or mean ± SEM (n > 2). For less


potent compounds, % inhibition (% I) at a fixed inhibitor concen-


tration is listed (n = 1).

Given the positive effects of ortho- and meta-amine sub-
stitution, we examined N-substituted derivatives. As
shown in Table 5, analogs with ortho-alkylamines, ur-
eas, or carbamates are all potent antagonists (represen-
tative groups shown in 53–58), but none are clearly
superior to 50 in binding. The meta-amine can also be
substituted with a variety of substituents (representative
groups shown in 59–64). Small groups are well-tolerated
(see 59, 60), but large groups appear to reduce activity
more sharply than in the ortho series (cf. 54–58 and
61–64). Attempts to improve the affinity of each of the
illustrated groups (alkyl, benzyl, urea, carbamate) in
both the ortho- and meta-series have been unsuccessful
(data not shown).


We studied the ability of our more potent compounds to
antagonize the functional activity of MCP-1 on CCR2-
bearing cells. As shown in Table 6, the potency of a gi-
ven compound for inhibiting the MCP-1-induced Ca2+


flux can be readily predicted from the binding IC50,
but the activity in the monocyte chemotaxis assay can-
not be as easily extrapolated. The installation of the
ortho-amine functionality on the benzamide appears to
enhance chemotaxis activity (cf. 2d and 65; also 2f and
50). Alkyl substitution on either the ortho- or meta-ami-
no groups improves chemotaxis antagonism still further
(cf. 50 and 53, 54, 57; cf. 51 and 60). Thus, simple block-
ade of chemokine binding is not sufficient to induce
equipotent functional antagonism in the chemotaxis as-
say. Rather, specific structural features enable enhanced
inhibition of cell migration. This phenomenon has been
documented previously with a series of CCR3 antago-
nists.13 Notably, the compounds do not induce Ca2+ flux
when incubated with monocytes in the absence of MCP-
1 (data not shown), indicating that they are antagonists,
and not partial agonists. Additionally, the apparent IC50


for Ca2+ flux inhibition by 50 increases with increasing
concentrations of MCP-1 (data not shown), indicating
that this compound is a competitive antagonist of
CCR2.


We also examined the selectivity profile of this series of
CCR2 antagonists. None of the studied inhibitors exhib-
its significant binding to CCR1 (all <30% inhibition at
10 lM). These compounds also generally show high
selectivity for binding to CCR2 relative to CCR3 (Table
6). The combination of tert-butylamide and ortho-ani-
line erodes this selectivity to �100-fold when compared
to the primary amide, substituted ortho-anilines, or the
meta-aniline. We screened 50 against a broad panel of
receptors, ion channels, and transporters (>100 targets).
Compound 50 showed <30% inhibition at 0.1 lM
against all of these targets. At higher concentrations
(10 lM), it showed >70% inhibition of the histamine
H2, sigma 1, CCR5, and opiate (mu) receptors, as well
as the Na+ and LL-Ca2+ channels.


A number of chemokine receptor antagonists interact
with a conserved glutamic acid in VII:06.14 Indeed, oth-
ers have shown that this residue is a key interaction site
for four distinct CCR2 antagonist series, including the
series represented by cyclic lead 8.14 In studies using a
CCR2/3 chimera,15 we have confirmed that 50 also







Table 6. Functional antagonism and chemokine receptor selectivity of the (S)-Dap–Gly inhibitors


N
H


H
N


N
HO


O


XaO


CF3


Y


Compound Xa Y hCCR2 binding,


IC50
a (nM)


Ca2+ Flux,


IC50
b (nM)


Chemotaxis,


IC50
c (nM)


hCCR3 binding,


IC50
d (nM)


2d NH2 H 66 ± 5 (4) 69 ± 17 >1500 (n = 2) >10,000


65 NH2 2-NH2 37 ± 8 (6) 82 ± 68 320 >10,000


2f NH-t-Bu H 48 ± 11 (13) 52 ± 30 (3) >3000 >10,000


50 NH-t-Bu 2-NH2 11 ± 4 (7) 8 ± 7 260 ± 20 750 ± 180 (3)


66e NH-t-Bu 2-NH2 20 ± 6 (6) 37 ± 21 150 ± 0 1,500 ± 370


53 NH-t-Bu 2-NHEt 13 ± 3 (4) 84 100 ± 50 (3) >10,000


54 NH-t-Bu 2-NHBn 19 ± 7 57 39 ± 22 >10,000


57 NH-t-Bu 2-NHC(O)NH-i-Pr 15 ± 1 58 240 �10,000


51 NH-t-Bu 3-NH2 23 ± 0 52 720 ± 130 >10,000


60 NH-t-Bu 3-NHEt 19 ± 8 58 190 ± 30 >10,000


Data are reported in one of three formats: result of a single determination; mean ± SD (n = 2, n not listed); or mean ± SEM (n indicated). Indication


of an IC50 as ‘‘>’’ simply refers to <50% response at the indicated concentration (n = 1 unless otherwise indicated).
a Antagonism of binding of 0.3 nM [125I]MCP-1 to human PBMCs at 23 �C (Ref. 5).
b Antagonism of Ca2+ flux induced by 10 nM MCP-1 in with THP-1 cells at 23 �C (Ref. 5).
c Antagonism of chemotaxis of human PBMCs induced by 10 nM MCP-1 at 37 �C (Ref. 5).
d Antagonism of binding of 0.15 nM [125I]Eotaxin to CHO cells expressing human CCR3 (Ref. 13).
e 2-Me,4-Br–PhCH2 replaces 2,4-Me2PhCH2.
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capitalizes on this interaction: its binding to E291Q and
E291A mutants was reduced by 470- and 345-fold,
respectively, relative to binding to the wildtype.


In summary, we have discovered a new series of CCR2
antagonists. Modification of the scaffold through back-
bone methylation and alteration of spacing was not
fruitful, whereas alteration of the terminal substituents
provided for enhancements in potency. The most active
compounds exhibit binding affinities <50 nM, and are
antagonists of both Ca2+ and chemotaxis responses in-
duced by MCP-1. These compounds also show good
selectivity for binding to CCR2 relative to CCR1 and
CCR3. Our hypothesis is that these compounds are act-
ing as acyclic mimics of the lead 8, as judged by the SAR
(Table 1 and Fig. 2), computational modeling (Support-
ing Information), and receptor mutagenesis (see above).
Importantly, these compounds introduce an additional
site for modification to tune selectivity and/or potency.
The exploitation of this observation will be the focus
of future publications.
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Abstract—Following our previous publication describing the biological profiles, we herein describe the structure–activity relation-
ships of a core set of quinoxalines as the hGLP-1 receptor agonists. The most potent and efficacious compounds are 6,7-dichloro-
quinoxalines bearing an alkyl sulfonyl group at the C-2 position and a secondary alkyl amino group at the C-3 position. These
findings serve as a valuable starting point for the discovery of more drug-like small molecule agonists for the hGLP-1 receptor.
� 2007 Elsevier Ltd. All rights reserved.

The b-cell insulin response to an oral glucose load is
greater than the insulin response from glucose adminis-
tered intravenously. This effect, known as the incretin
effect, is due to the secretion of gut hormones during
nutrient absorption, which potentiates glucose-depen-
dent insulin secretion. One of the hormones believed
to make the greatest contribution to normal glucose
homeostasis is glucagon-like peptide 1 (GLP-1).1 GLP-1
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is a 30-amino acid peptide derived from the proglucagon
gene.2 It is secreted from the L-cells of the small intestine
in response to nutrient intake. GLP-1 exerts its effect by
binding to the G protein-coupled receptor (GPCR) on
pancreatic b-cells. The resultant increase in intracellular
cAMP initiates cell depolarization and raises the cyto-
solic Ca2+ concentration, ultimately resulting in an aug-
mentation of insulin secretion.3


GLP-1 has demonstrated a number of pharmacological
effects beneficial in the treatment of type 2 diabetes.4 For
example, GLP-1 has been shown to inhibit glucagon
secretion, gastric acid secretion, and gastric emptying,
resulting in reduced food intake and loss of body weight.
Furthermore, it has been demonstrated that GLP-1
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receptor ligands increase pancreatic b-cell mass by
inducing neogenesis, proliferation, and anti-apoptosis
of the b-cells.5 GLP-1 is also known to stimulate insulin
secretion in a glucose-dependent manner resulting in lit-
tle risk of hypoglycemia. Because type 2 diabetes is char-
acterized by a progressive decline in insulin secretion,
reduced b-cell mass and/or function, increased glucagon
secretion, and is often accompanied by obesity, GLP-1
has attracted enormous attention as a therapeutic target
for the potential treatment of this disease.6


As a large peptide, GLP-1 is rapidly degraded in plasma
by dipeptidyl peptidase-IV (DPP-IV).7 Efforts to iden-
tify GLP-1 analogs with longer plasma half-lives have
resulted in the clinical development of liraglutide for
once daily subcutaneous administration.8 Exenatide, an-
other GLP-1 analog originally isolated from the saliva
of the Gila monster, was approved by the FDA in
2005 as a twice daily subcutaneous administration for
the treatment of type 2 diabetes.9 However, as a peptide,
GLP-1 and analogs thereof have to be administered
through intravenous or subcutaneous route. Therefore,
orally active, small molecule agonists of the hGLP-1
receptor are highly desirable.


Chen et al. recently described nonpeptidic-specific
hGLP-1 receptor agonists.10 At the same time, we re-
ported the discovery of small molecule agonists of the
hGLP-1 receptor.11 Screening of 250,000 wells from
our small molecule libraries against the hGLP-1 recep-
tor, followed by structural modifications, led to the dis-
covery of 6,7-dichloro-2-sulfonylquinoxalines, which
acted as the hGLP-1 receptor agonists in several bio-
chemical and cellular assays. These quinoxalines were
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able to stimulate cAMP in a dose-dependent manner
in membranes expressing the hGLP-1 receptor but not
other related GPCRs, such as the glucagon and GIP
receptors. Interestingly, these compounds were unable
to displace 125I-GLP-1 in a competitive binding assay,
but were able to potentiate binding of GLP-1. We have
proposed they be called ago-allosteric modulators. Com-
pound 16f caused the release of insulin from normal
mouse islets and from a perfused rat pancreas. The pre-
liminary studies of the quinoxaline series demonstrated
the feasibility of discovering small molecule agonists
for the hGLP-1 receptor that may lead to a new therapy
for diabetes. We herein describe the synthesis and struc-
ture–activity relationships of a core set of 2-
sulfonylquinoxalines.


The synthesis of all quinoxalines is outlined in Schemes
1–8. Condensation of disubstituted (X = Cl, OCH3 or
CH3) 1,2-phenylenediamines with an a-ketoester in
DMF/AcOH yielded the corresponding 2-hydroxyquin-
oxalines 1 (a–f, Scheme 1), which were then chlorinated
with POCl3 under refluxing conditions to afford 2-chlo-
roquinoxalines 2(a–f). Displacement of the chloride in
2a by 2-mercapto-5-methyl-1,3,4-thiadiazole in the pres-
ence of 40% KF on alumina in DMF led to 3. Con-
trolled oxidation of 3 by mCPBA afforded 4 and 5.
Compounds 6(a–f) were synthesized by treating 2-chlo-
roquinoxalines 2(a–f) with sodium methanesulfinic acid
in DMF at 100 �C for 12 h. Synthesis of 8(a–d) and 9
is shown in Scheme 2. The synthesis of 3-isopropyl-
6,7-dichloroquinoxaline-2-thiol was carried out by treat-
ing 2,6,7-trichloro-3-isopropylquinoxaline (2a) with
NaSH2H2O in DMF. Subsequent treatment of the thiol
with a variety of alkyl halides in DMF yielded the
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corresponding thioethers 7(a–e). Without further purifi-
cation, the thioethers were oxidized with mCPBA in
DCM to give sulfones 8(a–d) and sulfoxide 9. The syn-
thesis of quinoxalines 10–15 is described in Schemes 3
and 4. 4-Methyl-3-oxo-pentanoic acid ethyl ester was
oxidized by selenium dioxide in refluxing dioxane to
afford 4-methyl-2,3-dioxo-pentanoic acid ethyl ester,
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hydrosulfide, K2CO3, DMF, rt, 4 days, quant; (iv) mCPBA, DCM, 31%.

which was subsequently treated with 4,5-dichloropheny-
lenediamine in HOAc/DMF to give 2-ethoxycarbonyl-
quinoxaline. Saponification followed by coupling with
diethylamine led to 10 (Scheme 3). Similarly, 2,6-di-
methyl-3,5-heptadione was oxidized by selenium dioxide
to yield 2,6-dimethyl-heptane-3,4,5-trione. Without iso-
lation, this trione was reacted with 4,5-dichloropheny-
lenediamine to afford 11. Compound 12 was obtained
by reacting 4,5-dichlorophenylenediamine with ethyl
2-chloro-3-keto-4,4,4-trifluorobutyrate in refluxing ethyl
alcohol. Treatment of 2,6,7-trichloro-3-trifluoroquinox-
aline (2b) with triethylphosphite in refluxing toluene
for 12 h afforded 13 (Scheme 4). Compounds 14 and
15 were synthesized by treating 2b with ammonia and
NaCN, respectively. Compounds 16(a–s) were synthe-
sized by treating the 2,3-dichloroquinoxalines with
either 2-propanethiol or a variety of alkylamines in the
presence of cesium carbonate in DMF, followed by
treatment with sodium methanesulfinic acid in DMF
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Table 1. The effect of the C-2 sulfonyl group on the agonistic activity


at hGLP-1
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Data is from the membrane cAMP assay. Efficacy for the test com-


pounds is expressed as percentage activity normalized to that of GLP-1


activity. EC50 is the concentration at which a test compound produces


50% of cAMP response produced by GLP-1. Extrapolation of the


curve is applied when Emax is below 50%. Data is the mean of tripli-


cates with a SD of ±10%.
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(Scheme 5). The synthesis of 19 started with the conden-
sation of 5-chloro-2-oxo-pentanoic acid ethyl ester with
4,5-dichlorophenylenediamine to yield 2-hydroxyqui-
noxaline, which was then converted into 17 by refluxing
in POCl3. The subsequent sluggish cyclization to 18 was
achieved by using sodium hydrosulfide and K2CO3 in
DMF. Finally, oxidation of 18 by mCPBA produced
the desired sulfone 19 (Scheme 6). Compounds 2112


and 2613 were synthesized according to literature proce-
dures as outlined in Schemes 7 and 8.


To systematically explore the structure–activity relation-
ships of 2-sulfonylquinoxalines as agonists for the hGLP-
1 receptor, our initial efforts included mapping out the
space requirement for the C-2 sulfonyl group. This was
approached through both singleton executions and
parallel synthesis, using intermediate thiols with a well-
established chemistry route shown in Scheme 2. Data
for representative compounds are shown in Table 1. Test
results from the membrane cAMP assay indicated that the
C-2 region tolerated a variety of substituted sulfones,
some of which were relatively bulky. All sulfones were
partial agonists with similar efficacy and potency at the
hGLP-1 receptor. Interestingly, compound 19 had no
measurable activity, which appeared due to the locked
conformation of the sulfone moiety to the quinoxaline
ring (Fig. 1).


Keeping the C-3 position as an isopropyl or CF3, we ex-
plored the C-2 position using non-sulfonic substituents
possessing either electron-donating or electron-with-
drawing features (Table 2). With the exception of sulfox-
ides 4 and 9, all the non-sulfonic compounds (10–15)
failed to produce measurable cAMP when tested at con-
centrations of up to 10 lM in the membrane assay. These
results indicated that compounds with a sulfone or sulfox-
ide group at the C-2 position have a unique way of bind-
ing. We speculated that unlike cyano, ester, amide, keto or
phosphonate, sulfone and sulfoxide moieties possess the

proper polarization effect on the quinoxaline ring to elicit
the observed GLP-1 agonistic activity.


To explore the C-3 position, we kept the C-2 position as
a methylsulfone (Table 3). Both EC50 and Emax data
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Figure 1. Agonistic activities vary with the conformation of the C-2 sulfonyl group.


Table 2. Comparison of potency and efficacy of sulfonic and non-


sulfonic quinoxalines


N


NCl


Cl Y


X


Compound X Y EC50


(lM)


Emax


(%)


6a SO2CH3 i-Pr 5 35


1a OH i-Pr — —


4 S


N N


S


O


i-Pr 5.1 19


9 SOCH3 i-Pr 30 29


10 CON(C2H5)2 i-Pr — —


11 COCH(CH3)2 i-Pr — —


6b SO2CH3 CF3 2.6 40


12 CO2C2H5 CF3 — —


13 PO(OC2H5)2 CF3 — —


14 NH2 CF3 — —


15 CN CF3 — —


— indicates Emax (%) <2%.


Table 3. Substitution effects at the C-3 position


N


NCl


Cl X


SO2CH3


Compound X EC50 (lM) Emax (%)


6b CF3 2.6 40


6c (CH2)2CH3 1.2 68


6d CO2C2H5 >10 24


16a SCH(CH3)2 0.661 46


16b NH2 6.3 24


16c NHC2H5 0.725 46


16d NHCH(CH3)2 0.214 82


16e NHCH(CH3)C2H5 0.175 94


16f NHC(CH3)3 0.155 85


16g


NH


0.433 69


16h N(CH3)2 2.2 47


16i N(CH3)iPr 1.8 75


16j N(CH3)OCH3 2.6 52


16k N 2.2 72


16l NHNHCOCH3 14 32


16m NH(CH2)2NHCOCH3 7.1 22


16n
N
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N O 14 38
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O
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1.4 43
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suggested that, unlike the C-2 position, the C-3 position
tolerated a variety of functional groups with secondary
amino groups being optimal. Quinoxalines 16(d–f) are
the most potent and efficacious compounds identified
in this study. Potency (EC50) declined with primary
and tertiary amines as seen in 16(b, h–k). Furthermore,
the C-3 region had a poor tolerance for polar functional
groups, as evidenced by the dramatic drop in potency
and efficacy in 16(l–o). We postulated that the enhanced
activity displayed by quinoxalines with a secondary ami-
no group at the C-3 position is the result of an intramo-
lecular H-bond between the NH of the amine and the
S@O of the sulfone (Fig. 1). It seems plausible that this
conformation is necessary for a favorable interaction,
perhaps through crucial H-bond with the hGLP-1 pro-
tein. By contrast, compound 19 has a sulfone moiety
locked within a ring in an unfavorable conformation.
Not surprisingly, this compound showed no activity.


Next, we examined the quinoxaline ring. We deliberately
chose substituents which would have differing electronic
effects on the benzo ring (Table 4). When the C-3 posi-
tion was an isopropyl group, 6c was the only compound
that showed measurable activity. In compounds with the
C-3 position fixed as a sec-butyl group, replacement of
C-7 chloride with a nitro group (16p) significantly de-
creased both potency and efficacy. Introducing a nitro
group at the C-5 position (16q) also decreased the activ-

ity compared to 16d. A few asymmetric substituted
quinoxalines were examined. Compounds 16(r, s)
showed weaker activity compared to the corresponding
6,7-dichloroquinoxalines. These data suggested that
chloride substituents at the C-6,7 are required for the
best activity. Generally speaking, electron-donating sub-
stituents at the C-6,7 positions appeared detrimental to
the agonistic activity. A nitro group on the quinoxaline
ring, though strongly electron withdrawing, decreased
the agonistic activity as well.


Examination of other heterocyclic systems revealed that
agonistic activity at the hGLP-1 receptor appeared more
pronounced for quinoxalines. As shown in Figure 2,
quinoxalines 6(a, d) exhibited agonistic activity while
the corresponding benzimidazole 21 and quinoline 26
showed no measurable activity when tested at concen-
trations of up to 10 lM.







Table 4. Substitution effects at the quinoxaline ring


N


N


X


SO2CH3


R1


R2


R3


R4


Compound R1 R2 R3 R4 X EC50 (lM) Emax (%)


6c H Cl Cl H (CH2)2CH3 1.2 68


6e H CH3O CH3O H (CH2)2CH3 — —


6f H CH3 CH3 H (CH2)2CH3 — —


16e H Cl Cl H NHCH(CH3)C2H5 0.175 94


16p H NO2 Cl H NHCH(CH3)C2H5 4.3 44


16d H Cl Cl H NHCH(CH3)2 0.214 82


16q H Cl Cl NO2 NHCH(CH3)2 1.5 38


16r CF3 NO2 Cl H NHCH(CH3)2 5.0 31


16f H Cl Cl H NHC(CH3)3 0.155 85


16s H CF3 H Cl NHC(CH3)3 2.2 42


— indicates Emax (%) <2%.


N


NCl


Cl


SO2CH3


N


NCl


Cl
SO2CH3


NCl


Cl


SO2CH3


CO2CH3N


NCl


Cl


SO2CH3


CO2C2H5


6a 21


Emax 35%
EC50 = 5 uM


NA


6d 26


NAEmax 24%
EC50  >10 uM


Figure 2. Quinoxalines appeared more potent GLP-1 agonists compared to the benzimidazole and quinoline analogs.


Table 5. Correlation between the potency in binding augmentation


(IC50) and the EC50/Emax


Compound EC50 (lM) Emax (%) IC50 (lM)


6a 5 35 0.253


6b 2.6 40 0.091


6c 1.2 68 0.404


6d >10 24 3.1


8a 3 71 0.551


8b 1.2 63 0.459


9 30 29 1.1


16c 0.725 46 0.109


16d 0.214 82 0.107


16f 0.155 85 0.032


16h 2.2 47 0.53


16i 1.8 75 0.46


10 — — >10


11 — — >10


— indicates Emax (%) <2%.
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As mentioned previously, active quinoxalines were able
to activate hGLP-1 receptor in the competitive binding
assay without competing with GLP-1 for the GLP-1
binding site. This suggested that the quinoxalines bind
at an allosteric site on the hGLP-1 receptor. Moreover,
the affinity of GLP-1 for the receptor increased in a
dose-dependent manner upon incubation with the quin-
oxalines. An IC50 was measured and defined as the con-
centration of the quinoxalines at which 50% of the
augmentation of GLP-1 to its receptor was reached by
the quinoxaline. As Table 5 shows, there is generally a

good correlation between the potency in binding aug-
mentation (IC50) and the EC50/Emax.


The active quinoxalines showed good stability in simu-
lated gastric fluid media at ambient temperature for at
least 1 h, but they appeared chemically unstable when
treated with strong nucleophiles or bases. For example,
6b was hydrolyzed to 2-hydroxyquinoxaline 1b when
treated with potassium hydroxide in methanol. When
treated with 1,4-dithiothreitol (DTT), the methylsulfone
moiety was replaced by the nucleophile. The active quin-
oxalines had a high microsomal turnover rate when
incubated with human liver microsomes without addi-
tion of co-factors, indicating non-enzymatic breakdown
of the compounds. The stability issues hindered further
in vivo characterization of these compounds, although
some ex vivo experiments were conducted.11


In conclusion, we have identified a series of 2-sulfonyl-
quinoxalines as small molecule agonists, so called ago-
allosteric modulators, for the hGLP-1 receptor. The
most potent and efficacious compounds are 6,7-dichlo-
roquinoxalines bearing an alkyl sulfonyl group at the
C-2 position and a secondary alkyl amino group at the
C-3 position. It appeared that proper polarization of
the quinoxaline ring and a suitable conformation of
the C-2 sulfonyl group are required for the observed
agonistic activities. The active quinoxalines appeared
stable to gastric fluid conditions, however, improvement
of chemical stability and pharmacokinetic properties is
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clearly necessary. The binding mode of these small mol-
ecules is a subject for future investigation and will be re-
ported in due course.
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Abstract—A series of pyrimidine benzamide-based thrombopoietin receptor agonists is described. The lead molecule contains a 2-
amino-5-unsubstituted thiazole, a group that has been associated with idiosyncratic toxicity. The potential for metabolic oxidation
at C-5 of the thiazole, the likely source of toxic metabolites, was removed by substitution at C-5 or by replacing the thiazole with a
thiadiazole. Potency in the series was improved by modifying the substituents on the pyrimidine and/or on the thiazole or thiadiazole
pendant aryl ring. In vivo examination revealed that compounds from the series are not highly bioavailable. This is attributed to low
solubility and poor permeability.
� 2007 Elsevier Ltd. All rights reserved.

Platelets, the key cellular component of blood clots, are
produced from megakaryocytes, a large, polyploid cell
with a multi-lobated nucleus.1 Platelet formation, as
well as the differentiation of multipotent hematopoietic
bone marrow stem cells into megakaryocytes, is depen-
dent on the hematopoietic growth factor thrombopoie-
tin (TPO) which is constitutively produced in the liver.
TPO induces this differentiation and the production of
platelets from megakaryocytes through interaction with
the cell surface thrombopoietin receptor (TPOr) which
initiates an intracellular cascade involving the kinase
JAK2 and the transcription factor STAT5. Normal lev-
els of platelets range from 100,000 to 500,000/lL. A per-
son is considered thromobocytopenic when platelet
levels drop below 50,000/lL and at this level, the danger
of uncontrollable bleeding arises. Thrombocytopenia
can occur for a variety of reasons among which are im-
paired liver function, immune thrombocytopenia pur-
pura (ITP), and cancer chemotherapy. Although each
of these conditions can be treated with platelet transfu-

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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sions, this is not typically done until platelet levels drop
below 20,000/lL owing to the cost as well as the danger
inherent in the transfusion of blood products. These
conditions could, in principle, also be alleviated by treat-
ment with exogenous TPO. However, unlike the other
recombinant hematopoietic growth factors, erythropoie-
tin (EPO) and granulocyte colony-stimulating factor
(GCSF), development of TPO (recombinant or engi-
neered) has not been successful, a key negative clinical
finding being the production of neutralizing antibodies
to an engineered rTPO protein. These antibodies
cross-reacted with native TPO thereby leading to severe
thrombocytopenia. Clearly, one approach to avoiding
this problem would be to identify a low molecular
weight compound that would induce TPOr signaling.


In general, the identification of low molecular weight
compounds that induce signaling of cell surface recep-
tors that are normally stimulated by a protein has not
been particularly fruitful. However, in the case of the
TPO receptor, a number of low molecular weight ago-
nists have been reported.2–7 One such agent has been
studied in the clinic and has been reported to effectively
increase platelet numbers in patients with ITP or receiv-
ing anti-viral treatment for hepatitis.8 Our interest in the
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Table 1. Potency of substituted aryl analogs of 2 (EC50s nM)


L
N


O


N


S X


R
Ar


3
4


CPD substituent EC 50  clogP 


3 H 3440 4.36 


4 2-F 6850 4.51


5 2-Cl 9000 4.83


6 2-CF 3 >10000 5.26


7 3-F >10000 4.51


8 3-Cl 3030 5.08


9 3-Br 645 5.23


10 3-CF 3 418 5.26


11 3-OCF 3 284 5.49


12 4-F 2560 4.51


13 4-Cl 568 5.08


14 4-CH 3 1200 4.86


15 4-CF 3 492 5.26


16 4-OCHF 2 >10000 4.83


17 4-OCF 3 >10000 5.49


18 4-NO 2 >10000 4.12


19 2,3-diF 415 4.59


20 2-F-3-Cl 612 5.23


21 2-F-3-Br 100 5.38


22 2-F-3-CF 3 60 5.41


23 2-F-3-ethyl 143 5.54


24 2-F-3-butyl 53 6.60


25 2-F-3-isobutyl 35 6.47


26 2-F-3-OCH 3 3130 4.40


27 2-F-3-OCF 3 32 5.51


28 2,3-diCl 1340 5.43


29 2,4-diF 173 4.66


30 2-F-4-Cl 232 5.23


31 2-F-4-CF 3 259 5.41


32 2,4-diCl 510 5.55


33 2,4-diCH 3 2260 5.06


34 2-F-5-CF 3 5190 5.41


35 2-OH-5-Cl >10000 4.48 


36 2-OCH 3 -5-Cl >10000 4.61


2 3,4-diF 403 4.59


37 3-F-4-CF 3 288 5.41


38 3-CF 3 -4-F 104 5.41


39 3,4-diCl 347 5.68


40 3,4-diCH 3 784 5.31


41 2,6-diF >10000 4.66


42 2-aza-3-CF 3 244 4.18 


43 2,3,4-triF 84 4.66


44 2,3-diF-4-CF 3 87 5.48


45 2,4-diF-3-CF 3 33 5.55 


46 2,6-diCl-4-CF 3 >10000 6.19 


N
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Figure 1. Lead molecules.
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area was stimulated by the disclosure of a series of thiaz-
olidine thiazoles that possess potent TPOr agonist activ-
ity.9 The low molecular weight, potency, and overall
simplicity made the series (represented by 1, Fig. 1) an
attractive starting point for a drug discovery effort.
There were, however, structural features we wished to
avoid, in particular the thiazolidinedione and the 2-ami-
no-5-unsubstituted thiazole, both of which have been
associated with idiosyncratic toxicity.10


To initiate our effort, we screened sub-sets of com-
pounds from our files seeking to identify molecules that
contain only one of the undesired groups. This effort led
to the identification of 2, which displayed agonist activ-
ity in a BaF3 cell reporter assay containing the human
TPOr.11 In concordance with the low molecular weight
TPO agonists reported by other groups, 2 does not sig-
nal the murine TPOr or the other related hematopoietic
receptors, EPOr and GCSFr. With the identification of
this TPOr agonist, we began a detailed study of its
SAR in an attempt to improve the potency of the series
(2: EC50 400 nM vs 1: EC50 28 nM) and to eliminate the
second undesired structural feature, the 2-amino-5-
unsubstituted thiazole.


Owing to the facility with which 4-aryl-2-aminothiazoles
can be synthesized through halogenation of substituted
acetophenones and subsequent condensation with thio-
urea, we initially prepared a wide range of analogs of
2 containing various substituted pendant aryl rings.12


The activity of these spans a range from �30 nM to
>10 lM (Table 1). Of the monosubstituted analogs (4–
18), the most potent contain a relatively large, lipophilic
group at C-3. A CF3 group at C-4 also confers moderate
potency. Larger lipophilic or polar groups at C-4 do not
induce potent agonism nor does C-2 monosubstitution.
Among the disubstituted analogs (2, 19–41), the 2,3-
disubstitution pattern yields the most potent agonists
when the C-3 group is a relatively large lipophilic group,
a finding consistent with data from the monosubstituted
compounds. 2,4-Disubstitution is not quite as effective
and 2,5-disubstitution does not yield potent agonists.
3,4-Disubstitution can lead to compounds of moderate
potency. A 2,3,4-trisubstituted compound with a lipo-
philic C-3 group (45) is among the most potent analogs.
Although further improvements in potency may have
been attained through additional elaboration of the pen-
dant aryl ring, we did not anticipate identifying signifi-
cantly more potent compounds lying within molecular







Table 2. TPOr potency of azine analogs of 22 and related compounds


L
N


O


N


S X


R
Ar


3
4


CPD Ar-L Methoda Attachment point R X BaF3 EC50 (lM)


47 Benzene NH A 4 H 2-F-3-CF3 >10 (0.060)b


48 2-Aminopyridine
N


NH B 4 H 2-F-3-CF3 2.2 (0.060)b


49 3-Aminopyridine
N


NH B 4 H 2-F-3-CF3 8.6 (0.060)b


50 4-Aminopyridine N NH B 4 H 2-F-3-CF3 0.40 (0.060)b


51 2-Aminopyrazine


N


N


NH C 4 H 2-F-3-CF3 7.9 (0.060)b


52 2-Aminopyrimidine


N


N


NH C 4 H 2-F-3-CF3 7.7 (0.060)b


53 5-Aminopyrimidine


N


N


NH C 4 H 2-F-3-CF3 0.32 (0.060)b


54 3-Aminopyridazine
NN


NH D 4 H 2-F-3-CF3 >10 (0.060)b


55 4-Aminopyridazine N


N


NH D 4 H 4-Cl 1.6 (0.57)b


56 4-Aminopyridazine N


N


NH D 4 H 2,4-DiF 0.55 (0.17)b


57 4-Aminopyridazine N


N


NH D 4 H 2-F-3-CF3 0.12 (0.060)b


58 4-Aminopyridazine N


N


NH D 4 H 3-CF3-4-F 0.40 (0.10)b


59 2-Amino-1,3,5-triazine N


N


N


NH C 4 H 2-F-3-CF3 0.54 (0.060)b


60 3-Amino-1,2,4-triazine


N


NN


NH A 4 H 2-F-3-CF3 >10 (0.060)b


61 N-Methylated link N


N


N


CH3


E 4 H 2-F-3-CF3 >10


(continued on next page)


L. A. Reiter et al. / Bioorg. Med. Chem. Lett. 17 (2007) 5447–5454 5449







Table 2 (continued)


CPD Ar-L Methoda Attachment point R X BaF3 EC50 (lM)


62 Ether link N


N


O F 4 H 2-F-3-CF3 >10


63 N-Methyl amide N


N


NH G 4 CH3 2-F-3-CF3 >10


64 3-Subst. analog N


N


NH H 3 H 3,4-DiF >10


a See Ref. 13 for synthetic methods.
b Activity of corresponding 4-aminopyrimidine analog.
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weight and c logP constraints for drug-like properties.
Notably, the most potent analogs have c logPs > 5.5.


Although the pyrimidine group was not of any partic-
ular concern with regard to potential toxicity or other
issues, we did investigate whether it could be replaced
with other azines (Table 2).13 Of this set (mostly bear-
ing a 2-F-3-CF3-phenyl substituent on the thiazole),
only the 4-aminopyridazine analogs (55–58) approach
the potency of the corresponding 4-aminopyrimidines.
We also observed that alkylating the nitrogen linking
the pyrimidine and benzene rings (61), replacing this
nitrogen with an oxygen (62), methylating the amide
group (63), or altering the point of attachment of
the 4-aminopyrimidine moiety (64) all abolish agonist
activity.


Introduction of substituents to the 4-aminopyrimidine
revealed that substitution at C-2 is not tolerated while
substituents at C-6 could be varied quite widely yielding
some analogs more potent than 22 (Table 3).14 Notably,
incorporation of hydrophilic groups allowed for potency
improvements without raising the c logP, for example,
the N-azetidin-3-ol analog 75 is both �6-fold more po-
tent and somewhat less lipophilic. Combining this

Table 3. SAR of substituted 4-aminopyrimdine derivatives


N
H


N
H


O


N


S


N


N


F


X


Y
CF3


Compound X Y EC50 (lM) c logP


22 H– H– 0.060 5.41


65 CH3– H– >10 5.91


66 H– CH3– 0.043 5.91


67 CH3– CH3– >10 6.40


68 H– CH3O– 0.038 6.35


69 H– (CH3)2N– 0.054 6.31


70 H– CH3CH2NH– 0.13 6.75


71 H– HOCH2CH2N– 0.065 5.45


72 H– HOCH2CH2N(CH3)– 0.022 5.57


73 H– CH3OCH2CH2N(CH3)– 0.084 6.34


74 H– N-Azetidine 0.023 5.87


75 H– N-3-Azetidinol 0.009 5.29

pyrimidine substituent with a 2-F-3-OCF3 phenyl substi-
tuent on the thiazole yielded the most potent analog in
the series, 76 (Fig. 2).


Metabolic oxidation of 2-aminothiazoles is known to
lead to ring opening and production of thiourea deriva-
tives that have the potential for hepatotoxicity unless a
blocking substituent at C-5 is present.10 Accordingly,
we explored two strategies in order to reduce this risk:
(1) introducing a substituent at C-5, and (2) replacing
the thiazole with isomeric thiazoles15 or alternative het-
erocycles: thiadiazoles,16,17 pyrazoles,18,19 isothiazoles20

Table 4. SAR of 5-substituted 2-aminothiazoles


N
H


N
H


O


N


S


N


N


Y
CF3


Z


R1
R2


Compound Y R1 R2 Z EC50 (lM)


22 H– H– F– H– 0.060


38 H– H– H– F– 0.10


69 (CH3)2N– H– F– H– 0.054


77 H– CH3– F– H– 0.54


78 H– CH3– H– F– 0.18


79 (CH3)2N– CH3– H– F– 0.045


80 (CH3)2N– Cl– H– F– 0.011


81 H– –CH2O– H– 0.14


82 H– –CH2CH2O– H– 0.027


Figure 2. Key thiazole agonists.







Table 5. Replacements for the 2-amino-4-arylthiazole


HN


O


HETN


N


A B C D E F G H


2-Amino-4-


arylthiazoles


2-Amino-


5-aryl-thiazoles


5-Amino


thiadiazoles


3-Amino


thiadiazole


3-Amino


pyrazoles


4-Amino


pyrazoles


5-Amino


isothiazole


4-Amino


oxazoles


BaF3 EC50 (lM) BaF3 EC50 (lM) BaF3 EC50 (lM) BaF3 EC50 (lM) BaF3 EC50 (lM) BaF3 EC50 (lM) BaF3 EC50 (lM) BaF3 EC50 (lM)


R / HET→
↓ HN


S


N R
HN


N


S R
HN


S N


N R


HN


N S


N R
HN N


N R
HN


N


N
R


HN


S N


R


HN
O


N R


Ph 3 3.4 — 85 1.6 — — — 102 >10 —


4-Cl–Ph 13 0.578 — — — — — 103 >10 —


2,4-DiF–Ph 29 0.17 — 86 1.3 — — — — —


3,4-DiF–Ph 2 0.40 — 87 0.72 94 >10 — — — —


3,4-DiCl–Ph 39 0.35 — 88 4.4 — — 99 >10 — —


2-F-3-CF3–Ph 22 0.060 83 >10 89 1.5 95 >10 97 1.4 100 >10 — 104 7.9


3-CF3-4-F–Ph 38 0.10 84 6.7 90 0.41 — 98 2.0 101 >10 — 105 2.3


3-F-4-CF3–Ph 37 0.29 — 91 >10 — — — — —


3-OCF3–Ph 11 0.28 — 92 >10 — — — — —


2-F-3-OCF3–Ph 27 0.032 — 93 0.97 96 >10 — — — —
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Table 7. Cell proliferation of key compounds


Compound BaF3


reporter


EC50 (lM)


BaF3


proliferation


EC50 (lM)


CFUMEG


proliferation


EC50 (lM)


22 0.060 1.4 0.34


76 0.007 0.29 —


69 0.054 8.5 —


74 0.023 0.71 0.13


75 0.009 0.34 —


79 0.045 1.6 —


80 0.011 1.1 —


82 0.027 1.3 —


110 0.013 1.0 —


111 0.071 1.4 —
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or oxazoles.21 Of these only C-5 substituted thiazoles
(Table 4) and 5-amino-3-aryl-[1,2,4]-thiadiazoles (Table
5, Column C) displayed agonist activity on the order of
the parent series. The other replacements proved to be
significantly less active.


Although introduction of a methyl group at C-5 of the
thiazole ring reduced activity in the 2-F-3-CF3-phenyl
series (77 vs 22), such substitution is tolerated in the
4-F-3-CF3 series yielding an analog only slightly less
potent than the corresponding C-5 unsubstituted deriv-
ative (78 vs 38). The 4-dimethylaminopyrimidine ana-
logs 79and 80 emerged as the most potent agonists in
this series. Fusing a ring between the thiazole and phe-
nyl groups, as in 81 and 82, also served to block C-5
of the thiazole. These compounds both displayed good
agonist activity.


Within the 5-amino-3-aryl-[1,2,4]-thiadiazoles, we ob-
served that the 2-F-3-CF3 and 2-F-3-OCF3 analogs (89
and 93) are not particularly potent. However, the 4-F-
3-CF3 analog 90 is active and only slightly less potent
than the corresponding 2-amino-4-arylthiazole 38.


Further optimization of potency and physical properties
(i.e., c logP) in the 5-amino-3-aryl-[1,2,4]-thiadiazole
series was achieved by introduction of C-6 substituents
onto the pyrimidine (Table 6). The most potent analog
is the N-azetidin-3-ol analog 110. Notably, inclusion of
hydrophilic side chains on the pyrimidine lowered the
c logPs of many of these analogs to <5.


Although activity in the BaF3 reporter assay was
deemed to be a good indicator of inherent potency, to
better assess agonist activity, the ability of some of the
more potent analogs to induce BaF3 cell proliferation
was determined (Table 7). All of these compounds in-
duced proliferation with a �20- to 100-fold shift in
EC50s over the reporter assay, a shift attributed to pro-
tein binding in the proliferation assay. Further substan-
tiation of agonist activity was obtained by the
compounds’ ability to induce proliferation of human
CD34+ cells—a multipotent progenitor cell that will dif-

Table 6. SAR of substituted 4-aminopyrimdine thiadiazoles


N
H


N
H


O


N


NS


N


N


Y
CF3


F


Compound Y EC50 (lM) clogP


90 H– 0.41 4.73


105 (CH3)2N– 0.043 5.64


106 HOCH2CH2N– 0.030 4.78


107 HOCH2CH2N(CH3)– 0.22 4.90


108 CH3OCH2CH2N(CH3)– 0.13 5.66


109 N-Azetidine 0.081 5.19


110 N-3-Azetidinol 0.013 4.61


111 (HOCH2CH2CH2)2N– 0.071 4.88


112 ±HOCH2CH(OH)N(CH3)N– 0.029 4.62

ferentiate into a megakaryocyte in the presence of TPOr
signaling in a CFUMEG colony assay.


Throughout our investigations we noted the low solubil-
ity of the compounds in both organic and aqueous med-
ia. Since low solubility can significantly impact the
absorption of a compound, we assessed a number of
compounds for oral bioavailability in rats. Compound
22, which has thermodynamic solubility of <1 lg/mL,
is only 10% bioavailable after dosing in a standard
methyl cellulose formulation. Other compounds from
the series show even lower bioavailabilities, thiazole 76
only 3% and thiadiazole 109 <2%. Both of these have
thermodynamic solubilities <1 lg/mL. A more soluble
thiadiazole 111, having a thermodynamic solubility of
56 lg/mL, was also found to have low bioavailability,
<1%.


The latter finding in particular suggested that issues
other than solubility may be responsible for the ob-
served low bioavailability. Attempts to assess the perme-
ability of compounds from the series in in vitro
permeability assays were thwarted by their low solubility
and we therefore resorted to in vivo experiments. Thus,
22 was solubilized in a PEG-400 formulation and dosed
intraduodenally. The bioavailability was 11%, essen-
tially the same as when the compound was dosed orally
in a standard formulation. Additionally, 76 was formu-
lated in a solubility-enhancing spray dried dispersion
that increased its solubility to �85 lg/mL, but when
dosed orally, it was only slightly more bioavailable
(6%) than when dosed in a standard formulation. These
experiments indicated that in addition to low solubility,
the absorption of compounds from the series was hin-
dered by low permeability. This combination of low sol-
ubility with poor permeability constituted a significant
obstacle, one likely to impede the identification of an or-
ally bioavailable TPOr agonist from this series.


In conclusion, we have described the identification and
development of a series of pyrimidine benzamides as
low molecular weight agonists of the TPOr. Our goals
for the series pertaining to potency (BaF3
EC50s < 50 nM) and the removal of undesired chemical
features of the lead molecule were achieved. Compounds
from the series were shown to induce proliferation of
human CD34+ progenitor cells into megakaryocytes.
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However, the physical properties of compounds in the
series posed a significant obstacle to further
development.
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Abstract—The design and development of a new class of small 2,6-disubstituted piperidine N-arylsulfonamide c-secretase inhibitors
is reported. Lowering molecular weight including the use of conformational constraint led to compounds with less CYP 3A4 liability
compared to early leads. Compounds active orally in lowering Ab levels in Tg CRND8 mice were identified as potential treatments
for Alzheimer’s disease.
� 2007 Elsevier Ltd. All rights reserved.
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Alzheimer’s disease (AD), the most common form of
neurodegenerative disorders, is progressively moving
to the forefront of our public health agenda as our pop-
ulation age.1 An incurable illness that mostly affects the
elderly, AD is characterized by a loss of cognitive func-
tions that ultimately results in death within 8–10 years of
onset. Although AD has many histological features,2


convergent lines of evidence suggest that aberrant pro-
duction of b-amyloid (Ab), aggregation, and/or plaque
deposition in the brain of affected individuals are central
to the evolution of the disease.3 Current avenues of
intervention seek to stop or reverse its course by inhib-
iting Ab production and/or aggregation.2,4 Ab, in its
form Ab40 or Ab42, the latter being the most amyloido-
genic, is the result of proteolytic cleavage of the Ab pre-
cursor protein (APP) by b-secretase and c-secretase.5


Despite its complexity and involvement in other regula-
tory pathways such as Notch processing, c-secretase has
been proposed as a valuable target for a drug-discovery
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program.6 Structurally diverse c-secretase inhibitors
have now been reported7 and early clinical results seem
to suggest that a therapeutic window might exist for sev-
eral classes of compounds.8


We previously reported our explorations into a series of
2,6-disubstituted piperidine sulfonamide c-secretase
inhibitors.7b Those compounds proved to be efficacious
at lowering Ab levels in a transgenic mice model of AD
but unfortunately, further testing showed that many
analogs in this series, such as our lead 1, are also potent
inhibitors of the CYP 3A4 liver co-enzyme (Fig. 1).

Cl


R3 = small (cyclo)alkyl
1
Memb Aβ40 IC50 = 2.5 nM
CYP 3A4 = 0.06 μM


XcLogP 11 = 6.05


Figure 1. Compound 1 and strategy for smaller less lipophilic analogs.


(See above-mentioned references for further information).
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Table 1. Membrane c-secretase inhibition and CYP3A4 profile across


6-substituted piperidine series using standard carbamates (I, X = 4-Cl)a


Compound R3 NR1R2 Memb


Ab40


CYP


3A4c


IC50
b (nM) (lM)


11 3,5-diF–Ph N N 0.3 <0.8


12 c-Pr 2.8 2.2


13 n-Pr 2.5 0.7


14 Et 3.5 0.8


15 CF3CH2 3.5 —


1d 3,5-diF–Ph N N
OH


2.4 0.06


16d c-Pr 27 0.5


17d Et 12 0.4


18d CF3CH2 14 <0.3


19 3,5-diF–Ph N
OH


17 1.3


20 c-Pr 46 3.5


21 n-Pr 47 2.4


22 Et 56 11


a All compounds are racemic.
b Values are means of two experiments.
c Values determined after 30 min pre-incubation with compound.
d c logP = 6.05 (1); 4.92 (16); 5.02 (17); 4.81 (18).11
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Drug–drug interaction due to CYP inhibition is a con-
cern, especially in the context of an aging population of-
ten under multiple treatments.9 We thus sought to
identify and address the factors contributing to this lia-
bility, while preserving oral Ab lowering activity. Inter-
action with CYP 3A4 has been linked to lipophilicity
and the presence of basic amines,10 two hallmarks of
our series in addition to its quite high molecular weight
(�600). We thus envisioned a series of analogs (I) where
the aryl moiety at R3 has been substituted with smaller
alkyls and where the amine has been reengineered, all
the while preserving the structurally important cyclopro-
pyl carbamate moiety.12 We chose R3 > Me since earlier
results suggested that analogs bearing this moiety would
likely be less potent than others.12


Compounds of formula (Ia) were prepared according to
a modification of our original scheme, using Stille cou-
pling to install the alkyl side chain and Kulinkovich
reaction13 to functionalize the methyl ester into the
cyclopropyl carbinol 4. Conversion to the carbamate
was performed using previously reported methods
(Scheme 1).7b
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Scheme 1. Reagents: (a) AllylSnBu3/vinylSnBu3, PdCl2(PPh3)2; (b) H2,


Pd/C; (c) ArSO2Cl, Et3N; (d) Ti(O-i-Pr)4, EtMgBr; (e) p-NO2PhO-


C(O)Cl, pyridine; (f) R1R2NH.
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Scheme 2. Reagents: (a) NaBH4; (b) H2, Pd/C; (c) TBSCl, imidazole;


(d) 4-Cl–PhSO2Cl, Et3N; (e) DIBAH; (f) Ph3P@CH2; (g) CH2I2,


Et2Zn; (h) TBAF; (i) NaIO4, RuCl3; (j) SOCl2, MeOH; (k) steps d–f; (l)


CF3TMS, BF3ÆOEt2; (m) n-BuLi, PhOC(S)Cl; (n) Bu3SnH, AIBN; (o)


TBAF; (p) steps i–k.

Preparation of cyclopropyl analogs (Ib) required selec-
tive functionalization of diester 5 into aldehyde 7 as pre-
cursor of the left-hand side cyclopropyl. Oxidation of
alcohol 8 to give ester 9 set the stage for the final steps
as before. Similarly, addition of trifluoromethyltrimeth-
ylsilane on aldehyde 7 followed by Barton–McCombie
deoxygenation14 provided the 2,2,2-trifluoroethyl ana-
logs (Ic) after functionalization (Scheme 2).


Series were first evaluated for the impact of R3 substitu-
tion on c-secretase inhibitory potency and CYP 3A4 lia-
bility, using standard amines and 4-chlorophenyl
sulfonamide from our previous SAR (Table 1).7b Our
initial results indicated that: (i) significant improvement
in CYP profile was observed with small alkyls at R3


versus the corresponding 3,5-difluorophenyl. It was
accompanied by a drop in c-secretase potency to some
degree, but compounds in the single-digit nanomolar
range could still be obtained; (ii) linear groups were
slightly favored over cyclopropyl in lower molecular
eight series (e.g., 17 vs 16), while the opposite was true
in higher molecular weight series (12 vs 14)15; (iii) while
lipophilicity played a role in CYP liability, comparison
of non-basic to (un)hindered basic amines also showed
that the right-hand side contributed significantly to
CYP liability.


In our most orally active series 1,7b ethyl at R3 (17)
offered the most optimal properties (potency, CYP
liability) and the series was progressed further, introduc-
ing various arylsulfonamides and de novo amines (a few
R3 = c-Pr were also prepared for comparison). Pharma-
cokinetic (PK) data for individual compounds were
measured in the rat following oral administration at
10 mpk (Table 2).


We steered our efforts toward keeping the molecular
weight as low as possible (<550). In our previous







Table 2. In vitro and AUC data in rat for series (I)a


N
O


S


R3 N


O
OO


R2


R1
(I)


X


Compound R3 X NR1R2 Memb Ab40


IC50
b (nM)


Cell Ab40


IC50
b (nM)


CYP 3A4c (lM) AUC0–6h
d (hng/mL)


23 Et 4-Cl N
OH


3.2 4.3 1.1 0


24 Et 4-Cl
N


OH


28 190 3.3 —


25 Et 4-Cl N
O


OH
9.0 20 1.7 81


26 Et 4-Cl N N
OH


13 10 1.0 1869


27 Et 4-Cl N N
OH


12 14 <0.3 3414


28 Et 4-Cl
N N


OH


17 15 1.2 1784


29 Et 4-Cl N N
OH


6.9 8.3 2.2 892


30 Et 4-Cl N
N


OH
3.5 7.7 2.5 939


14 Et 4-Cl N N 3.5 9.1 0.8 476


31 Et 4-F N N
OH


10 25 4.6 405


32 Et 4-F N
N


OH
25 3.9 1780


33 Et 4-F N N 16 115 5.8 102


34 Et 3,4-di-F N N
OH


9.6 20 1.6 323


35 Et 3,4-di-F N
N


OH
27 1.7 1332


36 Et 3,4-di-F N N 6.9 45 1.6 91


37 Et 3,5-di-F N N
OH


81 2.6 580


38 Et 3,5-di-F N N 29 144 1.2 296
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Table 2 (continued)


Compound R3 X NR1R2 Memb Ab40


IC50
b (nM)


Cell Ab40


IC50
b (nM)


CYP 3A4c (lM) AUC0–6h
d (hng/mL)


39 c-Pr 4-Cl
N N


OH


16 32 0.6 491


40 c-Pr 4-Cl N N
OH


12 39 0.4 —


a All compounds are racemic.
b Values are means of two experiments.
c Values determined after 30 min pre-incubation with compound.
d Measured over 0–6 h after 10 mpk oral dosing in rat.
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series, the N-(2-hydroxyethyl)-piperazine amine moiety
resulted in many interesting compounds,7b but those
were also among the worst offenders in terms of CYP
3A4 liability (compounds 1, 16–18). As previously men-
tioned, the presence of a basic amine can lead to CYP
3A4 liability.10 We thus implemented several strategies
to replace the above moiety with improved surrogates.
In one of those, the basic amine was replaced with a
substituted carbon but the PK of the resulting com-
pound (25) proved to be quite low, as observed in other
non-basic compounds (23 and 24) and in related series
as well.7b In another approach, the length of the hydro-
xyl-ethyl tether was modified (28) to beneficial outcome
in terms of CYP profile. The resulting compound also
had good PK, although cellular potency remained in
the double-digit nanomolar range.


The best results were obtained when introducing steric
hindrance near the piperazine amine, in parallel to what
has been reported by other investigators.10 Introduction
of a substituent directly on the piperazine ring (26) gave
promising data, but our most optimal compounds were
obtained via introduction of a gem-dimethyl next to the
amine, or the use of a bridged piperazine derivative.16


Compounds 29 and 30 showed reasonable PK while
featuring nanomolar cellular c-secretase inhibition
and >2 lM CYP 3A4 potency. Replacement of the
4-chloro-arylsulfonamide with fluorinated arylsulfona-
mides, by contrast, did not significantly alter CYP liabil-
ity or PK and often resulted in somewhat less potent
analogs, an unsurprising result considering that those
modifications do not significantly affect lipophilicity,
molecular weight, and/or basicity at the right-hand side
amine.


In the course of this study, NMRs of intermediates and
products were collected to confirm that the chair-like
conformation of the piperidine ring and di-axial orienta-
tion of the 6-substituent and 2-cyclopropylcarbamate
observed in previous series were maintained.7b We also
advantageously had a closer look at the X-ray structure
of a related intermediate (Fig. 2, R3 = aryl) in which we
noticed: (i) close proximity of the cyclopropyl ring
and R3 group; (ii) alignment of the S–C(aryl) and
C(cyclopropyl)–O bonds of the arylsulfonamide and
carbamates, respectively, two important contributors
of c-secretase inhibition.

Those observations led us to environ a series of bridged
analogs ‘linking’ the 6-ethyl and 2-cyclopropyl side
chains (Fig. 2). Modifications brought to those moieties
might also bring additional benefits in the form of better
CYP 3A4 profile and/or metabolism. As shown below,
although two different isomers (II) or (III) could be
designed by branching out of the cyclopropyl, only (II)
could conceivably lock the bond alignment observed in
the X-ray structure.


Access to series (II) and (III) was relatively straightfor-
ward from intermediate 7 (Scheme 3, Ar = 4-Cl–Ph).
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Key steps involved allyl Grignard condensation on an
aldehyde derived from 41 followed by a ring closure
metathesis using Grubs second generation catalyst
(yields were substantially lower using the first genera-
tion).17 The unsaturated diastereoisomeric alcohols were
separated at this stage and, after reduction of the alkene
bond under reduced pressure, processed to the carba-
mates according to previous methods. The Grignard
addition proceeded in a 4:1 ratio in favor of the
preferred series (II). Key intermediates were unambigu-
ously assigned by NMR.


Assessment of the new series in the c-secretase mem-
brane assay confirmed the X-ray analysis (Table 3): we
were pleased to observe that series (II) bearing the stan-
dard 4-piperidinopiperidine produced a potent analog
(44), whereas series (III) where arylsulfonamide and
carbamate were locked away from the X-ray conforma-
tion was essentially inactive (45). In a related study,
trimmed 5-membered analogs of (II) and (III) were also
synthesized and did not show any potency.18 Series (II)
was further explored and provided several analogs in the
low to mid-single-digit nanomolar activity such as 46.
However, the CYP 3A4 profile did not differ signifi-
cantly from the one observed in the des-cyclic series.
Although this series appears to be somewhat less potent
than its non-bridged predecessor (I, R3 = Et), on closer
look it is actually more related to series (I, R3 = Me).

Table 4. In vivo profile following acute dosing for selected compounds


in vivo efficacy


Compound Memb Ab40


IC50
a (nM)


Tg CRND8 mice reduction


in plasma Ab40 (30 mpk, 3 h) (%)


29 6.9 �96b


�91c


30 3.5 �85c,d


31 10 �59c


aValues are means of two experiments.
b Oral dosing.
c Sub-cutaneous dosing.
d Brain concentration/plasma concentration = 3:1.


Table 3. Membrane c-secretase inhibition and CYP3A4 profile across


bridged piperidine series using standard carbamates (Ar = 4-Cl–Ph)a


Compound Core NR1R2 Memb Ab40


IC50
b (nM)


CYP


3A4c (lM)


44 II N N 15 1.1


45 III N N 2425 —


46 II N N
OH


57 0.5


47 II N
OH


104 0.6


a All compounds are racemic.
b Values are means of two experiments.
c Values determined after 30 min pre-incubation with compound.

Accordingly, further substitution of the methylene
attached to the bridge might conceivably improve
potency.


Table 4 summarizes in vivo results obtained after dosing
selected analogs to young transgenic pre-plaque Tg
CRND8 mice model of AD. Reduction in plasma Ab40
levels was measured after 3 h following oral or sub-cuta-
neous administration. In this model, compound 29 led
to near-complete abolition of plasma Ab40 levels when
administered at 30 mpk either orally or sub-cutaneously.
Close analog 31 also significantly lowered plasma Ab40
levels when administered sub-cutaneously. Efficacy in
lowering brain Ab40 levels was not measured since we
had found a better related series but it is expected to be sig-
nificant based on high brain penetration (one example).


In summary by lowering the molecular weight of an
early lead and modifying its right-hand side basic amine,
we were able to substantially lessen CYP3A4 liability
while retaining significant Ab40 lowering capability.
Further improvement in that direction including the
recourse to reengineering of the core will be reported
in the near future.
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Abstract—Glycopolymers are useful macromolecules with a non-carbohydrate backbone for presenting saccharides in multivalent
form. Here, glycopolymers containing mannose and alkanethiol linker were synthesized through substituting preactivated poly [N-
(acryloyloxy) succinimide] (pNAS) with amine-containing monomer. With the obtained glycopolymers, a glycosurface was gener-
ated on the gold surface of quartz crystal microbalance (QCM) through self-assembled strategy by the use of alkanethiol functional
group. Furthermore, the resulting glycosurface was used to detect the binding of mannose specific lectin concanavalin A (Con A).
� 2007 Elsevier Ltd. All rights reserved.

Many bacteria have lectins (proteins with carbohydrate-
binding domains) present on their cell surfaces. These
proteins, termed microbial lectins or adhesins,1 play an
important role in the initial stages of infection by medi-
ating the interaction of pathogens with host cell surface
glycoconjugates such as glycoprotein, glycolipid, and
polysaccharide.2 The studies of protein–carbohydrate
interaction have been challenged by the complexity
and heterogeneity of cell surfaces, the inherent structure
complexity of carbohydrates, and the typically weak
affinities of the binding. In the biological context, this
limitation has been overcome by multivalent interac-
tions, i.e., simultaneous contact between the clustered
carbohydrates on cell surface and protein receptors that
contain multiple carbohydrate recognition domains
(CRDs).3 It has been reported that the multivalent
forms of synthetic ligands, either polymers or dendri-
mers, often have amplified inhibitory effects over the
monovalent counterparts. The design and synthesis of
polymers with pendant saccharide residues (glycopoly-
mers) have been motivated in part by the recognition
that glycopolymers may enhance the multivalent pro-
tein–carbohydrate interactions.4–8

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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Glycosurface, in which different carbohydrates are
bound non-covalently or bonded covalently on solid
surfaces, has been under active development to study
protein carbohydrate interaction in recent years. As a
popular tool for generating the glycosurface, self-assem-
bled monolayers (SAMs) scaffold has appeared to be
one of the most promising model systems for systematic
study of the multivalent interaction.9,10 Moreover,
SAMs have been well applied to surface sensitive real-
time, label-free analysis methods. Previous results from
our laboratories have demonstrated that the combina-
tion of carbohydrate SAMs and the non-labeled trans-
ducer, i.e., quartz crystal microbalance can be
successfully applied to elucidating the binding of carbo-
hydrates with lectins or antibodies.11,12 Among several
classes of SAMs,13,14 self-assembled monolayers of
alkanethiolates on gold currently hold to be the best
model system15–17 since these monolayers form sponta-
neously by adsorption of alkanethiols from their solu-
tions onto clean gold surfaces.


Recently functional glycopolymers have been synthe-
sized with surface anchoring groups located along the
polymer backbone to generate glycosurface with poten-
tial utility in bio- and immunochemical assays18,19 as
well as biocapture analysis. Kiesling and coworkers pre-
pared the end-functionalized 3,6-disulfogalactose poly-
mers by ring-opening metathesis polymerization
(ROMP). These materials were immobilized onto the
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surfaces for the specific interaction with soluble P- and
L-selectin.20 Chaikof et al. synthesized biotin chain-ter-
minated glycopolymers through cyanoxyl-mediated
free-radical polymerization for surface glycoengineer-
ing.21 In this research, our interest is to combine the
self-assembly strategy with the specially designed func-
tional glycopolymers (Fig. 1) to engineer self-organized,
densely packed glycopolymeric recognition layers which
could be chemo-adsorbed onto gold surface of QCM
and generate multivalent binding cavity. The obtained
glycosurface was verified by the specific recognition with
a lectin.


A representative glycopolymer 1 with pendant func-
tional groups is designed as shown in Figure 1, in which
mannose units serve as ligands for the binding of lectin
Con A and the alkanethiol linkers serve as anchor
groups that can be self-assembled and covalently ad-
sorbed on the gold surface. Alkanethiols terminated in
oligo(ethylene glycol) moieties can effectively resist the
non-specific adsorption of proteins22–24 and the non-spe-
cific adhesion of mammalian cells.


Taking the fact that active ester polymers react fast and
quantitatively with amines to form the corresponding
polyacrylamides, it opens the possibility to obtain mul-
tifunctional polymer.25 First, mannose monomer and
alkanethiol monomer were prepared, respectively.
Scheme 1 shows the synthesis of mannose monomer 6.
Commercially available 2-[2-(2-chloro-ethoxy)-eth-
oxy]ethanol 2 was chosen as a spacer building block.
Transformation of chloride group of2 to azide was
accomplished in DMF at 90 �C and provided 2-[2-(2-azi-
do-ethoxy)-ethoxy]ethanol 3 in good yield. Glycosyla-
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tion of 3 with peracetylated mannose activated by
Lewis acid BF3 gave compound 4 in 75% yield. The de-
sired a configuration was confirmed by the coupling
constant of anomeric proton (J1,2 = 1.5 Hz). The glyco-
side 4 was deacetylated quantitatively by the Zemplen
method to give 5. Hydrogenation of compound 5 pro-
vided mannose monomer 6 in 80% yield.


Scheme 2 illustrates the preparation of the amine-termi-
nated alkanethiol monomer 9. 2-[2-(2-Azido-ethoxy)-
ethoxy]ethanol 3 was deprotonated in 50% NaOH, then
reacted with 11-bromoundec-1-ene to yield 11-(azidoun-
decyl)triethylene glycol 7 in 60% yield. The introduction
of thioacetate was achieved by addition of thiolacetic
acid to the olefin group of 7 using the procedure
described by Whitesides22 to give 8 in 80% yield. The
desired alkanethiol monomer 9 was achieved after the
azido group of 8 was converted to primary amine by
employing the Staudinger reaction in the yield of 95%.


The functional glycopolymer was synthesized from the
precursor preactivated poly [N-(acryloyloxy) succini-
mide] (pNAS) as shown in Scheme 3. pNAS 10 was
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obtained by polymerization of N-(acryloyloxy) succini-
mide through the radical polymerization initiated by
AIBN. The preactivated polymer was characterized fol-
lowing the literature.26 The molecular weight of this
preactivated polymer was determined by gel filtration
chromatography after its complete hydrolysis to poly
(acrylic acid) sodium salt. The average molecular
weight of the hydrolyzed polymer was Mw = 252 kDa
with a relatively narrow molecular weight distribution
((Mw/MN) = 1.5). The degree of polymerization is �1.8 ·
103. This preactivated polymer (590 lmol (moles of unit))
was then transformed into the multifunctional polymer
by substituting with amine-containing functionalities.
The functional polymer was prepared by a stepwise
substitution of the active ester groups, first, by addition
of mannose monomer (192 lmol, 0.32 equiv), second,
by reaction with alkanethiol anchor groups (236 lmol,
0.4 equiv), and last, by quenching with aqueous ammo-
nia. The resulting polymer thus incorporates two
different features: carbohydrate ligands and surface
anchor group. The actual composition of polymers was
measured by 1H NMR, 27 which was determined by the
signal from methylene protons linked with thiol
(2.54 ppm, CH2) on the alkanethiol linker, the anomeric
proton of mannose (4.83 ppm), as well as that of the
polymer backbone methine (2.26 ppm, CH), to give the
ratio of mannose unit, alkanethiol unit, and acrylamide
unit to be 1:1:1.


The obtained polymer was tested as the biorecognition
element via QCM transducer. QCM is a mass sensor
and gives a response that characterizes the binding
event between a sensing layer, which is immobilized
on the surface of the QCM transducer, and the analyte
to be detected. The synthetic functional glycopolymer
was immobilized on the gold surface of QCM.
mPEG-thiol (purchased from Nektar) was used as a
blocking reagent to reduce the non-specific adsorption.
If the immobilization is rigid, the resonant QCM fre-
quency change depends upon the mass attached to
the surface according to the Sauerbrey equation,28


Df ¼ �2Dmnf 2
0= AðlqqqÞ


1=2
h i


, where n is the overtone


number, lq is the shear modulus of the quartz
2.947 · 1011 g/(cm s2), and qqis the density of the
quartz (2.648 g/cm3), and which assumes the foreign
mass is strongly coupled to the resonator.29

Mannose can bind with a lectin, Con A,30 which was
isolated from the seeds of the jack bean. The mannose
sensor specificity was examined using a negative control,
Erythrina cristagalli lectin (ECL), a galactose-specific le-
gume lectin.31 As shown in Figure 2, negligible fre-
quency change was observed for the addition of ECL.
After exposure to ECL, Con A solution at different con-
centrations was consecutively added to the same sensor,
and strong signals were observed (Fig. 2). This study
demonstrates that the mannose-QCM sensor has high
sensitivity and specificity for binding with the Con A
even after exposure of the sensor surface in a complex
matrix (i.e., ECL). Shown in Figure 2 inset, the poly-
mannose immobilized on the gold QCM sensor shows
much better sensitivity than the mono-mannose QCM
sensor in our previous work. The higher sensitivity of
polymannose suggests the presence of a multivalent
interaction between Con A and mannose ligands.


To further examine the sensor specificity, fetal bovine
serum (FBS) and ECL were added to the polyman-
nose-QCM sensor in series (Fig. 3), either really small
or no non-specific adsorption was detected. These
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results indicated that the polymannose-QCM electrodes
specifically detected Con A in the presence of
contaminants.


By obtaining the damping resistance through fitting the
Butworth–vanDyek Circuit, we can study whether the
modified layer shows viscoelastic properties and to ver-
ify whether the Sauerbrey equation is validate in our sys-
tem. In the course of all experiments, the damping
resistance was fluctuating within a range of jRqj/
Rq 6 1.5 %. This result proved that the attached biofilms
behave as a rigidly attached mass and the Sauerbrey
equation is valid.


In order to obtain accurate affinity constant for the
binding between Con A and mannose, we used experi-
ment conditions in which mass transfer is very fast
and is not the rate-limiting step by thoroughly stirring
the solution using magnetic stir. Under this condition,
the binding will be the rate-limiting step and the appar-
ent binding affinity for Con A binding to the mannose
QCM surface could be estimated by using the Langmuir
adsorption model.32 According to the model, the mass
change at equilibrium was related to the original concen-
tration of Con A.


½Con A�
DM


¼ ½Con A�
DMmax


þ 1


DMmaxKA


In this equation, DMmax is the maximum amount that
Con A can be bound. It is the characteristics of the sensor
surface, which is equivalent to the binding of Con A
when all the mannose is converted to Con A–mannose
complex. DM is the measured binding amount at equilib-
rium and [Con A] is the original concentration of Con A.


The apparent binding constant KA for the binding
between Con A and mannose was estimated to be
(1.4 ± 0.6) · 106 M�1 (n = 3), this data showed that the
immobilization of glycopolymeric ligands yields a syn-
thetic surface with the similar binding affinity as the sur-
face displaying monovalent ligand shown in our

previous work.33 An analyte Con A has four identical
binding sites at pH 7, when the first binding site bound
to the ligand mannose, the second free Con A site is
brought in close contact with another mannose ligand.
The formation of the second binding will depend on
the flexibility of the analyte, ligand, and the availability
of the free ligand. Due to the tetrameric structure of Con
A, there will be four sets of rate constants. The meaning
of the four sets of rate constants and particular the sec-
ond and subsequent ones is extremely difficult to mea-
sure when the ligand is immobilized on the surface.
The apparent affinity constant obtained using Langmuir
adsorption model may not be the best indication for the
multivalency binding. A distinctive advantage of glyco-
polymer is that the ratios of mannose unit, alkanethiol
unit to acrylamide can be further optimized to have high
ligand presenting density as well as the size specificity.
Both can be studied to increase the avidity of the multi-
valent carbohydrate and protein interaction. Our next
goal is to prepare the polymeric ligand by increasing
the ratio between the ligand and the surface anchor
group so as to achieve the enhanced carbohydrate–lectin
multivalent recognition.


In conclusion, we have demonstrated for the first time
the design and synthesis of alkanethiol containing glyco-
polymer. Compared to other glycopolymer, the novelty
of polymer presented here is based on its multifunction-
ality, as it incorporates carbohydrate ligands and alka-
nethiol surface anchor group. As an extension of this
work, we envisage that synthesis of glycopolymer with
optimal ratio of ligand to alkanethiol could furnish the
multivalency enhancement of carbohydrate–lectin inter-
actions and this work is currently in progress.
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Abstract—Four aaptamines (1–4), 1H-benzo[de][1,6]-naphthyridine alkaloids, were isolated from the marine sponge Aaptos aaptos
and their inhibitory activities against sortase A (SrtA), an enzyme that plays a key role in cell wall protein anchoring and virulence in
Staphylococcus aureus, were evaluated. Isoaaptamine (2) was a potent inhibitor of SrtA, with an IC50 value of 3.7 ± 0.2 lg/mL. The
suppression of fibronectin-binding activity by isoaaptamine (2) highlights its potential for the treatment of S. aureus infections via
inhibition of SrtA activity. Our studies have identified a series of SrtA inhibitors, providing the basis for further development of
potent inhibitors.
� 2007 Elsevier Ltd. All rights reserved.

Many surface proteins of Gram-positive bacteria are
covalently anchored to bacterial cell wall peptidoglycans
through a general sorting mechanism catalyzed by a
superfamily of membrane-associated transpeptidases
known as sortases.1 These surface proteins play pivotal
roles in the adhesion to specific organ tissues, invasion
of host cells, and the evasion of host-immune re-
sponses.2,3 Sortase A (SrtA) has been identified in Staph-
ylococcus aureus and shown to be required for cell wall
anchoring of protein A and virulence in this bacte-
rium.4–7 S. aureus mutants lacking sortase fail to display
surface proteins and are defective in the establishment of
infections.8 Because many of the known surface proteins
of Gram-positive bacteria are believed to be exported
and anchored via the sortase pathway, inhibitors of
SrtA may be promising candidates for the treatment
and/or prevention of Gram-positive bacterial infections.


Marine sponges are proving to be productive sources of
many interesting biologically active nitrogen-containing
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heterocyclic compounds, including a series of 1H-ben-
zo[de][1,6]-naphthyridine alkaloids,9–11 and the aapta-
mines have been shown to form a small group of 1H-
benzo[de][1,6]-naphthyridine alkaloids. The parent
naphthyridine, known as aaptamine, was first isolated
by Nakamura and coworkers9 from the marine sponge
Aaptos aaptos and was found to possess antineoplastic
activity and cancer cell growth inhibitory activity.12 Iso-
aaptamine was first reported from a sponge in the genus
Suberites13 and was later also isolated from A. aap-
tos.14,15 This compound has been reported to be a
PKC inhibitor16 and to inhibit growth of cancer
cells.14,15 Demethylaaptamine and demethyloxyaapta-
mine from the Okinawan and Taiwanese marine sponge
A. aaptos has also shown significant cytotoxicity against
human tumor cells.10,15 Recently, Pettit and coworkers
described the synthetic conversion of aaptamine to iso-
aaptamine and dimethylaaptamine and reported the
antimicrobial activity of these compounds against clini-
cally important pathogenic bacteria and yeasts.17,18


Our group has been interested in finding biologically
active secondary metabolites from marine sponges.
During our continuing program, we encountered the
marine sponge A. aaptos from the Federated States of
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Micronesia, and a crude extract from the sponge exhib-
ited significant inhibitory activity against S. aureus SrtA.
Bioassay-guided separation of the crude extract using
various chromatographic techniques yielded four aapta-
mines, which were potent SrtA inhibitors. We report the
isolation and biological activities of these compounds.


The specimens of A. aaptos were collected by hand using
SCUBA at a depth of 15–20 m from Chuuk Atoll, Fed-
erated States of Micronesia, in August 2005.19 Frozen
sponge was lyophilized (dry weight 0.42 kg), macerated,
and repeatedly extracted with MeOH (1 L · 3) and
CH2Cl2 (1 L · 2). The extract was filtered and concen-
trated under reduced pressure to afford 25.4 g of crude
extract (IC50 = 56.8 lg/mL). The residue was partitioned
between n-BuOH and H2O. A portion (400 mg) of the
n-BuOH layer (5.05 g, IC50 = 35.4 lg/mL) was subjected
to LH-20 gel-permeation chromatography using 100%
MeOH as eluent and yielded four distinct fractions
(F3–F6). F3 and F4 were dried (IC50 = 20.5 lg/mL)
and separated by C18 reversed phase HPLC (YMC
ODS-A column, 1 · 25 cm, 80% MeCN containing
0.3% TFA) to yield compounds 1–3. F5 and F6 also
were dried (IC50 = 30.2 lg/mL) and separated by re-
versed phase HPLC (with 40% aqueous MeOH) to yield
compound 4. The purified compounds 1–4 were isolated
in the following amounts: 70, 20, 20, and 4 mg,
respectively.


Based on the results of combined spectral analyses and
comparison of spectral data with those of known com-
pounds, the compounds were identified as aaptamine
(1),9 isoaaptamine (2),13–15 and demethylaaptamine
(3).17 The minor compound was also identified as dem-
ethyloxyaaptamine (4).14,15 Spectral data for these com-
pounds were consistent with those reported previously
(Fig. 1).
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Figure 1. Structures of aaptamines.

Compounds 1–4 were evaluated for inhibitory activity
against S. aureus SrtA according to a previously pub-
lished procedure.20,21 The inhibitory potencies, ex-
pressed as IC50 values, of the tested compounds are
shown in Table 1 and are compared to that of a known
SrtA inhibitor, berberine chloride (IC50: 8.7 ± 0.3 lg/
mL).22 Compound 2 exhibited the most potent inhibi-
tory activity against SrtA (IC50: 3.7 ± 0.2 lg/mL). Com-
pounds 1, 3, and 4 were less effective than berberine
chloride, with IC50 values of 23.5 ± 0.8, 17.2 ± 0.6, and
20.1 ± 0.7 lg/mL, respectively. The SrtA inhibitory
activity study of these compounds revealed that the
methyl group at the N-1 position of compound 2 was
important (Fig. 1). Compounds 1, 3, and 4, which are
unmethylated at the N-1 position, were less active than
2 (Table 1). Methylation and oxidation of the hydroxyl
group at the C-9 position of 3, as in compounds 1 and 4,
respectively, exhibited almost the same inhibitory activ-
ity against SrtA as compound 3. These results suggest
that the SrtA inhibitory activities of the aaptamines
are altered by substitution at the N-1 position.


It is well-known that sortase inhibitors should act as
anti-infective agents and disrupt the pathogenesis of
bacterial infections without affecting microbial viabil-
ity.8,23 To rule out effects of the test compounds on
S. aureus (strain Newman)24 cell adhesion to fibronectin
due to inhibition of cell growth, the minimum inhibitory
concentration (MIC) of compounds 1–4 were deter-
mined by the microtiter broth dilution method.25 The
four compounds (1–4) isolated from A. aaptos exhibited
no or moderate growth inhibitory activity against
S. aureus strain Newman, with MIC values of >200,
50, 25, and 25 lg/mL, respectively (Table 1). Based on
the MIC test data, compound 2 (MIC: 50 lg/mL) was
selected and used in the fibronectin-binding assay.


An active sortase enzyme is required for the attachment
of S. aureus to eukaryotic cell matrices. Mutant S. aur-
eus strains lacking a functional sortase cannot bind to
cell matrix proteins, such as fibrinogen and fibronectin,
and also cannot effect protein A-mediated binding of
IgG in vitro.3 We postulated that sortase inhibitors
would inhibit SrtA activity in vivo and in turn reduce
fibronectin-binding protein surface display. Thus, we
employed an assay25,26 in which cell adhesion to fibro-
nectin-coated plates was quantified by measuring the
absorbance following staining with crystal violet. The
capacities of S. aureus strain Newman (srtA+) and its
isogenic knockout mutant SKM12 (srtA�)24 in adhering

Table 1. Inhibitory effects of aaptamines on the activity of SrtA


enzyme and bacterial growth of S. aureus strain Newman


Compound SrtA IC50
a (lg/mL) MIC (lg/mL)


1 23.5 ± 0.8 >200


2 3.7 ± 0.2 50


3 17.2 ± 0.6 25


4 20.1 ± 0.7 25


Berberine chloride 8.7 ± 0.3 100


a IC50 values are means ± SD (n = 3). Berberine chloride was used as a


reference inhibitor of SrtA.







Figure 2. Inhibition of S. aureus adhesion to fibronectin by isoaap-


tamine (2). Adhesion of wild-type Newman (srtA+) (untreated),


SKM12 (srtA�) (untreated), and wild-type Newman, treated with 2,


4, 8, and 16 lg/mL of isoaaptamine (2). The values are means ± SD


(n = 3).
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to fibronectin-coated surfaces were investigated. As
shown in Figure 2, the fibronectin-binding activity of
SKM12 significantly decreased compared to that of
the wild type (Newman). These results are consistent
with those previously observed with the wild-type and
isogenic knockout mutant.8 It has also been reported
that SKM12 displayed a 2-log reduction in virulence
(>99% reduction of bacteria in kidneys) compared with
the wild-type strain (Newman) in a mouse model infec-
tion test.8 A second area of interest regarding the SrtA
inhibitor isoaaptamine (2) was its fibronectin-binding
inhibitory properties. As expected, treatment of strain
Newman with isoaaptamine (2) reduced the capacity
of the bacterium to adhere to fibronectin-coated sur-
faces in a dose-dependent manner (0–16 lg/mL,
Fig. 2). The onset and magnitude of the inhibition of
fibronectin-binding in S. aureus treated with isoaapta-
mine (2) (>16 lg/mL) was comparable to the behavior
of untreated SKM12.


In conclusion, we isolated aaptamines as SrtA inhibitors
of S. aureus from the marine sponge A. aaptos based on
a bioassay. The methyl group at the N-1 position of iso-
aaptamine proved to be an important factor for SrtA
activity, changing selectivities and IC50s, when compar-
ing the structures of the isolated aaptamines. The fibro-
nectin-binding activity data highlight the potential of
these compounds in the treatment of S. aureus infections
via inhibition of sortase activity.
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Abstract—We designed and synthesized novel type 1 5a-reductase inhibitors by using 3,3-diphenylpentane skeleton as a substitute
for the usual steroid skeleton. 4-(3-(4-(N-Methylacetamido)phenyl)pentan-3-yl)phenyl dibenzylcarbamate (11k) is a competitive 5a-
reductase inhibitor with the IC50 value of 0.84 lM.
� 2007 Elsevier Ltd. All rights reserved.

Figure 1. Structures of finasteride (1) and dutasteride (2).

Steroid hormones regulate a wide range of physiological
processes, including reproduction, development, and
homeostasis, by binding to and activating the nuclear
receptors (NRs).1 Testosterone, which is biosynthesized
from cholesterol, is converted by 5a-reductase to the
more active metabolite, 5a-dihydrotestosterone (DHT),
which is considered to play a major role in androgenic
signal transduction.2 Since DHT production aggravates
several diseases, including prostate cancer,3,4 benign
prostatic hyperplasia (BPH)5 and androgenic alope-
cia,6,7 several 5a-reductase inhibitors have been devel-
oped for the treatment of these disorders.8–10


Recently, two types of human 5a-reductases have been
identified.11,12 Type 1 5a-reductase (5aR-1) is expressed
predominantly in liver and sebaceous glands of skin,
whereas type 2 5a-reductase (5aR-2) is found in pros-
tate, seminal vesicles, epididymis, liver, and hair folli-
cles. Interestingly, some human prostate cancer cell
lines, DU-145 and LNCaP, express only 5aR-1.13,14


5a-Reductase inhibitors down-regulate DHT and sup-
press prostate cancer cell proliferation.15 Therefore,
5aR-1 inhibitors may selectively inhibit the growth of
prostate tumors.


Steroidal 5a-reductase inhibitors, including finasteride
(1) and dutasteride (2) (Fig. 1), are used clinically to
treat BPH.16,17 However, undesired adverse effects occur
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owing to cross-reactivity with other steroid hormone
receptors, including progesterone receptor (PR).18


Moreover, steroidal compounds are rapidly modified
by several steroid-metabolizing enzymes. Therefore,
development of 5aR-1 inhibitors with a non-steroidal
skeleton is expected to be an effective strategy.


In our previous study, we showed that 3,3-diphenylpen-
tane (DPP) derivatives act as ligands of several NRs.
Typical examples are shown in Figure 2, that is, a vita-
min D receptor (VDR) agonist 3,19,20 an androgen
receptor (AR) antagonist 4,19,20 a farnesoid X receptor
(FXR) agonist 5,21 and a PR antagonist 6.22


Because natural ligands of these NRs have steroidal (or
secosteroidal) structure, it is suggested that the DPP
skeleton may act not only as a multi-template for NR li-
gands, but also as a steroid skeleton substitute that
would be recognized by steroid-metabolizing enzymes.
In this paper, we report the synthesis of novel 5aR-1
inhibitors developed based on a DPP skeleton.
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Figure 2. Typical NR ligands with a DPP skeleton.
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We designed a candidate lead compound 8a with a DPP
skeleton based on the structure of 4-MA (7) (Fig. 3), a
potent 5aR-1 inhibitor (at least in vitro), which is struc-
turally related to finasteride (1) and dutasteride (2).23


The N-methyl-N-phenylacetamide moiety of 8a was cho-
sen as a mimic of the steroid A-ring structure of 4-MA
(7). The DPP skeleton possessing an amino group was
synthesized as previously described (Scheme 1).19,20


The inhibitory potency of the prepared compounds
toward human 5aR-1 was evaluated by the method
described by Picard et al.,24 except that human pros-
tatic carcinoma LNCaP cells14 were used instead of
human prostatic carcinoma DU 145 cells. Briefly,
[4-14C]androstenedione ([14C]A-en) (50 nM) was incu-

Scheme 1. Reagents and conditions: (a) 3-pentanone, methanesulfonic acid


diethylcarbamoyl chloride, DMF, 2 h; (d) Ac2O, pyridine, CH2Cl2, 1 h, 44–9


Figure 3. Molecular design of a DPP type 5aR-1 inhibitor.

bated with LNCaP cells for 18 h, and metabolites
were extracted with Et2O. The metabolite mixture
thus obtained was separated by means of thin layer
chromatography (Merck 25 TLC plates silica gel 60
F254) with ethyl acetate/hexane (1:1 v/v). The radioac-
tivity of each spot on the plate was measured with a
bioimaging analyzer (BAS-2000, Fuji Film, Tokyo,
Japan). 5aR-1-inhibitory activity was calculated from
the ratio of the radioactivities of starting material
([14C]A-en) and its reduced metabolite 5a-andro-
standione ([14C]A-an). The assay was performed in
duplicate or triplicate, and the mean values were ta-
ken. The experiments were repeated at least two
times, and a typical set of data was shown in this
paper.

, 3 d, 36–53%; (b) 2-R2-aniline, neat, 180 �C, 3 h, 41–85%; (c) NaH,


0% in two steps; (e) NaH, MeI, DMF, 18 h, 75–100%.







Table 1. 5aR-1 inhibitory activity of DPP derivatives


Compound R1 R2 R3 Inhibition (%)


at 10 lM


9a Me Me H 17


8a Me Me Me 22


8b Me H Me 56


8c H Me Me 25


8d H H Me 57
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In our assay system, the IC50 value for inhibition of
5aR-1 activity of finasteride (1) was calculated to be
24 nM. This value is consistent with the reported IC50


value (39 nM) of finasteride (1).24 The designed DPP-
based compound 8a and its synthetic precursor 9a
showed only slight inhibition, 22% and 17% at 10 lM,
respectively (Table 1).


Next, structural modification of 8a was performed.
First, the effect of aromatic methyl substituents, that
is, 8a–d, was analyzed (Scheme 1). As shown in Table
1, 8b and 8d showed more potent inhibitory activity
(56% and 57%, respectively) than 8a, indicating that
methyl groups on the DPP skeleton are not required.
Therefore, further optimization of the structure was per-
formed based on 8d, and compounds 10a–g were pre-
pared (Scheme 2).

Table 2. SAR of DPX skeleton analogs


Inhibition (%) at 10 lM 16 56 27


Scheme 2. Reagent and conditions: (a) phenol, methanesulfonic acid, 2–72 h


Scheme 3. Reagent and conditions: (a) 4-nitrophenylchloroformate, DMAP

Table 2 summarizes the structure–activity relationships
(SAR) of the 8d derivatives, 10a–f. The prepared
derivatives possessing dialkyl (10a,10b) or cycloalkyl
(10c–f) groups were less potent than 8d. This feature
of the SAR is similar to that found for derivatives
of VDR ligand (3), AR ligand (4), and FXR ligand
(5). The results suggest that the diethyl–diphenyl moi-
ety (i.e., a DPP skeleton) is an appropriate substitute
for a steroid skeleton.


Thus, we focused our attention on the synthesis and
SAR of the side chain analogs (Scheme 3). The diethylc-
arbamoyl group of 8d was changed to several other sub-
stituents as shown in Table 3. Introduction of bulky
groups (11b–c,11e–f) resulted in more potent inhibitory
activity, as compared with 8d. On the other hand,
groups possessing an additional heteroatom (11g,11h)
resulted in weaker inhibitory activity.


Based on these results, more bulky and hydrophobic
groups were introduced (Table 3, 11i–l). The inhibitory
activity of these compounds was screened at the lower
concentration of 1 lM. The chain-elongated derivative,
11i, showed slightly more potent activity than did 11b,
while the ring-enlarged derivative, 11l, was less potent.
The dibenzylamino derivative, 11k,25 showed the most
potent inhibitory activity among our compounds, and
its IC50 was 0.84 lM, so that it is 11 times more potent
than 8d.


Next, the mode of inhibition of 11k was analyzed by
application of the Hanes–Woolf plot (Table 4). The
plot indicated that 11k inhibits 5aR-1 in a competitive
manner (the two dose–response lines were nearly par-
allel), as in the case of finasteride (1).26 This result

16 5 46 25


, 31–98%.


, DIPEA, THF, 30 min, 94%; (b) NHR2, DMF, 1 h, 77–97%.







Table 3. SAR of carbamoyl derivatives


Compound –NR2 Inhibition (%)


at 10 lM


Inhibition (%)


at 1 lM


IC50


(lM)


11a –NMe2 29


8d –NEt2 65 9.2


11b –N(n-Pr2) 77 26 2.9


11c –N(i-Pr2) 72 4.0


11d 57


11e 68 4.7


11f 70 4.7


11g 15


11h 17


11i –N(n-Bu)2 32


11j –N(sec-Bu)2 22


11k –NBn2 51 0.84


11l 20


Table 4. Inhibitory parameters of 11k


Without inhibitor With 1 lM 11k


Vmax (nM/h) 8.2 13.4


Km (nM) 2300 9100
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suggests that 11k is recognized by 5aR-1 as a sub-
strate mimic as expected; that is, the DPP skeleton
can act as a steroid skeleton substitute not only for
NR ligands, but also for enzymes which recognize ste-
roidal structures.


In summary, we developed novel 5aR-1 inhibitors
with a DPP skeleton. Compound 11k with a dib-
enzylamino group possessed the most potent inhibi-
tory activity among our derivatives. This is the first
example of a compound in which the DPP skeleton
can replace a steroid skeleton for target molecules
other than NRs, to our knowledge. Further structural
development of 11k and a search for new candidates
mimicking other biologically active steroids are in
progress.
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Potent, nonsteroidal selective androgen receptor
modulators (SARMs) based on 8H-[1,4]oxazino[2,3-f]
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Abstract—A series of androgen receptor modulators based on 8H-[1,4]oxazino[2,3-f]quinolin-8-ones was synthesized and evaluated
in an androgen receptor transcriptional activation assay. The most potent analogues from the series exhibited single-digit nanomolar
potency in vitro. Compound 18h demonstrated full efficacy in the maintenance of muscle weight, at 10 mg/kg, with reduced activity
in prostate weight in an in vivo model of androgen action.
� 2007 Elsevier Ltd. All rights reserved.
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The androgen receptor (AR) is a member of the intracel-
lular receptor superfamily of ligand-dependent transcrip-
tion factors.1 The endogenous ligands for AR are the
steroids testosterone (T) and dihydrotestosterone
(DHT). When bound to AR, these ligands play impor-
tant roles in sexual development and function,2 and mus-
culo-skeletal growth.3 Steroidal androgen therapy is
effective for the treatment of androgen insufficiency.
However, the broader use of these androgens for addi-
tional treatments, such as osteoporosis or frailty, is lim-
ited by undesirable AR-mediated effects, such as
prostatic hypertrophy and hirsutism. A selective andro-
gen receptor modulator (SARM), with full anabolic
activity but reduced impact on the undesirable effects,
could have a large role on endocrine therapies to treat
muscle wasting and osteoporosis.4 Early studies on mod-
ified androgens explored alkylation at C-17, as in fluox-
ymesterone (1, Fig. 1).5 However, compounds from this
general class are associated with potential liver toxicity.2


Recent publications in the area of nonsteroidal andro-
gens are indicative of the high level of interest in discov-
ering novel safe, effective anabolic agents (2, 3).6–8
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Our continued interest in SARMs is based on scaffolds
derived from quinolin-2-ones (4 and 5).9,10 During the
course of our studies on 7H-[1,4]oxazino[3,2-g]quino-
lin-7-ones (5a), we isolated as a minor by-product of
the Knorr quinolone reaction11 regioisomer (6a, <5%
yield, Scheme 1) which fortuitously possessed AR
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Figure 1. Synthetic androgens.
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Ph3P, N-methylmorpholine; (b) TFA, CH2Cl2; (c) Pd2(dba)3 (2–


5 mol%), (±)-BINAP (4–10 mol%), t-BuONa, toluene, reflux; (d)
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Scheme 1. Reagents and conditions: (a) 4,4,4-trifluoroacetoacetate,


PhH, reflux; (b) concd H2SO4, 100 �C.
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agonist activity in a transcriptional activation assay
(78% agonist efficacy, 5 nM). Investigations into the
scaffold led to a series of novel androgens derived from
8H-[1,4]oxazino[2,3-f]quinolin-8-ones (6). The lead com-
pound from this series, 18h, demonstrated full efficacy in
the maintenance of levator ani weight (LA) muscle, an
anabolic endpoint in a castrated mature rat model.


Our previous investigations of quinolinone scaffolds 4
and 5 revealed that the substitution pattern proximal
to the tertiary amine group strongly affected AR activ-
ity. Consequently, we sought to probe the R1 and R2 re-
gion of 6. The yields obtained by isolating the minor
Knorr product were too low to be a practical method
of analogue preparation, so we developed a new synthe-
sis that would allow for modifications on the oxazine
portion of 6. A Knorr-type reaction of 5-chloro-1,3-phe-
nylene diamine proceeded by treatment with ethyl 4,4,4-
trifluoroacetoacetate in EtOH to afford the quinolin-2-
one (47%), followed by hydrogenation (100%) to
provide 8 (Scheme 2). Treatment of 8 with sodium ni-
trite in concd H2SO4 effects the Sandmeyer reaction with
dehydration to afford 9, and is an effective method to
prepare the 5-substituted 1H-quinolin-2-one, which is
not available by the direct Knorr cyclization of 3-amino-
phenol derivatives. Bromination with NBS afforded 10
in 77% yield.12 To prepare 11, it was necessary to benzy-
late the phenol, alkylate the quinolinone with isopropyl
iodide and CsF, then remove the benzyl group with
methanesulfonic acid to afford 11 in 55% yield over 3
steps. With 11 in hand, the N-Boc-protected aminoalco-
hol 12 was subject to Mitsunobu conditions13 to afford
13, followed by hydrolysis of the Boc group with TFA
to afford 14 (Scheme 3). Formation of the benzoxazine
subunit was achieved utilizing the Buchwald–Hartwig
aromatic amination conditions to afford intermediate
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Scheme 2. Reagents and conditions: (a) 4,4,4-trifluoroacetoacetate,


EtOH; (b) 10% Pd-C, H2, (1 atm), KOAc, EtOH; (c) NaNO2, concd


H2SO4, 0 �C, then 140 �C; (d) NBS, diisopropylamine, EtOAc, �10 �C;


(e) BnBr, CsF, DMF; (f) isopropyl iodide, CsF, DMF; (g) methane-


sulfonic acid, HOAc (1:1).

15.14 In addition to providing the requisite scaffold, this
synthesis represents a novel method to prepare 3,4-dihy-
dro-2H-1,4-benzoxazines. Reductive amination, fol-
lowed by acid hydrolysis, afforded 18.15 Compound 16
is obtained by acid hydrolysis of 15.


The compounds were evaluated in a transcriptional acti-
vation assay with hAR in a mammalian cell (CV-1) as
previously described.16 Both R1 and R2 positions are
important for AR agonist activity as compounds with
no R1 substituent showed no agonist activity regardless
of the R2 substituent (Table 1). Antagonist activity was
observed (16a–e), demonstrating that this position can
be used to switch the AR activity to antagonists. This
finding parallels series 5, in which substitution at the
R1 position enhances AR agonist activity. Replacement
of the 2,2,2-trifluoroethyl substituent of 6a with small al-
kyl groups (18a–d) resulted in a significant drop in
potency, even in the case of 18b, where R1 = Et. Re-
moval of the R2 substituent (18e) likewise resulted in
significant reduction of AR agonist activity. Substitu-
tion of R2 with an ethyl group resulted in a series of
analogues with AR activity that roughly parallels that
of the corresponding methyl substituted compounds.
Compound 18f demonstrates no AR agonist activity,
and the same significant difference in potency between
the ethyl (18g) and 2,2,2-trifluoroethyl substituent
(18h) exists. Compound 18h demonstrates activity com-
parable to that of DHT. Weaker agonist activity is seen
among the propyl, isobutyl, and 3-hydroxy-2-methyl-







Table 1. Activity in the AR transcriptional activation assaya


Compoundc R1 R2 hAR Agonist hAR Antagonist


EC50 (nM) Eff (%) IC50 (nM) Eff (%)


DHT 5.7 ± 0.1 100 — —


5a 1.1 ± 0.2 82 ± 5 — —


6a CH2CF3 Me 5.4 ± 3.4 78 ± 4 — —


16a H H — — 1500 ± 100 62 ± 16


16b H Me — — 72 64


16c H Et — — 84 ± 14 58 ± 6


16d H Ph — — 1480 ± 750 78 ± 9


16e H Pr — — 113 ± 58 76 ± 4


18a Me Me — — nd 32 ± 4


18b Et Me 420 ± 120b 31 ± 12 nd 26 ± 8


18c Pr Me 406 ± 56 45 ± 22 nd 21 ± 13


18d Allyl Me 228 ± 84 97 ± 12 na na


18e CH2CF3 H 190 ± 66 38 ± 2 nd 25 ± 12


18f Me Et — — nd 32 ± 11


18g Et Et 410 ± 70 27 ± 10 — —


18h CH2CF3 Et 1.0 ± 0.4 92 ± 5 — —


18i Allyl Et 51 ± 14 83 ± 14 — —


18j Pr Et 394 ± 42 61 ± 12 — —


18k i-Bu Et 227 ± 26 46 ± 14 — 38 ± 15


18l Me2C(OH)CH2- Et 300 ± 140 57 ± 11 — 26 ± 9


18m Me i-Pr 276 ± 22 31 ± 6 nd 31 ± 9


18n Et i-Pr 272 ± 74 76 ± 6 — 21 ± 10


18o CH2CF3 i-Pr 20 ± 16 74 ± 5 — —


18p Allyl i-Pr 35 ± 6 78 ± 3 — —


18q CH2CF3 Bn 43 ± 14 63 ± 14 — —


18rd CH2CF3 i-Bu 98 ± 32 36 ± 3 nd 34 ± 9


18s CH2CF3 Ph — — 65 ± 16 85 ± 3


18t Cyclopropylmethyl Ph — — 45 ± 10 88 ± 2


(S)-18h 18 ± 3 53 ± 23 — —


(±)-18h 3.5 ± 1.3 89 ± 8 — —


a AR transcriptional activation experimental results with at least three experiments in triplicate with SEM.
b Mean value from two experiments.
c For chiral compounds, the (R)-enantiomer was prepared except where indicated. For all tables, a hyphen is indicative of efficacy <20% or a potency


>10,000 nM, and nd means the IC50 could not be calculated.
d Isolated as a minor by-product of the Knorr reaction as in Scheme 1.
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propyl analogues (18j–l). In the cases where R2 = isopro-
pyl, a slight reduction in potency is seen with 18o
compared to 18h, while allyl analogue 18p maintains
the moderate AR potency seen in 18i. Because they
tended to have the best AR activity, the subsequent
compounds focused more on analogues where
R1 = 2,2,2-trifluoroethyl. Compound 18q has compara-
ble activity to 18o, while the isobutyl analogue 18r
shows more partial agonist activity. Phenyl analogues
18s and 18t switch activity to full antagonists. Hence,
the R2 position can be utilized to provide the full spec-
trum of AR activity from full agonist, partial agonist,
and antagonist. To determine the effect of the other

Table 2. Steroid hormone selectivitya


Compound AR agonist


EC50 (nM) Eff (%) IC50 (


6a 5.4 ± 3.4 78 ± 4 nd


16c 84 ± 14b 58 ± 6 nd


18h 1.0 ± 0.4 92 ± 5 520 ±


a Steroid hormone selectivity experimental results with at least three separate


single determination.
b Antagonist activity with IC50 reported.

enantiomer, lead compound (±)-18h was prepared as a
racemate and the distomer (S)-18h separated by chiral
HPLC. Compound (S)-18h was less active than the
(R)-enantiomer 18h.


To determine the steroid hormone transactivation selec-
tivity, selected compounds were evaluated in transacti-
vation assays for progesterone receptor (PR),
glucocorticoid receptor (GR), and mineralocorticoid
receptor (MR) activity.16 In no instance was agonist
activity detected for PR, GR, or MR. No MR antago-
nist activity was detected, while weak PR and GR antag-
onist activity is observed (Table 2).

PR antagonist GR antagonist


nM) Eff (%) IC50 (nM) Eff (%)


40 3200 53


42 — —


190 94 ± 1 1510 ± 80 98 ± 1


experiments in triplicate with SEM. If no SEM is noted, value is from a







Figure 2. Compound 18h with key contacts in the androgen binding


site based on 4-AR structure.


Figure 3. Compounds 18h and T (as testosterone propionate)9 in a


2-week castrated mature rat model. The dashed lines (—) represent


intact levels.
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Modeling results based on the 4-AR structure17,9 indi-
cate that the fluorine atoms on the 2,2,2-trifluoroethyl
substituent of 18h interact with amino acid THR-877
which rationalizes the enhanced AR activity of the
2,2,2-trifluoroethyl substituent compared to the nonflu-
orinated side chains (Fig. 2).18 The A-ring also forms
bifurcated hydrogen bonds with ARG-752 and GLN-
711. The ethyl group on the C-ring fills a lipophilic
pocket delineated by MET-780, PHE-876, LEU-880,
and LEU-701(omitted for clarity), which also provides
increased binding interactions.


Compound (R)-18h was tested in order to demonstrate an
in vivo proof of concept for the series. A 2-week castrated
mature rat assay was utilized to assess the AR-mediated
effect on organ weights.9,10 The male sexual accessory or-
gans, such as the ventral prostate (VP), are stimulated to
grow and are maintained in size and function by the pres-
ence of endogenous androgens. This model is used to
determine the androgen-dependent growth of the VP in
mature castrated rats. Over-stimulation of the VP is unde-
sirable because of its association with increased risk of
prostatic disorders. In addition to the VP, the LA muscle
demonstrates androgen-dependent growth.19 The LA is a
useful endpoint to evaluate the anabolic effects of the
compounds in muscle. A compound that has full activity
on LA but a reduced impact on VP represents a good pro-
file for SARM activity. Figure 3 demonstrates that com-
pound 18h has good anabolic activity in this model,
maintaining the LA weight at 10 mg/kg. At 100 mg/kg,
the full weight of the VP is not maintained, suggesting that
there is no over-stimulation of the VP. Compared to T,9


compound 18h has a muscle-selective profile based on
the separation of the LA weight dose–response compared
to the VP, and possesses at least 10-fold selectivity over
that T in this maintenance model. Castrated mature rat
assays can alternatively be conducted in a growth restora-
tion model by delaying the administration of androgens
after castration. Synthetic androgens, such as 1, demon-
strate significantly higher selectivity in a restoration mod-
el compared to this maintenance model.20 This suggests

the possibility that 18h could potentially see selectivity
enhancement if conducted in the restoration mode.


We have described a series of orally-active, nonsteroidal
androgen receptor modulators based on an 8H-[1,4]-
oxazino[2,3-f]quinolin-8-one scaffold. These compounds
exhibit good potency in vitro, and compound 18h has a
favorable profile compared to T in an adult castrated
rat in vivo model that measures androgen action, and
hence can be regarded as a SARM.
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Abstract—A new cyclic heptapeptide, cyclonatsudamine A (1), cyclo (-Gly-Tyr-Leu-Leu-Pro-Pro-Ser-), has been isolated from the
peels of Citrus natsudaidai and the structure was elucidated by 2D NMR analysis and chemical degradation. Cyclonatsudamine A
(1) relaxed norepinephrine-induced contractions of rat aorta, which may be mediated through the increased release of NO from
endothelial cells.
� 2007 Elsevier Ltd. All rights reserved.

The vasodilators are useful for treatment of cerebral
vasospasm and hypertension, and for improvement of
peripheral circulation. Several endothelium-dependent
vasodilators, such as bradykinin, acetylcholine, and his-
tamine, have been reported to elevate Ca2+ levels in
endothelial cells and activate NO release, leading to
vasorelaxation.1 On the other hand, contractile response
in smooth muscle is caused by an influx of Ca2+ through
voltage-dependent Ca2+-channels (VDC) and/or receptor-
operated Ca2+-channels (ROC).2 The endothelium-inde-
pendent vasodilators, such as nicardipine, niphedipine,
dirtiazem, and verapamil, have been reported to
inhibit VDC and led to an decrease in the intracellular
Ca2+ concentration in smooth muscle, leading to
vasorelaxation.2


Recently, we have reported that cyclic peptides such
as cyclosquamosin B from Annona squamosa,3 dichot-
omin J from Stellaria dichotoma var. lanceolata,4 and
cycloleonuripeptide F from Leonurus heterophyllus5


showed vasorelaxant activities. During our search
for bioactive compounds targeting aortic smooth
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muscle from medicinal plants, we found that the
extract from the peels of Citrus natsudaidai (Ruta-
ceae) showed a vasorelaxant effect on rat aorta.
Our efforts at identifying new vasodilators resulted
in the isolation of a new cyclic heptapeptide,
cyclonatsudamine A (1). This paper describes the
isolation, structure elucidation, and conformational
analysis of cyclonatsudamine A (1) by spectroscopic
data and chemical means as well as its vasodilator
effect on rat aorta.
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The peels of C. natsudaidai were extracted with MeOH,
and the MeOH extract was in turn partitioned with
CHCl3 and H2O. Chromatographic purification of the
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Figure 1. Selected 2D NMR correlations of cyclonatsudamine A (1) in


pyridine-d5.


Table 1. 1H (800 MHz) and 13C (201 MHz) NMR data for cyclonat-


sudamine A in pyridine-d5


Position dH (int.; mult.; J (Hz)) dC


Gly1


a 3.93 (1H, dd, 3.6, 17.6) 42.7


4.38 (1H, dd, 6.0, 17.6)


C@O 171.3


NH 8.27 (1H, br s)


Tyr2


a 4.74 (1H, ddd, 5.8, 7.2, 7.8) 58.4


b 3.22 (1H, dd, 7.2, 14.0) 36.8


3.34 (1H, dd, 7.8, 14.0)


c 127.4


d 7.23 (2H, d, 8.2) 130.8


e 7.07 (2H, d, 8.2) 116.2


f 157.9


C@O 172.6


NH 9.58 (1H, d, 5.8)


Leu3


a 4.63 (1H, m) 54.1


b 2.02 (1H, m) 39.6


2.10 (1H, m)


c 1.62 (1H, m) 24.8


d 0.79 (3H, d, 6.4) 23.4


0.85 (3H, d, 6.9) 21.0


C@O 172.6


NH 9.34 (1H, d, 7.3)


Leu4


a 5.17 (1H, ddd, 7.8, 7.8, 7.8) 49.9


b 1.77 (1H, m) 41.7


2.02 (1H, m)


c 1.92 (1H, m) 24.9


d 0.89 (3H, d, 6.9) 23.1


0.93 (3H, d, 6.9) 22.7


C@O 170.4


NH 7.87 (1H, d, 7.8)


Pro5


a 4.95 (1H, dd, 4.6, 8.2) 59.9


b 1.84 (1H, m) 28.7


2.11 (1H, m)


c 1.77 (1H, m) 25.2


2.02 (1H, m)


d 3.82 (2H, m) 47.8


C@O 171.2


Pro6


a 4.83 (1H, d, 8.7) 61.7


b 2.04 (1H, m) 32.0


2.57 (1H, dd, 5.9, 11.9)


c 1.60 (1H, m) 22.3


1.79 (1H, m)


d 3.49 (1H, dd, 9.1, 10.1) 47.1


3.55 (1H, m)


C@O 172.7


Ser7


a 5.22 (1H, m) 58.8


b 4.47 (1H, dd, 4.2, 10.8) 62.5


4.57 (1H, dd, 7.4, 10.8)


C@O 170.9


NH 9.06 (1H, d, 7.8)

CHCl3 soluble fraction showing orange spots by TLC
Dragendorff reagent resulted in the isolation of a new
cyclic peptide, cyclonatsudamine A (1, 0.008% yield), to-
gether with a known cyclic hexapeptide, cyclo (-Gly-
Leu-Val-Leu-Pro-Ser-) (2).6


Cyclonatsudamine A (1), colorless solid, [a�20


D �93 (c
0.3, MeOH), showed molecular formula, C36H53N7O9,
which was determined by HRESIMS [m/z 728.3950,
(M+H)+, D �3.3 ml], indicating 14 degrees of unsatu-
ration in the molecule. The IR absorption bands were
characteristic of amino (3309 cm�1) and amide car-
bonyl (1653 cm�1) groups. Amino acid analysis of 1

Figure 2. Stable conformation with selected NOESY correlations of


cyclonatsudamine A (1).







Figure 3. Typical recording of the relaxation effect of cyclonatsudamine A (1, 10�4 M) on aortic rings precontracted with 3 · 10�7 M norepinephrine


(NE) with endothelium (+E) and without endothelium (�E).
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showed it to consist of Leu · 2, Pro · 2, Gly, Ser, and
Tyr, all of which proved to be LL-amino acids by Mar-
fey’s derivatization, followed by HPLC analysis.7 The
UV absorption (e 1400) at 278 nm of 1 also supported
the Tyr residue. In the NMR spectra, five amide pro-
ton signals and seven amide carbonyl signals corre-
sponding to the above seven amino acids were
observed. Because the two proline-containing hepta-
peptide structure with one Tyr residue satisfies the 13
degrees of unsaturation, the remaining unsaturation is
explained by a cyclic structure. Complete assignments
for the 1H and 13C NMR signals in pyridine-d5 were
accomplished using a combination of 2D NMR exper-
iments in an 800 MHz NMR machine, such as 1H–1H
COSY, HOHAHA, HMQC, and HMBC spectra
(Table 1).


The sequence of the seven amino acids was elucidated
by detailed analysis of HMBC correlations as well as
NOESY correlations as shown in Figure 1. Partial
units A (Gly-Tyr-Leu) and B (Pro-Ser) were eluci-
dated by HMBC correlations for each Ha and the
next NH to the amide carbonyl carbon. Connection
between units A and B was assigned by NOESY cor-
relation between Gly1-NH and Ser7-Ha. Connection
of Pro5-Pro6 sequence and its cis geometry between
Pro5 and Pro6 could be deduced by the combination
of the strong NOE correlation between Ha in Pro5


and Ha in Pro6, the 13C chemical shifts (dC 31.9
and 22.2) of b and c positions in Pro6 residue,8 and
the occurrence of a doublet signal of Ha in Pro6.9


The remaining Leu4 residue and cyclic peptide nature
were analyzed by the NOESY correlation between
Leu3-NH and Leu4-NH, and between Leu4-Ha and
Pro5-Hd and revealed the whole sequence of cyclonat-
sudamine A (1) to be cyclo (-Gly-Tyr-Leu-Leu-Pro-
Pro-Ser-) (Fig. 1).


Conformation of cyclic peptides has been intensively
studied, because their biological activities are known
to be closely related to their conformational states.
We have reported the conformations of a series of
cyclic heptapeptides such as yunnanin A10 and pseu-
dostellarin D11 in order to clarify the relationship
between their conformations and their biological
activities.

Monte Carlo conformational search was conducted by
using the Monte Carlo (MC/MM) search. After the
conformational search, each of the resulting conforma-
tions was subjected to the energy-minimization calcula-
tion using AMBER94 force field and one of the
minimum-energy conformers is shown in Figure 2.
The results showed that the molecule had two b-turns
incorporating a classical b-bulge motif with a cis amide
bond. There is a weak intramolecular hydrogen bond
between Gly1–NH and Pro5–CO of a type 5! 1 found
in cycloleonuripeptide D12 and [Phe4, Val6]antama-
nide.13 The detailed conformation around this 5! 1
hydrogen bond is shown in Figure 2 and the con-
formational angles around three related residues,
Pro-Pro-Ser, are almost the same as those in cycloleo-
nuripeptide D.12 These conformational characteristics
of cyclonatsudamine A (1) may be favorable and
common features for heptapeptides consisting of all LL


amino acids such as in evolidine,13 hymenamide,14


and phakellistatin,15 which may be related to the bio-
logical activity.


After achieving a maximal response to thoracic aor-
tic rings with endothelium by NE (3 · 10�7 M), cycl-
onatsudamine A (1) showed vasorelaxant action at
10�4 M (Fig. 3), whereas the known cyclic peptide,
2, did not.16 The vasorelaxant activity of cyclonat-
sudamine A (1) was observed in a concentration-
dependent manner (10�4 M, 80% relaxation; 3 ·
10�7 M, 46% relaxation) and did not cause vascular
relaxation in endothelium-denuded aortic tissues.
Treatment with NG-monomethyl-LL-arginine (L-NAME,
10�4 M), an inhibitor of nitric oxide (NO) synthase,
also inhibited cyclonatsudamine A-induced vaso-
relaxation. The vasodilator effect of 1 may be med-
iated through the increased release of NO from
endothelial cells.
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Abstract—A new series of 10-substituted 5,5-dioxo-5,10-dihydro[1,2,4]triazolo[1,5-b]-[1,2,4]benzothiadiazine arylsulfonamide deriv-
atives (10a–j and 13a–f) was synthesized. The structures of these compounds were confirmed on the basis of spectral data, elemental
analysis, X-ray analysis, and quantum chemical calculations. These compounds were evaluated for their efficacy as antibacterial
agents against various Gram-positive and Gram-negative strains of bacteria. Amongst these compounds 10f and 10i were the most
active compounds against Escherichia coli and 13e against E. coli as well as Bacillus subtilis. Moreover, other compounds also
showed potent inhibitory activity in comparison to the standard drugs.
� 2007 Elsevier Ltd. All rights reserved.

The demand for novel chemotherapeutic antibacterial
agents remains attractive in the field of medicinal chem-
istry. After many years of extensive studies on the struc-
tural modification of known antibacterial scaffolds, it is
increasingly becoming difficult to deliver new leads. The
focus of such antibacterials’ research has, therefore,
moved to the identification of novel chemical classes
of bacterial targets. In fact, in the past 40 years only
two new chemical classes of antibiotics, oxazolidinone
(linezolid)1 and the lipopeptide (daptomycin),2 have
been introduced to the market and existing antibiotics
are directed at a small number of targets, mainly cell
wall, DNA, and protein biosynthesis.


The sulfonamide group is considered as a pharmaco-
phore which is present in a number of biologically active
molecules, particularly in antimicrobial agents.3–5 In
addition, numerous sulfonamide derivatives have been
reported as carbonic anhydrase inhibitors,6 anticancer-
ous,7 and anti-inflammatory agents.8 The discovery of
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sulfonamides as antibacterial agents in the early 1930s
was the beginning of one of the most fascinating areas
of chemotherapeutic agents and once used successfully
in the treatment of a variety of bacterial infections.
However, the rapid emergence of sulfonamide resistance
organisms and the development of more potent drugs
have limited their clinical use. Some organisms are resis-
tant to all approved antibiotics and can only be treated
with experimental and potentially toxic drugs. For these
reasons, there is an overwhelming need to develop more
effective antibacterial agents to treat infections caused
by antibiotic resistant bacterial pathogens.


Sulfonamides exert their effect by targeting on dihydro-
pteroate synthase (DHPS) enzyme, which catalyzes folic
acid pathway in bacteria and some eukaryotic cells,9 but
it is not present in human cells.10 This is the basis for the
selective effect of sulfonamides on bacteria and for their
broad spectrum of antibacterial activity. 4H-1,2,4-Ben-
zothiadiazine 1,1-dioxides can be considered as cyclic
sulfonamide class of molecules and have been exten-
sively studied as potassium channel openers, for exam-
ple, diazoxide.11 Moreover, these compounds have
exhibited marked inhibitory activity12 against Gram-po-
sitive bacteria and recently we have investigated this
structural core for its anti-Mycobacterium activity.13
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On the basis of these findings and in continuation of our
search on 1,2,4-benzothiadiazine derivatives with poten-
tial biological activity, we have synthesized14 new mole-
cules based on 1,2,4-benzothiadiazine 1,1-dioxide ring
system by incorporating arylsulfonamide functionality.
The arylsulfonamide structural motif is well known for
exhibiting antibacterial activity.15–20 This article de-
scribes the synthesis and antibacterial activity of some
novel triazolobenzothiadiazine linked arylsulfonamides
(10a–j and 13a–f). The structure of these molecules has
been confirmed by X-crystallography and the rearrange-
ment of the ring is explained on the basis of relative
energies and proton affinities. Almost all compounds
showed promising antibacterial activity against Gram-
positive and Gram-negative bacterial strains.


The preparation of the starting materials, 3-hydrazino-
4-methyl/phenyl-4H-1,2,4-benzothiadiazine 1,1-dioxides
(6a and b), was accomplished by the synthetic sequences
as previously reported21 (Scheme 1). The synthesis of
triazolo fused benzothiadiazines (8a and b) was carried
out by refluxing 3-hydrazino-4-methyl/phenyl-4H-
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1,2,4-benzothiadiazine 1,1-dioxides (6a and b) and
isonipecotic acid (7) in phosphorus oxychloride.22 The
target sulfonamide linked triazolobenzothiadiazines
10a–j were obtained by the condensation of 8a and b
with substituted arylsulfonyl chlorides (9a–e) in pyridine23


(Scheme 1).


A probable mechanism22 of the reaction course is shown
in Scheme 2. Treatment of 3-hydrazino-4-methyl-4H-
1,2,4-benzothiadiazine 1,1-dioxide and isonipecotic acid
with POCl3 gives 3-(N 0-piperidinoyl)benzothiadiazine
hydrazide of type A, which undergoes chlorination to
give chloro derivative of type B. This undergoes intra-
molecular ring closure with evolution of HCl to give
triazolo[4,3-b][1,2,4]benzothiadiazine (C). Protonation
of triazole ring D in acidic condition to form a sulfonyl
chloride E by SO2–N bond cleavage takes place which in
turn cyclizes to more stable triazolo[1,5-b][1,2,4]benzo-
thiadiazines (8a and b) with minimization of potential
energies. Structures of the compounds 8a and b, and
final products 10a–j (Scheme 1) were confirmed by
the elemental analysis, IR, 1H, 13C NMR, and mass
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spectrometry. However, the spectroscopic data did not
allow straightforward discrimination between expected
benzo[e][1,2,4]triazolo[4,3-b][1,2,4]thiadiazines’ C struc-
ture and the alternative benzo[e][1,2,4]triazolo[1,5-
b][1,2,4]thiadiazines 8a and b (Scheme 1). Therefore,
X-ray crystallography24 was undertaken on representa-
tive compound 10b to investigate further discrete struc-
tural aspects of this compound. The compound 10b was
subjected to single-crystal X-ray analysis to prove the
alternative benzo[e][1,2,4]triazolo[1,5-b][1,2,4]thiadiazines
8a and b (Fig. 1 and Scheme 1). Crystal of compound
10b was grown by slow evaporation from a mixture of
solvents, that is, methanol, chloroform, and diisopropy-
lether (2:3:1).


Similarly, 3-(N 0-arylsulfonyl)triazolobenzothiadiazine
derivatives (13a–f) were obtained by the reaction of

Figure 1. ORTEP view showing the atom-labeling scheme with


thermal ellipsoids drawn at 30% probability for compound 10b.

the compounds 6a and b and p-amino benzoic acid
(11) by refluxing in phosphorus oxychloride followed
by the condensation of 12a and b with arylsulfonyl chlo-
rides (9a–e) in pyridine (Scheme 3).


Quantum chemical calculations were employed to cor-
roborate the observed experimental results. A two-mod-
el system was studied to explain the preferential
formation of the structure 8a over C (Fig. 2). All the cal-
culations were carried out by using the Gaussian 03 pro-
gram package.25 Geometry optimization and frequency
calculations were performed on all the structures consid-
ered at B3LYP/6-31G* level. Further, the proton affini-
ties were also calculated at the same level of theory.


Both these structures (8a and C) were found to be
minima on the potential energy surface. The calculated
relative energies are given in parentheses. Based on the
calculated relative energies it was observed that 8a is
more stable than C and these energy values are shown
in Figure 2. Highest occupied molecular orbital and
lowest unoccupied molecular orbital gap for 8a is
4.44 eV and C is 4.35 eV. This is evident as the
HOMO–LUMO difference is higher, stability of the
molecule is considered as higher. Furthermore, in order
to explain the reactivity of these molecules a gas-phase
proton affinity (PA) has been calculated for the follow-
ing reaction:


B + Hþ � BHþ


where B is the base form and BH+ is the protonated
form. The PAs were calculated by using the equation
given below.
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PA =�DH = DEtot + DZPE + 5/2 RT


where DH is the enthalpy change of the protonation
reaction, Etot is the electron energy at 0 K, ZPE is the
zero point correction energy, R is the molar gas con-
stant, and T is the absolute temperature in Kelvin.


In the case of 8a, proton additions at the N2 and N4
positions gave proton affinities 240.6 and 238.0 kcal/
mol, respectively, whereas in case of C, proton addition
at the N4 and N3 positions gave proton affinities 248.1
and 252.1 kcal/mol, respectively. These proton affinity
results depict that the proton addition takes place pref-
erably in C. These results also indicate that the ring rear-
rangement takes place in structure C. Moreover, overall
results of quantum chemical calculations are in accor-
dance with the experimental observations and confirm
that the combined relative energies and proton affinities
provide rationale for the observed rearrangement that
takes place in this reaction.


The antibacterial activity of the synthesized compounds
(10a–j and 13a–f) was tested by disk diffusion meth-
od26,27 against various Gram-positive and Gram-nega-

tive bacterial strains of Escherichia coli MTCC
448, Pseudomonas aeruginosa MTCC 424, Klebsiella
pneumoniae MTCC 618, Staphylococcus epidermidis
MTCC 435, Bacillus subtilis MTCC 441, and Vibrio species.
The antibacterial activity was compared with those of
some standard antibacterial agents like sulfanilamide
and sulfadiazine. From the results in Table 1, most of
the compounds showed broad spectrum of inhibitory
activity against bacterial strains. Compounds 10f, 10i,
and 13e were found to be the most active against
E. coli (MIC 8 lg/disk); however, these compounds
showed comparable activity with sulfadiazine against
other organisms. Similarly, compounds 13a, 13d, and
13e were very effective against B. subtilis. All these com-
pounds displayed more potent inhibitory activity than
the standard drugs against K. Pneumoniae. Overall,
good to improved antibacterial activity was observed
for most of the compounds against all the bacterial
strains used in the study and their MIC ranged from
16 to 64 lg/disk in comparison to the controls.


In summary, the synthesis and screening of antibacte-
rial activity for a novel series of 10-substituted
5,5-dioxo[1,24,]triazolo[1,5-b][1,2,4]benzothiadiazine







Table 1. Antibacterial activity of compounds of [1,2,4]triazolo[1,5-b]-benzothiadiazine arylsulfonamide derivatives (10a–j and 13a–f)


Compound MIC (lg/disk)


E. colia P. aeruginosaa K. pneumoniaea S. epidermidisb B. subtilisb Vibrio spsa


10a 16 16 32 32 16 32


10b 16 32 32 32 16 16


10c 16 32 32 32 16 32


10d 16 32 32 32 16 16


10e 16 32 16 32 16 32


10f 8 64 32 32 16 32


10g 16 64 16 16 16 32


10h 16 32 16 32 32 32


10i 8 32 32 32 32 16


10j 16 64 64 32 16 32


13a 16 32 32 32 8 32


13b 16 32 64 16 16 32


13c 16 16 32 32 16 32


13d 16 32 32 32 8 32


13e 8 32 16 32 8 32


13f 16 32 32 32 16 32


SA >128 >512 >64 >512 >128 >512


SZ 16 32 >64 32 16 16


a Gram-negative.
b Gram-positive; SA, sulfanilamide; SZ, sulfadiazine.
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arylsulfonamide derivatives was investigated. Moreover,
rearrangement of the fused triazolobenzothiadiazine
was studied by using X-ray crystallography and quantum
chemical calculations. Compounds 10f, 10i, and 13e were
found to be the most active against E. coli and 13a, 13d,
and 13e against B. subtilis. Almost all the compounds
have shown significant antibacterial activity in compari-
son to the controls. Therefore, such compounds would
represent a fruitful matrix for the development of a new
class of antibacterial agents using triazolobenzothiadi-
azine arylsulfonamides as a promising scaffold for further
investigations.
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Abstract—A novel series of arylsulfonamides was prepared either by automated parallel or by traditional solution-phase synthesis.
Several members of this compound library were identified as high-affinity dopamine D3 and D2 receptor ligands. The most inter-
esting representative, compound 2, showed potent antipsychotic behaviour coupled with a beneficial cognitive and EPS profile.
� 2007 Elsevier Ltd. All rights reserved.

An increasing body of clinical evidence supports the no-
tion that multiple ligands may be more efficacious than
strictly selective agents, particularly in the treatment of
CNS disorders.1 We decided to utilize this approach in
our antipsychotic research. Our quest was based on three
interrelated hypotheses: (1) that dopamine D2 antago-
nism is required for antipsychotic activity; (2) that dopa-
mine D3 antagonism may carry favourable effects such as
cognitive enhancement and lack of catalepsy; and (3) in
order to achieve a simultaneous in vivo manifestation of
D2 and D3 antagonism compounds should have a higher
affinity to D3 than to D2 receptors.
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Surveying the literature for drug-like and potent dopa-
mine D3 receptor ligands we identified SB-2770112 as
a promising starting point and an analogue (1) prepared
by us was subsequently chosen as a lead compound
(affinities to rat dopamine D3 and D2 receptors as well
as the rat bioavailability were measured in our laborato-
ries).3–5
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After having prepared a few dozen analogues by tra-
ditional solution-phase synthesis (as depicted in
Scheme 1) 32 representatives were evaluated in a
3D-QSAR study using CoMFA based on their affini-
ties to D3 receptors (see Supporting Information).
The underlying principle for the selection was that
the affinity values should cover as wide a range as
possible. All computations were performed using Syb-
yl 6.8 molecular modeling software (Tripos Inc.).6 The
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Scheme 1. Reagents: (i) cyclic amine/NaBH(OAc)3/CH2Cl2; (ii) 1—HCl/EtOAc; 2—QSO2Cl/TEA/CH2Cl2.
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molecules were superimposed based on a pharmaco-
phore model built with the help of DISCO technique
(see Fig. 1). The predictivity of the model (shown in
Fig. 2) gave us the confidence to use this model for
predicting the D3 affinity for a 1288 membered virtual
library with the general formula A. This library was
created based on 28 aryl- and heteroarylsulfonylchlo-

Figure 1. Superposition of the structures of the training set.
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Figure 2. CoMFA of a series of sulfonamides. Predicted vs experi-


mental D3 affinity (�logIC50 ) of training and test set molecules.
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Scheme 2. Reagents: (i) trans-4-aminocyclohexylethanol/NaBH(OAc)3/CH2C


cyclic amine/KI/DMF; (v) TFA/CH2Cl2.

rides and 46 cyclic secondary amines like 4-aryl- and
4-benzylpiperazines, 4-aryl-, 4-benzyl-, 4-aryloxy- and
4-arylaminopiperidines.
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After CoMFA focussing and reactivity filtering a
288 membered focussed compound library was pre-
pared by automated solid-phase parallel synthesis
(Scheme 2).7


Of these compounds, 107 showed displacement higher
than 70% at the 5 nM screening concentration on rat
dopamine D3 receptor binding. From these derivatives
45 had Ki values between 1 and 5 nM while 41 had Ki


values lower than 1 nM. All compounds having high
affinity to D3 receptors (Ki < 10 nM) were subse-
quently tested in dopamine D2 binding experiments.
A selection of compounds having high affinity to D3
and somewhat lower affinity to D2 receptors is shown
in Table 1. The presented data indicate that a rela-
tively high variety of substituents is tolerated at both
termini of the molecules.


Several key compounds were selected for PK studies
and those with higher than 20% oral bioavailability
in rats were tested for in vivo antipsychotic activity
(inhibition of the apomorphine-induced climbing
behaviour in mice8 and conditioned avoidance re-
sponse in rats9). From these studies compound 210
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Table 1. Representatives of the 288 membered compound library
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Table 1 (continued)


Code Q1 Q2 D3-IC50 (nM) D2-IC50 (nM)


2n
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N N
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2p
S N


CF3


2.6 91
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was identified as the most promising candidate. This
compound was tested against 55 diverse molecular
targets in vitro (including adrenergic, glutamatergic,
serotonergic, histaminergic and cholinergic receptors)
and found to have a clean profile: it displayed high
affinity to D3 and moderate affinity to D2 dopamine
receptors only. In functional experiments (e.g.
[35S]GTPcS binding using membrane preparations
from CHO cells expressing either human D3 or
D2 receptors) 2 showed antagonist activity. In vivo
its antipsychotic activity is comparable to those of
known antipsychotics (Table 2). Extended evaluation
indicated that 2 had little propensity to induce cata-
lepsy11 and that it had a beneficial effect on learning
performance as measured in a water-labyrinth exper-
iment (Fig. 3).12

Table 2. Inhibition of CAR by compound 2 compared to the effect of


known antipsychotics


Compound CAR ED50, mg/kg po


Compound 2 11.6


Olanzapine 3.9


Aripiprazole 17.9
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Figure 3. Cognition enhancing effect of compound 2 at 5 mg/kg po


dose against diazepam in the water-labyrinth test.
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rD3-Ki: 0.4 nM; rD2-Ki: 24 nM; 


r%F: 55; brain tmax: 1 hour, Cmax: 921 ng/ml 
apomorphine ind. climbing ED50: 22 mg/kg (p.o.); 


inhib. of CAR ED50: 11.6 mg/kg (p.o.) 
catalepsy in rats: MED: > 200 mg/kg (p.o.) 


In summary, we have identified a new class of potent


dopamine D3/D2 ligands. The most interesting repre-
sentative of this series, compound 2, had good bioavail-
ability in rats and showed antipsychotic activity in two
in vivo models. We speculate that because of its favour-
able dopamine D3 and D2 affinities it did not cause cat-
alepsy at pharmacologically active doses, and elicited
significant cognition improvement in rats having diaze-
pam-induced memory impairment.
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found, in the online version, at doi:10.1016/j.bmcl.
2007.08.015.
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Gy. M.; Vágó, I.; Domány, Gy.; Kiss, B.; Gyertyán, I.;
Laszlovszky, I.; Laszy, J. PCT Int. Appl. WO 2003/
029233, 2003; Chem. Abstr. 2003, 138, 287701.


11. Catalepsy test: Thirty minutes after the treatment with the
different compounds male Wistar rats weighing 200–220 g
(n = 10/group) were placed in extraordinary position:
placing both forepaws of the rat on a 10 cm high podium.
Cut-off time for correction of body posture was 30 s. The
frequency of cataleptic animals was also determined at 1,
2, 3, 4 and 5 h after the treatment.


12. Water-labyrinth test: The learning process of rats was
assessed in a 3-choice point water-labyrinth system. The
number of directional turning errors was recorded in three
daily trials for three experimental days. Male Wistar rats
weighing 180–200 g (n = 10/groups) were treated orally
with vehicle or the test compounds 1 h before each daily
session. Diazepam (5 mg/kg ip) as amnestic agent was
injected 30 min prior to the first daily trial. Data were
analysed by three-way repeated measures ANOVA fol-
lowed by post hoc Duncan test.





		Novel sulfonamides having dual dopamine D2 and D3  receptor affinity show in blank vivo antipsychotic efficacy with  beneficial cognitive and EPS profile

		Supplementary data

		References and notes








Bioorganic & Medicinal Chemistry Letters


Summary of Instructions to Authors


Bioorganic & Medicinal Chemistry Letters publishes research results of


outstanding significance and timeliness in the fields of medicinal


chemistry, chemical biology, bioorganic chemistry, bioinorganic


chemistry, and related disciplines. Articles are in the form of com-


munications reporting experimental or theoretical results of special


interest. These notes are a summary of the full-length Guide for


Authors available at http://elsevier.com/locate/bmcl.


Submission of manuscripts


Authors should submit their manuscript to the appropriate regional


editor via the online submission page of this journal at http://


ees.elsevier.com/bmcl. The following items should be supplied:


• Manuscript. It is not necessary to embed graphics in the text, but if


you do so please note that separate graphic files will always be


required for proof production when a manuscript is accepted for


publication. Graphics should be submitted as separate, high-resolu-


tion artwork files. These will be automatically incorporated into


the single PDF that the system creates for review.


• Graphical abstract for the contents list (submitted as a separate


document).


• Cover letter highlighting the novelty, significance and urgency of the


submitted work that merits rapid publication and providing details


of other relevant information, e.g., submitted or in press manu-


scripts.


• List of potential referees (separate document).


The submission site automatically converts manuscript source files to a


single Adobe Acrobat PDF version of the article, which will be used in


the review process. A printed copy of the manuscript is not required.


All correspondence takes place by e-mail and via the Author’s


Homepage.


Manuscript preparation


Manuscripts must be written in English and should be compiled as


follows:


• Article length (including graphics) should not exceed four journal


pages (~700 words per page).


• Graphical Abstract (maximum 5 · 17 cm) should summarise the con-


tents of the paper in a concise, pictorial form and may include a


short text (maximum 30 words).


• Title and author names and affiliations


• Abstract should briefly state the purpose of the research, the princi-


pal results, and major conclusions.


• Main body of article. No section headings should be used, except for


‘Acknowledgments’ and ‘References and notes’.


• Acknowledgments


• References and notes. Authors should consult The ACS Style Guide;


2nd ed.; American Chemical Society: Washington, DC, 1997, for a


detailed listing of citation formats for journal papers, books, and


other publications. Journal titles should be abbreviated according


to the Chemical Abstracts Service Source Index (CASSI) 1907–


1999 Cumulative and its supplement. A list of abbreviations can also


be found at: http://elsevier.com/locate/bmcl (click on ‘Guide for


Authors’).


• Artwork. Figures and schemes must be provided in electronic for-


mat and at the actual size that they are to appear (single-column


width is 8.4 cm, double-column width is 17.7 cm). Tagged Image


File Format (TIFF) or Encapsulated PostScript (EPS) files are


preferred. Colour figures may be printed in the journal at no


charge to the author if the editor considers colour is necessary


to convey scientific information. Colour figures should be sup-


plied in electronic format as JPEG files (minimum 300 dots


per inch).


• Supplementary information. Authors can submit supplementary data


to support and enhance their Communication. These should be sup-


plied as separate electronic files and will be published online along-


side the electronic version of the article on ScienceDirect. Authors


may alternatively choose to submit supplementary information as


an aid to the referees only.


Journal conventions


X-ray crystallographic data. Prior to manuscript submission the author


should deposit crystallographic data structures with the Cambridge


Crystallographic Data Centre (http://www.ccdc.cam.ac.uk/).


Structural data. Atomic coordinates for structures of biological mac-


romolecules determined by X-ray, NMR, or other methods must be


deposited with the RCSB Protein Data Bank (PDB) prior to


publication. Deposition and release information is available at http://


deposit.pdb.org/depoinfo/depofaq.html.


GenBank/DNA sequence linking. In the final version of the electronic


copy, accession numbers in the text can be linked to the appropriate


source in the NCBI databases. Please refer to the full-length Guide for


Authors for details.


I








Bioorganic & Medicinal Chemistry Letters 17 (2007) 5384–5389

Design and synthesis of quinolin-2(1H)-one derivatives
as potent CDK5 inhibitors


Wenge Zhong,a,* Hu Liu,a,� Matthew R. Kaller,a Charles Henley,b Ella Magal,b


Thomas Nguyen,a Timothy D. Osslund,a David Powers,a Robert M. Rzasa,a


Hui-Ling Wang,a Weiya Wang,b Xiaoling Xiong,a


Jiandong Zhanga and Mark H. Normana


aChemistry Research and Discovery, Amgen Inc., One Amgen Center Drive, Thousand Oaks, CA 91320, USA
bDepartment of Neuroscience, Amgen Inc., One Amgen Center Drive, Thousand Oaks, CA 91320, USA


Received 5 June 2007; revised 28 July 2007; accepted 30 July 2007


Available online 6 August 2007

Abstract—Cyclin-dependent kinase 5 (CDK5) is a serine/threonine protein kinase and its deregulation is implicated in a number of
neurodegenerative disorders such as Alzheimer’s disease, amyotrophic lateral sclerosis, and ischemic stroke. Using active site homol-
ogy modeling between CDK5 and CDK2, we explored several different chemical series of potent CDK5 inhibitors. In this report, we
describe the design, synthesis, and CDK5 inhibitory activities of quinolin-2(1H)-one derivatives.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. CDK5 inhibitors.

Cyclin-dependent kinase 5 (CDK5) is a serine/threonine
protein kinase believed to play a critical role in the early
development of the central nervous system.1,2 It has no
known involvement in cell cycle progression, but it is
shown to be involved in cellular processes such as neuronal
differentiation,3 cell adhesion,4 and axonal guidance.5


Recently, a large body of evidence suggests that deregu-
lation of CDK5 is implicated in the pathology of a num-
ber of neurodegenerative disorders.6–8 As a
consequence, CDK5 inhibitors are of potential thera-
peutic uses for diseases such as Alzheimer’s disease,6


Parkinson’s disease,7 amyotrophic lateral sclerosis,8


and ischemic stroke.9 Several different classes of
CDK5 inhibitors have recently appeared in the
literature.10


From high throughput screening efforts, we identified a
series of acyclic thiazolo-urea compounds as potent
CDK2 and CDK5 inhibitors.11,12 Based on the co-crys-
tal structure of CDK2 and acyclic urea 1 (Fig. 1, CDK2
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IC50 = 4.6 nM; CDK5 IC50 = 15 nM), we developed an
active site homology model of CDK5 for further explo-
ration and optimization of potent CDK5 inhibitors.13


To mimic the intramolecular hydrogen bond between
N1 and N3–H in urea 1, which was believed to help
pre-organize the inhibitor to a U-shaped binding con-
formation, we investigated ring-constrained CDK5
inhibitors (Fig. 1). We recently described a series of
3,4-dihydro-1H-quinazolin-2-ones that showed potent
CDK5 inhibitory activities (2, CDK5 IC50 = 79 nM).13


To extend our investigations of ring-constrained sys-
tems, we examined the analogous quinolin-2(1H)-one
derivatives. We proposed that quinolin-2(1H)-one deriv-
atives such as 3 should overlay ideally with the core
structures of the 3,4-dihydro-1H-quinazolin-2-ones and
the same donor–acceptor hydrogen bond pattern for
binding would project to the linker residues of the
CDK5 active site. Herein we report the design, synthesis,
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and CDK5 inhibitory activities of the quinolin-2(1H)-
one derivatives.


A general synthesis of the quinolin-2(1H)-one deriva-
tives is outlined in Scheme 1. Treatment of commercially
available thioisonicotinamide 4 with chloroacetoacetate
in refluxing MeOH provided methyl 2-(2-(pyridin-4-
yl)thiazol-4-yl)acetate 5.14 Alkylation of 5 with appro-
priately substituted o-nitro benzylbromides 6 afforded
intermediates 7. Subsequent reductive cyclization of 7
with Fe/NH4Cl in refluxing aqueous EtOH furnished
3,4-dihydro-quinolin-2(1H)-ones 8 in good overall
yield.15 Treatment of 8 with NBS/AIBN in CCl4 at
85 �C proceeded smoothly to provide quinolin-2(1H)-
one derivatives 3, 9a and b, or 9d–f.16 For analogs 9c,
the synthesis was completed with ester hydrolysis using
lithium hydroxide in aqueous MeOH and amide forma-
tion using standard EDCI–HOAt coupling conditions.


An alternative method for synthesizing derivatives
bearing substituents at the 4-position of the quinolin-
2(1H)-one core was employed. As shown in Scheme 2,
compound 5 was hydrolyzed to provide the correspond-
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ing acid 10, which was coupled to o-substituted anilines
11 using EDCI–HOAt to afford key intermediates 12.
Treatment of 12 with strong bases such as KOtBu or
LiHMDS led to the formation of the 4-substituted quin-
olin-2(1H)-one derivatives 13a–g.17


To prepare a wide range of analogs that were intended
to replace the pyrid-4-yl group of 3, a flexible three-step
parallel synthesis strategy based on thiazole ring forma-
tion was developed (Scheme 3). Using this method, read-
ily available 2-aminobenzaldehydes 14 were reacted with
diketene to provide 3-acetyl-quinolin-2(1H)-ones 15 in
good yield.18 Treatment of 15 with 5,5-dibromobarbitu-
ric acid (0.55 equiv) in refluxing THF afforded the versa-
tile intermediate 3-bromoacetyl-quinolin-2(1H)-ones 16,
which precipitated out upon cooling of the reaction mix-
ture.19 In the final step, thiazole formation of 16 with a
variety of thioamides in MeOH furnished quinolin-
2(1H)-one derivatives 17a–p.14 In most cases the final
products precipitated from the reaction mixtures and
simple filtration was sufficient for obtaining final prod-
ucts with >95% purity. It should be noted that this
chemistry was also applied to the synthesis of inhibitors
9g–i, wherein two sequential steps of ester hydrolysis
and amide formation were followed.


The derivatives prepared in this study were evaluated for
their ability to inhibit purified human CDK5. Com-
pounds were screened in an HTRF human CDK5/p25
assay that was run in the presence of 25 lM ATP and
1 lM histone-H1. The IC50 values were determined from
dose–response curves and are reported in Tables 1–4 as
the average of two replications (unless otherwise
indicated).


To validate the quinolin-2(1H)-one as a viable alterna-
tive core to the 3,4-dihydro-1H-quinazolin-2-one, we
prepared compound 3 and found it to be a potent
CDK5 inhibitor (IC50 = 54 nM). With this encouraging
result, we started our investigation by systematically
introducing various modifications at the 5-, 6-, and 7-
positions of the quinolin-2(1H)-one core. Table 1 high-
lights the findings. At the 5-position, an ester group
was well tolerated (9a, IC50 = 33 nM), but a carboxyl
group was detrimental to activity (9b, IC50 > 10 lM).
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Table 1. SAR of substituted 3-(2-pyridin-4-yl-thiazol-4-yl)quinolin-


2(1H)-ones


N
S


N


N O


H


R5


R7


R6


Compound R5 R6 R7 CDK5/p25


(IC50; nM)a


3 H H H 54 ± 33


9a CO2Me H H 33 ± 25


9b CO2H H H >10,000


9c N


O


H H 480 ± 100


9d H F H 110 ± 69


9e H Cl H 11 ± 7.0


9f H H CF3 6.3b


9g H H N


O


N 8.3b


9h H H N


O


N


4.4 ± 0.7


9i H H N


O


2.7b


a At least two independent experiments were performed for each


compound to determine the IC50 values.
b One experiment was performed to determine the IC50 value.


Table 2. SAR of substituted 3-(2-pyridin-4-yl-thiazol-4-yl)quinolin-


2(1H)-ones


N
S


N


N O


H


R6


R4


Compound R4 R6 CDK5/p25 (IC50; nM)a


3 H H 54 ± 33


13a OH H 160 ± 98


13b H 470 ± 220


13c CH3 H 2800 ± 1500


13d NH2 H 11 ± 7.0


13e NH2 Cl 3.8b


13f NH2
N 250 ± 210


13g NH2
N


N
120 ± 36


a At least two independent experiments were performed for each


compound to determine the IC50 values.
b One experiment was performed to determine the IC50 value.


Table 3. SAR of pyridin-4-yl replaced thiazol-4-yl-quinolin-2(1H)-


ones


H
N O


N
S


R


Compound R CDK5/p25 (IC50; nM)a


3
N


54 ± 33


17a 1400 ± 81


17b
S


410 ± 190


17c
N


50 ± 26


17d


Cl


>10,000b


17e
Cl


>10,000b


17f
Cl


>10,000b


17g
NH2


170 ± 77 nM


17h
OH


24 ± 15


17i
O


>10,000b


a At least two independent experiments were performed for each


compound to determine the IC50 values.
b One experiment was performed to determine the IC50 value.
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Tertiary amido groups were then incorporated at this
position. It had been established earlier that such amido
groups at the corresponding position in the acyclic urea
series were beneficial for activities (data not shown).
Surprisingly, we did not observe a similar SAR trend
in the quinolin-2(1H)-one series. The best of these amido
analogs, a diethylamido derivative 9c, was only moder-
ately active (IC50 = 480 nM). While the 6-fluoro analog
9d was slightly less active than compound 3, the 6-chloro
analog 9e was about 5-fold more potent (IC50 = 11 nM).
As in the 3,4-dihydro-1H-quinazolin-2-one series, the 7-
position was found to be the most permissive to modifi-
cations.13 For example, introduction of a CF3 group (9f)
increased the potency by approximately 9-fold. In con-
trast to the SAR trend observed at the 5-position, a vari-
ety of analogs containing tertiary amido groups at this
position were among the most potent CDK5 inhibitors
in this series with IC50 values ranging from 2.7 to
8.3 nM (9g–i). This was not very surprising since the
CDK5 active site homology model suggested that the







Table 4. SAR of pyridin-4-yl replaced thiazol-4-yl-quinolin-2(1H)-one


arylsulfone derivatives
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120 ± 47


a At least two independent experiments were performed for each


compound to determine the IC50 values.
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7-position is close to a solvent exposed area from the ac-
tive site and should be more tolerant to substitutions.


Table 2 summarizes the results from the 4-substituted
quinolin-2(1H)-one derivatives. In comparison to com-
pound 3, substitution with a hydroxyl, phenyl, or methyl
group at this position provided inhibitors 13a, 13b, and
13c that were 3-, 9-, and 55-fold less active, respectively.
However, an amino group at this position provided
superior CDK5 activity. Compound 13d was about 5-
fold more potent than compound 3. With the 4-amino
group in place, additional substituents were amended
at the 6-position. While small electron-withdrawing
group such as chloro resulted in an additional 3-fold in-
crease in potency over 13d, large electron-donating
groups such as 1-piperidinyl or 4-methyl-1-piperizinyl
groups resulted in a 10- to 20-fold decrease in activity
(13e–g).


In the 3,4-dihydro-1H-quinazolin-2-one series, we had
shown that the pyrid-4-yl group was optimal for enzyme
activity.13 In the homology model, it was believed that
the pyrid-4-yl group is engaged in a hydrogen bond net-
work involving a salt bridge formed by two highly con-
served residues Lys33 and Asp144. However,
considering the potential Cyp P450 inhibitory liabilities
frequently associated with pyridyl-containing com-
pounds,20 we investigated replacements for this group.

Facilitated by a three-step parallel synthetic strategy,
we were able to readily access the desired analogs.


Table 3 summarizes the CDK5 inhibitory activities of
selected compounds with alternatives to the pyrid-4-yl
group. Not surprisingly, replacement of the pyrid-4-yl
group with a phenyl group resulted in a significant de-
crease of activity (17a, IC50 = 1400 nM). This may be
attributed to the loss of the ability to interact with the
salt bridge formed between Lys33 and Asp144. Consis-
tent with this observation, the thien-3-yl analog 17b also
exhibited an 8-fold decrease in activity. However, the
pyrid-3-yl analog 17c was equipotent as compound 3,
despite the less than optimal positioning of the 3-N
atom for simultaneous interactions with both Lys33
and Asp144 in the homology model. We attempted to
improve potency of 17a by introducing substituents
onto the phenyl ring. Substitution scanning with chloro
at the 2-, 3-, or 4-position of the phenyl ring of 17a pro-
vided inhibitors with additional loss of activity (17d–f,
Table 3), suggesting unfavorable van der Waals interac-
tions between this portion of the inhibitor and the active
site of CDK5. However, a closer examination of the
homology model revealed that the Lys33–Asp144 salt
bridge was at the edge toward a solvent exposed area.
We reasoned that certain hydrophilic substituents at
the 4-position of the phenyl ring may be tolerated. In-
deed, we found that introduction of an amino or a hy-
droxyl group at the 4-position afforded potent
inhibitors 17g and 17h, with the latter being 2-fold more
potent than compound 3. The observed potency
increases may be attributed to the favorable interactions
of the amino or the hydroxy group with the
Lys33–Asp144 salt bridge. The hydrogen donor abilities
of these groups appeared to be important, as the 4-meth-
oxy derivative 17i was >400-fold less active than 17h.


In order to probe different potential binding interactions
at the CDK5 active site, we explored other structurally
diverse pyrid-4-yl alternatives. We discovered an inter-
esting series of quinolin-2(1H)-one arylsulfone deriva-
tives as potent CDK5 inhibitors (Table 4). For
example, arylsulfone derivatives 17j, 17k, and 17l exhib-
ited potencies of 29, 10, and 2.1 nM, respectively. The
aryl ring was found to be sensitive to modifications as
seen with the introduction of chloro at the 4-position
of the phenyl ring of 17j leading to >8-fold decrease in
activity (17m, IC50 = 240 nM). Attempts to replace the
aryl rings with simple alkyl groups were unsuccessful.
While the methylsulfone derivative 17n retained moder-
ate potency, the tert-butylsulfone analog 17o was >240-
fold less active. Finally, we determined that the sulfone
moiety was important for activity. As shown in Table 3,
the corresponding mono-sulfoxide analog of 17j dis-
played an IC50 of 1100 nM ((±)-17p).


To better understand the binding mode of the quino-
lin-2(1H)-one arylsulfone inhibitors, we chose 17j as a
representative example and modeled it in the CDK5
active site.21 In the model illustrated in Figure 2, the
inhibitor binds in a J-shaped conformation whereby
the quinolin-2(1H)-one core forms two key hydrogen
bonds to Cys83 in the linker. Consistent with the







Figure 2. Binding model of compound 17j in the active site of CDK5.


Proposed H-bonding network is shown in green. Carbon atoms of


compound 17j are shown in green, carbon atoms of active site residues


in brown, nitrogen atoms in blue, oxygen in red, and sulfur in yellow.
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3,4-dihydro-1H-quinazolin-2-one series, and our origi-
nal hypothesis, the thiazole ring extends into the con-
served hydrophobic pocket lined in part by Phe80 and
forms an edge-to-face van der Waals interaction with
Phe80. The phenyl group of the arylsulfone moiety
provides additional hydrophobic interactions. Interest-
ingly, one of the oxygen atoms of the sulfone moiety
interacts with the Lys33–Asp144 salt bridge by form-
ing a hydrogen bond to the e-NH2 group of Lys33,
while the other oxygen atom forms a potential hydro-
gen bond with the backbone NH of Asp144. This
mode of interaction differs significantly from that of
the pyrid-4-yl group in the co-crystal structure of
CDK2 and inhibitor 1 and provides a rational basis
to explain the observed SAR trends of these quino-
lin-2(1H)-one arylsulfone inhibitors.


To summarize, using active site homology modeling
based on crystallographic data from the acyclic urea
1/CDK2 complex, we rationally designed and synthe-
sized a novel series of quinolin-2(1H)-one derivatives
as potent CDK5 inhibitors. From these studies, we
found that the 4-amino substituent at the quinolin-
2(1H)-one core was well tolerated and the 7-position
was the most permissive for modifications. In our ef-
fort to explore pyrid-4-yl alternatives, we discovered
a series of arylsulfone compounds as potent CDK5
inhibitors. A binding model was developed for an
exemplary compound from this class of compounds
to account for the major binding interactions. Further
investigations toward improving solubility and selec-
tivity of the quinolin-2(1H)-one derivatives will be re-
ported in due course.
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are reported.


The discovery of 6-amino nicotinamides as potent and selective histone deacetylase inhibitors pp 5300–5309


Christopher L. Hamblett,* Joey L. Methot, Dawn M. Mampreian, David L. Sloman,
Matthew G. Stanton, Astrid M. Kral, Judith C. Fleming, Jonathan C. Cruz, Melissa Chenard,
Nicole Ozerova, Anna M. Hitz, Hongmei Wang, Sujal V. Deshmukh, Naim Nazef,
Andreas Harsch, Bethany Hughes, William K. Dahlberg, Alex A. Szewczak,
Richard E. Middleton, Ralph T. Mosley, J. Paul Secrist and Thomas A. Miller
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HDAC1 IC50 = 12.4 μM HDAC1 IC50 = 73 nM


HCT116 GI50 = 81 nM


Pyrrolidine-carboxamides and oxadiazoles as potent hNK1 antagonists pp 5310–5315


Jonathan R. Young,* Ronsar Eid, Cherilyn Turner, Robert J. DeVita, Marc M. Kurtz,
Kwei-Lan C. Tsao, Gary G. Chicchi, Alan Wheeldon, Emma Carlson and Sander G. Mills
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The preparation and structure–activity-relationships of novel pyrrolidine-carboxamides and


oxadiazoles are described. Compounds in this series were found to be potent hNK1 antagonists


in vitro and efficacious in vivo with minimal interactions with P450 liver enzymes. Oxadiazole


22 was determined to have excellent hNK1 binding affinity, functional activity, and a good PD


response in vivo.
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Two new alkaloids and active anti-hepatitis B virus constituents from Hypserpa nitida pp 5316–5320


Pi Cheng, Yun-bao Ma, Shu-ying Yao, Quan Zhang, En-jun Wang, Meng-hong Yan,
Xue-mei Zhang, Feng-xue Zhang and Ji-jun Chen*
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Hypserpanines A and B together with 11 known alkaloids were isolated from


Hypserpa nitida and evaluated for their anti-HBV activities in vitro.


Synthesis and antimicrobial evaluation of new chalcones containing piperazine
or 2,5-dichlorothiophene moiety


pp 5321–5324


V. Tomar and G. Bhattacharjee,* Kamaluddin, Ashok Kumar
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Two series of new chalcones have been synthesized and evaluated for


their antimicrobial activity. Some of these derivatives are potentially


active against Gram-positive bacteria; Staphylococcus aureus and


Escherichia coli.


Dual serotonin transporter inhibitor/histamine H3 antagonists: Development of rigidified
H3 pharmacophores


pp 5325–5329


John M. Keith,* Ann J. Barbier, Sandy J. Wilson, Kirstin Miller, Jamin D. Boggs,
Ian C. Fraser, Curt Mazur, Timothy W. Lovenberg and Nicholas I. Carruthers
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A series of tetrahydroisoquinolines acting as dual serotonin transporter inhibitor/histamine H3 antagonists is described. The


introduction of polar aromatic spacers as part of the histamine H3 pharmacophore was explored. A convergent synthesis of the final


products allowing late stage introduction of the aromatic side chain was developed. In vitro and in vivo data are discussed.


Small conformationally restricted piperidine N-arylsulfonamides as orally active
c-secretase inhibitors


pp 5330–5335


Hubert Josien,* Thomas Bara, Murali Rajagopalan, Theodros Asberom,
John W. Clader, Leonard Favreau, William J. Greenlee, Lynn A. Hyde,
Amin A. Nomeir, Eric M. Parker, Dmitri A. Pissarnitski, Lixin Song,
Gwendolyn T. Wong, Lili Zhang, Qi Zhang and Zhiqiang Zhao
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The design and development of small 2,6-disubstituted piperidine N-arylsulfonamide c-secretase


inhibitors is reported. Compounds active orally and with less CYP liability than earlier leads were


obtained.
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Carbocyclic 30-deoxyadenosine-based highly potent bisubstrate-analog inhibitor of basophilic
protein kinases


pp 5336–5339


Erki Enkvist, Gerda Raidaru, Angela Vaasa, Tõnis Pehk, Darja Lavogina and Asko Uri*
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ARC-659-1b. cAPK, Ki < 1 nM


Conjugation of a nucleoside analog and a transport peptide led to a highly potent inhibitor of basophilic protein kinases.


Novel sulfonamides having dual dopamine D2 and D3 receptor affinity show in vivo
antipsychotic efficacy with beneficial cognitive and EPS profile


pp 5340–5344


Éva Ágai-Csongor,* Katalin Nógrádi, János Galambos, István Vágó, Attila Bielik, Ildikó Magdó,
Györgyi Ignácz-Szendrei, György Miklós Keser}u, István Greiner, István Laszlovszky, Éva Schmidt, Béla Kiss,
Katalin Sághy, Judit Laszy, István Gyertyán, Mária Zájer-Balázs, Larisza Gémesi and György Domány
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Novel arylsulfonamides were identified as high-affinity dopamine D3 and D2 receptor ligands. Some derivatives were


found to be active in antipsychotic tests in vivo.


1,2,4-Benzothiadiazine linked pyrrolo[2,1-c][1,4]benzodiazepine conjugates: Synthesis,
DNA-binding affinity and cytotoxicity


pp 5345–5348


Ahmed Kamal,* M. Naseer A. Khan, K. Srinivasa Reddy, S. Kaleem Ahmed,
M. Shiva Kumar, Aarti Juvekar, Subrata Sen and Surekha Zingde
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Novel 1,2,4-benzothiadiazine–PBD conjugates were synthesized and displayed


significant anticancer activity against selected human cancer cell lines.


Structure–activity relationship studies of carboxamido-biaryl ethers as opioid receptor
antagonists (OpRAs). Part 1


pp 5349–5352


Kumiko Takeuchi,* William G. Holloway, Jamie H. McKinzie, Todd M. Suter,
Michael A. Statnick, Peggy L. Surface, Paul J. Emmerson, Elizabeth M. Thomas,
Miles G. Siegel, James E. Matt, Chad N. Wolfe and Charles H. Mitch
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A structurally unique and new class of opioid receptor antagonists (OpRAs) that bear no structural resemblance with morphine or


endogenous opioid peptides has been discovered. A series of carboxamido-biaryl ethers were identified as potent receptor


antagonists against mu, kappa, and delta opioid receptors.
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Thiophene substituted acylguanidines as BACE1 inhibitors pp 5353–5356


William F. Fobare,* William R. Solvibile, Albert J. Robichaud, Michael S. Malamas,
Eric Manas, Jim Turner, Yun Hu, Erik Wagner, Rajiv Chopra, Rebecca Cowling,
Guixan Jin and Jonathan Bard


2-O-Carboxymethylpyrogallol derivatives as PTP1B inhibitors with antihyperglycemic activity pp 5357–5360


Bharat Raj Bhattarai, Suja Shrestha, Seung Wook Ham, Kwang Rok Kim,
Hya Gyeong Chen, Keun-Hyeung Lee and Hyeongjin Cho*
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2-O-Carboxymethylpyrogallol derivatives were synthesized, with their in vitro inhibitory activities against PTP1B and in vivo


antihyperglycemic effects examined. When compound 14 was fed to a high-fat diet-induced diabetic mouse model, significant


improvements were observed in both the fasting glucose level and glucose tolerance.


Virtual screening application of a model of full-length HIV-1 integrase complexed with viral DNA pp 5361–5365


Chenzhong Liao, Rajeshri G. Karki, Christophe Marchand, Yves Pommier and Marc C. Nicklaus*


Virtual screening was performed on a model of full-length HIV-1 integrase complexed with


viral DNA. Docking into the active site of this model yielded several lM level, structurally


novel inhibitors of the strand transfer reaction catalyzed by wild-type HIV-1 integrase.


Aaptamines as sortase A inhibitors from the tropical sponge Aaptos aaptos pp 5366–5369


Kyoung Hwa Jang, Soon-Chun Chung, Jongheon Shin,* So-Hyoung Lee,
Tae-Im Kim, Hyi-Seung Lee and Ki-Bong Oh*


N


N


OCH3


HO


2:  IC50 = 3.7 μg/mL


H3C


The isolation and sortase A inhibitory activity of four aaptamines ares reported.
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Toward novel HIV-1 integrase binding inhibitors: Molecular modeling, synthesis,
and biological studies


pp 5370–5373


Claudia Mugnaini, Suvi Rajamaki, Cristina Tintori, Federico Corelli, Silvio Massa,
Myriam Witvrouw, Zeger Debyser, Veljko Veljkovic and Maurizio Botta*
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Novel indanyl-substituted imidazo[1,2-a]pyridines as potent reversible inhibitors
of the gastric H+/K+-ATPase


pp 5374–5378


Peter Jan Zimmermann,* Wilm Buhr, Christof Brehm, Andreas Marc Palmer,
Martin Philipp Feth, Jörg Senn-Bilfinger and Wolfgang-Alexander Simon
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8-Indanyl-substituted imidazo[1,2-a]pyridines were synthesized and evaluated for their anti-secretory


activity in a binding assay against H+/K+-ATPase from hog gastric mucosa.


Alkanethiol containing glycopolymers: A tool for the detection of lectin binding pp 5379–5383


Mingchuan Huang, Zhihong Shen, Yalong Zhang, Xiangqun Zeng* and Peng George Wang*
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mannose ligand 
for lectin binding
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Glycopolymers containing mannose and alkanethiol linker were


synthesized through substituting preactivated poly [N-(acryloyl-


oxy) succinimide] (pNAS) with amine-containing monomer.


With the obtained glycopolymers, a glycosurface was generated


on the gold surface of quartz crystal microbalance (QCM)


through self-assembled strategy by use of alkanethiol functional


group. Furthermore, the resulting glycosurface was used to


detect the binding of mannose specific lectin concanavalin A


(Con A).


Design and synthesis of quinolin-2(1H)-one derivatives as potent CDK5 inhibitors pp 5384–5389


Wenge Zhong,* Hu Liu, Matthew R. Kaller, Charles Henley, Ella Magal,
Thomas Nguyen, Timothy D. Osslund, David Powers, Robert M. Rzasa,
Hui-Ling Wang, Weiya Wang, Xiaoling Xiong, Jiandong Zhang and Mark H. Norman
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A novel series of quinolin-2(1H)-one derivatives were synthesized and found to have potent CDK5 inhibitory activities.
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Kinesin spindle protein (KSP) inhibitors. Part 6: Design and synthesis of 3,5-diaryl-4,5-
dihydropyrazole amides as potent inhibitors of the mitotic kinesin KSP


pp 5390–5395


Paul J. Coleman,* John D. Schreier, Christopher D. Cox, Mark E. Fraley, Robert M. Garbaccio,
Carolyn A. Buser, Eileen S. Walsh, Kelly Hamilton, Robert B. Lobell, Keith Rickert, Weikang Tao,
Ronald E. Diehl, Vicki J. South, Joseph P. Davide, Nancy E. Kohl, Youwei Yan, Lawrence Kuo,
Thomayant Prueksaritanont, Chunze Li, Elizabeth A. Mahan, Carmen Fernandez-Metzler,
Joseph J. Salata and George D. Hartman
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Dihydropyrazole amides such as 24 are potent inhibitors of KSP with favorable physical


properties, pharmacokinetics, and in vivo potency. A diastereoselective synthesis of 24 is


described.


Synthesis and SAR of 2-aryl pyrido[2,3-d]pyrimidines as potent mGlu5
receptor antagonists


pp 5396–5399


John A. Wendt,* Susan D. Deeter, Susan E. Bove, Christopher S. Knauer, Rachel M. Brooker,
Corinne E. Augelli-Szafran, Roy D. Schwarz, Jack J. Kinsora and Kenneth S. Kilgore
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A novel series of potent 2-aryl pyrido[2,3-d]pyrimidine mGlu5 receptor antagonists are described. The synthesis and pharmacological


activities of these analogs are discussed.


Synthesis, structure analysis, and antibacterial activity of some novel 10-substituted
2-(4-piperidyl/phenyl)-5,5-dioxo[1,2,4]triazolo[1,5-b][1,2,4]benzothiadiazine derivatives


pp 5400–5405


Ahmed Kamal,* M. Naseer A. Khan, K. Srinivasa Reddy, K. Rohini, G. Narahari Sastry, B. Sateesh and B. Sridhar
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Pyrazolo[3,4-d]pyrimidines as potent inhibitors of the insulin-like growth factor receptor (IGF-IR) pp 5406–5409


Robert D. Hubbard,* Nwe Y. Bamaung, Fabio Palazzo, Qian Zhang, Peter Kovar,
Donald J. Osterling, Xiaoming Hu, Julie L. Wilsbacher, Eric F. Johnson, Jennifer Bouska,
Jieyi Wang, Randy L. Bell, Steven K. Davidsen and George S. Sheppard


N


N N
N


NH2


R2


N
HN


R1


The synthesis, in vitro and in vivo characterization of a novel class of insulin-like growth factor receptor


tyrosine kinase inhibitors, the pyrazolo[3,4-d]pyrimidines, is disclosed.
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Cyclonatsudamine A, a new vasodilator cyclic peptide from Citrus natsudaidai pp 5410–5413


Hiroshi Morita,* Maiko Enomoto, Yusuke Hirasawa, Toru Iizuka, Kazunori Ogawa,
Nobuo Kawahara, Yukihiro Goda, Teruki Matsumoto and Koichi Takeya
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A new cyclic heptapeptide, cyclonatsudamine A (1), has been isolated from the peels of


Citrus natsudaidai and the structure was elucidated by 2D NMR analysis and chemical


degradation. Cyclonatsudamine A relaxed norepinephrine-induced contractions of rat


aorta.


3,3-Diphenylpentane skeleton as a steroid skeleton substitute: Novel inhibitors
of human 5a-reductase 1


pp 5414–5418


Shinnosuke Hosoda and Yuichi Hashimoto*


4-(3-(4-(N-Methylacetamido)phenyl)pentan-3-yl)phenyl dibenzylcarbamate (11k) is a competitive 5a-reductase inhibitor with the


IC50 value of 0.84 lM.


Anti-tubercular agents. Part IV: Synthesis and antimycobacterial evaluation of
nitroheterocyclic-based 1,2,4-benzothiadiazines


pp 5419–5422


Ahmed Kamal,* S. Kaleem Ahmed, K. Srinivasa Reddy, M. Naseer A. Khan,
Rajesh V. C. R. N. C. Shetty, B. Siddhardha, U. S. N. Murthy, Inshad Ali Khan,
Manoj Kumar, Sandeep Sharma and Anshu Beulah Ram
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Synthesis and biological evaluation of cinnamyl compounds as potent antitumor agents pp 5423–5427


Dae-Seop Shin, Jiin Kim, Dong Cho Han, Kwang-Hee Son, Chang Woo Lee,
Hwan-Mook Kim, Su Hyung Hong and Byoung-Mog Kwon*
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Cinnamyl compounds related to 20-hydroxycinnamaldehyde were synthesized. The compounds inhibited the growth of human


tumor cells through induction of apoptosis and arresting cell cycle at G2/M phase.
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Conversion of the LXR-agonist TO-901317—From inverse to normal modulation
of c-secretase by addition of a carboxylic acid and a lipophilic anchor


pp 5428–5431


Rajeshwar Narlawar, Karlheinz Baumann, Christian Czech and Boris Schmidt*
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9Aβ38 IC50 = 4.5
Aβ40 IC50 = >40
Aβ42 EC50 = 3.6


Aβ38 EC50 = 23.7
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Aβ42 IC50 = 19.6


TO-901317 analogue derivatives, where the hexafluorocarbinol moiety was replaced by an oxyacetic acid functionality,


switch the mode of action from an inverse modulation to normal modulation of c-secretase. As anticipated, compound 9


was found to be an effective modulator of c-secretase and displayed activity at low micromolar concentration.


Synthesis of novel HIV protease inhibitors (PI) with activity against PI-resistant virus pp 5432–5436


Subharekha Raghavan,* Zhijian Lu, Teresa Beeson, Kevin T. Chapman, William A. Schleif, David B. Olsen,
Mark Stahlhut, Carrie A. Rutkowski, Lori Gabryelski, Emilio Emini and James R. Tata
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HIV protease inhibitors with modifications on the P3 position have been designed and


synthesized. These compounds exhibit excellent antiviral activity against both the wild type


enzyme and PI-resistant clinical viral isolates.


Dual acting antioxidant A1 adenosine receptor agonists pp 5437–5441


Alison Gregg, Steven E. Bottle, Shane M. Devine, Heidi Figler, Joel Linden, Paul White,
Colin W. Pouton, Vijay Urmaliya and Peter J. Scammells*
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VCP102 (5a)


Herein we report the synthesis and biological evaluation of some potent and selective A1


adenosine receptor agonists, which incorporate a functionalised linker attached to an


antioxidant moiety. N6-(2,2,5,5-Tetramethylpyrrolidin-1-yloxyl-3-ylmethyl)adenosine (VCP28,


2e) proved to be an agonist with high affinity (Ki = 50 nM) and good selectivity (A3/A1 400)


for the A1AR. N6-[4-[2-[1,1,3,3-Tetramethylisoindolin-2-yloxyl-5-amido]ethyl]phenyl]adeno-


sine (VCP102, 5a) has higher binding affinity (Ki = 7 nM), but lower selectivity (A3/A1 = ~3).


All compounds bind weakly (Ki > 1 lM) to A2A and A2B receptors. The combination of A1


agonist activity and antioxidant activity has the potential to produce cardioprotective effects.


Potent, nonsteroidal selective androgen receptor modulators (SARMs) based on
8H-[1,4]oxazino[2,3-f]quinolin-8-ones


pp 5442–5446


Robert I. Higuchi,* Anthony W. Thompson, Jyun-Hung Chen, Thomas R. Caferro,
Marquis L. Cummings, Charlotte P. Deckhut, Mark E. Adams, Christopher M. Tegley,
James P. Edwards, Francisco J. López, E. Adam Kallel, Donald S. Karanewsky,
William T. Schrader, Keith B. Marschke and Lin Zhi
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The synthesis and biological evaluation of a selective androgen receptor modulator (SARM) series is reported.
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Pyrimidine benzamide-based thrombopoietin receptor agonists pp 5447–5454


Lawrence A. Reiter, Chakrapani Subramanyam, Emilio J. Mangual, Christopher S. Jones,*


Marc I. Smeets, William H. Brissette, Sandra P. McCurdy, Paul D. Lira, Robert G. Linde,
Qifang Li, Fangning Zhang, Amy S. Antipas, Laura C. Blumberg, Jonathan L. Doty,
James P. Driscoll, Michael J. Munchhof, Sharon L. Ripp, Andrei Shavnya,
Richard M. Shepard, Diana Sperger, Lisa M. Thomasco, Kristen A. Trevena,
Lilli A. Wolf-Gouveia and Liling Zhang
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Capped diaminopropionamide–glycine dipeptides are inhibitors of CC chemokine receptor 2 (CCR2) pp 5455–5461


Percy H. Carter,* Gregory D. Brown, Sarah R. Friedrich, Robert J. Cherney, Andrew J. Tebben,
Yvonne C. Lo, Gengjie Yang, Heather Jezak, Kimberly A. Solomon, Peggy A. Scherle and Carl P. Decicco
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A new series of CCR2 antagonists has been discovered that incorporates intramolecular hydrogen bonding as a strategy for


rigidifying the scaffold. The structure–activity relationship was established through initial systematic modification of


substitution pattern and chain length, followed by independent optimization of three substituents. Compound 54 exhibited


potent activity (CCR2 binding IC50 = 19 nM; Chemotaxis IC50 = 39 nM) and good selectivity over CCR1 and CCR3.


Synthetic tyrosyl gallate derivatives as potent melanin formation inhibitors pp 5462–5464


Chan Woo Lee, Eun-Mi Son, Han Sung Kim, Pan Xu, Tuyagerel Batmunkh,
Burm-Jong Lee* and Kyung Ah Koo*
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The synthesis of the potent melanin formation inhibitors (1–3) is reported.


Design, synthesis and biological evaluation of substituted dioxodibenzothiazepines
and dibenzocycloheptanes as farnesyltransferase inhibitors


pp 5465–5471


Pauline Gilleron, Nicolas Wlodarczyk, Raymond Houssin, Amaury Farce,
Guillaume Laconde, Jean-François Goossens, Amélie Lemoine,
Nicole Pommery, Jean-Pierre Hénichart and Régis Millet*
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The design, synthesis, inhibitory FTase activity and antiproliferative properties


of the title tricyclic compounds are reported.
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Small molecule ago-allosteric modulators of the human glucagon-like peptide-1 (hGLP-1) receptor pp 5472–5478


Min Teng,* Michael D. Johnson, Christine Thomas, Dan Kiel, James N. Lakis,
Tim Kercher, Shelley Aytes, Jarek Kostrowicki, Dilip Bhumralkar, Larry Truesdale,
John May, Ulla Sidelman, Janos T. Kodra, Anker Steen Jørgensen,
Preben Houlberg Olesen, Johannes Cornelis de Jong, Peter Madsen,
Carsten Behrens, Ingrid Pettersson, Lotte Bjerre Knudsen,
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N


NCl


Cl X


SO2CH3


X =  alkyl, CF3, alkylamino 


Correlation of carboxylic acid pKa to protein binding and antibacterial activity of a novel class
of bacterial translation inhibitors


pp 5479–5482


Cory M. Stiff, Min Zhong, Ronald W. Sarver, Hua Gao, Andrea M. Ho,
Michael T. Sweeney, Gary E. Zurenko and Donna L. Romero*
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A study of the relationship between pKa of a compound containing a carboxylic acid, and its antibacterial


activity and protein binding is reported.


Novel anti-tuberculosis agents from MCR libraries pp 5483–5491


Alexander Dömling,* Sepp Achatz and Barbara Beck
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Synthesis of neuroprotective cyclopentenone prostaglandin analogs: Suppression
of manganese-induced apoptosis of PC12 cells


pp 5487–5491


Kyoji Furuta, Masahide Maeda, Yoko Hirata, Shoko Shibata, Kazutoshi Kiuchi and Masaaki Suzuki*
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The synthesis and evaluation for anti- and proapoptotic properties of cyclopentenone prostaglandin analogs are described.
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Abstract—A series of cinnamyl compounds related to 2 0-hydroxycinnamaldehyde were synthesized and their antitumor effects
against human cancer cells evaluated. Hydroxylamine derivative 6 inhibited the growth of human cancer cells and human colon
tumor xenograft in nude mice. Its antitumor effects belong to the induction of apoptosis and arresting cell cycle at G2/M phase,
which is confirmed by detection of apoptosis markers and cell cycle analysis.
� 2007 Elsevier Ltd. All rights reserved.

Natural products are still major sources of new drug
development, for example, between 1981 and 2002, 5%
of the 1031 new chemical entities approved as drugs
by the US Food and Drug Administration (FDA) were
natural products, and another 23% were natural-prod-
uct-derived molecules.1 Antitumor drugs such as taxol,
topotecan, irinotecan, and vinblastine, isolated from
natural sources, were clinically used.


Cinnamomum cassia Blume (Lauracea) has been tradi-
tionally used to treat dyspepsia, gastritis, blood circula-
tion disturbances, and inflammatory disease in both
Eastern and Western countries.2–4 2 0-Hydroxycinnamal-
dehyde was isolated from the stem bark of Cinnamomum
cassia and reported to have an inhibitory effect on far-
nesyl protein transferase activity and inhibited the pro-
liferation of several human cancer cell lines including
breast, leukemia, ovarian, lung, and colon tumor cells.5,6


The cinnamaldehyde has also been shown to have
various activities such as anti-angiogenic activity, immu-
nomodulation, inhibition of CDK4/cyclinD1 kinase
activity, and anti-inflammatory activity through the
inhibition of NO production.7–10 Antitumor effects of
2 0-hydroxylcinnamaldehyde and its derivatives belong
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to the induction of apoptosis and arresting cell cycle at
G2/M phase.11,12


Antitumor agents inhibited the growth of tumor cell and
induced cell death by activating key elements of the
apoptosis program. Proteolytic enzymes (caspases) are
main effectors of apoptosis. Apoptosis was initially de-
scribed by its morphological characteristics, including
cell shrinking, chromatin condensation, and nuclear
fragmentation.13 Defects in apoptotic pathways are con-
sidered to contribute to a number of human diseases,
ranging from neurodegenerative disorders to malig-
nancy. Subsequent studies reveal high frequency of
apoptosis in spontaneously regressing tumors and in tu-
mor treated with anticancer agents.


Cinnamaldehydes are very unstable in serum, because
they have an aldehyde group.14 However, 2 0-hydroxy-
cinnamyl alcohol and acid did not inhibit the growth
of human tumor cells,15 which means that the aldehyde
group is a key functional group for the antitumor
effects. Therefore, we modified the aldehyde group with
hydroxylamines and synthesized the cinnamyl
compounds 4–7 without aldehyde group. The growth
inhibitory activity of the compounds against tumor
cells was evaluated.


In this report, we described the antitumoric activity of
synthesized cinnamyl compounds against human cancer
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cells. We also investigated biologically relevant aspects
such as apoptotic markers to identify the mechanism
of the antitumor effect and tumor xenografted in nude
for in vivo activity of hydroxylamine derivative 6.


As shown in Scheme 1, the hydroxylamine derivatives
were synthesized from the 2 0-substituted cinnamic acid
1. The compound 3 was prepared by the reaction of cin-
nammic carbonyl chloride 2 with hydoxylamine in pres-
ence of base and N-hydroxylamine derivatives 4–7 were
obtained from acylation of compound 3 with commer-
cially available carbonyl chlorides.16


We also synthesized imino-type compounds 9 from cinn-
amaldehyde 8 for examining antitumor effects against
human tumor cells. Amide 11 was also prepared from
the acylation of N-methylpiperidine with compound 10
in presence of base (see Scheme 2).


In order to investigate whether the synthesized
compounds inhibit cancer cell proliferation, HCT116

O


O


H


a


8 9


10 11


b
O


O


Cl


O


O


N


N
CH3


O


O


N


H


O


OCH3


O
O


Scheme 2. Reagents and conditions: (a) NH2OCHÆHCl and NaHCO3


in CH3OH, 25 �C, 2 h; (b) N-methylpiperazine for 11 and K2CO3 in


CH3CN, 25 �C, 3 h.

(human colon tumor cell), NCI-H23 (human lung
tumor cell), SK-OV3 (human ovarian tumor cell),
A549 (human lung tumor cell), and HEK-239 (human
kidney tumor cell) were treated at different concentra-
tions from 0.1 to 100 lM for 24 h (Table 1). Growth
of human tumor cells was strongly inhibited by the
compounds 3–6 with GI50 value of 3–50 lM and
mildly inhibited the cells by compound 7 in compari-
son with the other hydoxylamines. However, imino-
compound 9 and amide 11 did not inhibit growth of
the tumor cells.17


Antitumor agents are considered to mediate cell death
by activating key elements of the apoptosis program.
To characterize the mechanism of synthetic com-
pound-induced apoptosis, activation of casepase-3 and
degradation of its substrates were monitored in a
dose-dependent manner. To determine the effect of
compound 6 on the cell cycle, after treatment of the
compound in SW620 and HCT116 (human colon tumor
cell), the cells were harvested and analyzed with a FAC-
Scalibur. As shown in Table 2 and Figure 1, compound
6 induced a cell cycle arrest at G2/M phase. When the
compound 6 was treated in SW620 and HCT116 cells,
we found apoptosis signals on FACS diagram (see
Fig. 1).18 Even though the cells are human colon tumor
cells, SW620 is less sensitive than HCT116 against com-
pound 6.


In order to study of the antitumor effects of compound 6
in detail, we monitored dose-dependent response of
colon tumor cells after compound 6 treatment. It was
found that compound 6-treated cells were inhibited in
the cell spreading and becoming of round morphology
of the cells. To confirm the effects of 6 on apoptosis,
we investigated the cleavage of apoptosis marker protein
such as PARP (poly ADP-ribose polymerase), which is
involved in DNA repair in response to environmental
stress and one of the apoptosis markers.19 As shown
in Figure 2, PARP degradation was strongly induced
by the compound 6 at 20 lM and, in addition, cleavage
of caspase-3 was also observed by Western analysis
using specific caspase-3 antibody in HCT116.20 As
already mentioned, when 30 lM of compound 6 was
treated, we could observe the apoptosis signals in
SW620 cells. These results strongly support that
compound 6 exerts its antitumor activity against colon
tumor cells through cell cycle arrest at G2/M and apop-
tosis (Table 3).


Even though SW620 is less sensitive than HCT116
against compound 6, SW620 tumor xenograft model
of nude mouse was well established in our laboratory,
we tested the antitumor effects of the compound 6
in vivo using SW620 human tumor cells. SW620 cells
were implanted subcutaneously into the right flank of
nude mice on day 0 and compound was intraperito-
neously administered at a concentration of 50 mg/kg
per day for 14 days. The mice were sacrificed and the tu-
mors were weighed on day 14. Tumor volume was de-
creased by 33.6% compared to control mice and the
loss of body weight was not observed in the nude mice
at the doses of 50 mg/kg.21







Table 2. Effects of compound 6 on cell cycle progressiona


Cell line Concn (lM) Cell distribution (%)


Sub G1 G0/G1 S G2/M


HCT116 0 6.35 ± 0.12 42.23 ± 1.54 27.35 ± 1.09 30.42 ± 2.77


20 32.36 ± 1.36 42.72 ± 2.23 22.05 ± 0.77 35.23 ± 1.98


30 39.14 ± 1.72 41.40 ± 1.58 20.39 ± 1.05 38.22 ± 2.32


40 36.83 ± 1.34 31.06 ± 1.76 26.88 ± 1.56 42.06 ± 2.56


SW620 0 0.92 ± 0.03 56.01 ± 2.01 23.13 ± 0.77 20.66 ± 1.64


20 3.03 ± 0.04 48.88 ± 1.32 27.79 ± 1.43 22.33 ± 1.89


30 3.50 ± 0.09 46.46 ± 2.31 26.12 ± 1.78 26.41 ± 1.33


40 12.7 ± 0.07 33.34 ± 1.22 26.52 ± 1.33 40.14 ± 1.81


a All experiments were independently performed three times.


igure 1. Effects of compound 6 on cell cycle. HCT116 cells were treated with compound 6. Cells were harvested after 24 h and were subjected to


Table 1. Inhibitory activity of cinnamyl compounds against human tumor cells


Compound R1 R2 HCT-116a NCI-H23 SK-OV3 A549 HEK-239


3a H H 16.8 27.8 50.4 55.2 49.8


3b Benzoyl H 11.2 17.5 35.3 44.9 20.2


3c CH3 H 15.3 26.9 48.8 53.5 16.8


4 Benzoyl Acetyl 21.3 26.3 16.8 30.2 18.6


5 Benzoyl Benzoyl 13.6 18.2 12.9 8.8 3.2


6 Benzoyl 4-Morpholine carbonyl 12.5 12.9 12.7 25.2 5.8


7 Benzoyl 4-Methyl-1-piperazinecarbonyl 40.4 45.2 >100 >100 89.3


9 Benzoyl CH3 >100 >100 >100 >100 >100


10 Benzoyl CH3 >100 >100 >100 >100 >100


11 Benzoyl 4-Methyl-1-piperazine >100 >100 >100 >100 >100


a Selective cytotoxicity against human tumor cell line; GI50 (lM).
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F


FACScalibur analysis to determine the distribution of cells through the G0/G1, S, and G2/M phase.







Figure 2. Induction of cleavage of PARP and caspase-3 by compound 6 which was treated in SW620 and HCT 116 cells. Cell lysates were prepared


with RIPA buffer after 24 h and 40 lg of lysates was resolved by SDS–PAGE.


Table 3. Antitumoric effects of compound 6 in nude mice


Treatment Dose (mg/kg) Number of


mice


Tumor volume (mm3)


Start End Day 5 Day 7 Day 9 Day 12 Day 14


Control (0.5% Tween 80) 0 8 8 8.0 ± 3.9 18.0 ± 9.8 48.0 ± 14.2 85.4 ± 18.7 134.1 ± 34.3


Compound 6 50 8 8 1.4 ± 1.3 4.3 ± 3.5 17.3 ± 7.1 45.0 ± 22.3 89.0 ± 32.6


Doxifluridine 50 8 8 3.8 ± 3.0 15.0 ± 6.2 41.4 ± 19.6 77.9 ± 33.0 120.7 ± 32.3
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It can be concluded that the hydroxylamine derivatives
of 2 0-hydroxycinnamaldehyde will be a new class of anti-
tumor agents inducing apoptosis and arresting cell cycle.
Even though the compound 6 showed relatively weak
activity in tumor cells and nude mice experiment in com-
parison with 2 0-hydroxycinnamaldehyde,5,6 these results
suggest that hydroxylamine derivatives could be a good
lead molecule for the design of new antitumor agents.
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Abstract—A series of thiophene-substituted acylguanidines were designed from a pyrrole substituted acylguanidine HTS lead. This
template allowed a greater flexibility, through differential Suzuki couplings, to explore the binding site of BACE1 and to enhance the
inhibitory potencies. This exploration provided a 25-fold enhancement in potency to yield compound 10a, which was 150 nM in a
BACE1 FRET assay.
� 2007 Elsevier Ltd. All rights reserved.

Alzheimer’s disease (AD) is an age-related and irrevers-
ible brain disorder that occurs gradually and results in
memory loss, behavior, and personality changes, a de-
cline in cognition and eventually death.1 These losses
are related to the breakdown of the connections between
nerve cells in the brain and the eventual death of many
of these cells. The course of this disease varies from per-
son to person, as does the rate of decline. On average,
patients with AD live for 8–10 years after they are diag-
nosed, though the disease can last for up to 20 years.2


One primary theory on the etiology of AD is that in
AD patients, amyloid precursor protein (APP) is
processed in the brain and converted to beta-amyloid
protein, a precursor to amyloid plaques.3 b-Secretase
(b-site APP cleavage enzyme or BACE1) and c-secretase
are two important enzymes involved in the amyloid syn-
thetic cascade. BACE1 is an aspartyl protease that initi-
ates APP proteolytic cleavage generating the membrane
bound C-terminal APP fragment (bCTF/C99). Further
processing of this fragment by c-secretase liberates the
pathogenic Ab40�42 peptide.4 Aggregation of Ab40–42


peptide eventually leads to oligomeric amyloid plaques,
a hallmark of AD. It is believed that inhibition of
BACE1 or c-secretase will inhibit this amyloidogenic
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APP cleavage thus preventing the formation of
b-amyloid.


Our goal was to produce a potent and selective non-pep-
tidic small molecule inhibitor of BACE1. While there
have been numerous reported substrate–based peptide
inhibitors, there have been only a few examples of
non-peptide based inhibitors.5 In the course of running
an HTS, the tri-substituted pyrrole 16 was identified,
which had an IC50 of 3.7 lM for BACE1 in a FRET as-
say and an ED50 of 8.9 lM in our cellular ELISA. Our
initial efforts at examining the scope and breadth of the
SAR of the pyrrole lead 1 were limited due to the diffi-
culty in the substitution of a wide variety of aryl and
heteroaryl moieties on the pyrrole ring. It became obvi-
ous to us very early that the sometimes unstable and
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NH2


NH2
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S
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difficult to prepare a-substituted halopyrrole precursors
would prevent a rapid entry to divergent substitution
patterns. Instead, we proposed that substitution of a thi-
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Figure 1. Depiction of an X-ray crystal structure of Compound 1


bound in the active site of BACE1. The relative locations of the


different binding areas of the active site are labeled along with key


amino acid residues. RCSB ID code: rcsb044055; PDB code: 2QU2.
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ophene ring for the core pyrrole would allow for a facile
examination of the pendant aryl ring SAR while main-
taining the disposition of these key moieties and comple-
ment the developing SAR around the pyrrole series.
Thus, intermediate 2 with the aforementioned thiophene
ring (X, Y = Br) would be a viable surrogate for the pyr-
role. Previous experience with 2,4-dihalo-substituted thi-
ophenes had shown that it was possible to perform
Suzuki7 couplings on the thiophene ring with either dib-
romo- or diiodothiophenes in a regiospecific manner.
This proposed sequence would allow us to append the
aryl substituents at a later stage in the synthesis, making
the strategy more amenable to library generation.


Toward that end, the synthesis of key intermediate 2 (X,
Y = Br) was initiated by lithium halogen exchange of the
readily available 2,3,5-tribromo-4-methylthiophene 3 in
ether at �78 �C and quenching with water to yield the
2,4-dibromo-3-methylthiophene (Scheme 1).8 Radical
induced bromination of the methyl group followed by
displacement with cyanide yielded the (2,4-dibromo-
thiophen-3-yl)-acetonitrile 4. Acid catalyzed methanoly-
sis of the nitrile and regioselective Suzuki coupling with
a suitably substituted arylboronic acid at the 2-position
of the thiophene yield a variety of intermediates 5 in 75–
91% yield. This selective coupling is best achieved when
only 1.1 equiv of boronic acid is used at a temperature
of 45 �C. The second Suzuki coupling, at the 4-position
of the thiophene ring, is significantly slower and occurs
at elevated reaction temperatures (70 �C) and longer
reaction times. While the yields are quite good (66–
84%) the slower reaction and increased temperatures
give rise to small amounts (3–6%) of dehalogenated ad-
ducts, which are easily separable by chromatography on
silica gel. Basic hydrolysis of esters 5 with NaOH in eth-
anol, followed by carbonyl diimidazole (CDI) activation
under basic conditions and displacement with guani-
dine, affords the desired final products 6.


At the outset of our SAR exploration, our first goal was
to differentiate the two pendant aryl rings from each
other. That is, to define which aryl ring, Ar1 or Ar2, pro-
jects into the S1–S3 pocket and which occupies the S2 0


pocket (see Fig. 1). An X-ray crystal structure analysis
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Scheme 1. Reagents: (a) n-BuLi, Et2O, �78 �C, H2O (quench), 82%;


(b) NBS, AIBN, hm, CCl4, 91%; (c) KCN, EtOH, 86%; (d) H2SO4,


MeOH, 88%; (e) Ar1B(OH)2, PdCl2(dppf)2, aq K2CO3, dioxane, 45 �C,


75–91% ; (f) Ar2B(OH)2, PdCl2(dppf)2, aq K2CO3, dioxane, 70 �C, 66–


84%; (g) NaOH, EtOH, 95%; (h) CDI, DMF, guanidine hydrochlo-


ride, DIEA, 60–83%.

of compound 1 co-crystallized with the BACE1 enzyme
shows that the acylguanidine group binds to the key
aspartates Asp32 and Asp228 as predicted. The surface
area around the S1–S3 pocket is fairly large and has pre-
dominately hydrophobic residues while that of S2 0 has
more polar or charged residues. This led us to believe that
it should be straightforward to discern between the two
pockets. Our initial adduct, 6a (Table 1), was meant to
mimic the binding of the lead pyrrole, 1, and to confirm
the favorable substitution of the core heterocycle. Com-
parable binding affinity shows that this is indeed the case.
A thorough examination of the molecular modeling of 6a
had suggested that the substitution pattern on the aryl
group extending into the S1–S3 pocket would be better
served by placing substituents on the para-position. Sub-
stitution of larger functionalities on the para-position
that extend into the S3 pocket containing more polar
functions had somewhat mixed results (e.g., 6b and 6c).
While there is a 10-fold enhancement in binding for 6b,
attempts to further enhance affinity by extension of a pyr-
azole ring into S3, that is 6c, were deleterious. Additional
observations from the modeling predicted that a para
propoxy group on the aryl targeted for the S1–S3 pocket
would possibly enhance binding affinity. Furthermore,
an examination of the S2 0 pocket suggested that an ortho
chlorine on the aryl group projecting into S2 0 would
increase binding through interactions with Trp76. Com-
pounds 6d–6g were prepared to challenge this hypothesis
on the thiophene core nucleus. There are two alternate
substitution patterns on the thiophene ring for these par-
ticular placements. The first has the proposed S1–S3
binding substituents on C-2 of the thiophene and the
S2 0 substituents on the C-4 (6d and 6f), and the second
has the exact opposite (6e and 6g). The presence of the
ortho chloro group on the S2 0 aryl group of 6g shows en-
hanced affinity for BACE1 in comparison to 6e, demon-
strating the positive effects of both substitutions.
However, when the substituents are not favorably dis-
placed, thus positioning the molecule with the proper aryl







Figure 2. Molcad surface colored for the electrostatic potential of an


X-ray of compound 6g bound to BACE1. The green and light green


surfaces indicate hydrophobic regions and the blue region represent


negatively charged surfaces. RCSB ID code: rcsb044056; PDB ID


code: 2QU3.


S


BrBr


CO2CH3


7
S


Ar1a,b


CO2CH3


8


c,d


e


9 10


Cl


S


Ar1


Cl


N


O


NH2


N


S


Ar1


Cl


N


O


NH2


N
H


OH
N


Scheme 2. Reagents: (a) Ar1B(OH)2 (1.1 equiv), aq K2CO3 (2.0 equiv),


PdCl2(dppf)2 (3 mol%), dioxane 45 �C; (b) Ar1B(OH)2 (2.0 equiv), aq


K2CO3 (4.0 equiv), PdCl2(dppf)2 (3 mol%), dioxane 70 �C; (c) NaOH,


EtOH; (d) CDI, CH2Cl2, pyrazole carboxamidine hydrochloride,


DIEA; (e) CH2Cl2, aminopropanol, DIEA.


Table 1. SAR of substitution patterns for Ar1 and Ar2 on thiophene


Compound Ar1 Ar2 IC50


(lM)


6a 8.3


6b 0.75


6c 6.9


6d 0.68


6e 1.89


6f 0.63


6g 0.59
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moieties projecting into the proposed pockets, this added
chloro group has no effect on the affinity (compare 6d and
6f). Molecular modeling suggests that the ortho chloro
substituent on the C-4 aryl group on 6f skews the aryl
group because of interactions with the C-3 substituent
and C-5 hydrogen to enhance p-stacking with Pro70.
The absence of this substituent, as in 6e, onto C2 of the
thiophene nucleus is not optimized for this p-stacking
and this may be the cause of decreased binding affinity.


The original hypothesis that the propyloxyphenyl sub-
stituent would enhance affinity and project into the
S1–S3 pocket of the BACE1 site was confirmed when
an X-ray co-crystal structure of analog 6g with the
BACE1 enzyme was attained (Fig. 2).


In an attempt to optimize the potency and to identify
opportunities to exploit additional space within the
enzyme active site, the S1 0 area was explored. Struc-
ture–activity relationships (SAR) being developed
concurrently with the pyrrole series (Ref. 6) of acylgua-
nidines, focused on exactly that goal, revealed this
opportunity. On those derivatives it had been shown
that substitution of a functionalized alkyl group, in par-
ticular 3-hydroxypropyl, on the terminus of the guani-
dine portion of the molecule projecting into the S1 0


pocket of BACE1 enhanced binding. Synthesis of the
analogous derivatives from this series was undertaken
and is described in Scheme 2.


Routine Suzuki coupling of an aryl boronic acid with (2,4-
dibromo-thiophen-3-yl)-acetic acid methyl ester 7 (pre-
pared by methanolysis of compound 4) at the 2-position
followed by a second Suzuki coupling at the 4-position
with 2-chlorophenyl boronic acid gave excellent yields
of the diaryl substituted thiophenyl esters 8. Hydrolysis
of the ester followed by activation with carbonyl diimi-
dazole, as before, then coupling with pyrazole carboxami-
dine yielded the pyrazole substituted acylguanidines 9.9


Displacement of the pyrazole with 3-aminopropanol
readily occurs and affords the desired final products.


It can be seen from the data in Table 2 that substitution
of the hydroxyl containing 3-carbon fragment that
reaches into the S1 0 pocket enhances the BACE1 FRET







Table 2. SAR of substitution patterns for Ar1 on thiophene–propanol


substituted acylguanidines


Compound R1 R2 R2 IC50 (lM)


10a H H 0.15


10b CH3 H 1.54


10c H CH3 1.55


10d H H 0.20


10e H H 0.26


10f H H 0.14


10g H H 0.28


10h H H 0.93
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activity by a factor of 4-fold (10a, compare to 6f) and
afforded one of the most potent compounds in the
series. Utilizing this optimized binding of S1 0 and S2 0,
further examination of small substituents on the S1 aryl
group showed that this pocket is fairly narrow and
intolerant of even small changes. Substitution of a sim-
ple methyl group at either the ortho- or meta-position of
the phenyl ring decreases activity by 10-fold (10b and
10c). Reaching out further to the S3 pocket, with the
synthesis of several substituted amides (10d–10h), affor-
ded results that were supported by molecular modeling.
Not surprisingly, each pocket has tolerances and addi-
tion of a branched alkyl chain reaching into the S3
pocket reduced binding by 6-fold (10h). Furthermore,
it was shown that substitution on the 4-position of the
phenyl group could tolerate five to six atoms before
binding is adversely affected. Of the amides synthesized
the cyclopropylmethyl substituted compound 10f was
the most closely related to 10a in activity in the
in vitro assay.


Compound 6a, our initial thiophene compound, had an
IC50 of 8.3 lM for BACE1 in a FRET assay, and was
similar in activity to the pyrrole substituted compound
1 found through HTS, which had an IC50 of 3.7 lM.
In terms of selectivity, compound 10a, which had an
IC50 of 0.15 lM, was 7-fold selective versus BACE2,

23-fold selective versus cathepsin D, and displayed only
16% inhibition at 100 lM for pepsin.


In conclusion, we have investigated the substitution of a
thiophene ring for the key pyrrole nucleus in a series of
substituted acylguanidines. This replacement allowed us
to more easily probe the size constraints of the S1 and S3
pockets of the BACE1 enzyme. Furthermore, utilizing
results from the thiophene SAR allowed for optimized
derivatives possessing S1 0 moieties to be prepared which
showed potencies below 200 nM. These potent inhibi-
tors of the enzyme supplied us with molecules to co-crys-
tallize with the protein and with X-ray analysis further
expand our understanding of the requirements for small
molecule inhibition of BACE1.
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Abstract—A new series of FTase inhibitors containing a tricyclic moiety—dioxodibenzothiazepine or dibenzocycloheptane—has
been designed and synthesized. Among them, dioxodibenzothiazepine 18d displayed significant inhibitory FTase activity
(IC50 = 17.3 nM) and antiproliferative properties.
� 2007 Elsevier Ltd. All rights reserved.

The finding that 30% of human cancers are related to the
presence of mutant ras genes, reaching as high as 90%
for pancreas cancer and 50% for colon cancer,1,2 has
prompted many works to target Ras proteins with a
view to developing new anticancer agents. Ras proteins
(H-Ras, K-Ras4A, K-Ras4B and N-Ras) are small G
proteins which have the crucial role of transducing
intracellular signals from growth factor receptor to sev-
eral signal transduction pathways, such as the MAP-ki-
nases cascade and the PI3-K/Akt pathway.3 Activation
of these signal transduction pathways by Ras is critical
for cell growth, proliferation and survival. Ras proteins
require localization at the plasma membrane to exert
their functions. However, as their primary structure
has no anchorage residue, Ras proteins must be post-
translationally modified by several sequential enzymatic
steps.4 The attachment of an isoprenoid residue to the
cysteine of the C-terminal CA1A2X box (C = cysteine,
A1 and A2 = aliphatic amino acid, X = C-terminal ami-
no acid) of Ras proteins is the first and essential step.
When X is serine, methionine, glutamine or alanine,

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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the protein is recognized by zinc-metalloenzyme farne-
syltransferase (FTase) which catalyzes the transfer of a
15 carbon isoprenoid chain from farnesyl pyrophos-
phate (FPP). Proteins with a C-terminal leucine or iso-
leucine are modified by the geranylgeranyltransferase-I
(GGTase-I) enzyme with a 20 carbon isoprenoid motif
from geranylgeranyl pyrophosphate (GGPP). Thus,
farnesyltransferase inhibitors (FTIs) have been devel-
oped to inhibit Ras processing and to design new anti-
cancer agents.5,6 Recent studies have however
suggested that the cytotoxic actions of FTIs are not
exclusively due to the inhibition of Ras proteins and
have indicated that other farnesylated protein targets,
other than Ras, have to be considered.7–9 These candi-
date targets include Ras-family GTPases such as
RhoB10 and Rheb,11 the centromere-binding proteins
CENP-E and CENP-F,12,13 the phosphatases PRL-1,
-2 and -3,14 or an unidentified protein that functions
as an activator of the PI3-K/Akt pathway.15


Knowledge of precise details about the structure and the
reaction mechanism of FTase has resulted in three gen-
eral approaches for the rational design of FTIs: a pepti-
domimetic design that competes for FTase with the
CA1A2X sequence of the protein; a design of FPP ana-
logs that competes for FTase with the substrate FPP; a
design of bisubstrate analogs that combines the features
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of both peptidomimetics and FPP analogs, mimicking a
transition state. A number of natural products have also
been identified as FTIs, and the screening of chemical
libraries backed up by structure-directed medicinal
chemistry optimization has led to the successful identifi-
cation of tricyclic FTIs.16,17


We recently described the design and the synthesis of
FTase peptidomimetic inhibitors. The most interesting
molecules 118 and 2,19 with a piperidinyl or a b-homo-
Phe linker, had IC50 values of 22 and 28.5 nM, respec-
tively, on an isolated FTase enzyme (Chart 1).

1 FTase IC50  = 22 nM
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Considering these structures and their interactions with
the enzyme,18,19 we designed new derivatives 18a–d, 19,
23a and 25 including:


(i) a 4-cyanobenzylimidazole Zn-chelating group
(ii) a diazepane or a piperazine, making it possible to


lay out correctly in a ring the two central N atoms
of compounds 1 and 2, so as to take into account
the strong hydrogen bond between the secondary
amine proton and amide oxygen of compound 2.
These new heterocyclic linkers combine the
required features of 1 and 2 to obtain a correct
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Figure 1. Superposition of the minimized conformation of compounds


1 (yellow), 2 (green) and 25 (cyan).
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fitting with the imidazole zinc-chelator and with
the ‘‘A2 binding site’’—delineated by Trp102b,
Trp106b and Tyr361b—of the FTase


(iii) a dioxodibenzothiazepine or a dibenzocyclohep-
tane residue corresponding to a constrained form
of the peptidyl residue of 1 and 2. Superposition
of the minimized conformation20 of compounds
1, 2 and 25 (Fig. 1) suggested that the geometry
of both aromatic terminal fragments could be
included in a condensed structure. Furthermore,
these fused tricyclic scaffolds are reminiscent of
new benzoindolinothiazepine derivatives recently
developed by us21 and which contain a piperazine
moiety, such as 3, and which have shown potent
antiproliferative activity against PC-3 tumor cell
lines but no FTase activity. In addition, other tri-
cyclic FTIs including a benzocycloheptapyridine
have been described,22 but they do not have the
4-cyanobenzylimidazole Zn-chelating group.
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We report here the synthesis, the pharmacological eval-
uation and the docking of these novel tricyclic FTase
inhibitors23 with potent isolated enzymatic and cellular
activities.


Synthesis of chlorodioxodibenzothiazepines 14a–d
(Scheme 1) was performed in two different ways (paths 1
and 2) which both preclude the formation, at the cycliza-
tion step, of a central saccharin-like isothiazolone ring
instead of the targeted thiazepinone cycle.21 Chloro-
dioxodibenzothiazepine 14a was prepared according to
path 1, where alkylation of the sulfonamido nitrogen
was completed before creating the mid heterocycle. Phe-
nylsulfonamide 5 was obtained by nucleophilic substitu-
tion of methyl 2-chlorosulfonylbenzoate 4 with aniline
(pyridine, DMF).21 Alkylation of sulfonamide 5 (sodium
hydride, methyl iodide) yielded N-methylsulfonamide 6.
After saponification of the ester group (sodium hydrox-
ide), carboxylic acid 7 was cyclized, via its non-isolated
acid chloride (Friedel–Crafts conditions) into dibenzo-
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65–68%; n = 1: 14a, Et3N, MeCN, rt, 2 h, 68%; (d) n = 1: dibenzosuberyl ch


Et3N, MeCN, rt, 3 h, 63%; (f) MeOH, reflux, 6 h, 30%.

thiazepinone 8a. Chlorodibenzothiazepine 14a was ob-
tained by reducing dibenzothiazepinone 8a (sodium
borohydride) followed by the halogenation of the second-
ary alcohol 13a with thionyl chloride.


The second method (Scheme 1, path 2) was used to pre-
pare chlorodioxodibenzothiazepines 14b–d. In this case,
N-substituted dibenzothiazepinones 8b–d were easily ob-
tained from the unsubstituted parent tricycle 12. Car-
boxylic ester of methyl anthranilate 9 was converted
into diethylcarboxamide 10 (n-butyllithium, N,N-dieth-
ylamine)24 before creating the sulfonamide function
with benzenesulfonyl chloride. An intramolecular anio-
nic Friedel–Crafts equivalent annulation25 of 11 (lithium
diisopropylamide prepared in situ, �10 �C), favored by
the nucleophilicity of the transient carbanion and by
the sensitivity of the N,N-diethylcarboxamide to such
a nucleophilic attack, resulted in dibenzothiazepinone
12. Appropriate N-alkylation of the sulfonamido group
(sodium hydride, alkyl halide) gave dibenzothiazepinones
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8b–d. Chloro tricycles 14b–d resulted from a subsequent
reduction of the ketone group (sodium borohydride)
into alcohol (compounds 13b–d) followed by halogena-
tion (thionyl chloride).


The means adopted for the preparation of target com-
pounds 18a–d and 23a (Scheme 2) involved a nucleo-
philic attack on chlorodioxodibenzothiazepines 14a–d
by the secondary amine of diazepane 17 or of piperazine
22. Diazepane 16 and piperazine 21 were, respectively,
obtained by substituting carbamate-monoprotected
diazepane 15 or piperazine 20 by 1-(4-cyanobenzyl)-5-
chloromethylimidazole,26 or by reductive amination
(NaBH3CN) using 1-(4-cyanobenzyl)-5-formylimidaz-
ole.18 If diazepane19 was classically prepared by
nucleophilic substitution of dibenzosuberyl chloride,
piperazine 25 resulted from the unexpected dialkylation

Table 1. FTase activity of compounds 1, 2, 18a–d, 19, 23a and 25


N
N


NN


CN


(  )n


Compound n X


1 — —


2 — —


18a 2 SO2


18b 2 SO2


18c 2 SO2


18d 2 SO2


19 2 CH2


23a 1 SO2


25 1 CH2


a Values are means of three determinations (standard deviation lower than 1


Table 2. Antiproliferative effects of compounds 1, 2, 18a–d, 19, 23a and 25


Compound


L1210 DU1


1 4.95 ndb


2 41% >100


18a 4.76 59.8


18b 4.0 38%


18c 3.0 100


18d 4.57 47.4


19 34%d 51.3


23a 3.90 100


25 4.85 9.55


a Cell proliferation was measured from at least three independent determina
b Not determined.
c Compound tested at the concentration of 100 lM.
d Compound tested at the concentration of 10 lM.

of piperazine 22 by dibenzosuberyl chloride (compound
24) followed by the regioselective N-dealkylation in con-
ditions used in classical N-detritylation (MeOH,
reflux).27


Compounds 18a–d, 19, 23a, and 25 were evaluated for
their in vitro inhibitory activity against FTase using
the continuous fluorescence spectrometry technique.23


Several SARs may be deduced from the results
(Table 1). A constrained structure such as the dibenzo-
cycloheptane skeleton (compounds 19 and 25) maintains
moderate FTase inhibition whatever the size of the
linker: diazepane for 19 (IC50 = 285 nM) or piperazine
for 25 (IC50 = 310 nM).


When cycloheptane was replaced by dioxothiazepine as
the central cycle and diazepane kept as the link (com-
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Figure 2. Docking of compound 18d in the FTase binding site. The


farnesyl group (FPP) is colored magenta. Arg202b and Tyr166a are


shown in cyan, and the aromatic residue side chains that define a


hydrophobic pocket (Trp102b, Trp106b, Tyr361b) are shown in green.
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pounds 18a–d, 23a), inhibition was significantly im-
proved (more than 6-fold) when comparing 18a–c to
19. This observation validates our hypothesis assuming
that the two lateral aromatic fragments of 1 and 2
may be advantageously combined through a rigid tricy-
cle. The IC50 values for FTase in the series 18a–d range
from medium (46.5 nM for 18b) to good (17.3 nM for
18d). Substitution of the nitrogen in sultam by an alkyl
chain did not modify the enzymatic activity, whereas
substitution of the propyl chain by morpholine in-
creased potency by about 2.5-fold, when considering
18d (IC50 = 17.3 nM) and 18b. This result suggests that
a hydrogen bond acceptor could improve activity.
Changing the linker size (diazepane for piperazine) did
not modify the activity of 23a versus 18a (IC50 #
45 nM), as was already observed with 19 and 25.


Cellular proliferation was investigated on L1210 cells
using numeration, and on DU145, PC-3 and MCF-7
cells by the colorimetric MTT assay.23 These cellular
models are representative of different tumoral condi-
tions and were shown to be responsive to FTase inhibi-
tors. For example, recent studies28 have shown
synergistic effects for the combination of ZOL (Zoled-
ronic acid) with R115777 (Tipifarnib) in prostate adeno-
carcinoma models and, specifically, on androgen-
independent (PC-3 and DU145) prostate cancer cell
lines. These effects were paralleled by disruption of
Ras! Erk and Akt survival pathways, a consequent de-
crease in phosphorylation of both mitochondrial bcl-2
and bad proteins, and a caspase activation. MCF-7 is
one of the most currently used models in human breast
cancer though Ras mutations are rare (less than 2%)29


but Ras signaling is frequently upregulated in these
tumors as a result of the activation of upstream growth
factor signaling pathways. In leukemia, ras mutations
are significant (6–40%) and cellular murine models
(L1210) have indicated how extensive the antitumor
activity is of many relevant inhibitors such as R115777
or SCH-66336 (Lonafarnib).30,31


The most potent inhibitor of FTase (18d) in the dib-
enzothiazepine series (18a–d and 23a) also displays the
best activity against DU145, PC-3 and MCF-7 (Table
2) and this is attributed to the presence of morpholine:
the increase in FTase inhibition and the cytotoxic effect
(in the micromolar range) may be induced by the crea-
tion of hydrogen bonds with Arg202b of the receptor
(see the docking analysis) and by greater hydrophilicity
in this region of the molecule. In addition, a direct com-
parison of mammalian antiproliferative effects showed
that the diazepane core was more favorable than the
piperazine spacer (18a vs 23a); this requirement was
not observed in the dibenzocycloheptane series (19 vs
25). The high sensitivity of the seven synthesized com-
pounds towards L1210 cells could be connected to the
significant efficacy of FTIs in myeloid leukemias32 and
to a weak resistance of L1210 cells.


Docking simulations, using GOLD software,23 were car-
ried out in order to clarify the binding mode of com-
pound 18d in the active site of FTase (Fig. 2). The
pharmacological results concord with modelization

and provide a reasonable explanation for its inhibitory
activity. Besides the coordination between the distal
imidazole nitrogen and the zinc ion, interaction was re-
vealed between one aromatic ring of the tricycle and the
hydrophobic pocket delineated by Trp102b, Trp106b
and Tyr361b (the ‘‘A2 binding site’’). In addition, com-
pound 18d interacts via hydrogen bonds with Arg202b
(between the two morpholinic oxygen doublets and side
chain hydrogens of Arg) as it was observed for tetrapep-
tide substrates CVLS (H-Ras), CVIM (K-Ras4B) or
CVIF (TC21).33 The presence of a morpholine at the
A2 residue strengthens interactions in the binding site
and may explain the better FTase inhibitory activity
throughout this series.


To explain the improvement in potency of 18a–d and
23a over 19 and 25, docking simulations of compounds
18a and 19 were investigated. Studies established that
the tricyclic moiety of compound 19 only displayed
interaction in the hydrophobic pocket (data not shown)
whereas the bridgehead modified compound 18a inter-
acted via hydrogen bonds between the sulfonamide
oxygen and side chain hydrogens of Arg202b (Fig. 3).


In conclusion, we designed and synthesized a new series
of FTase inhibitors in which hydrophobic residues were
conformationally locked in a tricycle. These compounds
were tested for their ability to inhibit metalloenzyme
FTase activity and cellular proliferation; the presence
of an additional morpholine as hydrogen bond acceptor
resulted in enhanced binding to the enzyme. The broad
anticancer action of the compound 18d merits further
investigation as does the implication of other proteins
targets (like CENP-E and CENP-F). The determination
of other protein targets may also explain the potent anti-
cancer action of compounds 19 and 25 although they







Figure 3. Docking of compound 18a in the FTase binding site. The


farnesyl group (FPP) is colored magenta. Arg202b and Tyr166a are


shown in cyan, and the aromatic residue side chains that define a


hydrophobic pocket (Trp102b, Trp106b, Tyr361b) are shown in green.
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have no FTase enzymatic activity. Due to the role of
CENP-E and CENP-F in the mitotic spindle function,
inhibition of their farnesylation may contribute to the
synergistic interaction observed between cytotoxic
agents like taxanes and FTIs. This aspect is presently
being studied and will come under further discussion.
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Abstract—Herein we report the synthesis and biological evaluation of some potent and selective A1 adenosine receptor agonists,
which incorporate a functionalised linker attached to an antioxidant moiety. N6-(2,2,5,5-Tetramethylpyrrolidin-1-yloxyl-3-ylmethyl)-
adenosine (VCP28, 2e) proved to be an agonist with high affinity (Ki = 50 nM) and good selectivity (A3/A1 P 400) for the A1 aden-
osine receptor. N6-[4-[2-[1,1,3,3-Tetramethylisoindolin-2-yloxyl-5-amido]ethyl]phenyl]adenosine (VCP102, 5a) has higher binding
affinity (Ki = 7 nM), but lower selectivity (A3/A1 = �3). All compounds bind weakly (Ki > 1 lM) to A2A and A2B receptors. The
combination of A1 agonist activity and antioxidant activity has the potential to produce cardioprotective effects.
� 2007 Elsevier Ltd. All rights reserved.

The cardioprotective effects of adenosine are well estab-
lished and are the basis for a variety of therapeutic strat-
egies. Adenosine is a key player in the phenomenon of
‘preconditioning’, a large number of studies in the early
1990s reported a process in which a prior instance of
ischaemia protects the heart from future ischaemic
events, and that adenosine re-uptake inhibitors could in-
crease the level of protection.1–3 More recently, the focus
of attention has moved to the protectant effects of aden-
osine from reperfusion injury when adenosine is released
(or administered) during and/or after a period of ischae-
mia.4 The ‘Acute Myocardial Infarction STudy of
ADenosine (AMISTAD)’ examined the effects of aden-
osine (administered to patients with thrombolytic ther-
apy) within a few hours of myocardial infarction and
reported a reduction in infarct size.5,6 Cardioprotection
has been shown in animal models to occur after activa-
tion of any of the four adenosine receptor subtypes, A1,
A2A, A2B, and A3 receptors.7–11 The greatest body of

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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work has been performed on the A1 receptor subtype,
and a variety of mechanisms have been elucidated. Acti-
vation of the A1 adenosine receptor results in inhibition
of adenylyl cyclase and consequent decreases in cAMP
as well as signal transduction events mediated by the re-
lease of bc G protein subunits. The protective effects of
A1 adenosine receptor activation occur via several mech-
anisms, including activation of the protein kinase
C/ERK pathway and opening of mitochondrial K+


ATP channels.12,13


Antioxidants produce cardioprotection by several mech-
anisms including direct scavenging of the superoxide
anion, the lynchpin radical in ischaemia-reperfusion
injury. In addition, modulation of serum complement
activity, as well as the reduction in the levels of C-reactive
protein (CRP) and the membrane attack complex (MAC)
in infarcted tissue, suggests a significant antiinflammatory
component in the mechanism of antioxidants.14 Exercise
protects the heart in part by increasing the expression of
antioxidant enzymes.15 In addition, isomers of vitamin
E have cardioprotective effects that appear to be due to
inhibition of c-Src activation and proteasome stabili-
zation.16 Furthermore, some drugs currently in clinical
use, such as anti-hypertensive agents including angio-
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tensin-converting enzyme inhibitors and angiotensin
receptor blockers and anti-hyperlipidemic reagents like
statins, may also protect the heart via antioxidant action
in addition to their primary pharmacological effect.17,18


We now report the design, synthesis and preliminary
pharmacological evaluation of dual acting antioxidant
A1 adenosine receptor agonists. More specifically,
known antioxidant moieties have been incorporated in
the design of new A1AR agonists with the view to
enhancing receptor affinity and selectivity in addition
to providing antioxidant activity.


Adenosine analogues with alkyl, cycloalkyl, bicyclo-
alkyl, and aryl groups in the N6-position are generally
known to be potent and selective A1AR agonists (in
the absence of additional modifications).19 In a number
of cases, the presence of a heteroatom in the N6-cycle
further improved A1AR activity. In our first series of
target compounds a group with known antioxidant
activity was incorporated directly in the N6-position.
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Scheme 1. Reagent and condition: (i) R-NH2, N(i-Pr)2Et, t-BuOH, 83 �C.
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Scheme 2. Reagents and conditions: (i) H2N(CH2)6NH2, Et3N, EtOH, 78 �C

These compounds were prepared via the reaction of
6-chloropurine riboside (1) with the appropriate amine
in the presence of N,N-diisopropylethylamine (DIPEA).
These reactions provided the desired target compounds
2a–e in good to excellent yield, ranging from 71 to 89%
(Scheme 1).


A second series of target compounds was prepared
in which the antioxidant moiety was attached to the
N6-position via an alkyl linker. This initially involved
the preparation of N6-(6-aminohexyl)adenosine (3), fol-
lowed by an EDCI mediated coupling to connect the
antioxidant group (compounds 4a and 4b, Scheme 2).
Alkyl aryl linkers were also targeted as the interaction
of a phenyl group with the N6-binding domain is
known to enhance A1AR affinity and selectivity.19 In
this approach the antioxidant moiety was first coupled
to 4-(2-aminoethyl)aniline to afford the corresponding
carboxamide of type 6. The reaction of 6 with 6-chlo-
ropurine riboside afforded the desired N6-substituted
adenosines (5a,b) in good yield (Scheme 2).
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Receptor binding assays: The receptor binding affinity of
the initial series of compounds bearing a substituent
known to confer antioxidant activity in the N6-position

Table 1. Receptor affinity of the target compounds


N


NN


N


O
HO


OHHO


NH


2


O
HO


OHO


H
N


O


RR


No. R A1 Ki (lM)


2a N
O


0.10 ± 0.03


2b NH 0.29 ± 0.03


2c N O 0.05 ± 0.01


2d NH 1.58 ± 0.45


2e N


C
H2


O 0.05 ± 0.01


4a N
O


0.015 ± 0.0003


4b OH 0.040 ± 0.0003


5a N
O


0.007 ± 0.001


5b OH 0.032 ± 0.006

is described in Table 1. All of the N6-nitroxide com-
pounds (2a, 2c, and 2e) had sub-micromolar Ki values
at the A1AR and good selectivity versus A2AAR and
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A2AKi (lM) A2BKi (lM) A3 Ki (lM)


>10 >10 0.79 ± 0.56


>10 >10 0.28 ± 0.17


>10 >10 8.56 ± 3.20


>10 >10 25.0 ± 6.40


>10 >10 21.2 ± 8.30


>10 >10 0.089 ± 0.031


>10 >10 0.014 ± 0.048


>10 1.45 ± 0.08 0.023 ± 0.01


>10 8.58 ± 0.90 0.084 ± 0.001







5440 A. Gregg et al. / Bioorg. Med. Chem. Lett. 17 (2007) 5437–5441

the A2BAR. Affinity for the A3AR ranged from very
modest in the case of compound 2a to high for com-
pound 2e. Interactions between a nitroxide moiety and
the N6-binding domain of adenosine receptors have
not been explored to date. In order to probe the effects
of this group on A1AR affinity and selectivity, analogues
in which the nitroxide was replaced by the correspond-
ing secondary amine were prepared and evaluated
(Table 1, compounds 2b and 2d). A comparison of 2a
with 2b and 2c with 2d suggests that the presence of a
stable free radical in these positions is not deleterious
for interaction with the A1 adenosine receptor.


Although it is well known that the N6-binding domain
can accommodate a wide range of aryl and cycloalkyl
groups, the incorporation of very bulky tetramethyliso-
indolin-2-yloxyl and tetramethylpiperidin-1-yloxyl
groups in this position afforded agonists with modest
affinity for the A1AR. In order to improve receptor
affinity, the antioxidant moiety was attached via an

Figure 1. (a) The effects of adenosine receptor agonists on a cell model of isch


simulated ischaemia medium (all other treatments) for 12 h. Propidium iodid


cell death calculated for each treatment, with the simulated ischaemia treatme


from cells incubated as described in Figure 1a.

alkylamino linker. Linkers of this type have previously
proven to be effective in connecting A1 adenosine recep-
tor agonists with fluorescent markers and also for the
preparation of bivalent and bifunctional targets.20–22


A functionalised linker was employed in order to achieve
further improvements in A1AR affinity. This linker
incorporated an N6-phenyl group to allow interaction
with the hydrophobic region of the N6-binding domain,
attached to 4-alkyl amino functionality which provided
a handle for the attachment of the antioxidant group.


Cardiomyocyte model of ischaemia: Cultured H9C2
embryonic rat atrial cardiomyocytes were exposed to
conditions used previously to mimic in vivo ischaemia.
This type of ischaemic model produces necrotic and
apoptotic cell death,20 which results in membrane dys-
function and allows entry of propidium iodide.23 Under
simulated ischaemia conditions, approximately 40% of
all cells stained positively for propidium iodide

aemia. Cells were grown in either normal medium (control) or hypoxic


e exclusion was then used to determine the number of viable cells, and


nt normalised to 100% (mean ± SEM, n = 3). (b) Representative images
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(Fig. 1—the PI-positive cell number in the simulated
ischaemia treatment group was normalised to 100%).
When cells were incubated in the simulated ischaemia
conditions in the presence of N6-cyclopentyladenosine
(CPA, 10 nM), the number of PI-positive cells was re-
duced by 86.18 ± 6.19%, to a level similar to that seen
in cells exposed to normal oxygenated media (control).
The series of adenosine receptor agonists tested in this
assay all demonstrated cardioprotective properties at
the same concentration (10 nM). Compound 2e (84.84 ±
3.0% reduction in dead cell number) demonstrated sim-
ilar efficacy to CPA at this concentration, whilst com-
pounds 5a (54.74 ± 19.89% reduction in dead cell
number) and 5b (73.24 ± 7.8% reduction in dead cell
number) were less efficacious.


These protective effects of CPA and analogues 2e, 5a,
and 5b were all significantly reduced in the presence of
the A1AR antagonist 1,3-dipropyl-8-cyclopentyl xan-
thine (DPCPX), over the range of agonist concentra-
tions of 10–1000 nM (ANOVA, P < 0.05).


These data indicate that the adenosine receptor
analogues evaluated have significant cardioprotective
effects at low nanomolar concentrations. The protective
effects of the analogues were reduced but not abolished
in the presence of the A1AR antagonist DPCPX, raising
the possibility that there was some benefit derived from
the antioxidant attachments. We are currently investigat-
ing this potential cardioprotective mechanism further.
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Abstract—This communication highlights the development of a nicotinamide series of histone deacetylase inhibitors within the
benzamide structural class. Extensive exploration around the nicotinamide core led to the discovery of a class I selective HDAC
inhibitor that possesses excellent intrinsic and cell-based potency, acceptable ancillary pharmacology, favorable pharmacokinetics,
sustained pharmacodynamics in vitro, and achieves in vivo efficacy in an HCT116 xenograft model.
� 2007 Elsevier Ltd. All rights reserved.

Epigenetic defects alter levels of gene expression without
structurally modifying DNA sequence and have been
linked to the progression of a number of diseases, such
as cancer.1 In contrast to DNA mutations, epigenetic
defects that lead to disease are potentially reversible by
pharmacologically targeting the enzymes responsible
for the epigenetic modifications.2


Histone acetylation is an epigenetic modification that is
controlled by histone acetyltransferases (HATs) and his-
tone deacetylases (HDACs).3 Several HDAC inhibitors
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are currently in development as therapeutic agents and
have been shown to regulate a variety of cellular re-
sponses including proliferation, differentiation, and
apoptosis.4 In general, inhibiting HDAC activity results
in the accumulation of acetylated histones and subse-
quent activation of gene transcription.5 Histone hyper-
acetylation induced by HDAC inhibitors has been
shown to correlate with the anti-tumor effects of these
inhibitors.6 These observations suggest that HDAC
inhibition provides an opportunity to reverse epigenetic
defects that lead to disease and represents a promising
new strategy for the treatment of cancer.


Class I and II histone deacetylases catalyze the removal
of the acetyl group from the amino-terminal lysine resi-
dues of histones within nucleosomes.7 While the biolog-
ical functions of the many HDAC subtypes are still
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being defined, there is compelling evidence that class I
HDACs regulate cell proliferation and therefore are via-
ble targets for cancer therapeutics.8


Vorinostat (suberoylanilide hydroxamic acid, SAHA,
Zolinza.TM), a hydroxamate-based HDAC inhibitor,
inhibits a subset of both class I and II HDAC enzymes
and has recently been approved for marketing in the
United States for the treatment of cutaneous manifesta-
tions of cutaneous T-cell lymphoma (Fig. 1).9 More spe-
cifically, vorinostat inhibits HDACs 1, 2, 3, and 6 at the
low nanomolar level (HDAC1 IC50 < 0.1 lM) while
inhibiting HDAC8 and HDAC11 at the micromolar
level.


A number of benzamide HDAC inhibitors, such as MS-
275 (HDAC1 IC50 > 1.0 lM),10 CI-994 (HDAC1
IC50 > 100 lM),11 and MGCD-0103 (HDAC1
IC50 P 0.1 lM),12 generally characterized as less potent
HDAC inhibitors with greater class I selectivity com-
pared to hydroxamate-based inhibitors, are under clini-
cal investigation to further evaluate if they offer
advantages to vorinostat with regard to efficacy and tol-
erability (Fig. 2).


Our medicinal chemistry efforts were initiated to dis-
cover an HDAC inhibitor with improved class I selectiv-
ity, greater tolerability, and improved efficacy compared
to current inhibitors in development. Initial SAR fo-
cused on structural diversification around the pyridine
core of nicotinamide lead 1, which exhibits an HDAC
inhibitory activity of 12.4 lM (Fig. 3).13
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Figure 1. Vorinostat, a first in class hydroxamate-based HDAC


inhibitor approved for the treatment of cutaneous T-cell lymphoma.
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Figure 2. Representative benzamides under clinical evaluation.


N


N
H


O


NH2


HDAC1 IC50 = 12.4 μM
1


Figure 3. N-(2-Aminophenyl)nicotinamide (1) as a benzamide lead.

It was quickly determined that the 6-position of the pyr-
idine ring could be easily functionalized and that deriv-
atization with cyclic amines, such as N-substituted
piperazines, led to a significant enhancement in HDAC
inhibitory activity over analogs derived from corre-
sponding acyclic amino derivatives. For example, acy-
clic dimethyl amine derivative 2 exhibited an HDAC
inhibitory activity of 963 nM compared to piperazine
3 which was 168 nM (Table 1). In general, amino nico-
tinamide substitution with six-membered cyclic amines
gave enhanced HDAC enzymatic activity compared to
larger or smaller heterocyclic ring systems.


All nicotinamide analogs were prepared in excellent
overall yields by either a linear 3- or 4-step sequence
using one of two general methods: nicotinamides pre-
pared by method A commenced with the acid chloride
displacement of commercially available 6-chloronicoti-
noyl chloride with t-butyl (2-aminophenyl)carbamate
414 to give the Boc-protected chloronicotinamide 5 in
84% yield. The sequence was completed by pyridyl chlo-
ride displacement in the presence of excess (3.0 equiv)
functionalized (i) or unfunctionalized (ii) cyclic amine
at 85 �C in DMSO. The piperazine was then further
functionalized (ii) by acetylation, sulfonylation, or car-
bamoylation to give intermediate 6, followed by TFA
removal of the Boc group (i and ii) to afford the desired
nicotinamide 7 (Scheme 1).


Nicotinamides prepared by method B began with the
pyridyl chloride displacement of commercially available
methyl 6-chloronicotinate with excess cyclic amine
(3.0 equiv) to give intermediates 8, followed by hydroly-
sis of the methyl ester with LiOH to give intermediates 9
and EDCI coupling in the presence of excess phenylen-
ediamine to give the desired nicotinamide 7 by this alter-
native strategy (Scheme 2).


Having determined that 6-piperazinyl nicotinamides
gave optimal HDAC inhibitory activity, we focused
our efforts initially on modifications to the piperazine
ring system by preparing a diverse set of analogs 7a–
7m (Table 2). For 6-piperazinyl nicotinamides lacking
N-substitution where R3 = H, no general trends emerged
for enzymatic potency despite the structural and stereo-
chemical modifications made on the piperazine ring

Table 1. Acyclic versus cyclic comparison at the 6-position


NR


O


N
H NH2


Compound R HDAC1 IC50 (nM)a


2 N
N


O


O
Me


MePh 963


3 N


O


OPh
N


168


a Values are reported as an average for n = 2 or greater.
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Scheme 1. Method A: general synthesis of N-(2-aminophenyl)-6-piperazinyl nicotinamides 7.
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Scheme 2. Method B: alternative synthesis of N-(2-aminophenyl)-6-piperazinyl nicotinamides 7.
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system (7a–7f). The enzymatic activities for analogs 7a–
7f ranged from 301 nM (7c) to 821 nM (7f). The signif-
icance of the size and position of the substituents on the
piperazine ring became clear when R3 was further elab-
orated to a number of carbamate derivatives. Analogs
with smaller R1 and R2 substituents, such as (S)-Me
(7g, 7i) or (R)-Me (7j), on the external 2-position of
the piperazine were generally more potent than inhibi-
tors with larger substituents, such as (S)-i-Pr (7m) and
(S)-Bn (7h) when R3 = Cbz or Boc. Analogs that con-
tained disubstituted piperazines, such as dimethyl deriv-
atives 7k and 7l with substituents either in the internal or
external positions of the piperazine ring, were typically
less potent than derivatives with mono-methyl substitu-
tion at the same positions when R3 = Cbz. The two most

potent inhibitors to emerge from the SAR were nicotina-
mides 7i with an HDAC1 IC50 of 73 nM and 7j with an
HDAC1 IC50 of 40 nM.


The 6-amino nicotinamides were further evaluated in
our cell-based HCT116 colon carcinoma growth inhibi-
tion15 assay, which is a direct measure of in vitro anti-
proliferative effects, as well as an indirect measure of cell
permeability. Several trends emerged from the cell-based
results (Table 3). Inhibitors lacking N-substitution not
only had poor intrinsic potency, but generally had poor
cell-based potency as well as exemplified by 7a with a
GI50 of 1690 nM. Inhibitors with larger R1/R2 pipera-
zine substituents, such as 7m with R1 = (S)-i-Pr, had a
growth inhibition of 3484 nM, and inhibitors with







Table 2. HDAC1 activity for representative 6-piperazinyl nicotinamides


NN


O


N
H NH2


N
R3


R2 R1


R4
R5


7


Compound Method R1 R2 R3 R4 R5 HDACl IC50 (nM)a


7a Ai (S)-i-Me H H H H 435


7b Ai (S)-i-Pr H H H H 304


7c Ai (S)-Bn H H H H 301


7d Ai (S)-Me H H H (R)-Me 582


7e Ai Me Me H H H 529


7f Ai H Me H Me H 821


7g B Me H Boc H H 242


7h B Bn H Boc H H 352


7i Aii (S)-Me H Cbz H H 73


7j Aii H (R)-Me Cbz H H 40


7k Aii Me Me Cbz H H 169


7l Aii (S)-Me H Cbz H (R)-Me 255


7m Aii (S)-i-Pr H Cbz H H 326


a Values are reported as an average for n = 2 or greater.


Table 3. Enzymatic versus cell-based potency for representative nicotinamides


NR


O


N
H NH2
7


Compound Method R HDAC1 IC50 (nM)a HCT116-72h GI50 (nM)a Shift in potency


7a Ai HN
N


Me


435 1690 3.9


7g B N
N


MeO


O 242 1100 4.5


7i Aii N
N


MeO


OPh 73 81 1.1


7j Aii N
N


MeO


OPh 40 495 12.4


7k Aii N
N


O


O


Ph 169 871 5.1


71 Aii


N
N


MeO


OPh


Me


255 3317 13.0


7m Aii N
N


O


OPh 326 3484 10.7


7n Aii N
N


O


Ph 77 416 5.4


7o Aii N
N


S
O


O
149 2435 16.3


a Values are reported as an average for n = 2 or greater.
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Table 4. In vitro profile for representative urea analogs


N


N
H


O


NH2N
N


Me


H
N


O
R 7


Compound Methoda R HDAC1


IC50 (nM)b


HCT116-72h


GI50 (nM)b


7p Aii Ph 75 725


7q Aii Bn 39 916


7r Aii PMB 47 892


7s Aii
Ph


Me
101 1925


7t Aii
Ph


Me
47 902


7u Aii
Ph 47 433


a Method Ai: the ureas were prepared at room temperature using the


functionalized piperazine nicotinamide, the corresponding isocyanate


RAC@N@O (2.0 equiv) in DMF for up to 12 h.
b Values are reported as an average for n = 2 or greater.


Table 5. In vitro characterization of representative 2,5-diazabicy-


clo[2.2.1]heptane nicotinamides


N
N N


N
H


O


NH2
R


n


10


Compound Method R n HDAC1


IC50


(nM)a


HCT116-72h


GI50


(nM)a


10a Ai H 1 307 —


10b B Boc 1 189 282


10c Aii CBz 1 68 284


10d Ai Bn 1 235 1273


10e Aii


O


Ph
1 167 1480


10f Ai Cl 1 39 229


10g Ai F 1 54 477


10i Ai H 2 405 —


10j B Boc 2 669 7246


10k Aii CBz 2 67 1510


10l Aii


O


O


N


2 91 2262


a Values are reported as an average for n = 2 or greater.


Table 6. In vitro characterization for a number of 3,8-diazabicy-


clo[3.2.1]octane nicotinamides


N


N
H


O


NH2
N


NR 11


Compound Method R HDAC1


IC50 (nM)a


HCT116-72h


GI50 (nM)a


11a B Boc 167 2581


11b Ai CBz 82 1034


a Values are reported as an average for n = 2 or greater.
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disubstituted piperazines, such as dimethyl derivatives
7k and 7l with growth inhibitions of 871 and 3317 nM,
respectively, generally had poor cell-based potencies
and significant shifts from intrinsic potencies. N-sulfon-
amide derivatives also showed a dramatic shift from
intrinsic potency to cell-based potency as demonstrated
by dimethyl piperazine 7o with a greater than 16-fold
shift from HDAC inhibitory activity (149 nM) to
HCT116 growth inhibition (2435 nM). Compounds that
exhibited the greatest cellular potency contained small
alkyl (R1, R2 = Me) mono-substituted piperazines cou-
pled with CBz carbamates (R3). The significance of chi-
rality of the substituent in the distal 2-position (R1/R2)
of the piperazine is most worthy of note. While 7j with
R2 = (R)-Me possessed greater intrinsic potency
(HDAC1 IC50 = 40 nM), 7i with R1 = (S)-methyl and
an intrinsic potency of 73 nM gave a greater than 6-fold
enhancement in cell-based potency (GI50 = 81 nM) over
7j (GI50 = 495 nM).16 While the mechanism for the
remarkable 12-fold shift from HDAC enzymatic activity
to cell-based potency for 7j and other select 6-amino nic-
otinamides that exhibited this shift in potency is unclear,
it may be attributable to an off-target cellular transport
effect. The cell-based anti-proliferative effects of several
analogs were further evaluated in vitro in HeLa cervical
cancer cells. Nicotinamide 7i displayed a remarkable
cell-based potency with a GI50 of 28 nM.


Having identified that the (2S)-methyl piperazine moiety
coupled with the Cbz carbamate functionality leads to
an exceptional in vitro profile, we further evaluated a
number of urea analogs 7p–7u to determine if we could
improve upon the potency and HCT116 growth inhibi-
tion of 7i (Table 4). While a number of urea analogs
showed comparable or slightly improved HDAC1 enzy-
matic potency compared to 7i as exemplified by analogs
7p–7u ranging in enzymatic activities from 39 nM (7q) to
101 nM (7s), none of the analogs achieved a GI50 of less

than 400 nM (7u), and a significant shift from intrinsic
to cell-based potency was again observed.


Given the remarkable intrinsic and cell-based potencies
associated with 7i, we made further alterations around
the piperazine scaffold. We prepared a number of
bridged 2,5-diazabicyclo[2.2.1]heptane analogs 10a–10l
and 3,8-diazabicyclo[3.2.1]octane analogs 11a and 11b
(Tables 5 and 6).


While a number of the bridged analogs showed compa-
rable or improved intrinsic potencies to 7i as exemplified
by 10c, 10f, 10g, 10k, 10l, and 11b none of the bridged
analogs showed an improved cell-based potency com-
pared to 7i with GI50s ranging from 2262 nM (10l) to
229 nM (10f).


We also prepared a wide variety of bicyclic amino nico-
tinamides 12a–12e including tetrahydroimidazo[1,2-a]
pyrazine analogs, 2,5-diazabicyclo[4.2.0]octane derivatives,
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and 1,2,3,4-tetrahydroquinoxalines (Table 7). The most
notable of the bicyclic analogs was 12e with enzymatic
activity of 92 nM and HCT116 growth inhibition of
609 nM. Having extensively derivatized the piperazine
moiety of the nicotinamide scaffold, we determined that
7i was a unique 6-amino nicotinamide HDAC inhibitor
with excellent intrinsic potency and remarkable cell-
based potency worthy of further evaluation in vivo.


Because class I and class II HDACs have very different
biological and functional roles, a significant effort has
been invested in designing inhibitors that exhibit an im-
proved class I selectivity over inhibiting class II
HDACs.17 The potency and subtype selectivity of 7i
were measured in vitro by monitoring the deacetylation
of a synthetic acetyl-lysine bearing peptide by subtype-
specific HDAC complexes purified from mammalian
cells overexpressing recombinant enzyme.13 Nicotin-
amide 7i showed modest selectivity for HDAC1 over
HDAC2, a 13-fold selectivity for HDAC1 over HDAC3,
was essentially inactive against HDAC6, and a greater
than 225-fold selectivity for HDAC1 over HDAC8 (Ta-
ble 8). Further in vivo evaluation of 7i will be necessary

Table 7. In vitro characterization of representative bicyclic nicotina-


mides


NR


O


N
H NH212


Compound Method R HDAC1


IC50 (nM)a


HCT116-72h


GI50 (nM)a


12a Ai N
N


588 723


12b Ai N
N


N
Ph 139 1118


12c Ai N
N


N


Ph 222 866


12d Ai N
N


O


OPh 140 3360


12e Bb N
N


O


OPh 92 609


a Values are reported as an average for n = 2 or greater.
b Method B modification: the pyridyl chloride displacement in this case


required using 12 mol % Pd[P(t-Bu)3]2 and K3PO4 (3 equiv) in PhMe


at 85 �C over the course of 12 h.


Table 8. HDAC In vitro selectivity profile for 7i


HDAC1 IP (nM)a HDAC2 IP (nM)a HDAC3 IP


73 272 939


a Values are reported as an average for n = 2 or greater.

to determine what therapeutic advantages class I selec-
tivity offers over less selective HDAC inhibitors.


A homology model of hHDAC1 was built using the
crystal structures of human HDAC8 co-crystallized with
trichostatin A (PDB entry 1T64)18 and HDLP co-crys-
tallized with SAHA (PDB entry 1C3S)19 as templates
(Fig. 4).20 Superposition with the hHDAC8 crystal
structure permitted a direct copy of the Zn and select
waters into the hHDAC1 homology model. Side-chain
torsions of the residues proximate to the Zn were ad-
justed to reflect those observed in hHDAC8. A set of
150 energy minimized conformers were docked into
the hHDAC1 homology model via rigid body alignment
such that the aniline NH2 group and nicotinamide car-
bonyl approximate the position of the hydroxamate hy-
droxyl group and hydroxamate carbonyl, respectively,
from trichostatin A as observed in the hHDAC8 crystal
structure.21 The remainder of each structure was al-
lowed to access the solvent exposed surface via the
�11 Å channel which provides access to the catalytic
Zn. A set of 25 of these conformers were selected for fur-
ther study based on their ability to uniquely explore var-
ious structural features of the homology model without
encountering extreme steric clashes with the enzyme
model atoms. Each was energy minimized within the
context of the hHDAC1 homology model. Residues fall-
ing within 10 Å of each conformer were held rigid while
side-chains of residues within 5 Å of the compound were
energy minimized in conjunction with the inhibitor.


The model shown is the conformer which had the most
stabilizing interactions with the enzyme while encoun-
tering the least amount of strain relative to its original,
ex-enzyme energy minimized state (Fig. 5). Given the
vagaries of homology modeling and the approximations
made to complete these studies, several other conform-
ers nearly isoenergetic with that presented were retained
to provide a more realistic picture of the conformational
space which could be sampled by inhibitor 7i.22


In our proposed model, the inhibitor’s nicotinamide car-
bonyl oxygen makes a direct interaction with the Zn
2.4 Å away (Fig. 5). In the case of the template struc-
tures HDLP/SAHA and HDAC8/trichostatin, the dis-
tance between the hydroxamate carbonyl and Zn is 2.7
and 2.2 Å, respectively. The aniline NH2 forms a tetra-
hedral pucker such that the protons form hydrogen
bonds with His-140 and His-141 while the nitrogen lone
pair interacts with the Zn 2.4 Å away. Relative to the
templates HDLP/SAHA and HDAC8/trichostatin, the
distance between the hydroxamate oxygen and Zn is
1.8 and 2.2 Å, respectively.


Further removed from the catalytic Zn are two more
notable changes which occur during the minimization

(nM)a HDAC6 IP (nM)a HDAC8 IP (nM)a


>50,000 16,720







Figure 4. Sequence alignment constructed for HDAC1 homology model.


Figure 5. A proposed binding mode for benzamide inhibitor 7i


(purple) in context of the hHDAC1 homology model. The coordina-


tion (green and orange dashed lines) between Zn, inhibitor 7i, and key


amino acid residues (white), as well as proposed hydrogen-bonding


(yellow dashed lines) are shown.
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process. One of these is that the phenolic hydroxyl of
Tyr-303 is directed toward the carboxylate of Asp-264
rather than to the nicotinamide carbonyl unlike the ob-
served interaction between the Tyr-OH and hydroxa-
mate carbonyl in the current HDAC/HDLP
crystallographic complexes. The other change noted is
that the phenyl group of Phe-150, located in the channel,
rotates about its axis during minimization such that it is
orthogonal to the starting position. This more closely
approximates the analogous Phe torsion observed in
the HDLP structure rather than that seen in the
hHDAC8 structure. The rotation appears to result from
the proximity of the nicotinamide amide N–H with
which it appears to be forming an edge-to-face p-stack-
ing interaction.


The nicotinamide pyridine and linked piperazine of the
inhibitor are modeled to extend through the channel
to the solvent exposed region of the enzyme. In the con-
former depicted, the pyridine joins the piperazine
’’chair’’ conformation in an axial fashion which permits

the benzyl carbamate to more closely follow the con-
tours of the protein surface. The piperazine is proximate
to the Leu-271 side-chain and the methyl substituent
descends axially toward Phe-150. The benzyl group ap-
proaches Pro-29. In some of the conformers which are
nearly isoenergetic with that presented, the piperazine
and pyridine are equatorially joined and the carbamate
is axially positioned off the piperazine nitrogen. The
selectivity observed for HDAC1 over HDAC8 can best
be explained in a structural context given that Trp-141
of HDAC8 (Leu-139 for HDAC1) partially occludes
the pocket into which the aniline ring of compound 7i
is docked in the HDAC1 homology model.


Having identified 7i as our lead nicotinamide, we evalu-
ated its pharmacokinetic parameters in 2 species, Spra-
gue–Dawley rat and beagle dog (Table 9). Intravenous
dosing in rat (2 mg/kg) led to a moderate clearance
and low equilibrium volume of distribution, while oral
dosing (4 mg/kg) gave acceptable exposure, oral bio-
availability of 32%, and a terminal plasma elimination
half-life of 2.2 h. Intravenous dosing in dog (0.9 mg/
kg) gave a low clearance as well as a low equilibrium
volume of distribution, while oral dosing (1.8 mg/kg)
led to high exposure, oral bioavailability of 73%, and
a terminal plasma elimination half-life of 5.3 h.


Continuous treatment of HCT116 colon carcinoma cells
for 24 h with 7i resulted in a concentration-dependent
hyperacetylation of histone H2B (H2BK5) with an
EC50 of 2.7 lM, and was accompanied by caspase-3,7
activation consistent with an induction of apoptosis
and cell death. It is important to note that histone acet-
ylation at lysine-5 of histone H2B (H2BK5) induced by
benzamide 7i in HCT116 cells was observed within 1 h
of treatment and was sustained for more than 8 h after
the drug was washed from the cells. Treatment of
HCT116 cells with vorinostat for 1 h also resulted in sig-
nificant H2BK5 acetylation, however this effect was not
sustained and diminished rapidly following removal of
inhibitor.23


The overall ancillary pharmacology profile of 7i was
evaluated to establish if there was any significant off-tar-
get activity or other metabolic liabilities associated with
the compound. Nicotinamide 7i was inactive in our







Table 9. Pharmacokinetics profile for 7i


Species n IV Dose (mg/kg) Cl (mL/min/kg) Vdss (L/kg) p o Dose (mg/kg) AUC(N) (lM h kg/mg) F (%) t1/2 (h)


Rat 3 2.0 52 2.1 4.0 0.23 32 2.2


Dog 3 0.9 7.3 2.1 1.8 3.7 73 5.3
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Figure 6. Compound 7i dosed IP achieves in vivo efficacy in HCT116 tumor bearing mice compared to vehicle (10% DMSO/45% PEG-400/45%


water).
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hERG binding assay with a ki > 30 lM, which does not
predict a liability for 7i to cause drug-induced QT pro-
longation. The CYP inhibition potential of 7i was mea-
sured against a number of human isoforms.
Nicotinamide 7i was inactive against CYP3A4 and
CYP2D6 with an IC50 > 50 lM, and showed marginal
activity against CYP2C9 with an IC50 of 24.5 lM and
therefore is not a reversible inhibitor of these major iso-
forms. In a broad-based biochemical assay screen to
check for off-target activities, 7i exhibited minor activity
against human serine/threonine kinase MAPK3 with an
IC50 = 4.52 lM, human dopamine transporter (DAT)
with an IC50 = 3.12 lM, and human serotonin trans-
porter (SERT) with an IC50 = 1.68 lM.


In a 21-day efficacy study in HCT116 tumor bearing
mice, once daily intraperitoneal (IP) administration of
7i at both 100 mg/kg and 150 mg/kg was well tolerated
and inhibited tumor growth by 49% and 53%, respec-
tively, compared with vehicle (Fig. 6). At 7 h post-treat-
ment with 7i, a mean tumor concentration of 6.0 lM
was observed at the 150 mg/kg dose and a mean plasma
concentration of 1.8 lM was observed, while at 26 h, a
mean tumor concentration of 1.2 lM was observed
and a mean plasma concentration of 0.31 lM was
observed.


The pharmacokinetics profile and sustained pharmaco-
dynamics of 7i, coupled with its ancillary pharmacology
and established in vivo efficacy, support further investi-
gation of this compound as a potential cancer therapeu-
tic and compare favorably to HDAC inhibitors
currently in development.24

In summary, we have discovered a series of 6-amino nic-
otinamides as HDAC inhibitors that possess excellent
enzymatic inhibitory activity and cell-based potency.
An extensive SAR campaign led to the discovery of
6-amino nicotinamide 7i, a class I selective inhibitor that
possesses remarkable anti-proliferative effects in two cell
cultures, displays sustained histone acetylation in vitro,
and achieves in vivo efficacy in HCT116 tumor bearing
mice. The selectivity profile and cell-based potency for
7i are most notable for an HDAC inhibitor in the benz-
amide structural class and further in vivo evaluation of
7i will determine if these characteristics lead to greater
tolerability and efficacy compared to other HDAC
inhibitors under clinical investigation. In general, fur-
ther clinical evaluation of class I selective HDAC inhib-
itors is needed to determine the therapeutic advantages
that greater selectivity might offer with regard to im-
proved tolerability and efficacy compared to less selec-
tive HDAC inhibitors already under clinical
investigation.
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Abstract—To address the absence of experimental data on the full-length structure of HIV-1 integrase and the way it binds to viral
and human DNA, we had previously [Karki, R. G.; Tang, Y.; Burke, T. R., Jr.; Nicklaus, M. C. J. Comput. Aided Mol. Des. 2004,
18, 739] constructed models of full-length HIV-1 integrase complexed with models of viral and human DNA. Here we describe the
discovery of novel HIV-1 integrase strand transfer inhibitors based on one of these models. Virtual screening methods including
docking and filtering by predicted ADME/Tox properties yielded several lM level inhibitors of the strand transfer reaction cata-
lyzed by wild-type HIV-1 integrase.
� 2007 Published by Elsevier Ltd.
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The pol gene of the human immunodeficiency virus type
1 (HIV-1) encodes three essential enzymes, protease
(PR), reverse transcriptase (RT), and integrase (IN).
About two dozen anti-HIV drugs have been approved
by the FDA,1 however, they all target only two of these
enzymes, PR and RT. Several factors including the
emergence of multidrug-resistant HIV strains, drug tox-
icity, and patients’ ability to comply with the prescribed
therapy make it highly desirable to develop novel drugs
that target other viral replication processes. IN is one
such target. However, no approved drugs based on IN
inhibition are currently available. Although a large
number of integrase inhibitors have been published over
the years,2–6 only a handful have progressed to clinical
trials, and further development of two promising candi-
dates, the diketo acids or diketo bioisostere compounds
L-870,810 (Merck) and S-1360 (Shionogi) (Fig. 1) was
halted after unacceptable liver and kidney cell toxicity
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was found in dogs.7 Still, there are very recent promising
reports8 that IN may finally join the other two viral en-
zymes as a target for which an anti-HIV drug with high
efficiency and low adverse effects (Raltegravir, Fig. 1) is
available. All this testifies to the fact that IN is still a
both difficult and worthwhile target for the development
of efficient anti-HIV drugs.
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Figure 1. Structures of three strand transfer inhibitors of integrase that


have progressed to clinical trials.
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Figure 3. Site points (white spheres), hydrophobic (yellow mesh),


hydrogen bond donor (blue mesh), hydrogen bond acceptor (red


mesh), and metal binding maps (pink maps) for the model of full-


length HIV-1 integrase complexed with viral DNA used for virtual


screening.
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IN, a 32-kDa protein encoded at the 3 0-end of the HIV
pol gene, is essential for viral replication and catalyzes
the insertion of the reverse-transcribed viral DNA into
the host chromosome.9,10 The integration reaction is
carried out in two steps: 3 0-end processing (3 0-P) and
strand transfer (ST). Key factors that make IN a difficult
viral enzyme to target include11,12: (1) absence of a full-
length experimental structure of the enzyme (crystal or
NMR) and information on the way it binds to viral
and human DNA (crystallization has been hampered
mainly by poor solubility); (2) insufficient information
concerning the biochemical mechanism of integration;
and (3) lack of information regarding structural require-
ments for compounds to achieve IN inhibition in vitro
while retaining antiviral activity in vivo.


To address the first point in a computational way, we
have previously used the available experimental results
to construct three different plausible models of full-
length HIV-1 integrase complexed with models of viral
and host DNA by employing molecular modeling tech-
niques.13 Among these, the model having two magne-
sium ions coordinating the three catalytic residues
(Asp 64, Asp 116, and Glu 152) and best reproducing
key protein–DNA interactions was found to fulfill best
the requirements for binding of known diketo-acid
inhibitors, and was therefore chosen for the present
docking study. Although several such models14–21 have
been proposed for the interaction of viral DNA with a
multimer of IN, to the authors’ knowledge, this is the
first model used in virtual screening to find inhibitors
of the strand transfer reaction catalyzed by wild-type
HIV-1 integrase.


Key features of this model that were important for our
virtual screening efforts include: (1) it is a full-length tet-
ramer complexed with the U3 and U5 ends of the viral
DNA and human DNA (Fig. 2); (2) it was modeled to
represent the state after 3 0-P but before ST; (3) most
importantly, this model is consistent with the reported
biochemical findings regarding enzyme–DNA
interactions.


Figure 3 shows the binding site of the model that was
used for virtual screening (generated using SiteMap
2.0,22 Schrödinger). This structure shows that the bind-

Figure 2. Structural model of the full-length integrase tetramer bound


with models of viral DNA ends and human DNA13. Gray spheres:


Zn2+ ions; yellow spheres: Mg2+ ions.

ing site includes not only residues of the protein (Asp 64,
Cys 65, Thr 66, His 67, Glu 92, Asp 116, Asn 117, Gly
118, Asn 120, and Glu 152), but also several nucleotide
residues of the viral DNA (mainly C17 and A18).


We generated both ligand-based and structure-based
pharmacophore models using the programs Catalyst
4.923 (Accelrys) (conformations for the ligands were gen-
erated using both Catalyst 4.9 and Macromodel 9.024


from Schrödinger) and Structure-Based Focusing


(SBF) in Cerius225


(Accelrys), respectively. To generate
the ligand-based pharmacophore models, 50 different
IN inhibitors with particular emphasis on selective ST
inhibition were used. These 50 IN inhibitors are mostly
4-aryl-2-hydroxy-4-oxo-2-butenoic acids and their iso-
steric tetrazoles.26,27 In total, we produced 30 different
pharmacophore models. Figure 4 shows one of them
as an example.

Figure 4. One of the pharmacophores used to search the ChemNav-


igator database. Green: hydrogen bond acceptor; magenta: hydrogen


bond donor; blue: negatively charged group; cyan: hydrophobic


aromatic group.







Table 1. Integration inhibition for compounds 1–9


Compound G-Score


(kJ/mol)a


IC50 BioVeris


(lM)


IC50 30-P
(lM)


IC50 ST


(lM)


1 �10.44 37 >333 >333


2 �9.79 113 65 49


3 �9.66 780 155 120
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The first step of the virtual screening was a search
across a pre-existing multi-conformation Catalyst data-
base of the ChemNavigator28 iResearch Library (iRL),
which comprised 13.5 million purchasable samples at
the time of the study. Each of the pharmacophore
models generated was used as a query to search the
iRL using the catSearch feature in Catalyst. A total
of 234,894 compounds were identified as hits. Because
most compounds in the training set used for develop-
ing the pharmacophores were acids (mainly diketo
acids), all of the hits contained a carboxylic acid
group.


From the above hit list, duplicate molecules, molecules
violating Lipinski’s ‘Rule of Five’, and inorganic com-
pounds were deleted using a Pipeline Pilot 5.029 (SciTe-
gic) protocol shown in Figure 5.


This resulted in 167,479 compounds. All these were
docked into our integrase model using Glide versions
3.530 and 4.031 (Schrödinger) utilizing Standard Preci-
sion mode (a more powerful Extra Precision mode could
not be used in this case because it is not optimized for
metal-containing systems). When we had docked the
diketo acid inhibitors in this model, we had found that
the docking poses of their neutral states were able to ex-
plain their structure–activity relationship much better
than their charged states. Therefore, all 167,479 com-
pounds were docked in their neutral state. Details about

Figure 6. Structures of the nine active compounds.


Figure 5. Pipeline Pilot protocol used to process the compounds


obtained in the pharmacophore filtering step.

how we used this model to dock small molecules have
been described elsewhere.13


The 500 compounds with the top scores obtained with
Glide 3.5 and the top 1000 compounds obtained from
Glide 4.0 were analyzed visually. To pass this test as a
potentially good inhibitor, a compound had to: (1) be
docked into the active site; (2) form at least two coordi-
nation-type interactions with at least one Mg2+ metal
ion; (3) form at least one hydrogen bond with the resi-
dues of Glu 92, Asp 116, Asn 117, Gly 118 or Asn 120
(and sometimes also His 67 and Cys 65).


Combining evaluation of previously computed ADME/
Tox properties for the 1500 manually pre-screened com-
pounds (calculated with both ADMET Predictor 1.2.432


(Simulations Plus) and QikProp 2.533 (Schrödinger))
with our evaluation of the docking poses, and taking
into account sample availability, 88 compounds were
finally selected for purchase.

4 �9.64 141 120 70


5 �9.86 121 87 57


6 �9.75 182 >333 >333


7 �9.69 292 204 114


8 �9.84 670 295 N/Ab


9 �9.87 580 121 54


a Glide Standard Precision docking score.
b N/A, not determined.







Figure 7. Putative binding modes of the six most active hits. (A)–(F) correspond to binding modes of compounds 2–5, 7, and 9, respectively.


Hydrogen bonds are represented by yellow dotted lines. For clarity, only polar hydrogen atoms are shown here.
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The purchased compounds were tested for their abilities
to inhibit HIV-1 integrase in vitro. We used an electro-
chemiluminescent high-throughput screening assay
developed by BioVeris, Corp. (Gaithersburg, MD),
which is based on the use of ruthenium labels. The 88-
compound series was screened in the presence of Mg2+


in the BVTM ST assay. Positive hits were then confirmed
in a gel-based assay in the presence of Mg2+ and IC50


values for 3 0-P and ST were determined. Details about
the experimental methods of the assays are given
elsewhere.4,34,35


Among our 88-compound series, nine compounds
showed inhibition of HIV-1 IN in the BVTM ST assay
(Fig. 6). Six of them were confirmed active in the gel-
based assay with IC50 values for ST between 49 and
120 lM (Table 1). The IC50 values for ST inhibition of
these six hits are lower than the corresponding IC50 val-
ues for 3 0-P inhibition, indicating that these compounds
do have the desired selectivity over ST, although not at
an overall high level of inhibition.


Figure 7 shows the putative binding modes of the most
active six hits as they were produced by the docking
runs. They all are somewhat similar to each other, in
that all inhibitors chelate one magnesium ion, and form
hydrogen bonds with residue Glu 92 in the protein and
A18 in the viral DNA. Except compounds 2 and 3, all
compounds form hydrogen bonds with C17 in the viral
DNA. This supports the assumption that viral DNA is
quite likely crucially involved in the binding of ST selec-
tive IN inhibitors.


Although the biological activities of these nine ST inhib-
itors are not very high in absolute terms, they represent
novel chemical structures which can be considered as

starting points for further developments. We have
shown that our IN models can be successfully employed
in structure-based drug design toward integrase, an
important target for antiviral drug discovery. Applica-
tion of this model yielded several novel IN ST inhibitors
out of a relatively small number of assayed compounds.
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