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Abstract—We have previously reported the discovery and initial SAR of the [1,7]naphthyridine-3-carbonitriles and quinoline-3-car-
bonitriles as Tumor Progression Loci-2 (Tpl2) kinase inhibitors. In this paper, we report new SAR efforts which have led to the
identification of 4-alkylamino-[1,7]naphthyridine-3-carbonitriles. These compounds show good in vitro and in vivo activity against
Tpl2 and improved pharmacokinetic properties. In addition they are highly selective for Tpl2 kinase over other kinases, for example,
EGFR, MEK, MK2, and p38. Lead compound 4-cycloheptylamino-6-[(pyridin-3-ylmethyl)-amino]-[1,7]naphthyridine-3-carbonit-
rile (30) was efficacious in a rat model of LPS-induced TNF-a production.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction


Tumor Progression Loci-2 (Tpl2) kinase has been shown
to be involved in both production and signaling of TNF-
a.1 TNF-a is a pro-inflammatory cytokine and its role in
several inflammatory diseases, most notably rheumatoid
arthritis (RA), is well established.2 Thus, Tpl2 is an
attractive target for the treatment of RA, a chronic inca-
pacitating disease that currently affects more than five
million people worldwide. The use of kinase inhibitors
in the treatment of chronic diseases like RA has not
been clinically proven.3 Many compounds have failed
in phase 1 clinical trials due to adverse effects. The tox-
icity observed could be a result of poor selectivity
against other kinases.
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Several members of the mitogen-activated protein ki-
nase (MAP kinase) family, particularly the serine/threo-
nine kinase p38 (Fig. 1), have been investigated by
several companies. Four compounds have progressed
to the clinic,3 AMG-548, BIRB-796, SCIO-4694


(SCIO-323), and VX-702.4 Two of these, AMG-548
and BIRB-796, have failed to advance further due to
toxicity concerns.
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Figure 1. Tpl2 is essential for TNF-a production and TNF-a signaling.
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Tpl2 is a serine/threonine kinase in the MAP3K family
that is upstream of MEK in the ERK pathway
(Fig. 1).1 Tpl2 is the only known human kinase that
has a proline instead of a conserved glycine at the first
glycine in the GXGXXG motif of the ATP binding
loop.5a Tpl2 is also not inhibited by the pan kinase
inhibitor staurosporine.5b Therefore, we believe that
Tpl2 has some distinct structural features that will con-
fer selectivity against other kinases and circumvent un-
wanted side effects.


In our previous work on Tpl26,7 we have reported the
[1,7]naphthyridine-3-carbonitriles (1) and quinoline-3-
carbonitriles (2) as potent, reversible, ATP-competitive
Tpl2 inhibitors with selectivity against certain kinases.
The naphthyridine carbonitriles 1 were identified via ‘di-
rected screening’ of our kinase library.6 Further SAR
evaluation of 1 indicated that, unlike other kinases,
the inhibitory activity of Tpl2 depended on substitution
at the C-6 position (tailpiece). In the literature, the C-6
position of naphthyridine-3-carbonitriles8 and 1,3-quin-
azolines9 has been shown to be useful for optimization
of solubility and permeability of kinase inhibitors, but

to have minimal effect on isolated kinase activity. How-
ever, several potent tailpieces were identified for class 1
compounds (1a–c). Further investigation showed that
the closely related quinoline-3-carbonitriles (2) had very
similar SAR to carbonitriles 1.7 A detailed study of the
C-6 substitution in carbonitriles 27 led to the identifica-
tion of a potent Tpl2 inhibitor, compound 2a, with
selectivity against several kinases (MEK, PKA, p38,
Src, CAMKII, MK2, PKC and S6). In vivo, 2a showed

70% inhibition of TNF-a production in the LPS-mouse
model when dosed ip at 25 mg/kg. However, compound
2a has poor selectivity against epidermal growth factor
receptor (EGFR) tyrosine kinase. A pharmacokinetic
(PK) study of 2a revealed that it also showed poor bio-
availability (F) and very high total clearance (Cl) in rats
(F = 1%; Cl = 97 mL/min/kg). In this article, we report
the design and synthesis of carbonitriles that contain no-
vel headpieces and show selectivity against EGFR, im-
proved PK properties and activity in the LPS mouse
model.

2. Chemistry


The synthesis of compounds with the general structure 1
was accomplished in a manner reported by Wissner
et al.10 As shown in Scheme 1 the key intermediate 7
was prepared in seven steps from commercially available
2-chloro-5-nitropyridine 3. Compound 7 and appropri-
ate headpiece amines were either refluxed in ethanol or
irradiated by microwave to give intermediates 8. The
6-fluoro groups of these intermediates were displaced

with a variety of tailpiece amines using microwave irra-
diation or heating in pyridine to give final products 1
(Tables 1–3, 5, 6). Compound 21 (Table 1) was prepared
by addition–elimination reaction of intermediate 7 with
methyl-3-amino benzoate to give 8g, subsequent reac-
tion with 4-(2-aminoethyl)morpholine to afford 1d,
and finally hydrolysis of the methyl ester to give 21.
Compound 24 (Table 1) was synthesized in three steps
from intermediate 8j. Displacement of the fluoro group







Scheme 1. Synthesis of [1,7]naphthyridine-3-carbonitriles. Reagents and conditions: (a) i—KF, DMSO, 70 �C, 18 h; ii—SnCl2–Æ2H2O, EtOAc; iii—


Boc2O, t-BuOH 40 �C, 3 h, 53%, three steps; (b) i—n-BuLi, TMEDA, ether, �78 �C; then CO2; ii—TMSCH2N2, CHCl3/MeOH, 51%, two steps; (c)


CH3CN, n-BuLi, THF, �78 �C, 76%; (d) i—DMF–DMA, rt, 1 h; ii—oxalyl chloride, DMF, CH2Cl2, 59%, two steps; (e) RNH2, 2-ethoxyethanol or


EtOH, reflux; or RNH2, DME, 140 �C microwave, 10 min; (f) R1NH2, THF or DMA or neat, 150–190 �C microwave; or R1NH2, pyridine, 80 �C.
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with 4-(2-aminoethyl)morpholine generated 1e. The lat-
ter upon reduction with SnCl2 yielded 1f, which upon
treatment with methyl sulfonylchloride gave 24. Com-
pound 53 (Table 5) was prepared by N-methylation of
8p followed by reaction of intermediate 8u with (R)-1-
phenylethylamine. Compound 58 (Table 6) was
prepared by condensing intermediate 7 with N-Boc
piperidine to give 8r, subsequent reaction with pyridin-
3-ylmethylamine to give 1g, and removal of the Boc
group using HCl in dioxane to give 58.


Target compounds with the general structure 2 were
made according to Scheme 2.7 Synthesis of compound

33 (Table 3) started with commercially available para-
nitroaniline 9. The tailpiece was first installed by treating
9 with 4-(2-chloroethyl)morpholine, and the nitro com-
pound (10a) obtained was then reduced to 10b. The lat-
ter was alkylated by Michael addition–elimination to
give the 2-cyano-3-ethoxyacrylate 11b. Cyclization in
Dowtherm followed by chlorination gave 13b.
Nucleophilic displacement of chloride 13b with 4-phen-
oxyphenylamine yielded 33. Since this method was not
suitable for analoging at the 6 position it was not further
pursued. An alternate route using common intermediate
13a was used to synthesize all other such compounds.
Cyanoquinoline 13a7 was obtained in three steps from







Table 1. Tpl2 activity of 6-(2-morpholin-4-ylethylamino)-4-arylamino-


[1,7]napthyridine-3-carbonitriles


Compound X Y Tpl2 IC50 (lM)


1a F Cl 1.5


16 F H 10.7


17 F F 3.6


18 NHPh H 7.6


19 NO2 H 7.0


20 H I 7.1


21 H COOH >10


22 H CONH2 >10


23 H OPh 11.5


24 H NHSO2CH3 >10
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commercially available para-nitroaniline 9.8j Refluxing
intermediate 13a with various amines in ethanol or irra-
diation of these mixtures by microwave gave intermedi-
ates 14(a–d). The C-6 nitro group was reduced to give
intermediates 15(a–d). Tailpiece installation was carried
out by reductive amination of 15 with a variety of alde-
hydes to give 2 (Tables 3–5). Two of the aldehydes used

Table 2. Tpl2 activity and EGFR selectivity for 6-[(pyridine-3-ylmethyl)ami


Compound Headpiece Tpl2 IC50 (lM) LPS


Monocyte IC50


1b 0.05 1.1


25 0.4 1.1


26 0.47 0.5


27 0.32 0.6


28 2.8


29 0.63 0.6


30 0.16 0.5

were not commercially available. Morpholin-4-ylacetal-
dehyde needed for the synthesis of 31 was prepared
in situ from its dimethyl acetal11 by heating with aque-
ous HCl overnight. Refluxing 2-picoline-N-oxide with
selenium dioxide in pyridine gave the 1-oxypyridine-2-
carbaldehyde12 required for the synthesis of 44 and 36.

3. Results and discussion


All compounds were studied for inhibition of isolated
Tpl2 enzyme via quantification of MEK phosphoryla-
tion in an ELISA format. For selected compounds,
EGFR selectivity was measured by looking at the inhi-
bition of EGFR kinase autophosphorylation in A431
cells overexpressing this enzyme, via quantification of
P-EGFR. Functional inhibition of TNF-a production
was measured using LPS-stimulated monocytes and
LPS-stimulated human blood. Compounds studied
in vivo were first assessed for selectivity against other ki-
nases (including p38a, CAMKII, PKC, PKA, MK2,
Src, S6K, IKKb, and Jnk-1).


A brief SAR study of headpieces in the naphthyridine-3-
carbonitrile series (1)6 had revealed the 4 0-fluoro-3 0-
chloro aniline as the optimal arylamino substitution at
the 4-position. However, the effect of polar functionality
had not been explored. Thus, the headpiece moiety was
varied starting with the lead compound (1a) in this ser-
ies. As shown in Table 1, all these compounds showed

no]-[1,7]naphthyridine-3-carbonitriles


-induced TNF-a inhibition EGFR(A431) IC50 (lM)


(lM) Human blood IC50 (lM)


>20 <5


20 <5


4.7 >40


7.7 >40


>40


4.2 >40


4.5 >40







Table 3. Tpl2 activity of 4-arylamino-[1,7]naphthyridine-3-carbonitriles versus 4-arylaminoquinoline-3-carbonitriles


R1 R X = N Tpl2 IC50 (lM) X = CH Tpl2 IC50 (lM)


1a 1.5 31 1.0


32 0.38 33 0.25


1c 0.05 34 0.018


Table 4. Tpl2 activity of 4-cyclopentylaminoquinoline-3-carbonitrile and 4-tert-butylaminoquinoline-3-carbonitrile


Compound R Tpl2 IC50 (lM) Compound R1 Tpl2 IC50 (lM)


35 21 44 1.3


36 1.3 45 1.7


37 1.7 46 2.9


38 2.2 47 7.3


39 2.9 48 1.6


40 7.3 49 3


41 1.6


42 3


43 19.7
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Table 5. SAR mapping of 4-alkylamino-[1,7]naphthyridine-3-carbonitriles


Compound R1 R X Y Tpl2 IC50 (lM)


30 N H 0.16


50 C H 2.6


27 N H 0.32


51 C H 2.4


52 N H 0.92


53 N CH3 >40


54 N H 8


55 N H 7.6


56 N H >40


57 N H 5.2
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diminished activity. This result is not unexpected since a
common feature seen in the ATP binding site for the
naphthyridine-3-carbonitriles8 and 1,3-quinazolines9 is
that the headpiece lies in a mostly lipophilic pocket bur-
ied deep within the active site with limited bulk toler-
ance. Next we looked at the cyclohexylamino
headpiece (Table 2). Here the more potent 3-pyridylm-
ethylamino group was used as a tailpiece. We found that
compound 26 was equipotent to 25. This result was a
pleasant surprise since an alkyl headpiece usually leads
to diminished activity in this core when applied to other
kinase targets. We expected that this unusal SAR would
grant selectivity over other kinases.


Further analoging of 26 and evaluation in other assays
showed that the 4-alkylamino substituted [1,7]naph-
thyridine-3-carbonitriles had moderate activity in the
Tpl2 enzymatic assay but improved activity in the
monocyte and human blood assays compared to the 4-
arylamino analogs (Table 2). Most importantly, these
compounds show excellent selectivity against other ki-
nases, particularly EGFR. In our earlier compounds,
lack of selectivity against EGFR had been a concern.

In the past, we had found that the [1,7]naphthyridine-3-
carbonitriles (1) and quinoline-3-carbonitriles (2) had
very similar SAR for Tpl2 inhibition. For example, in
Table 3, compounds 1a, 32, and 1c of the [1,7]naphthyri-
dine-3-carbonitrile series have similar Tpl2 activity to the
corresponding compounds 31, 33, and 34 in the quinoline-
3-carbonitriles series.7 Since the SAR tracks between the
two different cores, we made a library of quinoline carbo-
nitrile compounds combining the tert-butyl and cyclopen-
tylamino headpiece with our most potent tailpieces from
the naphthyridine carbonitrile series.6,7 (Table 4). Unfor-
tunately all compounds showed diminished activity.
These findings prompted us to do further SAR mapping
(Table 5). First, the quinoline analogs of naphthyridines
27 and 30 were evaluated. Both compounds (50 and 51)
showed 10-fold lower Tpl2 activity than their naphthyri-
dine analogs. It appears that N7 is important for activity
in the 4-alkylamino series. Next, the importance of the
4-NH group was tested. Methylating the C-4 nitrogen atom
in compound 52 abolished activity (53). One hypothesis
was that perhaps the 4-alkylamino analogs were binding
in a flipped mode compared to the 4-arylamino analogs,
with the key interaction made by the 3-cyano group







Scheme 2. Synthesis of quinoline-3-carbonitriles. Reagents and conditions: (a) 4-(2-chloroethyl)morpholine hydrochloride, 170 �C, 14 h; (b) 10% Pd/


C, H2, rt, 24 h; (c) Cs2CO3, DMF, rt, 2 h; (d) Dowtherm A, 260 �C, 4–5 h; (e) (COCl)2, DMF (cat.), DCE; or POCl3, reflux, 2-12 h; (f) RNH2, EtOH,


microwave or conventional heating; (g) SnCl2Æ2H2O, EtOH, microwave (or conventional heating) or Fe, NH4Cl, MeOH/H2O, heat; (h) R1CHO,


NaCNBH3, HOAc, EtOH.
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replaced by one with the N7 atom. The 4-alkylamino
groups would then be behaving as the tailpieces. A few
compounds were made to test the hypothesis. The
6-(3-chloro-4-fluorophenylamino)-4-cyclohexylamino-
[1,7]naphthyridine-3-carbonitrile (54) and the 4-(3-
chloro-4-fluorophenylamino)-6-(alkylamino)-[1,7]naph-
thyridine-3-carbonitriles (55–57) did not show any
appreciable activity, indicating that our hypothesis was
probably incorrect.


In an attempt to improve the activity of the alkylamino
series a few additional analogs were prepared (Table 6).
Insertion of heteroatoms into the alkyl headpiece was
not accepted (26 vs 58). Introduction of an alkynyl
group was tolerated (60). Although there was no signif-
icant improvement in activity, we were able to identify a
second compound (59) with comparable whole blood
activity to lead 30. This compound was twofold less po-
tent in the Tpl2 enzymatic and monocyte assay.


With this new alkylamino class of compounds we have
identified a series that is selective against EGFR and
demonstrates improved human blood activity
(Tables 2 and 6). Selected compounds were next

evaluated for IV PK in rats (Table 7). Compound 30
showed good exposure and moderate clearance and
was taken forward for in vivo testing. It was examined
in the LPS-induced mouse model at an ip dose of
10 mg/kg. Compound 30 caused an 86% inhibition of
TNF-a production compared to vehicle in female
C57Bl/6 mice (Fig. 2). Upon screening for selectivity
over a panel of kinases in both in vitro and cellular as-
says (Table 8), it showed >200-fold selectivity against
MK2 and p38, two other kinases involved in TNF-a
production. It also had >200-fold selectivity against
MEK and other serine-threonine kinases. Table 8 also
shows a comparison of Tpl2 activity (in vitro and
in vivo), kinase selectivity profiles, and PK parameters
of lead candidate 30 versus our earlier lead 2a. Com-
pound 30 has an improved selectivity profile, lower
clearance, and improved exposure and bioavailability
in rats. In addition, 30 showed better in vivo activity
at 10 mg/kg (ip) compared to 2a at 25 mg/kg (ip) in
the LPS mouse model.


In summary, we have identified a novel class of selective
Tpl2 inhibitors, the 4-alkylamino-[1,7]naphthyridine-3-
carbonitriles. These compounds are potent in cellular







Table 6. Tpl2 activity and EGFR selectivity for 6-[(pyridine-3-ylmethyl)amino]-[1,7]naphthyridine-3-carbonitriles


Compound Headpiece Tpl2 IC50 (lM) LPS-induced TNF-a inhibition EGFR(A431) IC50 (lM)


Monocyte IC50 (lM) Human blood IC50 (lM)


58 >40


59 0.36 0.8 4.5 >40


60 0.27 2 NA
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Figure 2. Effect of compounds 2a (ip) and 30 (ip) on LPS/D-Gal-


induced TNF-a release.


Table 7. Rat PK parameters for potent 4-alkylamino naphthyridine


carbonitriles


Compound Clearance


(mL/min/kg)


AUC iv/dose


(h kg ng/mL/mg)


29 50 328


27 28 732


30 30 1041
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and human blood assays indicating their functional abil-
ity to inhibit release of TNF-a. In addition, they show
good in vivo activity; a result, we believe, of their im-

Table 8. Kinase selectivity profile (IC50, lM), Tpl2 activity and PK parame


Compound MEKa p38a Srca CAMKIIa MK


30 >40 >40 38 NA NA


2a 2.4 30 NA NA NA


Compound Tpl2


IC50 (lM)


LPS-induced TNF-a inhibition


Monocyte


IC50 (lM)


Human


blood IC50 (lM)


30 0.16 0.5 4.5


2a 0.019 0.6 3.3


NA, not active at 40 lM.
a Enzymatic assays.
b In human monocytes.
c In A431 cells.

proved pharmacokinetic properties. On the basis of this
data the alkylamino-naphthyridine-carbonitriles have
been selected for further investigation.

4. Experimental


4.1. Chemistry


Reactions were run using commercially available start-
ing materials and solvents, without further purification.
Proton NMR spectra were recorded at 400 MHz on a
Bruker AV-400 spectrometer using TMS (d 0.0) as
a reference. Combustion analyses were obtained using
a Perkin-Elmer Series II 2400 CHNS/O analyzer.
CHN analyses were carried out by Robertson-Microlit.
Where analyses are indicated by symbols of the ele-
ments, analytical results obtained for those elements
were within ±0.4 of the theoretical values. Low resolu-
tion mass spectra were obtained using a Micromass
Platform Electrospray Ionization Quadrupole mass
spectrometer. High resolution mass spectra were
obtained using a Bruker APEXIII Fourier transform
ion cyclotron resonance (FT-ICR) mass spectrometer
equipped with an actively shielded 7 Tesla supercon-
ducting magnet (Magnex Scientific Ltd, UK) and an
external Bruker APOLLO electrospray ionization

ters for compounds 30 and 2a


2a PKAa PKCa S6a P-p38b EGFRc


>40 >40 >40 NA >20


5.84 >10 >10 2.11 0.03


PK parameters in rat


Clearance


(Cl/min/kg)


AUC iv/dose


(h kg ng/mL/mg)


Bioavailability (%)


30 1041 14


97 171 1
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(ESI) source. The microwave procedures were carried
out with a Biotage microwave. Preparative HPLC
was run using a Waters reverse phase preperative
HPLC with Xterra C18 5 lM, 30 · 100 mm column.
The flow rate was 40 mL/min and mobile phase A
was water; mobile phase B was CH3CN; triethylamine
or formic acid was used as a modifier.


4.1.1. General procedure for the synthesis of [1,7]naph-
thyridine-3-carbonitriles (1). Step 1 Method A. In a
250 mL round-bottomed flask fitted with a con-
denser, 4-chloro-6-fluoro-[1,7]naphthyridine-3-carbo-
nitrile (7,10 1.25 g, 6.02 mmol) and the appropriate
aniline (1.32 mmol) were taken up in 100 mL of 2-
ethoxyethanol or ethanol and heated at reflux for
1–10 h, until t.l.c. analysis showed complete disap-
pearance of the 4-chloronaphthyridine. After cooling
to room temperature, the reaction mixture was par-
titioned between EtOAc and 5% Na2CO3. The aque-
ous layer was extracted twice more with EtOAc, and
the combined organic layers were washed three times
with brine, dried over anhydrous MgSO4, filtered,
and evaporated to give 4-substituted-6-fluoro-
[1,7]naphthyridine-3-carbonitriles which were consid-
ered of sufficient purity to be used directly in the
next step. Method B. In a microwave vial, 4-
chloro-6-fluoro-[1,7]naphthyridine-3-carbonitrile (1.25 g,
6.02 mmol) and the appropriate aniline (6.6 mmol)
were taken up in DME. The vial was crimp-sealed
and heated in a microwave reactor at 140 �C for
10 min. The contents of the vials were transferred
to a separatory funnel and worked up as described
above for Method A, giving 4-substituted-6-fluoro-
[1,7]naphthyridine-3-carbonitriles of sufficient purity
to be used directly in the next step. Step 2 Method
C. A solution of the appropriate amine (1.7 mmol)
and 6-fluoro-[1,7]naphthyridine-3-carbonitrile (1 mmol)
(from Step 1) in pyridine (3.3 mL) was heated to
80 �C for 7 days. Pyridine was removed by evapora-
tion and crude products purified. Method D. The
6-fluoro-[1,7]naphthyridine-3-carbonitrile (1 mmol)
(from Step 1) was mixed with the appropriate amine
(20 mmol) in a microwave vial. The sealed vial was
heated in a microwave reactor at 190 �C for 5–
10 min (until t.l.c. analysis showed complete con-
sumption of starting material). The contents of the
vial were transferred into a separatory funnel and
partitioned between 300 mL each EtOAc and brine,
and the aqueous layer extracted twice more with
EtOAc. The combined organic extracts were washed
with brine (3·), dried over anhydrous MgSO4,
filtered, and evaporated. Method E. The 6-fluoro-
[1,7]naphthyridine-3-carbonitrile (1 mmol) (from Step 1)
was taken up in a microwave vial in 5.6 mL THF
or DMA, with the appropriate amine (20 mmol).
The sealed vial was heated in a microwave reactor
at 150 �C for 1 h, until t.l.c. analysis showed com-
plete disappearance of the starting material. Then
the THF was removed under reduced pressure. The
crude products from Step 2 were purified by recrys-
tallization, flash chromatography over silica gel or
preparative HPLC (water/acetonitrile, triethylamine
or formic acid modifier).

4.1.1.1. 4-(3-Chloro-4-fluorophenylamino)-6-(2-mor-
pholin-4-yl-ethylamino)-[1,7]naphthyridine-3-carbonitrile
(1a). Step 1 Method B. 4-(3-Chloro-4-fluorophenylami-
no)-6-fluoro-[1,7]naphthyridine-3-carbonitrile (8a). 1H
NMR (400 MHz, DMSO-d6) d 7.32–7.49 (m, 1H) 7.53
(t, J = 9.0 Hz, 1H) 7.72 (dd, J = 6.3, 2.3 Hz, 1H) 8.16
(s, 1H) 8.69 (s, 1H) 9.08 (s, 1H) 10.14 (s, 1H). Step 2
Method C. 44% yield. 1H NMR (400 MHz, CDCl3) d
2.5 (m, 4H) 2.6 (d, J = 11.9 Hz, 2H) 3.2 (m, 2H) 3.7
(m, 4H) 5.5 (t, J = 5.1 Hz, 1H) 6.2 (s, 1H) 6.9 (s, 1H)
7.1 (m, 1H) 7.2 (t, J = 8.6 Hz, 1H) 7.3 (m, 1H) 8.5 (s,
1H) 9.1 (d, J = 0.5 Hz, 1H). Anal.
(C21H20ClFN6O + 0.9H2O) C, H, N.


4.1.1.2. 4-(3-Chloro-4-fluorophenylamino)-6-(pyridin-
3-ylmethylamino)-[1,7]naphthyridine-3-carbonitrile (1b).
Intermediate 8a was treated with pyridin-3-ylmethyl-
amine following the procedure for Step 2 Method D.
24% yield. 1H NMR (400 MHz, DMSO-d6) d 4.58 (d,
J = 6.3 Hz, 2H) 7.10 (s, 1H) 7.26–7.39 (m, 2H) 7.46 (t,
J = 9.0Hz, 1H) 7.54 (t, J = 6.3 Hz, 1H) 7.59 (dd,
J = 6.6, 2.8 Hz, 1H) 7.75 (dt, J = 7.8, 1.6 Hz, 1H) 8.29
(s, 1H) 8.44 (dd, J = 4.7, 1.6 Hz, 1H) 8.60 (d,
J = 1.8 Hz, 1H) 8.87 (s, 1H) 9.67 (s, 1 H). Anal.
(C21H14ClFN6) C, H, N.


4.1.1.3. 4-[(3-Chloro-4-fluorophenyl)amino]-6-{[(1R)-
1-phenylethyl]amino}-[1,7]naphthyridine-3-carbonitrile
(1c). Intermediate 8a was treated with (1R)-1-phenyleth-
ylamine following the procedure for Step 2 Method E.
35% yield. 1H NMR (400 MHz, MeOD) d 1.51 (d,
J = 14.3 Hz, 3H), 3.46–3.61 (m, 1H), 4.34–4.56 (br s,
1H), 5.06 (br s, 1H), 6.73 (d, J = 15.9 Hz, 1H), 7.54–
7.69 (m, 5H), 7.73–7.85 (m, 4H), 7.90 (d, J = 15.9 Hz,
1H). HRMS (ESI+) calcd for C23H17ClFN5 (M+H)
418.1230, found 418.1231.


4.1.1.4. 4-(4-Fluorophenylamino)-6-(2-morpholinoeth-
ylamino)-[1,7]naphthyridine-3-carbonitrile (16). Step 1
Method A. 4-(4-Fluorophenylamino)-6-fluoro-
[1,7]naphthyridine-3-carbonitrile (8b). 1H NMR
(400 MHz, DMSO-d6) d 7.27–7.36 (m, 2H) 7.41–7.49
(m, 2H) 8.19 (s, 1H) 8.63 (s, 1H) 9.05 (s, 1H) 10.09 (s,
1H). Step 2 Method E. 26% yield. 1H NMR
(400 MHz, DMSO-d6) d 2.45 (br s, 4H) 2.58 (br s, 2H)
3.38 (q, J = 6.4 Hz, 2H) 3.52–3.64 (m, 4H) 6.60 (t,
J = 6.2 Hz, 1H) 7.06 (s, 1H) 7.27 (t, J = 8.8 Hz, 2H)
7.33–7.43 (m, 2H) 8.22 (s, 1H) 8.82 (s, 1H) 9.60 (s,
1H). HRMS (ESI+) calcd for C21H22FN6O (M+H)
393.1834, found 393.1833.


4.1.1.5. 4-(3,4-Difluorophenylamino)-6-(2-morpholino-
ethylamino)-[1,7]naphthyridine-3-carbonitrile (17). Step 1
Method B. 6-Fluoro-4-(3,4-difluorophenylamino)-
[1,7]naphthyridine-3-carbonitrile (8c). 1H NMR
(400 MHz, DMSO-d6) d 7.18–7.36 (m, 1H) 7.43–7.65
(m, 2H) 8.17 (s, 1H) 8.69 (s, 1H) 9.08 (s, 1H) 10.16 (s,
1H). Step 2 Method E. 24% yield. 1H NMR (400 MHz,
DMSO-d6) d 2.45 (br s, 4H) 2.57 (t, J = 6.4 Hz, 2H)
3.34–3.42 (m, 2H) 3.51–3.64 (m, 4H) 6.66 (t, J = 5.7 Hz,
1H) 7.02 (s, 1H) 7.13–7.24 (m, 1H) 7.43–7.58 (m, 2H)
8.28 (s, 1H) 8.85 (s, 1H) 9.68 (s, 1H). HRMS (ESI+) calcd
for C21H21F2N6O (M+H) 411.1740, found 411.1737.
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4.1.1.6. 6-(2-Morpholinoethylamino)-4-(4-(phenylami-
no)phenylamino)-[1,7]naphthyridine-3-carbonitrile (18).
Step 1 Method A. 6-Fluoro-4-(4-(phenylamino)phenyl-
amino)-[1,7]naphthyridine-3-carbonitrile (8d). 1H NMR
(400 MHz, DMSO-d6) d 6.86 (tt, J = 7.3, 1.0 Hz, 1H)
7.07–7.17 (m, 4H) 7.21–7.32 (m, 4H) 8.21 (s, 1H) 8.37
(s, 1H) 8.58 (s, 1H) 9.02 (s, 1H) 9.99 (s, 1H). Step 2
Method E. 13% yield. 1H NMR (400 MHz, DMSO-d6)
d 2.45 (br s, 4H) 2.58 (t, J = 6.4 Hz, 2H) 3.37 (q,
J = 6.7 Hz, 2H) 3.55–3.64 (m, 4H) 6.53 (t, J = 5.4 Hz,
1H) 6.85 (t, J = 7.2 Hz, 1H) 7.05–7.17 (m, 5H) 7.17–
7.31 (m, 4H) 8.17 (s, 1H) 8.31 (s, 1H) 8.79 (s, 1H) 9.53
(s, 1H). HRMS (ESI+) calcd for C27H28N7O (M+H)
466.2350, found 466.2350.


4.1.1.7. 6-(2-Morpholin-4-yl-ethylamino)-4-(4-nitro
phenylamino)-[1,7]naphthyridine-3-carbonitrile (19). Step
1 Method A gave crude 8e, which was taken to the next
step. Step 2 Method E. 18% yield. 1H NMR (400 MHz,
DMSO-d6) d 2.35–2.42 (m, J = 3.8 Hz, 4H) 2.46–2.50
(m, 2H) 3.34–3.39 (m, 2H) 3.52–3.57 (m, 4H) 6.78 (s,
1H) 6.89 (t, J = 5.6 Hz, 1H) 7.23 (d, J = 9.1 Hz, 2H)
8.18–8.23 (m, J = 9.7, 3.0, 2.7 Hz, 2H) 8.54 (s, 1H)
8.98 (s, 1H) 10.12 (s, 1H). HRMS calcd for
C21H21N7O3 (M+H), 420.1779, found 420.1777.


4.1.1.8. 4-(3-Iodophenylamino)-6-(2-morpholinoethyl-
amino)-[1,7]naphthyridine-3-carbonitrile (20). Step 1
Method A. 6-Fluoro-4-(3-iodophenylamino)-[1,7]naph-
thyridine-3-carbonitrile (8f). 1H NMR (400 MHz,
DMSO-d6) d 7.25 (t, J = 8.0 Hz, 1H) 7.40 (ddd,
J = 8.1, 2.2, 0.9 Hz, 1H) 7.67 (dt, J = 7.8, 1.7 Hz, 1H)
7.75 (t, J = 1.8 Hz, 1H) 8.15 (s, 1H) 8.72 (s, 1H) 9.09
(s, 1H) 10.10 (s, 1H). Step 2 Method E. 17% yield. 1H
NMR (400 MHz, DMSO-d6) d 2.43 (s, 4H) 2.55 (t,
J = 6.4 Hz, 2H) 3.36 (q, J = 6.2 Hz, 2H) 3.53–3.61 (m,
4H) 6.66 (t, J = 5.4 Hz, 1H) 6.97 (s, 1H) 7.19 (t,
J = 7.8 Hz, 1H) 7.25–7.31 (m, 1H) 7.57 (d, J = 8.1 Hz,
1H) 7.62–7.65 (m, 1H) 8.31 (s, 1H) 8.86 (s, 1H) 9.60
(s, 1H). Anal. (C21H21IN6O) C, H, N.


4.1.1.9. 3-(3-Cyano-6-(2-morpholinoethylamino)-
[1,7]naphthyridine-4-ylamino)benzoic acid (21). Com-
pound 7 was treated with methyl 3-aminobenzoate
following the procedure for Step 1 Method A to give
methyl 3-(3-cyano-6-fluoro-[1,7]naphthyridine-4-ylami-
no)benzoate (8g). 1H NMR (400 MHz, DMSO-d6) d
3.88 (s, 3H) 7.62 (t, J = 7.7 Hz, 1H) 7.64–7.69 (m,
J = 8.5, 1.9, 1.5 Hz, 1H) 7.88–7.93 (m, 2H) 8.19 (s,
1H) 8.72 (s, 1H) 9.10 (s, 1H) 10.22 (s, 1H). Above
compound was treated with 4-(2-aminoethyl)morphol-
ine following the procedure for Step 2 Method E to
give methyl 3-(3-cyano-6-(2-morpholinoethylamino)-
[1,7]naphthyridine-4-ylamino)benzoate (1d). 1H NMR
(400 MHz, DMSO-d6) d 2.40–2.46 (m, 4H) 2.55 (t,
J = 6.4 Hz, 2H) 3.34–3.39 (m, 2H) 3.54–3.60 (m, 4H)
3.87 (s, 3H) 6.67 (t, J = 5.2 Hz, 1H) 7.01 (s, 1H) 7.56
(dt, J = 4.4, 1.2 Hz, 2H) 7.79–7.83 (m, 2H) 8.32 (s, 1H)
8.87 (s, 1H) 9.73 (s, 1H). To 1d (2 mmol) in tetrahydro-
furan (12 mL) were added methyl alcohol (4.5 mL) and
lithium hydroxide (1 N, 4.5 mL). After 12 h the solvents
were evaporated and the crude mixture was purified by
preparative HPLC to give 3-(3-cyano-6-(2-morpholino-

ethylamino)-[1,7]naphthyridine-4-ylamino)benzoic acid
(21) in 54% overall yield. 1H NMR (400 MHz, MeOD)
d 3.13–3.23 (m, 6H) 3.72 (t, J = 6.1 Hz, 2H) 3.84–3.90
(m, 4H) 7.09 (s, 1H) 7.48–7.55 (m, 2H) 7.90–7.96 (m,
2H) 8.29 (s, 1H) 8.90 (s, 1H). HRMS (ESI+) calcd for
C22H22N6O3 (M+H), 419.1826, found 419.1821.


4.1.1.10. 3-(3-Cyano-6-(2-morpholinoethylamino)-[1,7]-
naphthyridine-4-ylamino)benzamide (22). Step 1
Method A. 3-(3-Cyano-6-fluoro-[1,7]naphthyridine-
4-ylamino)benzamide (8h). 1H NMR (400 MHz,
DMSO-d6) d 7.00–7.08 (m, 1H) 7.49–7.59 (m, 2H)
7.81–7.92 (m, 2H) 8.04 (s, 1H) 8.21 (s, 1H) 8.70 (s,
1H) 9.09 (s, 1H) 10.18 (s, 1H). Step 2 Method E.
37% yield. 1H NMR (400 MHz, DMSO-d6) d 2.38–
2.48 (m, 4H) 2.52–2.59 (m, 2H) 3.34–3.41 (m, 2H)
3.53–3.62 (m, 4H) 6.64 (s, 1H) 7.05 (s, 1H) 7.40–7.52
(m, 3H) 7.73–7.81 (m, 2H) 8.02 (s, 1H) 8.29 (s, 1H)
8.86 (s, 1H) 9.69 (s, 1H). HRMS (ESI+) calcd for
C22H23N7O2 (M+H), 418.1986, found 419.1980.


4.1.1.11. 6-(2-Morpholinoethylamino)-4-(3-phenoxy-
phenylamino)-[1,7]naphthyridine-3-carbonitrile (23). Step
1 Method A. 6-Fluoro-4-(3-phenoxyphenylamino)-
[1,7]naphthyridine-3-carbonitrile (8i). 1H NMR
(400 MHz, DMSO-d6) d 6.94–7.18 (m, 6H) 7.33–7.51
(m, 3H) 8.15 (s, 1H) 8.68 (s, 1H) 9.05 (s, 1H) 10.12 (s,
1H). Step 2 Method E. 27% yield. 1H NMR
(400 MHz, DMSO-d6) d 2.44 (br s, 4H) 2.57 (t,
J = 6.3 Hz, 2H) 3.34–3.43 (m, 2H) 3.49–3.64 (m, 4H)
6.64 (t, J = 5.8 Hz, 1H) 6.90 (dd, J = 3.8, 1.5 Hz, 2H)
7.00 (s, 1H) 7.03–7.11 (m, 3H) 7.14 (t, J = 7.5 Hz, 1H)
7.33–7.47 (m, 3H) 8.28 (s, 1H) 8.84 (s, 1H) 9.64 (s,
1H). HRMS (ESI+) calcd for C27H27N6O2 (M+H)
467.2190, found 467.2188.


4.1.1.12. N-(3-(3-Cyano-6-(2-morpholinoethylamino)-
[1,7]naphthyridine-4-ylamino)phenyl)methanesulfonamide
(24). Compound 7 was treated with 3-nitroaniline
following the procedure for Step 1 Method A to give
6-fluoro-4-(3-nitrophenylamino)-[1,7]naphthyridine-3-
carbonitrile (8j). 1H NMR (400 MHz, DMSO-d6) d 7.74
(t, J = 8.1 Hz, 1H) 7.80–7.85 (m, 1H) 8.12–8.16 (m, 1H)
8.17 (s, 1H) 8.21 (t, J = 2.0 Hz, 1H) 8.80 (s, 1H) 9.14 (s,
1H) 10.35 (s, 1H). The above compound was treated
with 4-(2-aminoethyl)morpholine following the
procedure for Step 2 Method E to give 6-(2-morpholino-
ethylamino)-4-(3-nitrophenylamino)-[1,7]naphthyridine-
3-carbonitrile (1e). 19% yield. 1H NMR (400 MHz,
DMSO-d6) d 2.37–2.48 (m, 4H) 2.52–2.59 (m, 2H)
3.35–3.41 (m, 2H) 3.54–3.61 (m, 4H) 6.71–6.80 (m,
1H) 6.96 (s, 1H) 7.66–7.71 (m, 2H) 8.00–8.05 (m, 1H)
8.06–8.08 (m, 1H) 8.40 (s, 1H) 8.92 (s, 1H) 9.89 (s,
1H). A mixture of 1e (120 mg, 0.29 mmol) and
SnCl2.2H2O (348 mg, 1.54 mmol) in ethyl alcohol
(12 mL) was heated to reflux for 2.5 h. After cooling
to room temperature, water (10 mL) was added followed
by sodium bicarbonate (500 mg). The mixture was stir-
red at room temperature for 1 h. Ethyl acetate extrac-
tion followed by column chromatography (3–5%
methyl alcohol in dichloromethane) yielded 43 mg of
4-(3-aminophenylamino)-6-(2-morpholinoethylamino)-
[1,7]naphthyridine-3-carbonitrile, (1f) 39% yield. 1H
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NMR (400 MHz, DMSO-d6) 2.40–2.48 (m, 4H) 2.53–
2.60 (m, 2H) 3.34–3.40 (m, 2H) 3.54–3.63 (m, 4H)
5.18–5.27 (m, 2H) 6.39–6.47 (m, 3H) 6.57 (s, 1H) 7.01–
7.08 (m, 2H) 8.22 (s, 1H) 8.81 (s, 1H) 9.43 (s, 1H). Com-
pound 1f (111 mg, 0.29 mmol) was suspended in methy-
lene chloride (10 mL). Triethylamine (44 lL, 0.32 mmol)
was added and the mixture was cooled to 0 �C. Meth-
ylsulfonyl chloride (24 lL, 0.31 mmol) was added and
the mixture was stirred at room temperature for 12 h.
Another 44 lL triethylamine and 48 lL methylsulfonyl
chloride were added and the reaction mixture was stirred
for 12 h. Work-up and preparative HPLC yielded
45.5 mg of product 24 (34% yield). 1H NMR
(400 MHz, DMSO-d6) d 2.39–2.47 (m, 4H) 2.56 (t,
J = 6.8 Hz, 2H) 2.99–3.03 (m, 3H) 3.27–3.42 (m, 2H)
3.55–3.61 (m, 4H) 6.63 (t, J = 6.1 Hz, 1H) 7.00–7.04
(m, 1H) 7.04 (s, 1H) 7.08 (d, J = 8.6 Hz, 1H) 7.12–7.16
(m, 1H) 7.36 (t, J = 8.3 Hz, 1H) 8.26 (s, 1H) 8.84 (s,
1H) 9.69 (s, 2H). HRMS (ESI+) calcd for C22H25N7O3S
(M+H), 468.1812, found 468.1810.


4.1.1.13. 4-Phenylamino-6-[(pyridin-3-ylmethyl)-ami-
no]-[1,7]naphthyridine-3-carbonitrile (25). Step 1 Method
B. 6-Fluoro-4-phenylamino-[1,7]naphthyridine-3-carbo-
nitrile (8k). 1H NMR (400 MHz, DMSO-d6) d 7.25–
7.33 (m, 3H) 7.42 (t, J = 7.7 Hz, 2H) 8.13 (s, 1H) 8.52
(s, 1H) 8.96 (s, 1H) 10.15 (s, 1H). Step 2 Method D.
38% yield. 1H NMR (400 MHz, DMSO-d6) d 4.56 (d,
J = 6.3 Hz, 2H) 7.10–7.16 (m, 1H) 7.22–7.30 (m, 3H)
7.33 (dd, J = 7.6, 4.8 Hz, 1H) 7.41 (t, J = 7.8 Hz, 2H)
7.44–7.54 (m, 1H) 7.75 (d, J = 7.8 Hz, 1H) 8.25 (s, 1H)
8.39–8.48 (m, 1H) 8.59 (s, 1H) 8.85 (s, 1H) 9.62 (s,
1H). Anal. (C21H16N6 + 0.8 H2O) C, H, N.


4.1.1.14. 4-Cyclohexylamino-6-[(pyridin-3-ylmethyl)-
amino]-[1,7]naphthyridine-3-carbonitrile (26). Step 1
Method B. 4-Cyclohexylamino-6-fluoro-[1,7]naphthyri-
dine-3-carbonitrile (8l). 1H NMR (400 MHz, DMSO-
d6) d 1.48–1.84 (m, 8H) 2.01–2.11 (m, 2H) 4.53 (d,
J = 5.1 Hz, 1H) 7.86 (d, J = 8.8 Hz, 1H) 8.28 (s, 1H)
8.57 (s, 1H) 8.92 (s, 1H). Step 2 Method D. 63% yield.
1H NMR (400 MHz, DMSO-d6) d 1.05–1.88 (m, 8H)
2.05 (s, 2H) 4.23 (s, 1H) 4.48–4.68 (m, 2H) 7.07–7.13
(m, 1H) 7.26–7.44 (m, 3H) 7.77 (d, J = 7.8 Hz, 1H)
8.17 (s, 1H) 8.43 (d, J = 6.1 Hz, 1H) 8.61 (s, 1H) 8.71
(s, 1H). Anal. (C21H22N6 + 1.8H2O) C, H, N.


4.1.1.15. 4-Cyclopentylamino-6-[(pyridin-3-ylmethyl)-
amino]-[1,7]naphthyridine-3-carbonitrile (27). Step 1
Method B. 4-Cyclopentylamino-6-fluoro-[1,7]naphthyri-
dine-3-carbonitrile (8m). 1H NMR (400 MHz, DMSO-
d6) d 1.59–1.66 (m, 2H) 1.74–1.88 (m, 4H) 2.03–2.12 (m,
2H) 4.69–4.74 (m, 1H) 7.88 (d, J = 7.3 Hz, 1H) 8.30 (s,
1H) 8.59 (s, 1H) 8.93 (s, 1H). Step 2 Method D. 50% yield.
1H NMR (400 MHz, DMSO-d6) d 1.71–1.84 (m, 2H)
2.02–2.12 (m, 1H) 3.32 (s, 6H) 4.58 (d, J = 6.3 Hz, 2H)
7.06–7.14 (m, 1H) 7.28–7.36 (m, 2H) 7.41 (d, J = 7.6 Hz,
1H) 7.77 (dd, J = 7.8, 1.8 Hz, 1H) 8.19 (s, 1H) 8.43 (dd,
J = 4.7, 1.6 Hz, 1H) 8.61 (d, J = 2.0 Hz, 1H) 8.72 (s,
1H). Anal. (C20H20N6 + 1.2H2O) C, H, N.


4.1.1.16. 4-Cyclopropylamino-6-[(pyridin-3-ylmethyl)-
amino]-[1,7]naphthyridine-3-carbonitrile (28). Step 1

Method B. 4-Cyclopropylamino-6-fluoro-[1,7]naph-
thyridine-3-carbonitrile (8n). 1H NMR (400 MHz,
DMSO-d6) d 0.89–1.01 (m, 4H) 3.09–3.18 (m, J = 6.2,
3.9 Hz, 1H) 8.11 (s, 1H) 8.54 (s, 1H) 8.65 (s, 1H) 8.95
(s, 1H). Step 2 Method D. 22% yield. 1H NMR
(400 MHz, DMSO-d6) d 0.80–0.89 (m, J = 3.5, 3.5 Hz,
1H) 0.95 (dd, J = 6.8, 1.8 Hz, 2H) 4.54 (d, J = 6.3 Hz,
2H) 7.02–7.08 (m, 1H) 7.26–7.40 (m, 2H) 7.76 (dd,
J = 7.8, 1.5 Hz, 1H) 8.15 (d, J = 2.3 Hz, 1H) 8.23 (s,
1H) 8.43 (dd, J = 4.8, 1.5 Hz, 1H) 8.60 (d, J = 2.0 Hz,
1H) 8.73 (s, 1H). HRMS (ESI+) calcd for C18H16N6


(M+H), 317.1509, found 317.1504.


4.1.1.17. 4-tert-Butylamino-6-[(pyridin-3-ylmethyl)-
amino]-[1,7]naphthyridine-3-carbonitrile (29). Step 1
Method B. 4-tert-Butylamino-6-fluoro-[1,7]naphthyri-
dine-3-carbonitrile (8o). 1H NMR (400 MHz, DMSO-
d6) d 1.62 (s, 9H) 7.26 (s, 1H) 8.17 (s, 1H) 8.66 (s, 1H)
8.96 (s, 1H). Step 2 Method D. 37% yield. 1H NMR
(400 MHz, DMSO-d6) d 1.42–1.62 (m, 9H) 4.58 (d,
J = 5.8 Hz, 2H) 6.58 (s, 1H) 6.89 (s, 1H) 7.25–7.38 (dd,
J = 7.7, 4.9 Hz, 1H) 7.45–7.53 (m, 1H) 7.71–7.81 (m,
1H) 8.15 (s, 1H) 8.26 (s, 1H) 8.43 (d, J = 4.8 Hz, 1H)
8.62 (s, 1H). HRMS (ESI+) calcd for C19H20N6


(M+H), 333.1822, found 333.1824.


4.1.1.18. 4-Cycloheptylamino-6-[(pyridin-3-ylmethyl)-
amino]-[1,7]naphthyridine-3-carbonitrile (30). Step 1
Method B. 4-Cycloheptylamino-6-fluoro-[1,7]naphthyri-
dine-3-carbonitrile (8p). 1H NMR (400 MHz, DMSO-
d6) d 1.11–1.58 (m, 6H) 1.60–1.87 (m, 4H) 2.03–2.12
(m, 2H) 4.29 (s, 1H) 7.84–7.96 (m, 1H) 8.26 (s, 1H)
8.57 (s, 1H) 8.92 (s, 1H). Step 2 Method D. 33% yield.
1H NMR (400 MHz, DMSO-d6) d 1.46–1.84 (m, 10H)
1.95–2.11 (m, 2H) 4.38–4.52 (m, 1H) 4.58 (d,
J = 6.6 Hz, 2H) 7.11 (d, 1H) 7.22–7.45 (m, 3H) 7.77
(d, J = 7.8 Hz, 1H) 8.17 (s, 1H) 8.43 (dd, J = 4.7,
1.4 Hz, 1H) 8.61 (s, 1H) 8.71 (s, 1H). Anal.
(C22H24N6 + 2.0 H2O) C, H, N.


4.1.1.19. 6-[(2-Morpholin-4-ylethyl)amino]-4-[(4-phen-
oxyphenyl)amino]-[1,7]naphthyridine-3-carbonitrile (32).
Step 1 Method A. 6-Fluoro-4-(4-phenoxyphenylami-
no)-[1,7]naphthyridine-3-carbonitrile (8q). 1H NMR
(400 MHz, DMSO-d6) d 7.1 (m, 2H) 7.1 (m, 3H) 7.4
(m, 4H) 8.2 (s, 1H) 8.6 (s, 1H) 9.1 (s, 1H) 10.1 (m,
1H) Step 2 Method C. 44% yield. 1H NMR (400 MHz,
DMSO-d6) d 2.5 (m, 4H) 2.6 (t, J = 6.8 Hz, 2H) 3.4
(m, 2H) 3.6 (m, 4H) 6.6 (t, J = 5.6 Hz, 1H) 7.0 (m,
2H) 7.1 (m, 4H) 7.4 (m, 3H) 8.2 (s, 1H) 8.3 (s, 1H) 8.8
(s, 1H) 9.6 (s, 1H). HRMS (ESI+) calcd for
C27H26N6O2 (M+H), 467.2190, found 467.2196.


4.1.1.20. 4-Cycloheptylamino-6-(R)-1-phenylethylami-
no-[1,7]naphthyridine-3-carbonitrile (52). Intermediate 8p
was treated with (R)-1-phenylethylamine following the
procedure for Step 2 Method D. 7% yield. 1H NMR
(400 MHz, DMSO-d6) d 1.41 (d, J = 6.8 Hz, 3H)
1.46–1.89 (m, 12H) 4.32–4.52 (m, 1H) 4.89–5.10 (m,
1H) 7.10–7.21 (dd, J = 7.3, 7.3 Hz, 1H) 7.22–7.44
(m, 5H) 7.85 (s, 1H) 8.18 (s, 1H) 8.38 (s, 2H). HRMS
(ESI+) calcd for C24H27N5 (M+H), 386.2339, found
386.2335.
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4.1.1.21. 4-(Cycloheptylmethylamino)-6-(R)-1-phenyl
ethylamino-[1,7]naphthyridine-3-carbonitrile (53). To a
solution of 4-(cycloheptylmethylamino)-6-fluoro-
[1,7]naphthyridine-3-carbonitrile (8p, 0.2 g, 0.7 mmol)
in DMF (3 mL) was added NaH (60% in mineral oil,
40 mg, 0.8 mmol) at room temperature. After stirring
for 10 min 0.2 mL of MeI was added. The reaction mix-
ture was stirred for 4 h, then quenched with water. The
aqueous solution was filtered to give 4-(cycloheptylm-
ethylamino)-6-fluoro-[1,7]naphthyridine-3-carbonitrile
(8u) as a beige solid (150 mg, 71% yield). 1H NMR
(400 MHz, DMSO-d6) d 1.50–1.84 (m, 12H) 3.32 (s,
3H) 7.69 (d, J = 2.0 Hz, 1H) 8.14 (s, 1H) 8.47 (s, 1H).
Intermediate 8u was treated with (R)-1-phenylethyl-
amine following the procedure for Step 2 Method D
to give compound 53. 10% yield. 1H NMR (400 MHz,
DMSO-d6) d 1.37–1.85 (m, 12H) 1.84–2.17 (m, 2H)
3.32 (s, 3H) 4.31–4.49 (m, J = 4.0 Hz, 1H) 4.96–5.08
(m, J = 7.8 Hz, 1H) 6.89–6.99 (m, 1H) 7.10–7.32 (m,
5H) 7.47 (d, J = 7.3 Hz, 2H) 8.13 (s, 1H) 8.66 (s, 1H).
HRMS (ESI+) calcd for C25H29N5 (M+H), 400.2496,
found 400.2499.


4.1.1.22. 6-(3-Chloro-4-fluorophenylamino)-4-(cyclo-
pentylamino)-[1,7]naphthyridine-3-carbonitrile (54). A
mixture of 3-chloro-4-fluorobenzeneamine (550 mg,
3.78 mmol), 4-(cyclopentylamino)-6-fluoro-[1,7]naph-
thyridine-3-carbonitrile (8m, 28 mg, 0.1 mmol), and ce-
sium carbonate (506 mg, 1.55 mmol, 15.5 equiv) in
DMF (4 mL) was heated to 200 �C in a microwave tube
for 1 h using a microwave reactor. Preparative HPLC
purification yielded 15 mg product (36% yield). 1H
NMR (400 MHz, DMSO-d6) d 1.52–1.68 (m, 2H)
1.70–1.91 (m, 4H) 1.99–2.16 (m, 2H) 4.58–4.76 (m,
1H) 7.33 (t, J = 9.1 Hz, 1H) 7.45–7.56 (m, 1H) 7.76 (s,
1H) 7.80 (d, J = 7.1 Hz, 1H) 7.87–7.97 (m, 1H) 8.32 (s,
1H) 8.90 (s, 1H) 9.64 (s, 1H). HRMS (ESI+) calcd for
C20H17ClFN5 (M+H), 382.1229, found 382.1237.


4.1.1.23. 4-(3-Chloro-4-fluorophenylamino)-6-cyclo-
pentylamino-[1,7]naphthyridine-3-carbonitrile (55). Step
1 Method A. 4-(3-Chloro-4-fluorophenylamino)-6-flu-
oro-[1,7]naphthyridine-3-carbonitrile (8a). Step 2 Meth-
od D. 41% yield. 1H NMR (400 MHz, DMSO-d6) d
1.43–1.63 (m, 4H) 1.65–1.78 (m, 2H) 1.91–2.07 (m,
J = 9.4 Hz, 2H) 3.84–4.02 (m, 1H) 6.81–6.98 (m, 2H)
7.30–7.40 (m, 1H) 7.41–7.53 (m, 1H) 7.56–7.65 (m,
1H) 8.26 (s, 1H) 8.83 (s, 1H) 9.63 (s, 1H). Anal.
(C20H17ClFN5 + 1.1 H2O) C, H, N.


4.1.1.24. 6-tert-Butylamino-4-(3-chloro-4-fluorophe-
nylamino)-[1,7]naphthyridine-3-carbonitrile (56). Inter-
mediate 8a was treated with tert-butylamine following
the procedure for Step 2 Method E. 21% yield. 1H
NMR (400 MHz, DMSO-d6) d 1.32–1.51 (m, 9H)
6.40–6.48 (m, 1H) 6.94 (s, 1H) 7.28 (s, 1H) 7.37–7.59
(m, 2H) 8.27 (s, 1H) 8.85 (s, 1H) 9.67 (s, 1H). HRMS
(ESI+) calcd for C19H17ClFN5 (M+H), 370.1229, found
370.1229.


4.1.1.25. 4-(3-Chloro-4-fluoro-phenylamino)-6-cyclo-
heptylamino-[1,7]naphthyridine-3-carbonitrile (57). Inter-
mediate 8a was treated with cycloheptylamine

following the procedure for Step 2 Method D. 19%
yield. 1H NMR (400 MHz, DMSO-d6) d 1.27–2.03 (m,
12H) 3.66–3.83 (m, 1H) 6.72–6.87 (m, 2H) 7.27–7.38
(m, 1H) 7.45 (t, J = 9.1 Hz, 1H) 7.52–7.62 (m, 1H)
8.26 (s, 1H) 8.83 (s, 1H) 9.61 (s, 1H). Anal.
(C22H21ClFN5 + 0.6CH3OH) C, H, N.


4.1.1.26. 4-(Piperidin-4-ylamino)-6-[(pyridin-3-ylmeth-
yl)-amino]-[1,7]naphthyridine-3-carbonitrile (58). Compound
7 was treated with 4-aminopiperidine-1-carboxylic acid
tert-butyl ester following the procedure for Step 1 Method
B to give 4-(3-cyano-6-fluoro-[1,7]naphthyridin-4-yla-
mino)piperidine-1-carboxylic acid tert-butyl ester (8r).
Crude 8r was treated with pyridin-3-ylmethylamine
following the procedure for Step 2 Method D to give 4-
{3-cyano-6-[(pyridin-3-ylmethyl)-amino]-[1,7]naphthyridine-
4-ylamino}-piperidine-1-carboxylic acid tert-butyl ester
(1g). Crude 1g (0.285 mg, 0.621 mmol) from above was
treated with 4 M HCl in dioxane (21 mL) at 0 �C. The
reaction mixture was stirred overnight at 0 �C and then
purified using preparative HPLC to give compound 58.
10% yield. 1H NMR (400 MHz, DMSO-d6) d 1.61–1.86
(m, 2H) 2.03 (d, J = 13.1 Hz, 2H) 2.71 (t, J = 12.4 Hz,
2H) 3.18 (d, J = 12.4 Hz, 3H) 4.33 (s, 1H) 4.58 (d,
J = 6.3 Hz, 2H) 7.13–7.20 (m, 1H) 7.26–7.39 (m, 2H)
7.53 (d, J = 7.3 Hz, 1H) 7.77 (d, J = 7.8 Hz, 1H) 8.19 (s,
1H) 8.29 (s, 1H) 8.42 (d, J = 4.6 Hz, 1H) 8.61 (s, 1H)
8.73 (s, 1H). HRMS (ESI+) calcd for C20H21N7 (M+H),
360.1931, found 360.1925.


4.1.1.27. 4-(1,1-Dimethylpropylamino)-6-[(pyridin-3-
ylmethyl)amino]-[1,7]naphthyridine-3-carbonitrile (59).
Step 1 Method B. 4-(1,1-Dimethylpropylamino)-6-flu-
oro-[1,7]naphthyridine-3-carbonitrile (8s). 1H NMR
(400 MHz, DMSO-d6) d 0.90 (t, J = 7.5 Hz, 3H) 1.56
(s, 6H) 2.02 (q, J = 7.3 Hz, 2H) 7.12 (s, 1H) 8.18 (s,
1H) 8.65 (s, 1H) 8.97 (s, 1H). Step 2 Method D. The
reaction mixture was heated at 140 �C for 10 min. 19%
yield. 1H NMR (400 MHz, DMSO-d6) d 0.82 (t,
J = 7.5 Hz, 3H) 1.47 (s, 6H) 1.79–2.02 (m, 2H) 4.59 (d,
J = 5.8 Hz, 2H) 6.44 (s, 1H) 6.90 (s, 1H) 7.32 (dd,
J = 8.1, 4.8 Hz, 1H) 7.49 (t, J = 6.4 Hz, 1H) 7.76 (d,
J = 7.8 Hz, 1H) 8.25 (s, 1H) 8.43 (d, J = 3.5 Hz, 1H)
8.61 (d, J = 1.3 Hz, 1H) 8.77 (s, 1H). Anal.
(C20H22N6 + 1.3H2O) C, H, N.


4.1.1.28. 4-(1,1-Dimethylprop-2-ynylamino)-6-[(pyri-
din-3-ylmethyl)-amino]-[1,7]naphthyridine-3-carbonitrile
(60). Step 1 Method B. The reaction mixture was
heated at 140 �C for thirty minutes to give 8t. Crude
8t was taken forward to the next step. Step 2 Method
D. The reaction mixture was heated at 140 �C for ten
minutes. 10% yield. 1H NMR (400 MHz, DMSO-d6)
d 1.80 (s, 6H) 3.50–3.61 (m, 1H) 4.57 (d, J = 6.6 Hz,
2H) 6.95 (d, J = 14.4 Hz, 2H) 7.29–7.37 (m, 1H)
7.52 (t, J = 6.4 Hz, 1H) 7.77 (dd, J = 7.8, 2.0 Hz, 1H)
8.31 (s, 1H) 8.38–8.45 (dd, J = 4.7, 1.6 Hz, 1H) 8.62
(s, 1H) 8.80 (s, 1H). Anal. (C20H18N6 + 0.4H2O) C, H,
N.


4.1.2. General procedure for the synthesis of quinoline-3-
carbonitriles (2). Step 1 Method F. In a microwave vial,
4-chloro-6-nitro-quinoline-3-carbonitrile (13a,8j 0.4 g,
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1.71 mmol) and the appropriate amine (2.05 mmol) were
taken up in 2 mL EtOH. The vial was crimp-sealed and
heated in a microwave reactor at 150 �C for 45 min. The
solvent was removed and the residue was partitioned be-
tween ether and H2O. This gave a suspension, which was
filtered, washed with H2O, and dried on a high vacuum
pump overnight to give a solid, which was used in the
next step without purification.


Method G. 4-Chloro-6-nitroquinoline-3-carbonitrile
(13a,8j 2.33 g, 10 mmol) and the appropriate amine
(1.74 g, 12 mmol) were suspended in ethanol (60 mL)
and heated at reflux for 3 h or until t.l.c. analysis showed
that the reaction was complete. After cooling, the sol-
vent was removed in vacuo and the residue was stirred
with ether/saturated aqueous NaHCO3 (100 mL/
75 mL) for 2.5 h to triturate. The solid was collected
by suction filtration and used in the next step.


Step 2 Method H. In a microwave vial, 4-amino-6-nitro-
quinoline-3-carbonitrile (14, 0.97 mmol) and SnCl2Æ2-
H2O (1.09 g, 4.83 mmol) were taken up in 2 mL
EtOH. The vial was sealed and heated in a microwave
reactor at 110 �C for 10 min, until LC/MS analysis
showed complete disappearance of the nitroquinoline.
The reaction mixture was poured into ice water, neutral-
ized with saturated NaHCO3, and extracted with EtOAc
(2· 150 mL). The combined organic layers were washed
with brine, dried over anhydrous Na2SO4, filtered, and
evaporated. These products were used in the next step
without purification.


Method I. 4-Amino-6-nitroquinoline-3-carbonitrile (14,
7.29 mmol) was suspended in ethanol (85 mL), then
SnCl2Æ2H2O (8.3 g, 36.5 mmol) was added and the reac-
tion mixture heated at reflux for 2.5 h or until complete
by t.l.c. The reaction mixture was diluted with 100 mL
of water, and then solid NaHCO3 was added until the
pH was basic (�11). The solution was extracted with
chloroform, washed with brine, treated with activated
charcoal, dried over MgSO4, and solvent evaporated.
These products were used in the next step without
purification.


Step 3 Method J. In a 50 mL round-bottomed flask, the
6-aminoquinoline-3-carbonitrile (15, 0.29 mmol) was ta-
ken up in 3 mL EtOH, and the appropriate aldehyde
(0.37 mmol) was added. Acetic acid was added to bring
the pH of the solution to 4, and the mixture stirred for
15 min. NaCNBH3 (12.5 mg, 0.20 mmol) was then
added, and the reaction mixture allowed to stir from 4
to 24 h at 25–30 �C. Ethanol was then removed under
reduced pressure and the crude product was purified
by preparative HPLC.


4.1.2.1. 4-[(3-Chloro-4-fluorophenyl)amino]-6-[(2-mor-
pholin-4-ylethyl)amino]quinoline-3-carbonitrile (31). Step
1 Method G was used to synthesize 4-(3-chloro-4-flu-
oro-phenylamino)-6-nitroquinoline-3-carbonitrile (14a)
in 80% yield. 1H NMR (400 MHz, DMSO-d6) d 7.28–
7.35 (m, 1H) 7.47 (t, J = 9.0 Hz, 1H) 7.56 (dd, J = 6.7,
2.7 Hz, 1H) 7.99 (d, J = 9.1 Hz, 1H) 8.49 (dd, J = 9.4,
2.5 Hz, 1H) 8.64 (s, 1H) 9.47 (d, J = 2.3 Hz, 1H) 10.72

(s, 1H). Step 2 Method I was used to obtain 6-amino-
4-(3-chloro-4-fluorophenylamino)quinoline-3-carbonit-
rile (15a) in 90% yield. 1H NMR (400 MHz, DMSO-d6)
d 5.78 (s, 2H) 7.12–7.19 (m, 2H) 7.25 (dd, J = 8.8,
2.3 Hz, 1H) 7.34–7.42 (m, 2H) 7.70 (d, J = 9.1 Hz, 1H)
8.34 (s, 1H) 9.36 (s, 1H). 4-(2,2-Dimethoxyethyl)mor-
pholine 11 was heated with 37% aqueous HCl (0.6 mL
for 0.5 mmol) overnight at 70 �C. This reaction mixture
was treated with intermediate 15a following the proce-
dure for Step 3 Method J. 60% yield. 1H NMR
(400 MHz, MeOD) d 2.49 (m, 2H), 2.51–2.53 (m, 2H),
3.18–3.30 (m, 4H), 3.49–3.52 (m, 2H), 3.57 (m, 2H),
6.88 (s, 1H), 7.02–7.23 (m, 3H), 7.25–7.33 (m, 1H),
7.58 (d, J = 9.1 Hz, 1H), 8.18 (s, 1H). HRMS (ESI+)
calcd for C22H21ClFN5O (M+H), 426.1491; found
426.1497.


4.1.2.2. 4-(3-Chloro-4-fluorophenylamino)-6-[(pyridin-
3-ylmethyl)amino]quinoline-3-carbonitrile (34). Interme-
diate 15a was treated with pyridine-3-carbaldehyde
following the procedure for Step 3 Method J. 95% yield.
1H NMR (400 MHz, DMSO-d6) d 6.35 (dd, J = 3.3,
0.8 Hz, 1H) 6.39 (dd, J = 3.3, 1.8 Hz, 1H) 6.79 (t,
J = 5.6 Hz, 1H) 7.21–7.27 (m, 3H) 7.35 (dd, J = 9.1,
2.5 Hz, 1H) 7.43 (t, J = 9.0 Hz, 1H) 7.48 (dd, J = 6.7,
2.7 Hz, 1H) 7.60 (dd, J = 1.8, 0.8 Hz, 1H) 7.70 (d,
J = 9.1 Hz, 1H) 8.33 (s, 1H). HRMS (ESI+) calcd for
C21H14ClFN4O (M+H) 393.0913, found 393.0917.


4.1.2.3. 6-Benzylamino-4-cyclopentylaminoquinoline-
3-carbonitrile (35). Step 1 Method F was used to synthe-
size 4-cyclopentylamino-6-nitroquinoline-3-carbonitrile
(14b) in 66% yield. 1H NMR (400 MHz, DMSO-d6) d
1.59–1.68 (m, 2H) 1.76–1.93 (m, 4H) 2.05–2.15 (m,
2H) 4.72–4.80 (m, 1H) 7.97 (d, J = 9.1 Hz, 1H) 8.40 (s,
1H) 8.46 (dd, J = 9.1, 2.3 Hz, 1H) 8.66 (s, 1H) 9.56 (d,
J = 2.3 Hz, 1H). Step 2 Method H was used to obtain
6-amino-4-cyclopentylaminoquinoline-3-carbonitrile
(15b) in 50% yield. 1H NMR (400 MHz, DMSO-d6) d
1.60 (s, 2H) 1.77 (d, J = 3.0 Hz, 4H) 2.01–2.11 (m, 2H)
4.64 (d, J = 5.8 Hz, 1H) 5.47 (s, 2H) 7.00–7.06 (m,
J = 7.6 Hz, 1H) 7.11–7.16 (m, 1H) 7.25 (d, J = 1.8 Hz,
1H) 7.54 (d, J = 8.6 Hz, 1H) 8.15 (s, 1H). Step 3 Method
J gave product 35 in 90% yield. 1H NMR (400 MHz,
DMSO-d6) d 1.57–1.67 (m, 2H) 1.73–1.83 (m, 4H)
2.02–2.11 (m, 2H) 4.42–4.47 (m, J = 5.8 Hz, 2H) 4.62–
4.70 (m, 1H) 6.72 (t, J = 5.7 Hz, 1H) 7.05–7.13 (m,
2H) 7.22–7.28 (m, 2H) 7.33 (t, J = 7.5 Hz, 2H) 7.44 (d,
J = 7.3 Hz, 2H) 7.55 (d, J = 8.8 Hz, 1H) 8.21 (s, 1H).
HRMS (ESI+) calcd for C18H20N6 (M+H), 321.1822;
found 321.1822.


4.1.2.4. 4-Cyclopentylamino-6-[(1-oxypyridin-2-yl-
methyl)amino]quinoline-3-carbonitrile (36). Intermediate
15b was treated with 1-oxypyridine-2-carbaldehyde12


following the procedure for Step 3 Method J. 28% yield.
1H NMR (400 MHz, DMSO-d6) d 1.59 (s, 2H) 1.69–1.78
(m, 4H) 2.00–2.08 (m, 2H) 4.59–4.68 (d, J = 6.6 Hz, 2H)
6.76 (t, J = 6.8 Hz, 1H) 7.03 (d, J = 7.8 Hz, 1H) 7.20–
7.43 (m, 5H) 7.59 (d, J = 8.8 Hz, 1H) 8.19 (d,
J = 7.3 Hz, 2H) 8.32 (d, J = 6.3 Hz, 1H). HRMS
(ESI+) calcd for C21H21N5O (M+H), 360.1819; found
360.1819.
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4.1.2.5. 6-(2-Cyanobenzylamino)-4-cyclopentylamino-
quinoline-3-carbonitrile (37). Intermediate 15b was trea-
ted with 2-cyanobenzaldehyde following the procedure
for Step 3 Method J. 55% yield. 1H NMR (400 MHz,
DMSO-d6) d 1.55–1.65 (m, 2H) 1.66–1.82 (m, 4H)
1.98–2.10 (m, 2H) 4.58–4.68 (m, 3H) 6.69–6.76 (dd,
J = 5.8, 5.8 Hz, 1H) 6.97 (d, J = 7.8 Hz, 1H) 7.11 (d,
J = 2.0 Hz, 1H) 7.24 (dd, J = 9.1, 2.5 Hz, 1H) 7.45–
7.52 (m, 1H) 7.56–7.70 (m, 3H) 7.87 (d, J = 7.8 Hz,
1H) 8.19 (s, 1H). Anal. (C23H21N5 + 1.0 H2O) C, H, N.


4.1.2.6. 6-(3-Cyanobenzylamino)-4-cyclopentylamino-
quinoline-3-carbonitrile (38). Intermediate 15b was trea-
ted with 3-cyanobenzaldehyde following the procedure
for Step 3 Method J. 95% yield. 1H NMR (400 MHz,
DMSO-d6) d 1.54–1.64 (m, 2H) 1.68–1.79 (m, 4H) 2.00–
2.11 (m, 2H) 4.49–4.54 (m, J = 6.1 Hz, 2H) 4.59–4.66
(m, 1H) 6.79–6.86 (dd, J = 5.8, 5.8 Hz, 1H) 6.92 (d,
J = 6.3 Hz, 1H) 7.03 (d, J = 2.0 Hz, 1H) 7.21 (dd, J =
9.1, 2.3 Hz, 1H) 7.51–7.59 (m, 2H) 7.74 (dd, J = 18.8,
8.0 Hz, 2H) 7.90 (s, 1H) 8.17 (s, 1H). HRMS (ESI+) calcd
for C23H21N5 (M+H), 368.1870; found 368.1866.


4.1.2.7. 4-Cyclopentylamino-6-(3-methanesulfonyl-
benzylamino)quinoline-3-carbonitrile (39). Intermediate
15b was treated with 3-methanesulfonylbenzaldehyde
following the procedure for Step 3 Method J. 40% yield.
1H NMR (400 MHz, DMSO-d6) d 1.55–1.63 (m, 2H)
1.69–1.81 (m, 4H) 2.01–2.11 (m, 2H) 3.18 (s, 3H) 4.58
(d, J = 5.8 Hz, 2H) 4.60–4.66 (m, 1H) 6.83 (t,
J = 6.1 Hz, 1H) 6.96 (d, J = 7.3 Hz, 1H) 7.10 (d,
J = 2.3 Hz, 1H) 7.23 (dd, J = 8.8, 2.3 Hz, 1H) 7.54–
7.64 (m, 2H) 7.77–7.84 (m, 2H) 8.00 (t, J = 1.6 Hz,
1H) 8.17 (s, 1H). Anal. (C23H24N4O2S + 1.3H2O) C,
H, N.


4.1.2.8. 4-[(3-Cyano-4-cyclopentylaminoquinolin-6-yl-
amino)methyl]benzenesulfonamide (40). Intermediate
15b was treated with 4-formyl-benzenesulfonamide fol-
lowing the procedure for Step 3 Method J. 86% yield.
1H NMR (400 MHz, DMSO-d6) d 1.61 (t, J = 4.8 Hz,
2H) 1.71–1.81 (m, 4H) 2.01–2.11 (m, 2H) 4.53 (d,
J = 6.1 Hz, 2H) 4.61–4.67 (m, 1H) 6.79 (t, J = 5.9 Hz,
1H) 6.98 (d, J = 7.8 Hz, 1H) 7.09 (d, J = 2.5 Hz, 1H)
7.21 (dd, J = 9.1, 2.3 Hz, 1H) 7.29 (s, 2H) 7.56 (d, J =
9.1 Hz, 1H) 7.61 (d, J = 8.3 Hz, 2H) 7.75–7.80 (m, 2H)
8.17 (s, 1H). Anal. (C22H23N5O2S + 1.0 CH3OH) C, H, N.


4.1.2.9. 4-Cyclopentylamino-6-[(2H-pyrazol-3-ylmeth-
yl)amino]quinoline-3-carbonitrile (41). Intermediate 15b
was treated with 2H-pyrazole-3-carbaldehyde following
the procedure for Step 3 Method J. 28% yield. 1H
NMR (400 MHz, DMSO-d6) d 1.62 (s, 2H) 1.79 (s,
4H) 2.05–2.14 (m, 2H) 4.40 (d, J = 5.3 Hz, 2H) 4.64–
4.72 (m, 1H) 6.27 (d, J = 1.8 Hz, 1H) 6.38 (t,
J = 5.3 Hz, 1H) 7.03 (d, J = 7.8 Hz, 1H) 7.16 (s, 1H)
7.26 (dd, J = 9.0, 2.15 Hz, 1H) 7.55 (d, J = 8.8 Hz, 1H)
7.60 (s, 1H) 8.17 (s, 1H) 8.20 (s, 1H). HRMS (ESI+)
calcd for C19H20N6 (M+H), 333.1822; found 333.1818.


4.1.2.10. 4-Cyclopentylamino-6-[(1-methyl-1H-imi-
dazol-2-ylmethyl)amino]quinoline-3-carbonitrile (42).
Intermediate 15b was treated with 1-methyl-1H-imidaz-

ole-2-carbaldehyde following the procedure for Step 3
Method J. 35% yield. 1H NMR (400 MHz, DMSO-d6) d
1.60–1.66 (m, 2H) 1.74–1.84 (m, 4H) 2.08–2.16 (m, 2H)
3.76 (s, 3H) 4.68 (d, J = 5.1 Hz, 3H) 6.65 (t, J = 5.2 Hz,
1H) 6.98 (d, J = 7.8 Hz, 1H) 7.14 (d, J = 2.3 Hz, 1H)
7.22 (dd, J = 9.2, 2.2 Hz, 1H) 7.27 (d, J = 1.8 Hz, 1H)
7.55 (d, J = 1.8 Hz, 1H) 7.61 (d, J = 9.1 Hz, 1H) 8.23 (s,
1H) 8.30 (s, 1H). HRMS (ESI+) calcd for C20H22N6


(M+H), 347.1979; found 347.1974.


4.1.2.11. 4-Cyclopentylamino-6-(2-morpholin-4-yleth-
ylamino)quinoline-3-carbonitrile (43). 4-(2,2-Dimethoxy-
ethyl)morpholine 11 was heated with 37% aqueous HCl
(0.6 mL for 0.5 mmol) overnight at 70 �C. This reaction
mixture was treated with intermediate 15b following the
procedure for Step 3 Method J. 22% yield. 1H NMR
(400 MHz, DMSO-d6) d 1.59–1.65 (m, 2H) 1.75–1.83
(m, 4H) 2.05–2.14 (m, 2H) 2.43–2.48 (m, J = 8.1 Hz,
4H) 2.55–2.60 (m, 2H) 3.27–3.34 (m, 4H) 3.57–3.64
(m, 4H) 4.64–4.70 (m, 1H) 5.87 (t, J = 4.2 Hz, 1H)
7.03–7.09 (m, 2H) 7.21 (dd, J = 9.1, 2.3 Hz, 1H) 7.54
(d, J = 8.8 Hz, 1H) 8.16 (s, 1H). HRMS (ESI+) calcd
for C21H27N5O (M+H), 366.2288; found 366.2291.


4.1.2.12. 4-(tert-Butylamino)-6-{[(1-oxidopyridin-2-yl)-
methyl]amino}quinoline-3-carbonitrile (44). Step 1
Method F was used to synthesize 4-cyclopentylamino-
6-nitroquinoline-3-carbonitrile (14c). The crude product
was taken to the next step. Step 2. To a solution of 14c
(800 mg, 2.95 mmol) in methanol (5 mL) and water
(2 mL) were added iron powder (935 mg, 16.7 mmol)
and ammonium chloride (1.47 g, 27.7 mmol). The mix-
ture was stirred vigorously and heated to 75 �C for
4 h. After allowing the mixture to cool to rt, EtOAc
(25 mL) and saturated aqueous NaHCO3 (10 mL) were
added. The organic layer was dried over MgSO4 and
concentrated to afford 6-amino-4-(tert-butylami-
no)quinoline-3-carbonitrile (15c) as a tan solid in quan-
titative yield. The product was used without further
purification. 1H NMR (400 MHz, DMSO-d6) d 1.52 (s,
9H) 5.67 (br s, 2H), 5.99 (br s, 1H), 7.12 (s, 1H), 7.69
(d, J = 9.1 Hz, 1H) 8.28 (s, 1H). Intermediate 15c was
treated with 1-oxypyridine-2-carbaldehyde12 following
the procedure for Step 3 Method J, giving product 44
in 60% yield. 1H NMR (400 MHz, MeOD) d 1.61 (s,
9H), 3.15–3.26 (m, 2H), 7.57 (s, 1H), 7.74–7.96 (m,
4H), 8.11 (d, J = 9.1 Hz, 1H), 8.77 (d, J = 9.1 Hz, 1H)
8.99 (s, 1H). HRMS (ESI+) calcd for C20H21N5O
(M+H), 348.1819; found 348.1821.


4.1.2.13. 4-(tert-Butylamino)-6-[(3-cyanobenzyl)-
amino]quinoline-3-carbonitrile (45). Intermediate 15c
was treated with 3-cyanobenzaldehyde following the
procedure for Step 3 Method J. 65% yield. 1H NMR
(400 MHz, MeOD) d 1.48 (s, 9H), 3.32–3.49 (m, 2H),
4.58 (s, 1H), 6.74 (d, J = 2.3 Hz, 1H), 7.29 (dd, J = 9.1,
2.3 Hz, 1H), 7.45 (m, 1H), 7.55–7.78 (m, 4H), 8.28 (s,
1H). HRMS (ESI+) calcd for C22H21N5 (M+H),
356.1870; found 356.1872.


4.1.2.14. 4-(tert-Butylamino)-6-{[3-(methylsulfonyl)-
benzyl]amino}quinoline-3-carbonitrile (46). Intermediate
15c was treated with 3-methanesulfonylbenzaldehyde
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following the procedure for Step 3 Method J. 42% yield.
1H NMR (400 MHz, MeOD) d 1.61 (s, 9H), 3.03 (s,
3H), 3.16–3.24 (m, 2H), 4.58 (s, 1H) 6.90 (d, J = 2.3 Hz,
1H) 7.37 (dd, J = 9.1, 2.27 Hz, 1H) 7.52 (t, J = 7.7 Hz,
1H), 7.59 (d, J = 9.1 Hz, 1H) 7.68 (d, J = 8.3 Hz, 1H),
7.76 (dd, J = 7.8, 2.0 Hz, 1H), 7.90 (s, 1H) 8.55 (s, 1H).
HRMS (ESI+) calcd for C22H24N4O2S (M+H),
409.1693, found 409.1692.


4.1.2.15. 4-({[4-(tert-Butylamino)-3-cyanoquinolin-6-
yl]amino}methyl)benzenesulfonamide (47). Intermediate
15c was treated with 4-formylbenzenesulfonamide fol-
lowing the procedure for Step 3 Method J. 55% yield.
1H NMR (400 MHz, MeOD) d 1.40 (s, 9H), 3.22–3.34
(m, 2H), 4.56 (s, 1H) 6.92 (s, 1H), 7.43–7.49 (m, 1H),
7.72–7.79 (m, 2H), 7.82 (d, J = 9.1 Hz, 1H), 8.02 (br s,
2H), 8.44 (s, 1H). HRMS (ESI+) calcd for
C21H23N5O2S (M+H), 410.1645; found 410.1640.


4.1.2.16. 4-(tert-Butylamino)-6-[(1H-pyrazol-5-ylm-
ethyl)amino]quinoline-3-carbonitrile (48). Intermediate
15c was treated with 2H-pyrazole-3-carbaldehyde fol-
lowing the procedure for Step 3 Method J. 70% yield.
1H NMR (400 MHz, MeOD) d 1.68 (s, 9H), 3.46 (s,
2H), 4.57 (s, 1H), 6.42 (s, 1H), 7.07 (s, 1H), 7.38 (dd,
J = 9.1, 2.3, 1H), 7.71 (s, 1H), 7.79 (d, J = 9.1 Hz, 1H),
8.41 (s, 1H), 8.59 (s, 1H). HRMS (ESI+) calcd for
C18H20N6 (M+H), 321.1822, found 321.1822.


4.1.2.17. 4-(tert-Butylamino)-6-{[(1-methyl-1H-imi-
dazol-2-yl)methyl]amino}quinoline-3-carbonitrile (49).
Intermediate 15c was treated with 1-methyl-1H-imidaz-
ole-2-carbaldehyde following the procedure for Step 3
Method J. 47% yield. 1H NMR (400 MHz, MeOD) d
1.58 (s, 9H), 3.26 (s, 2H), 3.85 (s, 3H), 7.20 (s, 1H),
7.32 (s, 1H), 7.38 (dd, J = 9.1, 2.3, 1H), 7.47 (s, 1H),
7.69 (d, J = 9.1 Hz, 1H), 8.67 (s, 1H). HRMS (ESI+)
calcd for C19H22N6 (M+H), 335.1979; found 335.1980.


4.1.2.18. 4-(Cycloheptylamino)-6-[(pyridin-3-ylmethyl)-
amino]quinoline-3-carbonitrile (50). Step 1 Method F
was used to synthesize 4-cycloheptylamino-6-nitroquin-
oline-3-carbonitrile (14d) in 70% crude yield. Step 2
Method H was used to prepare 6-amino-4-cycloheptyla-
minoquinoline-3-carbonitrile (15d, 83% crude yield).
Step 3 Method J gave compound 50 in 69.5% yield.
1H NMR (400 MHz, DMSO-d6) d 1.37–1.78 (m, 10H)
1.89–2.05 (m, 2H) 4.31–4.39 (m, 1H) 4.41 (d,
J = 5.8 Hz, 2H) 6.65 (t, J = 6.0 Hz, 1H) 6.88 (d,
J = 8.3 Hz, 1H) 7.05 (d, J = 2.3 Hz, 1H) 7.15 (dd,
J = 9.0, 2.4 Hz, 1H) 7.29 (dd, J = 7.3, 4.3 Hz, 1H) 7.49
(d, J = 9.1 Hz, 1H) 7.71–7.80 (m, 1H) 8.10 (d,
J = 6.3 Hz, 1H) 8.39 (dd, J = 4.8, 1.8 Hz, 1H) 8.60 (d,
J = 1.8 Hz, 1H). HRMS (ESI+) calcd for C23H25N5


(M+H) 372.2182, found 372.2186.


4.1.2.19. 4-Cyclopentylamino-6-[(pyridin-3-ylmethyl)-
amino]quinoline-3-carbonitrile (51). Intermediate 15b
was treated with pyridine-3-carbaldehyde following the
procedure for Step 3 Method J. 20% yield. 1H NMR
(400 MHz, DMSO-d6) d 1.58–1.66 (m, 2H) 1.73–1.81
(m, 4H) 2.01–2.11 (m, 2H) 4.48 (d, J = 5.8 Hz, 2H)
4.61–4.69 (m, 1H) 6.50 (s, 1H) 6.72 (t, J = 6.1 Hz, 1H)

6.98 (d, J = 8.3 Hz, 1H) 7.11 (s, 1H) 7.22 (dd, J = 9.1,
2.3 Hz, 1H) 7.36 (dd, J = 7.5, 5.2 Hz, 1H) 7.56 (d,
J = 9.1 Hz, 1H) 7.82 (d, J = 7.8 Hz, 1H) 8.17 (s, 1H)
8.46 (d, J = 3.0 Hz, 1H) 8.67 (s, 1H). HRMS (ESI+)
calcd for C21H21N5 (M+H), 344.1870; found 344.1872.


4.1.3. 6-[(2-Morpholin-4-ylethyl)amino]-4-[(4-phenoxy-
phenyl)amino]quinoline-3-carbonitrile (33). To a 250 mL
Erlenmeyer flask equipped with a large stir bar were
added 4-nitroaniline (27.6 g, 0.2 mol) and 4-(2-chloro-
ethyl)morpholine hydrochloride (18.6 g, 0.1 mol). The
mixture was heated at a sand bath temperature of
170 �C for 14 h. After allowing the reaction mixture to
cool to 60 �C, EtOAc (100 mL) was added. The thick
mixture was partitioned between EtOAc (600 mL) and
water (600 mL). The aqueous phase was extracted with
EtOAc (3· 200 mL), then adjusted to pH 9 with 1 N
NaOH and further extracted with dichloromethane (3·
200 mL). The organic phase was washed with brine
and dried over Na2SO4 to provide 10.1 g (40%) of N-
(2-morpholinoethyl)-4-nitroaniline (10a) isolated as a
yellow solid. The material was used without further
purification. 1H NMR (400 MHz, DMSO-d6) d 2.29–
2.58 (m, 4H), 3.15–3.40 (m, 4H), 3.48–3.70 (m, 4H),
6.58–6.76 (m, 2H), 7.18 (t, J = 5.3 Hz, 1H), 7.99 (d,
J = 9.4 Hz, 2H).


To a solution of 10a (8.5 g, 33.7 mmol) in methanol
(200 mL) was added a slurry of 10% Pd/C (1.2 g) in
EtOAc (100 mL). Hydrogen gas was bubbled through
the solution for 1 min. The mixture was then stirred at
rt under an atmosphere of hydrogen gas for 24 h, at
which time N2 gas was bubbled into the mixture for
15 min. The mixture was filtered through a pad of Celite
and the filtrate concentrated to give 7.4 g (99%) of N1-
(2-morpholinoethyl)benzene-1,4-diamine (10b) as a red
syrup. The material was used without further purifica-
tion. 1H NMR (400 MHz, CD2Cl2-d2) d 2.26–2.41 (m,
2H), 2.43–2.56 (m, 2H), 2.89–3.04 (m, 4H), 3.54–3.63
(m, 4H), 6.33–6.44 (m, 2H), 6.44–6.53 (m, 2H)


To a solution of 10b (5.0 g, 22 mmol) in toluene
(100 mL) was added ethyl 2-cyano-3-ethoxyacrylate
(3.8 g, 22 mmol). The solution was heated at 110 �C
for 8 h, allowed to cool to rt, and stirred overnight. Hex-
anes (800 mL) were added with vigorous stirring. The
resulting suspension was heated to 60 �C and EtOAc
was added slowly until a copious precipitate formed.
After allowing to cool to rt the solid was isolated by fil-
tration to give 4.17 g of 2-cyano-3-(4-(2-morpholinoeth-
ylamino)phenylamino)acrylic acid ethyl ester (11b) as a
yellow powder. After standing for 2 h, the mother liquor
was filtered to give 3.47 g of a yellow solid for a com-
bined yield of 7.54 g (99%), which was used directly in
the next step. Dowtherm A (300 mL) was bubbled with
Ar gas for 1h while being heated to 100 �C. The acrylate
11b (3.76 g, 10.9 mmol) was added in three portions and
the mixture was heated to 259 �C under a stream of Ar.
After gently refluxing for 6h, the reaction mixture was
allowed to cool below 50 �C and then poured into
1500 mL of hexanes. Filtration provided 4-hydroxy-6-
(2-morpholin-4-yl-ethylamino)quinoline-3-carbonitrile
(12b) as a tan powder (1.15 g, 37%). 1H NMR
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(400 MHz, DMSO-d6) d 2.33–2.59 (m, 4H), 3.13–3.27
(m, 4H), 3.51–3.65 (m, 4H), 6.06 (t, J = 5.3 Hz, 1H),
7.08 (d, J = 2.8 Hz, 1H), 7.17 (dd, J = 8.8, 2.8 Hz, 1H),
7.41 (d, J = 9.1 Hz, 1H), 8.47 (s, 1H).


A solution of the quinoline 12b (1.0 g, 3.3 mmol) in
phosphorus oxychloride (50 mL) was heated at 120 �C
for 12 h. The reaction mixture was concentrated under
reduced pressure and the resulting residue was stirred
in dichloromethane (200 mL) and cooled to 0 �C. Water
(100 mL) was added followed by solid Na2CO3, added
slowly until the aqueous phase reached pH 9. The or-
ganic layer was dried over Na2SO4 and concentrated
to provide 4-chloro-6-(2-morpholinoethylamino)quino-
line-3-carbonitrile (13a) (800 mg, 69%) as a light yellow
powder. 1H NMR (400 MHz, DMSO-d6) d 2.37–2.54
(m, 4H), 2.55–2.67 (m, 4H), 3.33 (s, 4H), 3.61 (s, 4H),
6.82 (d, 1H), 6.87 (d, J = 2.5 Hz, 1H), 7.52 (dd,
J = 9.2, 2.7 Hz, 1H), 7.87 (d, J = 9.1 Hz, 1H), 8.74 (s,
1H).


To a solution of 13b (135 mg, 0.39 mmol) in 2-ethoxy-
ethanol (5 mL) was added 4-phenoxyaniline (57 mg,
0.39 mmol). The mixture was heated at 135 �C for
36 h. After allowing to cool to rt the reaction mixture
was diluted with ether and hexane (1:1, 20 mL), stirred
for 4 h, and filtered. The solid was washed with ether
and dried on a vacuum pump to give 33 (106 mg,
55%) as an orange solid. 1H NMR (400 MHz, DMSO-
d6) d 3.01–3.55 (m, 6H), 3.65–4.19 (m, 6H), 7.03–7.08
(m, 1H), 7.09–7.20 (m, 4H), 7.34–7.50 (m, 5H), 7.55
(m, 1H), 7.82 (d, J = 9.1 Hz, 1H), 8.65 (s, 1H). HRMS
(ESI+) calcd for C28H27N5O2 (M+H), 466.2238; found
466.2234.


4.2. Pharmacokinetic studies


The animals used in the pharmacokinetic (PK) studies
were male adult Sprague–Dawley rats (Charles River
Laboratories, Wilmington, MA). All the PK studies
were performed at Wyeth Research Laboratories
(Andover, MA) under the supervision of the Institu-
tional Animal Care and Use Committee. The dose for-
mulation for intravenous administration was 50%
DMSO/50% polyethylene glycol 200 (v/v, 1 mL/kg).
The oral dose formulation was an aqueous suspension
containing 2% Polysorbate 80 (a.k.a. Tween 80), 0.5%
methylcellulose, and 0.06% lactic acid. Blood samples
of approximately 0.25 mL were collected into K2 EDTA
coated sampling tubes at 0.083, 0.25, 0.5, 1, 2, 4, 7, and
24 h post dose administration. Plasma samples were har-
vested and stored at �80 �C until analysis.


In a 0.5 mL 96-well plate, 50 ll of plasma sample was
precipitated with 100 ll acetonitrile containing 500 ng/
mL internal standard. The internal standard is a com-
pound with a similar chemical structure as that of the
test article. The samples were vortexed and centrifuged
at 5700 rpm for 10 min. Supernatants were subjected
to LC-MS/MS analysis. HPLC separation was per-
formed on a Perkin-Elmer Series 200 HPLC system
(Perkin-Elmer, Norwalk, CT) using an XTerra MS
C18 column (2.1 · 20 mm, 2.5 lm; Waters, Milford,

MA). The detection of test articles was performed on
a PESCIEX API-3000 triple quadrupole mass spectrom-
eter (Applied Biosystems, Concord, Ontario, L4K4V8)
using TurboIon Spray source. Plasma standard curves
were generated by plotting peak area ratio of test article
and internal standard against nominal concentrations.


The pharmacokinetic parameters were determined using
WinNonlin (version 4.1, Pharsight, Mountain View,
CA). Calculations were performed using the non-com-
partmental analysis approach. The estimation of area
under the plasma concentration versus time curve
(AUC) was based upon the log trapezoidal rule. The ter-
minal rate constant (k) was derived from the slope of the
terminal log-linear phase of plasma concentrations–time
curves. The apparent terminal half-life (t1/2) was calcu-
lated as 0.693/k. No statistical analysis other than
descriptive statistics was conducted.


4.3. Biology


4.3.1. Tpl2 enzymatic assay. Tpl2/Cot activity was di-
rectly assayed using GST-MEK1 as a substrate. The
phosphorylation on serine residues 217 and 221 of
GST-MEK1 was detected by an ELISA. Briefly,
0.4 nM Tpl2 was incubated with 35 nM GST-MEK1
in a kinase reaction buffer of pH 7.2 containing
20 mM Mops, 50 lM ATP, 20 mM MgCl2, 1 mM
DTT, 25 mM b-glycerophosphate, 5 mM EGTA, and
1 mM sodium orthovanadate for 1 h at 30 �C. Com-
pounds solubilized in 100% DMSO were pre-diluted in
assay buffer so that the final concentration of DMSO
in the reaction was 1%. The kinase reaction was carried
out in 100 ll volume on 96-well plates. The kinase reac-
tion was then stopped by the addition of 100 mM
EDTA. The entire reaction mixture was then transferred
to the detection plate, a 96-well Immunosorb plate that
had been pre-coated with anti-GST antibody (Amer-
sham). After 1 h incubation at room temperature, the
detection plate was washed four times with TBST
(TBS + 0.05% Tween 20) and then incubated for an-
other hour at room temperature with anti-phospho-
MEK1 antibody (Cell Signaling) 1:1000 in 10 mM Mops
7.5, 150 mM NaCl, 0.05% Tween 20, 0.1% gelatin,
0.02% NaN3, and 1% BSA. The detection plate was
washed again and incubated for 30 min with DELFIA
Europium (Eu) labeled goat anti-rabbit IgG (Perkin-El-
mer), 1:4000 in the same buffer used for the primary
incubation. After a final wash, Eu detection solution
was added to each well and the Eu signal was measured
in a Wallac Victor Multilabel Counter. Data were im-
ported into Excel and IC50 calculations were performed
using the Xlfit (IDBS) software package.


4.3.2. Inhibition of TNF-a in primary human monocytes.
Human blood buffy coat (containing 1 mM EDTA) was
incubated with RosetteSep human monocyte enrich-
ment antibody cocktail (Stem Cell Technologies
#15068). This mixture was then diluted with an equal
volume of PBS/2% FBS/1 mM EDTA, layered onto an
equal volume of Histopaque-1077 (Sigma #H8889),
and centrifuged for 20 min at 1500 rpm. The monocytes
were then recovered from the interface, diluted, and
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reisolated on a Histopaque-1077 cushion. After this sec-
ond round of purification, the monocytes were washed
twice in PBS/2% FBS/1 mM EDTA, resuspended in
RPMI/0.5% FBS to 2 · 106 cells/mL, plated at 800,000
cells per well in 48-well formats, and incubated at
37 �C/5% CO2. Thirty minutes prior to LPS stimulation,
compounds (in 100% DMSO) were added. LPS was then
added to 10 ng/mL and the cultures allowed to incubate
for an additional �3 h. Media supernatants were then
harvested and analyzed for TNF-a by standard ELISA
or electrochemiluminescence on a Sector6000 reader
(Meso Scale Discovery).


4.3.3. Inhibition of TNF-a in human blood. Blood was
drawn from healthy male volunteers into heparin tubes.
At 37 �C, the blood was diluted 1–5 with pre-warmed
RPMI/3% FCS, and then dispensed into 96-well-format-
ted 200 lL tube strips and capped. Thirty minutes prior
to LPS stimulation compounds (in 100% DMSO) were
added. Final DMSO concentrations equaled 1.0%.
LPS was then added to 10 ng/mL and the cultures are al-
lowed to incubate for an additional �3 h. Samples were
centrifuged in a strip rotor at 6500 rpm, and the plasma
supernatants were analyzed by standard ELISA or elect-
rochemiluminescence on a Sector6000 reader (Meso
Scale Discovery).


4.3.4. LPS-induced acute TNF-a production in mice.
LPS/D-Gal-induced acute TNF-a production in mouse
sera: female C57Bl/6 mice, 8–10 weeks of age, were
obtained from the Jackson Laboratory. The animals
were fed food and water ad libitum and all procedures
were approved by the Institutional Animal Care and
Use Committee. Compound at 10 or 25 mg/kg, or
vehicle, was administered to the mice by the intraperi-
toneal (ip) route. One hour after the compound, LPS
plus DD-galactosamine in PBS was administered ip. Fi-
nal LPS and D-gal concentrations in each animal were
2 and 160 ng/kg, respectively. The mice were eutha-
nized with carbon dioxide 1.5 hour after the LPS/D-
Gal injection and bled by cardiac puncture. TNF-a
levels were measured in the serum samples using a
TNF-a ELISA.
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Abstract—Losartan, the potassium salt of 2-n-butyl-4-chloro-5-hydroxymethyl-1-[(2 0-(1H-tetrazol-5-yl)biphenyl-4-yl)methyl]imi-
dazol, is an efficient antihypertensive drug. The vibrational FTIR and Raman spectra of Losartan (its anionic and protonated
forms) are discussed. In addition, the copper(II) complex of Losartan was obtained and characterized as a microcrystalline powder.
The metal center is bound to the ligand through the nitrogen atoms of the tetrazolate moiety as determined by vibrational spectros-
copy. The compound is a dimer with the metal centers in a tetragonal distorted environment but the presence of a monomeric impu-
rity has been determined by EPR spectroscopy. The antioxidant properties of the complex (superoxide dismutase mimetic activity)
and its effect on the proliferation and morphology of two osteoblast-like cells in culture are reported. The new compound exerted
more toxic effects on tumoral cells than the copper(II) ion and Losartan.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction


Losartan, the potassium salt of 2-n-butyl-4-chloro-5-
hydroxymethyl-1-[(2 0-(1H-tetrazol-5-yl)biphenyl-4-yl)-
methyl]imidazol (Fig. 1), is the prototype of a new
generation of effective and orally active pharmaceutical
products used for the treatment of arterial hypertension.
It acts by selectively binding to and blocking the angioten-
sin II type 1 receptor, thus interfering with the rennin
angiotensin system, an important regulator of normal
blood pressure.1–5 Structurally, Losartan is a biphenylte-
trazol ring system attached to a substituted imidazol ring
through a methylene spacer. Recently, single-crystal X-
ray determinations of the structures of Losartan and its
potassium salt were reported.6,7 Copper is an essential
transition element that plays a fundamental role in the
biochemistry of all aerobic organisms. Proteins exploit
the unique redox nature of this metal to undertake a series
of facile electron transfer reactions using copper as a
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cofactor in a select number of critical enzymatic path-
ways. The function of these enzymes is essential for cellu-
lar respiration, iron homeostasis, pigment formation,
neurotransmitter production, peptide biogenesis, connec-
tive tissue biosynthesis, and antioxidant defense.8,9 The
inherited alteration of copper homeostasis produces the
pathologies of Wilson10 (excess in copper storage) or
Menkes11–13 (defect in copper enzymes). The clinical fea-
tures of Wilson disease generate liver damage because of
copper cytotoxicity. In Menkes disease copper deficiency

Figure 1. Losartan potassium salt.
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Table 2. Assignment of the main bands of the infrared spectra of


protonated Losartan (LosH), Losartan potassium salt (LosK), and the


copper complex (LosCu) (band positions in cm�1)


LosH LosK LosCu Assignment


3374 vs m(N–H)


1434 s, 1412 s 1423 s 1423 s mring, dip (N–H)23


1117 m 1108 m 1100 w m(Ctz–N1), d(Ctz–H)27,28


1087 s 1072 m 1070 m mring, dip(C–H), dip(N–H)23


vs, very strong; s, strong; m, medium; w, weak.
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mainly affects enzymes involved in collagen metabo-
lism.14 Collagen is one of the most important components
of connective tissue and its alteration can explain some of
clinical features of this disease such as laxity of the skin
and metaphyseal dysplasia.15,16 On the other hand,
Losartan contains functional groups capable to bind the
copper biometal in stable complexes. From a pharmaco-
logical point of view part of the effect of medications could
be connected with complexation of biometals and
changes in homeostasis.17


Besides, the classical signs of copper deficiency, first
carefully recorded in a series of malnourished infants
in Peru, include hypocupremia, decreased serum cerulo-
plasmin concentration, neutropenia, anemia, metaphy-
seal dysplasia, osteoporosis, and fracture of the long
bones.18 It is well known that once absorbed many metal
compounds are distributed among tissues in the organ-
isms and stored mainly in bone.19,20 For this reason it
is interesting to investigate the effects of the biometals,
the organic active drugs, and their metal complexes on
bone related cells.


The aim of this study is the synthesis and characteriza-
tion of a new copper complex of Losartan and its poten-
tial biological activities. In order to determine the
antioxidant effects the superoxidedismutase (SOD) like
activity of the complex has been investigated. Moreover,
the biological effects of the new complex have been
tested on two osteoblastic cell lines in culture, one nor-
mal and the other tumoral. We have analyzed the effect
of the copper Losartan complex and its components on
cell proliferation and cellular morphology.

2. Results and discussion


2.1. Vibrational spectroscopy


In Table 1 the main vibrational Raman frequencies of
Losartan (LosH), Losartan Potassium salt (LosK),
and Copper Losartan (LosCu) complex are shown. It
can be observed that the very strong band at ca.
1615 cm�1 corresponding to the stretching C@C of aro-
matic groups disappeared by complexation with cop-
per(II). Protonation of the tetrazol moiety produced
the localization of the electronic density generating a
double bond between nitrogen atoms causing a strong
absorption at 1489 cm�1(m(N@N)21). Besides, the spec-
trum of Losartan presents a strong band at 808 cm�1


that is absent in the spectra of LosK and LosCu and
it corresponds to a ring breathing vibrational mode.22

Table 1. Assignment of the main bands of the Raman spectra of


protonated Losartan (LosH), Losartan potassium salt (LosK), and the


copper complex (LosCu) (band positions in cm�1)


LosH LosK LosCu Assignment


1615 vs 1612 vs — m(C@C)aromat


1489 s — — m(N@N)21


808 s — — Ring breathing22


vs, very strong; s, strong.

Table 2 displays the FTIR spectra of the ligand and the
complex. The protonation of the ligand (LosH) can be
realized by the presence of strong stretching and bend-
ing N–H bands located at 3374 cm�1, 1434–1412 cm�1


(split of 1423 cm�1), and 1087 cm�1, respectively.23 On
the contrary, the band corresponding to the strong
N–H stretching mode appears as a very weak band in
the Raman spectrum as it has been previously reported
in the literature.24 Besides, the band related to the N–H
bending mode decreases its intensity from strong (FTIR)
to medium (Raman) as it is expected.25


The position of the bands associated to the ring vibra-
tion modes of the imidazol26 and tetrazol moieties is
difficult to assign unambiguously because they are
superimposed. Nevertheless, as it is known, the band
at 1105 cm�1 in the free ligand corresponds only to the
tetrazol group.27,28 The decrease of the intensity of this
band in the FTIR spectrum may be due to the coordina-
tion of this fragment of the Losartan molecule to the
metal center. A similar effect is also observed upon pro-
tonation of the same fragment in the LosH spectrum.


Furthermore, some shifts and changes in the intensities
of several bands (vibrations or deformations modes)
corresponding to the aromatic rings in the range
between 1000 and 750 cm�1 are observed.23–28


2.2. Electron paramagnetic spectroscopy


With the aim to obtain a deeper insight into the environ-
ment around copper ions in the complex, spectroscopic
studies by EPR were undertaken. Electron Spin Reso-
nance is often employed to characterize binuclear
systems. Particularly, in the case of copper(II)–cop-
per(II) complexes EPR allows the recognition of a
magnetic coupling between the two ions with S = 1 state
and a characteristic half-field signal DMs = ±2 feature.
At room temperature (Fig. 2, inset), the spectra show
a dimeric type of signal. An absorption at 1650 G
corresponding to forbidden half-field DMs = ±2 transi-
tion between I � 1> and I + 1> levels of a triplet state
is observed.29


The nature of exchange coupling within Cu–Cu pairs is
evident from the thermal dependence of EPR intensity.
At 4.2 K (Fig. 2) the triplet state becomes depopulated
as the temperature is lowered and so the signal intensity
drops. The observed signal of the EPR spectrum shows
that small amounts of isolated copper ions exist in the
compound. As it is expected, beyond the transitions of
the copper(II) pairs, also a feature to simple S = 1/2
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Figure 3. Schematic drawing of the complex.
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Figure 2. Band X-EPR spectra of LosCu (—–) experimental and (- - - -)


simulated at 4.2 K. (Inset) DMs = ±2 signal, 290 K.
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species is observed because of the presence of a ‘mono-
nuclear’ impurity (probably due to the rupture of the
dinuclear complex).29 This observation correlates with
a monomeric species having axial symmetry in a square
bipyramidal copper(II) geometry being consistent with
dx2�y


2 ground state.30 Spin Hamiltonian parameters ob-
tained by carefully simulating experimental spectra are:
gk = 2.27, g? = 2.08; AII = 175 · 10�4 cm�1 and A? =
20 · 10�4 cm�1. The low gk-value obtained is in concor-
dance with a strongly elongated octahedral environment
and the value of the parallel component of the hyperfine
coupling constant is similar to that found in copper
complexes with chromophores containing N and O
donor atoms.31


Altogether, taking into account the experimental data
the structure of the complex can be proposed. The com-
plex has a dimeric structure with a distorted tetragonal
configuration around each metal center. Two copper(II)
atoms are linked by two bridges of the tetrazol moieties
of each Losartan ligand, and the coordination sphere is
completed with one N atom of the tetrazol moiety of
another Losartan molecule and three oxygen atoms of
three water molecules (Fig. 3).


2.3. Superoxide dismutase activity


Measurements of SOD-like activities are a good marker
of the antioxidant properties of copper compounds. It
has been reported that the presence of coordination sites
belonging to nitrogen heteroaromatic rings such as imi-
dazol, pyridine, and pyrazole is important for high SOD
activity.32 Therefore, we have selected losartan to gener-
ate an active site similar to that of copper(II) in the
native enzyme. The determinations were carried out
using the xanthine/xanthine oxidase/NBT assay system.
NBT acts as superoxide detecting agent through its
reduction to methylformazan (MF+). In the presence
of the copper complex the mechanism of the reduction
of NBT to MF+ comprises several reactions. The system
xanthine/xanthine oxidase produces superoxide that
reacts with NBT to produce MF+. At the same time
the copper complex interacts with O2


�� catalyzing its
dismutation to molecular oxygen and hydrogen perox-

ide; this reaction reduces the superoxide concentration
in solution and, thus, the MF+ production rates (i.e.,
slowing down absorbance variation). The experimental
determination of SOD activity was performed at pH
10.2 and the complex produced a 50% inhibition (IC50)
at 72.1 ± 5 lM. Under the present experimental condi-
tions the IC50 value of SOD enzyme (from bovine erythro-
cytes) was 4 nM, similar to previously reported values.33


If compounds have an IC50 value below 20 lM they
show SOD-like activity but they are inactive at higher
concentrations. The experimental IC50 values obtained
for complex were found to be in the lower limit of the
active compounds34 (sometimes called moderate behav-
ior toward the dismutation of superoxide).


2.4. Cellular proliferation


Cell proliferation was estimated through the crystal vio-
let assay on two osteoblast-like cells in culture:
UMR106, derived from a rat osteosarcoma, and
MC3T3E1, derived from mouse calvaria. The effects of
the Losartan, copper(II), and the complex LosCu were
investigated (Figs. 4 and 5). The results showed that
the ligand was slightly inhibitory causing a decrease of
ca. 10% at 500 lM in both cell lines. The free cation
Cu(II) behaved in a similar way in the tumoral cells
but it was more deleterious for the normal osteoblasts
inhibiting cell proliferation ca. 25% at 100 lM and ca.
50% at 500 lM. On the other hand, for the complex a
similar injurious action on both cell lines can be
observed in a dose response manner with values of ca.
60% at 500 lM. Altogether these results point to the fact
that the complex formation modulates the action of the
free copper. The greater antiproliferative effect of the
complex in both cell lines in comparison with the free
ligand and copper ion might be due to the higher
lipophilicity of the neutral complex in relation to the
ionic species formed by losartan potassium salt and
copper(II) chloride. Nevertheless, cytotoxicity is a
complex phenomenon only partially influenced by the
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Figure 4. Effect of Losartan, copper(II), and Losartan/copper com-


pounds on UMR106 cell proliferation. Cells were incubated in serum-


free DMEM alone (basal) or with different concentrations of the


compounds at 37 �C for 24 h. Basal values are 5.2 · 104 cells/well.


Results are expressed as % basal and represent means ± SEM, n = 9.
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pounds on MC3T3E1 cell proliferation. The experimental conditions


were similar to those of Figure 3. Basal values are 4.0 · 104 cells/well.
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lipophilicity of the compounds as it has previously been
reported.35


2.5. Cell morphology


Figure 6 shows the results of the effect on cell morphology
for the treatment of the osteoblast-like cells with copper
and LosCu in comparison with basal or control condi-
tions (without any compound added). In Figure 6a
MC3T3E1 osteoblast-like cells are shown while Figure
6b displays the effects on the UMR106 osteosarcoma
cells.


Control dish shows polyhedral MC3T3E1 cells with
slender lamellar expansions that join each cell with

its neighboring cells. The nuclei show moderately thick
chromatin granules. The perinuclear cytoplasm has
numerous organelles and vacuoles, while the exoplasm
is diffuse and homogeneous. Preparations with 500 lM
CuCl2 show a gradual loss of connections and an in-
crease in cytoplasm condensation. Cells become spin-
dle-like and condensed. Besides, a sticking decrease
in the cell number/field can be observed since cells
died and detached from the monolayers. A similar ef-
fect more marked at 500 lM can be observed for Los-
Cu. On the other hand, the tumoral cells (UMR106)
under basal conditions (medium alone) display a
polygonal morphology with well-stained nuclei and
cytoplasms with processes connecting neighboring
cells. After the treatment with Cu2+ ions a slight de-
crease in the number of cells can be observed. In the
case of the copper complex (LosCu), a significant de-
crease in the number of surviving cells has been in-
duced. The cytoplasm shows a strong condensation
with loss of connections between cells. Losartan,
potassium salt did not cause any morphological
change in both cell lines at the maximum tested con-
centration value (500 lM).

3. Conclusion


A new complex [Cu(Los)2(H2O)3]2 derived from the
antihypertensive agent Losartan and copper(II) cation
has been synthesized and characterized. The metallic
ion is coordinated to the ligand through the nitrogen
atoms of the tetrazol moiety as it was demonstrated by
FTIR and Raman spectroscopies. The solid phase of
the new compound contains a dinuclear complex as
the main species and a monomeric impurity according
to the room temperature EPR measurements. At 4 K
an antiferromagnetic coupling between the metallic cen-
ters takes place and the EPR signal is only due to the
monomeric impurity. According to the determined
parameters the copper ions are located in a tetragonal
distorted octahedral environment surrounded by nitro-
gen and oxygen atoms, the latter provided by water
molecules.


Even though Losartan does not show antioxidant activ-
ity, its copper complex has displayed a moderately
superoxidedismutase activity. Besides, the complex
behaves as a deleterious agent when tested on the tumor-
al osteoblasts (UMR106). This effect has not been
produced by the copper(II) ion or the Losartan ligand
in a broad range of concentrations. On the other hand,
both the metal and the complex behave as inhibitory
agents on the non-transformed osteoblasts since both
of them produce a decrease in cellular proliferation
being the metal complex the more toxic compound.
The results also show that the toxic action of the
complex has a similar magnitude on both cell lines.
Morphological alterations such as cytoplasm condensa-
tion, loss of the connections between neighboring cells,
and a cellular spindle like shape are produced in both
cell lines only by the complex. Altogether these results
indicate that the complexation of the antihypertensive
drug with the biometal copper modulates the biological







Figure 6. Effect on cell morphology of the treatment of the osteoblast-like cells with copper (500 lM) and Losartan/copper (500 lM) in comparison


with basal or control conditions (without any compound added). (a) MC3T3E1 osteoblast-like cells; (b) UMR106 osteosarcoma cells.
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effects of both moieties. Above all, it has been demon-
strated the harmless effect of the antihypertensive drug.
Losartan did not cause any morphological transforma-
tion in both cell lines and its action on cell proliferation
was very weak since it only produced inhibition of ca.
10% at high doses.

4. Materials and methods


Losartan, potassium salt (Parafarm), and Copper(II)
acetate (Merck) were used as supplied. Losartan was ob-
tained as monocrystals using the potassium salt by low-
ering the pH of the solution to 2.0 with 1 M HCl. The
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structure of the sample is the same to that previously
reported.6 Corning or Falcon provided tissue culture
materials. Dulbecco’s modified Eagle’s medium
(DMEM) and trypsin–EDTA were purchased from Gib-
co (Gaithersburg, MD, USA) and fetal bovine serum
(FBS) from GibcoBRL (Life Technologies, Germany).
All other chemicals used were of analytical grade.
UV–vis spectra for SOD determinations were recorded
on a Hewlett-Packard 8453 diode-array spectrophotom-
eter. Diffuse reflectance spectrum was recorded on a
Shimadzu UV-300 spectrophotometer. Infrared spectra
were recorded on a Bruker IFS 66 FTIR-spectropho-
tometer from 4000 to 400 cm�1 using the KBr pellet
technique. Raman spectra were obtained with a fast
Fourier transformed FRA106 Bruker spectrometer,
using the 1064 nm line of Nd–YAG ion laser for excita-
tion. A Bruker ESP300 spectrometer operating at
X-band and equipped with standard Oxford low tem-
perature devices (ESR900/ITC4) was used to record
the EPR spectra of the compounds at different tempera-
tures. The magnetic field was measured with a Bruker
BNM 200 gaussmeter, and the frequency inside the
cavity (rectangular ER4102ST) was determined by using
a Hewlett-Packard 5352B microwave frequency counter.
A computer simulation of the EPR spectra was per-
formed using the program SimFonia (WINEPR SimFo-
nia v1.25, Bruker Analytische Messtecnik GmbH, 1996).
Elemental analysis for carbon, hydrogen, and nitrogen
was performed using a Carlo Erba EA 1108 analyzer.


4.1. Synthesis of [Cu(Los)2(H2O)3]2


A slight blue losartan complex was prepared upon
slowly mixing aqueous solutions of copper(II) acetate
(0.5 mmol) and losartan potassium salt (1 mmol) with
constant stirring. The complex was filtered, washed with
water and dried in an oven at 60 �C.


Anal. Calcd for C44H50N12O5Cl2Cu: C, 55.0; H, 5.2; N,
17.5. Exp.: C, 55.0; H, 5.1; N, 17.4%. Diffuse reflectance
spectrum: 370 nm, 730 nm (br).


4.2. SOD assays


The superoxide dismutase activity was examined indi-
rectly using the nitroblue tetrazolium (NBT) assay.
The indirect determination of the activity of SOD and
the copper complexes was assayed by their ability to in-
hibit the reduction of NBT by the superoxide anion gen-
erated by the system xanthine/xanthine oxidase, at pH
10.2 (carbonate buffer), reported previously.36,37 As the
reaction proceeds, the formazan color was developed
and a change was observed from yellow to blue which
was associated with an increase in the absorption spec-
trum at 560 nm. The reaction system contained different
concentrations of the native SOD from bovine erythro-
cytes or the copper complex. The reaction was started by
the xanthine–xanthine oxidase system in a concentration
needed to yield the absorbance change between 0.2 and
0.4. Copper(II) chloride aqueous solution, 0.2 mM, was
added in order to stop the NBT reduction. Free cop-
per(II) ion is able to interact with the superoxide anion
producing its dismutation. Ethylenediaminetetraacetic

acid (EDTA), 0.1 mM, was included due to the forma-
tion of a copper chelate (CuEDTA) that has no SOD
activity. Each experiment was performed in triplicate
and at least three independent experiments were per-
formed in each case. All the reagents (Sigma) were used
as purchased. The amount of complex (or SOD) that
gives a 50% inhibition (IC50) was obtained by plotting
the percentage of inhibition versus the log of the concen-
tration of the tested solution.


4.3. Cell culture


Rat osteosarcoma UMR106 and osteoblastic non-trans-
formed mouse calvaria derived MC3T3E1 cells were
grown in DMEM supplemented with 10% (v/v) FBS
and antibiotics (100 U/mL penicillin and 100 mg/mL
streptomycin) in a humidified atmosphere of 95% air/
5% CO2. Cells were grown at near-confluence (70–
80%) and were subcultured using 0.1% trypsin–1 mM
EDTA in Ca2+–Mg2+-free phosphate-buffered saline
(PBS). For experiments, about 5.5 · 104 cells/well
(UMR 106) and 3.3 · 104 cells/well (MC3T3E1) were
plated into 24-well plates. After the culture reached
70% confluence, the cells were washed twice with
DMEM. Cells were incubated overnight with the com-
pounds at different doses in serum-free DMEM.


4.4. Cell proliferation assay


A mitogenic bioassay was carried out as described by
Okajima et al.38 with some modifications. Briefly, cells
in 24-well plate were washed with PBS and fixed with
5% glutaraldehyde/PBS at room temperature for
10 min. Cells were then stained with 0.5% crystal vio-
let/25% methanol for 10 min. After that, the dye solu-
tion was discarded and the plate was washed with
water and dried. The dye in the cells was extracted using
0.5 mL/well 0.1 M glycine/HCl buffer, pH 3.0/30% meth-
anol and transferred to test tubes. Absorbance was read
at 540 nm after a convenient sample dilution. The corre-
lation between cell number/well and the absorbance at
540 nm of diluted extraction sample after crystal violet
staining has been previously established.39 Data are ex-
pressed as means ± SEM. Statistical differences were
analyzed using Student’s t test. t Tests were done to
compare treated cultures with the untreated cultures.
Recently prepared solutions of Losartan, CuCl2, and
LosCu (DMSO 0.5%-serum-free DMEM 99.5%) were
added to the culture dishes at the following concentra-
tions: 0, 5, 10, 25, 50, 100, and 500 lM.


4.5. Cell morphology


MC3T3E1 osteoblast-like cells and UMR106 osteosar-
coma cells were grown in six-well plates, at an initial
density of 2 · 104 and 1 · 104 cells/well for MC3T3E1
and UMR106 osteoblast-like cells, respectively. The
cells were incubated overnight with fresh serum-free
DMEM plus 0 (basal), 500, and 1000 lM of copper
complex and Cu2+ (CuCl2). The monolayers were subse-
quently washed twice with PBS, fixed with methanol,
and stained with 1:10 dilution of Giemsa for 10 min.
After that, the monolayers were washed with water
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and the morphological changes were examined by light
microscopy.
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Abstract—A series of novel chalcones and their related derivatives were synthesized and evaluated as b-amyloid imaging probes. In
the structure–activity relationship of binding affinities to synthetic Ab(1–42) aggregates, compound 14 displayed the highest binding
affinity in vitro. b-Amyloid plaques in the Alzheimer’s model mouse brain were visualized with 14. In biodistribution studies using
normal mice, [125I]14 showed good brain uptake (2.56% ID/g, 2 min postinjection) and rapid washout from the brain (0.21% ID/g,
60 min postinjection). These results suggest that [125I]14 should be further investigated as a potentially useful b-amyloid imaging
probe.
� 2007 Elsevier Ltd. All rights reserved.

R
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1. Introduction


Alzheimer’s disease (AD) is a progressive neurodegener-
ative disorder pathologically characterized by deposi-
tion of b-amyloid (Ab) peptides as senile plaques in
the brain.1,2 Since the deposition of b-amyloid plaques
is an early event in the development of AD, a validated
biomarker of b-amyloid deposition in the brain would
likely prove useful to identify and follow individuals at
risk for AD and to assist in the evaluation of new
anti-amyloid therapies currently under development.3–5


A number of groups have reported radiolabeled b-amy-
loid imaging agents for positron emission tomography
(PET) and single photon emission computed tomogra-
phy (SPECT) such as [18F]FDDNP,6–8 [11C]PIB,9,10


[11C]SB-13,11,12 [123I]IMPY,13–15 and [11C]BF-227.16


Recent reports using these amyloid imaging agents have
indicated that detecting b-amyloid plaques in the living
human brain by PET and SPECT may lead to differen-
tiation between AD patients and healthy human.

0968-0896/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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Recently, in an attempt to search for novel amyloid
imaging probes, we found that radioiodinated flavone17


and chalcone18 derivatives, which are categorized as
flavonoids, showed excellent characteristics as new amy-
loid imaging agents, such as high binding affinity to Ab
aggregates and high uptake into the brain and rapid
clearance from the brain (Fig. 1). Especially, the chal-
cone backbone structure is considered to be a useful core
in the development of new amyloid imaging probes be-
cause it can easily be formed by one-pot condensation
reaction.


In the present study, we designed and synthesized novel
chalcone derivatives and related chalcone-like com-
pounds, and evaluated their structure–activity relation-
ship on the binding affinity to b-amyloid aggregates
and in vivo biodistribution using a compound with high
binding affinity.

O


O


125I 125I R


flavove chalcone


Figure 1. Chemical structures of radioiodinated flavones and chal-


cones (R = NH2, NHMe, NMe2).
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2. Results and discussion


2.1. Chemistry


The syntheses of chalcone and chalcone-like compounds
are outlined in Schemes 1–3. Chalcone and chalcone-like
compounds were prepared by base-catalyzed condensa-
tion of appropriately substituted ketones with substi-
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Scheme 1. Reagents: (a) EtOH, KOH; (b) EtOH, SnCl2; (c) dioxane, (Bu3Sn)


(CH2O)n, NaCNBH3.
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tuted benzaldehydes or heterocyclic aldehydes. In this
process, the substituted ketones were reacted with the
substituted benzaldehyde or heterocyclic aldehydes in
the presence of 10% aqueous KOH and ethanol at room
temperature to form the target chalcone and chalcone-
like compounds (1 and 11–29). The nitro derivatives
(1, 11, 12, and 15) were converted to amino derivatives
(2, 30, 31, and 32) by reduction with SnCl2. Conversion
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of the amino derivatives (2, 30, 31, and 32) to the
monomethylamino derivatives (5, 33, 34, and 35) was
achieved by a methylation with CH3I under alkaline
conditions. The amino derivatives (2 and 32) were also
converted to the dimethylamino derivatives (8 and 36)
by an efficient method19 with paraformaldehyde, sodium
cyanoborohydride, and acetic acid. The tin compounds
(3, 6, 9, and 37) were prepared from the corresponding
bromo compounds (2, 5, 8, and 13) using a bromo-to-
tributyltin exchange reaction catalyzed by Pd(0). The
tributyltin derivatives (3, 6, and 9) were readily reacted
with iodine in CHCl3 at room temperature to give the
iodo derivatives (4, 7, and 10). The tributyltin derivative
37 was used as the starting materials for radioiodination
in preparation of [125I]14. Novel radioiodinated ligand
was achieved by an iododestannylation reaction using
hydrogen peroxide as the oxidant, which produced the
desired radioiodinated ligand (Scheme 4). It was antici-
pated that the no-carrier-added preparation would
result in a final product bearing a theoretical specific
activity similar to that of 125I (2200 Ci/mmol). The
radiochemical identity of [125I]14 was verified by
co-injection with nonradioactive compound by its HPLC
profiles. The [125I]14 showed a single radioactivity peak
at the retention time of 18.2 min. The radioiodinated
ligand was obtained in 60–70% radiochemical yield with
radiochemical purities of >95% after purification by
HPLC.


2.2. Binding studies in vitro


(E)-4-Dimethylamino-40-[125I]iodo-chalcone ([125I]DMIC)
was synthesized and used as the radioligand for compe-
tition binding experiments (Kd value of [125I]DMIC is

a
O


N
S


Br


O


S


Bu3Sn
13 37


Scheme 4. Reagents: (a) dioxane, (Bu3Sn)2, (Ph3P)4Pd, Et3N; (b) [125I]NaI,

4.2 nM).18 Binding affinities of chalcone and chalcone-
like compounds were evaluated with inhibition assays
against [125I]DMIC binding on Ab(1–42) aggregates
(Table 1). These Ki values suggested that the new series
of chalcone and chalcone-like compounds had high
binding affinity for Ab(1–42) aggregates in the order
of N,N-dimethylated derivatives (10 and 14) >
N-monomethylated derivatives (7 and 34) > primary
amino derivatives (4 and 31) when comparing in the sim-
ilar core structure. Compounds 4, 7 and 10 with the
substituted group at 4 0 position and iodine at 4 position
displayed higher Ki values (lower binding affinities) as
compared to compounds, 4-amino-4 0-iodo-chalcone
(AIC), 4 0-iodo-4-methylamino-chalcone (IMC) and
DMIC, which have the substituted group and iodine
at the inverse position against compounds 4, 7, and
10. The Ki values of 32, 35, and 36 with the thienyl
group at R position and phenyl group at R 0 position
were higher than those of 31, 34, and 14 with the phenyl
group at R position and the thienyl group at R 0 posi-
tion, indicating that the binding affinities depended on
the combination of heterocycles introduced at R and
R 0 position, not on the position of the substituted group
or iodine (bromine) group. When comparing the Ki


values of heterocyclic compounds with the same substi-
tuted group, the binding affinities increased in the order
of phenyl > thienyl > furanyl at R position and
phenyl = thienyl > furanyl at R 0 position. The Ki values
of compounds without the substituted group on the ring
at R 0 position (16–22) were varied by altering the kind of
heterocycles. Furthermore, in order to obtain informa-
tion on the binding site of the new chalcone-like com-
pounds, inhibition studies were carried out using
Congo Red (CR) and thioflavin T (ThT), which are well

b
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HCl, H2O2.







Table 1. Inhibition constants of chalcone and chalcone-like derivatives on ligand binding to Ab(1–42) aggregates


R R'


O


Compound R R 0 Ki
a (nM)


4 4-Aminophenyl 4-Iodophenyl 248 ± 56


7 4-Methylaminophenyl 4-Iodophenyl 23.9 ± 3.6


10 4-Dimethylaminophenyl 4-Iodophenyl 13.3 ± 1.9


14 5-Iodo-2-thienyl 4-Dimethylaminophenyl 3.9 ± 0.4


16 4-Iodophenyl Phenyl 151 ± 16


17 4-Iodophenyl 2-Furanyl 908 ± 212


18 4-Iodophenyl 3-Furanyl 125 ± 9.2


19 4-Iodophenyl 2-Thienyl 102 ± 16


20 4-Iodophenyl 3-Thienyl 93 ± 11


21 4-Iodophenyl 2-Imidazoyl 797 ± 316


22 4-Iodophenyl 2-Thiazoyl >10,000


23 4-Iodophenyl 5-Dimethylamino-2-furanyl 1132 ± 344


24 4-Iodophenyl 5-Dimethylamino-2-thienyl 113 ± 10


25 5-Iodo-2-thienyl 5-Dimethylamino-2-thienyl 137 ± 3.4


26 5-Iodo-2-thienyl 5-Dimethylamino-2-furanyl 1608 ± 85


27 5-Bromo-2-furanyl 4-Dimethylaminophenyl 126 ± 13


28 5-Bromo-2-furanyl 5-Dimethylamino-2-thienyl 2648 ± 222


29 5-Bromo-2-furanyl 5-Dimethylamino-2-furanyl >10,000


31 5-Iodo-2-thienyl 4-Aminophenyl 121 ± 40


32 4-Aminophenyl 5-Bromo-2-thienyl 476 ± 48


34 5-Iodo-2-thienyl 4-Methylaminophenyl 14.1 ± 0.6


35 4-Methylaminophenyl 5-Bromo-2-thienyl 198 ± 49


36 4-Dimethylaminophenyl 5-Bromo-2-thienyl 106 ± 7.1


CR — — >10,000


ThT — — >10,000


AICb 4-Iodophenyl 4-Aminophenyl 105 ± 12


IMCc 4-Iodophenyl 4-Methylaminophenyl 6.3 ± 1.6


DMICd 4-Iodophenyl 4-Dimethylaminophenyl 2.9 ± 0.3


b,c,dData from Ref. 18.
a Values are means ± standard error of the mean of 3–6 independent experiments.
b 4-Amino-40-iodo-chalcone.
c 4 0-Iodo-4-methylamino-chalcone.
d 4-Dimethylamino-40-iodo-chalcone.
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known as prototypes of amyloid imaging probes.4,5


While compound 14 competed for [125I]DMIC binding
to Ab(1–42) aggregates, CR and ThT did not exhibit a
dose-dependent decrease in the specific binding of
[125I]DMIC (Fig. 2). This result suggests that the bind-
ing site of a series of chalcone-like compounds on
Ab(1–42) aggregates may be different from that of CR
and ThT.


2.3. Neuropathological staining on AD model mouse brain
sections


In order to confirm the binding affinity to b-amyloid
plaques in the AD brain, fluorescent staining on AD
model mouse brain sections was carried out using the
fluorescence of compound 14 (Fig. 3). Compound 14 in-
tensely stained b-amyloid plaques in the brain sections.
Also, clear staining of cerebrovascular amyloids was
observed. This result suggests that compound 14 should
detect b-amyloid plaques in the AD brains.


2.4. Biodistribution studies


The radioiodinated compound [125I]14 was evaluated for
its in vivo biodistribution in normal mice (Table 2). A

biodistribution study provides important information
on brain uptake. The ideal b-amyloid imaging probe
should have good blood–brain barrier penetration to de-







Table 2. Biodistribution of radioactivity after intravenous adminis-


tration of [125I]14 in micea


Time after Injection (min)


2 10 30 60


2.46 0.75 0.31 0.21


(0.30) (0.31) (0.04) (0.02)


a Expressed as % injected dose per gram. Each value represents the


mean (SD) for five mice at each interval.
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liver a sufficient dose into the brain while achieving rapid
clearance from the normal regions to result in a higher
signal to noise ratio in the AD brain. Initial brain uptake
of [125I]14 was 2.46% of injected dose/gram at 2 min post
iv injection, whereas the radioactivity accumulated in the
brain was rapidly eliminated (0.21% of injected dose/
gram, 60 min post iv injection), indicating highly desir-
able properties for b-amyloid imaging agents.

3. Conclusion


In conclusion, we successfully designed and synthesized
a series of chalcone and related compounds to evaluate
their structure–activity relationship of the binding affin-
ity to Ab aggregates. In in vitro binding studies with Ab
aggregates, a variety of Ki values were found to be inher-
ent to their structure. Compound 14 with the highest
binding affinity to Ab aggregates clearly stained b-amy-
loid plaques and cerebrovascular amyloids as reflected
in in vitro binding studies. Taken together, the data sug-
gest that the new radioiodinated compound 14 should
be further investigated as a potentially useful b-amyloid
imaging probe.

4. Experimental


4.1. General information


All reagents used in syntheses were commercial products
and were used without further purification unless other-
wise indicated. 1H NMR spectra were obtained on Var-

Figure 3. Neuropathological fluorescent staining of compound 14 on AD mo


plaques. (b) Clear staining of cerebrovascular amyloids was also observed.

ian Gemini 300 spectrometer with TMS as an internal
standard. Coupling constants are reported in Herz.
The multiplicity is defined by s (singlet), d (doublet), t
(triplet), and m (multiplet). Mass spectra were obtained
on a JEOL IMS-DX instrument.


4.1.1. (E)-3-(4-Bromophenyl)-1-(4-nitrophenyl)-2-propen-
1-one (1). Equimolar portions of 4-nitroacetophenone
(1.67 g, 10.1 mmol) and 4-bromobenzaldehyde (1.86 g,
10.0 mmol) were dissolved in ethanol (10 mL). A 6 mL
aliquot of 10% aqueous potassium hydroxide solution
was then slowly added dropwise to the reaction mixture.
The mixture was allowed to stir for 30 min at room tem-
perature. A precipitate was collected and washed with
ethyl acetate to give 1.98 g of 1 (59.4%). 1H NMR
(300 MHz, CDCl3) d 7.48 (d, J = 15.6 Hz, 1H), 7.52
(d, J = 8.7 Hz, 2H), 7.59 (d, J = 8.7 Hz, 2H), 7.79 (d,
J = 15.6 Hz, 1H), 8.15 (d, J = 9 Hz, 2H), 8.36 (d,
J = 9 Hz, 2H).


4.1.2. (E)-1-(4-Aminophenyl)-3-(4-bromophenyl)-2-pro-
pen-1-one (2). A mixture of 1 (372 mg, 1.12 mmol),
SnCl2 (1.05 g, 5.55 mmol), and ethanol (5 mL) was stir-
red under reflux for 1 h. After the mixture was cooled to
room temperature, 1 M NaOH (10 mL) was added and
extracted with ethyl acetate (10 mL). The organic phase
was dried over Na2SO4 and filtered. The filtrate was
concentrated to give 190 mg of 2 (56.1%). 1H NMR
(300 MHz, CDCl3) d 4.19 (s, 2H), 6.70 (d, J = 8.7 Hz,
2H), 7.47–7.55 (m, 5H), 7.71 (d, J = 15.6 Hz, 1H), 7.93
(d, J = 8.7 Hz, 2H).


4.1.3. (E)-1-(4-Aminophenyl)-3-(4-tributylstannylphenyl)-
2-propen-1-one (3). A mixture of 2 (200 mg, 0.66 mmol),
(Bu3Sn)2 (0.4 mL), and (Ph3P)4Pd (35 mg, 0.03 mmol) in
a mixed solvent (16 mL, 5:3 dioxane/triethylamine mix-
ture) was stirred under reflux for 8 h. The solvent was re-
moved, and the residue was purified by preparative TLC
(1:1 hexane/ethyl acetate) to give 165 mg of 3 (48.7%).
1H NMR (300 MHz, CDCl3) d 0.87–1.52 (m, 27H),
4.23 (s,2H), 6.68 (d, J = 8.7 Hz, 2H), 7.50–7.58 (m,
5H), 7.76 (d, 15.3 Hz, 1H), 7.92 (d, J = 8.4 Hz, 2H).
MS m/z 513 (MH+).

del mouse brain sections. (a) Compound 14 intensely stained b-amyloid
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4.1.4. (E)-1-(4-Aminophenyl)-3-(4-iodophenyl)-2-propen-
1-one (4). To a solution of 3 (90 mg, 0.18 mmol) in
CHCl3 (5 mL) was added a solution of iodine in CHCl3
(2 mL, 0.25 M) at room temperature. The mixture was
stirred at room temperature for 20 min, and saturated
NaHSO3 solution was added. After the organic phase
was separated, dried over Na2SO4, and filtered, the sol-
vent was removed, and the residue was purified by pre-
parative TLC (1:1 hexane/ethyl acetate) to give 39 mg of
4 (63.6%). 1H NMR (300 MHz, CDCl3) d 4.17 (s, 2H),
6.70 (d, 8.4 Hz, 2H), 7,36 (d, J = 8.7 Hz, 2H), 7.54 (d,
J = 15.6 Hz, 1H), 7.69 (d, J = 15.6 Hz, 1H), 7.74 (d,
J = 8.4 Hz, 2H), 7.92 (d, J = 8.4 Hz, 2H). MS m/z 349
(M+).


4.1.5. (E)-3-(4-Bromophenyl)-1-(4-methylaminophenyl)-
2-propen-1-one (5). To a solution of 2 (230 mg,
0.76 mmol) in DMSO (5 mL) were added methyl iodide
(0.2 mL) and anhydrous K2CO3 (526 mg, 3.81 mmol).
The reaction mixture was stirred at room temperature
for 5 h. After it was poured into water (50 mL), the mix-
ture was extracted with ethyl acetate (50 mL). The or-
ganic layers were combined and dried over Na2SO4.
Evaporation of the solvent afforded a residue, which
was purified by silica gel chromatography (hexane/ethyl
acetate = 3:1) to give 78 mg of 5 (32.4%). 1H NMR
(300 MHz, CDCl3) d 2.89–2.94 (m, 3H), 4.36 (s, 1H),
6.61 (d, J = 8.7 Hz, 2H), 7.50–7.57 (m, 3H), 7.70 (d,
J = 15.6 Hz, 1H), 7.84 (d, J = 8.4 Hz, 2H), 7.96 (d,
J = 8.7 Hz, 2H).


4.1.6. (E)-1-(4-Methylaminophenyl)-3-(4-tributylstannyl-
phenyl)-2-propen-1-one (6). The same reaction as de-
scribed above to prepare 3 was used, and 70 mg of 6
was obtained in a 38.2% yield from 5. 1H NMR
(300 MHz, CDCl3) d 0.87–1.59 (m, 27H), 2.93 (d,
J = 5.1 Hz, 3H), 4.31 (s, 1H), 6.61 (d, J = 8.7 Hz, 2H),
7.50–7.60 (m, 5H), 7.77 (d, J = 15.6 Hz, 1H), 7.97 (d,
J = 9 Hz, 2H). MS m/z 527 (MH+).


4.1.7. (E)-3-(4-Iodophenyl)-1-(4-methylaminophenyl)-2-
propen-1-one (7). The same reaction as described above
to prepare 4 was used, and 16 mg of 7 was obtained in
a 38.2% yield from 6. 1H NMR (300 MHz, CDCl3) d
2.93 (d, J = 4.5 Hz, 3H), 4.35 (s, 1H), 6.61 (d,
J = 9 Hz, 2H), 7.36 (d, J = 8.4 Hz, 2H), 7.56 (d,
J = 15.6 Hz, 1H), 7.68 (d, J = 16.2 Hz, 1H), 7.74 (d,
J = 8.1 Hz, 2H), 7.96 (d, J = 9 Hz, 2H). MS m/z 363
(M+).


4.1.8. (E)-3-(4-Bromophenyl)-1-(4-dimethylaminophenyl)-
2-propen-1-one (8). To a stirred mixture of 2 (300 mg,
0.99 mmol) and paraformaldehyde (315 mg, 10.5 mmol)
in AcOH (15 mL) was added in one portion NaCNBH3


(300 mg, 4.77 mmol) at room temperature. The resulting
mixture was stirred at room temperature for 4 h, 1 M
NaOH (50 mL) was added, and extracted with CH3Cl
(50 mL). The organic phase was dried over Na2SO4


and filtered. The solvent was removed, and the residue
was purified by silica gel chromatography (hexane/ethyl
acetate = 4:1) to give 150 mg of 8 (45.7%). 1H NMR
(300 MHz, CDCl3) d 3.09 (s, 6H), 6.71 (d, J = 9 Hz,
2H), 7.36 (d, J = 8.4 Hz 2H), 7.59 (d, J = 15.3 Hz,

1H), 7.69 (d, J = 15.9 Hz, 1H), 7.74 (d, J = 8.4 Hz,
2H), 8.00 (d, J = 9 Hz, 2H). MS m/z 377 (M+).


4.1.9. (E)-1-(4-Dimethylaminophenyl)-3-(4-tributylstan-
nylphenyl)-2-propen-1-one (9). The same reaction as
described above to prepare 3 was used, and 36 mg of 9
was obtained in a 31.4% yield from 8. 1H NMR
(300 MHz, CDCl3) d 0.87–1.66 (m, 27H), 3.09 (s, 6H),
6.71 (d, J = 8.7 Hz, 2 H), 7.34–7.62 (m, 5H), 7.77(d,
J = 15.9 Hz, 1H), 8.01(d, J = 9 Hz, 2H). MS m/z 541
(MH+).


4.1.10. (E)-1-(4-Dimethylaminophenyl)-3-(4-iodophenyl)-
2-propen-1-one (10). The same reaction as described
above to prepare 4 was used, and 11 mg of 10 was
obtained in a 38.2% yield from 9. 1H NMR (300 MHz,
CDCl3) d 3.09 (s, 6H), 6.71 (d, J = 9 Hz, 2H), 7.36 (d,
J = 8.4 Hz, 2H), 7.56 (d, J = 15.6 Hz, 1H), 7.68 (d,
J = 16.2 Hz, 1H), 7.74 (d, J = 8.1 Hz, 2H), 7.96 (d,
J = 9.0 Hz, 2H). MS m/z 363 (M+).


4.1.11. (E)-1-(5-Bromo-2-thienyl)-3-(4-nitrophenyl)-2-
propen-1-one (11). The same reaction as described above
to prepare 1 was used, and 686 mg of 11 was obtained in
a 66.8% yield from 2-acetyl-5-bromothiophene and
4-nitrobenzaldehyde. 1H NMR (300 MHz, CDCl3) d
7.19 (d, J = 3.9 Hz, 1H), 7.48 (d, J = 15.6 Hz, 1H),
7.63 (d, J = 3.9 Hz, 1H), 7.78 (d, J = 8.4 Hz, 2H), 7.85
(d, J = 15.6 Hz, 1H), 8.29 (d, J = 8.7 Hz, 2H).


4.1.12. (E)-1-(5-Iodo-2-thienyl)-3-(4-nitrophenyl)-2-pro-
pen-1-one (12). The same reaction as described above
to prepare 1 was used, and 625 mg of 12 was obtained
in a 84.1% yield from 2-acetyl-5-iodothiophene and 4-
nitrobenzaldehyde. 1H NMR (300 MHz, CDCl3) d
7.38–7.43 (m, 2H), 7.51 (d, J = 4.2 Hz, 1H), 7.78 (d,
J = 8.4 Hz, 2H), 7.84 (d, J = 15.6 Hz, 1H), 8.29 (d,
J = 9 Hz, 2H).


4.1.13. (E)-1-(5-Bromo-2-thienyl)-3-(4-dimethylamino-
phenyl)-2-propen-1-one (13). The same reaction as
described above to prepare 1 was used, and 565 mg of
13 was obtained in a 82.8% yield from 2-acetyl-5-bromo-
thiophene and 4-dimethylaminobenzaldehyde. 1H NMR
(300 MHz, CDCl3) d 3.05 (s, 6H), 6.69 (d, J = 8.7 Hz,
2H), 7.12 (d, J = 15.3 Hz, 1H), 7.13 (d, J = 3.9 Hz,
1H), 7.55–7.57 (m, 3H), 7.18 (d, J = 15.3 Hz, 1H). MS
m/z 337 (MH+).


4.1.14. (E)-1-(5-Iodo-2-thienyl)-3-(4-dimethylaminophe-
nyl)-2-propen-1-one (14). The same reaction as described
above to prepare 1 was used, and 274 mg of 14 was
obtained in a 69.3% yield from 2-acetyl-5-iodothiophene
and 4-dimethylaminobenzaldehyde. 1H NMR
(300 MHz, CDCl3) d 3.05 (s, 6H), 6.79 (d, J = 8.7 Hz,
2H), 7.11 (d, J = 15.3 Hz, 1H), 7.32 (d, J = 3.9 Hz,
1H), 7.45 (d, J = 3.9 Hz, 1H), 7.54 (d, J = 8.7 Hz, 2H),
7.81 (d, J = 15 Hz, 1H). MS m/z 383 (M+).


4.1.15. (E)-3-(5-Bromo-2-thienyl)-1-(4-nitrophenyl)-2-pro-
pen-1-one (15). The same reaction as described above to
prepare 1 was used, and 422 mg of 15 was obtained in a
41.2% yield from 4-nitroacetophenone and 5-bromothi-
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ophene-2-carboxaldehyde. 1H NMR (300 MHz, CDCl3) d
7.09 (d, J = 3.9 Hz, 1H), 7.14–7.20 (m, 2H), 7.86 (d,
J = 15.6 Hz, 1H), 8.12 (d, J = 8.7 Hz, 2H), 8.35 (d,
J = 8.7 Hz, 2H).


4.1.16. (E)-4 0-Iodochalcone (16). The same reaction as
described above to prepare 1 was used, 293 mg of 16
was obtained in a 87.4% yield from 4 0-iodoacetophe-
none and benzaldehyde. 1H NMR (300 MHz, CDCl3)
d 7.42–7.44 (m, 3H), 7.47 (d, J = 15.6 Hz, 1H), 7.63–
7.66 (m, 2H), 7.74 (d, J = 8.4 Hz, 2H), 7.82 (d,
J = 15.9 Hz, 1H), 7.88 (d, J = 8.7 Hz, 2H). MS m/z 334
(M+).


4.1.17. (E)-3-(2-Furanyl)-1-(4-iodophenyl)-2-propen-1-
one (17). The same reaction described above to prepare
1 was used, and 212 mg of 17 was obtained in a 65.4%
yield from 4-iodoacetophene and 2-furaldehyde. 1H
NMR (300 MHz, CDCl3) d 6.52–6.54 (m, 1H), 6.74 (d,
J = 3.6 Hz, 1H), 7.39 (d, J = 15.0 Hz, 1H), 7.54 (d,
J = 1.8 Hz, 1H), 7.60 (d, J = 15.6 Hz, 1H), 7.74 (d,
J = 8.4 Hz, 2H), 7.86 (d, J = 8.4 Hz, 2H). MS m/z 324
(M+).


4.1.18. (E)-3-(3-Furanyl)-1-(4-iodophenyl)-2-propen-1-
one (18). The same reaction as described above to pre-
pare 1 was used, and 279 mg of 18 was obtained in a
86.1% yield from 4-iodoacetophenone and 3-furalde-
hyde. 1H NMR (300 MHz, CDCl3) d 6.70 (d,
J = 1.8 Hz, 1H), 7.17 (d, J = 15.3 Hz, 1H), 7.48 (s,
1H), 7.69–7.75 (m, 4H), 7.86 (d, J = 9.0 Hz, 2H). MS
m/z 324 (M+).


4.1.19. (E)-1-(4-Iodophenyl)-3-(2-thienyl)-2-propen-1-one
(19). The same reaction as described above to prepare 1
was used, and 546 mg of 19 was obtained in a 79.1%
yield from 4-iodoacetophenone and 2-thiophenecarbox-
aldehyde. 1H NMR (300 MHz, CDCl3) d 7.09–7.12 (m,
1H), 7.26 (d, J = 15.0 Hz, 1H), 7.38 (d, J = 3.6 Hz, 1H),
7.44 (d, J = 5.4 Hz, 1H), 7.18 (d, J = 8.7 Hz, 2H), 7.87
(d, J = 8.4 Hz, 2H), 7.95 (d, J = 15.3 Hz, 1H). MS m/z
340 (M+).


4.1.20. (E)-1-(4-Iodophenyl)-3-(3-thienyl)-2-propen-1-one
(20). The same reaction as described above to prepare 1
was used, and 295 mg of 20 was obtained in a 86.7%
yield from 4-iodoacetophenone and thiophene-3-car-
boxaldehyde. 1H NMR (300 MHz, CDCl3) d 7.26 (d,
J = 15.6 Hz, 1H), 7.38–7.43 (m, 2H), 7.62–7.65 (m,
1H), 7.71 (d, J = 8.7 Hz, 2H), 7.80 (d, J = 15.6 Hz,
1H), 7.87 (d, J = 8.4 Hz, 1H). MS m/z 340 (M+).


4.1.21. (E)-1-(4-Iodophenyl)-3-(1H-imidazol-2-yl)-2-pro-
pen-1-one (21). The same reaction as described above
to prepare 1 was used, and after purification by silica
gel chromatography (1:1 hexane/ethyl acetate), 142 mg
of 21 was obtained in a 43.8% yield from 4-iodoacetoph-
enone and 2-imidazolecarboxaldehyde. MS m/z 324
(M+).


4.1.22. (E)-1-(4-Iodophenyl)-3-(thiazol-2-yl)-2-propen-1-
one (22). The same reaction as described above to pre-
pare 1 was used, and 210 mg of 22 was obtained in a

61.6% yield from 4-iodoacetophenone and 2-thiazole-
carboxaldehyde. 1H NMR (300 MHz, CDCl3) d 7.52
(d, J = 3.0 Hz, 1H), 7.75–7.79 (m, 3H), 7.85–7.92 (m,
3H), 7.99 (d, J = 3.6 Hz, 1H). MS m/z 341 (M+).


4.1.23. (E)-1-(4-Iodophenyl)-3-(5-dimethylamino-2-fura-
nyl)-2-propen-1-one (23). The same reaction as described
above to prepare 1 was used, and after purification by
silica gel chromatography (2:1 hexane/ethyl acetate),
25 mg of 23 was obtained in a 6.8% yield from 4-iodo-
acetophenone and 5-dimethylamino-2-furaldehyde.20


1H NMR (300 MHz, CDCl3) d 3.04 (s, 6H), 5.22 (d,
J = 3.9 Hz, 1H), 6.80 (d, J = 3.6 Hz, 1H), 6.89 (d,
J = 15.0 Hz, 1H), 7.46 (d, J = 14.7 Hz, 1H), 7.70 (d,
J = 8.1 Hz, 2H), 7.81 (d, J = 8.7 Hz, 2H). MS m/z 367
(M+).


4.1.24. (E)-3-(5-Dimethylamino-2-thienyl)-1-(4-iodophe-
nyl)-2-propen-1-one (24). The same reaction as described
above to prepare 1 was used, and after purification by
silica gel chromatography (4:1 hexane/ethyl acetate),
18 mg of 24 was obtained in a 4.7% yield from 4-iodo-
acetophenone and 5-dimethylamino-2-thiophenecarbox-
aldehyde.20 1H NMR (300 MHz, CDCl3) d 3.04 (s, 6 H),
5.22 (d, J = 3.9 Hz, 1H), 6.80 (d, J = 3.6 Hz, 1H), 6.89
(d, J = 15.0 Hz, 1H), 7.46 (d, J = 14.7 Hz, 1H), 7.70
(d, J = 8.1 Hz, 2H), 7.81 (d, J = 8.7 Hz, 2H). MS m/z
383 (M+).


4.1.25. (E)-3-(5-Dimethylamino-2-thienyl)-1-(5-iodo-2-
thienyl)-2-propen-1-one (25). The same reaction as
described above to prepare 1 was used, and after purifi-
cation by silica gel chromatography (4:1 hexane/ethyl
acetate), 15 mg of 25 was obtained in 7.9% yield from
2-acetyl-5-iodothiophene and 5-dimethylamino-2-thio-
phenecarboxaldehyde. 1H NMR (300 MHz, CDCl3) d
3.07 (s, 6H), 5.85 (d, J = 4.2 Hz, 1H), 6.63 (d,
J = 14.7 Hz, 1H), 7.15 (d, J = 4.5 Hz, 1H), 7.29 (d,
J = 3.9 Hz, 1H), 7.38 (d, J = 4.2 Hz, 1H), 7.87 (d,
J = 14.7 Hz, 1H). MS m/z 389 (M+).


4.1.26. (E)-3-(5-Dimethylamino-2-furyl)-1-(5-iodo-2-thie-
nyl)-2-propen-1-one (26). The same reaction as described
above to prepare 1 was used, and after purification by
silica gel chromatography (3:1 hexane/ethylacetate),
21 mg of 26 was obtained in a 11.5% yield from 2-acet-
yl-5-iodothiophene and 5-dimethylamino-2-furalde-
hyde. 1H NMR (300 MHz, CDCl3) d 3.04 (s, 6H), 5.22
(d, J = 3.6 Hz, 1H), 6.73 (d, J = 14.4 Hz, 1H), 6.79 (d,
J = 3.9 Hz, 1H), 7.29 (d, J = 3.9 Hz, 1H), 7.50 (d,
J = 3.9 Hz, 1H), 7.45 (d, J = 14.7 Hz, 1H). MS m/z 373
(M+).


4.1.27. (E)-1-(5-Bromo-2-furanyl)-3-(4-dimethylamino-
phenyl)-2-propen-1-one (27). The same reaction as de-
scribed above to prepare 1 was used, and 470 mg of
27 was obtained in a 55.4% yield from 2-acetyl-5-bro-
mofuran21 and 4-dimethylaminobenzaldehyde. 1H
NMR (300 MHz, CDCl3) d 3.04 (s, 6H), 5.22 (d,
J = 3.9 Hz, 1H), 6.80 (d, J = 3.6 Hz, 1H), 6.89 (d,
J = 15.0 Hz, 1H), 7.46 (d, J = 14.7 Hz, 1H), 7.70 (d,
J = 8.1 Hz, 2H), 7.81 (d, J = 8.7 Hz, 2H). MS m/z 321
(MH+).
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4.1.28. (E)-1-(5-Bromo-2-furyl)-3-(5-dimethylamino-2-
thienyl)-2-propen-1-one (28). The same reaction as
described above to prepare 1 was used, and after purifi-
cation by silica gel chromatography (7:2 hexane/ethyl
acetate), 18 mg of 28 was obtained in a 11.4% yield from
2-acetyl-5-bromofuran and 5-dimethyl-2-thiophenecar-
boxaldehyde. 1H NMR (300 MHz, CDCl3) d 3.08 (s,
6H), 5.85 (d, J = 3.9 Hz, 1H), 6.48 (d, J = 3.6 Hz, 1H),
6.72 (d, J = 15 Hz, 1H), 7.14–7.16 (m, 2H), 7.91 (d,
J = 15.0 Hz, 1H). MS m/z 327 (MH+).


4.1.29. (E)-1-(5-Bromo-2-furyl)-3-(5-dimethylamino-2-
furyl)-2-propen-1-one (29). The same reaction as
described above to prepare 1 was used, and after purifi-
cation by silica gel chromatography (4:1 hexane/ethyl
acetate), 29 mg of 29 was obtained in a 17.7% yield from
2-acetyl-5-bromofuran and 5-dimethylamino-2-furalde-
hyde. 1H NMR (300 MHz, CDCl3) d 3.05 (s, 6H), 5.25
(d, J = 3.6 Hz, 1H), 6.48 (d, J = 3.3 Hz, 1H), 6.78–6.83
(m, 2 H), 7.14 (d, J = 3.3 Hz, 1H), 7.49 (d,
J = 14.7 Hz, 1H). MS m/z 311 (MH+).


4.1.30. (E)-1-(5-Bromo-2-thienyl)-3-(4-aminophenyl)-2-
propen-1-one (30). The same reaction as described above
to prepare 2 was used, 626 mg of 30 was obtained in a
43.6% yield from 11. 1H NMR (300 MHz, CDCl3) d
4.03 (s, 2H), 6.68 (d, J = 9 Hz, 2H), 7.11–7.16 (m,
2 H), 7.47 (d, J = 8.7 Hz, 2H), 7.56 (d, J = 3.9 Hz,
1H), 7.78 (d, J = 15.3 Hz, 1H). MS m/z 309 (MH+).


4.1.31. (E)-3-(4-Aminophenyl)-1-(5-iodo-2-thienyl)-2-pro-
pen-1-one (31). The same reaction as described above to
prepare 2 was used, and 586 mg of 31 was obtained from
12. Compound 31 was used in the next reaction without
further purification. 1H NMR (300 MHz, CDCl3) d 4.03
(s, 2H), 6.68 (d, J = 8.7 Hz, 2H), 7.13 (d, J = 15.3 Hz,
1H), 7.33 (d, J = 3.9 Hz, 1H), 7.44–7.49 (m, 3H), 7.78
(d, J = 15.3 Hz, 2H). MS m/z 355 (M+).


4.1.32. (E)-3-(5-Bromo-2-thienyl)-1-(4-aminophenyl)-2-
propen-1-one (32). The same reaction as described above
to prepare 2 was used, and 453 mg of 32 was obtained in
a 23.5% yield from 15. 1H NMR (300 MHz, CDCl3) d
4.16 (s, 2H), 6.80 (d, J = 8.4 Hz, 2H), 7.03–7.07 (m,
2 H), 7.23 (d, J = 15.6 Hz, 1H), 7.78 (d, J = 15 Hz,
1H), 7.89 (d, J = 8.7 Hz, 2H). MS m/z 309 (MH+).


4.1.33. (E)-1-(5-Bromo-2-thienyl)-3-(4-methylaminophe-
nyl)-2-propen-1-one (33). The same reaction as described
above to prepare 5 was used, 40 mg of 33 was obtained
in a 18.0% yield from 30. 1H NMR (300 MHz, CDCl3) d
2.91 (s, 3H), 4.19 (s, 1H), 6.60 (d, J = 8.7 Hz, 2H), 7.09–
7.14 (m, 2H), 7.50 (d, J = 8.4 Hz, 2H), 7.56 (d,
J = 4.2 Hz, 1H), 7.80 (d, J = 15.6 Hz, 1H). MS m/z 323
(MH+).


4.1.34. (E)-1-(5-Iodo-2-thienyl)-3-(4-methylaminophe-
nyl)-2-propen-1-one (34). The same reaction as described
above to prepare 5 was used, and 45 mg of 34 was ob-
tained in a 22.8% yield from 31. 1H NMR (300 MHz,
CDCl3) d 2.90 (s, 3H), 4.22 (s, 1H), 6.59 (d,
J = 8.4 Hz, 2H), 7.11 (d, J = 15.3 Hz, 1H), 7.32 (d,
J = 4.2 Hz, 1H), 7.44 (d, J = 3.9 Hz, 1H), 7.50 (d,

J = 8.7 Hz, 2H), 7.80 (d, J = 15.3 Hz, 1H). MS m/z 369
(M+).


4.1.35. (E)-3-(5-Bromo-2-thienyl)-1-(4-methylaminophe-
nyl)-2-propen-1-one (35). The same reaction as described
above to prepare 5 was used, and after purification by
silica gel chromatography (4:1 hexane/ethyl acetate),
228 mg of 35 was obtained in a 25.4% yield from 32.
1H NMR (300 MHz, CDCl3) d 2.92–2.94 (m, 3H), 4.33
(s, 1H), 6.61 (d, J = 8.7 Hz, 2H), 7.02–7.06 (m, 2H),
7.26 (d, J = 15.3 Hz, 1H), 7.78 (d, J = 15.6 Hz, 1H),
7.93 (d, J = 9 Hz, 2H). MS m/z 323 (MH+).


4.1.36. (E)-3-(5-Bromo-2-thienyl)-1-(4-dimethylamino-
phenyl)-2-propen-1-one (36). The same reaction as
described above to prepare 8 was used, and after purifi-
cation by silica gel chromatography (4:1 hexane/ethyl
acetate), 53 mg of 36 was obtained in a 5.7% yield from
32. 1H NMR (300 MHz, CDCl3) d 3.09 (s, 6H), 6.70 (d,
J = 9 Hz, 2H), 7.02–7.06 (m, 2H), 7.28 (d, J = 15.3 Hz,
1H), 7.78 (d, J = 15 Hz, 1H), 7.96 (d, J = 9 Hz, 2H).
MS m/z 337 (MH+).


4.1.37. (E)-1-(5-Tributylstannyl-2-thienyl)-3-(4-dimethyl-
aminophenyl)-2-propen-1- one (37). The same reaction as
described above to prepare 3 was used, and 10 mg of 37
was obtained in a 15.1% yield from 13. 1H NMR
(300 MHz, CDCl3) d 0.88–1.63 (m, 27H), 3.04 (s, 6H),
6.70 (d, J = 9 Hz, 2H), 7.21–7.27 (m, 2H), 7.55 (d,
J = 9 Hz, 2H), 7.81 (d, J = 15.3 Hz, 1H), 7.92 (d,
J = 3.6 Hz, 1H). MS m/z 547 (MH+).


4.2. Iododestannylation reaction


The radioiodinated form of compound 14 was prepared
from corresponding tributyltin derivatives by an iodo-
destannylation. Briefly, 50 lL of H2O2 (3%) was added
to a mixture of a tributyltin derivative (100 lg/50 lL
in EtOH), [125I]NaI (3.7–7.4 MBq, specific activity
2200 Ci/mmol), and 100 lL of 1 N HCl in a sealed glass
vial. The reaction was allowed to proceed at room tem-
perature for 2 min and terminated by addition of 100 lL
of a saturated aqueous NaHSO3. After addition of
100 lL of a saturated aqueous NaHCO3, the reaction
mixture was extracted with ethyl acetate (1 mL). The
extract was dried by passing through an anhydrous
Na2SO4 column and was then blown to dryness with a
stream of nitrogen gas. The radioiodinated ligand was
purified by HPLC on a Cosmosil C18 column with an
isocratic solvent of H2O/acetonitrile (2/3) at a flow rate
of 1.0 mL/min.


4.3. Binding assays using the aggregated Ab peptide in
solution


A solid form of Ab(1–42) was purchased from Peptide
Institute (Osaka, Japan). Aggregation of peptides was
carried out by gently dissolving the peptide (0.25 mg/
mL) in a buffer solution (pH 7.4) containing 10 mM
sodium phosphate and 1 mM EDTA. The solutions
were incubated at 37 �C for 42 h with gentle and
constant shaking. Binding studies were carried out in
12 · 75 mm borosilicate glass tubes according to the
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procedure described previously.17 A mixture containing
50 lL of test compounds (8 pM–12.5 lM in 10% etha-
nol), 50 lL of 0.02 nM [125I]DMIC, 50 lL of Ab(1–42)
aggregates, and 850 lL of 10% ethanol was incubated
at room temperature for 3 h. The mixture was then fil-
tered through Whatman GF/B filters using a Brandel
M-24 cell harvester, and the filters containing the bound
125I ligand were counted in a gamma counter. Values for
the half-maximal inhibitory concentration (IC50) were
determined from displacement curves of three indepen-
dent experiments using GraphPad Prism 4.0, and those
for the inhibition constant (Ki) were calculated using
the Cheng-Prusoff equation22: Ki = IC50/(1 + [L]/Kd),
where [L] is the concentration of [125I]DMIC used in
the assay, and Kd is the dissociation constant of DMIC
(4.2 nM).18


4.4. Staining of amyloid plaques in double transgenic
mouse brain sections


Double transgenic mice (6 months of age) produced by
Tg2576 crossed with mutated PS1 (A260V) mice were
used as Alzheimer’s model mice. Brain tissues were
obtained followed by fixation with 10% formaldehyde.
Dehydrated tissues with ethanol and xylene were paraff-
inized and the resultant wax blocks were sliced into seri-
al sections of 5 lm thickness. The tissue slides were
deparaffinized with xylene, ethanol, and distilled water.
After incubation with PBS for 30 min, each slide was
incubated with 50% ethanol solution (100 lM) of com-
pound 14. Finally, the sections were washed in PBS
for 15 min. Thereafter, the sections were incubated in
ethanol and xylene, and embedded in Entellan Neu
(Merck, Darmstadt, Germany). Fluorescent observation
was performed by the Leica TCS SP2 system with
DMIRE2 fluorescence microscope. Staining with com-
pound 14 was detected using filter set with 458 nM exci-
tation and 540–580 nM emission. The sections were also
immunostained with DAB as a chromogen using mono-
clonal antibodies against b-amyloid as previously
reported.23


4.5. In vivo biodistribution in normal mice


Animal studies were conducted in accordance with our
institutional guidelines and were approved by Nagasaki
University Animal Care Committee. A saline solution
(100 lL) containing [125I]14 (4.2–6.3 kBq) and 10% eth-
anol was injected directly into the tail vein of ddY mice
(5-week-old, average weight 23–25 g). The mice were
sacrificed at various time points postinjection. The or-
gans of interest were removed and weighed, and the
radioactivity was counted with an automatic gamma
counter (Aloka, ARC-380).
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Abstract—We have designed and synthesized a series of monastrol derivatives, an allosteric inhibitor of Eg5, a motor protein
responsible for the formation and maintenance of the bipolar spindle in mitotic cells. Sterically demanding structural modifications
have been introduced on the skeleton of the parent drug either via a multicomponent Biginelli reaction or a stepwise modification of
monastrol. The ability of these compounds to inhibit Eg5 activity has been investigated using two in vitro steady-state ATPase
assays (basal and microtubule-stimulated) as well as a cell-based assay. One compound in the series appeared more potent than
monastrol by a fivefold factor. Three other compounds that were unable to inhibit Eg5 ATPase activity in vitro proved potent
Eg5 inhibitors in the cell-based assay. The results obtained led to the identification of structure–activity relationships further used
to design an affinity matrix that can be used for fast and efficient purification of Eg5 from crude lysate of eukaryotic cells.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Kinesin motors are specialized enzymes that use ATP
hydrolysis to generate force and movement along their
cellular tracks, the microtubules (MTs).1 They are impli-
cated in cell division and therefore have generated inter-
est as potential protein targets in the treatment of
cancer.2–4 Indeed one of the major drawbacks associated
with anticancer drugs that perturb mitosis (e.g., vinca
alkaloids, taxanes, epothilones, . . .) is that they are all di-
rected against the same protein, tubulin, the microtubule
subunit which forms the mitotic spindle.5 As microtu-
bules are also involved in many other cellular processes
such as maintenance of organelles and cell shape, cell
motility, synaptic vesicles, and intracellular transport
phenomena, interference with their formation or depoly-
merization often leads to dose-limiting side effects like,
for example, peripheral neuropathy.6


One of these targets in the kinesin superfamily, Eg5, a
member of the kinesin-5 family, is responsible for the
formation and maintenance of the bipolar spindle.7,8


When inhibited by specific inhibitors, cells arrest in
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mitosis with a monoastral spindle phenotype. Human
Eg5 has been recently identified as one of the potential
targets of 4-(3-hydroxy-phenyl)-6-methyl-2-thioxo-
1,2,3,4-tetrahydro-pyrimidine-5-carboxylic acid ethyl es-
ter 1, further named monastrol9,10 (Scheme 1). That
racemic dihydropyrimidone (DHPM) is an allosteric
inhibitor of Eg511 and recent in vitro studies with cul-
tured neurons showed that it does not display any toxic-
ity, short term treatment even enhancing axonal
growth12,13 in contrast to anticancer drugs such as the
taxanes which are highly deleterious to axonal forma-
tion and growth. Whether these results will translate
into a lack of neurotoxicity in animals or even in hu-
mans is a key question which has not been answered
so far.


DHPM is obtained via probably what is one of the first
described multicomponent reactions. Indeed the venera-
ble Biginelli dihydropyrimidine synthesis was discovered
by Pietro Biginelli who reported in 1893 on the acid-cat-
alyzed cyclocondensation reaction of ethyl acetoacetate,
benzaldehyde, and urea14 (Scheme 1). During more than
a century, only few chemists investigated the synthetic
utility and scope of the Biginelli reaction and less than
40 reports have appeared in the literature before 1999.
The discovery of the potential anticancer activity of
monastrol probably is not irrelevant to, or at least
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Scheme 1. The Biginelli condensation reaction and structure of monastrol 1 and analogs.
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coincides with, an outbreak in the interest for the old
transformation as more than 350 articles have been pub-
lished on the Biginelli condensation since 1999.


In the course of a research program focused on the
structural analysis of kinesins, especially Eg5, we were
confronted with the necessity to probe and purify kine-
sins from different sources as well as mutants. Thus we
synthesized a series of monastrol derivatives for a rapid
determination of the structure–activity relationship,
only scarce data being available in the literature.9,15,16


The results obtained from in vitro and cell-based assays
allowed us to design an affinity matrix for purification of
Eg5 recombinantly expressed in Escherichia coli and
from HeLa cells. Herein we describe the synthesis of
such monastrol derivatives, their potency to inhibit
Eg5 ATPase activity, and their mitotic arrest phenotype.
We report as well on the immobilization of a monastrol
derivative onto a polymer matrix. Finally a protocol for
the quick and efficient purification of full-length Eg5
from eukaryotic cells is discussed.

HN


N
H


OEt


O


S


OAc


CHO


OH


HO


AcO
1-Ac2O
2-Biginelli


MeOH/NH3 7
8


Scheme 2. Synthesis of compounds 7 and 8.

2. Results and discussion


2.1. Synthesis of monastrol derivatives


We coarsely identified three possible anchoring sites on
the monastrol backbone. The first one is the ester moiety
(C5), the second one is the allylic nitrogen atom (N1),
and the last one is the phenol ring (C40 and C60). A fourth
possibility for structural modification of the monastrol
backbone has been investigated consisting in alkylation
or replacement of sulfur at C2 on the pyrimidine ring.


The different monastrol derivatives were synthesized
either via a one-pot classical Biginelli procedure or by
a linear reaction sequence starting from monastrol.
Compound 2 was prepared applying the classical Bigi-
nelli condensation procedure14 with 3-hydroxybenzalde-
hyde, thiourea, and 2-{2-[2-(2-hydroxy-ethoxy)-ethoxy]-
ethoxy}-ethyl acetoacetate (Scheme 1). Compound 3
was synthesized using a similar protocol starting from
the corresponding N-substituted thiourea, 3-hydroxy-
benzaldehyde, and ethyl acetoacetate. The low yield
(7%) obtained for that reaction accounts for the poor
tolerance of the Biginelli reaction with regard to urea
N-substitution.17,18 Compounds 4 and 5 resulted from
the condensation of thiourea and ethyl acetoacetate with
3,4-dihydroxybenzaldehyde and the corresponding

4-alkoxy-3-hydroxybenzaldehyde, respectively. Simi-
larly, compounds 6 and 7 were obtained starting from
5-hydroxy-2-nitro-benzaldehyde and 2,5-dihydroxy-
benzaldehyde, respectively. However direct condensa-
tion of 2,5-dihydroxy-benzaldehyde with thiourea and
ethyl acetoacetate in the Biginelli reaction failed to yield
7 whatever the experimental conditions used. The target
compound was finally obtained via a two-step procedure
involving 2,5-diacetoxy-benzaldehyde in the Biginelli
condensation reaction to form 4-(2,5-diacetoxy-phe-
nyl)-6-methyl-2-thioxo-1,2,3,4-tetrahydro-pyrimidine-5-
carboxylic acid ethyl ester 8 that was subsequently
submitted to careful hydrolysis of acetates (Scheme 2).
Both compounds 7 and 8 were poorly stable explaining
the low yields obtained in these two transformations (see
Section 4). Compounds 9–16 were obtained via stepwise
transformations of monastrol (Scheme 3). Monoacetyla-
tion of monastrol 1 gave compound 9, and diacetylated
compound 10 was obtained as a side product. Hydroly-
sis of ethyl ester in 1 afforded acid 11 that was further
condensed with different alcohols and amines to yield
12, 13, 15, and 16. Saponification of thioacetate 13 led
to thiol 14. A first modification at C2 on the pyrimidine
ring was introduced by substituting thiourea for sele-
nourea in the Biginelli reaction to get compound 17
(Scheme 4). Adapting the alternate strategy for the syn-
thesis of dihydropyrimidones developed by Atwal,19 we
prepared as well S-alkylated compounds 18 and 19.


All the compounds prepared were analyzed for their
ability to inhibit Eg5 by using in vitro steady state ATP-
ase assays (basal and microtubule-stimulated activities)
as well as a cell-based assay leading to the induction
of monastrol spindles in HeLa cells (see Section 4).
The results obtained are reported in Table 1.
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2.2. Inhibition of basal Eg5 ATPase activity


We found that the compounds modified at the aromatic
ring in the C40 (compounds 4 and 5), C60 (compounds 6,
7, and 8), or O30 position (compounds 9 and 10) do not
inhibit Eg5 basal ATPase activity. Substitution at N1


(compound 3) was as well definitely detrimental to activ-
ity. More interesting are the compounds modified at the
carboxyl group in the C5 position. All of them are Eg5
inhibitors though a little less potent than monastrol in
general. Carboxylic acid 11 resulting from ethyl ester
hydrolysis in monastrol exhibits an IC50 value of
32 lM. Replacement of the ethyl ester in monastrol with
the corresponding ethyl amide leads as well to a decrease
in the basal ATPase activity, amide 15 being less active

than monastrol by a fourfold factor. Increasing the
length of the amide chain confirms that effect (com-
pound 23, see Scheme 5). However, introduction of a
hydrophilic end group (NH2, compound 24) at the
opposite of the chain has a reverse effect, presumably be-
cause of improved aqueous solubility. The same is ob-
served when the ethyl ester is replaced with a long
chain ester (compound 2). For esters with intermediate
chain length (compounds 12–14), the initial basal ATP-
ase activity of parent monastrol is preserved. It is likely
that the difference in potency between 2 (long chain es-
ter) and 12 (short chain ester) does not strictly result
from steric hindrance within the binding site of the pro-
tein. If so, compound 16 would exhibit a poor inhibition
score which is not the case (IC50 10 lM) even consider-
ing the dimeric structure of the compound. In the same
line of thought, the substitution of the free hydroxyl
group at the extremity of the diethylene glycol arm in
12 for the bulkier acetylsulfanyl moiety in 13 does not
result in a decrease of the activity, on the contrary. To
explore one step further the influence of substitution at
C5, we introduced a furyl residue as a planar sterically
demanding substituent at that position. The correspond-
ing compound 20 (Fig. 1) proved more potent than
monastrol by a fourfold factor. Finally, modifications
performed at C2 on the pyrimidine moiety gave con-
trasted results. Sulfur replacement for selenium (com-
pound 17, Scheme 4) provoked a twofold factor
decrease in the inhibition efficacy. A recent report by
Gartner et al. indicates that the same substitution for
oxygen is detrimental to activity as well.15 Concerning
S-alkylated compounds 18 and 19, no inhibition was ob-
served. That may be due either to steric or electronic (or
both) effects as both the size of the molecule and the







Table 1. Inhibition of basal and MT-stimulated Eg5 ATPase activity by different monastrol analogs (see Section 4 for details)


Inhibitor Inhibition of basal


ATPase activity


IC50 (lM)


Inhibition of MT-


stimulated ATPase


activity IC50 (lM)


Monoastral spindles in cell-based assays


100 lM 50 lM IC50 (lM)


Monastrol 1 6.1 ± 1.5 12.3 ± 1.2 94.4 ± 3.4 45.5 ± 4.5 51.3


2 23.0 ± 9.0 62.5 ± 15.0 16.8 ± 7.0 n.s. n.d.


3 n.i. n.i. 13.6 ± 2.1 n.s. n.d.


4 n.i. n.i. n.d. n.s. n.d.


5 n.i. n.i. 10.3 ± 2.1 n.s. n.d.


6 n.i. n.i. n.d. n.s. n.d.


7 n.i. n.i. n.d. MTs affected n.d.


8 n.i. n.i. n.d. 56.2 ± 10.0 n.d.


9 n.i. n.i. 89.6 ± 3.7 49.7 ± 11.7 50.0


10 n.i. n.i. 83.5 ± 4.4 39.3 ± 3.2 62.5


11 32.0 ± 4.5 72.2 ± 17.0 15.5 ± 2.7 n.s. n.d.


12 9.5 ± 2.0 21.0 ± 10.0 50.5 ± 4.8 n.s. n.d.


13 4.5 ± 0.3 11.5 ± 2.0 32.5 ± 8.5 n.s. n.d.


14 4.0 ± 1.8 5.5 ± 2.8 15.2 ± 1.3 n.s. n.d.


15 23.0 ± 9.0 82.3 ± 20.2 17.8 ± 4.1 n.s. n.d.


16 10.0 ± 5.0 24.0 ± 0.4 11.4 ± 3.8 n.s. n.d.


17 11.5 ± 0.7 23.0 ± 7.0 33.2 ± 5.7 n.d. n.d.


18 n.i. n.i. n.s. n.s. n.d.


19 n.i. n.i. n.s. n.s. n.d.


20 1.5 ± 0.1 3.0 ± 0.1 n.d. 96.8 ± 3.6 9.2


21 n.i. n.i. n.d. 36.9 ± 7.8 n.d.


23 39.0 ± 15.0 69.1 ± 2.0 14.9 ± 3.1 n.s. n.d.


24 22.0 ± 3.0 18.3 ± 2.0 15.8 ± 1.9 n.s. n.d.


The percentage of mitotic cells showing monoastral spindles at drug concentrations 100 lM and 50 mM, and the calculated IC50 are indicated on the


right. n.i.: no inhibition at the higher concentration tested (500 lM). n.d.: not determined. n.s.: no significant induction of monoastral spindles in


treated cells (<25%).
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electron density at the heterocycle are modified when
compared to parent monastrol.


That first set of results indicates there is no or little
restriction in the accessibility of the monastrol binding
site of Eg5 for dihydropyrimidinethiones with bulky
substituents in the C5 position. That conclusion is sup-
ported as well by recent results reported by Gartner
et al. who described interesting inhibition of Eg5 ATP-
ase activity by enastron and dimethylenastron (Fig. 1).15


2.3. Inhibition of microtubule-stimulated ATPase activity


Results are roughly parallel to those obtained in the
basal ATPase activity inhibition assay. The previously

active compounds do inhibit Eg5 microtubule-stimulated
ATPase activity though less efficiently than basal ATP-
ase activity. One exception is met with compound 14
presenting equivalent inhibition scores in both basal
and MT-stimulated assays and being twice as potent
as monastrol in the MT-stimulated assay (IC50


5.5 lM). The unexpectedly high inhibition of MT-stim-
ulated ATPase activity for compound 14 could result
from a covalent reaction of the free thiol group with
some cystein residue or disulfide bridge in the proximity
of the protein region interacting with microtubules, fur-
ther hindering or preventing stimulation of ATPase
activity by microtubules. Incubation under reductive
conditions (TCEP, 1 mM) however has no influence
on the activity of the compound and more sophisticated
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experiments are required to confirm or rule out that
hypothesis.


2.4. Cell-based assays


We looked at the ability of the different compounds to
induce monoastral spindle in asynchronous HeLa
cells.20 The compounds were evaluated at 50 and
100 lM, and the proportion of cells with the character-
istic monoastral spindle phenotype was quantified. The
higher the inhibition of ATPase activity, the more fre-
quent monoastral phenotype.


However, compound 13 which is more potent than mon-
astrol to inhibit both basal and microtubule-stimulated
Eg5 ATPase activities appears three times less active in
the cell-based assay. The same and even more striking
behavior is observed with compound 16 that does not
induce any monoastral spindle phenotype (11.4% mono-
astral spindles to be compared to 9.6% observed in the
absence of inhibitor) though it is a potent inhibitor of
basal as well as MT-stimulated Eg5 ATPase activities.
On the other hand, compounds 9 and 10 that do not in-
hibit at all Eg5 ATPase activity in the in vitro assays
proved to be among the most active compounds in the
cell-based assay and can be compared within that re-
spect to parent monastrol (Fig. 2). The IC50 of com-
pounds 9 and 10 were calculated to be 50.0 and
62.5 lM, respectively, and are close to that of monastrol
(51.3 lM). That result could be explained by a difference
in terms of drug delivery efficiency inside the cells during
the test. Indeed monastrol monoacetate 9 and diacetate
10 are more lipophilic than the other compounds in the
series and so are capable to better cross the cell mem-
brane. Once in the cytoplasm they are transformed into
parent monastrol by cellular esterases or chemical
hydrolysis. In other words, compounds 9 and 10 act as
prodrugs of monastrol. The fact that the phenol acetate
moiety is more sensitive to hydrolysis than N-acyl ureas
is consistent with the higher activity observed for mono-
acetate 9 when compared to diacetate 10, that one being
not fully hydrolyzed at the end of the 7 h incubation per-
iod with HeLa cells. To further support that hypothesis,
we preincubated compounds 9, 10, and N3-acetyl mon-

astrol 21 (Fig. 1) in the presence and absence of medium
used in the cell-based assay (Dulbecco’s modified Ea-
gle’s medium supplemented with 10% fetal bovine ser-
um) and subsequently determined the inhibition of
basal Eg5 ATPase activity (Fig. 3). Compounds 9 and
10 do not inhibit Eg5 ATPase activity when preincu-
bated in the absence of medium, whereas low inhibition
is observed with compound 21. After incubation in cell-
based assay medium for 12 h, compounds 9, 10, and 21
do inhibit basal Eg5 activity with IC50 values of 3.9, 5.0,
and 3.8 lM, respectively. These results are in very good
agreement with the value obtained for monastrol
(6.1 lM) and are consistent with our hypothesis on a
preliminary enzymatic transformation of the com-
pounds into monastrol. Finally, ethyl acetate extraction
of cell-based assay medium incubated with diacylated
compound 10 (2 mM) for different periods of time and
thin layer chromatography analysis of the extracts
do confirm the quantitative transformation of the
compound into monastrol (by comparison with an
authentic sample). Half-life of diacetyl monastrol 10 in
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these conditions was estimated to be less than 100 min.
Formation of the intermediate monoacetyl monastrol
9 was observed before final transformation into
monastrol.


More puzzling are the results obtained for compounds 7
and 8. These two compounds do not inhibit Eg5 ATPase
activities. However, in the cell-based assay microtubules
appeared to be affected by 50 lM of dihydroxy com-
pound 7, chromosomes being misaligned, and 8 proves
more potent than monastrol. The interpretation of that
is not clear as compound 8 is expected to be enzymati-
cally converted into 7 by cellular esterases (vide supra).
Moreover preincubation of 8 in the medium used in the
cell-based assay did not transform the compound into
an inhibitor of basal Eg5 ATPase activity (Fig. 3) what
is consistent with the results obtained with 7 in that as-
say. A possible explanation for these results would be a
chemical degradation of diacetyl compound 8 into an
active compound to be identified. That hypothesis could
be partly supported by the poor chemical stability of the
compound observed during its synthesis.


Last but not least, compound 20 appeared to be far
more potent than parent monastrol in inducing monoas-
tral spindles (Fig. 4a). Its IC50 value was determined to
be 9.2 lM versus 51.3 lM for monastrol (Table 1 and
Fig. 4b). We exposed HeLa cells for 24 h with com-
pound 20 and compared its ability to block cells in mito-
sis with that of nocodazole, a well-known mitotic
inhibitor targeting microtubules, as well as monastrol
(Fig. 4c). Cell populations were examined by two-
dimensional flow cytometry (cells were labeled with the
MPM2 monoclonal antibody recognizing phosphospec-
ific mitotic antigens, and propidium iodide for DNA
labeling). Compound 20 blocked cells with 4 N DNA
content at 25 lM. In addition, cells were arrested in
mitosis since 72% of the 4 N arrested cells were
MPM2 positive, whereas nocodazole treated cells were
82% positive. At 100 lM of compound 20, 77% of the
cells were mitotic whereas in the presence of 100 lM
of monastrol only 48% were mitotic. Thus compound

20 is far more potent in arresting cells in mitosis than
parent monastrol.


2.5. Synthesis of a monastrol affinity matrix and Eg5
purification procedure


Considering the results described above, an affinity ma-
trix was designed in order to improve our protocols for
purification of human full-length Eg5 from eukaryotic
cells (Scheme 5). Azidoamine 22 (prepared in 2 steps
from commercially available 1,2-bis(2-chloroethoxy)-
ethane) was condensed with carboxylic acid 11 to yield
monastrol derivative 23. A subsequent Staudinger reac-
tion afforded the reduced primary amino compound 24
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Figure 5. Purification of human Eg5 by chromatography on the


monastrol-based affinity matrix. (a) Analysis of the released peptides
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that was then reacted with NHS-activated Sepharose.
The affinity matrix thus immobilizes monastrol through
two amide bonds which guarantees hydrolytic stability
for safe and efficient recycling of the functionalized
support.


The spacer arm between monastrol and the polymer re-
sin—three ethylene oxide units, approximately 1.1 nm
long—is expected to provide the immobilized dihydro-
pyrimidinethione with enough degree of freedom so as
to allow binding and immobilization of kinesin from
eluting cells homogenate.


To test whether Eg5 can bind to and elute off the mon-
astrol affinity matrix, we first applied purified Eg52–386, a
monomeric recombinant Eg5 protein expressed in
E. coli,20 to the column. After extensive washing, we
eluted Eg52–386 off the column using excess amount of
(S)-trityl-LL-cysteine (STLC), another potent Eg5 inhibi-
tor that shares the same binding pocket with monastrol
(data not shown).21 STLC was preferred to monastrol in
the elution step because of higher availability and lower
cost. As a second step, we purified recombinantly ex-
pressed Eg5 from an E. coli crude extract using the same
elution conditions. Mass spectrometry of the STLC re-
leased material revealed a single peak corresponding to
a peptide with molecular weight fitting to that predicted
for the expressed human Eg5 motor domain based on
amino acid sequence (Fig. 5a). A control experiment
with E. coli cells not expressing Eg5 and subsequent
analysis by Western blot indicated that no significant
material was retained on the column (Fig. 5b).


Finally, we have extended the use of the monastrol affin-
ity matrix to the purification of the endogenous Eg5 pro-
tein from mammalian cells (HeLa) (Fig. 6). Following
high speed centrifugation, the supernatant obtained
from a lysate of mitotically arrested HeLa cells using
nocodazole was applied on the column. The latter was
washed extensively and elution of native Eg5 was per-
formed with STLC (see Section 4 for details). The eluted
fractions with Eg5 contained 15–35 lg of protein.
Immunoblot analysis using human Eg5 specific poly-
clonal antibody revealed that Eg5 was retained almost
quantitatively by the column and released by STLC
(Fig. 6b). An experiment performed under similar condi-
tions but using the control matrix (i.e., without immobi-
lized monastrol derivative) did not reveal any binding of
wild-type Eg5 (Fig. 6a). That gives confirmation of the
specificity of the interaction between Eg5 and the affinity
matrix which is strictly mediated by the immobilized
monastrol. The eluted samples were applied to a SDS–
PAGE for protein analysis. Several faint Coomassie
G-250 stained bands were detected and analyzed by pep-
tide mass fingerprinting and MALDI-TOF/TOF mass
spectrometry. Following that procedure, five different
proteins were identified (Table 2) of which human mito-
tic Eg5 was probably the full-length protein because the
21 peptides of the peptide mass fingerprint covered the
amino acid sequence range from 16 to 1033 (total
1057). Eg5 was identified by MS/MS of peptide 932SYL-
YPSTLVR941(Fig. 7). We also identified b-tubulin of the
ab-tubulin heterodimer, the building block of MTs, to

which Eg5 binds during mitosis to crosslink and slide
antiparallel MTs apart.8 It has previously been shown
that human Eg5 is in the ‘ATP-like’ conformation
(high-affinity for MTs), when either monastrol or an
analog is bound in the inhibitor-binding pocket, even
when MgADP is bound in the nucleotide-binding pock-
et.22,23 It is therefore likely that tubulin copurifies with
Eg5. Two additional cytoskeleton proteins identified
were actin, that—like tubulin—forms filaments and is
a major constituent of eukaryotic cells, and a-actinin,
that crosslinks and bundles actin filaments. Finally we
identified the heat shock cognate 71 kDa protein
(Hsc70), which is a constitutively expressed member of
the 70 kDa heat-shock protein family and functions as
a molecular chaperon. However, by using the control
matrix (i.e., without immobilized monastrol derivative)
we could show that actin and Hsc70 are simply abun-
dant housekeeping proteins that bind unspecifically to
the matrix.

3. Conclusion


A series of monastrol derivatives have been prepared by
introducing sterically demanding structural modifica-
tions on the skeleton of the parent drug. The ability of
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Figure 6. Western blot analysis with Eg5 specific polyclonal antibody of the different fractions obtained during the affinity chromatography


purification process (fraction size: 500 lL). The supernatant from HeLa cells arrested in mitotis with nocodazole was loaded onto the non-active


column (a) to eliminate proteins that bind non-specifically to the polymer matrix and the flow through was then loaded onto the monastrol-based


affinity matrix 25 (b). The columns were washed with lysis buffer, and proteins bound to the columns were eluted either with 2 M NaCl (a) or with


1 mM STLC (b). The eluted fractions from the monastrol affinity column were subsequently analyzed by mass spectrometry. (a) Lane 1: total lysate


from HeLa crude extract; lane 2: pellet after centrifugation; lane 3: supernatant after centrifugation; lane 4: flow-through; lanes 5–6: washes; lanes


7–12: fractions eluted with 2 M NaCl. (b) Lane 1: supernatant after centrifugation; lane 2: flow-through; lanes 3–7: washes; lanes 8–13: fractions


eluted with 1 mM STLC.


Table 2. Proteins identified from eluted fractions of the monastrol-based affinity column by mass spectrometry


Protein name Accession No. MW (kDa) Mascot protein score SC (%) No. pep MS/MS sequences [m/z] (Mascot ions score)


Actin, cytoplasmic P60709 42 102 19 8 29AVFPSIVGRPR39 [1198.71 Da] (52)


a-Actinin-4 O43707 105 136 17 17 194DGLAFNALIHR204 [1226.67 Da] (40)


Heat shock cognate P11142 71 85 14 8 160DAGTIAGLNVLR171 [1199.68 Da] (27)


71 kDa protein 37TTPSYVAFTDTER49 [1487.71 Da] (26)


Kinesin Eg5 P52732 119 168 16 21 93232SYLYPSTLVR941 [1198.69 Da] (50)


b-Tubulin P07437 50 117 28 14 253LAVNMVPFPR262 [1143.65 Da] (21)


Protein name, Accession No., and theoretical molecular weight (MW) were derived from the Swiss-Prot entries. Sequence coverage (SC) and number


of peptides (No. pep) of the identified proteins are indicated. The Mascot protein score of the merged peptide mass fingerprints and MS/MS spectra,


and Mascot ion scores of individual fragmented peptides are shown.
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Figure 7. Identification of human mitotic Eg5 by MALDI-TOF/TOF.


The MALDI-TOF/TOF spectrum of the peptide with m/z 1198.60 Da


is presented. Kinesin Eg5 was unequivocally identified with the b-ions


b2–b4, and the y-ions y1–y4, and y6–y8 of the tryptic peptide


SYLYPSTLVR.
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these compounds to inhibit Eg5 activity in in vitro ATP-
ase assays and in cell-based assay was investigated.
Three compounds that were unable to inhibit Eg5 ATP-
ase activity in vitro proved potent Eg5 inhibitors in the

cell-based assay, acting as prodrugs that are trans-
formed into monastrol inside the cellular compartment
before migrating to the nucleus. Eg5 tolerance for struc-
tural modifications at the C5 position on monastrol
backbone allowed optimization and furyl derivative 20
appears four to five times more active than monastrol.
The identification of structure–activity relationships re-
sulted in the design of an affinity matrix that has been
used for fast and efficient purification of Eg5 from crude
lysate of eukaryotic cells and mammalian cells. Mass
spectrometry analysis of the purified samples revealed
purification of Eg5 with b-tubulin. Two additional pro-
teins have been shown to bind non-specifically to the
column material.


So the monastrol affinity matrix described in that work
can be used for the purification not only of the bacteri-
ally expressed Eg5 but also for the purification of the na-
tive human Eg5 protein from cellular extracts.
Furthermore the purification of the native molecule
should allow a number of investigations that are not rel-
evant with truncated Eg5 motor domain, that is, identi-
fication of possible Eg5 interacting proteins through the
cell cycle and studies on Eg5 post-translational modifi-
cations or oligomerization process. The problem of
monastrol specificity and monastrol-targets other than
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Eg5 can be tentatively addressed as well with such an
affinity matrix.

4. Experimental


4.1. Chemistry


All reactions were carried out with reagent grade sol-
vents. Commercially available reagents were used with-
out further purification. NHS-activated Sepharose 4
FastFlow was purchased from Amersham Biosciences.
Chemicals for Eg5 ATPase assays were from sources
indicated by Hackney and Jiang.24 1H NMR and 13C
NMR spectra were recorded on Bruker 200 and
300 MHz instruments, and chemical shifts are reported
in ppm downfield from TMS. IR spectra were recorded
on a Perkin-Elmer-1600-FTIR spectrometer and
absorption values m are in cm�1. Mass Spectra (MS)
were recorded on a Finnigan-4600 quadrupole instru-
ment at chemical ionization. Mass data are reported in
mass units (m/z).


4.1.1. Synthesis of 4-(3-hydroxy-phenyl)-6-methyl-2-thi-
oxo-1,2,3,4-tetrahydro-pyrimidine-5-carboxylic acid 2-{2-
[2-(2-hydroxy-ethoxy)-ethoxy]-ethoxy}-ethyl ester (2). 3-
Oxo-butyric acid 2-{2-[2-(2-hydroxy-ethoxy)-ethoxy]-
ethoxy}-ethyl ester (prepared by trans-esterification of
methyl acetoacetate with tetraethylene glycol over K10
montmorillonite25) (1.20 g, 4.3 mmol), thiourea (0.22 g,
2.9 mmol), and 3-hydroxybenzaldehyde (0.35 g,
2.9 mmol) were refluxed in i-PrOH (10 mL) with concen-
trated hydrochloric acid (0.5 mL) for 16 h. Isopropyl
alcohol was removed in vacuo, methylene chloride
(20 mL) was added, and the solution was washed twice
with HCl 5% (10 mL), dried over MgSO4, and reduced
under vacuum. The crude residue was purified by silica
gel chromatography (AcOEt/EtOH 100:0 to 90:10) to
yield compound 2 (0.79 g, 62%) as a hygroscopic glassy
solid. 1H NMR (CDCl3, 300 MHz) d 8.53 (s, 1H); 8.42
(s, 1H); 7.18 (t, J = 7.3 Hz, 1H); 6.91 (m, 1H); 6.80 (d,
J = 7.9 Hz, 1H); 6.72 (dd, J = 1.5, 7.9 Hz, 1H); 5.26 (d,
J = 2.6 Hz, 1H); 4.38–4.31 (m, 1H); 4.04–3.97 (m, 1H);
3.78–3.50 (m, 14H); 2.33 (s, 3H). 13C NMR (CDCl3,
50 MHz) d 173.5; 164.9; 156.0; 144.3; 143.8; 130.1;
118.1; 115.0; 114.9; 102.1; 72.3; 70.6; 70.5; 69.9; 69.8;
69.2; 62.7; 61.4; 55.9; 17.8. IR (neat) m 3253 (b); 2949;
2440 (b). MS (m/z) 441.26 [M+H]+.


4.1.2. Synthesis of 3-{2-[2-(2-hydroxy-ethoxy)-ethoxy]-
ethyl}-4-(3-hydroxy-phenyl)-6-methyl-2-thioxo-1,2,3,4-
tetrahydro-pyrimidine-5-carboxylic acid ethyl ester (3). 2-
[2-(2-Amino-ethoxy)-ethoxy]ethanol26 (1.05 g, 7.0 mmol)
in anhydrous acetonitrile (5 mL) was added dropwise
to benzoyl isothiocyanate (0.95 mL, 7.0 mmol) in anhy-
drous acetonitrile (5 mL) at room temperature. The
reaction mixture was stirred for 30 min before the sol-
vent was removed in vacuo. The crude residue was puri-
fied by silica gel chromatography to yield 1-benzoyl-3-
{2-[2-(2-hydroxy-ethoxy)-ethoxy]-ethyl-thiourea (2.2 g,
48%) as a hygroscopic glassy solid. 1H NMR (CDCl3,
200 MHz) d 10.94 (br s, 1H); 9.15 (br s, 1H); 7.84 (dd,
J = 1.7, 6.8 Hz, 2H); 7.60–7.44 (m, 3H); 3.92 (td,

J = 4.9, 5.1 Hz, 2H); 3.76–3.67 (m, 8H); 3.61 (t,
J = 4.9 Hz, 2H). 13C NMR (CDCl3, 50 MHz) d 179.8;
166.9; 133.4; 131.7; 129.0; 127.4; 72.6; 70.4; 70.2; 68.1;
61.7; 45.5. The N-alkyl-N 0-benzoyl thiourea (0.57 g,
1.8 mmol) and sodium hydroxide (0.13 g, 3.2 mmol)
were stirred in water/acetonitrile (5 mL, 1:1) for 30 min
at room temperature. The reaction mixture was neutral-
ized by adding diluted HCl and evaporated under vac-
uum. The residue was suspended in CH2Cl2, washed
with water, dried over MgSO4, and evaporated to yield
1-{2-[2-(2-hydroxy-ethoxy)-ethoxy]-ethyl-thiourea
(0.31 g, 82%) as a hygroscopic glassy solid. 1H NMR
(CD3OD/D2O 1:1, 200 MHz) d 3.67–3.57 (m, 12 H).
13C NMR (CD3OD/D2O 1:1, 50 MHz) d 159.6; 72.8;
70.7; 70.6; 69.8; 61.5; 40.9. The latter compound
(0.23 g, 1.1 mmol) was refluxed in ethanol (10 mL) with
ethyl acetoacetate (0.2 mL, 1.6 mmol), 3-hydroxybenzal-
dehyde (0.13 g, 1.1 mmol), and concentrated hydrochlo-
ric acid (0.4 mL) for 24 h. Ethyl acetate was added and
the resulting mixture was washed with brine, dried over
MgSO4, and reduced under vacuum. The residue was
purified by silica gel chromatography (EtOAc/EtOH
92:8) to yield compound 3 (33 mg, 7%) as a glassy solid.
1H NMR (CDCl3, 300 MHz) d 7.08 (t, J = 7.8 Hz, 1H);
6.76–6.67 (m, 3H); 5.27 (s, 1H); 4.16 (q, J = 7.2 Hz, 2H);
3.74–3.47 (m, 12H); 2.47 (s, 3H); 1.25 (t, J = 7.2 Hz,
3H). 13C NMR (CDCl3, 75 MHz) d 167.2; 157.5;
156.4; 143.6; 143.5; 129.6; 118.7; 114.8; 113.5; 113.4;
72.6; 70.3; 70.1; 69.6; 61.4; 60.2; 42.2; 29.7; 24.0; 14.3.
MS (m/z) 425.24 [M+H]+.


4.1.3. Synthesis of 4-(3,4-dihydroxy-phenyl)-6-methyl-2-
thioxo-1,2,3,4-tetrahydro-pyrimidine-5-carboxylic acid
ethyl ester (4). Compound 4 (63 mg, 39%) was prepared
from 3,4-dihydroxybenzaldehyde following the same
procedure as described for 2. 1H NMR (CD3OD,
300 MHz) d 6.73 (d, J = 2.0 Hz, 1H); 6.70 (d,
J = 8.7 Hz, 1H); 6.61 (dd, J= 2.0, 8.7 Hz, 1H); 5.17 (s,
1H); 4.08 (q, J = 7.0 Hz, 1H); 2.33 (s, 3H); 1.18 (t,
J = 7.0 Hz, 3H). 13C NMR (CD3OD, 50 MHz) d
175.6; 167.5; 146.4; 146.2; 145.1; 136.5; 119.4; 116.2;
114.9; 103.6; 61.2; 56.2; 17.6; 14.5. IR (neat) m 3312;
3182; 2991; 2923; 1687. MS (m/z) 308.98 [M+H]+.


4.1.4. Synthesis of 4-(3-hydroxy-4-{2-[2-(2-hydroxy-eth-
oxy)-ethoxy]-ethoxy}-phenyl)-6-methyl-2-thioxo-1,2,3,4-
tetrahydro-pyrimidine-5-carboxylic acid ethyl ester (5). 2-
[2-(2-Chloro-ethoxy)-ethoxy]-ethanol (2.9 mL, 20.0 mmol),
3,4-dihydroxybenzaldehyde (2.76 g, 20.0 mmol), potas-
sium carbonate (2.76 g, 20.0 mmol), and sodium iodide
(0.05 g, 0.3 mmol) were stirred in anhydrous DMF
(20 mL) at 80 �C for 18 h. Methylene chloride (75 mL)
was added and the solution was washed twice with
NaOH 3 N (50 mL). The aqueous phase was acidified
with HCl 12 N, reduced in vacuo, and the residue was
triturated twice with EtOAc/MeOH (20 mL, 1:1). The
organic phase was reduced under vacuum and the resi-
due was purified by silica gel chromatography
(CH2Cl2/EtOAc/EtOH 50:50:5) to yield the expected 3-
hydroxy-4-{2-[2-(2-hydroxy-ethoxy)-ethoxy]-ethoxy}-
benzaldehyde (2.78 g, 52%) as a glassy solid. 1H NMR
(CDCl3, 200 MHz) d 9.80 (s, 1 H); 7.39 (d, J = 2.0 Hz,
1H); 7.34 (dd, J = 2.0, 8.3 Hz, 1H); 6.91 (d, J = 8.3 Hz,
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1H); 4.21–4.16 (m, 1H); 3.90–3.85 (m, 1H); 3.75–3.66
(m, 10H). 13C NMR (CDCl3, 50 MHz) d 191.1; 151.6;
147.2; 131.1; 123.5; 115.9; 112.1; 72.3; 70.6; 70.0; 69.0;
67.9. IR (neat) m 3498 (b); 2890 (b). MS (m/z) 271.04
[M+H]+. The latter compound (0.49 g, 1.8 mmol), ethyl
acetoacetate (0.35 mL, 2.7 mmol), thiourea (0.15 g,
2.0 mmol), and HCl 12 N (0.4 mL) were refluxed for
4 d in EtOH (10 mL). Alcohol was removed under re-
duced pressure, methylene chloride (50 mL) was added,
and the solution was washed twice with HCl 2 N. The
organic layer was dried over MgSO4, reduced under vac-
uum, and the residue was purified by silica gel chroma-
tography (CH2Cl2/EtOH 100:0 to 95:5). Compound 5
(0.73 g, 91%) was obtained as a glassy solid. 1H NMR
(CDCl3, 300 MHz) d 6.85 (d, J = 2.2 Hz, 1H); 6.81 (d,
J = 5.0 Hz, 1H); 6.70 (dd, J= 2.2, 8.1 Hz, 1H); 5.27 (d,
J = 3.4 Hz, 1H); 4.14–4.05 (m, 4H); 3.86–3.62 (m,
12H); 2.34 (s, 3H); 1.17 (t, J = 7.2 Hz, 3H). 13C NMR
(CD3OD, 75 MHz) d 175.8; 167.3; 148.1; 147.7; 145.4;
138.4; 119.1; 115.2; 114.6; 103.3; 73.6; 71.5; 71.3; 70.7;
69.5; 62.1; 61.2; 56.1; 17.7; 14.5. IR (neat) m 3194 (b);
2930 (b). MS (m/z) 441.25 [M+H]+.


4.1.5. Synthesis of 4-(3-hydroxy-6-nitro-phenyl)-6-
methyl-2-thioxo-1,2,3,4-tetrahydro-pyrimidine-5-carbox-
ylic acid ethyl ester (6). A mixture of 3-hydroxy-6-nitro-
benzaldehyde (127 mg, 0.76 mmol), thiourea (116 mg,
1.52 mmol), ethyl acetoacetate (97 lL, 0.76 mmol), and
ytterbium(III) trifluoromethanesulfonate hydrate
(48 mg, 0.08 mmol) was refluxed in acetonitrile (5 mL)
for 4 h before the solvent was removed under vacuum.
The crude residue was purified by silica gel chromatog-
raphy (Et2O/hexane 50:50 to 70:30) to yield 6 (166 mg,
64%) as a yellow powder. 1H NMR (CD3OD,
300 MHz) d 7.94 (d, J= 9.0 Hz, 1H); 6.87 (d,
J = 2.7 Hz, 1H); 6.82 (dd, J = 2.7, 9.0 Hz, 1H); 6.04
(br s, 1H); 3.96 (q, J = 7.0 Hz, 2H); 2.43 (s, 3H); 1.00
(t, J= 7.0 Hz, 3H). 13C NMR (CDCl3, 50 MHz) d
176.3; 166.5; 164.5; 147.3; 141.5; 141.3; 128.8; 116.5;
116.2; 101.7; 68.8; 61.3; 17.5; 14.2. IR (neat) m 3195
(b); 2981. MS (m/z) 338.20 [M+H]+.


4.1.6. Synthesis of 4-(2,5-dihydroxy-phenyl)-6-methyl-2-
thioxo-1,2,3,4-tetrahydro-pyrimidine-5-carboxylic acid
ethyl ester (7). Compound 8 (76 mg, 0.2 mmol) was stir-
red for 2 h in methanolic ammonia (2 mL) at 0 �C. The
solvent was removed under vacuum and the residue was
purified by silica gel chromatography (AcOEt) to yield 7
(9 mg, 15%) as a slightly yellow solid. 1H NMR
(CD3OD, 300 MHz) d 6.59 (d, J = 8.4 Hz, 1H); 6.47
(dd, J = 3.0, 8.4 Hz, 1H); 6.32 (d, J = 3.0 Hz, 1H);
5.55 (s, 1H); 4.15–4.04 (m; 2H); 2.47 (s, 3H); 1.19 (t,
J = 7.2 Hz, 3H). IR (neat) m 3324 (b); 3201.


4.1.7. Synthesis of 4-(2,5-diacetoxy-phenyl)-6-methyl-2-
thioxo-1,2,3,4-tetrahydro-pyrimidine-5-carboxylic acid
ethyl ester (8). Acetic anhydride (1.2 mL, 12.7 mmol)
was added dropwise to a suspension of 2,5-dihydroxy-
benzaldehyde (361 mg, 2.6 mmol) and potassium car-
bonate (722 mg, 5.2 mmol) in anhydrous diethyl ether
at 0 �C. The mixture was stirred for 2 h at room temper-
ature, filtered, and the solid was washed with ethyl ace-
tate. The combined filtrate was washed with aqueous

NaHCO3, water, and brine, and dried over MgSO4.
The solvent was removed in vacuo to yield pure 2,5-
diacetoxy-benzaldehyde (580 mg, 100%). 1H NMR
(CDCl3, 300 MHz) d 10.06 (s, 1H); 7.60 (d, J = 3.0 Hz,
1H); 7.35 (dd, J = 3.0, 8.7 Hz, 1H); 7.19 (d, J = 8.7 Hz,
1H); 2.37 (s, 3H); 2.30 (s, 3H). 13C NMR (CDCl3,
75 MHz) d 187.5; 169.0; 168.8; 148.9; 148.3; 128.6;
128.4; 124.5; 123.2; 20.9; 20.7. IR (neat) m 1759; 1692.
A mixture of the latter compound (448 mg, 2.0 mmol),
thiourea (153 mg, 2.0 mmol), ethyl acetoacetate
(230 lL, 3.0 mmol), and ytterbium(III) trifluorome-
thanesulfonate hydrate (63 mg, 0.1 mmol) in anhydrous
acetonitrile (10 mL) was stirred at 55–60 �C for 2 h. The
solvent was removed under vacuum and the crude resi-
due was purified by silica gel chromatography (Et2O/
CH2Cl2 40:60) to yield 8 (132 mg, 17%) as a slightly yel-
low solid. 1H NMR (CD3OD/CDCl3 1:1, 200 MHz) d
7.09 (d, J= 8.8 Hz, 1H); 6.99 (dd, J = 2.6, 8.8 Hz, 1H);
6.69 (d, J = 2.6 Hz, 1H); 5.42 (s, 1H); 4.08 (qd, J = 2.0,
7.0 Hz, 2H); 2.48 (s, 3H); 2.35 (s, 3H); 2.22 (s, 3H);
1.17 (t, J= 7.0 Hz, 3H). 13C NMR (CD3OD/CDCl3
1:1, 75 MHz) d 170.2; 167.6; 162.8; 160.6; 157.9; 148.8;
145.3; 134.9; 124.4; 122.2; 120.9: 101.4; 61.1; 36.7;
23.8; 21.2; 21.1; 14.4. IR (neat) m 1762; 1207; 1170. MS
(m/z) 393.27 [M+H]+.


4.1.8. Synthesis of 4-(3-acetoxy-phenyl)-6-methyl-2-thi-
oxo-1,2,3,4-tetrahydro-pyrimidine-5-carboxylic acid ethyl
ester (9). Acetic anhydride (0.12 mL, 1.3 mmol) was
added to a mixture of monastrol 1 (0.32 g, 1.1 mmol),
triethylamine (0.20 mL, 1.4 mmol), and 4-DMAP
(6 mg, 0.05 mmol) in anhydrous THF (5 mL). The
resulting solution was stirred at room temperature over-
night. THF was removed under vacuum, ethyl acetate
(10 mL) was added, and the solution was washed with
diluted hydrochloric acid. The organic layer was dried
over MgSO4, reduced in vacuo, and the residue was
purified by silica gel chromatography (Et2O/hexane
50:50 to 70:30) to yield 9 (0.31 g, 84%) as a slightly yel-
low powder. 1H NMR (CDCl3, 200 MHz) d 8.82 (s, 1H);
8.29 (s, 1H); 7.27 (t, J = 8.2 Hz, 1H); 7.12 (d, J = 7.8 Hz,
1H); 7.00–6.96 (m, 2H); 5.33 (d, J = 2.9Hz, 1H); 4.06 (q,
J = 7.1 Hz, 2H); 2.31 (s, 3H); 2.24 (s, 3H); 1.13 (t, J=
7.1 Hz, 3H). 13C NMR (CDCl3, 75 MHz) d 173.8;
169.2; 165.0; 150.6; 144.0; 143.5; 129.6; 124.0; 121.2;
119.9; 102.2; 60.3; 55.2; 21.0; 17.9; 13.9. IR (neat) m
3190 (b); 2986. MS (m/z) 335.26 [M+H]+. A fraction
eluting before compound 9 was identified as diacetylated
compound 10 (0.05 g, 12%). 1H NMR (CDCl3,
200 MHz) d 8.61 (s, 1H); 7.29 (t, J = 7.1 Hz, 1H); 7.14
(d, J = 5.9 Hz, 1H); 7.03–7.00 (m, 2H); 6.66 (s, 1H);
4.23 (q, J = 7.1 Hz, 2H); 2.78 (s, 3H); 2.36 (s, 3H);
2.27 (s, 3H); 1.28 (t, J = 7.1 Hz, 3H). 13C NMR (CDCl3,
50 MHz) d 178.0; 173.2; 169.2; 164.9; 150.7; 143.6;
140.4; 129.4; 123.7; 121.3; 119.7; 107.9; 60.9; 53.4;
27.6; 21.1; 17.3; 14.1. IR (neat) m 3270 (b); 2987; 1699.
MS (m/z) 377.20 [M+H]+.


4.1.9. Synthesis of 4-(3-hydroxy-phenyl)-6-methyl-2-thi-
oxo-1,2,3,4-tetrahydro-pyrimidine-5-carboxylic acid (11).
Monastrol 1 (0.18 g, 0.6 mmol) and potassium hydrox-
ide (0.10 g, 1.8 mmol) were stirred in water (2 mL) for
3 d. The solution was acidified with HCl 2 N and
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extracted with EtOAc. The organic layer was dried over
MgSO4, reduced under vacuum, and the residue was
purified over silica gel (EtOAc/CH2Cl2 50:50 to 100:0)
to yield compound 11 (0.13 g, 79%) as a white powder.
1H NMR (CD3OD, 300 MHz) d 7.12 (t, J = 7.5 Hz,
1H); 6.79–6.69 (m, 2H); 6.67 (dd, J = 5.6, 7.1 Hz, 1H);
5.27 (s, 1H); 2.34 (s, 3H). 13C NMR (CD3OD,
75 MHz) d 176.2; 169.4; 158.7; 146.0; 145.3; 130.6;
118.9; 115.8; 114.4; 103.7; 56.3; 17.7. IR (neat) m 3226
(b). MS (m/z) 265.10 [M+H]+.


4.1.10. Synthesis of 4-(3-hydroxy-phenyl)-6-methyl-2-thi-
oxo-1,2,3,4-tetrahydro-pyrimidine-5-carboxylic acid 2-(2-
hydroxy-ethoxy)-ethyl ester (12). To a mixture of car-
boxylic acid 11 (57 mg, 0.22 mmol), diethylene glycol
(0.21 mL, 2.2 mmol), and triphenyl phosphine (117 mg,
0.44 mmol) in anhydrous THF (3 mL) was added DIAD
(64 lL, 0.33 mmol) at room temperature. The solution
was stirred for 2 h before the solvent was removed under
reduced pressure. The residue was purified by silica gel
chromatography (EtOAc/CH2Cl2 50:50 to 100:0) to
yield compound 12 (39 mg, 51%) as a white powder.
1H NMR (CD3OD, 300 MHz) d 7.13 (t, J= 7.9 Hz,
1H); 6.79 (d, J = 8.5 Hz, 1H); 6.77 (d, J = 2.6 Hz, 1H);
6.68 (dd, J = 2.6, 8.5 Hz, 1H); 5.28 (s, 1H); 4.26–4.12
(m, 2H); 3.64–3.61 (m, 4H); 3.52–3.45 (m, 2H); 2.34 (s,
3H). 13C NMR (CD3OD, 50 MHz) d 176.1; 167.2;
158.7; 146.1; 146.0; 130.7; 118.9; 115.8; 114.6; 102.9;
73.5; 70.0; 64.5; 62.2; 56.2; 17.8. IR (neat) m 3256 (b);
2952; 2447 (b). MS (m/z) 353.19 [M+H]+.


4.1.11. Synthesis of 4-(3-hydroxy-phenyl)-6-methyl-2-thi-
oxo-1,2,3,4-tetrahydro-pyrimidine-5-carboxylic acid 2-(2-
acetylsulfanyl-ethoxy)-ethyl ester (13). Potassium thioac-
etate (0.39 g, 3.4 mmol) and 2-[2-hydroxy-ethoxy)-ethyl
methanesulfonate]26 (0.33 g, 1.8 mmol) in anhydrous
DMF (5 mL) were stirred at 80 �C for 4 h. Diethyl ether
(25 mL) was added and the resulting solution was
washed with water. The organic layer was dried over
MgSO4, reduced under vacuum, and the residue was
purified by silica gel chromatography (Et2O/hexane
75:25) to yield expected S-2-(2-hydroxy-ethoxy)-ethyl
ethanethioate (0.26 g, 89%). 1H NMR (CDCl3,
300 MHz) d 3.66 (t, J = 5.0 Hz, 2H); 3.58 (t,
J = 6.3 Hz, 2H); 3.53 (t, J = 5.0 Hz, 2H); 3.06 (t,
J = 6.3 Hz, 2H); 2.31 (s, 3H). 13C NMR (CDCl3,
75 MHz) d 195.4; 71.9; 69.5; 61.5; 30.4; 28.7. MS (m/z)
164.99 [M+H]+. DIAD (77 lL, 0.37 mmol) was added
dropwise at room temperature to a mixture of the latter
compound (38 mg, 0.23 mmol), acid 11 (50 mg,
0.19 mmol), and triphenyl phosphine (106 mg,
0.40 mmol) in anhydrous THF (2 mL). The solution
was stirred for 1 h, reduced in vacuo, and the residue
was purified by silica gel chromatography (Et2O/hexane
70:30) to yield compound 13 (32 mg, 41%) as a white so-
lid. 1H NMR (CDCl3, 200 MHz) d 8.40 (s, 1H); 8.07 (s,
1H); 7.13 (t, J = 8.1 Hz, 1H); 6.82–6.72 (m, 3H); 5.32 (t,
J = 2.6 Hz, 1H); 4.22–4.15 (m, 2H); 3.64–3.60 (m, 2H);
3.53 (t, J = 6.5 Hz, 2H); 3.05 (t, J = 6.5 Hz, 2H); 2.34
(s, 3H); 2.32 (s, 3H). 13C NMR (CDCl3, 50 MHz) d
196.6; 174.0; 165.3; 156.4; 143.9; 143.8; 130.1; 118.6;
115.5; 113.8; 102.3; 69.5; 68.7; 63.3; 55.6; 30.6; 28.7;
18.3. MS (m/z) 411.27 [M+H]+.

4.1.12. Synthesis of 4-(3-hydroxy-phenyl)-6-methyl-2-thi-
oxo-1,2,3,4-tetrahydro-pyrimidine-5-carboxylic acid 2-(2-
mercapto-ethoxy)-ethyl ester (14). Compound 13 (21 mg,
0.05 mmol) was stirred at room temperature for 24 h in
i-PrOH (2 mL) with 3 drops of concentrated hydrochlo-
ric acid. The solvent was removed in vacuo and the res-
idue was filtered over silica gel (Et2O) to yield 14 (13 mg,
69%) as a glassy solid. 1H NMR (CD3OD, 200 MHz) d
7.13 (t, J = 7.7 Hz, 1H); 6.81–6.66 (m, 3H); 5.28 (s, 1H);
4.27–4.15 (m, 2H); 3.60 (t, J = 4.8 Hz, 2H); 3.49 (t,
J = 6.0 Hz, 2H); 2.58 (t, J = 6.5 Hz, 2H); 2.36 (s, 3H).
13C NMR (CD3OD, 50 MHz) d 176.3; 167.2; 158.8;
146.2; 146.1; 130.7; 118.9; 115.9; 114.6; 102.9; 74.0;
69.8; 64.4; 56.3; 24.7; 17.7. IR (neat) m 3242 (b); 1185.
MS (m/z) 335.14 [M�HS]+.


4.1.13. Synthesis of 4-(3-hydroxy-phenyl)-6-methyl-2-thi-
oxo-1,2,3,4-tetrahydro-pyrimidine-5-carboxylic acid eth-
ylamide (15). DCC (55 mg, 0.26 mmol) was added to a
mixture of acid 11 (35 mg, 0.13 mmol), ethylamine
hydrochloride (26 mg, 0.32 mmol), and triethylamine
(45 lL, 0.32 mmol) in anhydrous THF (2 mL). The
solution was stirred at room temperature overnight.
The precipitate was removed by filtration, the filtrate
was reduced in vacuo, and the residue was purified by
silica gel chromatography (EtOAc/CH2Cl2 70:30 to
100:0) to yield amide 15 (38 mg, 96%) as a white solid.
1H NMR (CDCl3/CD3OD 1:1, 200 MHz) d 7.13 (t,
J = 8.8 Hz, 1H); 6.75–6.69 (m, 3H); 5.20 (s, 1H);
3.17–3.06 (m, 2H); 2.02 (s, 3H); 0.95 (t, J= 7.3 Hz,
3H). 13C NMR (CDCl3/CD3OD 1:1, 50 MHz) d
174.4; 167.7; 157.9; 143.7; 133.8; 130.4; 118.2; 115.9;
113.8; 108.2; 57.0; 34.8; 16.6; 14.4. MS (m/z) 292.15
[M+H]+.


4.1.14. Synthesis of 1,5-di-[4-(3-hydroxy-phenyl)-6-
methyl-2-thioxo-1,2,3,4-tetrahydro-pyrimidine-5-carboxy]-
3-oxapentane (16). DIAD (60 lL, 0.30 mmol) was
added dropwise at room temperature to a mixture of
diethylene glycol (10 lL, 0.10 mmol), acid 11 (49 mg,
0.18 mmol), and triphenyl phosphine (112 mg,
0.43 mmol) in anhydrous THF (2 mL). The solution
was stirred for 1 h, reduced in vacuo, and the residue
was purified by silica gel chromatography (EtOAc) to
yield compound 16 (49 mg, 87%) as a white solid. 1H
NMR (CD3OD, 200 MHz) d 7.10 (t, J = 7.8 Hz, 2H);
6.79–6.64 (m, 6H); 5.26 (s, 2H); 4.17–4.07 (m, 4H);
3.51 (t, J = 4.5 Hz, 4H); 2.33 (s, 6H). 13C NMR
(CD3OD, 50 MHz) d 176.1; 167.2; 158.8; 146.1; 146.0;
130.7; 119.0; 115.9; 114.6; 102.9; 70.0; 64.6; 56.3; 17.8.
IR (neat) m 3239 (b); 2443 (b). MS (m/z) 599.45
[M+H]+.


4.1.15. Synthesis of 4-(3-hydroxy-phenyl)-6-methyl-2-sel-
enoxo-1,2,3,4-tetrahydro-pyrimidine-5-carboxylic acid
ethyl ester (17). A mixture of finely ground selenourea
(246 mg, 2.00 mmol), 3-hydroxybenzaldehyde (105 mg,
0.85 mmol), and magnesium chloride hexahydrate
(75 mg, 0.37 mmol) was stirred with ethyl acetoacetate
(120 lL, 0.94 mmol) at 80 �C for 3 h. The reaction mix-
ture was purified by silica gel chromatography (Et2O/
hexane 67:33) to yield 17 (221 mg, 76%) as a white so-
lid. 1H NMR (CDCl3, 200 MHz) d 8.84 (sb, 2H); 7.09
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(t, J = 7.8 Hz, 1H); 6.85–6.70 (m, 3H); 5.32 (s, 1H); 4.07
(q, J = 6.6 Hz, 2H); 2.29 (s, 3H); 1.14 (t, J = 6.6 Hz,
3H). 13C NMR (CDCl3, 50 MHz) d 169.8 (t, J=
189.6 Hz); 165.8; 156.2; 143.2; 142.5; 130.0; 118.8;
115.7; 113.9; 103.2; 60.8; 55.7; 56.3; 18.1; 14.0. IR
(neat) m 3287; 3159; 3106; 2981; 1663. MS (m/z)
340.98 [M+H]+.


4.1.16. Synthesis of 4-(3-hydroxy-phenyl)-6-methyl-2-
(ethylthio)-1,4-dihydro-pyrimidine-5-carboxylic acid ethyl
ester (18). Sodium hydrogenocarbonate (328 mg,
3.91 mmol) and 2-ethylisothiourea27 (105 mg,
1.01 mmol) were added to ethyl 2-(3-hydroxybenzylid-
ene)-3-oxobutanoate28 (182 mg, 0.78 mmol) in anhy-
drous DMF (2 mL). The resulting mixture was stirred
for 3 h at 80 �C, and volatile was removed under re-
duced pressure. The crude residue was purified by silica
gel chromatography (Et2O/hexane 70:30) to yield 18
(103 mg, 41%) as a white solid. 1H NMR (CD3OD,
300 MHz) d 7.09 (t, J = 7.8 Hz, 1H); 6.77 (d,
J = 8.1 Hz, 1H); 6.74 (d, J = 1.8 Hz, 1H); 6.64 (dd,
J = 2.1, 8.1 Hz, 1H); 5.46 (s, 1H); 4.09 (q, J = 6.9 Hz,
2H); 3.10–3.04 (m, 1H); 2.86–2.79 (m, 1H); 2.30 (s,
3H); 1.21 (t, J = 6.9 Hz, 3H); 1.20 (t, J = 7.2 Hz, 3H).
13C NMR (CD3OD/CDCl3 1:1, 50 MHz) d 168.3;
157.7; 153.2; 146.9; 140.0; 130.0; 118.9; 114.9; 114.4;
101.5; 60.7; 58.7; 25.7; 19.1; 14.8; 14.6. IR (neat) m
3253; 2974; 1692. MS (m/z) 321.36 [M+H]+.


4.1.17. Synthesis of 4-(3-hydroxy-phenyl)-6-methyl-2-
(benzylthio)-1,4-dihydro-pyrimidine-5-carboxylic acid
ethyl ester (19). Compound 19 (188 mg, 69%) was pre-
pared from 2-benzylisothiourea29 following the same
procedure as for 18. 1H NMR (CDCl3, 300 MHz) d
7.36–7.22 (m, 5H); 7.20 (t, J = 7.8 Hz, 1H); 6.89 (dd,
J = 0.6, 7.2 Hz, 1H); 6.78 (m, 1H); 6.77 (d,
J = 7.8 Hz, 1H); 5.65 (sb, 1H); 4.43 (d, J = 13.8 Hz,
2H); 4.14 (q, J = 6.6 Hz, 2H); 2.36 (s, 3H); 1.22 (t,
J = 7.2 Hz, 3H). 13C NMR (CDCl3, 50 MHz) d 167.1;
156.7; 154.0; 145.9; 137.4; 133.3; 130.0; 129.4; 129.0;
127.7; 119.1; 115.2; 114.4; 102.3; 60.5; 58.0; 30.1; 20.1;
14.6. IR (neat) m 3237; 2926; 1684. MS (m/z) 383.41
[M+H]+.


4.1.18. Synthesis of 5-furanoyl-4-(3-hydroxy-phenyl)-6-
methyl-2-thioxo-1,2,3,4-tetrahydro-pyrimidine (20).
Ethyl furoate (5.16 g, 40.0 mmol) in anhydrous acetone
(2.9 mL, 40.0 mmol) was added to a suspension of t-
BuOK (9.00 g, 80.0 mmol) in anhydrous toluene
(75 mL) at 0 �C. The mixture was stirred for 6 h at room
temperature before acetic acid (4.60 mL, 80.0 mmol)
and water (30 mL) were added. The organic layer was
washed with water, brine, dried over MgSO4, and
reduced in vacuo. Purification by silica gel chromatogra-
phy (Et2O/hexane 10:90) afforded 1-(furan-2-yl)butane-
1,3-dione (3.85 g, 63%) as a viscous oil that slowly
crystallized at room temperature. Both conjugated enol
and diketone forms are observed by NMR in a 80/20
ratio. 1H NMR (CDCl3, 300 MHz) enol form d 7.55
(dd, J = 0.9, 1.8 Hz, 1H); 7.13 (dd, J = 0.9, 3.6 Hz,
1H); 6.52 (dd, J = 1.8, 3.6 Hz, 1H); 6.05 (s, 1H); 2.12
(s, 3H); diketone form d 7.59 (dd, J = 0.9, 1.8 Hz, 1H);
7.25 (dd, J = 0.6, 3.6 Hz, 1H); 6.55 (dd, J = 1.8,

3.6 Hz, 1H); 3.94 (s, 1H); 2.28 (s, 3H). 13C NMR
(CDCl3, 75 MHz) enol form d 189.4; 176.0; 145.9;
145.8; 115.5; 112.4; 96.0; 24.4; diketone form d 201.3;
82.1; 150.4; 147.1; 118.5; 112.7; 54.2; 30.5. IR (neat) m
3130; 1586. MS (m/z) 153.07 [M+H]+. The latter com-
pound (643 mg, 4.2 mmol) was stirred with thiourea
(355 mg, 4.7 mmol), 3-hydroxybenzaldehyde (516 mg,
4.2 mmol), and ytterbium(III) trifluoromethanesulfo-
nate hydrate (288 mg, 0.5 mmol) in refluxing anhydrous
THF (10 mL) for 10 h. The solvent was removed under
vacuum and the residue was purified by silica gel chro-
matography (Et2O/hexane 50:50 to 100:0) to yield 20
(1.22 g, 93%) as a yellow powder. 1H NMR (DMSO-
d6, 200 MHz) d 10.27 (br s, 1H); 9.57 (d, J = 3.2 Hz,
1H); 9.43 (s, 1H); 7.92 (br s, 1H); 7.14 (d, J = 3.6 Hz,
1H); 7.06 (d, J = 7.8 Hz, 1H); 6.67–6.56 (m, 4H); 5.33
(d, J = 3.2 Hz, 1H); 1.90 (s, 3H). 13C NMR (CDCl3,
75 MHz) d 180.6; 174.0; 157.4; 152.6; 146.9; 144.2;
140.4; 129.5; 118.1; 116.8; 114.7; 113.2; 112.5; 109.5;
55.0; 17.1. IR (neat) m 3181 (b); 1614; 1590; 1563;
1212. MS (m/z) 315.15 [M+H]+.


4.1.19. Synthesis of 2-acetyl-4-(3-hydroxy-phenyl)-6-
methyl-2-thioxo-1,2,3,4-tetrahydro-pyrimidine-5-carbox-
ylic acid ethyl ester (21). Diacetylated compound 10
(52 mg, 0.14 mmol) in methyl alcohol/water (5 mL,
4:1) was stirred for 1 h with aqueous NaHCO3 saturated
solution (1 mL) at room temperature. The pH of the
solution was brought to 7 with diluted HCl before sol-
vent was removed under vacuum. The residue was sus-
pended in ethyl acetate and washed with water, dried
over MgSO4, reduced in vacuo, and purified by silica
gel chromatography (Et2O/hexane 50:50) to yield 21
(36 mg, 78%) as a slightly yellow powder. 1H NMR
(CDCl3, 300 MHz) d 8.62 (s, 1H); 7.15 (t, J = 7.8 Hz,
1H); 6.84 (d, J = 7.8 Hz, 1H); 6.79 (s, 1H); 6.74 (d,
J = 7.8 Hz, 1H); 6.64 (s, 1H); 4.22 (q, J = 7.0 Hz, 2H);
2.78 (s, 3H); 2.36 (s, 3H); 1.28 (t, J= 7.0 Hz, 3H). 13C
NMR (CDCl3, 50 MHz) d 178.3; 173.6; 165.3; 156.1;
143.5; 140.4; 130.1; 118.9; 115.3; 113.6; 108.4; 61.3;
53.8; 27.9; 17.6; 14.3. IR (neat) m 3270 (b); 2982. MS
(m/z) 335.36 [M+H]+.


4.1.20. Synthesis of 2-[2-(2-azido-ethoxy)-ethoxy]-ethyl-
amine (22). 1,2-Bis(2-chloroethoxy)-ethane (10.6 g,
56.7 mmol), sodium azide (12.0 g, 184.6 mmol), and so-
dium iodide (1.2 g, 8.0 mmol) were stirred in refluxing
acetonitrile (60 mL) for 7 d. The solvent was removed
under vacuum and diethyl ether (100 mL) was added.
The resulting suspension was successively washed with
water, aqueous Na2S2O5, water, and brine. The organic
layer was dried over MgSO4 and reduced in vacuo to
yield analytically pure 1,2-bis(2-azidoethoxy)-ethane
(11.2 g, 99%). 1H NMR (CDCl3, 300 MHz) d 3.71–
3.68 (m, 8H); 3.39 (t, J = 5.1 Hz, 4H). 13C NMR
(CDCl3, 75 MHz) d 71.2; 70.6; 51.1. MS (m/z) 200.78
[M+H]+. Triphenyl phosphine (9.09 g, 34.6 mmol) in
diethyl ether (50 mL) was added dropwise over a 3-h
period to 1,2-bis(2-azidoethoxy)-ethane (6.94 g,
34.6 mmol) in Et2O/THF/HCl 1 N (100 mL, 5:1:5) at
room temperature. The reaction mixture was vigorously
stirred for 12 h before the organic layer was washed with
HCl 4 N. The aqueous layer was then washed twice with
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diethyl ether and brought to pH 14 by adding sodium
hydroxide pellets. The resulting aqueous solution was
washed twice with CH2Cl2, the organic layers were
pulled, dried over MgSO4, and reduced under vacuum
to yield analytically pure compound 22 (6.01 g, 99%).
1H NMR (CDCl3, 300 MHz) d 3.62–3.57 (m, 6H); 3.49
(t, J = 5.1 Hz, 2H); 3.35 (t, J = 5.1 Hz, 2H); 2.84 (t,
J = 5.4 Hz, 2H); 2.32 (s, 2H). 13C NMR (CDCl3,
75 MHz) d 73.6; 70.9; 70.6; 70.4; 51.0; 42.0. MS (m/z)
174.96 [M+H]+.


4.1.21. Synthesis of 1-azido-5-[4-(3-hydroxy-phenyl)-6-
methyl-2-thioxo-1,2,3,4-tetrahydro-pyrimidine-5-carbox-
amido]-3-oxa-pentane (23). DCC (252 mg, 1.22 mmol)
was added to a mixture of acid 11 (265 mg, 1.00 mmol),
azidoamine 22 (188 mg, 1.08 mmol), and triethylamine
(200 lL, 1.43 mmol) in anhydrous THF (10 mL). The
solution was stirred at room temperature overnight.
The precipitate was removed by filtration, the filtrate
was reduced under vacuum, and the residue was puri-
fied by silica gel chromatography (EtOAc/CH2Cl2
80:20 to 100:0) to yield compound 23 (260 mg, 62%)
as a white solid. 1H NMR (CDCl3/CD3OD 1:1,
300 MHz) d 7.13 (t, J = 8.4 Hz, 1H); 6.73–6.71 (m,
3H); 5.24 (s, 1H); 3.61 (t, J = 4.8 Hz, 4H); 3.55–3.34
(m, 6H); 3.35 (t, J = 5.1 Hz, 2H); 2.07 (s, 3H). 13C
NMR (CDCl3/CD3OD 1:1, 50 MHz) d 174.0; 167.6;
157.7; 143.5; 134.7; 130.4; 118.2; 115.8; 113.7; 107.6;
70.6; 70.2; 70.1; 69.7; 56.7; 50.8; 39.6; 16.7. IR (neat)
m 3262 (b); 2924; 2360 (b); 2108. MS (m/z) 422.24
[M+H]+.


4.1.22. Synthesis of 1-amino-5-[4-(3-hydroxy-phenyl)-6-
methyl-2-thioxo-1,2,3,4-tetrahydro-pyrimidine-5-carbox-
amido]-3-oxa-pentane (24). Azide 23 (210 mg,
0.50 mmol) and triphenyl phosphine (198 mg, 0.75
mmol) were stirred with water (250 lL) in THF
(5 mL) at room temperature overnight. THF was re-
moved under reduced pressure, water (10 mL) was
added, and the solution was washed twice with CH2Cl2.
The aqueous layer was lyophilized to yield analytically
pure amine 24 (159 mg, 81%). 1H NMR (CD3OD,
300 MHz) d 6.91 (t, J = 8.1 Hz, 1H); 6.52–6.45 (m,
3H); 5.05 (s, 1H); 3.30–3.02 (m, 10H); 2.53 (t,
J = 5.4 Hz, 2H); 1.83 (s, 3H). 13C NMR (CDCl3,
75 MHz) d 175.6; 169.2; 159.3; 145.2; 135.0; 130.9;
118.5; 116.3; 114.7; 108.9; 73.1; 71.2; 71.1; 70.3; 57.6;
41.9; 40.4; 16.8. IR (neat) m 3257 (b); 2926; 2360. MS
(m/z) 396.21 [M+H]+.


4.1.23. Synthesis of monastrol affinity matrix (25). NHS-
activated Sepharose 4 Fast Flow (16–23 lmol/mL,
6 mL) was washed with HCl 1 mM (75 mL) at 4 �C
and suspended in water (10 mL). Amine 24 (56 mg,
0.14 mmol) was added, the suspension was brought to
pH 7 with Et3N and gently shaken overnight at room
temperature. The resin was filtered, washed successively
with water (10 mL), 1 mM ethanolamine (20 mL, pH 8),
50 mM Tris buffer (10 mL, pH 8), and 70 mM AcOH
(10 mL, pH 4). Tris buffer and AcOH washings were re-
peated twice and, finally, the resin was extensively
washed with ultra pure water, and stored in water/ethyl
alcohol (8:2) until use.

The control (non-derivatized) chromatography matrix
was prepared differently. NHS-activated Sepharose 4
Fast Flow (16–23 lmol/mL, 1 mL) was washed with
HCl 1 mM (15 mL) at 4 �C and suspended in 100 mM
ethanolamine (10 mL). The suspension was gently sha-
ken for 1 h, extensively washed with ultra pure water
and stored in water/ethyl alcohol (8:2) until use.


4.2. ATPase assays


Measurements of ATPase rates in the absence and pres-
ence of MTs were performed in duplicate at room tem-
perature. Steady-state basal and MT-activated ATPase
rates were measured with Eg52–386 using the pyruvate ki-
nase/lactate dehydrogenase-linked assay.24 To test the
inhibition of MT-stimulated Eg5 ATPase activity, Eg5
was used at 40 nM in the presence of 1 lM MTs. The as-
says were performed in the presence of DMSO (2.5%).
The maximal inhibitor concentrations tested were
500 lM. The data were treated using Kaleidagraph 3.0
(Synergy Software). The inhibition of the basal Eg5
ATPase activity (in the absence of MTs) was measured
in the presence of 1.0 lM Eg5. Paralleled experiments
were carried out with acetylated monastrol derivatives
8, 9, 10, and 21 with prior incubation of the drugs
(2 mM) for 12 h at 37 �C in Dulbecco’s modified Eagle’s
medium (GIBCO, BRL) supplemented with 10% fetal
bovine serum (Hyclone) and subsequent measurement
of the basal Eg5 ATPase activity.


4.3. Cell-based assays


HeLa cells were grown on Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum
and maintained in a humid incubator at 37 �C in 5%
CO2. Cells were left to adhere for at least 24 h on
poly-DD-lysine-coated glass coverslips before the addition
of the drugs. Following 7-h incubation with drugs, cells
were fixed with 1% paraformaldehyde-PBS at 37 �C for
3 min followed by 5-min incubation in 100% methanol
at �20 �C. Coverslips were then washed with PBS and
cells were stained with anti-b-tubulin monoclonal anti-
bodies for 1 h and then with an FITC-conjugated goat
anti-mouse secondary antibody (Jakson ImmunoRe-
search Laboratories, West Grove, PA USA) for 30 min
and counterstained with propidium iodide. Images were
collected with a MRC-600 Laser Scanning Confocal
apparatus (BioRAD Laboratories) coupled to a Nikon
Optiphot microscope.


Cells were analyzed by two-dimensional flow cytome-
try using MPM-2 monoclonal antibody recognizing
mitosis specific phosphoepitopes,30 and propidium
iodide, a marker of DNA content. Cells were fixed,
incubated with MPM-2 antibodies, and labeled with
FITC-conjugated goat anti-mouse IgG secondary anti-
bodies and propidium iodide as described previously.31


Data were collected using a FACScan flow cytometer
(Becton Dickinson, San Jose, CA), with propidium
iodide in the first, and MPM-2 in the second dimen-
sion, using Cellquest software, and for each sample
10,000 events were collected and aggregated cells were
gated out.
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4.4. Protocol for Eg5 purification by affinity
chromatography


HeLa cells were plated in 10 · 15-cm plates and blocked
in mitosis with 100 ng/mL nocodazole (SIGMA). All
subsequent steps were performed at 4 �C. Mitotic cells
were collected by shake off, washed with PBS, resus-
pended in lysis buffer (20 mM PIPES, 1 mM EGTA,
1 mM MgCl2, 0.2 M NaCl, 1 mM DTT), and then lysed
by homogenization. Following centrifugation at 100 kg
for 1 h, the supernatant was collected (3 mL; protein
content: 2.0 mg/mL) and loaded onto a column condi-
tioned with the control (non-derivatized) chromatogra-
phy matrix (1 mL). The flow-through was directly
loaded onto a second column packed with the affinity
matrix 25 (Sepharose-monastrol beads; 1 mL; flow-
through: 3 mL; protein content: 1.2 mg/mL). Both col-
umns were washed with 5 mL of lysis buffer. Material
from the non-active first column was eluted with 2 M
NaCl, whereas bound Eg5 was released from the second
column with 5 mL of lysis buffer supplemented with
1 mM STLC. The eluates were collected as 500 lL frac-
tions. The eluted fractions with Eg5 contained 30–70 lg/
mL of protein. Equal volumes from each fraction were
taken and SDS gel samples were prepared in Lammli
buffer and loaded in 8% SDS-gel electrophoresis fol-
lowed by transfer to nitrocellulose sheets using a semi-
dry transfer apparatus. Blots were incubated with
rabbit anti-Eg5 antibodies (directed against the specific
C-terminal part of the human protein) used at 1/1000
dilution and then exposed to horseradish peroxidase-
conjugated goat anti-rabbit IgG, diluted 1/5000, and
developed by echochemiluminescence (ECL, Amer-
sham). A similar procedure was applied using the con-
trol resin.


4.5. Protein identification by mass spectrometry


Proteins from the eluted fractions were further separated
by 10% SDS–PAGE with a MiniProtean 3 cell (Bio-
Rad, Munich, Germany), stained with Coomassie
G-250, and identified by peptide mass fingerprinting
and tandem mass spectrometry (MS/MS). The gel bands
were excised with a scalpel for in-gel digestion with
0.1 lg of trypsin in 20 lL of 50 mM ammonium hydro-
genocarbonate, pH 7.8. An ULTRAFLEX II (Bruker
Daltonics, Bremen, Germany) MALDI-TOF/TOF mass
spectrometer was used with a mass accuracy of 50 ppm
after external calibration. The samples were analyzed in
the MS mode (for generation of peptide mass finger-
prints) as well as in the TOF/TOF mode (for fragmenta-
tion analysis of the 1–2 most intense peaks). The matrix
used was a-cyano-4-hydroxycinnamic acid (20 mg/mL)
in 0.3% aqueous trifluoroacetic acid/acetonitrile (2:1).
The samples were applied to a stainless steel sample
holder and introduced into the mass spectrometer after
drying. Mass spectra were transformed into peak lists
by using FlexAnalysis v.2.4 (Bruker Daltonics, Bremen,
Germany). The peak lists of the MS and MS/MS spectra
were merged by BioTools v.3.0 (Bruker Daltonics,
Bremen, Germany). Proteins were identified using an
in-house copy of the protein identification software pro-
gram Mascot.32 Mass spectra were searched against the

Swiss-Prot database, setting mass accuracy to 50 ppm
(MALDI-TOF/TOF) for peptide mass fingerprinting
and 0.4 Da for MS/MS, allowing for up to one missed
cleavage site, pyro-Glu formation at N-terminal Gln,
oxidation of methionine, N-terminal acetylation of the
protein, and modification of cysteines by acrylamide.
The MS/MS spectra were further manually confirmed
considering the criteria for MALDI-TOF/TOF de-
scribed elsewhere.33
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nale, de la Recherche et de la Technologie). We thank
Medhi Boulifa for assistance in the preparation of com-
pounds 18 and 19, Anne Blangy for providing us with
the Eg5 antibody, David Lemaire for mass spectrometry
analysis, and Rose-Laure Indurato for excellent techni-
cal assistance during the cell-based assays.

References and notes


1. Vale, R. D.; Reese, T. S.; Sheetz, M. P. Cell 1985, 42, 39–
50.


2. Coleman, P. J.; Fraley, M. E. Expert Opin. Ther. Pat.
2004, 14, 1659–1667.


3. Duhl, D. M.; Renhowe, P. A. Curr. Opin. Drug Discov.
Dev. 2005, 8, 431–436.


4. Bergnes, G.; Brejc, K.; Belmont, L. Curr. Top. Med.
Chem. 2005, 5, 127–145.


5. Pellegrini, F.; Budman, D. R. Cancer Invest. 2005, 23,
264–273.


6. Quasthoff, S.; Hartung, H. P. J. Neurol. 2002, 249, 9–17.
7. Sawin, K. E.; Mitchison, T. J. Proc. Natl. Acad. Sci.


U.S.A. 1995, 92, 4289–4293.
8. Blangy, A.; Lane, H. A.; d’Herin, P.; Harper, M.; Kress,


M.; Nigg, E. A. Cell 1995, 83, 1159–1169.
9. Mayer, T. U.; Kapoor, T. M.; Haggarty, S. J.; King, R.


W.; Schreiber, S. L.; Mitchison, T. J. Science 1999, 286,
971–974.


10. Kapoor, T. M.; Mayer, T. U.; Coughlin, M. L.; Mitch-
ison, T. J. J. Cell Biol. 2000, 150, 975–988.


11. Maliga, Z.; Kapoor, T. M.; Mitchison, T. J. Chem. Biol.
2002, 9, 989–996.


12. Haque, S. A.; Hasaka, T. P.; Brooks, A. D.; Lobanov, P.
V.; Baas, P. W. Cell Motil. Cytoskel. 2004, 58, 10–16.


13. Yoon, S. Y.; Choi, J. E.; Huh, J. W.; Hwang, O.; Lee, H.
S.; Hong, H. N.; Kim, D. Cell Motil. Cytoskel. 2005, 60,
181–190.


14. Biginelli, P. Gazz. Chim. Ital. 1893, 23, 360–413.
15. Gartner, M.; Sunder-Plassmann, N.; Seiler, J.; Utz, M.;


Vernos, I.; Surrey, T.; Giannis, A. ChemBioChem 2005, 6,
1–6.


16. Maliga, Z.; Mitchison, T. J. BMC Chem. Biol. 2006, 6, 2.
17. Kappe, C. O. Tetrahedron 1993, 49, 6937–6963.
18. Kappe, C. O. Acc. Chem. Res. 2000, 33, 879–888.
19. Atwal, K. S.; Rovnyak, G. C.; Schwartz, J. J. Org. Chem.


1989, 54, 5898–5907.
20. DeBonis, S.; Simorre, J. P.; Crevel, I.; Lebeau, L.;


Skoufias, D. A.; Blangy, A.; Ebel, C.; Gans, P.; Cross,
R.; Hackney, D. D.; Wade, R. H.; Kozielski, F. Biochem-
istry 2003, 42, 338–349.







6488 E. Klein et al. / Bioorg. Med. Chem. 15 (2007) 6474–6488

21. DeBonis, S.; Skoufias, D. A.; Lebeau, L.; Lopez, R.;
Robin, G.; Margolis, R. L.; Wade, R. H.; Kozielski, F.
Mol. Cancer Ther. 2004, 3, 1079–1090.


22. Yan, Y. W.; Sardana, V.; Xu, B.; Homnick, C.; Hal-
czenko, W.; Buser, C. A.; Schaber, M.; Hartman, G. D.;
Huber, H. E.; Kuo, L. C. J. Mol. Biol. 2004, 335, 547–554.


23. Garcia-Saez, I.; DeBonis, S.; Lopez, R.; Trucco, F.;
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Abstract—The PIM-1 protein, the product of the pim-1 oncogene, is a serine/threonine kinase. Dysregulation of the PIM-1 kinase
has been implicated in the development of human malignancies including lymphomas, leukemias, and prostate cancer. Comparative
molecular field analysis (CoMFA) is a 3-D QSAR technique that has been widely used, with notable success, to correlate biological
activity with the steric and electrostatic properties of ligands. We have used a set of 15 flavonoid inhibitors of the PIM-1 kinase,
aligned de novo by common substructure, to generate a CoMFA model for the purpose of elucidating the steric and electrostatic
properties involved in flavonoid binding to the PIM-1 kinase. Partial least squares correlation between observed and predicted
inhibitor potency (expressed as �logIC50), using a non-cross-validated partial least squares analysis, generated a non-cross-vali-
dated q2 = 0.805 for the training set (n = 15) of flavonoids. The CoMFA generated steric map indicated that the PIM-1-binding site
was sterically hindered, leading to more efficient binding of planar molecules over (R) or (S) compounds. The electrostatic map iden-
tified that positive charges near the flavonoid atom C8 and negative charges near C4 0 increased flavonoid binding. The CoMFA
model accurately predicted the potency of a test set of flavonoids (n = 6), generating a correlation between observed and predicted
potency of q2 = 0.825. CoMFA models generated from additional alignment rules, which were guided by co-crystal structure ligand
orientations, did not improve the correlative value of the model. Superimposing the PIM-1 kinase crystal structure onto the CoMFA
contours validated the steric and electrostatic maps, elucidating the amino acid residues that potentially contribute to the CoMFA
fields. Thus we have generated the first predictive model that may be used for the rational design of small-molecule inhibitors of the
PIM-1 kinase.
� 2007 Published by Elsevier Ltd.

1. Introduction


The PIM-1 protein is a serine/threonine kinase1–3 that has
been shown to be involved in the regulation of cell sur-
vival, differentiation, proliferation, and tumorigenesis
(for review, see Refs. 4,5). The pim-1 gene was first
identified as a preferential proviral insertion site of
Moloney Murine Leukemia Virus in virally induced
T-cell lymphomas in mice.6 In humans, pim-1 is
expressed in normal lymphoid tissues (bone marrow,
spleen, thymus, and lymph nodes), testis, and circulating
myeloid cells.7,8 Although its specific role is not known,
the PIM-1 kinase has been shown to be an integral part
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of growth factor signaling.9–17 Additionally, the PIM-1
kinase is involved in regulating the activity of phospha-
tases18,19 and transcription factors,20,21 and has been
shown to phosphorylate heterochromatin protein 1
(HP1),22 Pim-1 associated protein 1 (PAP-1),23 and the
nuclear mitotic apparatus protein (NuMA),24 all nuclear
proteins involved in chromatin remodeling. The PIM-1
kinase has also been shown to phosphorylate and
inactivate the pro-apoptotic protein BAD.25,26


While the PIM-1 kinase is involved in numerous signal-
ing events in normal cells, pim-1 knockout mice only
exhibit a minimal phenotype. The near normal pheno-
type of these mice is attributed to functional compensa-
tion by other members of the PIM family of kinases,
namely PIM-2 and PIM-3.27 Not surprisingly, hemato-
poietic cells taken from triple knockout mice devoid of
PIM-1, PIM-2, and PIM-3 demonstrated to have an
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impaired response to growth factors.28 While the
absence of pim-1 showed minimal adverse effects in
mice, over-expression of pim-1 has been shown to have
significant effects on cell survival. In vitro studies reveal
that enforced expression of pim-1 caused increased
cellular proliferation, decreased apoptosis and cell
death, increased cell survival,29 and protection from
toxin-induced cell death30 in the murine bone marrow
FDCP1 cell line. Enforced expression of human pim-1
in FDCP1 cells also resulted in IL-3-independent cell
survival.31 Furthermore, pim-1 has been shown to
cooperate with both c-myc and N-myc in hematopoietic
oncogenesis8 and significant over-expression of pim-1
has been demonstrated in clinical cases of lymphoma,32,33


leukemia,7 and prostate cancer.34,35


Comparative molecular field analysis (CoMFA) is a
three-dimensional quantitative molecular modeling
technique used to study relationships between ligand
structure (steric and electrostatic properties) and biolog-
ical activity. The final validated model can be used for
the design of novel ligands and to predict the functional
activity of those ligands before synthesis.


In addition to its successful use to evaluate the properties
of the binding sites of kinase-specific inhibitors,36–38 the
CoMFA methodology has shown utility in evaluating
the ligand-binding sites of numerous receptors,39–54


calcium channels,55 chromosome p450 enzymes,56–60


human immunodeficiency virus-1 integrase,61 and
b-tubulin.62 In each case the CoMFA models demon-
strated a strong correlation between predicted and exper-
imental ligand activity.


We have constructed CoMFA models, aligned with and
without crystal structure guidance, for flavonoid ligands
of the PIM-1 kinase using a training set of 15 flavonoid
probes for which we have determined the inhibitory
potency against the PIM-1 kinase. Here we describe
the electrostatic and steric properties of the CoMFA
model. We demonstrated its utility as a predictive model
of flavonoid potency using a test set of six flavonoids
that were not included in the training set. We also vali-
dated the model by overlay with a PIM-1 kinase crystal
structure to elucidate the amino acid residues that may
provide an explanation of the CoMFA contours.

2. Results


Simple correlations between PIM-1 kinase inhibition
and flavonoid logP (Fig. 1) or molecule dipole (Fig. 2)
resulted in poor correlations. This suggested that other
parameters are important for kinase inhibition.


Hence we generated CoMFA models of flavonoid inhib-
itors of the PIM-1 kinase. The structures and corre-
sponding �logIC50 values for the training set of
flavonoids are presented in Table 1. A cross-validated
partial least squares analysis determined the optimum
number of components for use in non-cross-validated
analysis to be 2 (Table 2).

Using the alignment rule for model I (Fig. 3), a non-
cross-validated partial least squares regression analysis
of potency, expressed as �logIC50, and CoMFA
descriptors generated a CoMFA model with q2 = 0.805
for the training set (see Table 1 and Fig. 4a). The CoM-
FA model provided an improved correlation to flavo-
noid potency compared with logP (R2 = 0.4803) or
dipole moment (R2 = 0.1749) for the same set of data.


We validated the CoMFA model by determining how
accurately it could predict the IC50 values of a test set
of compounds (flavonoids not included in the training
set; Table 3). We compared the CoMFA predicted
�logIC50 with the experimental �logIC50 for each fla-
vonoid in the test set. The model showed a strong corre-
lation between predicted �logIC50 and experimental
�logIC50 with a correlation coefficient of R2 = 0.829
(Fig. 4b). These data demonstrated that the CoMFA
model could successfully predict the potency of flavo-
noid inhibitors of the PIM-1 kinase not present in the
training set.


The steric and electrostatic contributions to the model
were determined to be 0.626 and 0.374, respectively,
and are represented graphically in Figure 5. For electro-
static contributions the model predicts that increased
binding will result by placing more negative charge near
the flavonoid C4 0 position and more positive charges
near C8. For steric contributions the model predicts that







Table 1. Structures and non-cross-validated PLS analysis for the training set using multiple alignments
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1-10, 12, 13


Compound R1 R2 R3 R4 R5 R6 R7 R8 R9 R10


1 (quercetagetin) OH OH OH OH H H OH OH H H


2 (gossypetin) OH OH H OH OH H OH OH H H


3 H OH H OH H H OH OH OH H


4 (myricetin) OH OH H OH H H OH OH OH H


5 (apigenin) H OH H OH H H H OH H H


6 (quercetin) OH OH H OH H H OH OH H H


7 (luteolin) H OH H OH H H OH OH H H


8 (morin) OH OH H OH H OH H OH H H


9 H H H OH H H OH H H H


10 H H H OH H H OH OH OH H


12 H H H OH H H H H H H


13 H H H OH OH H H OH H H


Compound Model I Model II Model III


�logIC50 (lM) �logIC50 (lM) �logIC50 (lM)


Obsd Preda Res Preda Res Preda Res


1 0.47 0.20 0.27 0.28 0.19 0.32 0.15


2 0.37 0.21 0.16 0.31 0.06 0.34 0.03


3 0.19 0.23 �0.05 0.29 �0.11 0.02 0.17


4 0.11 0.28 �0.18 �0.10 0.21 0.005 0.1


5 0.03 0.09 �0.06 0.19 �0.17 0.21 �0.18


6 �0.04 �0.25 0.21 �0.29 0.24 �0.39 0.35


7 �0.20 �0.12 �0.08 �0.16 �0.04 �0.19 �0.01


8 �0.43 �0.78 0.35 �0.82 0.39 �0.80 0.37


9 �0.66 �0.98 0.33 �0.91 0.25 �0.88 0.22


10 �0.89 �0.86 �0.03 �0.84 �0.05 �0.67 �0.23


11 �1.10 �1.76 0.67 �1.77 0.68 �1.82 0.72


12 �1.15 �0.98 �0.17 �0.91 �0.23 �0.89 �0.26


13 �1.34 �0.89 �0.46 �0.89 �0.45 �0.86 �0.48


14-(R) �1.78 �1.05 �0.73 �1.03 �0.75 �1.01 �0.77


15-(S) �2.03 �1.78 �0.25 �1.81 �0.22 �1.84 �0.19


Obsd, observed value; pred, predicted value; res, residual.
a Generated from CoMFA non-cross-validated run (see Section 4). R2 = 0.805 (model I), 0.800 (model II), 0.781 (model III).


Table 2. Cross-validated partial least squares analysis using multiple alignments


Components Model I Model II Model III


s R2 s R2 s R2


1 0.682 0.303 0.686 0.296 0.711 0.244


2 0.610 0.487 0.630 0.452 0.654 0.409


3 0.679 0.416 0.669 0.433 0.696 0.386


4 0.691 0.450 0.731 0.385 0.728 0.390


5 0.778 0.374 0.760 0.401 0.787 0.358


6 0.861 0.318 0.819 0.382 0.864 0.312


s, standard error for the estimate of �logIC50; R2, correlation coefficient. Optimum number of components for model I is 2 (R2 = 0.487), model II is 2


(R2 = 0.452), model III is 2 (R2 = 0.409).
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adding bulk near the C3 0 and C6 0 positions will improve
binding.


We examined the interactions of the most potent PIM-1
antagonist, quercetagetin (IC50 = 0.34 lM), and those of
the least potent flavonoid, compound 15 (IC50 =

107 lM), with the steric and electrostatic contours of
the model. The model elucidates at least one reason for
the dramatic differences in potency between these two fla-
vonoid compounds. As illustrated in Figure 6, querce-
tagetin lies almost completely flat within the contours.
In this position the C3 0 and C4 0 hydroxyl groups on the
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B ring are directed toward the area revealed by the model
as favorable for negative charges (red contours). In con-
trast, compound 15 has a chiral center at the C2 position
and does not lie flat within the contours (because of the
sp3 hybridization). The B ring of this flavonoid is posi-
tioned deep within a region where the model predicted
less bulk would improve binding (yellow contour). Hence
the model elucidates the steric interactions that make
compound 15 a poor PIM-1 kinase inhibitor, that is,
the position of the B ring produces steric hindrances that
discourage flavonoid binding.


We sought to further validate the CoMFA model by
comparing the steric and electrostatic contours of the
model with a PIM-1 kinase crystal structure. We have
previously reported the crystal structure of the PIM-1 ki-
nase in complex with quercetagetin.63 We superimposed
the quercetagetin in the PIM-1 co-crystal structure onto
the quercetagetin in the CoMFA training set and exam-
ined the amino acid residues involved in flavonoid bind-
ing. In the areas where the model predicts improved
binding by the addition of more positive charges, there
are potential interactions with negatively charged acidic
side chains (Glu121, Asp126, Asp131, Glu171). Similarly,
the electrostatic contour favoring negative charges envel-
ops the positively charged side chain of Lys67 (Fig. 6a).


The steric fields were also confirmed by the PIM-1 ki-
nase crystal structure. The bulky side chains of Val52,
Ala65, and Leu120 sterically hinder large groups in the

region identified in the crystal structure that corresponds
to regions in the CoMFA model where reduced bulk will
improve binding. The model also identified a solvent
exposed area near C7 as a region where reduced bulk
would improve binding. Additionally, the side chain
of Phe49 and those of Ile104 and Ile185 form two hydropho-
bic pockets. The model accurately identified both of
these pockets as regions where the addition of bulk would
improve binding (Fig. 6b). Hence, a comparison of the
electrostatic and steric CoMFA fields with the PIM-1
kinase crystal structure validates the striking accuracy
of this CoMFA model of the PIM-1 kinase.


To address the finding that flavonoids bind to the PIM-1
kinase in at least two different orientations we created
additional CoMFA models using alternate alignment
rules (Fig. 3). Model II, in which myricetin was aligned
in the training set of compounds according to its crystal
pose rather than by superimposition onto quercetagetin
over their common substructure, showed no improve-
ment over model I to predict the potencies of the test
set of compounds (Fig. 4). Similarly, model III, in which
myricetin and compounds 3 and 10 were aligned in the
training set according to the crystal pose of myricetin,
showed no improvement over model I in predicting
the potencies of the test set compounds (Fig. 4).


In light of the sterically restricted nature of the PIM-1
kinase ATP binding site we evaluated the relationship
between volume and potency for flavonoid inhibitors
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of the PIM-1 kinase. Figure 7 demonstrates what ap-
pears to be an optimum volume near 218 Å3 (the volume
of quercetagetin) for flavonoid antagonists of PIM-1.
Flavonoids with volumes larger or smaller than 218 Å3


are progressively worse inhibitors of the PIM-1 kinase.

3. Discussion


Here we have described the generation of the first CoM-
FA model for PIM-1 kinase ligands using flavonoid
probes. Sixty-three percent of the contributions to the
model were steric, while only 37% were electrostatic,
suggesting that flavonoid binding to the PIM-1 kinase
is influenced predominantly by steric factors rather than
by electrostatic factors.


The steric contours reveal that the PIM-1 kinase ATP-
binding site is sterically hindered above and below the

plane of the bound flavonoid. It is likely that the planar
conformation of the flavone class of compounds is what
allows them to fit well into the sterically restricted space
within the PIM-1 kinase ATP-binding site. In contrast,
(R)- and (S)-flavanones (compounds 11, 14, and 15),
which have a chiral carbon at the C2 position, are infe-
rior PIM-1 kinase antagonists compared to the flavones
(see Fig. 6 and Table 1). Our model was able to predict
the relative order in regard to enantioselective inhibition
(R > S) of compounds 14 and 15. It appears that a pla-
nar conformation is advantageous for inhibition and
presumably would not be limited to the flavonoid class
of compounds. It is more likely that this favorable char-
acteristic will be found in small-molecule inhibitors of
the PIM-1 kinase as a group.


As demonstrated in Figure 7, the volume of the ligand
also appears to play a role in the potency of flavonoid
compounds as PIM-1 kinase antagonists. This feature







Table 3. Observed and predicted potencies for the test set using multiple alignments
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Compound Model I Model II Model III


�log IC50 (lM) �logIC50 (lM) �logIC50 (lM)


Obsd Preda Res Preda Res Preda Res


16 (fisetin) 0.07 0.20 �0.13 0.28 �0.21 0.30 �0.23


17 0.01 0.10 �0.09 0.16 �0.15 0.20 �0.19


18 (kaempferol) �0.11 �0.41 0.30 �0.42 0.31 �0.46 0.35


19 �0.66 �0.89 0.23 �0.90 0.24 �0.89 0.23


20 �0.92 �0.77 �0.15 �0.79 �0.13 �0.78 �0.14


21 �1.18 �0.94 �0.24 �0.90 �0.28 �0.87 �0.31


Obsd, observed value; pred, predicted value; res, residual.
a Generated from CoMFA non-cross-validated run (see Section 4).


Figure 5. Comparison of the most and least potent flavonoid inhibitors of the PIM-1 kinase within the contours of the CoMFA model.


Quercetagetin, the most potent inhibitor, is pictured in gray. (S)-5,7-Dihydroxyflavanone (15), the poorest inhibitor, is pictured in purple. For the


electrostatic contours increased binding is predicted by placing more positive (+) charges near blue areas and more negative (�) charges near red


areas. The steric contours predict increased binding by placing more bulk near green areas and less bulk near yellow areas.
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is related to the sterically restricted nature of the bind-
ing site. It appears that the potency of a flavonoid is
reduced when the volume of the flavonoid is too small
to adequately fill the ATP-binding pocket. Similarly, if
the volume of the flavonoid is too large the restrictive
nature of the binding pocket results in reduced effi-
ciency of binding and inferior potency. A volume
approaching 218 Å3, the volume of quercetagetin,
appears near optimal for flavonoid inhibitors of the
PIM-1 kinase.

The CoMFA model generated a superior correlation to
observed flavonoid potency than simple correlation to
either logP or dipole moment. It is important to note
that the flavonoid potencies used to generate the CoM-
FA model were determined using a solid phase in vitro
kinase assay. Because logP is a predictive measure of
absorption, it is plausible that determining the flavonoid
potencies using a cellular assay would improve the
correlation between logP and observed flavonoid
potency. Nonetheless, the utility of the CoMFA model







Figure 6. Characterization of the electrostatic and steric CoMFA fields with a superimposed PIM-1 kinase crystal structure. The crystal structure of


the PIM-1 kinase in complex with quercetagetin is superimposed on the CoMFA fields using the positions of quercetagetin in the crystal and in the


model. For clarity, only the amino acid residues contributing to the properties of a CoMFA contour are shown. The pictured flavonoid is the


CoMFA model quercetagetin structure; to reduce visual clutter the PIM-1 crystal quercetagetin structure is not shown. (a) For the electrostatic


contours increased binding is predicted by placing more positive (+) charges near blue areas and more negative (�) charges near red areas. (b) The


steric contours predict increased binding by placing more bulk near green areas and less bulk near yellow areas.
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Figure 7. The volume of a flavonoid is related to its potency as an


inhibitor of the PIM-1 kinase. The labels on the points represent the


volume of each inhibitor. The bold numbers in parentheses identify the


compound according to number as presented in Table 1.
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as a predictive model of flavonoid potency was demon-
strated by its ability to accurately predict the potency of
the test set of flavonoids. These data suggest that the

model may be an effective tool for the in silico design
and prediction of additional flavonoid inhibitors of the
PIM-1 kinase. Further experiments will be conducted
to determine the accuracy of using the model to deter-
mine the potency of small molecules that are not in
the flavonoid class of compounds.


Additionally, the PIM-1 kinase crystal structure
strongly supports the CoMFA model by providing rea-
sonable rationale in regard to the amino acid residues
that may contribute to the steric and electrostatic con-
tours of the model. This type of analysis is fairly unique,
as CoMFA models are usually employed when the
structure of the enzyme or receptor protein is unknown.
Similar types of analyses, where the contours of a CoM-
FA model for a protein were combined with a crystal
structure of the enzyme, have been described.36,65–68 In
each case, as in our case, the combination of the CoM-
FA contours with the enzyme structure elucidated
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specific potential ligand–enzyme interactions and al-
lowed for a more informed and predictive structure-
based design effort.


Our analysis elucidated the three-dimensional contribu-
tions of specific amino acid residues to the steric and
electrostatic properties of the PIM-1 kinase ATP-bind-
ing site. Results from these studies may provide invalu-
able information for the design of potent, selective
inhibitors of the PIM-1 kinase.


Quercetagetin, quercetin, myricetin, and compound 3
share a common flavone scaffold and differ only in the
number and positions of substituted hydroxyl groups
onto the flavone backbone. Hence, our previous work
demonstrating that these flavones do not all bind to
the PIM-1 kinase in the same orientation was quite
unexpected.63


One of the weaknesses of CoMFA is the choice of the
alignment rule. We show for the first time that caution
must be used in aligning compounds even when they
appear to have a common pharmacophore. The varied
orientation of flavonoid binding to the PIM-1 kinase
presented a potential limitation of the CoMFA model.
The alignment rule used to create model I did not take
into account the varied binding orientations (crystal
poses) that could be present in the training set of flavo-
noids. However, alignment rules incorporating the crys-
tal orientations of compounds in the training set (model
II) did not improve the ability of the model to predict
the potencies of the test set of compounds. This unique
example provides strong evidence of the robustness in a
correlated partial least squares in regard to establishing
alignment rules.


It should be noted that, as a class of compounds,
flavonoids have been shown to be inhibitors of other
kinases in addition to the PIM-1 kinase. Protein
kinase C69 and protein kinase A70 activity have been
shown to be inhibited by flavonoids, with IC50 values
in the millimolar range. In contrast, flavonoids inhibit
the PIM-1 kinase in the micromolar and submicromolar
ranges.


Flavonoids are promiscuous compounds, in that their
effect is not limited to the kinase class of enzymes.
Flavonoids have been shown to induce mammalian
topoisomerase II-dependent cleavage,71 and inhibit both
mitochondrial NADH-oxidase72 and HIV-1 integrase.73


Flavonoids have also been shown to inhibit soybean
lipoxygenase and stimulate cyclooxygenase.74 Gastric
H+, K+-ATPase,75 reverse transcriptases,76 and DNA
and RNA polymerases76 are also inhibited by flavo-
noids. Common to many of these studies, regardless of
the target enzyme, is the observation that the polyhydr-
oxylated core plays a major role in the potency of flavo-
noids. This polyhydroxylation is also an important
contributor to flavonoid promiscuity.


Comparing the hydroxylation patterns of quercetagetin
and myricetin, as in Figure 3d, suggests that the tri-
hydroxylated ring of the flavonoids is preferentially ori-

ented toward the same region when bound to the PIM-1
kinase. This general rule appears true whether the tri-
hydroxylated ring is ring A (as in quercetagetin) or ring
B (as in myricetin). An alignment rule based on this gen-
eral rule would require compounds 3 and 10 to bind to
the PIM-1 kinase in an orientation similar to myricetin,
rather than quercetagetin. Such an alignment was
employed for model III, with no improvement in the
predictive value of the model.


The structure of myricetin is similar to that of quercetage-
tin, hence the two compounds share similar properties
when aligned according to their common substructure
(as in model I). Interestingly, when aligned according to
their crystal orientations (as in models II and III) these
two compounds still share similar spatial electrostatic
and steric properties (see Fig. 3). This relationship likely
contributes to the success of our model. Our findings
demonstrate the utility of ligand-based methods, such as
CoMFA, in elucidating structure activity relationships;
particularly in cases were the binding orientations of
ligands are unknown.


Thus the outcome of the three predictive models pre-
sented here demonstrates that with our training and test
set of compounds CoMFA is sufficiently robust to pro-
vide predictive models despite the varied binding orien-
tations of flavonoids to the PIM-1 kinase. The utility of
our model has been demonstrated by its successful use
to predict the potencies of the test set of flavonoids
(r2 = 0.829). Hence we present here the first predictive
model that may be used for the rational design of
small-molecule PIM-1 kinase inhibitors.

4. Methods


4.1. PIM-1 activity


The IC50’s used in the CoMFA were recently reported
for PIM-1 kinase activity.63 These values were used
without correction or normalization.


4.2. Molecular modeling


The octanol–water partition coefficient (log P) for each
flavonoid was calculated using Chemdraw version 6.0
(Cambridgesoft, Cambridge, MA). Molecular dipoles
were calculated using MOPAC with default settings.
The molecular volume (Å3) of each compound was cal-
culated in SYBYL. The structures and IC50 values of the
set of flavonoids that form the training set are listed in
Table 1. Table 3 lists the structures and IC50 values
for the flavonoids that form the test set.


The structures of all of the compounds were constructed
in the BUILD/EDIT mode of SYBYL and energy-min-
imized by the conjugate gradient method using the Tri-
pos force field64 from a starting geometry of PIM-1
bound quercetagetin (2O3P). The flavonoids in the
training and the test sets have a common double six-
membered ring structure; hence atoms in this common
sub-structure were used to create the alignment rule
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for model I. All of the structures in the training set were
aligned over the atoms C4, C5, C6, C7, and C8 of
quercetagetin from the co-crystal structure with the
PIM-1 kinase. Similarly, the flavonoids in the test set
were also aligned over the atoms C4, C5, C6, C7, and
C8. CoMFA, using default parameters, was calculated
in the QSAR option of SYBYL 6.5. The CoMFA grid
spacing was 2.0 Å in the x, y, and z directions, and the
grid region was automatically generated by the CoMFA
routine to encompass all molecules with an extension of
4.0 Å in each direction. An sp3 carbon (sterics) and a
charge of +1.0 (electrostatics) were used as probes to
generate the interaction energies at each lattice point.
The default value of 30 kcal/mol was used as the maxi-
mum electrostatic and steric energy cutoff.


Using the training set of flavonoids, cross-validated and
non-cross-validated partial least squares analyses (PLS)
were performed within the SYBYL/QSAR routine.
Cross-validation of the dependent column (�logIC50)
and the CoMFA column was performed with 2.0 kcal/
mol column filtering. Scaled by the CoMFA standard
deviation, the cross-validated analysis generated an opti-
mum number of components equal to 2 and q2 = 0.495
(Table 2). PLS analysis with non-cross-validation, per-
formed with two components, generated a standard error
of estimate of 0.376, a probability (R2 = 0) equal to
0.000, an F value (n1 = 2, n2 = 12) of 24.792, and a
q2 = 0.805 (Table 1). The relative steric (0.626) and elec-
trostatic (0.374) contributions to the final model were
contoured as the standard deviation multiplied by the
coefficient at 80% for favored steric (contoured in green)
and favored positive electrostatic (contoured in blue)
effects and at 20% for disfavored steric (contoured in
yellow) and favored negative electrostatic (contoured in
red) effects, as shown in Figures 5–7.


On the basis of this analysis, the IC50 values of the test
set of flavonoids were predicted and correlated to the
observed IC50 values as determined in our laboratory
(Table 3). The CoMFA contours were also compared
with a PIM-1 crystal structure. A PIM-1 kinase crystal
structure with bound quercetagetin (the most potent fla-
vonoid inhibitor of the PIM-1 kinase among those we
have assayed) was superimposed with atoms O1, C2,
C3, C4, C5, C6, C7, and C8, onto the quercetagetin
structure in the training set of compounds used to create
the CoMFA model.


A crystal structure of myricetin in complex with the
PIM-1 kinase revealed a surprisingly distinct and differ-
ent binding orientation than quercetagetin.63 Hence a
second CoMFA alignment rule was employed (model
II), in which myricetin was aligned to quercetagetin
according to their crystal poses rather than by their
common substructure as in model I. To accomplish this
alignment the two crystal structures of the PIM-1 kinase
in complex with quercetagetin and myricetin (RCSB
Protein Data Bank codes 2O63, 2O64, respectively) were
superimposed over their protein backbones. The two
PIM-1 kinase structures are notably similar, with an
RMSD over the complete protein backbone of only
0.58 Å. Quercetagetin and myricetin were extracted

from their respective PIM-1 kinase protein structures
to achieve a ligand alignment and orientation based on
the crystal poses. The remaining compounds in the
training set were aligned to quercetagetin by their com-
mon substructure, as in model I.


Based on their respective hydroxylation patterns, com-
pounds 3 and 10 were identified as likely candidates
for binding to the PIM-1 kinase in a similar pose to
myricetin, rather than that of quercetagetin (see the dis-
cussion section for a detailed explanation). Conse-
quently a third alignment rule was employed (model
III), where myricetin and compounds 3 and 10 were
aligned in the crystal pose of myricetin, while the
remaining compounds in the training set were aligned
in the quercetagetin crystal pose.
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Abstract—A series of 10 novel nitro-analogues of cryptolepine (1) has been synthesised and these compounds were evaluated for
their in-vitro cytotoxic properties as well as their potential for reductive activation by the cytosolic reductase enzymes NQO1
and NQO2. Molecular modelling studies suggest that cryptolepine is able to fit into the active site of NQO2 and thus raising the
possibility that nitro-analogues of 1 could act as bioreductive prodrugs and be selectively reduced by NQO1 and NQO2 to more
toxic species in cancer cells in which these enzymes are over-expressed. Analogues were screened against the RT112 cell line (high
in NQO2), in the presence and absence of the essential cofactor dihydronicotinamide riboside (NRH), whereby all analogues were
shown to be cytotoxic (IC50 < 2 lM) in the absence of NRH. With the addition of NRH, one analogue, 2-fluoro-7,9-dinitrocryptol-
epine (7), exhibited a 2.4-fold increase in cytotoxic activity. Several nitro-derivatives were also evaluated as substrates for purified
human NQO1 and analogues that were found to be substrates were subsequently tested against the H460 (high NQO1) and BE (low
NQO1) cell lines to detect in-vitro activation by NQO1. The analogue 8-chloro-9-nitrocryptolepine (9) was found to be the best
substrate for NQO1 but it was not more toxic to H460 than to BE cells. Fluorescence laser confocal microscopy of 1 and several
analogues showed that in contrast to 1 the analogues were not localised into the nucleus suggesting that their cytotoxic mode(s) of
action are different. This study has identified novel substrates for both NQO1 and NQO2 and further work on nitrocryptolepine
derivatives as a lead towards novel anticancer agents would be worthwhile.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction


Cryptolepine (1, 5-methyl-10H-indolo[3,2-b]quinoline)
is an indoloquinoline alkaloid which was first isolated
from the roots of Cryptolepis triangularis1 and later iso-
lated as the major constituent in the roots of the West
African climbing shrub Cryptolepis sanguinolenta (fam-
ily Periplocaceae)2 which is traditionally used in the
form of a decoction in Central and West Africa, essen-
tially for the treatment of malaria,3 as well as for a num-
ber of other infectious and non-infectious diseases.4


To date, the major focus in our laboratory has been the
development of new antimalarial agents and several syn-
thetic analogues of 1 have been shown to have potent
antiplasmodial activities in vitro as well as promising
in-vivo antimalarial activities.2,5 Previous work has also
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shown 1 to be a potential anticancer agent6 due to its
ability to intercalate into DNA, preferentially at GC
rich sequences and non-alternating CC sites7 with inhi-
bition of topoisomerase II as well as DNA synthesis.8


However, anticancer agents that target DNA are gener-
ally relatively non-selective since normal cells as well as
tumour cells are affected by the drugs resulting in toxic-
ity. A possible solution to this problem is the develop-
ment of bioreducible prodrugs that would be
bioreductively activated by enzymes present in tumour
cells at elevated levels in comparison to normal cells.9


One such enzyme is NQO2 (NRH:quinone oxidoreduc-
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tase 2) and computational studies have shown that
cryptolepine is one of only a few structural types able
to fit into the active site of NQO2 (Jenkins and Moores,
unpublished data, personal communication). This
strategy is supported by the previous development of
the dinitrobenzamide compound CB 1954 which is
selectively reduced by NQO2, to a more toxic hydroxyl
amino derivative which is then acetylated in vivo by
acetyl-coenzymes to form a species that can form
DNA inter-strand crosslinks.10 This prodrug is currently
in phase I clinical trials by Cancer Research UK.


In this study, we report the synthesis of a series of nitro-
cryptolepine analogues and their evaluation as bioreduc-
ible cytotoxic agents by comparing their activities in
H460 and BE cell lines that express high or low amounts
of NQO1, respectively,12 and in a cell line (RT112)
expressing high levels of NQO2 in the presence or ab-
sence of the essential cofactor dihydronicotinamide
riboside (NRH). In addition, fluorescence laser confocal
microscopy was employed to determine whether selected
analogues were taken up into cell nuclei.

2. Results and discussion


2.1. Synthesis of nitrocryptolepine analogues


Halogenated analogues of 1 were prepared using a three-
step methodology (Scheme 1) utilizing indoxyl-1,3-diace-
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Scheme 1. Reagents and conditions: (i) KOH, N2, 4 h; (ii) Ph2O, reflux, 4 h
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Scheme 2. Reagents: (iv) HNO3/HOAc (1:1), room temperature, overnight.

tate and isatin derivatives based on that of Holt and Pet-
row,11 as previously described.2,5 Nitrated halogenated
derivatives of 1 were subsequently formed by direct nitra-
tion of the halogenated analogues by using either equiva-
lent volumes of concentrated nitric acid (69%) and glacial
acetic acid to form a mixture of two mono-nitro-regioi-
somers as shown in Scheme 2 or by using equivalent vol-
umes of fuming nitric acid and glacial acetic acid to afford
dinitro-analogues as shown in Scheme 3. The preparation
of 7-nitro-, 9-nitro- and 7,9-dinitrocryptolepine ana-
logues has been previously described by this research
group2,5 and it was found that when these positions are
not blocked by other substituents, these positions are pre-
ferred on all occasions. The exact location of the nitro-
groups on analogues of 1 was initially determined using
2D NMR experiments, in particular taking advantage
of the through-space NOE enhancement of the protons
of the N-CH3 to the protons in position 4- and 6- as shown
in Figure 1. For example, if the compound in question was
a 7-nitro-regioisomer, then the N-CH3 would show a
through-space correlation to a doublet corresponding to
H-4 and a singlet at H-6. However, if the compound in
question was a 9-nitro isomer then the N-CH3 would show
a through-space correlation to a doublet corresponding to
H-4 and also a doublet corresponding to H-6, since there
is no substitution in position 7. Both ROESY and NOE
difference NMR experiments on a high field 600 MHz
spectrometer were successful in determining the positions
of the nitro-groups which were further confirmed by the
single crystal X-ray structures of two of the halogenated
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nitro-derivatives 2 and 5 (data not shown). Through-
space correlations between H-1 and H-11 also provided
starting points to work around the ring, which enabled
all the protons in the spectra to be assigned (see Section
4). The carbon atoms in the 13C spectra were assigned
by using a heteronuclear two-dimensional HMQC exper-
iment in order to determine the directly bonded 1JC–H cor-
relations and HMBC spectra were acquired in order to
identify 3JC–H correlations which were critical in assigning
the quaternary carbons.


2.2. Biological evaluation of compounds


Table 1 shows the in-vitro cytotoxic activities of 1 and
its derivatives against the three cell lines, RT112, H460

Table 1. Cytotoxic activities of cryptolepine (1), nitrocryptolepine derivatives


presence of NRH and against H460 (high NQO1) and BE (low NQO1) cells


Compounda RT


� Ve NRH


Cryptolepine (1) 0.82 ± 0.10


2-Chloro-7-nitrocryptolepine (2) 0.41 ± 0.08


2-Chloro-9-nitrocryptolepine (3) 0.88 ± 0.12


2-Chloro-7,9-dinitrocryptolepine (4) 0.29 ± 0.06


2-Fluoro-7-nitrocryptolepine (5) 2.13 ± 0.11


2-Fluoro-9-nitrocryptolepine (6) 1.35 ± 0.21


2-Fluoro-7,-9-dinitrocryptolepine (7) 0.45 ± 0.05


8-Chloro-7-nitrocryptolepine (8) 1.03 ± 0.30


8-Chloro-9-nitrocryptolepine (9) 0.76 ± 0.05


7-Bromo-8-nitrocryptolepine (10) 0.36 ± 0.09


7-Bromo-9-nitrocryptolepine (11) 0.24 ± 0.09


CB 1954 88.75 ± 0.35


EO9 —


Results were expressed in terms of IC50 values (lM).
a Tested as hydrochloride salt with the exception of CB 1954 and EO9.
b n = 3.
c n = 2.

and BE, which were selected due to their content of
the cytosolic reductase enzymes NQO1 and NQO2. Cry-
ptolepine (1) as well as the analogues were all found to
be cytotoxic with IC50 values ranging from 0.24 to
2.13 lM. Activation of nitro-analogues by the cytosolic
reductase NQO2 was assessed by comparing the re-
sponse of RT112 cells in the presence and absence of
the required co-substrate NRH. If the nitro-derivatives
of 1 were substrates for and activated by NQO2, then
preferential toxicity in the presence of NRH should be
obtained. CB 1954 was used as a positive control in this
study and the response of RT112 cells clearly demon-
strates that the activity of CB 1954 is enhanced in the
presence of NRH. IC50 values for CB 1954 in the ab-
sence and presence of NRH were 88.75 and 0.15 lM,
respectively, thus showing a 586-fold increase in cyto-
toxicity in the presence of NRH. In the case of 1 and
its halogenated nitro-derivatives, no differences were
found between the IC50 values obtained in the presence
and absence of NRH, with the exception of 2-fluoro-7,9-
dinitrocryptolepine (7). In this case, IC50 values were
0.45 and 0.19 lM in the absence and presence of
NRH, respectively, indicating a 2.4-fold increase in
cytotoxicity. The above compounds, with the exception
of 3, 4 and 5 were also assessed for their abilities to act
as substrates for purified recombinant human NQO1
and the results obtained are shown in Table 2. As ex-
pected, the indoloquinone NQO1 substrate, EO9, was
found to be readily metabolised by NQO1, while

and standard drugs against R112 (high NQO2) cells in the absence and


112b H460c BEc


+ Ve NRH


0.80 ± 0.15 1.45 1.28


0.28 ± 0.01 0.46 0.95


0.82 ± 0.01 — —


0.23 ± 0.03 — —


1.67 ± 0.06 — —


1.10 ± 0.04 — —


0.19 ± 0.01 — —


1.08 ± 0.43 — —


0.64 ± 0.01 1.88 1.48


0.32 ± 0.04 0.38 0.58


0.15 ± 0.04 0.59 0.78


0.15 ± 0.01 — —


— 0.0059 0.60







Table 2. Metabolism of cryptolepine (1), nitrocryptolepine derivatives


and standard drugs by human recombinant NQO1


Compounda Specific activity


(lmol/min/mg)b


Cryptolepine (1) 4.53 ± 0.84


2-Chloro-7-nitrocryptolepine (2) 18.91 ± 0.46


2-Fluoro-9-nitrocryptolepine (6) 2.72 ± 0.17


2-Fluoro-7,9-dinitrocryptolepine (7) 2.96 ± 1.04


8-Chloro-9-nitrocryptolepine (9) 26.66 ± 2.48


7-Bromo-8-nitrocryptolepine (10) 13.91 ± 0.62


7-Bromo-9-nitrocryptolepine (11) 8.66 ± 1.34


CB 1954 3.56 ± 0.69


EO9 79.75 ± 1.34


a Cryptolepine and analogues tested as hydrochloride salts.
b n = 3.
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cryptolepine and CB 1954 were not metabolised. The 8-
chloro-9-nitro-analogue (9) was found to be the best
substrate for NQO1 with a specific activity only 3-fold
less than that of the well-established NQO1-activated
compound EO9.12 Analogues 2, 10 and 11 were more
slowly metabolised but 6 and 7 were found not to be
substrates for NQO1. Derivatives of 1 that showed
activity in the NQO1 substrate assay were then tested
against the H460 and BE cell lines. These cell lines were
chosen because of their differences in NQO1 content.
The non-small cell lung carcinoma cell line H460 is
known to contain high levels of NQO1, whereas the hu-
man colon carcinoma cell line BE is devoid of NQO1
activity due to the presence of a polymorphic variant
that targets NQO1 protein for rapid degradation.13


The results of the evaluation of 1 and those analogues
that may act as substrates for NQO1 against H460
and BE cell lines are shown in Table 1. All of the com-
pounds tested had similar activities against both cell
lines, whereas EO9 was 100-fold more toxic to H460
cells than to BE cells as a result of bioactivation by
NQO1. Although the ability of 9 to act as a substrate
for NQO1 was 3-fold less than that of EO9, a modest

Figure 2. LCM images of selected cryptolepine derivatives and untreated cells


show several cells.

enhancement of cytotoxicity might have been expected.
It is possible that 9 is detoxified rather than activated
by NQO1 in H460 cells14 and it must also be noted that
there are metabolic differences between the two cell lines
other than their NQO1 activities/levels. In particular, 1-
and 2-electron reduction by other enzymes (P450R and
xanthine dehydrogenase/oxidase) is possible and should
be considered when cytotoxicities in different cell lines
are compared.15 Another possibility is that 9 is activated
by NQO1 but the activated molecule may be unable to
reach its site of action.


The cellular incorporation and localisation of 1, 2, 7, 10
and 11 into RT112 cells were examined using fluores-
cence laser confocal microscopy and the images ob-
tained are shown in Figure 2. Cryptolepine (1) clearly
shows nuclear localisation as expected on account of
its DNA-intercalating properties,7 but in contrast, the
nitro-analogues were excluded from the nucleus (even
after prolonged incubation of the cells), and were re-
stricted to the cytoplasm. It is possible that the nitro-
and/or halogen substituents prevent the transport of
these analogues into the nucleus and/or prevent their
intercalation into DNA. The results of previous work
using thermodenaturation techniques with a number of
nitro- and halogenated derivatives of 1 suggest that
DNA intercalation may be blocked by substitution.2

3. Conclusion


All the analogues of 1 were shown to be relatively cyto-
toxic against the three cell lines assessed, with IC50 val-
ues <2 lM. Analysis of potential activation by NQO1
and NQO2 was assessed by comparing the response of
the compounds with three cell lines which were selected
due to their content of these cytosolic reductase en-
zymes. In the presence and absence of the required co-
substrate NRH, the results of the biological evaluation
of 1 and its derivatives suggest that these compounds

using RT112 cells and a drug exposure time of 24 h. Images of 2 and 10
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are not activated by NQO2 with the exception of 7, where
a modest (2.4-fold) potentiation of activity is seen in the
presence of NRH in the RT112 cell line. Several com-
pounds (2, 9, 10 and 11) were found to be substrates for
NQO1 but for reasons that are unclear, they were not sig-
nificantly more toxic to H460 (high NQO1 expressing)
cells than to BE (low NQO1) cells although 2 was 2-fold
more active against H460 than against BE cells.


Laser confocal microscopy demonstrated that selected
halogenated nitro-derivatives (2, 7, 10 and 11) were re-
stricted to the cytoplasm, in contrast to the parent com-
pound 1, which showed distinct nuclear localisation.
This suggests that these analogues could be exerting
their cytotoxic effect via a different mechanism to 1,
which has been shown to intercalate into DNA at GC
rich sequences and inhibit topoisomerase II.7 The results
of this study demonstrate that nitrocryptolepine deriva-
tives are cytotoxic and that some may be substrates for
NQO1 or for NQO2. Only a limited series of com-
pounds has been examined here and the synthesis and
evaluation of more novel nitrocryptolepine analogues
would be worthwhile. In addition, further studies to elu-
cidate the cytotoxic mode(s) of action of these com-
pounds are warranted.

4. Experimental


4.1. Chemistry


Reagents were purchased from Sigma–Aldrich (Gilling-
ham, UK) and Lancaster (Morecambe, UK), unless
otherwise stated. 1H and 13C NMR spectra were acquired
on a JEOL ECA 600 spectrometer observing 1H at
600.17 MHz and 13C at 150.91 MHz. NOE experiments
were carried out in DMSO-d6 at 25 �C and chemical shifts
were referenced to tetramethylsilane (TMS) as an internal
standard (0 ppm). Mass spectrometry was carried out by
Mr. Andrew Healey (University of Bradford) on a Micro-
mass Quattro Ultima HPLC-MSMS electrospray spec-
trometer in either positive or negative ionisation modes,
or alternatively using electron impact ionisation with a
Finnigan MAT 90 spectrometer. C, H and N analyses
were carried out by the Chemical and Materials Analysis
Unit, University of Newcastle, UK, on a Carlo Erba 1106
elemental analyzer.


4.2. General method A: synthesis of mono-nitrated
cryptolepine analogues


A halogenated cryptolepine hydrochloride analogue, gla-
cial acetic acid and nitric acid (69%) were added together
in a large vial and stirred at room temperature for 24 h.
After the reaction time, distilled water (�5 ml) was care-
fully added and the mixture was then neutralised by the
addition of saturated sodium hydroxide solution, where-
upon the crude product precipitated as the free base. The
precipitate was filtered under vacuum, washed with cold
water and dried under vacuum at 45 �C overnight. TLC
of the crude product showed the formation of two com-
pounds, found to be the 7- and 9-nitrocryptolepine deriv-
atives, unless otherwise stated. The isomers were

separated and purified by column chromatography as
the free base on a silica gel, unless otherwise stated, using
a gradient elution of chloroform, concd ammonium
hydroxide solution (1%) and increasing amounts of meth-
anol (1–10%). The less-polar halogenated 7-nitro-com-
pound eluted first as an orange coloured fraction,
followed by the relatively more polar purple coloured 9-
nitro isomer. The purified free bases were then converted
to the hydrochloride salt by addition of HCl (10%) in
methanol, followed by recrystallisation from chloro-
form/methanol/ethyl acetate.


4.2.1. 2-Chloro-7-nitrocryptolepine hydrochloride (2) and
2-chloro-9-nitrocryptolepine hydrochloride (3). Prepared
according to general method A. 2-Chlorocryptolepine
(1a, 100 mg, 0.33 mmol), glacial acetic acid (2 ml) and ni-
tric acid (2 ml) were reacted together to form a mixture of
the 7-nitro (2, 64 mg, 54.6%) and 9-nitro (3, 26 mg; 21.2%)
cryptolepine isomers, which were separated and recrystal-
lised to form their yellow hydrochloride salts.


4.2.1.1. Data for 2-chloro-7-nitrocryptolepine hydro-
chloride (2). Mp 261–262 �C with decomposition; 1H
NMR (DMSO-d6) d 14.02 (s, 1H, N-H), 9.59 (d, 1H,
J = 2.15 Hz, H-6), 9.43 (s, 1H, H-11), 8.92 (d, 1H,
J = 9.59 Hz, H-4), 8.83 (d, 1H, J = 2.43 Hz, H-1), 8.75
(dd, 1H, J = 7.02, 2.15 Hz, H-8), 8.27 (dd, 1H, J = 7.16,
2.43 Hz, H-3), 8.06 (d, 1H, J = 9.16 Hz, H-9), 5.14 (s,
3H, N+-CH3); 13C NMR (DMSO-d6) d 148.72 (C-9a),
142.12 (O2N-C-7), 139.42 (C-5a), 135.62 (C-4a), 135.14
(C-10a), 133.82 (C-3), 132.93 (Cl-C-2), 128.88 (C-1),
128.81 (C-8), 128.35 (C-11a), 126.39 (C-11), 123.99 (C-
6), 121.16 (C-4), 114.64 (C-9), 113.88 (C-5b), 41.43
(CH3); MS (ESI+) m/z (%) 312 [M+H]+� (14), 266 (100),
265 (7), 254 (7), 231 (3); (EI) m/z (%) 311 [M]+ (100),
281 (30), 265 (56), 253 (8), 229 (27); Acc Mass for
C16H10N3O2Cl calculated 311.0462; found: 311.0456.
Anal. Calcd for C16H10N3O2ClÆ1.15HCl: C, 54.3; H,
3.18; N, 11.9. Found: C, 54.5; H, 3.34; N, 11.6.


4.2.1.2. Data for 2-chloro-9-nitrocryptolepine hydro-
chloride (3). Mp >300 �C; 1H NMR (DMSO-d6) d 13.55 (s,
1H, N-H), 9.38 (s, 1H, H-11), 9.34 (d, 1H, J = 8.31 Hz, H-
6), 8.94 (s, 1H, H-1), 8.91 (d, 1H, J = 9.45 Hz, H-4), 8.87
(d, 1H, J = 8.02 Hz, H-8), 8.29 (d, 1H, J = 9.45 Hz, H-3)
7.74 (dd, 1H, J = 8.31, 8.02 Hz, H-7), 5.10 (s, 3H, N+-
Me); 13C NMR (DMSO-d6) d 138.89 (C-9a), 138.62 (C-
5a), 135.45 (C-4a), 135.15 (C-6), 133.87 (C-3), 133.74
(O2N-C-9), 133.69 (C-10a), 132.97 (Cl-C-2), 130.37 (C-
8), 129.19 (C-1), 128.35 (C-11a), 126.84 (C-11), 121.40
(C-7), 121.16 (C-4), 118.92 (C-5b), 41.54 (CH3); MS
(ESI+) m/z (%) 312 [M+H]+� (100), 288 (11), 229 (4);
(EI) m/z (%) 311 [M]+ (55), 297 (100), 281 (30), 265 (28),
251 (41), 239 (11), 229 (16), 215 (23); Acc Mass for
C16H10N3O2Cl calculated 311.0462; found: 311.0470.
Anal. Calcd for C16H10N3O2ClÆ1.5HCl: C, 52.5; H,
3.16; N, 11.5. Found: C, 52.6; H, 3.20; N, 11.1.


4.2.2. 2-Fluoro-7-nitro (5) and 2-fluoro-9-nitrocryptolepine
hydrochloride (6). Prepared according to general method
A. 2-Fluorocryptolepine (1b, 200 mg, 0.7 mmol), glacial
acetic acid (5 ml) and nitric acid (5 ml) were reacted to-
gether to form a mixture of the 7-nitro (4, 140 mg, 60%)
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and 9-nitro (5, 90 mg; 38.5%) isomers, which were sepa-
rated and purified by column chromatography using
Florisil� as the stationary phase and eluting with chloro-
form, ammonium hydroxide (1%) and increasing
amounts of methanol (1–6%). The purified free bases were
then converted to the hydrochloride salt by addition of
HCl (10%) in methanol, followed by recrystallisation
from chloroform/methanol/ethyl acetate.


4.2.2.1. Data for 2-fluoro-7-nitrocryptolepine hydro-
chloride (5). Mp >300 �C, decomposed 309 �C; 1H NMR
(DMSO-d6) d 14.47 (s, 1H, N-H), 9.59 (d, 1H, J = 2.00, H-
6), 9.48 (s, 1-H, H-11), 8.99 (dd, 1H, J = 5.44, 4.58 Hz, H-
4), 8.74 (dd, 1H, J = 9.16, 2.00 Hz, H-8), 8.54 (dd, 1H,
J = 6.01, 2.86 Hz, H-1), 8.22 (t, 1H, J = 7.75 Hz, H-3),
8.07 (d, 1H, J = 9.16, H-9), 5.15 (s, 3H, N+-CH3); 13C
NMR (DMSO-d6) d 161.09–159.44 (C-2, 1JC,F =
244.2 Hz), 148.69 (C-9a), 141.97 (O2N-C-7), 139.12 (C-
5a), 135.65 (C-4a), 133.75 (C-10a), 128.88–128.80 (C-
11a, 3JC,F = 11.6 Hz), 128.64 (C-8), 126.50–126.47 (C-
11, 4JC,F = 5.8 Hz), 123.96 (C-6), 123.95–123.81 (C-3,
2JC,F = 26.0 Hz), 122.18–122.12 (C-4, 3JC,F = 10.1 Hz),
114.47 (C-4), 113.64–113.37 (C-1, 2JC,F = 23.1 Hz),
113.49 (C-5b), 41.12 (CH3); MS (EI) m/z (%) 295 [M]+


(100), 281 (20), 265 (33), 235 (12), 222 (10); Acc Mass
for C16H10N3O2F calculated 295.0757; found: 295.0759.
Anal. Calcd for C16H10N3O2FÆ1.7HCl: C, 53.8; H, 3.28;
N, 11.8. Found: C, 53.3; H, 3.70; N, 12.3.


4.2.2.2. Data for 2-fluoro-9-nitrocryptolepine hydro-
chloride (6). Mp >300 �C; 1H NMR (DMSO-d6) d 13.52
(s, 1H, N-H), 9.36 (s, 1H, H-11), 9.32 (d, 1H, J = 8.31,
H-6), 8.97 (dd, 1H, J = 5.73, 4.30 Hz, H-4), 8.83 (d, 1H,
J = 8.02 Hz, H-8), 8.60 (d, 1H, J = 8.88 Hz, H-1), 8.21
(dd, 1H, J = 8.02, 7.45 Hz, H-3), 7.69 (t, 1H, J = 8.02,
7.73, H-7), 5.09 (s, 3H, N+-CH3); 13C NMR (DMSO-d6)
d 161.09–159.43 (C-2, 1JC,F = 249.98 Hz), 140.06 (C-9a),
138.43 (C-5a), 138.38 (C-10a), 135.06 (C-6), 133.89
(C-4a), 133.78 (O2N-C-9), 130.12 (C-8), 128.75–128.68
(C-11a, 3JC,F = 10.11 Hz), 126.98–126.94 (C-11, 4JC,F =
5.78 Hz), 123.72–123.55 (C-3, 2JC,F = 24.56 Hz),
122.12–122.07 (C-4, 3JC,F = 10.11 Hz), 120.98 (C-7),
119.02 (C-5b), 113.90–113.74 (C-1, 2JC,F = 24.56 Hz),
40.06 (CH3); MS (EI) m/z (%) 295 [M]+ (66), 281 (100),
265 (35), 235 (63), 222 (20), 208 (25), 162 (12); Acc Mass
for C16H10N3O2F calculated 295.0757; found: 295.0753.
Anal. Calcd for C16H10N3O2FÆ1.85HCl: C, 53.0; H,
3.29; N, 11.6. Found: C, 53.0; H, 3.31; N, 11.8.


4.2.3. 8-Chloro-7-nitrocryptolepine hydrochloride (8) and
8-chloro-9-nitrocryptolepine hydrochloride (9). Prepared
according to general method A. 8-Chlorocryptolepine
(1c, 200 mg, 0.66 mmol), glacial acetic acid (5 ml) and
nitric acid (5 ml) were reacted together to form a mix-
ture of the 7-nitro (8, 95 mg, 40.9%) and 9-nitro (9,
33 mg; 13.6%) isomers, which were separated and puri-
fied by column chromatography using Florisil� as the
stationary phase and eluting with chloroform, concd
ammonium hydroxide solution (1%) and increasing
amounts of methanol (1–6%). The purified free bases
were then converted to the hydrochloride salt by addi-
tion of HCl (10%) in methanol, followed by recrystalli-
sation from chloroform/methanol/ethyl acetate.

4.2.3.1. Data for 8-chloro-7-nitrocryptolepine hydro-
chloride (8). Mp >300 �C; 1H NMR (DMSO-d6) d 13.38
(s, 1H, N-H), 9.53 (d, 1H, J = 8.88 Hz, H-6), 9.48 (s,
1H, H-11) 8.84 (d, 1H, J = 9.16 Hz, H-4), 8.64 (d, 1H,
J = 7.16 Hz, H-1), 8.25 (t, 1H, J = 8.30 Hz, H-3), 8.22
(s, 1H, H-9), 8.01 (t, 1H, J = 7.45 Hz, H-2), 5.06 (s, 3H,
N+-CH3); 13C NMR (DMSO-d6) d 146.74 (C-9a),
142.15 (O2N-C-9), 138.48 (C-5a), 136.53 (C-4a), 135.46
(C-10a), 134.09 (C-3), 130.74 (C-1), 129.81 (Cl-C-8),
128.37 (C-2), 127.84 (C-11), 127.64 (C-11a), 125.09 (C-
6), 118.64 (C-4), 115.99 (C-9), 112.68 (C-5b), 41.15
(CH3); MS (EI) m/z (%) 313 [37Cl sat of M+] (33), 311
[M]+ (100), 281 (35), 265 (55), 229 (36), 215 (15), 203
(10); Acc Mass for C16H10N3O2Cl calculated 311.0461;
found: 311.0458. Anal. Calcd for C16H10N3O2ClÆ1.8HCl:
C, 50.9; H, 3.15; N, 11.1. Found: C, 50.8; H, 3.39; N, 11.2.


4.2.3.2. Data for 8-chloro-9-nitrocryptolepine hydro-
chloride (9). Mp decomposed and melted 262 �C; 1H NMR
(DMSO-d6) d 13.62 (s, 1H, N-H), 9.40 (s, 1H, H-11), 9.16
(d, 1H, J = 8.88 Hz, H-6), 8.86 (d, 1H, J = 9.16 Hz, H-4),
8.69 (d, 1H, J = 8.31 Hz, H-1), 8.25 (t, 1H, J = 7.16 Hz, H-
3), 8.03 (t, 1H, J = 7.45 Hz, H-2), 7.82 (d, 1H, J = 8.59, H-
7), 5.07 (s, 3H, N+-CH3); 13C NMR (DMSO-d6) d 139.07
(C-9a), 139.06 (Cl-C-8), 137.58 (C-5a), 136.94 (C-4a),
134.84 (C-10a), 134.35 (C-3), 133.34 (O2N-C-9), 132.33
(C-6), 130.94 (C-1), 128.49 (C-2), 127.89 (C-11), 127.66
(C-11a), 123.76 (C-7), 118.71 (C-4), 117.36 (C-5b), 41.13
(CH3); MS (EI) m/z (%) 313 [37Cl sat of M+] (33), 311
[M]+ (100), 297 (95), 281 (52), 265 (45), 251 (49), 229
(46), 215 (35), 203 (15), 188 (15); Acc Mass for
C16H10N3O2Cl calculated 311.0462; found: 311.0467.
Anal. Calcd for C16H10N3O2ClÆ1.9HCl: C, 50.4; H, 3.12;
N, 11.0. Found: C, 50.4; H, 3.48; N, 10.9.


4.2.4. 7-Bromo-8-nitrocryptolepine hydrochloride (10)
and 7-bromo-9-nitrocryptolepine hydrochloride (11). Pre-
pared according to general method A. 7-Bromocryptol-
epine (1d, 200 mg, 0.58 mmol), glacial acetic acid (5 ml)
and nitric acid (5 ml) were reacted together to form a
mixture of the 7-nitro (10, 70 mg, 30.7%) and 9-nitro
(11, 27 mg; 12.1%) isomers, which were separated and
recrystallised to form yellow hydrochloride salt.


4.2.4.1. 7-Bromo-8-nitrocryptolepine Hydrochloride (10).
Mp >300 �C; 1H NMR (DMSO-d6) d 13.87 (s, 1H, N-H),
9.59 (d, 1H, J = 2.00 Hz, H-6), 9.45 (s, 1H, H-11), 8.99 (s,
1H, H-9), 8.88 (d, 1H, J = 9.16 Hz, H-4), 8.74 (d, 1H,
J = 8.31 Hz, H-1), 8.29 (dd, 1H, J = 5.44, 1.43 Hz, H-3),
8.05 (t, 1H, J = 7.45 Hz, H-2), 5.14 (s, 3H, N+-C H3); 13C
NMR (DMSO-d6) d 146.89 (C-9a), 146.02 (C-10a),
142.27 (O2N-C-8), 139.09 (C-5a), 137.04 (C-4a), 134.66
(C-3), 131.05 (C-1), 130.32 (C-9), 128.66 (C-2), 128.53 (C-
11), 127.89 (C-11a), 122.89 (C-6), 118.77 (C-4), 114.98 (C-
5b), 106.40 (Br-C-7), 41.07 (CH3); MS (ESI+) m/z (%)
356 [79M+H]+� (5), 310 (100), 298 (5), 231 (20); Acc Mass
for C16H11BrN3O2 calculated 356.0034; found: 356.0020.
Anal. Calcd for C16H10N3O2BrÆ1.7HCl: C, 45.9; H, 2.8;
N, 10.0. Found: 45.8; H, 3.14; N, 9.91.


4.2.4.2. Data for 7-bromo-9-nitrocryptolepine hydro-
chloride (11). Mp >300 �C; 1H NMR (DMSO-d6) d
13.64 (s, 1H, N-H), 9.50 (d, 1H, J = 1.72 Hz, H-6),
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9.45 (s, 1H, H-11), 8.95 (d, 1H, J = 1.72 Hz, H-8), 8.90
(d, 1H, J = 9.16 Hz, H-4), 8.74 (dd, 1H, J = 7.02,
1.29 Hz, H-1), 8.29 (dd, 1H, J = 5.44, 1.43 Hz, H-3),
8.05 (t, 1H, J = 7.45 Hz, H-2), 5.11 (s, 3H, N+-CH3);
13C NMR (DMSO-d6) d 137.15 (C-4a), 136.94 (C-9a),
136.50 (C-6), 134.89 (O2N-C-9), 134.61 (C-3), 134.02
(C-10a), 131.88 (C-8), 131.09 (C-1), 128.69 (C-2),
128.44 (C-11), 127.89 (C-11a), 120.42 (C-5b), 118.91
(C-4), 112.60 (Br-C-7), 41.40 (CH3); MS (ESI+) m/z
(% RI) 356 [79Br M+H]+� (10), 326 (4), 310 (100), 298
(5), 231 (35), 219 (3); Acc Mass for C16H11BrN3O2 cal-
culated 356.0034; found: 356.0038. Anal. Calcd for
C16H10N3O2BrÆHCl: C, 48.9; H, 2.81; N, 10.7. Found:
C, 48.7; H, 2.80; N, 10.9.


4.3. General method B: di-nitration of halogenated
cryptolepine derivatives


A halogenated cryptolepine hydrochloride derivative
and glacial acetic acid were added together in a large vial
and stirred in an ice bath for 10 min, whereupon an
equivalent volume of fuming nitric acid was added drop-
wise. The mixture was allowed to stir in the ice bath for
a further 10 min then at room temperature for a further
24 h. After the reaction time, distilled water (�5 ml) was
carefully added and then the mixture was basified by the
addition of a saturated sodium hydroxide solution, at
which point the crude product precipitated as the free
base. The precipitate was filtered under vacuum, washed
with cold water and dried in the vacuum oven overnight.
TLC of the crude product showed the formation of a
halogenated dinitro-product as the major component.
The crude product was purified by chromatography as
the free base on a silica gel column, eluting with 5%
MeOH:1% NH4OH in CHCl3 to afford the pure free
base. This was subsequently converted to the yellow
hydrochloride salt by addition of HCl (10%) in MeOH
then recrystallised with CHCl3/MeOH (3:1).


4.3.1. 2-Chloro-7,9-dinitrocryptolepine hydrochloride (4).
Prepared according to general method B. 2-Chlorocryptol-
epine (1a, 100 mg, 0.33 mmol), glacial acetic acid (4 ml)
and fuming nitric acid (4 ml) were reacted together to form
yellow 2-chloro-7,9-dinitrocryptolepine hydrochloride (3,
39 mg, 30.3%); mp >300 �C; 1H NMR (DMSO-d6) d
14.12 (s, 1H, N-H), 9.89 (d, 1H, J = 2.00 Hz, H-6), 9.50
(s, 1H, H-11), 9.40 (d, 1H, J = 2.00 Hz, H-8), 8.97 (d, 1H,
J = 2.29 Hz, H-1), 8.96 (d, 1H, J = 9.59 Hz, H-4), 8.33
(d, 1H, J = 9.59 Hz, H-3), 5.19 (s, 3H, N+-CH3); 13C
NMR (DMSO-d6) d 140.58 (C-9a), 140.42 (O2N-C-7),
138.69 (C-5a), 136.10 (C-4a), 134.78 (C-3), 133.68 (Cl-C-
2), 133.11 (O2N-C-9), 129.56 (C-6), 129.49 (C-1), 129.00
(C-11), 128.56 (C-11a), 124.65 (C-8), 121.41 (C-4), 118.58
(C-5b), 41.75 (CH3), not seen (C-10a); MS (ESI+) m/z
(%) 312 [M+H]+� (100), 288 (11), 229 (4); (EI) m/z (%)
311 [M]+ (55), 297 (100), 281 (30), 265 (28), 251 (41), 239
(11), 229 (16), 215 (23); Acc Mass for C16H10ClN4O4 calcu-
lated 357.0391; found: 357.0400. Anal. Calcd for
C16H9N4O4ClÆ1.3HCl: C, 47.5; H, 2.55; N, 13.9. Found:
C, 48.4; H, 2.80; N, 13.5.


4.3.2. 2-Fluoro-7,9-dinitrocryptolepine hydrochloride (7).
Prepared according to general method B. 2-Fluorocry-

ptolepine (1b, 200 mg, 0.7 mmol), glacial acetic acid
(5 ml) and fuming nitric acid (5 ml) were reacted together
to form yellow 2-fluoro-7,9-dinitrocryptolepine hydrochlo-
ride (7, 88 mg, 32.9%); mp >300 �C; 1H NMR (DMSO-d6)
d 14.15 (s, 1H, N-H), 9.91 (d, 1H, J = 2.00 Hz, H-6), 9.52 (s,
1H, H-11), 9.40 (d, 1H, J = 2.0 Hz, H-8), 9.06 (dd, 1H,
J = 5.58, 4.44 Hz, H-4), 8.69 (dd, 1H, J = 6.01, 2.86 Hz,
H-1), 8.31 (ddd, 1H, J = 4.87, 3.01, 2.72 Hz, H-3), 5.21 (s,
3H, N+-Me); 13C NMR (DMSO-d6) d 161.52–159.86 (F-
C-2, J = 249.98 Hz), 140.52 (C-9a), 140.25 (O2N-C-7),
138.32 (C-5a), 134.78 (C-4a), 136.28 (C-10a), 133.00
(O2N-C-9), 129.66–129.58 (C-11a, J = 11.56 Hz), 129.49
(C-6), 128.65–128.63 (C-11, J = 4.33 Hz), 125.09–124.91
(C-3, J = 27.45 Hz), 124.57 (C-8), 122.57–122.50 (C-4,
J = 10.11 Hz), 118.66 (C-5b), 114.29–114.13 (C-1, J =
23.12 Hz), 41.99 (CH3); MS (EI) m/z (%) 340 [M]+ (48),
326 (100), 315 (8), 280 (20), 234 (58); Acc Mass for
C16H9N4O4F calculated 340.0609; found: 340.0608. Anal.
Calcd for C16H9N4O4FÆ1.3HCl: C, 49.6; H, 2.68; N, 14.5.
Found: C, 49.8; H, 2.88; N, 14.5.


4.4. Biological evaluation


4.4.1. Chemosensitivity testing using the colorimetric
MTT (tetrazolium) assay.16 Cells were routinely main-
tained as monolayer cultures in RPMI-1640 culture
medium Supplemented with foetal calf serum (10%), so-
dium pyruvate (2 mM), LL-glutamine (2 mM) and buf-
fered with HEPES (25 mM). Chemosensitivity was
assessed using the MTT assay. Briefly, cells at approxi-
mately 75% confluence were trypsinised and cells
counted using a haemocytometer. One thousand cells
were plated into each well of a 96-well-round bottomed
culture plate (with the exception of lane 1 which con-
tained only medium; this served as a blank for the spec-
trophotometer) with each well containing 150 ll of
Supplemented medium. The cells were incubated over-
night at 37 �C. The evaluation of compounds varied
depending on whether or not compounds were being
investigated as substrates for NQO1 or NQO2 as
described below.


4.4.2. Drug exposure to RT112 cell lines (NQO2 studies).
This assay is based upon the fact that NQO2 requires
the co-substrate NRH in order to reduce substrates. If
the nitro-derivatives of cryptolepines are substrates for
and activated by NQO2, then preferential toxicity in
the presence of NRH should be obtained. Following
the overnight incubation described above, cells were
treated with the drug in the presence and absence of
the cofactor NRH (NRH was a gift from Professor
Richard Knox, Morvus Technology, UK). The medium
was completely removed from all 96 wells in the plate,
and fresh medium was added to lane 1 (blank) and also
in lane 2 (control). A control solution consisting of 0.1%
DMSO in medium was added to lane 3, and lane 4 con-
tained a NRH control solution (100 lM). All test com-
pounds were dissolved in DMSO at 10 mM, aliquoted
and routinely stored at �20 �C. A series of 2-fold serial
dilutions of drugs were prepared in medium ranging
from 10 lM down to 0.078 lM and these were added
to lanes 5–12 in the presence or absence of NRH
(100 lM). The number of wells used per drug concentration
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was 8 (i.e., one lane of a 96-well plate) and each assay
was repeated in triplicate. Results were expressed as
the ratio of IC50 values obtained in the presence and ab-
sence of NRH and CB 1954 was used as a positive con-
trol compound.


4.4.3. Drug exposure to H460 and BE cell lines (NQO1
based studies). Cells were treated with selected com-
pounds that had shown activity in the NQO1 substrate
assay (described below). Following the overnight incu-
bation period described above, medium was removed
from all wells in the plate and lanes 1 and 2 were replen-
ished with fresh medium, along with a 0.1% DMSO con-
trol in lane 3. 2-Fold dilutions of drugs were prepared in
medium ranging from 10 lM down to 0.078 lM for the
cryptolepine derivatives in both cell lines. However for
EO9 (positive control compound), drug concentrations
ranged from 50 lM down to 0.2 lM for the NQO1 defi-
cient BE cell line, whereas concentrations ranged from
100 nM down to 0.4 nM for the high NQO1 H460 cell
line. Each assay was repeated in duplicate and the re-
sults were expressed as the ratio of IC50 values obtained
in BE cells to IC50 values in H460 cells.


4.4.4. NQO1 enzyme substrate assay. The ability of test
compound to serve as substrates for NQO1 was deter-
mined according to previously published protocols.12,17


Purified recombinant human NQO1 was provided by
the Institute of Cancer Therapeutics (University of
Bradford). NQO1 activity was assayed by measuring
cytochrome c reduction at 550 nm on a CaryUV 50
(Varian, Australia) spectrophotometer. Each assay con-
tained cytochrome c (70 lM), NADH (2 mM), purified
NQO1 (1 lg) and drug concentrations of 10 lM in a fi-
nal volume of 1 ml Tris–HCl (50 mM, pH 7.4) contain-
ing 0.14% BSA. Reactions were carried out at room
temperature and started by the addition of NADH. A
blank was initially acquired which consisted of buffer
and cofactor (NADH), in the absence of cytochrome
c. Background measurements (i.e., non-enzymatic
reduction of cytochrome c) were taken in the absence
of NQO1 for each drug concentration tested. These
background values were subtracted from the values ob-
tained in the presence of the NQO1 enzyme. Specific
activities were calculated from the initial linear part of
the reaction curve (30 s) and results were expressed in
terms of the micromolar of cytochrome c reduced/min/
mg of protein using a molar extinction coefficient of
21.1 mM�1 cm�1.


4.4.5. Confocal laser scanning microscopy. RT112 cells
were grown in borosilicate chambers at a concentration
of 2 · 104 cells/ml and allowed to adhere overnight.
They were then exposed to the test compound at
approximately 10-fold IC50 concentration (lM), where-
upon assessment of compound localisation into the cells
was carried out using confocal laser scanning micros-
copy. This was performed using a Bio-Rad Microradi-
ance Confocal Imaging System attached to a Nikon
CM-800 microscope using LaserSharp 2000 software.
Specimens were scanned using an argon laser with
appropriate excitation and emission filters for the com-
pounds (wavelength 488/500 nm) at 100% power, and

an iris aperture of 6.3. Specimens were examined using
a 60 · oil immersion objective lens. Optical sections of
512 · 512 pixels were captured at 50 lps and digital mag-
nification of 2.4 using Kalman (n = 4) scanning settings.
Simultaneous transmission images were also captured.
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Abstract—Evidence suggests that specific inhibition of butyrylcholinesterase may be an appropriate focus for the development of
more effective drugs to treat dementias such as Alzheimer’s disease. Butyrylcholinesterase is a co-regulator of cholinergic neuro-
transmission and its activity is increased in Alzheimer’s disease, and is associated with all neuropathological lesions in this disease.
Some selective butyrylcholinesterase inhibitors have already been reported to increase acetylcholine levels and to reduce the forma-
tion of abnormal amyloid found in Alzheimer’s disease. Synthesized N-(10)-aryl and N-(10)-alkylaryl amides of phenothiazine are
specific inhibitors of butyrylcholinesterase. In some cases, inhibition constants in the nanomolar range are achieved. Enzyme
specificity and inhibitor potency of these molecules can be related to molecular volumes, steric and electronic factors. Computed
logP values indicate high potential for these compounds to cross the blood–brain barrier. Use of such butyrylcholinesterase inhib-
itors could provide direct evidence for the importance of this enzyme in the normal nervous system and in Alzheimer’s disease.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


In Alzheimer’s disease (AD), there is a severe loss of
cholinergic cells in the brain that leads to diminished lev-
els of the neurotransmitter acetylcholine.1,2 These
changes are considered responsible for the salient cogni-
tive and behavioral symptoms that occur in this dis-
ease.3,4 Acetylcholinesterase (AChE, EC 3.1.1.7) and
butyrylcholinesterase (BuChE, EC 3.1.1.8) are serine
hydrolase enzymes that effect the breakdown of acetyl-
choline.5 Therefore, inhibition of these enzymes has pro-
ven a successful approach to treat some of the symptoms
of AD.6 However, in AD, AChE levels in the brain are
already decreased, while BuChE activity is elevated7–9


suggesting that acetylcholine hydrolysis in AD may oc-
cur to a greater extent via BuChE catalysis.10 In this re-
gard, it has been reported that the specific inhibition of
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BuChE is important in raising acetylcholine levels and
improving cognition.11,12 Cholinesterase inhibitors cur-
rently in use to treat AD inhibit both AChE and
BuChE,13 and with these drugs it is difficult to determine
whether the positive effects observed are a result of
inhibition of AChE, BuChE or both enzymes. For this
reason, it is important to test selective, potent and
well-tolerated inhibitors of each individual cholinester-
ase in order to determine which enzyme needs to be
the focus for maximum effect in treating AD.14


The inhibition of cholinesterase activity requires that the
inhibitor bind with the enzyme so that the substrate is
partially or completely blocked from normal interaction
with the catalytic site. In some instances, this substrate
interference can be transient, as in the case of reversible
inhibitors like donepezil15 and galantamine.16 On the
other hand, the catalytic site can be compromised for
longer periods by covalent bond formation at the active
site serine, as is the case with the pseudo-irreversible
inhibitors, physostigmine17 and rivastigmine.18 Differ-
ences between AChE and BuChE in the region of the ac-
tive site can be exploited in developing inhibitors that
are selective for one cholinesterase over the other.
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Both AChE and BuChE have a catalytic site that is near
the bottom of a 20 Å deep gorge in the protein.19,20 Dis-
tinct amino acid residues in the gorge of AChE and
BuChE help explain the more selective binding of an
inhibitor such as donepezil to AChE.21 One stabilizing
factor for the binding of this compound to AChE in-
volves interaction of the indanone moiety of the inhibi-
tor with W286 near the mouth of the gorge, a residue
that is different (A277) in BuChE. This unique interac-
tion of donepezil with AChE would be expected to con-
tribute to the several hundred-fold greater potency of
this inhibitor toward AChE than for BuChE.22


At the bottom of the active site cholinesterase gorge is a
triad of residues responsible for catalyzing the hydroly-
sis of choline esters and aryl amides23 and is comprised
of serine, histidine, and glutamate.19,20


In AChE, the estimated volume of the active site gorge is
relatively small (302 Å3), being lined with 14 bulky aro-
matic amino acid residues, while that of BuChE, with
only 8 aryl residues, is considerably larger in volume
(502 Å3).20,24 This difference in gorge volume can play
a role in determining the size of inhibitor molecules that
can be accommodated by the active site of each enzyme,
thus providing one means of inhibitor selectivity.24,25


Other unique features of the active site gorge regions of
AChE and BuChE may also play a part in inhibitor
selectivity. For example, phenothiazine and many of
its derivatives are selective inhibitors of BuChE,26,27


even when they have molecular volumes smaller than
the AChE gorge.27 In BuChE, p–p interaction has been
reported to take place between the phenothiazine tricy-
clic ring system and the aromatic residues F329 and
Y332, near the top of the gorge.24 In AChE, an addi-
tional aromatic residue, tyrosine (Y337), interferes with
this binding process and, hence, the same p–p interac-
tion cannot occur to bind phenothiazine to this enzyme.
In human BuChE the equivalent residue (A328) does
not interfere with this binding. Replacement of this hin-
dering tyrosine residue with alanine, through site-direc-
ted mutagenesis, greatly enhanced the inhibition of this
AChE by the phenothiazine derivative ethopropazine.24


In general, N-(10)-alkyl amide derivatives of phenothia-
zine are inhibitors of BuChE, and only a few smaller
molecules in this class are capable of inhibiting AChE.25


The observation that larger phenothiazine molecules
were more specific for BuChE prompted the present
work in a search for more potent specific BuChE
inhibitors.


Here we report the synthesis and inhibitor properties of
a series of N-(10)-aryl and N-(10)-alkylaryl amide deriv-
atives of phenothiazine that are reversible specific inhib-
itors of BuChE. These derivatives can be made to
provide inhibition levels (Ki values) in the nanomolar
range. Comparative effects of increasing molecular vol-
ume, altering ring substitution and ring substituent posi-
tion in the aryl and alkylaryl derivatives, provide new
insights into structural changes that influence the bind-
ing of phenothiazines to BuChE, affecting its catalytic

activity. Also examined are certain other structural
parameters, as well as electronic considerations, that
can affect BuChE inhibition. The significant hydropho-
bic nature of these aromatic phenothiazine amides, rep-
resented by calculated partition coefficients (logP values;
octanol/water), indicates potential for crossing the
blood–brain barrier for direct inhibition of brain
BuChE.

2. Results and discussion


A total of 25 derivatives of phenothiazine were synthe-
sized (Table 1 and Fig. 1). All the derivatives were
N-(10)-amides with variously substituted aryl and
alkylaryl side groups. These derivatives were examined
for their ability to inhibit BuChE and AChE. None of
the compounds tested showed AChE inhibition, up to
their solubility limit (3.33 · 10�5–1.67 · 10�4 M), under
assay conditions.


2.1. Synthetic chemistry


The N-substituted aryl and alkylaryl phenothiazine
amides were prepared by refluxing, in dichloromethane,
phenothiazine and excess acid chloride (Fig. 1), and an
equivalent amount of triethylamine to neutralize HCl re-
leased during reaction. Purification of the derivatives
was performed by sequential chemically active extrac-
tion, silica gel column chromatography and crystalliza-
tion. All purified compounds were homogeneous by
thin layer chromatographic analysis, and 1H NMR re-
vealed all of them to be more than 98% pure. All com-
pounds were fully characterized by IR, 1H and 13C
NMR spectroscopy, as well as low- and high-resolution
(accurate mass) mass spectrometry. Physical data were
consistent with the structure (Table 1) of each molecule
synthesized.


2.2. Enzyme kinetic studies


Each phenothiazine derivative was evaluated for its abil-
ity to inhibit purified human plasma BuChE and puri-
fied recombinant human AChE, using Ellman’s
spectrophotometric method.28 Initially, each derivative
was examined for cholinesterase inhibition at the highest
inhibitor concentration, depending on solubility limits
(up to 0.167 mM in 50% aqueous acetonitrile), and then
through serial (1:10) dilutions in the same solvent to ob-
tain an inhibition–concentration profile that indicated a
range of inhibitor concentrations suitable for kinetic
studies. The final concentration of acetonitrile (1.67%
v/v), in the Ellman assays, was found to have no measur-
able effect on the activity of BuChE. Lineweaver–Burk
plots were then generated for each compound in the ab-
sence of inhibitor and at two concentrations of inhibi-
tor. A replot of slopes of these lines against inhibitor
concentration gave the inhibition constant (Ki value,
Table 1 and Fig. 2) as the intercept on the x-axis. The
inhibition constant (Ki) represents the equilibrium con-
stant for the dissociation of the enzyme–inhibitor com-
plex (EI) into enzyme (E) and inhibitor (I) {EI! E + I,
where Ki = [E][I]/[EI]}. A small Ki value indicates a







Table 1. Inhibition constants, molecular volumes, and logP values of the synthesized phenothiazine amide derivatives


Compound Derivative R= BuChE Ki (lM)a Volume (Å3) logP value


1 Benzoyl 5.8 ± 0.6 314 ± 13 4.57


2 2-Methylbenzoyl


CH3


3.1 ± 1.3 342 ± 7 4.71


3 3-Methylbenzoyl


CH3


1.9 ± 0.2 330 ± 16 4.70


4 3-Bromobenzoyl


Br


0.60 ± 0.06 343 ± 11 4.96


5 4-Methylbenzoyl CH3 2.5 ± 0.3 321 ± 17 4.70


6 4-Bromobenzoyl Br 1.3 ± 0.1 338 ± 12 4.93


7 4-Methoxybenzoyl O


CH3


1.5 ± 0.5 350 ± 16 4.43


8 4-Acetoxybenzoyl
O


O


CH3


23 ± 9 374 ± 11 4.56


9 4-Nitrobenzoyl NO2 0.82 ± 0.09 329 ± 6 4.43


10 4-tert-Butylbenzoyl


CH3


CH3


CH3


Noneb 392 ± 20 5.83


11 4-Biphenylcarbonyl Noneb 389 ± 22 5.75


12 Phenylacetyl -CH2 0.61 ± 0.10 340 ± 18 4.66


13 2-Phenylpropanoyl -CH(CH3) 0.56 ± 0.12 376 ± 22 5.10


14 3-Phenylpropanoyl -(CH2)2 6.2 ± 0.8 353 ± 18 4.84


15 2-Phenylbutanoyl -CH(CH2CH3) 0.40 ± 0.03 383 ± 16 5.38


16 3-Phenylbutanoyl -CH2CH(CH3) 1.7 ± 0.2 387 ± 14 5.25


17 4-Phenylbutanoyl -(CH2)3 0.22 ±0.05 392 ± 26 5.14


18 4-Biphenylacetyl -CH2 1.7 ± 0.4 430 ± 19 5.86


(continued on next page)


S. Darvesh et al. / Bioorg. Med. Chem. 15 (2007) 6367–6378 6369







Table 1 (continued)


Compound Derivative R= BuChE Ki (lM)a Volume (Å3) logP value


19 1-Naphthoyl 0.088 ± 0.007 383 ± 12 5.47


20 2-Naphthoyl 0.47 ± 0.03 379 ± 27 5.47


21 1-Naphthylacetyl


H2C-


0.090 ± 0.010 381 ± 9 5.57


22 2-Naphthylacetyl


-CH2


0.028 ± 0.012 365 ± 14 5.59


23 9-Anthrylcarbonyl 0.0035 ± 0.0006 410 ± 16 6.31


24 trans-3-Phenylpropenoyl


H


H


2.7 ± 0.4 346 ± 17 5.59


25 Oxalyl(di)phenothiazine


O


N


S


0.22 ± 0.05 446 ± 21 4.74


a For comparison, the known compound galantamine inhibits BuChE (Ki = 2.09 lM) as well as AChE (Ki = 1.08 lM).13 None of the phenothiazine


amides inhibited AChE up to their solubility limits (3.33 · 10�5–1.67 · 10�4 M).
b None refers to no detectable inhibitory activity up to the solubility limit of these compounds (3.33 · 10�5–1.67 · 10�4 M) in the assay.
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Figure 2. Lineweaver–Burk plot of butyrylcholinesterase (0.05 U) with


substrate butyrylthiocholine, in the absence or presence of the inhibitor


9-anthrylcarbonyl phenothiazine amide (23). (m) no inhibitor; (d)


1.7 · 10�9 M; (j) 3.3 · 10�9 M (23). Replot of the slopes of the lines


versus [I] gave Ki as the x-intercept (inset).
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Figure 1. Scheme for the synthesis of N-(10)-substituted phenothiazine


amide derivatives. The R groups are shown in Table 1.
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higher inhibitor potency. The inhibitor potency (Ki) was
found to vary greatly between compounds, and the fac-
tors contributing to this were explored by considering
molecular parameters related to the structure of each
compound and to that of the enzyme.


2.3. Molecular computational studies


Computational methods were used to determine molec-
ular characteristics that governed specificity and potency
for cholinesterase inhibition. These parameters included
total molecular volumes, as well as the measurement of
length and width of certain substituent groups. The
logP values were calculated to predict the ability of
the compounds to cross the blood–brain barrier.


The molecular parameters that were examined were
derived from molecular mechanics calculations of the

minimum energy and preferred conformation for
each derivative. Single-point calculations of molecular







Figure 3. Simulated interaction of 9-anthrylcarbonyl phenothiazine


amide (23) showing binding of the phenothiazine moiety to F329 and


Y332 in the active site gorge of human butyrylcholinesterase. This


figure was generated using the crystal structure of butyrylcholinester-


ase,20 obtained from the protein databank,40 and using PyMol41 and


HyperChem program42 and by manually placing 23 in the active site


gorge.
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volume for each compound were carried out at the HF/
STO-3G level of theory,29 at the geometry obtained
using the MMFF94 force field method (PC Spartan
Pro, Wavefunction, Inc., 18401 Von Karman, Suite
370, Irvine, California, 92612). These molecular vol-
umes, based on an average of five calculations, are sum-
marized in Table 1.


logP value has been used to estimate the facility with
which a compound will cross the blood–brain barrier
by diffusion. Experimentally, this is done by partitioning
the molecule between water and the hydrophobic sol-
vent n-octanol, and determining the P value as the ratio
of the concentration of the compound in n-octanol and
that in water. Often the solubility of a molecule in water
is insufficient for the spectrophotometric analysis re-
quired in the experimental determination of logP values.
In such cases, values can be obtained indirectly via
methods such as the ALOGPS v 2.0 system used
herein.30 This method compares the structure of the
molecule with a large database of known molecular
partition coefficients. The larger the value of logP, the
greater the hydrophobic nature of the molecule and,
hence, the greater the facility with which it can cross
the blood–brain barrier. All of the phenothiazine deriv-
atives examined had calculated logP values greater than
4.4 (Table 1). These partition coefficient values are all
comparable to those calculated earlier for other pheno-
thiazine derivatives.27 In addition, although factors
other than hydrophobicity may be involved in crossing
the blood–brain barrier, the logP values in Table 1
can be compared to those calculated here by the same
method, for donepezil (4.14), galantamine (1.39), riv-
astigmine (2.59), tetrahydroaminoacridine (3.13), and
ethopropazine (5.47), all compounds successful in treat-
ment of diseases of the central nervous system.6,31


2.4. Structure–activity relationships


A number of lines of evidence have indicated that phe-
nothiazine derivatives bind to BuChE by interacting
with two aromatic amino acid residues, F329 and
Y332, through p–p interaction, with the two aromatic
rings of the phenothiazine tricycle.24,25 With this com-
mon binding event, the differences in inhibitor potency
(Ki values) were considered in terms of a number of
molecular parameters.


2.4.1. Effect of molecular volume. The calculated total
molecular volumes of the phenothiazine amides (Table
1) ranged from 314 Å3 for the benzoyl derivative (1) to
446 Å3 for the phenothiazine dimer of oxalic acid (25).
The volumes of all the derivatives were larger than the
estimated active site gorge volume of AChE (302 Å3)
and smaller than that estimated for BuChE (502 Å3).24


This provides one plausible explanation for the lack of
AChE inhibition observed for all derivatives examined
herein, since the smallest derivative (1) has a molecular
volume that is greater than that of the active site gorge
of this enzyme.


The extent of BuChE inhibition by phenothiazine
amides was often found to be related to the total

molecular volume of the inhibitor (Table 1). For compa-
rable derivatives this relationship was often linear, as
exemplified by benzoyl (1), 1-naphthoyl (19), and
9-anthrylcarbonyl (23) amide derivatives. In this group-
ing, the largest derivative (23) was over 1000-fold more
potent as a BuChE inhibitor than the smallest (1), while
that of the intermediate sized molecule, 19, was roughly
100-fold more potent than compound 1 (Table 1). The
direct relationship between inhibitor potency and molec-
ular volume was also observed with other comparable
series, such as benzoyl (1), 4-methylbenzoyl (5), and
4-methoxybenzoyl (7), and between the phenylacetyl
(12), 2-phenylpropanoyl (13), and 2-phenylbutanoyl
(15) derivatives (Table 1). However, the derivative with
the largest volume, the phenothiazine dimer of oxalic
acid (25) (volume = 446 Å3), is 60-fold less inhibitory
that the 9-anthrylcarbonyl derivative (23), which has a
smaller total volume (410 Å3) (Table 1). Thus, total
molecular volume alone cannot account for the variety
of inhibitor potencies for these phenothiazine deriva-
tives. Thus, even the simplest apparent linear relation-
ship between molecular volume and inhibitor potency
may be more complex on closer examination and be
attributable to multiple factors.


Earlier studies of the specific inhibition of BuChE by the
phenothiazine derivative ethopropazine, using molecu-
lar dynamics calculations and site-directed mutagene-
sis,24 indicated the importance of two aromatic amino
acid residues in the enzyme, F329 and Y332. These res-
idues permit p–p interaction with the tricyclic system of
phenothiazine. Thus, the phenothiazine moiety of com-
pounds such as 1, 19, and 23 binds in a comparable way
to the aryl side groups of F329 and Y332, but the broad-
est, tricyclic 9-anthryl group of 23 is superior in its







Figure 4. Conformation effects influencing butyrylcholinesterase inhibition. In compound 11, the extended nature of the substituent, reflected in the


distance from the N of the phenothiazine moiety to the most distal end of the side group, interferes with butyrylcholinesterase inhibition. In 19, the


comparable distance is only 6.2 Å. Preferred conformation models of comparable derivatives 13, 14 and 24 indicate the much closer proximity of the


planes of the aromatic rings in 14 facilitating intramolecular p–p interaction and leading to decreased enzyme inhibition.
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ability to block substrate access to the catalytic triad
(Fig. 3) than is the bicyclic naphthyl group of 19 which,
in turn, is more effective than the smaller phenyl moiety
of 1 (Table 1). This ability to block substrate can be ex-
plained by the difference in the width of the substituent
planar aryl moiety of these compounds, calculated to be
2.4, 4.9, and 7.3 Å, for the phenyl, naphthyl and anthryl
groups, respectively (see Fig. 4 for an illustration of
width determination).


2.4.2. Effect on inhibition of substituents on the aryl
moiety. Substitution of the aryl amide derivatives of
phenothiazine showed measurable effects on BuChE
inhibition. Introduction of small substituents such as
methyl showed very limited effects with respect to the
position (ortho-, meta- or para-) on the benzene ring,
although the meta position appeared to be slightly
favored (Table 1). Overall, most substituted aryl deriva-
tives were somewhat more potent than the parent com-
pound (1). However, three of the larger para-substituted
benzoyl derivatives showed a dramatic reduction in the
ability to inhibit BuChE, despite favorable total
molecular volumes. For example, the 4-acetoxybenzoyl
derivative (8) (volume = 374 Å3) had a considerably
weakened ability to inhibit BuChE (Ki = 23 lM), com-
pared to the unsubstituted benzoyl derivative (1)
(Ki = 5.8 lM). In fact, the larger derivatives 4-tert-buty-
lbenzoyl (10) (volume = 392 Å3) and 4-biphenylcarbonyl
(11) (volume = 389 Å3) did not inhibit BuChE at all.
This lack of ability to inhibit BuChE is not simply an
excessive volume effect since the larger 9-anthrylcarbon-
yl derivative (23) (volume = 410 Å3) was the most pow-
erful BuChE inhibitor (Table 1), and all of these
compounds (10, 11, and 23) are smaller than the esti-
mated BuChE active site gorge volume (502 Å3).24 These
observations are more consistent with steric interference

related to the requisite intermolecular binding of the
phenothiazine ring system to the active site residues
F329 and Y332 in the gorge (Fig. 3). This steric interfer-
ence was considered to be due to the extended substitu-
ent length, rather than the total volume, of these
compounds. The rigid nature of these molecules, arising
from the conjugation of the benzoyl moiety with the
phenothiazine amide bond, combined with the excessive
length of the entire substituent in 10 and 11, prevents the
correct alignment of the phenothiazine ring system in
the active site gorge for proper binding to F329 and
Y332. In preferred conformations, the conjugated sub-
stituent aryl moiety in 11 is almost at 90� to the pheno-
thiazine tricycle. The distance from the phenothiazine
nitrogen to the most distal hydrogen of the benzoyl
(1), 1-naphthoyl (19), and 9-anthrylcarbonyl (23) deriv-
atives, that is, the length of each substituent, is roughly
6.2 Å. On the other hand, the same distance for the
4-tert-butylbenzoyl derivative (10) is 8.6 Å and that for
the biphenylcarbonyl (11) is 10.5 Å (see Fig. 4 for an
illustration of length determination). Thus, the limited
width of the BuChE active site gorge and the excessive
lengths of the rigid 4-tert-butylbenzoyl (10) and 4-biphe-
nylcarbonyl (11) derivatives must interfere with the
alignment of the phenothiazine tricycle with F329 and
Y332 for p–p interaction. Support for this notion also
comes from the observation that, when this conforma-
tional rigidity is relieved by the introduction of a meth-
ylene group between the carbonyl and the phenyl group,
as in the 4-biphenylacetyl derivative (18), BuChE inhibi-
tion, absent in 11, is restored in 18 (Table 1). Further-
more, the fact that this compound (18) has a volume
of 430 Å3, larger than that for the 4-biphenylcarbonyl
derivative (11), lends support to the notion that lack
of BuChE inhibition with 10 and 11 is related to the
rigidity and length of these compounds, rather than to
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excessive total molecular volume effects. Furthermore,
confirmation that shape (steric effects), rather than vol-
ume, can be a factor in determining inhibitor potency,
comes from comparing another series of comparable
derivatives. The biphenylacetyl (18), 1-naphthylacetyl
(21) and 2-naphthylacetyl (22) are all comparable in
molecular weight, but the largest, in terms of molecular
volume (18) (Table 1), is the poorest BuChE inhibitor,
while the molecule with the smallest volume (22) is al-
most 20 times more effective than 21 and 60 times better
than 18. In addition, comparing the above compounds
with the phenylacetyl derivative (12) indicates that the
naphthylacetyl derivatives (21 and 22) show the ex-
pected increase in inhibitor potency over compound
12, based on volume considerations. However, the biph-
enylacetyl derivative (18) shows no correlation with 12,
based on volume alone. This is a further indication that
the length of the biphenylacetyl derivative (18), although
improved over the biphenylcarbonyl (11), is still interfer-
ing with the phenothiazine moiety binding to BuChE.


2.4.3. Effect of substituent aromatic nucleus orientation.
The 1- and 2-naphthoyl derivatives (19 and 20, respec-
tively), along with the 1- and 2-naphthylacetyl com-
pounds (21 and 22, respectively), also provide some
insight into structure–activity relationships. Compound
19 is a fivefold more potent inhibitor than the isomeric
20. Presumably this is an orientation effect since both
of these molecules are conformationally rigid. Introduc-
ing a methylene group between the 2-naphthyl ring sys-
tem and the carbonyl (20! 22) had a very large effect,
increasing the BuChE-inhibiting potency by 16-fold.
On the other hand, the presence of the methylene group
between the 1-naphthyl ring system and the carbonyl
(19! 21) produced no improvement in inhibition,
indicating that the rigid 1-naphthoyl derivative (19)
was already in proper orientation for optimal interfer-
ence with substrate access to the catalytic site. Clearly,
the precise orientation and conformation of the naph-
thyl ring system, when conjugated through the amide
linkage, can have a profound effect on the potency of
BuChE inhibition for these phenothiazine derivatives.


Another anomaly, again not related to volume, is
demonstrated by the series of alkylaryl amides (13–17).
In this grouping, having a phenyl group two carbons
removed from the carbonyl resulted in a significant loss
of inhibitor potency. Thus, the 3-phenylalkyl amides (14
and 16) are distinctly poorer inhibitors, by 4- to
8-fold, than the comparable 2- and 4-phenylalkyl amide
isomers (13, 15, and 17) (Table 1). Since the volumes of
the comparable derivatives in each set (13/14 and 15/16/
17) are roughly the same, the difference in inhibitor
potency cannot be attributed to this molecular
parameter. However, determination of the most stable
conformation of the 3-phenyl derivatives, such as 14,
revealed that, in their preferred conformation, these
isomers permit the closest intramolecular interaction
between the substituent phenyl group and the aromatic
ring system of the phenothiazine, as indicated by a small
angle between the aromatic ring planes in this derivative
(Fig. 4). The intramolecular p–p interactions present in
the 3-phenylalkyl derivatives most likely diminish the

required intermolecular p–p interaction between the
phenothiazine tricycle and aromatic residues F329 and
Y332 in the BuChE active site gorge. In the preferred
conformation of 2-phenylpropanoyl (13), the substitu-
ent phenyl ring is further separated from the phenothia-
zine tricycle, leading to decreased intramolecular p–p
interaction and permitting the aromatic tricycle of the
phenothiazine moiety to form better intermolecular
p–p interaction with the enzyme. A similar line of
reasoning can account for the more powerful inhibition
of BuChE by the trans-3-phenylpropenoyl derivative
(24), compared to the analogous saturated compound
14, since the conformationally rigid nature of the double
bond in 24 (Fig. 4) would discourage the intramolecular
p–p interaction considered to be responsible for the
lower BuChE inhibition potency exhibited by 14.

3. Conclusions


The N-(10)-aryl and alkylaryl amide derivatives of phe-
nothiazine have the ability to inhibit BuChE with no
detectable inhibition of AChE. These selective BuChE
inhibitors can be prepared with inhibitor potencies in
the nanomolar concentration range. The ability of these
aromatic phenothiazine derivatives to inhibit BuChE is
often directly attributed to the total molecular volume
of the inhibitor. However, certain steric, conforma-
tional, and electronic factors also influence inhibitor
potency. The relatively nonpolar nature of the aryl
and alkylaryl phenothiazine amides suggests that these
molecules could readily cross the blood–brain barrier
for the effective treatment of dementias such as Alzhei-
mer’s disease. The BuChE-specific characteristics of
these aromatic phenothiazine amides could also provide
an effective way to elucidate the role of BuChE in
normal nervous system and in Alzheimer’s disease.

4. Experimental


4.1. Materials


Purified human plasma butyrylcholinesterase (BuChE,
EC 3.1.1.8) was a gift from Dr. Oksana Lockridge (Uni-
versity of Nebraska Medical Center). Purified recombi-
nant human acetylcholinesterase (AChE, EC 3.1.1.7),
acetylthiocholine, butyrylthiocholine, 5,5 0-dithiobis
(2-nitrobenzoic acid) (DTNB), and phenothiazine were
purchased from Sigma (St. Louis, MO). Acid chlorides
were purchased from Aldrich Chemical Co. Inc. (Mil-
waukee, WI) and used without further purification.
For those unavailable commercially, acid chlorides were
prepared from the corresponding acids which were also
purchased from Aldrich.


4.2. Synthesis of compounds


A solution containing phenothiazine (5.1 mmol), acid
chloride (10.5–30 mmol), and triethylamine (5.1 mmol)
in dichloromethane (50 mL) was refluxed with stirring
until TLC analysis revealed that all phenothiazine was
consumed. Reaction periods ranged from 17 h to 20
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days. The cooled reaction mixture was then washed suc-
cessively with 5% aqueous sodium bicarbonate (3·
50 mL), 5% hydrochloric acid (3· 50 mL) followed by
water (2· 50 mL). The solution was dried (MgSO4), fil-
tered, and solvent evaporated under vacuum. The crude
solid product was then routinely purified by column
chromatography using silica gel 60 (63–200l) (Caledon
Laboratories Ltd) as adsorbant and dichloromethane
or a dichloromethane/ethyl acetate mixture as eluent.
Fractions containing only the desired product were
combined, the solvent evaporated under vacuum. The
product was crystallized from petroleum ether/dichloro-
methane (2:1). Yields of purified amides varied from
8% to 70% (average 46%). No attempt was made to
optimize the yield.


Acid chlorides were synthesized from the corresponding
carboxylic acid using oxalyl chloride, as described
previously.25


4.3. Analysis of synthesized compounds


Melting points were determined on a Mel-Temp II appa-
ratus and are uncorrected. Thin layer chromatography
was carried out using silica gel sheets with fluorescent
indicator (0.20 mm thickness; Macherey–Nagel) and
dichloromethane or a dichloromethane/ethyl acetate
mixture as developing solvent. Plates were visualized
using a short wavelength UV lamp. Infrared spectra
were recorded as Nujol mulls between sodium chloride
plates on a Nicolet Model 205 or a Nicolet Avatar 330
FT-IR spectrometer. Peak positions were reproducible
within 1–2 cm�1. Nuclear magnetic resonance spectra
were recorded at the Atlantic Region Magnetic Reso-
nance Centre, Dalhousie University, on a Bruker AC-
250F operating at 250.1 MHz for proton and
62.9 MHz for carbon or a Bruker AVANCE 500 operat-
ing at 500.13 MHz for proton and 125.76 MHz for car-
bon-13. Chemical shifts are reported in ppm relative to
TMS, in CDCl3 or DMSO-d6 solution. Mass spectra
were recorded at Dalhousie University on a CEC 21-
110B spectrometer using electron ionization at 70 V
and an appropriate source temperature with samples
being introduced by means of a heatable port probe.
Accurate mass measurements were also made on this
machine operated at a mass resolution of 8000 by com-
puter controlled peak matching to appropriate PFK ref-
erence ions. Mass measurements were routinely within
3 ppm of the calculated value.


4.4. Analytical data


The melting point (mp), IR, 1H NMR, 13C NMR, and
HR-MS data are listed below for each synthesized
compound.


4.4.1. Benzoyl phenothiazine (1). Colorless needles, mp
174.5–176 �C (lit. mp 174 �C.32) IR (Nujol): 1673,
1322, 1259, 1110, 1029, 873, 855, 767, 752, 704,
689 cm�1. 1H NMR (CDCl3): 7.09–7.47 (overlapping
m). 13C NMR (CDCl3): 126.53, 126.98, 127.20, 127.77,
128.07, 128.93, 130.46, 132.32, 135.28, 139.54, 168.97.
EI-MS (m/z): 303 (M+), 198, 154, 127, 105 (base), 77,

69, 63, 51. HR-MS (EI): M+ found, 303.0710; calcd
for C19H13NOS, 303.0718.


4.4.2. 2-Methylbenzoyl phenothiazine (2). Off-white crys-
tals, mp 159.5–160.9 �C. IR (Nujol): 1668, 1321, 1259,
1237, 1043, 960, 854, 760, 756, 727, 647, 623 cm�1. 1H
NMR (CDCl3): 2.46 (broad s, 3H), 6.9–7.5 (overlapping
m, 12H). 13C NMR (CDCl3): 19.40, 125.22, 126.49,
126.67, 127.02, 127.44, 127.56, 129.21, 130.26, 132.30,
135.36, 135.59, 138.47, 169.33. EI-MS (m/z): 317 (M+),
199, 198, 167, 166, 154, 120, 119 (base), 91, 65. HR-
MS (EI): M+ found, 317.0877; calcd for C20H15NOS,
317.0874.


4.4.3. 3-Methylbenzoyl phenothiazine (3). Colorless crys-
tals, mp 140–142 �C. IR (Nujol): 1656, 1584, 1321, 1309,
1262, 1189, 805, 764, 756 cm�1. 1H NMR (CDCl3): 2.26
(s, 3H), 7.0–7.5 (overlapping m, 12H). 13C NMR
(CDCl3): 21.28, 125.86,126.39, 126.86, 127.12, 127.64,
129.60, 131.13, 132.25, 135.09, 137.86, 139.53, 169.03.
EI-MS (m/z): 317 (M+), 199, 198, 154, 119 (base), 91.
HR-MS (EI): M+ found, 317.0874; calcd for
C20H15NOS, 317.0874.


4.4.4. 3-Bromobenzoyl phenothiazine (4). Colorless crys-
tals, mp 139.5–141.3 �C. IR (Nujol): 1667, 1566, 1324,
1262, 1157, 771, 754 cm�1. 1H NMR (CDCl3): 7.03 (t,
J = 7.9 Hz, 1H), 7.15–7.20 (overlapping m, 5H), 7.36–
7.47 (overlapping m, 5H), 7.61 (t, J = 1.8 Hz, 1H). 13C
NMR (CDCl3): 122.15, 126.69, 127.00, 127.21, 127.74,
129.37, 132.01, 132.27, 133.38, 137.13, 139.05, 167.19.
EI-MS (m/z): 383 (M+, 81Br), 381 (M+, 79Br) (base),
200, 199, 198, 197, 185, 183, 166, 157, 155, 154. HR-
MS (EI): M+, 79Br found, 380.9805; calcd for
C19H12NOSBr, 380.9823.


4.4.5. 4-Methylbenzoyl phenothiazine (5). Colorless crys-
tals, mp 197–199 �C. IR (Nujol): 1660, 1609, 1588, 1329,
1265, 1182, 828, 770, 753 cm�1. 1H NMR (CDCl3): 2.29
(s, 3H), 7.01 (d, J = 8.3 Hz, 2H), 7.11–7.47 (overlapping
m, 10H). 13C NMR (CDCl3): 21.46, 126.33, 126.89,
127.10, 127.66, 128.63, 129.05, 132.20, 139.69, 140.74,
168.86. EI-MS (m/z): 317 (M+), 198, 154, 127, 119
(base), 91, 89, 69, 65, 63. HR-MS (EI): M+ found,
317.0874; calcd for C20H15NOS, 317.0874.


4.4.6. 4-Bromobenzoyl phenothiazine (6). Colorless crys-
tals, mp 166–168 �C (lit. mp 162–163 �C.33) IR (Nujol):
1666, 1587, 1329, 1263, 1109, 1072, 1011, 958, 838,
755 cm�1. 1H NMR (CDCl3): 7.15–7.19 (overlapping
m, 4H), 7.23 (d, J = 8.5 Hz, 2H), 7.34–7.45 (overlapping
m, 6H). 13C NMR (CDCl3): 124.92, 126.60, 126.96,
127.01, 127.72, 130.49, 131.22, 132.16, 134.04, 139.18,
167.75. EI-MS (m/z): 383 (M+, 81Br), 381 (M+, 79Br),
200, 199, 198 (base), 196, 186, 185, 184, 183, 166, 157,
155. HR-MS (EI): M+ found, 380.9808; calcd for
C19H12NOSBr, 380.9823.


4.4.7. 4-Methoxybenzoyl phenothiazine (7). Colorless
crystals, mp 170–175 �C (lit. mp 173–174 �C.34) IR(Nu-
jol): 1657, 1608, 1512, 1326, 1258, 1175, 1029, 840, 768,
760 cm�1. 1H NMR (CDCl3): 3.75 (s, 3H), 6.70 (d,
J = 8.6 Hz, 2H), 7.11–7.20 (overlapping m, 4H), 7.33
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(d, J = 8.6 Hz, 2H), 7.39-7.47 (overlapping m, 4H). 13C
NMR (CDCl3): 55.25, 113.23, 126.26, 126.93, 127.06,
127.27, 127.66, 131.14, 132.13, 139.91, 161.26, 168.34.
EI-MS (m/z): 333 (M+), 198, 154, 136, 135 (base), 107,
92, 77, 64, 63. HR-MS (EI): M+ found, 333.0819; calcd
for C20H15NO2S, 333.0823.


4.4.8. 4-Acetoxybenzoyl phenothiazine (8). Colorless
crystals, mp 185–187 �C. IR (Nujol): 1762, 1650, 1601,
1333, 1267, 1205, 1169, 913, 855, 757 cm�1. 1H NMR
(CDCl3): 2.24 (s, 3H), 6.96 (d, J = 8.8 Hz, 2H), 7.13–
7.19 (overlapping m, 4H), 7.37–7.48 (overlapping m,
6H). 13C NMR (CDCl3): 21.05, 121.07, 126.47, 126.92,
127.01, 127.64, 130.33, 132.13, 132.49, 139.33, 152.03,
167.80, 168.65. EI-MS (m/z): 361 (M+, base), 199, 198,
167, 163, 154, 121. HR-MS (EI): M+ found, 361.0767;
calcd for C20H15NO3S, 361.0772.


4.4.9. 4-Nitrobenzoyl phenothiazine (9). Yellow crystals,
mp 225–227 �C (lit. mp 225–226 �C.34) IR (Nujol):
1662, 1601, 1519, 1506, 1343, 1264, 1106, 861, 765,
750 cm�1. 1H NMR (CDCl3): 7.15-7.57 (overlapping
m, 10H), 8.07 (d, J = 8.9 Hz, 2H). 13C NMR (CDCl3):
123.51, 127.12, 127.26, 127.36, 128.12, 129.91, 132.51,
138.86, 141.55, 148.78, 166.99. EI-MS (m/z): 348 (M+),
199, 198 (base), 154, 127, 120, 104, 92, 76, 50. HR-MS
(EI): M+ found, 348.0573; calcd for C19H12N2O3S,
348.0568.


4.4.10. 4-tert-Butylbenzoyl phenothiazine (10). Colorless
crystals, mp 177.5–179 �C (lit. mp 171–173 �C.35) IR
(Nujol): 1667, 1330, 1261, 1118, 832, 764, 748 cm�1.
1H NMR (CDCl3): 1.24 (s, 9H), 7.11–7.44 (overlapping
m, 12H). 13C NMR (CDCl3): 31.20, 34.89, 124.95,
126.42, 126.94, 127.22, 127.72, 128.96, 132.20, 132.28,
139.76, 153.92, 168.89. EI-MS (m/z): 359 (M+), 198,
161 (base), 146, 118, 117, 91, 77. HR-MS (EI): M+


found, 359.1341; calcd for C23H21NOS, 359.1344.


4.4.11. 4-Biphenylcarbonyl phenothiazine (11). Colorless
crystals, mp 220.5–222 �C. IR (Nujol): 1660, 1336,
1263, 842, 763, 753, 694 cm�1. 1H NMR (CDCl3):
7.15–7.57 (overlapping m). 13C NMR (CDCl3): 126.50,
126.61, 127.00, 127.13 (2 peaks), 127.74, 127.92,
128.88, 129.57, 132.23, 133.92, 139.55, 139.96, 143.08,
168.61. EI-MS (m/z): 379 (M+) (base), 199, 198, 182,
181, 153, 152. HR-MS (EI): M+ found, 379.1025; calcd
for C25H17NOS, 379.1031.


4.4.12. Phenylacetyl phenothiazine (12). Colorless nee-
dles, mp 152.5–154 �C (lit. mp 152–153 �C.36) IR (Nu-
jol): 1681, 1661, 1341, 1255, 1166, 1124, 1029, 771,
759, 703 cm�1. 1H NMR (CDCl3): 3.81 (s, 2H), 7.04–
7.24 (overlapping m, 7H), 7.26–7.34 (m, 2H), 7.37 (dd,
J = 7.6 and 1.5 Hz, 2H), 7.52 (broad d, J = 7.6 Hz,
2H). 13C NMR (CDCl3): 41.23, 126.88, 127.01 (2 peaks),
127.38, 127.97, 128.47, 129.03, 133.57, 134.52, 138.76,
170.31. EI-MS (m/z): 317 (M+), 200, 199, 198 (base),
171, 167, 166, 154, 127, 91, 69, 65, 63. HR-MS (EI):
M+ found, 317.0874; calcd for C20H15NOS, 317.0874.


4.4.13. 2-Phenylpropanoyl phenothiazine (13). Pale yel-
low crystals, mp 112–114 �C. IR (Nujol): 1672, 1250,

1170, 1128, 1067, 1028, 965, 767, 755, 699 cm�1. 1H
NMR (CDCl3): 1.46 (d, J = 7.0 Hz, 3H), 4.13 (broad
q, J = �7 Hz, 1H), 7.03–7.54 (overlapping m, 13H).
13C NMR (CDCl3): 20.57, 43.20, 126.75, 126.86,
127.37, 127.45, 127.63, 127.85, 127.96, 128.51, 138.71,
140.91, 173.48. EI-MS (m/z): 331 (M+), 200, 199, 198
(base), 166, 154, 127, 105, 103, 79, 77. HR-MS (EI):
M+ found, 331.1024; calcd for C21H17NOS, 331.1031.


4.4.14. 3-Phenylpropanol phenothiazine (14). Off-white
crystals, mp 102–104 �C. IR (Nujol): 1673, 1577, 1310,
1249, 1124, 767, 753, 693. 1H NMR (CDCl3): 2.72–
2.79 (m, 2H), 2.91–2.98 (m, 2H), 7.07–7.46 (overlapping
m, 13H). 13C NMR (CDCl3): 31.46, 36.22, 126.20,
126.87, 127.04, 127.34, 128.04, 128.41, 128.50, 133.36,
138.76. 140.85. 171.38. EI-MS (m/z): 331 (M+), 279,
199 (base), 167, 154, 133, 105, 91, 77. HR-MS (EI):
M+ found, 331.1044; calcd for C21H17NOS, 331.1031.


4.4.15. 2-Phenylbutanoyl phenothiazine (15). Colorless
crystals, mp 78–80 �C. IR (Nujol): 3027, 1679, 1279,
1252, 1243, 1167, 1128, 1031, 765, 752, 708, 699 cm�1.
1H NMR (CDCl3): 0.83 (broad t, J = �7.2 Hz, 3H),
1.70 (broad m, J = �7 Hz, 1H), 2.12 (broad m,
J = �7 Hz, 1H), 3.82 (broad m, 1H), 7.1–7.6 (overlap-
ping m, 13H). 13C NMR (CDCl3): 12.35, 28.67, 50.67,
126.96, 127.02, 127.10, 127.86, 128.09, 128.18 (2 peaks),
128.65, 139.22, 139.89. 172.91. EI-MS (m/z): 345 (M+),
200, 199, 198, 119, 91 (base), 50, 40. HR-MS (EI): M+


found, 345.1186; calcd for C22H19NOS, 345.1187.


4.4.16. 3-Phenylbutanoyl phenothiazine (16). Colorless
crystals, mp 117.5–120 �C. IR (Nujol): 1669, 1586,
1567, 1343, 1322, 1263, 1177, 1097, 767, 753 cm�1. 1H
NMR (CDCl3): 1.22 (d, J = 7.0 Hz, 3H), 2.62 (dd,
J = 15.1 and 8.4 Hz, 1H), 2.85 (dd, J = 15.1 and
6.3 Hz, 1H), 3.28 (m, 1H), 7.0–7.6 (overlapping m,
13H). 13C NMR (CDCl3): 21.64, 36.83, 42.99, 126.59,
127.09 (2 peaks), 127.26, 127.67, 128.30, 128.76,
133.81, 139.09, 146.29. 171.09. EI-MS (m/z): 345 (M+),
200, 199 (base), 198, 167, 166, 154, 105, 91, 79, 77.
HR-MS (EI): M+ found, 345.1188; calcd for
C22H19NOS, 345.1187.


4.4.17. 4-Phenylbutanoyl phenothiazine (17). Colorless
crystals, mp 96.5–99 �C. IR (Nujol): 1668, 1580, 1259,
1126, 1031, 769, 754 cm�1. 1H NMR (CDCl3): 1.91 (tt,
J = �7.3 Hz, 2H), 2.46 (t, J = 7.3 Hz, 2H), 2.56 (t,
J = 7.6 Hz, 2H), 7.0–7.5 (overlapping m, 13H). 13C
NMR (CDCl3): 26.87, 33.52, 34.96, 125.85, 126.81,
127.00, 127.31, 128.00, 128.32, 128.50, 133.33, 138.85,
141.60, 171.92. EI-MS (m/z): 345 (M+), 200, 199 (base),
198, 167, 147, 91. HR-MS (EI): M+ found 345.1194;
calcd for C22H19NOS, 345.1187.


4.4.18. 4-Biphenylcarbonyl phenothiazine (18). Colorless
crystals, mp 150.5–153 �C. IR (Nujol): 1689, 1586,
1561, 1251, 1162, 1124, 764, 752, 738 cm�1. 1H NMR
(CDCl3): 3.84 (s, 2H), 7.13–7.56 (overlapping m, 17H).
13C NMR (CDCl3): 41.08, 127.23, 127.31 (2 peaks),
127.40 (2 peaks), 127.47, 127.59, 128.19, 129.02,
129.69, 133.83, 138.97, 139.98, 141.13, 170.47. EI-MS
(m/z): 393 (M+), 200, 199 (base), 198, 168, 167, 166,
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165, 154, 152, 91. HR-MS (EI): M+ found, 393.1173;
calcd for C26H19NOS, 393.1187.


4.4.19. 1-Naphthoyl phenothiazine (19). Colorless crys-
tals, mp 176–179 �C (lit. mp 170 �C.37) IR (Nujol):
1659, 1505, 1330, 1291, 1259, 1145, 1127, 810, 796,
769, 759 cm�1. 1H NMR (CDCl3): 7.0–7.9 (overlapping
m, 14H), 8.36 (broad d, J = �7.9 Hz, 1H). 13C NMR
(CDCl3): 124.49, 125.15, 125.90, 126.31, 126.61,
126.778, 127.12, 127.69, 128.37, 129.84, 132.29, 133.31,
138.85, 168.87. EI-MS (m/z): 353 (M+), 200, 199, 198,
197, 196, 171, 166, 156, 155 (base), 154, 140, 127, 104.
HR-MS (EI): M+ found, 353.0875; calcd for
C23H15NOS, 353.0874.


4.4.20. 2-Naphthoyl phenothiazine (20). Colorless crys-
tals, mp 190–192 �C (lit. mp 185 �C.37) IR (Nujol):
1659, 1628, 1322, 1260, 1192, 861, 822, 802, 755 cm�1.
1H NMR (CDCl3): 7.10–7.19 (overlapping m, 4H),
7.36 (dd, J = 8.6 and 1.8 Hz, 1H), 7.46–7.54 (overlap-
ping m, 6H), 7.64 (d, J = 8.6 Hz, 1H), 7.75–7.81 (over-
lapping m, 2H), 8.08 (broad s, 1H). 13C NMR
(CDCl3): 125.54, 126.69, 126.74, 127.21, 127.36,
127.69, 127.73, 127.90, 129.00, 130.10, 132.47, 132.74,
132.84, 134.22, 139.80, 169.00. EI-MS (m/z): 353 (M+),
199, 198, 171, 166, 155 (base), 127, 101, 77. HR-MS
(EI): M+ found, 353.0879; calcd for C23H15NOS,
353.0874.


4.4.21. 1-Naphthylacetyl phenothiazine (21). Off-white
crystals, mp 137–139 �C. IR (Nujol): 1673, 1598, 1511,
1333, 1252, 1153, 1123, 793, 772, 760 cm�1. 1H NMR
(CDCl3): 4.29 (s, 2H), 7.21–7.85 (overlapping m, 15H).
13C NMR (CDCl3): 39.13, 123.96, 125.58, 126.46,
127.20, 127.35, 127.46, 127.76, 127.86, 127.99, 128.25,
128.85, 131.51, 132.21, 133.61, 134.01, 139.04, 170.41.
EI-MS (m/z): 367 (M+), 200, 199, 198, 166, 154, 142
(base), 139, 127, 115. HR-MS (EI): M+ found,
367.1038; calcd for C24H17NOS, 367.1031.


4.4.22. 2-Naphthylacetyl phenothiazine (22). Pale yellow
crystals, mp 181.5–183.5 �C. IR (Nujol): 1677, 1579,
1348, 1258, 1165, 1126, 980, 945, 865, 796, 767,
739 cm�1. 1H NMR (CDCl3): 4.02 (s, 2H), 7.21-7.82
(overlapping m, 15H). 13C NMR (CDCl3): 41.61,
125.85, 126.18, 127.18 (2 peaks), 127.41, 127.57, 127.82,
127.91, 128.13, 128.25, 132.19, 132.62, 133.66, 133.81,
139.01, 170.38. EI-MS (m/z): 367 (M+), 201, 200, 199
(base), 198, 167, 166, 142, 141, 115. HR-MS (EI): M+


found, 367.1036; calcd for C24H17NOS, 367.1031.


4.4.23. 9-Anthrylcarbonyl phenothiazine (23). Bright yel-
low crystals, mp 212–213.5 �C. IR (Nujol): 1660, 1357,
1309, 1256, 1189, 1130, 950, 884, 844, 762, 650 cm�1. 1H
NMR (CDCl3): 6.33 (dt, J = 7.7 and 1.3 Hz, 1H), 6.44
(dd, J = 8.2 and 1.1 Hz, 1H), 6.71 (dt, J = 7.5 and
1.3 Hz, 1H), 7.14 (dd, J = 7.5 and 1.3 Hz, 1H), 7.28–
7.38 (overlapping m, 3H), 7.53 (dt, J = 7.7 and 1.3 Hz,
1H), 7.58 (m, 2H), 7.76 (broad t, J = �7.2 Hz, 1H), 7.82
(broad d, J = �7.5 Hz, 1H), 8.07 (d, J = 8.8 Hz, 1H),
8.16 (dd, J = 7.9 and 1.3 Hz, 1H), 8.20 (broad d,
J = 8.4 Hz, 1H), 8.39 (s, 1H), 8.55 (d, J = 8.8 Hz, 1H).
13C NMR (CDCl3): 125.10, 125.38 (2 peaks), 125.65,

125.68, 126.27, 126.57, 126.70, 127.24, 127.34, 127.45,
127.67, 127.74, 128.09, 128.33 (2 peaks), 128.59, 129.29,
130.18, 130.24, 130.74, 131.08, 132.57, 132.79, 138.10,
138.25, 169.16. EI-MS (m/z): 403 (M+), 206, 205 (base),
199, 198, 178, 177, 176, 152, 92. HR-MS (EI): M+ found,
403.1033; calcd for C27H17NOS, 403.1031.


4.4.24. trans-3-Phenylpropenoyl phenothiazine (24). Pale
yellow crystals, mp 137–138.5 �C (lit. mp 139–
140 �C.38) IR (Nujol): 3063, 1668, 1618, 1576, 1336,
1250, 1168, 979, 765, 755 cm�1. 1H NMR (CDCl3):
6.74 (d, J = 15.4 Hz, 1H), 7.21–7.50 (overlapping m,
11H), 7.64 (d, J = 7.6 Hz, 2H), 7.86 (d, J = 15.4 Hz,
1H). 13C NMR (CDCl3): 118.43, 126.82, 126.93,
127.26, 127.94, 128.10, 128.85, 130.01, 132.75, 134.97.
138.61, 143.78, 164.42. EI-MS (m/z): 329 (M+), 200,
199 (base), 198, 167, 131, 103, 77. HR-MS (EI): M+


found, 329.0874; calcd for C21H15NOS, 329.0874.


4.4.25. Oxalyl(di)phenothiazine (25). Off-white crystals,
mp 300.5–303.5 �C. IR (Nujol): 1681, 1661, 1583,
1309, 1284, 1262, 1236, 1186, 757 cm�1. 1H NMR
(DMSO-d6): 7.2–7.7 (overlapping m). 13C NMR
(CDCl3): 125.62, 126.86, 126.95, 127.25, 127.39,
127.53, 128.09, 128.26, 131.10, 133.53, 135.10, 135.44,
163.35. EI-MS (m/z): 452 (M+), 424, 200, 199, 198,
167, 166, 154, 86, 51, 49 (base). HR-MS (EI): M+ found,
452.0654; calcd for C26H16N2O2S2, 452.0653.


4.5. Enzyme kinetic studies


The esterase activity of AChE and BuChE was deter-
mined by a modification of the Ellman method.28 Briefly,
2.7 mL of buffered DTNB solution (pH 8.0), 0.1 mL of
human recombinant AChE (0.03 U13) or purified human
serum BuChE (0.05 U13) in 0.005% aqueous gelatin, and
0.1 mL of 50% aqueous acetonitrile or one of the pheno-
thiazine derivatives, dissolved in this solvent, were placed
in a quartz cuvette of 1 cm path-length. Serial (1:10) dilu-
tions of each compound in 50% acetonitrile were tested
for the ability to inhibit either AChE or BuChE. The mix-
ture was zeroed at 412 nm, and the reaction initiated by
the addition of acetylthiocholine or butyrylthiocholine
in aqueous solution at a final concentration of
1.6 · 10�4 M. The reactions were performed at 23 �C.
The rate of change of absorbance (DA/min), reflecting
the rate of hydrolysis of acetylthiocholine or butyrylthi-
ocholine, was recorded every 5 s for 1 min, using a Mil-
ton-Roy 1201 UV–visible spectrophotometer (Milton-
Roy, Ivyland, PA) set at k = 412 nm. These experiments
were generally done at least in triplicate and the values
averaged. Lineweaver–Burk plots were generated by
using a fixed amount of cholinesterase and varying
amounts of substrate (3 · 10�5 M–1.6 · 10�4 M) in the
presence or absence of the inhibitors. The re-plot of the
slopes of the above double reciprocal plots against inhib-
itor concentration gave the inhibitor constant (Ki) as the
intercept on the x-axis.


4.6. Calculation of logP values


In order to assess the ability of the compound to cross
the hydrophobic blood–brain barrier, logP values were
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obtained using the ALOGPS method.30 The ALOGPS
methodology employs a large collection of compounds
taken from the PHYSPROP database of Syracuse Re-
search Corporation (Syracuse Research Corporation.
Physical/Chemical Property Database (PHYSPROP);
SRC Environmental Science Center: Syracuse, NY,
1994). This methodology is a statistical approach,
involving electrotopological state (E-state) indices and
neural network ensembles.


4.7. Calculation of molecular parameters


Molecular mechanics calculations were carried out using
the MMFF94 force field (PC Spartan Pro, Wavefunc-
tion, Inc., 18401 Von Karman, Suite 370, Irvine, Cali-
fornia, 92612). Geometry optimizations were carried
out at this level of theory, based on the best conformer.
This optimized structure was employed in a subsequent
Hartree–Fock/STO-3G calculation. Hartree–Fock cal-
culations were carried out using the Gaussian 98 suite
of programs.29 The molecular volume was obtained at
this level of theory by selecting a surface of fixed elec-
tron density (0.001 e/bohr3, in this case), and by comput-
ing the volume within that isodensity surface.39 The
volume = tight option was employed in order to obtain
increased accuracy. Molecular volumes reported in the
paper are based on an average of five separate volume
calculations. The structure for the graphical abstract
as well as Figure 3 were generated using the Hyper-
Chem� program.42
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Abstract—A new series of 1b-methyl carbapenems possessing a 6,7-disubstituted imidazo[5,1-b]thiazol-2-yl group directly attached
to the C-2 position of the carbapenem nucleus was prepared, and the activities of these compounds against methicillin-resistant
Staphylococcus aureus (MRSA) were evaluated. To study the effect of basic moieties on anti-MRSA activity, we introduced an
amino, or imino, or amidino group at the 6-position of imidazo[5,1-b]thiazole in place of the carbamoylmethyl moiety of
CP5068. Anti-MRSA activities of almost all basic group-substituted carbapenems were improved, though some of the compounds
showed stronger acute toxicity in mice than IPM. In order to decrease the toxicity without decreasing the activity, we introduced
various additional functionalities around the basic moiety. Finally, we obtained CP5484, which has excellent anti-MRSA activity
and low acute toxicity.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Various new drug-resistant pathogens have been emerg-
ing in spite of the development of new antibiotics.
Among them, methicillin-resistant Staphylococcus aur-
eus (MRSA) is one of the major pathogens causing nos-
ocomial infections. After MRSA was first identified in
England in 1961,1 it became a serious clinical problem
worldwide, so far, only a few marketed agents, such as
arbekacin, vancomycin (VCM), and teicoplanin, are
effective against MRSA. Moreover, glycopeptide-resis-
tant strains have been emerging concomitantly with
the increasing use of glycopeptide.2 Recently Linezolid
and daptomycin have also been available for MRSA
infections. However, new resistant strains against many
drugs including them have already been reported.3 For
these reasons, new anti-MRSA agents are highly
desirable.
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Recently, many research groups have reported anti-
MRSA b-lactams, such as cephalosporins4 and carba-
penems.5 Those b-lactams show high binding affinity
to penicillin-binding protein 2a (PBP2a). We have
already reported a potent anti-MRSA agent, CP5068,6


which has as high a binding affinity for PBP2a as other
anti-MRSA b-lactams.


Some b-lactams having an amino group, such as MC-
024797 and J-111,347,8 show strong anti-MRSA activ-
ity. Therefore, to study the effect of the basic moiety
on the activity, we designed and synthesized novel carb-
apenem derivatives having a basic group (i.e., amine,
imine, or amidine) in place of the carbamoylmethyl
group at the 6-position of the imidazo[5,1-b]thiazole
moiety of CP5068 (Fig. 1). These compounds exhibited
improved anti-MRSA activity, but showed strong acute
toxicity in mice. To overcome this problem, we designed
and synthesized further derivatives and finally found
CP5484, which has reduced toxicity while retaining its
potent anti-MRSA activity. Herein we report the syn-
thesis and structure-activity relationships of CP5484
and its derivatives having a basic moiety on the imi-
dazo[5,1-b]thiazole ring, as well as the in vitro and
in vivo efficacy, and pharmacokinetic profile.
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Figure 1. Strategy for synthesizing amino-substituted carbapenems.
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2. Chemistry


First, we synthesized carbapenem derivatives having a
simple amino group. The synthetic routes are illustrated
in Scheme 1. All derivatives were prepared from key
intermediate 1. Primary and secondary amines were
introduced using azido groups (2a–d) and PNZ(=4-
nitrobenzyloxycarbonyl)-protected amines (2e–g). Alco-
hols 2a–g having amino precursors were converted to
trifluoromethanesulfonates 3a–g with 2,6-lutidine and
trifluoromethanesulfonic anhydride. Reaction of 3a–g
and the key intermediate 1 provided the corresponding
quaternary salts 4a–g. Deprotection and reduction of
azido group afforded novel amino-substituted carbapen-
ems 5a–g, each as an amorphous powder, by lyophiliza-
tion after reversed-phase column chromatographic
purification.


Preparation of amidine-substituted carbapenems is
shown in Scheme 2. Reaction of ethyl formimidate or
acetimidate and 5b or 5e afforded the corresponding
amidine- substituted carbapenems 6a–c. Introduction

Scheme 1. Synthesis of carbapenem derivatives (1). Reagents and conditions


THF–H2O, rt.

of thioamidine was also achieved by reaction of thiourea
and 7a or 7b, derived from 1 and 3-iodopropyl trifluo-
romethanesulfonate or m-a,a 0-dibromoxylene. Removal
of the 4-nitrobenzyl group yielded the thioamidine-car-
bapenems 8a and 8b.


In Scheme 3, introduction of additional functional
groups around the amino group is illustrated. All com-
pounds were synthesized from 1 and the corresponding
triflates, which were prepared in the same manner as
5a–g in Scheme 1. Alcohols 9a–d derived from LL-
hydroxyproline were converted to the corresponding
carbapenems 11a–d, which are derivatives of 5e possess-
ing a hydroxymethyl, methoxycarbonyl, carboxyl, or
N,N 0-dimethylcarbamoyl group, respectively, on the
pyrrolidine ring. Compounds 11e–h, which have a
methyl, methoxyl, fluoromethoxyl or hydroxyl group
on the aminopropyl chain of 5b were similarly prepared
from the alcohols 9e–h and 1. Insertion of sulfur atom or
sulfone into the aminobutyl chain of 5c was also per-
formed through the reaction of 9i or 9j and 1 to form
11i or 11j, respectively.

: (a) 2,6-lutidine, Tf2O,CH2Cl2, �40 �C; (b) CH2Cl2, rt.; (c) Pd/C, H2,







Scheme 2. Synthesis of carbapenem derivatives (2). Reagents and conditions: (a)(i) thiourea, CH3CN–DMF, 35 �C; (ii)Pd/C, H2, THF–H2O, rt.


Scheme 3. Synthesis of carbapenem derivatives (3). Reagents and conditions: (a) 2,6-lutidine, Tf2O,CH2Cl2, �40 �C; (ii)1, CH2Cl2, rt; (b) Pd/C, H2,


THF–H2O, rt. (for 11a–g, 11i–j) (c)(i)pH 2.2, THF–H2O, rt. (ii)Pd/C, H2, THF–H2O, rt. (for 11h).
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3. Biological activity


The antibacterial activities of the novel amino-carbapen-
ems 5a–g, together with those of CP5068, IPM, and
VCM, are shown in Table 1. All compounds exhibited
strong anti-MRSA activity equipotent to that of
VCM. Introduction of an amino-group at the 6-position
of imidazo[5,1-b]thiazole resulted in enhancement of the
anti-MRSA activity compared with that of CP5068. In
the aminoalkyl series (5a–d), the length of the alkyl
chain is significant, because 5a, having an aminoethyl
moiety, showed weaker activity than 5b–d with longer
aminoalkyl chains. In the cyclic amine series (5e–f),
introduction of pyrrolidine gave the best result (5e).

These findings prompted us to investigate further deriv-
atization of amino-substituted carbapenems.


Table 2 shows the anti-MRSA activities of amidine-car-
bapenems. Introduction of amidine (6a–c) slightly de-
creased the anti-MRSA activity compared with the
precursor 5b or 5e. However, thioamidine improved
the anti-MRSA activity (8a). In particular, the combina-
tion of thioamidine and the benzyl moiety resulted in
improved anti-MRSA activity superior to VCM (8b).
Most derivatives with a benzyl moiety at the 6-position
of imidazo[5,1-b]thiazole showed poor water solubility,
but this was not the case for 8b which could avoid this
problem because of the hydrophilic amidine moiety.







Table 1. Antibacterial activities of 5a–g and reference compounds


(MIC; lg/mL)


Test organism S. aureus


209P JC-1


S. aureus


M-126a


S. aureus


M-126 HRb


5a <0.006 0.78 3.13


5b <0.006 0.78 1.56


5c <0.006 0.78 1.56


5d <0.006 0.78 1.56


5e <0.006 0.78 1.56


5f 0.013 1.56 3.13


5g <0.006 0.78 3.13


CP5068 <0.006 1.56 3.13


IPM 0.013 25 100


VCM 0.78 1.56 1.56


a MRSA.
b Carbapenem-resistant MRSA.


Table 2. Antibacterial activities of 6a–c, 8a and 8b (MIC; lg/mL)


Test


organism


S. aureus


209P JC-1


S. aureus


M-126a


S. aureus


M-126 HRb


5b <0.006 0.78 1.56


6a <0.006 0.78 3.13


6b <0.006 0.78 3.13


6c <0.006 1.56 3.13


8a <0.006 0.39 1.56


8b <0.006 0.39 0.78


a MRSA.
b Carbapenem-resistant MRSA.


Table 4. Acute toxicity in mice and anti-MRSA activities


Compound Toxicity MIC (lg/mL)


Dosea (mg/kg) MRSA


M126


MRSA


M126-HR


5a 500 0.78 3.13


5b 250 0.78 1.56


5d 250 0.78 1.56


5e 500 0.78 1.56


8a 250 0.39 1.56


8b 250 0.39 0.78


11e 500 0.78 1.56


11f >500 0.78 3.13


11g 500 0.78 3.13


11h (CP5484) >500 0.78 1.56


11j >500 0.78 3.13


a The minimal lethal dose.
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The effects of additional functional groups introduced
into the amino-substituted side chain at the 6-position
of imidazo[5,1-b]thiazole on anti-MRSA activity are
summarized in Table 3. Additional functional groups
were not favorable for anti-MRSA activity among the
pyrrolidine analogues (11a–d). Introduction of elec-
tron-withdrawing groups actually reduced anti-MRSA
activity (11b–d), possibly via a reduction of basicity.


On the other hand, introduction of a second functional
group on the aminopropyl side chain at the 2 0 position
did not decrease anti-MRSA activity. The substituted
aminopropyl derivatives 11e–h displayed almost the
same activity as the unsubstituted compound 5b. In
these compounds, smaller substituents tended to keep

Table 3. Antibacterial activities of 11a–j (MIC; lg/mL)


Test organism S. aureus


209P JC-1


S. aureus


M-126a


S. aureus


M-126 HRb


5e <0.006 0.78 1.56


11a <0.006 0.78 3.13


11b 0.013 1.56 6.25


11c 0.025 3.13 6.25


11d 0.025 3.13 6.25


5b <0.006 0.78 1.56


11e <0.006 0.78 1.56


11f <0.006 0.78 3.13


11g <0.006 0.78 3.13


11h (CP5484) <0.006 0.78 1.56


11i <0.006 0.39 1.56


11j <0.006 0.78 3.13


a MRSA.
b Carbapenem-resistant MRSA.

the anti-MRSA activity of 5b. Compound 11i with a sul-
fur atom in the aminoalkyl side chain showed potent
anti-MRSA activity, however, though oxidation of the
sulfur atom (11j) resulted in a decline of the activity.


Next, we tested the acute toxicity in mice of the most po-
tent antibacterially active compounds via intravenous
administration (Table 4). All analogues having a simple
amino group (5a and 5b and 5d and e) exhibited high
toxicity. Thioamidine compounds 8a and 8b also
showed high toxicity in spite of having the strongest
anti-MRSA activity. Basic moieties might thus be asso-
ciated with not only strong anti-MRSA activity, but also
high acute toxicity in mice. Therefore, we designed and
synthesized new aminoalkyl quaternary derivatives pos-
sessing additional functionalities (11e–j). Among them,
the (2R)-2-methoxy-3-propyl 11f, (2R)-2-hydroxy-3-pro-
pyl 11h (CP5484), and 2-(2-aminoethanesulfonyl)ethyl
11j compounds did not cause death of any mice at the
dose of 500 mg/kg, so that they should be acceptable
for drug use (their toxicities were similar to that of
IPM). Furthermore, CP5484 retained potent anti-
MRSA activity, equal to that of VCM. Hence, it was
subjected to further evaluation.


In vitro antibacterial activities of CP5484 and IPM
against various pathogens are shown in Table 5.
CP5484 showed superior activity to IPM against not

Table 5. Antibacterial activities of CP5484 and IPM


Test organism MIC (lg/mL)


CP5484 IPM


S. aureus 209P JC-1 <0.006 0.013


S. aureus M-126a 0.78 25


S. aureus M-126 HRa 1.56 100


S. pneumoniae PRC9b 0.05 0.39


E. coli NIHJ JC-2 0.05 0.1


K. pneumoniae PCI602 0.1 0.39


M. catarrhlis W-0500 0.05 0.05


H. influenzae PRC44c 0.78 3.13


P. aeruginosa PAO1 6.25 1.56


a MRSA.
b Penicillin-resistant.
c b-Lactamase-positive, amoxicillin/clavulanic acid-resistant.







Table 6. Anti-MRSA (n = 54) activities of CP5484 and VCM


Compound MIC (lg/mL)


50% 90% Range


CP5484 0.78 1.56 <0.05–1.56


VCM 1.56 1.56 0.78–3.13


Table 7. Protective effects of CP5484 and VCM on systemic infection


caused by MRSA MF126


Compound Challenge dose


(CFU/mouse)


MIC


(lg/ml)


ED50 (95% confidence


limit) (mg/mouse/day)


CP5484 4.5 · 105(15LD50) 1.56 0.039 (0.022–0.071)


VCM 0.78 0.18 (0.1–0.51)
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only MRSA, but also penicillin-resistant Streptococcus
pneumoniae (PRSP), which often causes severe respira-
tory tract infections. CP5484 also exhibited strong anti-
bacterial activity against Gram-negative bacteria, such
as Escherichia coli and Klebsiella pneumoniae. Table 6
summarizes the anti-bacterial activities of CP5484 and
VCM against 54 clinically isolated strains of MRSA.
MIC50 and MIC90 of CP5484 were 0.78 and 1.56 lg/
mL, respectively, and those of VCM were 1.56 and
1.56 lg/mL, respectively. Thus the in vitro anti-MRSA
activity of CP5484 is slightly higher than that of
VCM.


We also conducted an in vivo efficacy test. Table 7
shows the ED50 values of CP5484 and VCM after sub-
cutaneous administration in a systemic infection model
caused by MRSA MF126 strain in mice. The therapeu-
tic effect of CP5484was superior to that of VCM, even
though CP5484 had shown inferior antibacterial activity
in vitro.


Pharmacokinetic parameters of CP5484 after intrave-
nous administration to mice are shown in Table 8. Plas-
ma levels of CP5484 were similar to those of imipenem,9


and the protein binding rate in human was very low
(12.2%).

4. Conclusion


We introduced various basic moieties at the 6-position
of imidazo[5,1-b]thiazole in place of the carbamoylmeth-
yl group of CP5068 in order to study structure-anti-
MRSA activity relationships. Some carbapenems
possessing an amino group showed superior anti-MRSA
activity to VCM, though some also had higher acute
toxicity in mice. We next introduced additional func-
tionalities around the amino group. This yielded the

Table 8. Pharmacokinetic parameters of CP5484a after intravenous adminis


Compound Dose


(mg/kg)


T1/2


(min)


AUC0–1
(lgh/mL)


Cltot


(L/h/


CP5484 20 13.4 12.6 1.61


a CP5484 was administered with 10 mg/kg cilastatin.
b Urinary excretion.

(2R)-2-hydroxy-3-propyl compound CP5484 (11h),
which exhibited both potent anti-MRSA activity
in vivo (superior to VCM) and low acute toxicity in mice
(similar to IPM). Moreover, CP5484 showed excellent
antibacterial activities against various Gram- and
Gram-negative bacteria, including PRSP. Further evalu-
ation of CP5484 is under way.

5. Experimental


5.1. Chemistry


1H NMR spectra were measured by a JEOL JNM-
LA400 NMR spectrometer for 400 MHz in D2O.
HOD (4.65 ppm) in D2O was used as internal reference
standard. Mass spectra were obtained on a JEOL JMS-
700 mass spectrometer for FABMS and FABHRMS.
Silica gel flash column chromatography was performed
on Wako-gel C-300 and reversed phase column chroma-
tography was carried out on Nacalai Tesque Cosmosil
40C18-PREP.


5.1.1. 4-Nitrobenzyl (1S,5R,6S)-2-[6-(2-azidoethyl)-7-
methylthioimidazo[5,1-b]thiazolium-2-yl]-6-((1R)-1-hydroxy-
ethyl)-1-methyl-1-carbapen-2-em-3-carboxylate trifluo-
romethane-sulfonate (4a). To a dichloromethane
solution (10 mL) of 2-azidoethanol (220 mg, 2.52 mmol),
2,6-lutidine (0.323 mL, 2.78 mmol) and trifluorome-
thanesulfonic anhydride (0.446 mL, 2.65 mmol) were
added at �60 �C. After 20 min, the mixture was
quenched with water (30 mL) and then extracted with
dichloromethane (30 mL), and the extract was dried
over anhydrous magnesium sulfate and filtered. To the
filtrate, compound 1 (1.05 g, 2.04 mmol) was added
and then the solvent was removed under reduced pres-
sure up to ca. 20 mL. After stirred at room temperature
for 7 h, the reaction solution was added dropwise to
ether (50 mL). The precipitated solid was collected by
filtration to afford 4a (1.47 g) as a crude product.


5.1.2. (1S,5R,6S)-2-[6-(2-Aminoethyl)-7-methylthioimi-
dazo[5,1-b]thiazolium-2-yl]-6-((1R)-1-hydroxyethyl)-1-
methyl-1-carbapen-2-em-3-carboxylate hydrochloride
(5a). To a mixed solution of the crude product of 4a
(1.35 g) in THF (45 mL) and water (45 mL), 10%
Pd–C (1.05 g) was added, and stirred under hydrogen
atmosphere at room temperature for 3 h. After the cat-
alyst was removed by filtration and washed with water,
the aqueous filtrate was washed with ethyl acetate and
concentrated under the reduced pressure up to about
10 mL. The residue was purified by column chromato-
graphy on Cosmosil 40C18-PREP (a 20% aqueous meth-
anol solution) and subjected to column chromatography

tration in male mice


kg)


Vss


(L/kg)


U.E.b


(%)


Protein binding (%)


Mice Human


0.34 41.9 ± 10.6 16 12.2
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(water) on Amberlyst A-26 as an ion-exchange resin
(chloride form) to give 448 mg (53%) of 5a: 1H NMR
(D2O) d (HOD = 4.65 ppm): 1.13 (3H, d, J = 7.1 Hz),
1.17 (3H, d, J = 6.4 Hz), 2.29 (3H, s), 3.43 (1H, dd,
J1 = 5.8 Hz, J2 = 2.7 Hz), 3.46–3.54 (3H, m), 4.10–4.18
(1H, m), 4.22 (1H, dd, J1 = 9.3 Hz, J2 = 2.7 Hz), 4.68
(2H, t, J = 6.2 Hz), 8.06 (1H, s); FABMS m/z 423
[(M+H)+]; FABHRMS calcd for C18H23N4O4S2


[(M+H)+]: 423.1161, found: 423.1164.


5.1.3. Compounds 5b–5g. These compounds were pre-
pared by a similar procedure as the preparation of 4a
and 5a.


Compound 5b was obtained in 43% yield from com-
pound 1: 1H NMR (D2O) d (HOD = 4.65 ppm): 1.13
(3H, d, J = 7.3 Hz), 1.18 (3H, d, J = 6.3 Hz), 2.25 (2H,
m), 2.29 (3H, s), 3.02 (2H, t, J = 7.7 Hz), 3.43 (1H, dd,
J1 = 5.8 Hz, J2 = 2.7 Hz), 3.52 (1H, m), 4.15 (1H, m),
4.21 (1H, dd, J1 = 9.5 Hz, J2 = 2.7 Hz), 8.04 (1H, s),
9.25 (1H, s); FABMS m/z 437 [(M+H)+]; FABHRMS
calcd for C19H25N4O4S2 [(M+H)+]: 437.1317, found:
437.1321.


Compound 5c was obtained in 11% yield from com-
pound 1: 1H NMR (D2O) d (HOD = 4.65 ppm): 1.10
(3H, d, J = 7.3 Hz), 1.15 (3H, d, J = 6.3 Hz), 1.56–1.65
(2H, m), 1.84–1.93 (2H, m), 2.25 (3H, s), 2.91 (2H, t,
J = 7.0 Hz), 3.39–3.43 (1H, m), 3.45–3.52 (1H, m),
4.09–4.21 (2H, m), 4.34 (2H, t, J = 7.2 Hz), 7.99 (1H,
s), 9.19 (1H, s); FABMS m/z 451 [(M+H)+]; FABHRMS
calcd for C20H27N4O4S2 [(M+H)+]: 451.1474, found:
451.1472.


Compound 5d was obtained in 34% yield from com-
pound 1: 1H NMR (D2O) d (HOD = 4.65 ppm): 1.11
(3H, d, J = 7.3 Hz), 1.18 (3H, d, J = 6.4 Hz), 1.25–1.40
(4H, m), 1.51–1.61 (2H, m), 1.80–1.90 (2H, m), 2.25
(3H, s), 2.87 (2H, t, J = 7.7 Hz), 3.42 (1H, dd,
J1 = 5.9 Hz, J2 = 2.9 Hz), 3.46–3.57 (1H, m), 4.11–4.19
(1H, m), 4.21 (1H, dd, J1 = 9.5 Hz, J2 = 2.7 Hz), 4.25–
4.38 (2H, m), 7.98 (1H, s), 9.19 (1H, s); FABMS m/z
479 [(M+H)+]; FABHRMS calcd for C22H31N4O4S2


[(M+H)+]: 479.1787, found: 479.1789.


Compound 5e was obtained in 16% yield from com-
pound 1: 1H NMR (D2O) d (HOD = 4.65 ppm): 1.11
(3H, d, J = 7.3 Hz), 1.15 (3H, d, J = 6.3 Hz), 2.28 (3H,
s), 2.44–2.54 (1H, m), 2.70–2.81 (1H, m), 3.39–3.55
(3H, m), 3.56–3.68 (2H, m), 3.93–4.01 (1H, m), 4.08–
4.15 (1H, m), 4.19 (1H, dd, J1 = 9.3 Hz, J2 = 2.9 Hz),
5.50–5.58 (1H, m), 8.05 (1H, s), 9.40 (1H, s); FABMS
m/z 449 [(M+H)+]; FABHRMS calcd for C22H31N4O4S2


[(M+H)+]: 449.1317, found: 449.1318.


Compound 5f was obtained in 3% yield from compound
1: 1H NMR (D2O) d (HOD = 4.65 ppm): 1.17 (3H, d,
J = 7.3 Hz), 1.24 (3H, d, J = 6.3 Hz), 2.04–2.11 (2H,
m), 2.31–2.35 (5H, m), 2.98–3.08 (2H, m), 3.37–3.60
(4H, m), 4.17–4.30 (2H, m), 4.85–4.96 (1H, m), 8.07
(1H, s); FABMS m/z 463 [(M+H)+]; FABHRMS calcd
for C23H33N4O4S2 [(M+H)+]: 463.1474, found:
463.1478.

Compound 5g was obtained in 15% yield from com-
pound 1: 1H NMR (D2O) d (HOD = 4.65 ppm): 1.11
(3H, d, J = 7.3 Hz), 1.18 (3H, d, J = 6.4 Hz), 1.25–1.40
(4H, m), 1.51–1.61 (2H, m), 1.80–1.90 (2H, m), 2.25
(3H, s), 2.87 (2H, t, J = 7.7 Hz), 3.42 (1H, dd,
J1 = 5.9 Hz, J2 = 2.9 Hz), 3.46–3.57 (1H, m), 4.11–4.19
(1H, m), 4.21 (1H, dd, J1 = 9.5 Hz, J2 = 2.7 Hz), 4.25–
4.38 (2H, m), 7.98 (1H, s), 9.19 (1H, s); FABMS m/z
463 [(M+H)+]; FABHRMS calcd for C23H33N4O4S2


[(M+H)+]: 463.1474, found: 463.1466.


5.1.4. (1S,5R,6S)-2-[6-(3-Formimidoylaminopropyl)-7-
methylthioimidazo[5,1-b]thiazolium-2-yl]-6-((1R)-1-
hydroxyethyl)-1-methyl-1-carbapen-2-em-3-carboxylate
hydrochloride (6a). To an aqueous solution (3 mL) of
compound 5b (83 mg, 0.176 mmol), ethyl formimidate
hydrochloride (140 mg, 1.27 mmol) was added portion-
wise under ice-cooling adjusting within pH 8–8.5 by
1 N NaOH aq. The mixture was stirred for 30 min, ad-
justed to pH 3.6 by the addition of a 1 N HCl, purified
by reversed-phase column chromatography (a 20%
aqueous methanol solution), and then subjected to col-
umn chromatography (water) on Amberlyst A-26 as
an ion-exchange resin (chloride form) to yield 5 mg
(6.1%) of 6a: 1H NMR (D2O) d (HOD = 4.65 ppm):
1.09 (3H, d, J = 7.3 Hz), 1.16 (3H, d, J = 6.4 Hz), 2.18
(2H, m), 2.25 (3H, s), 3.30 (2H, t, J = 6.9 Hz), 3.40
(1H, m), 3.46 (1H, m), 4.12 (1H, m), 4.18 (1H, m),
4.39 (2H, m), 7.73 (1H, brs), 7.98 (1H, s), 9.20 (1H, s);
FABMS m/z 464 [(M+H)+]; FABHRMS calcd for
C20H26N5O4S2 [(M+H)+]: 464.1426, found: 464.1429.


5.1.5. Compounds 6b and 6c. These compounds were pre-
pared by a similar procedure as the preparation of 6a.


Compound 6b was obtained in 62% yield from com-
pound 5b: 1H NMR (D2O) d (HOD = 4.65 ppm): 1.11
(3H, d, J = 7.1 Hz), 1.16 (3H, d, J = 6.3 Hz), 2.08 (3H,
s), 2.15 (2H, m), 2.26 (3H, s), 3.24 (2H, t, J = 6.8 Hz),
3.42 (1H, m), 3.49 (1H, m), 4.13 (1H, m), 4.20 (1H,
m), 4.41 (2H, t, J = 6.8 Hz), 8.01 (1H, s), 9.23 (1H, s);
FABMS m/z 478 [(M+H)+]; FABHRMS calcd for
C21H28N5O4S2 [(M+H)+]: 478.1583, found: 478.1581.


Compound 6c was obtained in 62% yield from com-
pound 5e: 1H NMR (D2O) d (HOD = 4.65 ppm): 1.10
(3H, d, J = 7.3 Hz), 1.15 (3H, d, J = 6.3 Hz), 2.18–2.23
(3H, m), 2.28 (3H, s), 2.44–2.56 (1H, m), 2.65–2.81
(1H, m), 3.38–3.42 (1H, m), 3.47–3.55 (1H, m), 3.60–
3.99 (3H, m), 4.08–4.22 (2H, m), 4.27–4.33 (1H, m),
5.53–5.64 (1H, m), 8.02 (1H, s), 9.32 (1H, s); FABMS
m/z 490 [(M+H)+]; FABHRMS calcd for C22H28N5O4S2


[(M+H)+]: 490.1583, found: 490.1577.


5.1.6. (1S,5R,6S)-6-((1R)-1-Hydroxyethyl)-2-[6-(3-iso-
thioureidopropyl)-7-methylthioimidazo[5,1-b]-thiazolium-
2-yl]-1-methyl-1-carbapen-2-em-3-carboxylate hydrochlo-
ride (intramolecular salt) (8a). To a mixed solution of
compound 7a (85 mg, 0.102 mmol) in acetonitrile
(2 mL) and methanol (0.5 mL), thiourea (10 mg,
0.123mmol) was added, and stirred at room temperature
for 1 day. After the reaction solution was poured into
ether (30 mL), the generated precipitates were collected
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by filtration and treated in similar procedure as de-
scribed for the preparation of 5a, to give 8a (15 mg) in
18% yield from compound 7a: 1H NMR (D2O) d
(HOD = 4.65 ppm): 1.12 (3H, d, J = 7.3 Hz), 1.17 (3H,
d, J = 6.4 Hz), 2.21–2.31 (5H, m), 3.12 (2H, t,
J = 7.0 Hz), 3.40 (1H, dd, J1 = 6.0 Hz, J2 = 2.9 Hz),
3.51 (1H, m), 4.14 (1H, m), 4.22 (1H, dd, J1 = 9.5 Hz,
J2 = 2.7 Hz), 4.47 (2H, t, J = 7.0 Hz), 8.00 (1H, s), 9.24
(1H, s); FABMS m/z 496 [(M+H)+]; FABHRMS calcd
for C20H26N5O4S3 [(M+H)+]: 496.1147, found:
496.1155.


Compound 8b was prepared by a similar procedure as
the preparation of 8a in 45% yield from compound 7b:
1H NMR (D2O) d (HOD = 4.65 ppm): 1.11 (3H, d,
J = 7.3 Hz), 1.17 (3H, d, J = 6.3 Hz), 1.89 (3H, s), 3.43
(1H, dd, J1 = 5.9 Hz, J2 = 2.7 Hz), 3.52 (1H, m), 4.15
(1H, m), 4.23 (1H, dd, J1 = 9.5 Hz, J2 = 2.7 Hz), 4.28
(2H, s), 5.51 (2H, s), 7.24–7.36 (4H, m), 7.99 (1H, s);
FABMS m/z 558 [(M+H)+]; FABHRMS calcd for
C25H28N5O4S3 [(M+H)+]: 558.1303, found: 558.1301.


5.1.7. Compounds 11a–g, 11i and 11j. These compounds
were prepared by a similar procedure as the preparation
of 4a and 5a.


Compound 11a was obtained in 9% yield from com-
pound 1: 1H NMR (D2O) d (HOD = 4.65 ppm): 1.13
(3H, d, J = 7.3 Hz), 1.18 (3H, d, J = 6.3 Hz), 2.30 (3H,
s), 2.31–2.41 (1H, m), 2.80–2.89 (1H, m), 3.43 (1H, dd,
J1 = 6.1 Hz, J2 = 2.7 Hz), 3.47–3.63 (2H, m), 3.75–3.80
(1H, m), 3.89–3.98 (1H, m), 4.01–4.07 (1H, m), 4.11–
4.18 (1H, m), 4.22 (1H, dd, J1 = 9.5 Hz, J2 = 2.7 Hz),
5.58–5.69 (1H, m), 8.08 (1H, s), 9.47 (1H, s); FABMS
m/z 479 [(M+H)+]; FABHRMS calcd for
C21H27N4O5S2[(M+H)+]: 479.1423, found: 479.1427.


Compound 11b was obtained in 5% yield from com-
pound 1: 1H NMR (D2O) d (HOD = 4.65 ppm): 1.11
(3H, d, J = 7.3 Hz), 1.16 (3H, d, J = 6.3 Hz), 2.27 (3H,
s), 2.43–2.52 (1H, m), 2.62–2.72 (1H, m), 3.14 (1H, dd,
J1 = 12.1 Hz, J2 = 4.0 Hz), 3.42 (1H, dd, J1 = 5.8 Hz,
J2 = 2.7 Hz), 3.47–3.56 (2H, m), 3.65 (3H, s), 4.10–4.23
(3H, m), 5.30–5.37 (1H, m), 8.01 (1H, s); FABMS m/z
507 [(M+H)+]; FABHRMS calcd for C22H27N4O6S2


[(M+H)+]: 507.1372, found: 507.1365.


Compound 11c was obtained in 17% yield from com-
pound 1: 1H NMR (D2O) d (HOD = 4.65 ppm): 1.14
(3H, d, J = 7.1 Hz), 1.19 (3H, d, J = 6.2 Hz), 2.14–2.21
(1H, m), 2.29 (3H, s), 2.87–2.97 (1H, m), 3.26–3.32
(1H, m), 3.42–3.58 (1H, m), 3.76–3.82 (1H, m), 4.12–
4.19 (1H, m), 4.23 (1H, dd, J1 = 9.5 Hz, J2 = 2.7 Hz),
5.36–5.43 (1H, m), 8.05 (1H, s); FABMS m/z 493
[(M+H)+]; FABHRMS calcd for
C21H25N4O6S2[(M+H)+]: 493.1216, found: 493.1207.


Compound 11d was obtained in 19% yield from com-
pound 1: 1H NMR (D2O) d (HOD = 4.65 ppm): 1.11
(3H, d, J = 7.1 Hz), 1.16 (3H, d, J = 6.4 Hz), 2.27 (3H,
s), 2.48–2.54 (2H, m), 2.83 (3H, s), 2.96 (3H, s), 2.80–
2.89 (1H, m), 3.11 (1H, dd, J1 = 12.4 Hz, J2 = 5.4 Hz),
3.42 (1H, dd, J1 = 5.9 Hz, J2 = 2.7 Hz), 3.45–3.55 (1H,

m), 3.64 (1H, dd, J1 = 12.4 Hz, J2 = 6.6 Hz), 4.09–4.16
(1H, m), 4.20 (1H, dd, J1 = 9.5 Hz, J2 = 2.7 Hz), 4.41–
4.46 (1H, m), 5.29–5.36 (1H, m), 8.02 (1H, s); FABMS
m/z 520 [(M+H)+]; FABHRMS calcd for
C23H30N5O5S2[(M+H)+]: 520.1688, found: 520.1683.


Compound 11e was obtained in 23% yield from com-
pound 1: 1H NMR (D2O) d (HOD = 4.65 ppm): 0.96
(3H, d, J = 6.8 Hz), 1.14 (3H, d, J = 7.1 Hz), 1.19 (3H,
d, J = 6.3 Hz), 2.29 (3H, s), 2.41–2.50 (1H, m), 2.83–
3.07 (2H, m), 3.44 (1H, dd, J1 = 5.9 Hz, J2 = 2.7 Hz),
3.48–3.58 (1H, m), 4.11–4.19 (1H, m), 4.20–4.44 (3H,
m), 8.04 (1H, s), 9.28 (1H, s); FABMS m/z 451
[(M+H)+]; FABHRMS calcd for C20H27N4O4S2


[(M+H)+]: 451.1474, found: 451.1472.


Compound 11f was obtained in 31% yield from com-
pound 1: 1H NMR (D2O) d (HOD = 4.65 ppm): 1.13
(3H, d, J = 7.0 Hz), 1.18 (3H, d, J = 6.4 Hz), 2.29 (3H,
s), 2.82 (1H, dd, J1 = 13.4 Hz, J2 = 9.0 Hz), 3.25 (1H,
dd, J1 = 13.4 Hz, J2 = 3.2 Hz), 3.31 (3H, s), 3.44
(1H, dd, J1 = 6.0 Hz, J2 = 2.7 Hz), 3.53 (1H, m), 3.93
(1H, m), 4.14 (1H, m), 4.22 (1H, dd, J1 = 9.5 Hz,
J2 = 2.9 Hz), 4.50–4.65 (2H, m), 8.01 (1H, s), 9.25 (1H,
s); FABMS m/z 467 [(M+H)+]; FABHRMS calcd for
C20H27N4O5S2[(M+H)+]: 467.1423, found: 467.1416.


Compound 11g was obtained in 39% yield from com-
pound 1: 1H NMR (D2O) d (HOD = 4.65 ppm): 1.16
(3H, d, J = 7.0 Hz), 1.21 (3H, d, J = 6.3 Hz), 2.33 (3H,
s), 3.06 (1H, dd, J1 = 13.6 Hz, J2 = 9.0 Hz), 3.38 (1H,
dd, J1 = 13.6 Hz, J2 = 2.9 Hz), 3.47 (1H, dd,
J1 = 6.0 Hz, J2 = 2.7 Hz), 3.55 (1H, m), 4.17 (1H, m),
4.25 (1H, dd, J1 = 9.5 Hz, J2 = 2.9 Hz), 4.45 (1H, m),
4.69 (2H, m), 5.12–5.35 (2H, m), 8.07 (1H, s), 9.32
(1H, s); FABMS m/z 485 [(M+H)+]; FABHRMS calcd
for C20H26FN4O5S2[(M+H)+]: 485.1329, found:
485.1322.


Compound 11i was obtained in 7% yield from com-
pound 1: 1H NMR (D2O) d (HOD = 4.65 ppm): 1.15
(3H, d, J = 7.1 Hz), 1.21 (3H, d, J = 6.3 Hz), 2.31 (3H,
s), 2.70 (3H, s), 2.85 (2H, t, J = 6.5 Hz), 3.05 (2H, t,
J = 6.5 Hz), 3.17 (2H, t, J = 6.5 Hz), 3.47 (1H, m),
3.55 (1H, m), 4.14–4.28 (2H, m), 4.59 (2H, m), 8.04
(1H, s), 9.31 (1H, s); FABMS m/z 483 [(M+H)+]; FAB-
HRMS calcd for C20H27N4O4S3[(M+H)+]: 483.1194,
found: 483.1203.


Compound 11j was obtained in 37% yield from com-
pound 1: 1H NMR (D2O) d (HOD = 4.65 ppm): 1.16
(3H, d, J = 7.0 Hz), 1.21 (3H, d, J = 6.6 Hz), 2.34 (3H,
s), 3.44–3.59 (4H, m), 3.67 (2H, t, J = 6.5 Hz), 3.97
(2H, t, J = 6.5 Hz), 4.18 (1H, m), 4.25 (1H, dd,
J1 = 9.5 Hz, J2 = 2.9 Hz), 4.96 (2H, t, J = 6.5 Hz), 8.06
(1H, s); FABMS m/z 483 [(M+H)+]; FABHRMS calcd
for C20H27N4O6S3[(M+H)+]: 515.1093, found: 515.1085.


5.1.8. 4-Nitrobenzyl(1S,5R,6S)-2-[6-((2R)-3-azido-2- tri-
ethylsilyloxy)propyl-7-methylthioimidazo[5,1-b]thiazolium-2-
yl]-6-((1R)-1-hydroxyethyl)-1-methyl-1-carbapen-2-em-3-
carboxylate trifluoromethanesulfonate (10h). To a dichlo-
romethane solution (7 mL) of (2R)-3-azido-2-triethylsi-
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lyloxy-1-propanol (341 mg, 1.47 mmol), 2,6-lutidine
(0.189 mL, 1.62 mmol) and trifluoromethanesulfonic
anhydride (0.260 mL, 1.54 mmol) were added at
�60�C. After stirred for 20 min, a 1/15 M sodium phos-
phate buffer (pH 6.8) (15 mL) was added to the reaction
solution, and the mixture was extracted with dichloro-
methane (15 mL). The extract was dried over anhydrous
magnesium sulfate and filtered. To the filtrate, com-
pound 1 (600 mg, 1.16 mmol) was added and then the
solvent was removed under reduced pressure up to
12 mL. After stirred at 35�C for 12 h, the reaction solu-
tion was added dropwise to the mixture of diethyl ether
(30 mL) and hexane (30 mL). The precipitated solid was
collected by filtration, to give 10 h (970 mg) as a crude
product.


5.1.9. (1S,5R,6S)-2-[6-((2R)-3-Amino-2-hydroxy)propyl-
7-methylthioimidazo[5,1-b]thiazolium-2-yl]-6-((1R)-1-hydro-
xyethyl)-1-methyl-1-carbapen-2-em-3-carboxylate hydro-
chloride (11h, CP5484). To a mixed solution of the crude
product of 10 h (1.07 g) in THF (30 mL) and water
(30 mL), 1 N HCl aq was added to adjust to pH 2.1.
After stirred at room temperature for 5 h, 10% Pd–C
(640 mg) was added and stirred under hydrogen atmo-
sphere at room temperature for 2 h. The catalyst was re-
moved by filtration on Celite, and washed with water.
The filtrate was washed with ethyl acetate and then con-
centrated under the reduced pressure up to about
10 mL. The residue was purified by reversed phase col-
umn chromatography (a 20% aqueous methanol solu-
tion) and was subjected to column chromatography
(water) on Amberlyst A-26 as an ion-exchange resin
(chloride form) to give 271 mg (48% from compound
1) of 11h (CP5484): 1H NMR (D2O) d
(HOD = 4.65 ppm): 1.12 (3H, d, J = 7.0 Hz), 1.16 (3H,
d, J = 6.3 Hz), 2.26 (3H, s), 2.87–2.94 (1H, m), 3.20–
3.26 (1H, m), 3.42 (1H, dd, J1 = 6.0 Hz, J2 = 2.7 Hz),
3.46–3.55 (1H, m), 4.10–4.23 (3H, m), 4.28–4.35 (1H,
m), 4.60–4.63 (1H, m), 8.03 (1H, s); FABMS m/z 453
[(M+H)+]; FABHRMS calcd for C19H25N4O5S2


[(M+H)+]: 453.1266, found: 453.1258.


5.2. Antimicrobial activity in vitro


Minimum inhibitory concentration (MIC) was deter-
mined by the agar plate dilution method. Test strains
were subjected to seed culture using Sensitivity test
broth (STB, Nissui Pharmaceutical). A 5 lL portion of
cell suspension of test strains having about 106 CFU/
mL was inoculated and incubated at 35 �C for 18 h.
The MIC was then measured.


5.3. Efficacy in synthetic infection in mice


The protective effect of CP5484 on systemic infection
models caused by MRSA was compared with that of
VCM. Eight male ICR mice were challenged intraper-
itoneally with 0.5 mL of bacterial suspension contain-
ing 2.5% gastric mucin. The animals were
administered the test compounds subcutaneously,
twice at 1 and 3 hours after the challenge. The 50%
effective dose (ED50) values were calculated by probit

analysis from the number of mice still alive 7 days
after infection.


5.4. Acute toxicity test in mice


Test compounds were administered intravenously to
male ICR mice. Morality was observed for 24 h. Five-
hundred milligrams per kilogram was set as highest dose
level.


5.5. Pharmacokinetic parameters in mice


CP5484 was administered intravenously with 10 mg/kg
cilastatin to two or three mice at a 20 mg/kg dose. The
protein binding of CP5484 was assessed in mice and hu-
man serum using the equilibrium dialysis method. The
initial concentration of CP5484 in serum was 10 lg/
mL. The concentrations of CP5484 in plasma, urine,
and filtrate were determined by an HPLC method. The
pharmacokinetic parameters were obtained using stan-
dard non-compartmental analysis.
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Abstract—As a continuation to our previous work concerning antitumor benzimidazoles, we have synthesized series of new
derivatives of 2-(1-benzyl-2-methyl-1H-benzimidazol-5-ylimino)-3-(substituted)-thiazolidin-4-one (6a–e), 3-(2-methyl-1H-benz-
imidazol-5-yl)-2-substituted-thiazolidin-4-one (9a–f) and we have studied their inhibitory activity against the Epstein–Barr Virus-
early antigen (EBV-EA) activation introduced by 12-O-tetradecanoylphorbol-13-acetate (TPA). Compound 6d was found to be sig-
nificantly active and compounds 5a and 6e were also active.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Benzimidazole derivatives are endowed with different
types of biological activities especially antitumor activ-
ity.1–3 Pyrrolo[1,2-a]benzimidazoles (PBIs) (I, II, and
III) represent a new class of antitumor agents exhibiting
cytotoxic activity against a variety of cancer cell lines.4–9


Also other examples as the anticancer agents [Hoechst
33342], 2 0-(4-ethoxyphenyl)-6-(5-methyl-1-piperazin-1-
yl-1H-benzimidazol-2-yl)-1H-benzimidazole (IV)10,11


and the bisbenzimidazole dye [Hoechst-33258] (V)12,13


are inhibitors of DNA topoisomerase I. 5,6-Dichloro-
2-pentafluoroethyl benzimidazole (VI) is an anticancer
agent particularly against breast and prostatic cancer
cell lines.14 1- or 5-Substituted 2-methyl benzimidaz-
oles15–17 (VII, VIII) were found by our laboratory group
to have marked activity against breast cancer. Besides,
the thiazolidinone ring is involved in many antitumor
agents e.g. thiazofurin (2-b-DD-ribofuranosylthiazole-4-
carboxamide), NSC 286193 (IX),18 and 5-alkylated thia-
zolidinones (X) which were found to have antiprolifera-
tive activity against human colon cancer cell lines.19


As a continuation to our previous work we had for aim
in this manuscript to combine both nuclei, benzimid-
azole and thiazolidinone, in a new series of benzimidaz-

0968-0896/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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induction.
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oles having the thiazolidinone ring directly linked to the
5-position of the benzimidazole moiety or linked
through a nitrogen atom to the 5-position. The inhibi-
tory activity of the new compounds was studied against
the Epstein–Barr virus-early antigen (EBV-EA) activa-
tion introduced by 12-O-tetradecanoylphorbol-13-ace-
tate (TPA) and a structure–activity relationship was
deduced.

2. Results and discussion


2.1. Chemistry


2-Methyl-1H-benzimidazole (1) and 2-methyl-5(6)-ni-
tro-1H-benzimidazole (2), previously described by our
group,15–17 were used as starting compounds to prepare
the benzimidazole derivatives. Benzylation of com-
pound 2 was performed by its reflux with benzyl
chloride in acetone and potassium carbonate to yield
1-benzyl-2-methyl-5-nitro-1H-benzimidazole (3). Substi-
tution at position 1 of the imino hydrogen eliminates the
possibility for tautomerism and a definite assignment of
the structure has to take place. The position of the nitro
group in the benzene ring, whether it is in the 5 or in the
6 position, was determined by NOE 1H NMR. To find
out the position of attachment of the NO2 group,
NOE difference experiment has been performed for
compound 3. The received spectrum showed the disap-
pearance of H4 and H6 with the recognition of the H7
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resonance at d (ppm) 7.61 together with the phenyl pro-
tons’ multiplet at d (ppm) 7.13, thus proving that the
NO2 group is attached at position 5 of the benzimid-
azole ring (Fig. 1).


Reduction of the nitro derivatives 3 was accomplished
using concentrated hydrochloric acid and ferrous sulfate
to produce 1-benzyl-2-methyl-1H-benzimidazol-5-amine

monohydrochloride (4). Compound 4 reacted with
methyl, ethyl, phenyl, benzoyl or p-methoxyphenyl iso-
thiocyanate in ethanol to afford thiourea derivatives
5a–e, respectively. Subsequent cyclization with ethyl
bromoacetate in ethanol and anhydrous sodium acetate
afforded the expected thiazolidin-4-ones 6a–e, respec-
tively. Reduction of compound 220 using ferrous sulfate
and concentrated hydrochloric acid yielded 5-amino-2-
methyl-1H-benzimidazole monohydrochloride (7). Con-
densation of 7 with 5-methylfurfural, piperonal,
indole-3-carbaldehyde, 2-thiophenecarboxaldehyde, 4-
methylbenzaldehyde, and, or 1-naphthaldehyde in
ethanol produced the Schiff bases 8a–f, respectively.
Treatment of the Schiff bases 8a–f with thioglycolic acid
yielded the thiazolidinone derivatives 9a–f, respectively
(Schemes 1 and 2).

3. Conclusions


Table 1 shows the inhibitory effect of the tested com-
pounds against the EBV-EA induction. All assayed
compounds demonstrated marked inhibitory activity at
concentration 1000 mol ratio/TPA and fair low and no
inhibition at concentration 500, 100, and 10 mol ratio/
TPA, respectively. The most effective compound was
found to be compound 6d having the thiazololidinone
ring linked to the 5 position of the benzimidazole nu-
cleus through an imino nitrogen. Compounds 6d and
6e were found to be more active than the opened chain
thiourea derivatives 5d and 5e having a benzyl or
p-methoxyphenyl as substituents. For the other com-
pounds, cyclization of the thiourea derivatives 5a, 5b,
and 5c having alkyl or phenyl groups as substituents
to thiazolidinone derivatives 6a, 6b, and 6c decreases
the activity. Cyclization of the Schiff bases 8a–f to the
thiazolidinone derivatives 9a–f attenuates the activity.

4. Experimental


Melting points were taken on a capillary melting point
apparatus and are uncorrected. 1H NMR and 13C
NMR spectra were measured in CDCl3 and DMSO-d6


on JEOL-300 Spectrometer with Me4Si as an internal
standard. Mass spectra were obtained with a Schimadzu
GCS-QP 1000EX spectrometer at 70 eV. The IR spectra
were recorded with a Philips Inflators Spectro-photom-
eter Model PU9712 in KBr disks. Elemental analyses
were performed at the Micro analytical Laboratory of
the National Research Centre.


2-Methyl-1H-benzimidazole (1) was obtained by
refluxing o-phenylene-diamine with acetic acid in 1:1
molar ratio in 4 N hydrochloric acid.20 5-Nitro-2-
methyl-1H-benzimidazole (2) was prepared according
to Bapat et al.’s method.20


4.1. 1-Benzyl-2-methyl-5-nitro-1H-benzimidazole (3)


To a solution of compound 2 (10 g, 56.5 mmol) and
anhydrous potassium carbonate (7.8 g, 56.5 mmol) in
acetone (30 ml), benzyl chloride (6.5 ml, 56.5 mmol)







Figure 1. NOE spectrum of 1-benzyl-2-methyl-5-nitro-1H-benzimidazole (3).
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was added dropwise. The mixture was stirred at room
temperature for about 8 h. The mixture was then poured
onto water and extracted with ethyl acetate, dried over
sodium sulfate anhydrous, and concentrated under vac-
uum to give pure compound 3, [yield: 89% (13.5 g)]; as
yellow needles. Mp 152–154 �C; 1H NMR (300 MHz,
DMSO-d6) d 2.59 (s, 3H, CH3), 5.58 (s, 2H, CH2),
7.13 (dd, J1 = 9 Hz, J2 = 8.8 HZ, 2H, H 02 + H 06), 7.45
(m, 3H, H 03 + H 04 + H 05), 7.61 (d, J = 9 Hz, 1H, H7),
7.62 (dd, J6-7 = 9 Hz, J6-4 = 8.8 HZ, 1H, H6), 8.01 (s,
1H, H4); 13C NMR (DMSO-d6) d 15.01 (CH3), 47.8
(CH2), 111.9-129.9 (Ar.C), 157.5 (C@N); IR (cm�1):
1618 (C@N), 1518, 1343 (NO2); anal. calcd for
C15H13N3O2 (267): C, 67.41; H, 4.86; N, 15.73. Found:
C, 67.42; H, 4.85; N, 15.77.


4.2. 1-Benzyl-2-methyl-1H-benzimidazol-5-amine mono-
hydrochloride (4)


Compound 3 (3 g, 11.2 mmol) was dissolved in water
(45 ml) containing concentrated hydrochloric acid
(3.75 ml) to which an aqueous solution of ferrous sulfate
(75 g) in water (225 ml) was added. To this solution was
added excess of ammonia solution, the reaction mixture
was heated to boiling for 15 min. The precipitate of fer-
ric hydroxide was filtered off, the residue consisting of a
mixture of monohydrochloride and ammonium salt was
extracted with ethanol, and the ethanolic extract after
treatment with charcoal was concentrated by distilla-
tion. The crude monohydrochloride of 2-methyl-5-

aminobenzimidazole derivative obtained was purified
by crystallization from ethanol/ether (5:1) mixture,
[yield: 78% (2.4 g)]; as a brown powder. Mp <295 �C;
1H NMR (300 MHz, DMSO:CDCl3 2:1) d 2.80 (s, 3H,
CH3), 3.40 (s, br, 2H, NH2), 5.60 (s, 2H, CH2), 7.30
(d, 2H, J = 9.1 HZ, H 02 + H 06),7.36 (m, 3H,
H 03 + H 04+H 05), 7.39–7.76 (m, 2H, H7 + H6), 7.78 (s,
1H, H4); MS: m/z 237, 100% (M+–HCl); 146 (71),
131(23), 116(51), 91(18), 76 (33). IR (cm�1): 3415,
3220 (NH2), 1610 (C@N); anal. calcd for
C15H16ClN3(273.5): C, 65.93; H, 5.86; Cl, 12.97; N,
15.35. Found: C, 65.94; H, 5.85; Cl, 12.91; N, 15.33.


4.3. General procedure for the preparation of the compounds
(5a–e)


Compound 4 (2 g, 6.3 mmol) was heated in (20 ml) eth-
anol until it dissolved. The proper isothiocyanate
(methyl, ethyl, phenyl, benzoyl or p-methoxyphenyl iso-
thiocyanate) (6.3 mmol) was added and the mixture was
refluxed for 3 The crystalline product was recrystallized
from appropriate solvent.


4.3.1. 1-(1-Benzyl-2-methyl-1H-benzimidazol-5-yl)-3-meth-
ylthiourea (5a). Crystallized from ethanol, [yield: 66%
(1.5 g)]; as a green powder. Mp 208–210 �C; 1H NMR
(300 MHz, DMSO-d6) d 2.25 (s, 3H, CH3), 2.55 (s,
3H, CH3),3.60 (s, 1H, NH), 5.72 (s, 2H, CH2), 7.47–
7.65 (m, 5H, aromatic protons), 7.88 (d, 1H, H7), 8.15
(d, 1H, H6), 8.45 (s, 1H, H4); anal. calcd for
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Table 1. Antitumor activity


Test materials % EBV-EA positive cellsa


Compound concentrationb (mol ratio/32 pmol TPA)


1000 500 100 10


1 19.6 (60)c 63.6 88.3 100


2 18.4 (60) 62.5 88.0 100


3 18.3 (60) 62.4 87.4 100


4 18.5 (60) 62.2 86.3 100


5a 13.2 (60) 58.1 80.0 100


5b 14.0 (60) 59.6 81.2 100


5c 15.3 (60) 60.2 83.1 100


5d 17.8 (60) 60.6 82.0 100


5e 13.5 (60) 53.1 78.3 100


6a 20.7 (60) 61.2 83.4 100


6b 18.3 (60) 54.2 81.1 100


6c 19.4 (60) 61.0 82.5 100


6d 12.3 (60) 52.5 82.5 100


6e 13.2 (60) 53.0 78.0 100


7 20.3 (60) 64.3 88.9 100


8a 18.0 (60) 62.0 86.2 100


8b 15.1 (60) 60.2 85.4 100


8c 18.4 (60) 62.1 86.1 100


8d 22.0 (60) 65.5 89.1 100


8e 19.3 (60) 64.5 89.1 100


8f 20.6 (60) 65.8 89.6 100


9a 20.9 (60) 65.1 87.7 100


9b 21.6 (60) 65.0 88.4 100


9c 21.8 (60) 65.9 87.1 100


9d 22.1 (60) 66.5 88.9 100


9e 23.1 (60) 66.1 88.9 100


9f 17.1 (60) 61.0 85.1 100


a Positive control, 100%.
b Mol ratio/TPA (32 pmol = 20 ng/ml), 1000 mol ratio = 32 nmol; 500 mmol ratio = 16 nmol; 100 nmol ratio = 3.2 nmol; 10 nmol = .032 nmol.
c Values in parentheses are viability of Raji cells of the test compounds relative to the positive control (100%).
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C17H18N4S (310): C, 65.80; H, 5.85; N, 18.06; S, 10.32.
Found: C, 65.81; H, 5.89; N, 18.01; S, 10.29.


4.3.2. 1-(1-Benzyl-2-methyl-1H-benzimidazol-5-yl)-3-
ethylthiourea (5b). Crystallized from dichloromethane,
[yield: 63% (1.5 g)]; as a yellow powder. Mp 179–
181 �C; 1H NMR (300 MHz, DMSO-d6) d 1.28 (t,
J = 6.9 Hz, 3H, CH3), 2.45 (s, 3H, CH3), 3.62 (s, br,
2H, 2NH), 4.53 (q, J = 6.9 Hz, 2H, CH2), 5.71 (s, 2H,
CH2), 7.47–7.64 (m, 5H, aromatic protons), 7.84–7.86
(m, 3H, H4 + H6 + H7); anal. calcd for C18H20N4S
(324): C, 66.66; H, 6.17; N, 17.28; S, 9.87. Found: C,
66.67; H, 6.19; N, 17.26; S, 9.83.


4.3.3. 1-(1-Benzyl-2-methyl-1H-benzimidazol-5-yl)-3-phen-
ylthiourea (5c). Crystallized from methanol, [yield: 73%
(2 g)]; as a brown powder. Mp 230–233 �C; 1H NMR
(300 MHz, DMSO-d6) d 2.56 (s, 3H, CH3), 4.54 (s,
2H, 2NH), 5.60 (s, 2H, CH2), 7.47–7.86 (m, 5H, aro-
matic protons + H7 benzimidazole), 7.85–7.98 (m, 5H,
aromatic), 8.13 (d, J = 6.9 Hz, 1H, H6), 8.44 (s, 1H,
H4); IR (cm�1): 3365-3200 (NH groups), 1611 (C@N),
1338 (C@S); anal. calcd for C22H20N4S (372): C,
70.96; H, 5.37; N, 15.05; S, 8.60. Found: C, 70.87; H,
5.48; N, 15.19; S, 8.58.


4.3.4. 1-Benzoyl-3-(1-benzyl-2-methyl-1H-benzimidazol-
5-yl)thiourea (5d). Crystallized from ethanol/diethyl
ether (5:1), [yield: 76% (2.2 g)]; as a gray powder. Mp

192–194 �C; 1H NMR (300 MHz, DMSO-d6) d 2.30 (s,
3H, CH3), 4.14 (s, 2H, 2NH), 5.20 (s, 2H, CH2), 7.47-
7.90 (m, 10H, aromatic protons + H7 benzimidazole),
7.91 (d, J = 6.9 Hz, 1H, H6), 8.01 (s, 1H, H4); IR
(cm�1): 3398, 3224 (NH groups), 1702 (C@O), 1622
(C@N), 1296 (C@S); anal. calcd for C23H20N4OS
(400): C, 69.00; H, 5.00; N, 14.00; S, 8.09. Found: C,
69.03; H, 5.03; N, 13.94; S, 8.11.


4.3.5. 1-(1-Benzyl-2-methyl-1H-benzimidazol-5-yl)-3-(4-
methoxyphenyl)thiourea (5e). Crystallized from ethanol,
[yield: 82% (2.4 g)]; as a brown powder. Mp 123–
125 �C; 1H NMR (300 MHz, DMSO-d6) d 2.44 (s, 3H,
CH3), 3.64 (s, 3H, OCH3), 4.28 (s, 2H, 2NH), 5.55 (s,
2H, CH2), 7.51–7.93 (m, 9H, aromatic protons +H7
benzimidazole), 7.94 (d, J = 6.9 Hz, 1H, H6), 8.11 (s,
1H, H4);IR: 3269, 3223 (NH groups), 1596 (C@N),
1331 (C@S); anal. calcd for C23H22N4OS (402): C,
68.65; H, 5.47; N, 13.92; S, 7.96. Found: C, 68.64; H,
5.48; N, 13.88; S, 8.95.


4.4. General procedure for the preparation of the compounds
(6a–e)


To a solution of compound 5 (2 g, 6.4 mmol) in absolute
ethanol (20 ml), (0.8 ml, 6.4 mmol) ethyl bromoacetate
and (2.08 g, 25.6 mmol) anhydrous sodium acetate were
added. The reaction mixture was refluxed on a water
bath for 2 h. cooled, diluted with water and allowed to







6494 Mostafa. M. Ramla et al. / Bioorg. Med. Chem. 15 (2007) 6489–6496

stand overnight; the precipitate was filtered and recrys-
tallized from appropriate solvent.


4.4.1. 2-(1-Benzyl-2-methyl-1H-benzimidazol-5-ylimino)-
3-methyl-thiazolidin-4-one (6a). Crystallized from etha-
nol, [yield: 56% (1.1 g)]; as a green powder. Mp 221–
223 �C; 1H NMR (300 MHz, DMSO-d6) d 2.56 (s, 3H,
CH3), 2.84 (s, 3H, CH3), 3.35 (s, 2H, SCH2CO), 4.51
(s, 2H, CH2), 7.15–7.58 (m, 5H, aromatic protons),
7.90 (d, J = 9 Hz, 1H, H7), 8.16 (d, J = 9 Hz 1H, H6),
8.44 (s, 1H, H4); anal. calcd for C19H18N4OS (350): C,
65.14; H, 5.14; N, 16.00; S, 9.14. Found: C, 65.11; H,
5.13; N, 16.01; S, 9.10.


4.4.2. 2-(1-Benzyl-2-methyl-1H-benzimidazol-5-ylimino)-
3-ethyl- thiazolidin-4-one (6b). Crystallized from ace-
tone, [yield: 77% (1.7 g)]; as a yellow powder. Mp
202–205 �C; 1H NMR (300 MHz, DMSO-d6) d 1.56
(t, 3H, CH3), 2.84 (s, 3H, CH3), 3.35 (s, 2H, SCH2CO),
3.24 (q, 2H, CH2), 4.51 (s, 2H, CH2), 7.15–7.58 (m,
5H, aromatic protons), 7.90 (d, J = 9 Hz, 1H, H7),
8.16 (d, J = 9 Hz 1H, H6), 8.44 (s, 1H, H4); IR
(cm�1): 1706 (C@O), 1655, 1606 (C@N groups); anal.
calcd for C20H20N4OS (364): C, 65.93; H, 5.54; N,
15.38; S, 8.79. Found: C, 65.90; H, 5.53; N, 15.41; S,
8.77.


4.4.3. 2-(1-Benzyl-2-methyl-1H-benzimidazol-5-ylimino)-
3-phenyl-thiazolidin-4-one (6c). Crystallized from dichlo-
romethane/methanol (4:1), [yield: 72% (1.5 g)]; as a pale
yellow powder. Mp 193–197 �C; 1H NMR (300 MHz,
DMSO-d6) d 2.52 (s, 3H, CH3), 3.35 (s, 2H, SCH2CO),
5.50 (s, 2H, CH2), 7.47–7.86 (m, 10H, aromatic pro-
tons + H7 benzimidazole), 8.04 (d, J = 9 Hz, 1H, H6),
8.45 (s, 1H, H4); IR (cm�1): 1702 (C@O), 1611
(C@N); anal. calcd for C24H20N4OS (412): C, 69.90;
H, 4.85; N, 13.59; S, 7.76. Found: C, 69.91; H, 4.83;
N, 13.60; S, 7.80.


4.4.4. 3-Benzoyl-2-(1-benzyl-2-methyl-1H-benzimidazol-
5-ylimino)thiazolidin-4-one (6d). Crystallized from
dichloromethane/methanol (4:1), [yield: 81% (1.8 g)] ;
as a gray powder. Mp 232–234 �C; 1H NMR
(300 MHz, DMSO-d6) d 2.42 (s, 3H, CH3), 3.35 (s,
2H, SCH2CO), 5.50 (s, 2H, CH2), 7.47–7.86 (m, 10H,
aromatic protons + H7 benzimidazole), 8.04 (d,
J = 9 Hz, 1H, H6), 8.45 (s, 1H, H4); IR (cm�1): 1702,
1687 (C@O groups), 1615 (C@N). anal. calcd for
C25H20N4O2S (440): C, 68.18; H, 4.54; N, 12.72; S,
7.27. Found: C, 68.16; H, 4.51; N, 12.72; S, 7.29.


4.4.5. 2-(1-Benzyl-2-methyl-1H-benzimidazol-5-ylimino)-
3-(4-methoxyphenyl)thiazoli-din-4-one (6e). Crystallized
from ethanol, [yield: 77% (1.7 g)]; as a brown powder.
Mp 147–149 �C; 1H NMR (300 MHz, DMSO-d6) d
2.50 (s, 3H, CH3), 3.35 (s, 2H, SCH2CO), 3.75 (s,
3H, OCH3), 5.50 (s, 2H, CH2), 7.77–7.96 (m, 10H,
aromatic protons + H7 benzimidazole), 8.04 (d,
J = 9 Hz, 1H, H6), 8.15 (s, 1H, H4); IR (cm�1):
1688.5 (C@O), 1580, 1589 (C@N groups) 1181.6 (O–
C–O); anal. calcd for C25H22N4O2S (442): C, 67.87;
H, 5.97; N, 12.66; S, 7.23. Found: C, 67.85; H, 5.99;
N, 12.65; S, 7.25.

4.5. 5-amino-2-methyl-1H-benzimidazole monohydro-
chloride (7)


Compound 7 was prepared according to Bapat et al.’s
method23. IR (cm�1): 3386, 3322 (NH2), 3226.8 (NH),
1642(C@N); anal. calcd for C8H10ClN3 (183): C,
52.31; H, 5.44; Cl, 19.34; N, 22.88. Found: C, 52.41;
H, 5.35; Cl, 19.40; N, 22.67.


4.6. General procedure for the preparation of the compounds
(8a–f)


A solution of the appropriate aromatic and heterocyclic
aldehydes, namely, 5-methylfurfural, piperonal, indole-
3-carbaldehyde, 2-thiophene carboxaldehyde, 4-methyl-
benzaldehyde and or 1-naphthaldehyde, (10 mmol) in
ethanol (5 ml) was added dropwise to a well-stirred solu-
tion of compound 7 (10 mmol) in boiling ethanol
(30 ml). The reaction mixture was refluxed for 5 h, then
the solvent was removed under reduced pressure, the so-
lid produced was filtered off, washed with dilute ethanol,
and recrystallized from appropriate solvent.


4.6.1. 2-Methyl-N-[(5-methylfuran-2-yl)methylene]-1H-
benzimidazol-5-amine (8a). Crystallized from ethanol,
[yield: 77% (1.9 g)]; as a brown powder. Mp 250–
252 �C; 1H NMR (300 MHz, DMSO-d6) d 2.71 (s, 3H,
CH3), 2.80 (s, 3H, CH3), 5.91 (d, J = 8.1 Hz, 1H, H4 0


furan), 6.20 (d, J = 8.1 Hz, 1H, H3 0 furan), 7.61 (d,
J = 9.1 Hz, 1H, H7), 7.84 (d, J = 9.1 Hz, 1H, H6), 8.10
(s, 1H, H4), 8.22 (s, 1H, CH@N); anal. calcd for
C14H13N3O (239): C, 70.31; H, 5.38; N, 17.60. Found:
C, 70.33; H, 5.39; N, 17.61.


4.6.2. N-[(Benzo(1,3-d)dioxol-6-yl)methylene]-2-methyl-
1H-benzimidazol-5-amine (8b). Crystallized from etha-
nol, [yield: 71% (2 g)]; as a yellow powder. Mp 117–
119 �C; 1H NMR (300 MHz, DMSO-d6) d 2.44 (s, 3H,
CH3), 6.10 (s, 2H, OCH2O), 7.01 (d, J = 7.70 Hz, 1H,
H7), 7.15 (d, J = 7.70 Hz, 1H, H6), 7.41 (m, 3H, aro-
matic protons), 7.52 (s, 1H, H4), 8.10 (s, 1H,
CH@N).13C NMR (DMSO-d6) d 14.85 (CH3), 101.77
(O–CH2–O), 157.8 (C@N); IR (cm�1): 3299 (NH),
1655, 1593 (C@N groups), 1114 (O–C–O); anal. calcd
for C16H13N3O3 (279): C, 68.81; H, 4.65; N, 15.05.
Found: C, 68.83; H, 4.61; N, 15.10.


4.6.3. N-[(1H-Indol-3-yl)methylene]-2-methyl-1H-benz-
imidazol-5-amine (8c). Crystallized from ethanol/diethyl
ether (5:1), [yield: 67% (1.8 g)]; as a brown powder.
Mp 173–175 �C; 1H HMR (300 MHz, DMSO: CDCl3
2:1) d 2.52 (s, 3H, CH3), 6.82 (s, 1H, CH indole),
7.14–7.42 (m, 4H, H 05 + H 06 + H 07+H 08), 7.51 (s, 1H,
CH), 7.71 (d, J = 9.1 Hz, 1H, H7), 7.84 (d, J = 9.1 Hz,
1H, H6), 8.10 (s, 1H, H4); IR (cm�1): 3418, 3232 (NH
groups), 1537, 1611 (C@N groups); anal. calcd for
C17H14N4 (274): C, 73.11; H, 5.10; N, 20.43. Found:
C, 73.38; H, 5.09; N, 20.37.


4.6.4. 2-Methyl-N-[(thiophen-2-yl)methylene]-1H-benz-
imidazol-5-amine (8d). Crystallized from ethanol/
diethyl ether (5:1), [Yield: 69% (1.7 g)]; as a pale yellow
powder. Mp 230–232 �C; 1H HMR (300 MHz, DMSO-
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d6) d 2.39 (s, 3H, CH3), 7.28–7.31 (m, 1H, H 04), 7.52 (d,
J = 9.1Hz, 1H, H7), 7.62–7.80 (m, 4H, H6 + H 03 +
H4 + CH@N), 7.91 (d, J = 9.1Hz, 1H, H 05); IR
(cm�1): 3403 (NH), 1611, 1598 (C@N groups); anal.
calcd for C13H11N3S (241): C, 64.73; H, 4.56; N,
17.42; S, 13.27. Found: C, 64.75; H, 4.54; N, 17.46; S,
13.24.


4.6.5. (2-Methyl-1H-benzimidazol-5-yl)-(4-methylbenzy-
lidene)-amine (8e). Crystallized from methanol, [yield:
76%, 1.9 g]; as a gray powder. Mp 192–194 �C; 1H
NMR (300 MHz, DMSO-d6) 2.22 (s, 3H, CH3), d 2.42
(s, 3H, CH3), 6.78 (d, J = 7.29 Hz, 2H, H 02 + H 06),
6.80 (d, J = 7.29 Hz, 2H, H 03 + H 05), 7.30 (d,
J = 8.1 Hz, H7), 7.59 (d, J = 8.1 Hz, H6), 7.90 (s, 1H,
H4), 7.93 (s, 1H, CH@N); anal. calcd for
C16H15N3(249): C, 77.08; H, 6.02; N, 16.86. Found: C,
77.05; H, 6.01; N, 16.89.


4.6.6. 2-Methyl-N-[(naphthalen-1-yl)methylene]-1H-benz-
imidazol-5-amine (8f). Crystallized from ethanol, [yield:
74%, 2.1 g]; as a brown powder. Mp 156–158 �C; 1H
NMR (300 MHz, DMSO-d6) d 2.12 (s, 3H, CH3), 2.52
(s, 3H, CH3), 7.30–7.92 (m,10 H, aromatics protons),
7.93 (s, 1H, CH@N); IR (cm�1): 3389 (NH), 1651,
1587 (C@N groups); anal. calcd for C19H15N3(285): C,
80.10; H, 5.26; N, 14.73. Found: C, 80.19; H, 5.25; N,
14.71.


4.7. General procedure for the preparation of the compounds
(9a–f)


A mixture of Schiff base 8a–f (7.2 mmol) and thioglycol-
ic acid (10 mmol) in dry toluene (50 ml) was refluxed for
5–8 h and the solvent was evaporated under reduced
pressure. The residue was triturated with sodium bicar-
bonate solution, left overnight, filtered off, washed with
water, dried, and recrystallized from appropriate
solvent.


4.7.1. 3-(2-Methyl-1H-benzimidazol-5-yl)-2-(5-methylfu-
ran-2-yl) thiazolidin-4-one (9a). Crystallized from metha-
nol, [yield: 73% (1.9 g)]; as a brown solid. Mp 224–
226 �C; 1H NMR (300 MHz, DMSO-d6) d 2.65 (s, 3H,
CH3), 2.85 (s, 3H, CH3), 3.75 (s, 2H, CH2), 4.24 (s,
1H, CH), 5.90 (d, J = 8.1 Hz, 1H, H4 0 furan), 6.20 (d,
J = 8.1 Hz, 1H, H3 0 furan), 7.61 (d, J = 9.1 Hz, 1H,
H7), 8.03 (d, J = 9.1 Hz, 1H, H6), 8.21 (s, 1H, H4); IR
(cm�1): 3329 (NH), 1681 (C@O), 1598 (C@N); anal.
calcd for C16H15N3O2S (313): C, 61.34; H, 4.79; N,
13.41; S, 10.22. Found: C, 61.32; H, 4.78; N, 13.39; S,
10.23.


4.7.2. 2-(Benzo(1,3-d)dioxol-6-yl)-3-(2-methyl-1H-ben-
zimidazol-5-yl)thiazolidin-4-one (9b). Crystallized from
ethanol, [yield: 70% (1.7 g)]; as a yellow powder. Mp
152–154 �C; 1H NMR (300 MHz, DMSO-d6) d 2.39
(s, 3H, CH3), 3.18 (s, 2H, CH2), 4.02 (s, 1H, CH–N),
6.08 (s, 2H, O–CH2–O), 6.75–6.83 (m, 3H, aromatic
protons), 7.41 (d, J = 7.7 Hz, 1H, H7), 7.72 (d,
J = 9.7 Hz, 1H, H6), 8.01 (s, 1H, H4); IR (cm�1):
3214 (NH), 1670 (C@O), 1599 (C@N), 1111 (O–C–
O); anal. calcd for C19H15N3O3S (353): C, 61.18; H,

4.24; N, 11.89; S, 9.06. Found: C, 61.23; H, 4.15; N,
11.94; S, 9.12.


4.7.3. 2-(1H-Indol-3-yl)-3-(2-methyl-1H-benzimidazol-5-
yl)thiazolidin-4-one (9c). Crystallized from ethanol/
diethyl ether (5:2), [yield: 77% (1.9 g)]; as buff needles.
Mp 175-177 �C; 1H NMR (300 MHz, DMSO-d6) d
2.34 (s, 3H, CH3), 3.35 (s, 2H, CH2), 4.01 (s, 1H, CH),
6.62 (s, 1H, CH), 7.23–7.34 (m, 5H, aromatic protons),
7.64-7.79 (m, 3H, H4+ H6+ H7); IR (cm�1): 3398,
3217 (NH groups), 1680 (C@O), 1615 (C@N); anal.
calcd for C19H16N3OS (334): C, 68.26; H, 4.79; N,
12.57; S, 9.58. Found: C, 68.24; H, 4.79; N, 12.55; S,
9.57.


4.7.4. 3-(2-Methyl-1H-benzimidazol-5-yl)-2-(thiophen-2-
yl)thiazolidin-4-one (9d). Crystallized from ethanol,
[yield: 80% (2.1 g)]; as pale yellow needles. Mp 194-
196 �C; 1H NMR (300 MHZ, DMSO-d6) d 2.39 (2,
3H, CH3), 3.32 (s, 2H, CH2), 4.51 (s, 1H, CH), 7.25-
7.38 (m, 1H, H 04), 7.52 (d, J = 9.1 Hz, 1H, H7), 7.63-
7.78 (m, 3H, H 03 + H6 + H4), 7.91 (d, J = 9.1 Hz, 1H,
H 05); IR (cm�1): 3410 (NH), 1688 (C@O), 1629
(C@N); anal. calcd for C15H13N3OS2 (315): C, 57.14;
H, 4.12; N, 13.33; S, 20.31. Found: C, 57.15; H, 4.11;
N, 13.32; S, 20.28.


4.7.5. 3-(2-Methyl-1H-benzimidazol-5-yl)-2-p-tolylthiazo-
lidin-4-one (9e). Crystallized from methanol, [yield:
84% (2.2 g)]; as a gray powder. Mp 267–269 �C; 1H
NMR (300 MHz, DMSO-d6) d 2.27 (s, 3H, CH3), 2.68
(s, 3H, CH3), 3.22 (s, 2H, CH2), 3.40 (s, 1H, CH-N),
6.78 (d, J =7.29 Hz, 2H, H 02 + H 06), 6.80 (d,
J = 7.29 Hz, 2H, H03 + H 05), 7.32 (d, J = 8.1 Hz, 1H,
H7), 7.60 (d, J = 8.1 Hz, 1H, H6), 7.85 (s, 1H, H4); IR
(cm�1): 3343 (NH), 1689 (C@O), 1598 (C@N); anal.
calcd for C18H17N3OS (323): C, 66.87; H, 5.26; N,
13.00; S, 9.90. Found: C, 66.88; H, 5.29; N, 12.91; S,
9.88.


4.7.6. 3-(2-Methyl-1H-benzimidazol-5-yl)-2-(naphthalen-
1-yl)thiazolidin-4-one (9f). Crystallized from ethanol/
diethyl ether (5:1), [yield: 74% (1.8 g)]; as brown prisms.
Mp 211–213 �C; H NMR (300 MHz, DMSO-d6) d 2.56
(s, 3H, CH3), 3.22 (s, 2H, CH2), 3.40 (s, 1H, CH–N),
6.78 (m, 10 H, aromatic protons); IR (cm�1): 3233
(NH), 1685 (C@O), 1619 (C@N); anal. calcd for
C21H17N4OS (359): C, 70.19; H, 4.73; N, 11.69; S,
8.91. Found: C, 70.20; H, 4.72; N, 11.70; S, 8.89.


4.8. Antitumor promoting effect in vitro (Epstein–Barr
virus activation test)


4.8.1. Materials and methods. The compounds 1, 2, 3, 4,
5a–c, 6a–e, 7, 8a–f, and 9a–e were tested for Epstein–
Barr virus (EBV) Inhibitory Activity. The inhibition of
EBV-EA activation was assayed using methods reported
in the literature.21a,b,22 The cells were incubated at 37 �C
for 48 h in a medium containing butyric acid (4 nM),
TPA (32 pM), and various amounts of test compounds.
Smears were made from the cell suspensions and the
EBV-EA inducing cells were stained using an indirect
immunofluorescence technique. In each assay, at least
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500 cells were counted, and the number of stained cells
(positive cells) was recorded. Triplicate assays were per-
formed for each data point. The EBV-EA inhibitory
activity of the test compound was compared with that
of the control experiment with butyric acid plus TPA.
In control experiments, the EBV-EA inhibitory activities
were generally around 40%, and these values were taken
as a positive control. The viability of the cells was as-
sayed by the Trypan-blue staining method. For the
determination of cytotoxicity, the cell viability was re-
quired to be more than 60%.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmc.2007.04.010.
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F-91128, Cedex, France


(Associate Editor, Dr. B. Sire)


BOARD OF CONSULTING EDITORS


P. S. Anderson, Wilmington, DE


K-H. Altmann, Zürich
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Abstract—Based on the earlier results of our in-house database and compound library, a series of novel clubbed thienyl triazoles was
designed which may emerge as potential cdk5/p25 inhibitors, for the treatment of Alzheimer’s disease. A benign synthesis was
planned so as to take an advantage of MAOS (Microwave Assisted Organic Synthesis) method. Evaluation of the SAR of this series
has allowed the identification of compounds 4, 5, 7 and 8 from series I while 13, 14, 16 and 17 from series II as significant cdk5/p25
inhibitors and thus have potential as possible treatments for Alzheimer’s disease.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Alzheimer’s disease (AD) is a progressive brain disorder
that gradually destroys a person’s memory and ability to
learn, reason, make judgments, communicate and carry
out daily activities. As Alzheimer’s disease progresses,
individuals may also experience changes in personality
and behaviour, such as anxiety, suspiciousness or agita-
tion, as well as delusions or hallucinations. There are
now more than five million people in the United States
living with AD. This number includes 4.9 million people
over the age of 65 and between 200,000 and 500,000
people under age 65 with early-onset AD, for which
no effective treatment exists today (Schemes 1 and 2).


Postmortem brain analysis of AD patients reveals
extensive formation of neurofibrillary tau protein tan-
gles and amyloid plaques. The serine/threonine kinase

0968-0896/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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cdk5 along with its cofactor p251 (or the longer cofac-
tor, p35) has been supposed to hyperphosphorylate
tau,2 leading to the formation of paired helical fila-
ments and deposition of cytotoxic neurofibrillary tan-
gles3 and thus responsible to neurodegenerative
disorders such as Alzheimer’s disease, Parkinson’s dis-
ease, stroke, or Huntington’s disease.4 Cdk5 also phos-
phorylates Dopamine and Cyclic AMP-Regulated
Phosphoprotein (DARPP-32) at threonine 75 and is
thus indicated in having a role in dopaminergic neuro-
transmission.5 Inhibition of the anomalous cdk5/p25
complex is, therefore, a viable target for treating Alz-
heimer’s disease by preventing tau hyperphosphoryla-
tion and neurofibrillary tangle formation. Literature
survey reveals 2-aminothienyl derivatives6 as the
potential inhibitors of cdk5/p25 for the treatment of
Alzheimer’s disease and other neurodegenerative
disorders.7–13


In continuation with our discovery programme14–19 on
triazoles, we embarked on a cdk5/p25 inhibiting activity
to find high potency compound/s. Screening of an in-
house database provided several hits with modest
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Scheme 1. Reagents and conditions. (i) ClCH2COOH, NaOAc; (ii) CH3COCH2Br, K2CO3; (iii) C6H5CHOHCOC6H5, KOH; (iv) 2,3-
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cdk5/p25 inhibitory activity, one of which was the
clubbed triazolyl thienyl 1b (IC50 = 46 ± 2 nM), while
the other was from 10b (IC50 = 42 ± 2 nM).


In recent years, environmentally benign synthetic
methods have received considerable attention and
solvent-free protocols are reported.20–22 A fast, highly
efficient and eco-friendly solvent-free chemical trans-
formation, for the synthesis of title compounds,
under microwave irradiation, using acidic alumina is
designed.

2. Results and discussion


2.1. Synthesis


Compounds 1a,b, 10a,b and structure A23 were synthe-
sized as per the literature.24–26 Compounds 1a,b, ad-
sorbed on acidic alumina (Aluminium oxide, acidic,
Brockmann I, �150 mesh, 58 Å CAMAG 506-C-I, Sur-
face area 155 m2/g. pH = 6.0), when treated with chloro-
acetic acid in presence of its salt with strong base,
yielded 2a–b. The second transformation to the
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compounds 3a,b was achieved by treatment with haloge-
nated ketone in the presence of inorganic base, i.e.,
potassium carbonate. Title compounds 4a,b were
obtained by treatment of 1a,b with benzoin in basic con-
dition. Usually, just dumping the reaction mixture in
water will separate product, but herein, it did not work.
A separation of the product was achieved by extraction
of product into acetone and then evaporating the ace-
tone layer until dryness. Compounds 1a,b when treated
with 2,3-dichloro quinoxaline, a nucleophilic substitu-
tion reaction takes place, in basic condition, to yield
5a,b. Chemical transformation of 1a,b to 6a,b was
achieved by treating it with carbon disulfide and potas-

sium hydroxide. While compounds 1a,b, on treatment
with benzoic acid, in presence of POCl3, furnished
7a,b. Compounds 8a,b, the condensation products of
1a,b, were synthesized by treating it with m-nitrobenzal-
dehyde which was confirmed by absence of peak in IR
spectrum as well as in NMR for SH of triazole. The final
modifications in the present series are performed, by
refluxing compound from the series of compound
termed here as structure A with 1a and 1b in the pres-
ence of ethanolic KOH, to give less active moieties of
the series 9a–h. A similar set of reactions was followed
using 10a,b as starting material for the conversion to
11a,b–18a–h.







Table 1. SAR of cdk5/p25 inhibitory screening for compounds 1a,b, 2a,b, 3a,b, 4,a,b, 5a,b, 6a,b 7a,b, 8a,b, 9a-h, 10a,b, 11a,b, 12a,b, 13a,b, 14a,b,


15a,b, 16a,b, 17a,b, 18a-h and selectivity ratio of most active compounds


Compound R R 0 Cdk5 IC50 (nM) Cdk2 IC50 (nM) Select k2/k5


1a NHCOCH3 — 58 ± 2 53 ± 3 1


1b NHCOCH2Cl — 46 ± 2 99 ± 7 2.2


2a NHCOCH3 — 630 ± 32 — —


2b NHCOCH2Cl — 820 ± 52 — —


3a NHCOCH3 — 642 ± 11 — —


3b NHCOCH2Cl — 462 ± 72 — —


4a NHCOCH3 — 44 ± 2 89 ± 8 2


4b NHCOCH2Cl — 72 ± 2 154 ± 62 2


5a NHCOCH3 — 34 ± 1 70 ± 4 2


5b NHCOCH2Cl — 64 ± 1 142 ± 12 2.2


6a NHCOCH3 — 3260 ± 106 —


6b NHCOCH2Cl — 7480 ± 114 —


7a NHCOCH3 — 42 ± 1 51 ± 8 1.2


7b NHCOCH2Cl — 30 ± 1 95 ± 11 3.2


8a NHCOCH3 — 64 ± 18 78 ± 17 1


8b NHCOCH2Cl — 53 ± 14 64 ± 14 1


9a NHCOCH3 H 2370 ± 78 — —


9b NHCOCH2Cl H 3420 ± 117 — —


9c NHCOCH3 2-Cl 3284 ± 89 — —


9d NHCOCH2Cl 2-Cl 3340 ± 94 — —


9e NHCOCH3 4-Cl 3386 ± 84 — —


9f NHCOCH2Cl 4-Cl 2968 ± 96 — —


9g NHCOCH3 3-NO2 3046 ± 102 — —


9h NHCOCH2Cl 3-NO2 3074 ± 98 — —


10a NHCOCH3 — 54 ± 2 56 ± 3 1


10b NHCOCH2Cl — 42 ± 2 120 ± 7 3


11a NHCOCH3 — 418 ± 24 — —


11b NHCOCH2Cl — 634 ± 28 — —


12a NHCOCH3 — 448 ± 18 — —


12b NHCOCH2Cl — 368 ± 20 — —


13a NHCOCH3 — 40 ± 2 82 ± 8 2


13b NHCOCH2Cl — 62 ± 2 126 ± 22 2


14a NHCOCH3 — 54 ± 1 64 ± 4 1.2


14b NHCOCH2Cl — 30 ± 1 102 ± 10 3.2


15a NHCOCH3 — 2058 ± 96 — —


15b NHCOCH2Cl — 5896 ± 102 — —


16a NHCOCH3 — 38 ± 1 44 ± 8 1.2


16b NHCOCH2Cl — 28 ± 1 92 ± 12 3.2


17a NHCOCH3 — 60 ± 12 64 ± 8 1


17b NHCOCH2Cl — 48 ± 9 52 ± 10 1


18a NHCOCH3 H 1452 ± 68 — —


18b NHCOCH2Cl H 2486 ± 98 — —


18c NHCOCH3 2-Cl 2464 ± 76 — —


18d NHCOCH2Cl 2-Cl 2458 ± 74 — —


18e NHCOCH3 4-Cl 2482 ± 75 — —


18f NHCOCH2Cl 4-Cl 2448 ± 72 — —


18g NHCOCH3 3-NO2 2436 ± 80 — —


18h NHCOCH2Cl 3-NO2 2684 ± 82 — —
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2.2. Cyclin-dependent kinase 5/p25 inhibiting activity


Kinase inhibition was measured by the use of scintilla-
tion proximity assays (SPA).27 The results of the assays
are reported in Table 1. During the preliminary screen-
ing compound 1b has emerged as hit cdk5/p25
(IC50 = 46 ± 2 nM), with good potency and more oppor-
tunities for chemical transformation for the optimiza-
tion (Preliminary screening results for 1a were
comparable, IC50 = 58 ± 2 nM). Testing of 1b against
other cdks revealed that 1b was essentially equipotent
at inhibiting cdk2/cyclin E (IC50 = 49 ± 3 nM), a cancer

target. Thus with an objective to improve cdk5 potency
and minimize cdk2 activity, certain chemical modifica-
tions have been performed. Cyclization of the amine side
chain with the sulfhydryl group of 1b with MAOS
allowed us to rapidly explore the pharmacophore. As
a first step towards lead optimization, treatment with
chloroacetic acid gave a 6-oxo-thiadiazin ring formation
2a,b however, this modification resulted in a substantial
decrease in activity. The next structural modification
made was a replacement of 6-oxo by 6-methyl to furnish
3a–d but this change also resulted in a substantial loss of
biological activity.
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Substitution of 6-methyl and 5H by phenyl rings pro-
vided the first analogues 4a and 4b that demonstrated
excellent activity. Thus looking at the activity, it was
decided to increase the aromatic nature and bulkiness
of the triazole ring. In order to optimize this component,
two compounds 5a,b were synthesized and investigated,
which revealed quite interesting results of the cdk5/p25
inhibitory activity, as both of the compounds have
shown impressive percentage of inhibition. A further
modification to thiadiazoles, 6a,b with lesser aromatic-
ity, exhibited loss of activity. Attention was then turned
to optimization of the 6a and b. Changing the S with
bulkier phenyl improved cdk5 potency and for the first
time afforded >threefold selectivity versus cdk2, in case
of 7b. The compound 7a was equally selective versus
cdk2 and had slightly improved cdk5 IC50. A further
similar structural modification was a successful attempt,
with 8a,b as potential candidate. Further, cdk5/p25
inhibitory evaluations of compounds 9a–h lead to less
potent compounds.


A series, wherein methyl group was replaced by phenyl,
was designed on a conclusion that increase in aromatic-
ity is directly leading to potentiation of the cdk5/p25
inhibitory activity. Thus the said series was synthesized
and evaluated for the cdk5/p25 inhibitory action.
Encouraging results were obtained when compared with
the compounds with methyl group. Compounds 10a,b,
13a,b, 14a,b, 16a,b and 17a,b were observed with a com-
paratively improved activity, as illustrated in Table 1.

3. Conclusion


In conclusion, a novel series of clubbed triazolyl-thie-
nyl derivatives that inhibit cdk5/p25 has been discov-
ered. It was found that the potency of the screening
hit 1b could be enhanced first by structural transforma-
tion to a 2-position of thienyl core and amino and
sulfhydryl groups in triazole core and subsequently
by the introduction of appropriate substituents, spe-
cially aromatic ring, leading to the most promising
compounds 4, 5, 7 and 8 from series I while 13, 14,
16 and 17 from series II. Finally it can be concluded
that an ideal cdk5/p25 inhibitor with minimal toxicity
and potential activity can be designed using above-said
compounds as lead molecules. The said inhibitor can be
synthesized using MAOS so as to get the benefits of this
novel technique.

4. Experimental


4.1. General


The melting points were recorded on electrothermal
apparatus and are uncorrected. 1H NMR spectra were
recorded on a Bruker Avance 300 MHz instrument
using CDCl3 as solvent and TMS as internal standard;
the chemical shifts (d) are reported in ppm and coupling
constants (J) are given in Hz. Signal multiplicities are
represented by s (singlet), d (doublet), t (triplet), ds
(double singlet), dd (double doublet), m (multiplet)

and bs (broad singlet). Mass spectra were recorded on
a Finning LCQ mass spectrometer. Microwave irradia-
tion was carried out in Raga Scientific Microwave Sys-
tems, Model RG31L at 2450 MHz. Elemental analyses
were performed on a Heracus CHN-Rapid Analyser.
Analysis indicated by the symbols of the elements of
functions was within ±/0.4% of the theoretical values.
The purity of the compounds was checked on silica gel
coated Al plates (Merck).


4.1.1. Preparation of N1-[5-(4-amino-5-sulfanyl-4H-1,2,4-
triazol-3-yl)-4-methyl-2-thienyl]acetamide (1a), N1-[5-(4-
amino-5-sulfanyl-4H-1,2,4-triazol-3-yl)-4-methyl-2-thie-
nyl]-2-chloroacetamide (1b), N1-[5-(4-amino-5-sulfanyl-
4H-1,2,4-triazol-3-yl)-4-phenyl-2-thienyl]acetamide (10a),
N1-[5-(4-amino-5-sulfanyl-4H-1,2,4-triazol-3-yl)-4-phenyl-2-
thienyl]-2-chloroacetamide (10b). Above titled com-
pounds were prepared as per the literature.24–26


4.1.2. General preparation of N1-[4-substituted-5-(6-oxo-
6,7-dihydro-5H-[1,2,4] triazolo[3,4-b][1,3,4]thiadiazin-3-
yl)-2-thienyl]-2-substitutedacetamide. A solution of 1 or
10 (0.01 mol) in dichloromethane (20 mL), chloroacetic
acid (0.01 mol) and freshly prepared fused sodium ace-
tate (0.01 mol) was prepared. Acidic alumina (Alumin-
ium oxide, acidic, Brockmann I, �150 mesh, 58 Å
CAMAG 506-C-I, Surface area 155 m2/g. pH = 6.0)
about 5 g was added to the above solution at room tem-
perature. The reaction mixture was mixed, adsorbed,
dried and kept inside the alumina-bath28 and irradiated
for 40–80 s at a power level of 300 W. The mixture was
cooled and then product was extracted with dry metha-
nol and poured onto crushed ice. The solid thus sepa-
rated was filtered, washed thoroughly with water and
recrystallized from aq ethanol.


4.1.2.1. N1-[4-Methyl-5-(6-oxo-6,7-dihydro-5H-[1,2,4]-
triazolo[3,4-b][1,3,4]thiadiazin-3-yl)-2-thienyl]-acetamide (2a).
Yield 76%; yellow needles; mp 207–212 �C; 1H NMR
(300 MHz, CDCl3): d 1.94 (s, 3H, CH3CO), 2.62 (s,
3H, CH3), 3.92 (s, 2H, CH2 of Thiadiazine), 6.12 (s,
1H, CH of Thiophene), 8.06 (s, 2H, NH); MS (%) 309
(M+, 100); Calcd (%) for C11H11N5O2S2: C; 42.71, H;
3.58, N; 22.64. Found: C; 42.90, H; 3.72, N; 22.77.


4.1.2.2. N1-[4-Methyl-5-(6-oxo-6,7-dihydro-5H-[1,2,4]-
triazolo[3,4-b][1,3,4]thiadiazin-3-yl)-2-thienyl]-2-chloroace-
tamide (2b). Yield 82%; brown needles; mp 192–196 �C;
1H NMR (300 MHz, CDCl3): d 2.51 (s, 3H, CH3), 3.77
(s, 2H, CH2 of Thiadiazine), 4.38 (s, 2H, CH2Cl), 5.95
(s, 1H, CH of Thiophene), 8.12 (s, 2H, NH); MS (%)
343 (56, M+); Calcd (%) for C11H10N5O2S2Cl: C; 38.43,
H; 2.93, N; 20.37. Found: C; 38.57, H; 2.76, N; 20.53.


4.1.2.3. N1-[4-Phenyl-5-(6-oxo-6,7-dihydro-5H-[1,2,4]-
triazolo[3,4-b][1,3,4]thiadiazin-3-yl)-2-thienyl]-acetamide (11a).
Yield 74%; white powder; mp 221–225 �C; 1H NMR
(300 MHz, CDCl3): d 1.97 (s, 3H, CH3CO), 3.90 (s,
2H, CH2 of Thiadiazine), 6.15 (s, 1H, CH of Thio-
phene), 7.27–7.51 (m, 5H, ArH), 8.12 (s, 2H, NH); MS
(%) 371 (M+, 100); Calcd (%) for C16H13N5O2S2: C;
51.74, H; 3.53, N; 18.85. Found: C; 51.91, H; 3.67, N;
18.64.







6402 M. R. Shiradkar et al. / Bioorg. Med. Chem. 15 (2007) 6397–6406

4.1.2.4. N1-[4-Phenyl-5-(6-oxo-6,7-dihydro-5H-[1,2,4]-
triazolo[3,4-b][1,3,4]thiadiazin-3-yl)-2-thienyl]-2-chloroace-
tamide (11b). Yield 88%; white needles; mp 201–206 �C;
1H NMR (300 MHz, CDCl3): d 3.70 (s, 2H, CH2 of Thi-
adiazine), 4.29 (s, 2H, CH2Cl), 5.74 (s, 1H, CH of Thi-
ophene), 7.15–7.46 (m, 5H, ArH), 8.03 (s, 2H, NH);
MS (%) 406 (78, M+); Calcd (%) for C16H12N5O2S2Cl:
C; 47.35, H; 2.98, N; 17.25. Found: C; 47.22, H; 2.74,
N; 17.13.


4.1.3. General preparation of N1-[4-substituted-5-(6-
methyl-7H-[1,2,4]triazolo[3,4-b][1,3,4]thiadiazin-3-yl)-2-
thienyl]-2-substituted acetamide. Solution of 1 or 10
(0.01 mol) and p-bromophenacyl bromide (0.01 mol)
was added to acidic alumina (5 g) at room tempera-
ture. The reaction mixture was mixed, adsorbed,
dried and kept inside the alumina-bath and irradiated
for 40–80 s at a power level of 300 W. The mixture
was cooled and then product was extracted with
dry methanol, followed by neutralization with potas-
sium carbonate. The solid thus separated was filtered,
washed thoroughly with water and recrystallized
from ethanol.


4.1.3.1. N1-[4-Methyl-5-(6-methyl-7H-[1,2,4]triazolo[3,
4-b][1,3,4]thiadiazin-3-yl)-2-thienyl]-acetamide (3a). Yield
73%; yellow precipitate; mp 213–218 �C; 1H NMR
(300 MHz, CDCl3): d 0.97 (s, 3H, CH3), 2.06 (s, 3H,
CH3CO), 2.38 (s, 3H, CH3), 3.02 (s, 2H, CH2 of Thiadi-
azine), 6.11 (s, 1H, CH of Thiophene), 8.06 (s, 2H, NH);
MS (%) 307 (64, M+); Calcd (%) for C12H13N5OS2: C;
46.89, H; 4.26, N; 22.78. Found: C; 46.96, H; 4.38, N;
22.94.


4.1.3.2. N1-[4-Methyl-5-(6-methyl-7H-[1,2,4]triazolo[3,
4-b][1,3,4]thiadiazin-3-yl)-2-thienyl]-2-chloroacetamide (3b).
Yield 88%; brown needles; mp 220–224 �C; 1H NMR
(300 MHz, CDCl3): d 0.91 (s, 3H, CH3), 2.63 (s, 3H,
CH3), 3.11 (s, 2H, CH2 of Thiadiazine), 4.42 (s, 2H,
CH2Cl), 5.82 (s, 1H, CH of Thiophene), 8.23 (s, 2H,
NH); MS (%) 342 (91, M+); Calcd (%) for
C12H12ClNO5S2: C; 42.16, H; 3.54, N; 20.49. Found:
C; 42.31, H; 3.66, N; 20.63.


4.1.3.3. N1-[4-Phenyl-5-(6-methyl-7H-[1,2,4]triazolo[3,4-
b][1,3,4]thiadiazin-3-yl)-2-thienyl]-acetamide (12a). Yield
76%; yellow precipitate; mp 219–224 �C; 1H NMR
(300 MHz, CDCl3): d 2.17 (s, 3H, CH3CO), 2.16 (s,
3H, CH3), 3.11 (s, 2H, CH2 of Thiadiazine), 6.16 (s,
1H, CH of Thiophene), 7.25–7.55 (m, 5H, ArH), 8.23
(s, 2H, NH); MS (%) 370 (86, M+); Calcd (%) for
C17H15N5OS2: C; 55.26, H; 4.09, N; 18.96. Found: C;
55.51, H; 4.24, N; 18.85.


4.1.3.4. N1-[4-Phenyl-5-(6-methyl-7H-[1,2,4]triazolo[3,4-
b][1,3,4]thiadiazin-3-yl)-2-thienyl]-2-chloroacetamide (12b).
Yield 81%; yellow needles; mp 224–227 �C; 1H NMR
(300 MHz, CDCl3): d 2.15 (s, 3H, CH3), 3.42 (s, 2H,
CH2 of Thiadiazine), 4.51 (s, 2H, CH2Cl), 5.73 (s, 1H,
CH of Thiophene), 7.11–7.48 (m, 5H, ArH), 8.52 (s, 2H,
NH); MS (%) 404 (90, M+); Calcd (%) for
C17H14ClN5OS2: C; 50.55, H; 3.49, N; 17.34. Found: C;
50.71, H; 3.64, N; 17.57.

4.1.4. General preparation of N1-[5-(6,7-diphenyl-5H-
[1,2,4]triazolo[3,4-b][1,3,4]thiadiazin-3-yl)-4-substituted-
2-thienyl]-2-substituted acetamide. A solution of 1 or
10 (0.01 mol), benzoin (0.01 mol) and 2N KOH solu-
tion was prepared. Acidic alumina (5 g) was added to
the above solution at room temperature. The reaction
mixture was mixed, adsorbed, dried and kept inside
the alumina-bath and irradiated for 80–120 s at a
power level of 300 W. The mixture was cooled and
then product was extracted with acetone and was
evaporated to dryness. The solid thus separated was
washed thoroughly with water and recrystallized
from ethanol.


4.1.4.1. N1-[5-(6,7-Diphenyl-5H-[1,2,4]triazolo[3,4-b][1,3,4]-
thiadiazin-3-yl)-4-methyl-2-thienyl]-acetamide (4a). Yield
69%; white crystals; mp 254–258 �C; 1H NMR
(300 MHz, CDCl3): d 2.11 (s, 3H, CH3CO), 2.43 (s,
3H, CH3), 5.87 (s, 1H, CH of Thiophene), 7.11–7.46
(m, 10H, ArH), 8.17 (s, 2H, NH); MS (%) 446 (79,
M+); Calcd (%) for C23H19N5OS2: C; 62.00, H; 4.30,
N; 15.72. Found: C; 62.23, H; 4.47, N; 15.89.


4.1.4.2. N1-[5-(6,7-Diphenyl-5H-[1,2,4]triazolo[3,4-
b][1,3,4]thiadiazin-3-yl)-4-methyl-2-thienyl]-2-chloroaceta-
mide (4b). Yield 73%; white crystals; mp 243–247 �C;
1H NMR (300 MHz, CDCl3): d 2.40 (s, 3H, CH3),
4.16 (s, 2H, CH2Cl), 5.90 (s, 1H, CH of Thiophene),
7.07–7.23 (m, 10H, ArH), 8.15 (s, 2H, NH); MS (%)
480 (69, M+); Calcd (%) for C23H18ClNO5S2: C;
57.55, H; 3.78, N; 14.59. Found: C; 57.67, H; 3.91,
N; 14.70.


4.1.4.3. N1-[5-(6,7-Diphenyl-5H-[1,2,4]triazolo[3,4-b][1,3,4]-
thiadiazin-3-yl)-4-phenyl-2-thienyl]-acetamide (13a). Yield
65%; white crystals; mp 245–249 �C; 1H NMR (300 MHz,
CDCl3): d 2.09 (s, 3H, CH3CO), 5.77 (s, 1H, CH of Thio-
phene), 7.13–7.63 (m, 15H, ArH), 8.26 (s, 2H, NH); MS
(%) 508 (100, M+); Calcd (%) for C28H21N5OS2: C; 66.25,
H; 4.17, N; 13.80. Found: C; 66.41, H; 4.34, N; 13.97.


4.1.4.4. N1-[5-(6,7-Diphenyl-5H-[1,2,4]triazolo[3,4-b][1,3,4]-
thiadiazin-3-yl)-4-phenyl-2-thienyl]-2-chloroacetamide (13b).
Yield 77%; white crystals; mp 251–255 �C; 1H NMR
(300 MHz, CDCl3): d 4.08 (s, 2H, CH2Cl), 5.73 (s, 1H,
CH of Thiophene), 7.19–7.59 (m, 15H, ArH), 8.19 (s,
2H, NH); MS (%) 542 (89, M+); Calcd (%) for
C28H20ClN5OS2: C; 62.04, H; 13.72, N; 12.92. Found: C;
62.22, H; 13.86, N; 12.75.


4.1.5. General preparation of N1-[4-substituted-5-(5H-
[1,2,4]triazolo[3 0,4 0:2,3][1,3,4]thiadiazino[5,6-b]quinoxa-
lin-3-yl)-2-thienyl]-2-substituted acetamide. Solution of 1
or 10 (0.01 mol), 2,3-dichloro quinoxaline (0.01 mol)
and fused sodium acetate (0.02 mol) was added to
acidic alumina (5 g) at room temperature. The reaction
mixture was mixed, adsorbed, dried and kept inside the
alumina-bath and irradiated for 90–130 s at a power
level of 300 W. The mixture was cooled and then
product was extracted with dry methanol, concentrated
and cooled. The solid thus separated was filtered,
washed thoroughly with water and recrystallized from
ethanol.
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4.1.5.1. N1-[4-Methyl-5-(5H-[1,2,4]triazolo[30,40:2,3][1,3,4]-
thiadiazino[5,6-b]quinoxalin-3-yl)-2-thienyl]-acetamide (5a).
Yield 75%; buff precipitate; mp 211–216 �C; 1H NMR
(300 MHz, CDCl3): d 2.01 (s, 3H, CH3CO), 2.47 (s, 3H,
CH3), 6.17 (s, 1H, CH of Thiophene), 7.3–7.41 (t, 2H,
ArH, J = 7.8 Hz), 7.83–7.95 (d, 2H, ArH, J = 8.9 Hz),
8.24 (s, 2H, NH); MS (%) 395 (79, M+); Calcd (%) for
C17H13N7OS2: C; 51.63, H; 3.31, N; 24.79. Found: C;
51.77, H; 3.54, N; 24.88.


4.1.5.2. N1-[4-Methyl-5-(5H-[1,2,4]triazolo[3 0,4 0:2,3]-
[1,3,4]thiadiazino[5,6-b]quinoxalin-3-yl)-2-thienyl]-2-chloroac-
etamide (5b). Yield 81%; buff precipitate; mp 221–
225 �C; 1H NMR (300 MHz, CDCl3): d 2.34 (s, 3H,
CH3), 4.27 (s, 2H, CH2Cl), 6.04 (s, 1H, CH of Thio-
phene), 7.27–7.36 (t, 2H, ArH, J = 7.8 Hz), 7.87–7.95
(d, 2H, ArH, J = 8.9 Hz), 8.05 (s, 2H, NH); MS (%)
430 (76, M+); Calcd (%) for C17H12N7OS2Cl: C;
47.49, H; 2.81, N; 22.81. Found: C; 47.62, H; 2.93,
N; 22.97.


4.1.5.3. N1-[4-Phenyl-5-(5H-[1,2,4]triazolo[30,40:2,3][1,3,4]-
thiadiazino[5,6-b]quinoxalin-3-yl)-2-thienyl]-acetamide (14a).
Yield 78%; buff precipitate; mp 243–247 �C; 1H NMR
(300 MHz, CDCl3): d 2.07 (s, 3H, CH3CO), 6.22 (s, 1H,
CH of Thiophene), 7.11–7.51 (m, 9H, ArH), 8.31 (s, 2H,
NH); MS (%) 458 (100, M+); Calcd (%) for C22H15N7OS2:
C; 57.75, H; 3.30, N; 21.43. Found: C; 57.88, H; 3.52, N;
21.58.


4.1.5.4. N1-[4-Phenyl-5-(5H-[1,2,4]triazolo[30,40:2,3][1,3,4]-
thiadiazino[5,6-b]quinoxalin-3-yl)-2-thienyl]-2-chloroaceta-
mide (14b). Yield 84%; buff precipitate; mp 226–231 �C;
1H NMR (300 MHz, CDCl3): d 4.33 (s, 2H, CH2Cl),
6.04 (s, 1H, CH of Thiophene), 7.28–7.85 (m, 9H,
ArH), 8.17 (s, 2H, NH); MS (%) 492 (100, M+); Calcd
(%) for C22H14ClN7OS2: C; 53.71, H; 2.87, N; 19.93.
Found: C; 53.84, H; 2.72, N; 19.76.


4.1.6. General preparation of N1-[4-substituted-5-(6-thi-
oxo-5,6-dihydro[1,2,4]triazole [3,4-b][1,3,4]thiadiazol-3-
yl)-2-thienyl]-2-substituted acetamide. Carbon disulfide
(0.015 mol) was added dropwise with constant stirring
to the solution of 1 or 10 (0.01 mol) in methanolic potas-
sium hydroxide solution. Acidic alumina (5 g) was
added to the above solution at room temperature. The
reaction mixture was mixed, adsorbed, dried and kept
inside the alumina-bath and irradiated for 150–160 s at
a power level of 300 W. The mixture was cooled and
then product was extracted with dry methanol, which
was then poured onto ice and acidified with dil. hydro-
chloric acid. The solid thus separated was filtered,
washed thoroughly with water and recrystallized from
aq Ethanol (70:30).


4.1.6.1. N1-[4-Methyl-5-(6-thioxo-5,6-dihydro[1,2,4]
triazolo[3,4-b][1,3,4]thiadiazol-3-yl)-2-thienyl]-acetamide (6a).
Yield 68%; yellow precipitate; mp 187–192 �C; 1H NMR
(300 MHz, CDCl3): d 2.13 (s, 3H, CH3CO), 2.49 (s, 3H,
CH3), 5.82 (s, 1H, CH of Thiophene), 8.34 (s, 2H, NH);
MS (%) 311 (78, M+); Calcd (%) for C10H9N5OS3: C;
38.57, H; 2.91, N; 22.49. Found: C; 38.71, H; 2.78, N;
22.62.

4.1.6.2. N1-[4-Methyl-5-(6-thioxo-5,6-dihydro[1,2,4]-
triazolo[3,4-b][1,3,4]thiadiazol-3-yl)-2-thienyl]-2-chloroace-
tamide (6b). Yield 71%; yellow precipitate; mp 190–
194 �C; 1H NMR (300 MHz, CDCl3): d 2.38 (s, 3H,
CH3), 4.11 (s, 2H, CH2Cl), 6.10 (s, 1H, CH of Thio-
phene), 8.09 (s, 2H, NH); MS (%) 346 (65, M+); Calcd
(%) for C10H8N5OS3Cl: C; 34.73, H; 2.33, N; 20.25.
Found: C; 34.89, H; 2.51, N; 20.33.


4.1.6.3. N1-[4-Phenyl-5-(6-thioxo-5,6-dihydro[1,2,4]-
triazolo[3,4-b][1,3,4]thiadiazol-3-yl)-2-thienyl]-acetamide
(15a). Yield 69%; brown precipitate; mp 234–239 �C; 1H
NMR (300 MHz, CDCl3): d 2.21 (s, 3H, CH3CO), 5.82
(s, 1H, CH of Thiophene), 7.36–7.66 (m, 5H, ArH), 8.31
(s, 2H, NH); MS (%) 374 (90, M+); Calcd (%) for
C15H11N5OS3: C; 48.24, H; 2.97, N; 18.75. Found: C;
48.39, H; 3.17, N; 18.86.


4.1.6.4. N1-[4-Phenyl-5-(6-thioxo-5,6-dihydro[1,2,4]-
triazolo[3,4-b][1,3,4]thiadiazol-3-yl)-2-thienyl]-2-chloroace-
tamide (15b). Yield 76%; buff precipitate; mp 204–209 �C;
1H NMR (300 MHz, CDCl3): d 4.09 (s, 2H, CH2Cl), 6.10
(s, 1H, CH of Thiophene), 7.22–7.64 (m, 5H, ArH), 8.17
(s, 2H, NH); MS (%) 408 (82, M+); Calcd (%) for
C15H10ClN5OS3: C; 44.17, H; 2.47, N; 17.17. Found: C;
44.35, H; 2.51, N; 17.35.


4.1.7. General preparation of N1-[4-substituted-5-(6-
phenyl[1,2,4]triazolo[3,4-b][1,3,4]thiadiazol-3-yl)-2-thienyl]-
2-substituted acetamide. A solution of 1 or 10 (0.01 mol)
and benzoic acid (0.01 mol) in POCl3 (5 mL) was pre-
pared. Acidic alumina (5 g) was added to the above solu-
tion at room temperature. The reaction mixture was
mixed, adsorbed, dried and kept inside the alumina-bath
and irradiated for 40–80 s at a power level of 300 W. The
mixture was cooled and then poured onto ice and neutral-
ized with aq potassium carbonate solution. The solid thus
separated was filtered, washed thoroughly with water and
recrystallized from hexane.


4.1.7.1. N1-[4-Methyl-5-(6-phenyl[1,2,4]triazolo[3,4-
b][1,3,4]thiadiazol-3-yl)-2-thienyl]-acetamide (7a). Yield
77%; yellow precipitate; mp 183–187 �C; 1H NMR
(300 MHz, CDCl3): d 2.11 (s, 3H, CH3CO), 2.43 (s,
3H, CH3), 6.07 (s, 1H, CH of Thiophene), 7.06–7.32
(m, 5H, ArH), 8.07 (s, 1H, NH); MS (%) 355 (100,
M+); Calcd (%) for C16H13N5OS2: C; 54.07, H; 3.69,
N; 19.70. Found: C; 54.21, H; 3.84, N; 19.86.


4.1.7.2. N1-[4-Methyl-5-(6-phenyl[1,2,4]triazolo[3,4-
b][1,3,4]thiadiazol-3-yl)-2-thienyl]-2-chloroacetamide
(7b). Yield 70%; yellow precipitate; mp 191–195 �C; 1H
NMR (300 MHz, CDCl3): d 2.50 (s, 3H, CH3), 4.16 (s,
2H, CH2Cl), 6.18 (s, 1H, CH of Thiophene), 7.13–7.39
(m, 5H, ArH), 8.14 (s, 1H, NH); MS (%) 390 (93.3,
M+); Calcd (%) for C16H12N5OS2Cl: C; 49.29, H; 3.10,
N; 17.96. Found: C; 49.42, H; 3.26, N; 18.14.


4.1.7.3. N1-[4-Phenyl-5-(6-phenyl[1,2,4]triazolo[3,4-
b][1,3,4]thiadiazol-3-yl)-2-thienyl]-acetamide (16a). Yield
77%; yellow precipitate; mp 194–198 �C; 1H NMR
(300 MHz, CDCl3): d 2.18 (s, 3H, CH3CO), 6.07 (s,
1H, CH of Thiophene), 7.12–7.67 (m, 10H, ArH), 8.12
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(s, 1H, NH); MS (%) 417 (100, M+); Calcd (%) for
C21H15N5OS2: C; 60.41, H; 3.62, N; 16.77. Found: C;
60.62, H; 3.77, N; 16.86.


4.1.7.4. N1-[4-Phenyl-5-(6-phenyl[1,2,4]triazolo[3,4-
b][1,3,4]thiadiazol-3-yl)-2-thienyl]-2-chloroacetamide (16b).
Yield 78%; yellow precipitate; mp 211–216 �C; 1H NMR
(300 MHz, CDCl3): d 4.21 (s, 2H, CH2Cl), 6.18 (s, 1H,
CH of Thiophene), 7.25–7.58 (m, 10H, ArH), 8.17 (s,
1H, NH); MS (%) 451 (100, M+); Calcd (%) for
C21H14ClN5OS2: C; 55.81, H; 3.12, N; 15.50. Found: C;
55.97, H; 3.28, N; 15.66.


4.1.8. General preparation of N1-4-substituted-5-[6-(3-
nitrophenyl)-5,6-dihydro[1,2,4]triazolo[3,4-b][1,3,4]thiadiazol-
3-yl]-2-thienyl-2-substituted acetamide. A solution of 1 or
10 (0.01 mol) and m-nitrobenzaldehyde (0.01 mol) was
prepared. Acidic alumina (5 g) was added to the above
solution at room temperature. The reaction mixture
was mixed, adsorbed, dried and kept inside the alu-
mina-bath and irradiated for 40–80 s at a power level
of 300 W. The mixture was cooled and then product
was extracted with dry toluene, concentrated and
cooled. The solid thus separated was filtered, washed
thoroughly with water and recrystallized from etha-
nol:ethylacetate (2:8) mixture.


4.1.8.1. N1-4-Methyl-5-[6-(3-nitrophenyl)-5,6-dihy-
dro[1,2,4]triazolo[3,4-b][1,3,4]thiadiazol-3-yl]-2-thienyl-acet-
amide (8a). Yield 85%; yellow precipitate; mp
206–210 �C; 1H NMR (300 MHz, CDCl3): d 2.06 (s, 3H,
CH3CO), 2.56 (s, 3H, CH3), 4.62 (s, 1H, CH of Thiadiazole),
5.93 (s, 1H, CH of Thiophene), 7.63–7.84 (m, 4H, ArH),
8.21 (s, 2H, NH); MS (%) 402 (100, M+); Calcd (%) for
C16H14N6O3S2: C; 47.75, H; 3.51, N; 20.88. Found: C;
47.97, H; 3.67, N; 20.98.


4.1.8.2. N1-4-Methyl-5-[6-(3-nitrophenyl)-5,6-dihy-
dro[1,2,4]triazolo[3,4-b][1,3,4]thiadiazol-3-yl]-2-thienyl-2-
chloroacetamide (8b). Yield 87%; yellow precipitate; mp
223–227 �C; 1H NMR (300 MHz, CDCl3): d 2.46 (s, 3H,
CH3), 3.61 (s, 1H, CH of Thiadiazole), 4.69 (s, 2H,
CH2Cl), 6.03 (s, 1H, CH of Thiophene), 7.69–7.92 (m,
4H, ArH), 8.26 (s, 2H, NH); MS (%) 437 (100, M+);
Calcd (%) for C16H13N6O3S2Cl: C; 43.99, H; 3.00, N;
19.24. Found: C; 44.23, H; 3.18, N; 19.46.


4.1.8.3. N1-4-Phenyl-5-[6-(3-nitrophenyl)-5,6-dihy-
dro[1,2,4]triazolo[3,4-b][1,3,4]thiadiazol-3-yl]-2-thienyl-acet-
amide (17a). Yield 89%; yellow precipitate; mp 231–
236 �C; 1H NMR (300 MHz, CDCl3): d 2.16 (s, 3H,
CH3CO), 4.73 (s, 1H, CH of Thiadiazole), 6.08 (s, 1H,
CH of Thiophene), 7.11–7.56 (m, 9H, ArH), 8.26 (s, 2H,
NH); MS (%) 465 (100, M+); Calcd (%) for
C21H16N6O3S2: C; 54.30, H; 3.47, N; 18.09. Found: C;
54.52, H; 3.63, N; 18.22.


4.1.8.4. N1-4-Phenyl-5-[6-(3-nitrophenyl)-5,6-dihy-
dro[1,2,4]triazolo[3,4-b][1,3,4]thiadiazol-3-yl]-2-thienyl-2-
chloroacetamide (17b). Yield 82%; buff precipitate; mp
214–219 �C; 1H NMR (300 MHz, CDCl3): d 3.75 (s,
1H, CH of Thiadiazole), 4.55 (s, 2H, CH2Cl), 6.17 (s,
1H, CH of Thiophene), 7.24–7.60 (m, 9H, ArH), 8.11

(s, 2H, NH); MS (%) 499 (100, M+); Calcd (%) for
C21H15ClN6O3S2: C; 50.55, H; 3.03, N; 16.84. Found:
C; 50.68, H; 3.24, N; 16.92.


4.1.9. General preparation of N1-{5-[7-[(Z)-1-(substitut-
edphenyl)methylidene]-6-(2,4-dichloro-5-fluorophenyl)-7H-
[1,2,4]triazolo[3,4-b][1,3,4]thiadiazin-3-yl]-4-methyl/phe-
nyl-2-thienyl}acetamide. A mixture of 2-Bromo-1-(2,4-
Dichloro-5-fluoro-phenyl)-3-(4-substituted-phenyl)-
propenone (structure A) (0.01 mol), compound 1 or 10
(0.01 mol) and solution of potassium hydroxide (10%,
2.5 mL) in ethanol (25 mL) was under reflux on a water
bath for about 5 h. The reaction mixture was cooled and
the precipitated solid was filtered, washed with water,
dried and recrystallized.


4.1.9.1. N1-(5-6-(2,4-Dichloro-5-fluorophenyl)-7-[(Z)-
1-phenylmethylidene]-7H-[1,2,4]triazole[3,4-b][1,3,4]thiadia-
zin-3-yl-4-methyl-2-thienyl)acetamide (9a). Yield 88%; buff
precipitate; mp 246–251 �C; 1H NMR (300 MHz, CDCl3):
d 2.11 (s, 3H, COCH3), 2.42 (s, 3H, CH3), 6.23 (s, 1H, CH
of Thiophene), 6.58 (s, 1H, @CH), 7.11–7.60 (m, 7H,
ArH), 8.14 (s, 1H, NH); MS (%) 545 (100, M+); Calcd (%)
for C24H16Cl2FN5OS2: C; 52.94, H; 2.96, N; 12.86. Found:
C; 53.14, H; 3.19, N; 12.98.


4.1.9.2. N1-(5-6-(2,4-Dichloro-5-fluorophenyl)-7-[(Z)-
1-phenylmethylidene]-7H-[1,2,4] triazolo[3,4-b][1,3,4]thi-
adiazin-3-yl-4-methyl-2-thienyl)-2-chloroacetamide (9b).
Yield 81%; yellow precipitate; mp 239–244 �C; 1H
NMR (300 MHz, CDCl3): d 2.13 (s, 3H, CH3), 4.34 (s,
2H, CH2Cl), 6.16 (s, 1H, CH of Thiophene), 6.47 (s,
1H, @CH), 7.18–7.55 (m, 7H, ArH), 8.19 (s, 1H, NH);
MS (%) 579 (100, M+); Calcd (%) for
C24H15Cl3FN5OS2: C; 49.79, H; 2.61, N; 12.10. Found:
C; 49.94, H; 2.86, N; 12.38.


4.1.9.3. N1-{5-[7-[(Z)-1-(2-Chlorophenyl)methylidene]-
6-(2,4-dichloro-5-fluorophenyl)-7H-[1,2,4]triazolo[3,4-
b][1,3,4]thiadiazin-3-yl]-4-methyl-2-thienyl}acetamide
(9c). Yield 76%; buff precipitate; mp 227–232 �C; 1H
NMR (300 MHz, CDCl3): d 2.07 (s, 3H, COCH3), 2.31
(s, 3H, CH3), 6.11 (s, 1H, CH of Thiophene), 6.47 (s,
1H, @CH), 7.17–7.51 (m, 6H, ArH), 8.17 (s, 1H, NH);
MS (%) 579 (100, M+); Calcd (%) for C24H15Cl3FN5OS2:
C; 49.79, H; 2.61, N; 12.10. Found: C; 49.82, H; 2.83, N;
12.44.


4.1.9.4. N1-{5-[7-[(Z)-1-(2-Chlorophenyl)methylidene]-
6-(2,4-dichloro-5-fluorophenyl)-7H-[1,2,4]triazolo[3,4-b]-
[1,3,4]thiadiazin-3-yl]-4-methyl-2-thienyl}-2-chloroaceta-
mide (9d). Yield 79%; white crystals; mp 238–243 �C; 1H
NMR (300 MHz, CDCl3): d 2.23 (s, 3H, CH3), 4.20 (s,
2H, CH2Cl), 6.12 (s, 1H, CH of Thiophene), 6.46 (s,
1H, @CH), 7.18–7.48 (m, 6H, ArH), 8.21 (s, 1H, NH);
MS (%) 613 (100, M+); Calcd (%) for C24H14Cl4
FN5OS2: C; 47.00, H; 2.30, N; 11.42. Found: C; 47.26,
H; 2.42, N; 11.58.


4.1.9.5. N1-{5-[7-[(Z)-1-(4-Chlorophenyl)methylidene]-
6-(2,4-dichloro-5-fluorophenyl)-7H-[1,2,4]triazolo[3,4-
b][1,3,4]thiadiazin-3-yl]-4-methyl-2-thienyl}acetamide
(9e). Yield 78%; white crystals; mp 223–228 �C; 1H
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NMR (300 MHz, CDCl3): d 2.18 (s, 3H, COCH3), 2.46
(s, 3H, CH3), 6.27 (s, 1H, CH of Thiophene), 6.61 (s,
1H, @CH), 7.24–7.58 (m, 6H, ArH), 8.20 (s, 1H, NH);
MS (%) 579 (100, M+); Calcd (%) for
C24H15Cl3FN5OS2: C; 49.79, H; 2.61, N; 12.10. Found:
C; 49.87, H; 2.74, N; 12.33.


4.1.9.6. N1-{5-[7-[(Z)-1-(4-Chlorophenyl)methylidene]-
6-(2,4-dichloro-5-fluorophenyl)-7H-[1,2,4]triazolo[3,4-b]-
[1,3,4]thiadiazin-3-yl]-4-methyl-2-thienyl}-2-chloroaceta-
mide (9f). Yield 80%; white needles; mp 232–237 �C; 1H
NMR (300 MHz, CDCl3): d 2.08 (s, 3H, CH3), 4.18 (s,
2H, CH2Cl), 6.08 (s, 1H, CH of Thiophene), 6.47 (s,
1H, @CH), 7.10–7.52 (m, 6H, ArH), 8.10 (s, 1H, NH);
MS (%) 613 (100, M+); Calcd (%) for C24H14Cl4FN5


OS2: C; 47.00, H; 2.30, N; 11.42. Found: C; 47.24, H;
2.46, N; 11.57.


4.1.9.7. N1-(5-6-(2,4-Dichloro-5-fluorophenyl)-7-[(Z)-
1-(3-nitrophenyl)methylidene]-7H-[1,2,4]triazolo[3,4-b][1,3,
4]thiadiazin-3-yl-4-methyl-2-thienyl)acetamide (9g).
Yield 75%; buff precipitate; mp 229–234 �C; 1H NMR
(300 MHz, CDCl3): d 2.03 (s, 3H, COCH3), 2.25 (s,
3H, CH3), 6.15 (s, 1H, CH of Thiophene), 6.43 (s,
1H, @CH), 7.17–7.66 (m, 6H, ArH), 8.24 (s, 1H, NH);
MS (%) 589 (100, M+); Calcd (%) for C24H15Cl2FN6


O3S2: C; 48.90, H; 2.56, N; 14.26. Found: C; 49.04, H;
2.67, N; 14.38.


4.1.9.8. N1-(5-6-(2,4-Dichloro-5-fluorophenyl)-7-[(Z)-
1-(3-nitrophenyl)methylidene]-7H-[1,2,4]triazolo[3,4-b][1,3,
4]thiadiazin-3-yl-4-methyl-2-thienyl)-2-chloroacetamide (9h).
Yield 84%; yellow precipitate; mp 235–240 �C; 1H NMR
(300 MHz, CDCl3): d 2.14 (s, 3H, CH3), 4.32 (s, 2H, CH2


Cl), 6.13 (s, 1H, CH of Thiophene), 6.48 (s, 1H, @CH),
7.21–7.58 (m, 6H, ArH), 8.25 (s, 1H, NH); MS (%) 624
(100, M+); Calcd (%) for C24H14Cl3FN6O3S2: C; 46.20,
H; 2.26, N; 13.47. Found: C; 46.20, H; 2.26, N; 13.47.


4.1.9.9. N1-(5-6-(2,4-Dichloro-5-fluorophenyl)-7-[(Z)-
1-phenylmethylidene]-7H-[1,2,4]triazolo[3,4-b][1,3,4]thi-
adiazin-3-yl-4-phenyl-2-thienyl)acetamide (18a). Yield
88%; white precipitate; mp 217–222 �C; 1H NMR
(300 MHz, CDCl3): d 2.27 (s, 3H, COCH3), 6.17 (s,
1H, CH of Thiophene), 6.35 (s, 1H, @CH), 7.22–7.83
(m, 12H, ArH), 8.09 (s, 1H, NH); MS (%) 607 (100,
M+); Calcd (%) for C29H18Cl2FN5OS2: C; 57.43, H;
2.99, N; 11.55. Found: C; 57.66, H; 3.18, N; 11.68.


4.1.9.10. N1-(5-6-(2,4-Dichloro-5-fluorophenyl)-7-[(Z)-
1-phenylmethylidene]-7H-[1,2,4]triazolo[3,4-b][1,3,4]thiadia-
zin-3-yl-4-methyl-2-thienyl)-2-chloroacetamide (18b). Yield
83%; white precipitate; mp 225–229 �C; 1H NMR
(300 MHz, CDCl3): d 4.13 (s, 2H, CH2Cl), 6.24 (s, 1H,
CH of Thiophene), 6.51 (s, 1H, @CH), 7.26–7.79 (m,
12H, ArH), 8.13 (s, 1H, NH); MS (%) 641 (100, M+);
Calcd (%) for C29H17Cl3FN5OS2: C; 54.34, H; 2.67, N;
10.93. Found: C; 54.52, H; 2.76, N; 11.09.


4.1.9.11. N1-{5-[7-[(Z)-1-(2-Chlorophenyl)methyli-
dene]-6-(2,4-dichloro-5-fluorophenyl)-7H-[1,2,4]triazol-
o[3,4-b][1,3,4]thiadiazin-3-yl]-4-phenyl-2-thienyl}-acet-
amide (18c). Yield 78%; white precipitate; mp 231–

236 �C; 1H NMR (300 MHz, CDCl3): d 2.13 (s, 3H,
COCH3), 6.19 (s, 1H, CH of Thiophene), 6.51 (s,
1H, @CH), 7.23–7.75 (m, 11H, ArH), 8.31 (s, 1H,
NH); MS (%) 641 (100, M+); Calcd (%) for
C29H17Cl3FN5OS2: C; 54.34, H; 2.67, N; 10.93. Found:
C; 54.57, H; 2.84, N; 10.74.


4.1.9.12. N1-{5-[7-[(Z)-1-(2-Chlorophenyl)methylidene]-
6-(2,4-dichloro-5-fluorophenyl)-7H-[1,2,4]triazolo[3,4-b][1,3,4]-
thiadiazin-3-yl]-4-phenyl-2-thienyl}-2-chloroacetamide (18d).
Yield 76%; white precipitate; mp 242–246 �C; 1H NMR
(300 MHz, CDCl3): d 4.28 (s, 2H, CH2Cl), 6.17 (s, 1H,
CH of Thiophene), 6.38 (s, 1H, @CH), 7.21–7.73 (m,
11H, ArH), 8.17 (s, 1H, NH); MS (%) 675 (100, M+);
Calcd (%) for C29H16Cl4FN5OS2: C; 51.57, H; 2.39, N;
10.37. Found: C; 51.69, H; 2.48, N; 10.47.


4.1.9.13. N1-{5-[7-[(Z)-1-(4-Chlorophenyl)methylidene]-
6-(2,4-dichloro-5-fluorophenyl)-7H-[1,2,4]triazolo[3,4-b][1,3,4]-
thiadiazin-3-yl]-4-phenyl-2-thienyl}acetamide (18e). Yield
73%; buff precipitate; mp 238–242 �C; 1H NMR
(300 MHz, CDCl3): d 2.03 (s, 3H, COCH3), 6.15 (s,
1H, CH of Thiophene), 6.58 (s, 1H, @CH), 7.11–7.74
(m, 11H, ArH), 8.15 (s, 1H, NH); MS (%) 641 (100,
M+); Calcd (%) for C29H17Cl3FN5OS2: C; 54.34, H;
2.67, N; 10.93. Found: C; 54.46, H; 2.78, N; 10.89.


4.1.9.14. N1-{5-[7-[(Z)-1-(4-Chlorophenyl)methyli-
dene]-6-(2,4-dichloro-5-fluorophenyl)-7H-[1,2,4]triazolo[3,4-
b][1,3,4]-thiadiazin-3-yl]-4-phenyl-2-thienyl}-2-chloroaceta-
mide (18f). Yield 70%; buff precipitate; mp 232–236 �C;
1H NMR (300 MHz, CDCl3): d 4.22 (s, 2H, CH2Cl),
6.15 (s, 1H, CH of Thiophene), 6.51 (s, 1H, @CH),
7.24–7.72 (m, 11H, ArH), 8.16 (s, 1H, NH); MS (%)
675 (100, M+); Calcd (%) for C29H16Cl4FN5OS2: C;
51.57, H; 2.39, N; 10.37. Found: C; 51.72, H; 2.53, N;
10.50.


4.1.9.15. N1-(5-6-(2,4-Dichloro-5-fluorophenyl)-7-[(Z)-1-
(3-nitrophenyl)methylidene]-7H-[1,2,4]triazolo[3,4-b][1,3,4]thi-
adiazin-3-yl-4-phenyl-2-thienyl)acetamide (18g). Yield 87%;
yellow precipitate; mp 226–231 �C; 1H NMR (300 MHz,
CDCl3): d 2.17 (s, 3H, COCH3), 6.25 (s, 1H, CH of Thio-
phene), 6.55 (s, 1H, @CH), 7.23–7.82 (m, 11H, ArH),
8.18 (s, 1H, NH); MS (%) 652 (100, M+); Calcd (%) for
C29H17Cl2FN6O3S2: C; 53.46, H; 2.63, N; 12.90. Found:
C; 53.57, H; 2.76, N; 12.97.


4.1.9.16. N1-(5-6-(2,4-Dichloro-5-fluorophenyl)-7-[(Z)-1-
(3-nitrophenyl)methylidene]-7H-[1,2,4]triazolo[3,4-b][1,3,4]thi-
adiazin-3-yl-4-phenyl-2-thienyl)-2-chloroacetamide (18h).
Yield 88%; yellow precipitate; mp 228–235 �C; 1H NMR
(300 MHz, CDCl3): d 4.18 (s, 2H, CH2Cl), 6.21 (s, 1H,
CH of Thiophene), 6.56 (s, 1H, @CH), 7.10–7.84 (m,
11H, ArH), 8.17 (s, 1H, NH); MS (%) 686 (100, M+); Calcd
(%) for C29H16Cl3FN6O3S2: C; 50.78, H; 2.35, N; 12.25.
Found: C; 50.92, H; 2.49, N; 12.38.


4.2. Pharmacology


4.2.1. Cyclin-dependent kinase 5/p25 inhibiting activity.
Kinase inhibition was measured by use of scintillation
proximity assays (SPA).27 Enzyme activities were as-
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sayed as the incorporation of [33P] from the gamma
phosphate of [33P] ATP (Amersham, cat. no. AH-
9968) into biotinylated peptide substrate PKTPKKA
KKL. Reactions were carried out in a buffer containing
50 mM Tris–HCI, pH 8.0. 10 mM MgCl2, 0.1 mM
Na3VO4, and 1 mM DTT. The final concentration of
ATP was 0.5 lM (final specific radioactivity of 4 uCi/
nmol), and the final concentration of substrate was
0.75 lM. Reactions, initiated by the addition of cdk5
and activator protein p25, were carried out at room tem-
perature for 60 min. Reactions were stopped by addition
of 0.6 volume of buffer containing (final concentrations):
2.5 mM EDTA, 0.05% Triton X-100, 100 lM ATP and
1.25 mg/mL streptavidin coated SPA beads (Amersham
cat. no. RPNQ0007). Radioactivity associated with the
beads was quantified by scintillation counting. We have
also done cytotoxicity analysis of the above-synthesized
compounds, using neutral red uptake by using Vero-C-
1008 cell line29 at various concentrations (6.25–50 lg/
mL), none of them were found toxic. Hence the activities
of the above-synthesized compounds were not due to
cytotoxicity of compounds.
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Abstract—The mass transport kinetics for the unmediated diffusion of Hoechst-33342 dye (HO-33342) into spermatozoa was estab-
lished at varying pH and temperature. The mass transport diffusion coefficient kdiff at 41.5 �C and pH 6.2 was determined to be
0.0435 min�1 [M sperm/mL]�1 and the energy of activation Ea associated with the temperature dependency of kdiff at 14.2 kcal/
gmoL. The relationship of kdiff to pH was based mechanistically on the premise that the HO-33342 dye becomes more hydrophobic
as the pH becomes more alkaline and therefore facilitates transport. The kdiff dependency on pH was described mathematically using
a form of the Henderson–Hasselbalch equation in which the pKa of the HO-33342 dye was 6.6. Using the kinetic parameters, an
Excel-based model was developed capable of predicting the time required for the HO-33342 dye to reach any specified level of sat-
uration in the spermatozoa.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Introduction of fluorescent dyes into living cells is of
significant importance in many areas of biology. For
technology directed at the separation of X chromo-
some-bearing spermatozoa from their Y chromosome
counterparts,1 an essential component to this technol-
ogy is the introduction of the DNA-binding dye,
Hoechst-33342, which has been shown to be valuable
in discriminating between the X and Y bearing sperma-
tozoa of several mammalian species such as rabbit, boar,
ram, and bull through the use of flow cytometry.2 The
Hoechst-33342 (HO-33342) dye is a bis-benzimidazole
that binds to DNA.3 The excitation of the HO-33342-
DNA complex with UV–vis radiation at 350 nm wave-
length provides an emission spectrum with maximum
wavelength at 460 nm.4 Since the equilibrium coefficient
Ka of HO-33342 to calf thymus DNA3 was measured at
2.8 · 107 M�1, the total amount of dye in the sperm cell
will essentially be bound to the DNA. Therefore, the
intensity signal from the emission spectra can be consid-
ered to be directly proportional to the concentration of
the DNA-dye complex which must reach a critical level
for detecting differences in signal intensity between the X

0968-0896/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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and Y chromosomes. Furthermore, due to this propen-
sity for the HO-33342 dye to bind to DNA, the rate
determining step in forming the dye-DNA complex
would involve the transport of the dye across the sperm
cell membrane. Precedent in the literature has suggested
that HO-33342 enters the cell by an unmediated diffu-
sion transport mechanism through the cell membrane
prior to DNA binding.5 However, there appears to be
a paucity of information regarding the detailed study
of the mass transport kinetics associated with this mech-
anism. There is value in determining the kinetics since
this information could be used to establish a model for
predicting the length of time needed for incubating the
cells with HO-33342 dye to achieve the necessary fluo-
rescence intensity for X/Y discrimination. This paper
discusses the kinetic study pursued in our laboratory
and the utilization of the kinetic parameters in develop-
ing the predictive model.

2. Results and discussion


Based on precedent5 the unmediated diffusion mecha-
nism of HO-33342 through the spermatozoa membrane
was used as the premise for establishing the mass trans-
port kinetics. Fluorescence spectroscopy was used to
measure the rate of dye uptake into the cell. Shown in
Figure 1 are the emission spectra for the HO-33342-
DNA complex in spermatozoa obtained at varying time
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Figure 1. Emission intensity versus wavelength data was obtained on a


3 Million/mL spermatozoa suspension in citric acid monohydrate/


KHCO3/NaHCO3 buffer using the Perkin-Elmer LS55 Luminescence


Spectrometer at pH 7.0 and 41.5 �C. Concentration of the HO33342


dye was 209 nM.
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intervals over the course of 70 min whereby the maxi-
mum peak emission intensity was approached at
30 min indicating sperm cell saturation. The experiment
was conducted in a citrate/bicarbonate-based buffer at
41.5 �C and pH 7.0. The cells were excited at 350 nm
wavelength and the emission spectra were acquired in
the 360–600 nm wavelength interval.


The experimentally observed maximum peak intensities
at 440 nm wavelength were plotted as a function of time
(Fig. 2). The diffusion rate represented by the increase in
emission intensity with time was greatest during the first
15 min after dye addition to the sperm cell suspension.
As time increased, the intensity increase rate decreased
until finally approaching a rate of zero which was likely
due to the saturation level of the dye in the cell. This ob-
served behavior of dye diffusion into the sperm cells sug-
gested 1st-order diffusion kinetics in which the rate is
proportional to the difference in concentration of the
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Figure 2. Emission intensity versus time experimental data (diamonds)


were obtained from the data shown in Figure 1 along with the curve fit


to the data based on 1st-order diffusion kinetics.

dye at any given time and the concentration at satura-
tion levels.


Prior to further discussion, the nature of the ejaculates
used in this study should be mentioned. The spermato-
zoa contained in the ejaculate consisted of two subpop-
ulations, live and dead cells. Since dead cells would not
have the ability to control the movement of the dye
across the membranes, the diffusion rate was expected
to be very rapid. Although the live cell subpopulation
was expected to have subtle differences in their mem-
brane morphologies, the emission intensity data were as-
sumed to represent an average rate for all live cells.
Therefore, the live cell population was used in the vali-
dation process of determining whether the diffusion of
the HO33342 dye into the sperm cells was 1st-order.
The difference between the rates for the live and dead
cell subpopulations was noted in the emission intensity
versus time data for a greater portion of the experiments
in that the rate of increase in the emission intensity was
significantly greater between initial time (t = 0) and the
next data point (acquired between 30 s and 5 min) than
for the remaining data points at subsequent time inter-
vals. Therefore, for those experiments exhibiting this
behavior, treatment of the data for validating the 1st-or-
der diffusion kinetics was performed by using all of the
emission intensity data except for the value at initial
time.


The 1st-order mass transfer rate is represented by Eq. 1.6


The proportionality constant between the rate and the
concentration gradient between saturated and unsatu-
rated HO-33342 dye concentration levels is the mass
transfer rate coefficient kobs. The bridge between the rate
expression represented by Eq. 1 and the experimental
data is depicted as Eq. 2. Eq. 2 is essentially the same
as Eq. 1 except the concentration terms were replaced
by emission intensity levels.


Mass transfer rate equation


Rate ¼ dCHOdye


dt
¼ kObs � ðCHOdye-sat � CHOdyeÞ ð1Þ


Mass transfer rate equation—emission intensity


dðIHOdyeÞ
dt


¼ kObs � ðIHODye-sat � IHOdyeÞ ð2Þ


The first step toward obtaining the 1st-order kinetic data
and kobs was to integrate Eq. 2. The integrated rate
expressions are represented by Eqs. 3 and 4 in exponen-
tial and logarithmic forms, respectively.


Integrated mass transfer rate equation—emission
intensity


IHOdye ¼ IHOdye-sat � ½1� e�kObs�t� ð3Þ
ln½ðIHOdye-sat � IHOdyeÞ=IHOdye-sat� ¼ �kObs � t ð4Þ

The proposed 1st-order kinetic mass transfer rate of
HO-33342 into the spermatozoa was confirmed by fit-
ting the integrated form of the rate expression (Eq. 3)
to the experimental data shown in Figure 2 by manually
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Figure 3. Observed kinetic rate coefficient (kobs, min�1) obtained by


logarithmic plot of the emission intensity versus time.
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adjusting the kobs value. From this curve fitting ap-
proach, the emission intensity at HO-33342 dye satura-
tion in the sperm cell IHOdye-sat was obtained. Further
confirmation of the 1st-order kinetics was established
by obtaining a linear plot of the left side of Eq. 4 versus
time (Fig. 3). The absolute value of the slope of the best
fit to the data provided the rate coefficient kobs.


The mathematical treatment of the 1st-order kinetics of
HO-33342 dye mass transport is completed with the pre-
sentation of Eqs. 5–7. Eq. 5 represents the transformation
of the integrated emission intensity 1st-order rate equa-
tion (Eq. 4) back to concentration terms. The rate coeffi-
cient kobs was normalized with respect to sperm
concentration and % motility (Eq. 6) to produce kdiff.
The parameter kdiff therefore reflects the kinetic data
acquired for a specified unit of sperm concentration

Table 1. Results of kinetic experiments: diffusion of Hoechst-33342 dye into


Entry (Date) Bull IDa Temperature (�C)


1 (5/19/06) 7963 41.5


2 (5/19/06) 7963 41.5


3 (5/26/06) 7963 41.5


4 (5/26/06) 7963 41.5


5 (6/12/06) 8519 41.5


6 (6/12/06) 8519 41.5


7 (6/26/06) 8519 41.5


8 (6/26/06) 8519 41.5


9 (8/10/06) 8519 41.5


10 (8/23/06) 8519 41.5


11 (8/23/06) 8519 41.5


12 (6/15/06) 7963 32.0


13 (6/15/06) 7963 32.0


14 (7/17/06) 7963 32.0


15 (7/17/06) 7963 32.0


16 (8/01/06) 7963 32.0


17 (8/01/06) 7963 32.0


18 (8/10/06) 8519 32.0


19 (7/06/06) 8519 36.9


20 (7/06/06) 8519 36.9


a Mason–Plunkett farms (Bonne Terre, MO, USA).
b Mass transfer rate coefficient kobs (min�1) obtained from the slope of the em
c Mass transfer coefficient kdiff (min�1(M sperm/mL)�1) obtained by transformi

(M sperm/mL) and for live spermatozoa (%motility).
Finally, the time required to transport the HO-33342
dye into the sperm cells at a given percentage of the
dye-saturated concentration level was obtained by using
Eq. 7. Specifically Eq. 7 was obtained by manipulating
Eq. 5 to obtain time as a function of the dye concentration
and kdiff with the unsaturated dye concentrations repre-
sented as a fraction of the saturated dye concentration.


Integrated mass transfer rate equations—dye
concentration


ln½ðCHOdye-sat � CHOdyeÞ=CHOdye-sat� ¼ �k�diff t ð5Þ


kdiff ¼
kobs


½Sperm Conc:� � ð%Motility�:01Þ ð6Þ


t ¼ � ln½CHOdye-sat � ð1� nÞ=CHOdy-sat�
kdiff


ð7Þ


CHOdye n � CHOdye-sat n ¼ fraction ofCHOdye-sat


½Sperm Conc:� ¼Million=mL


The experimental determination of kobs and kdiff at vary-
ing temperature and pH is shown in Table 1. Since the
quality of semen samples varies considerably between
ejaculates (%motility) due to environmental factors such
as seasonal temperature variance throughout the calen-
dar year,7 experiments designed to compare differences
in pH and temperature were performed on the same
ejaculate on the same day. As an example, experiments
were performed on bull # 7963 ejaculate at pH 6.26
and 7.45 (entries 3 and 4) on the same day (5/26/2006).
This protocol was critical in that significant variance
of kdiff values was noted for different ejaculates of the
same bull (#7963) at essentially the same pH and tem-
perature (compare entries 12 and 14 and entries 15
and 16).

spermatozoa


pH % Motility kobs
b kdiff


c


7.04 76 0.1102 0.0483


7.15 76 0.1427 0.0626


6.26 76 0.0307 0.0135


7.45 76 0.1411 0.0619


6.21 90 0.1056 0.0391


7.23 77 0.2404 0.1041


6.25 68 0.2229 0.1093


7.71 66 0.3260 0.1646


7.36 37 0.2831 0.2550


6.21 68 0.0245 0.0120


7.63 64 0.2176 0.1133


6.22 80 0.0375 0.0156


7.18 80 0.0673 0.0280


6.17 82 0.0181 0.0074


6.82 84 0.0238 0.0094


6.86 55 0.0436 0.0264


7.84 55 0.1553 0.0941


7.32 43 0.1622 0.1257


6.23 85 0.0212 0.0083


7.16 83 0.0450 0.0181


ission intensity versus time graph (Fig. 4) generated from using Eq. 4.


ng kobs (min�1) using Eq. 6. Sperm concentration units are in Million/mL.







Table 3. Kinetic parameters associated with temperature and pH


impact on kdiff


Entry Kinetic parameter Value Unit


1 Reference kdiff


(T = 41.5 �C, pH = 6.2)
a


0.0435 min�1(M sperm/mL)�1


2 Eact
b 14.2 kcal/gmoL


3 Rc 0.001987 kcal/gmoL/�K


4 pKa(dye)d 6.6 Dimensionless


a 314.5 �C = Tref(�K) = 41.5 �C + 273 (Eq. 8).
b Energy of activation.
c Eq. 8a (SI).
d Eq. 9 (Refs. 9 and 11).
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From the data presented in Table 1, significant trends
were noted. The kobs and kdiff values were for the most
part greater at 41.5 �C (entries 1–11) than at 32 �C
(entries 12–18) and 36.9 �C (entries 19–20). Likewise,
for a specific temperature, kobs and consequently kdiff


tended to be greater at more alkaline pH. This result
especially was noted when two experiments at two differ-
ent pH values were performed on the same ejaculate and
on the same day. It was encouraging to have observed
these trends given that sperm quality (%motility) varied
significantly between ejaculates.


Based on these trends, average values for the kdiff


parameters were obtained by averaging the data
presented in Table 1 for a given pH and temperature
(Table 2). As an example, at pH 6.2 and 41.5 �C, the
average kdiff parameter was determined using the data
from Table 1: entries 3, 5, 7, and 10. Additional average
values for kdiff at 41.5 �C were obtained at pH 7.2 and
7.6 and at pH 6.2, 6.8, and 7.2 for 32.0 �C.


The next step in establishing the mass transport kinetics
of HO-33342 dye into spermatozoa was to determine the
impact of temperature on the kdiff parameter. The
Arrhenius equation8 (Eq. 8) was used to describe this
relationship. The reference value kdiff T(ref) (Table 2: en-
try 1) used in Eq. 8 was the average kdiff obtained at pH
6.2 and 41.5 �C (reference temperature, Tref). Using the
data from two experiments performed on the same ejac-
ulate at 32.0 and 41.5 �C (Table 1: entries 9 and 18), the
energy of activation Ea was determined to be 14.2 kcal/
gmoL using Eq. (8a) (SI). With the kdiff T(ref) and Ea


values determined, the mass transport rate coefficient
kdiff can be determined for any given temperature. The
parameters necessary to perform this calculation are
presented in Table 3 (entries 1–3).


kdiffðT Þ ¼ kdiff T ðrefÞ � e�Eact=R� 1=T ð�KÞ�1=Tref ð�KÞ½ �


T refð�CÞ ¼ 41:5 �C ð8Þ
Determining the impact of pH on the kdiff value required a
proposed mechanism for the mass transport process.9 The
HO-33342 bis-benzimidazole dye at pH 6.2 is likely a di-
cation in which one of the imidazole groups and at the

Table 2. Diffusion of Hoechst-33342 dye into spermatozoa—kinetic


parameters


Entry Experimental


kdiff
a


pH Temperature


(�C)


Predicted


kdiff
h


1 0.0435b 6.2 41.5 0.0435


2 0.1220c 7.2 41.5 0.1221


3 0.1390d 7.6 41.5 0.1388


4 0.0115e 6.2 32.0 0.0214


5 0.0179f 6.8 32.0 0.0462


6 0.0769g 7.2 32.0 0.0601


a min�1.
b Average of Table 1: entries 3, 5, 7, 10.
c Average of Table 1: entries 1, 2, 9.
d Average of Table 1: entries 8, 11.
e Average of Table 1: entries 12, 14.
f Average of Table 1: entries 15, 16.
g Average of Table 1: entries 13, 18.
h Determined from the HO33342 mass transport kinetic model (SI).

piperazine moiety is protonated.10 Increasing the pH in
the spermatozoa suspension should convert a significant
portion of the di-cationic dye into the mono-cationic form
thereby rendering the compound more hydrophobic
which would enable the species to pass through the hydro-
phobic membrane more readily. Although the mechanism
of HO-33342 transport is highly complex involving the
presence of transporter proteins and ATP,4,11 a simplistic
mechanism of the HO-33342 transfer across the mem-
brane as a result of increased hydrophobicity at higher
pH is presented in Figure 4.


Based on the proposed transport mechanism, the rela-
tionship between kdiff and pH can be described by
Eq. 912 in which the pH dependency of kdiff is a
function of kdiff at pH 6.2 at any given temperature
(kdiff (T, pH = 6.2)), pKa of the protonated imidazole func-
tionality of the HO-33342 dye10 (Table 3: entry 4), the
hydrogen ion concentrations at pH 6.2 and at the pH
of the spermatozoa suspension. Detailed derivation of
Eq. 9 is in the Supporting Information (SI) (Eq. (9a)).


kdiffðT ;pHÞ ¼ kdiffðT ; pH ¼ 6:2Þ


� ð10�pKaðdyeÞ þ 10�6:2Þ
ð10�pKaðdyeÞ þ 10�pHÞ


ð9Þ


Using the kdiff value obtained at 41.5 �C and pH 6.2
(Table 3: entry 1), Eqs. 8 and 9 can be used to determine
kdiff (T, pH) at any given temperature and pH.


Having developed the mass transport kinetics kdiff (T, pH)


for HO-33342 dye introduction into spermatozoa, the
time required for the DNA of sperm cells to acquire a
given % of saturation can be determined (Eq. 7). The
ability to predict the time required to saturate the
DNA with HO-33342 dye to the level necessary for sort-
ing X/Y bearing sperm cells is important for maximizing
the % of viable spermatozoa in the final product (Artifi-
cial Insemination Straws).13 An Excel-based kinetic
model (included in Supporting Information) was devel-
oped in which the input variables are temperature, pH,
and degree of saturation for the HO-33342 dye. The out-
put parameters are the predicted kdiff value and the time
required to achieve the degree of saturation. For our
studies, a saturation value of 85% was chosen. Using
this value along with the 41.5 �C and pH 7.3 provided
a predicted dye transport time which is consistent with
experimental observations. Using the kinetic model, a
comparison between the predicted and experimental kdiff







     pKa = 7.0


N
N


H


N N


N


N
H


CH3 +


CH3CH2O


H


+


N
N


H


N N


N


N
H


CH3 +


CH3CH2O


N
N


H


N N


N


N
H


CH3 +


CH3CH2O


DNA
Binding


Sperm Membrane


Passive Difussion
(1st-Order)


Figure 4. Hoechst-33342 dye unmediated diffusion (mass transfer) mechanism.
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values at varying temperature and pH was made (Table
2: columns 2 and 5). At 41.5 �C, the comparison was
excellent. However, differences between experimental
and predicted kdiff were noted at 32.0 �C although the
trends were consistently the same.

3. Conclusion


The mass transport kinetics for the unmediated diffusion
of the Hoechst-33342 DNA-binding dye into spermato-
zoa was determined. The mass transport kinetic coeffi-
cient kdiff was obtained experimentally at varying
temperature and pH. Due to the variance in the quality
of ejaculate samples on different days, the critical aspect
of the experimental protocol was that measurements on
a given ejaculate comparing the effect of parameters
such as pH and temperature must be performed on the
same day. From the experimental data, the relationship
between kdiff and temperature was determined using the
Arrhenius relationship. The dependency of kdiff on pH
was based mechanistically on the premise that the HO-
33342 dye becomes more hydrophobic at higher pH
and was therefore permitted to diffuse across the cell
membrane. Finally, an Excel-based mathematical model
was developed using the kinetic parameters and is capa-
ble of predicting the time required for the HO-33342 to
reach a given saturation level within the spermatozoa.
The establishment of the mass transport kinetics for
the HO-33342 dye should be applicable in determining
the unmediated diffusion rate of a variety of dyes into
spermatozoa and other types of biological cells.

4. Experimental


4.1. Materials


Fluorescence spectra were obtained on a Perkin–Elmer
LS55 Luminescence Spectrometer. The temperature in
the LS55 cuvette holder was controlled by circulating

water provided by the PolyScience Model 8006 Temper-
ature Controller Circulating Water Bath. The Hoechst-
33342 dye (1 mg/mL) was obtained from Invitrogen
Co. (Carlsbad, CA). Sodium bicarbonate, potassium
bicarbonate, and citric acid monohydrate were acquired
from Sigma-Aldrich Co. (St. Louis, MO). Water used
was GIBCO UltrapureTM (Invitrogen Co.). Bovine ejacu-
lates were supplied from the Plunkett-Mason Farms
(Bonne Terre, MO). Sperm concentration (M Sperm/
mL) and %motility were determined by IVOS (Inte-
grated Visual Optical System—Hamilton Thorne Biosci-
ences—Berverly, MA)14,15 measurements prior to use in
experiments. IVOS measurements were performed by
incubating the spermatozoa in an 1.8 mL microcentri-
fuge tube for 10 min at 37 �C using a TCA-based buffer
solution [citric acid monohydrate (1.77%), fructose
(0.26%), pyruvic acid (0.10%), Trizma� base— 2-Ami-
no-2-(hydroxymethyl)-1,3-propanediol (3.03%), GIBCO
UltrapureTM water (94.83%)] followed by injecting
the spermatozoa into 4-chamber (20 lm) slides (Leja
Corp—The Netherlands, info@leja.nl).


4.2. Experimental procedure


The buffer solution16 was prepared by dissolving
NaHCO3 (0.661 g, 7.87 mmoL), KHCO3 (1.380 g,
13.78 mmoL) in 40 mL of GIBCO UltrapureTM water.
Citric acid monohydrate (1.521 g, 7.239 mmoL) in
40 mL GIBCO UltrapureTM water was slowly added to
the bicarbonate solution over a 15 min time period to
maintain pH at 6.0. The pH of the solution was noted
to gradually increase with time due to CO2 evolution.
Neat bovine semen (7.7 lL, 1170 ± 44 M sperm/mL,
85 ± 0.6% motility) was added to a plastic cuvette. Se-
men sperm concentration and %motility were deter-
mined by IVOS. The buffer solution (3.0 mL) was
SLOWLY added to the semen to prevent osmotic shock.
The sperm concentration in the cuvette was 3.0 M
sperm/mL. The cuvette was then placed in the LS55
Spectrometer cuvette holder equipped with water-jacket
temperature control capabilities. The sample was
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allowed to calibrate at 36.9 �C for 5 min. A background
emission spectrum was acquired in the 350–600 nm
wavelength range using a 350 nm excitation wavelength.
After acquiring an additional background spectrum
5 min later, 6.3 lL of a 0.1 mM HO-33342 dye solution
(0.07 nmoL HO-33342 dye/1 M sperm/mL) in water
(GIBCO UltrapureTM) was quickly added to the sample.
An initial time (t = 0 min) emission spectrum was then
acquired at pH 6.20. Emission spectra were then ac-
quired at 3, 6, 9, 15, 20, 30, 50, 70, 90, 110, and
125 min after HO-33342 dye addition. A pH measure-
ment was recorded following each spectrum acquisition.
During the course of the experiment, the pH increased
to 6.27. The experiment was repeated on the same day
using the same ejaculate sample except the buffer solu-
tion had been pre-treated with an aqueous KOH
(3.95%)/NaOH (1.58%) solution to achieve a pH of 7.16.


4.3. Data evaluation


Using the FL WinLab software accompanying the LS55
Spectrometer, intensity data in 0.5 nm wavelength inter-
vals from each of the emission spectra (350–600 nm
range) were converted into Excel format. From these
data, intensity versus wavelength plots were generated
for the emission spectra at all time intervals. The peak
intensities at 440 nm for the time intervals were then
plotted against time to obtain a 1st-order exponential
curve. The curve based on the algorithm (Eq. 3),
IHOdye = IHOdye-sat*{1� exp(�kobs*t)}, was fit to the exper-
imental data using Excel by manually adjusting the kobs


value. From this curve fitting exercise, the intensity at
saturation of the HO-33342 dye into the spermatozoa
(IHOdye-sat) was obtained. If the first attempt at curve
fitting to the experimental data was not satisfactory, a
reasonable curve fit was obtained by excluding the initial
time point. After obtaining the saturation intensity value
(IHOdye-sat), the observed mass transfer rate coefficient
kobs was obtained by plotting (ln[(IHOdye-sat � IHOdye)/
IHOdye-sat]) versus time. The mass transfer coefficient kdiff


normalized to live sperm concentration (M sperm/mL)
was obtained by dividing kobs by both the sperm concen-
tration and fraction of live cells (%motility*.01) in the
cuvette.
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Abstract—The synthesis of 1-C-substituted 1,4-dideoxy-1,4-imino-DD-galactitols involving nitrone umpolung is described. The SmI2-
induced key coupling proved highly stereoselective in favor of the b-C-substituted products bearing a three-carbon chain at the
pseudoanomeric position. Pyrrolidines 9 and 10, as well as the bicyclic compounds 8 and 11, exhibit weak inhibition of the activity
of the UDP-galactopyranose mutase from Escherichia coli.
� 2007 Elsevier Ltd. All rights reserved.

O
HO


HO OH O
OH


OUDP
OH


UDP-Gal mutase
    (UGM)

1. Introduction


Tuberculosis, leprosy, and other diseases caused by
mycobacterial infections are currently public health con-
cerns due to multiresistances appearing against most
existing treatments.1 The necessity to investigate new
therapeutic strategies against these pathologies has been
widely recognized,2 and the ones based on inhibition of
the mycobacterial cell wall biosynthesis have attracted
particular attention.3 One of the main components of
this rigid envelope is an arabinogalactan, that is essen-
tial to the survival of mycobacteria.4 Since the main con-
stituent of galactan (DD-galactofuranose) is not found in
mammalian metabolism, inhibition of its biosynthesis5


constitutes an attractive approach for the development
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of new, selective therapeutic approaches against myco-
bacteria such as Mycobacterium tuberculosis.


In mycobacteria, galactan biopolymer arises from the
action of specific enzymes having uridine-diphospho-
galactofuranose (UDP-Galf) as substrate, such as
UDP-galactofuranose transferases6 and UDP-galacto-
pyranose mutase, which catalyzes the interconversion
of UDP-galactopyranose (UDP-Galp) and UDP-galac-
tofuranose (UDP-Galf) (Scheme 1).

OUDP
OH


OH
OH


UDP-Galf transferases


Bacteria cell-wall galactans


1: UDP-Galp  (92- 95%) 2: UDP-Galf  (5-8%)


Scheme 1. Biosynthesis of the galactan polymer in mycobacteria cell


wall.



mailto:v.desvergnes@ism.u-bordeaux1.fr

mailto:py@ujf-grenoble.fr





N+
O-


OBnBnO


BnO
OBn


35
a


68%
d.r.>98:2


N
OH


OBnBnO


BnO
OBn


CO2Et


N
H


OBnBnO


BnO
OBn


CO2Et


68% b


71% c


3 4


5


*


*


6444 S. Desvergnes et al. / Bioorg. Med. Chem. 15 (2007) 6443–6449

Lately, UDP-galactopyranose mutase (UGM, EC
5.4.99.9) has been the subject of extensive studies, dedi-
cated to its characterization,7 and to the understanding
of its intriguing mechanism of action.8 Synthetic work
has also been conducted with the aim of designing suit-
able inhibitors9 and/or mechanistic probes.10 Although
the details of UGM mechanism remain unclear, the
presence of an oxocarbenium-type intermediate in the
transition state of UDP-Galp to UDP-Galf isomeriza-
tion is widely admitted (Scheme 2).8f,11 Hence, strategies
similar to those sought for glycosidase and glycosyl-
transferase inhibition,12 i.e., the use of iminosugars as
transition state analogues (oxonium mimics) or sub-
strate analogues, have also been considered for inhibi-
tion of UGM.
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Scheme 3. Synthetic route to C-substituted b-DD-1,4-dideoxy-1,4-imino-


galactitol derivatives. Reagents and conditions: (a) ethyl acrylate,


SmI2/H2O, THF, �78 �C, 3 h; (b) SmI2/H2O, THF, rt, 3 h; (c) K2CO3,


EtOH/H2O, 60 �C, 5 h; (d) LiAlH4, THF, 66 �C, 5 h.

2. Results and discussion


In connection with previous work aimed at the design of
new UDP-Galf mimics,9d,e we decided to investigate the
utility of the SmI2-induced nitrone umpolung13 to access
a new class of potential UGM inhibitors, based on the
success of this synthetic methodology in the synthesis
of the polyhydroxylated alkaloid (+)-hyacinthacine
A2.14


Nitrone 3 was prepared as previously described9e,15 and
was used as a key intermediate for the present synthesis
of new 1-C-substituted 1,4-dideoxy-1,4-imino-DD-galacti-
tol derivatives (Scheme 3). When treated with samarium
diiodide16 (3 equiv) at low temperature, 3 was reduced
to an a-amino radical species, that was trapped in situ
with ethyl acrylate (1.4 equiv). As noticed before, the
reaction was faster and better yielding when conducted
in the presence of water (8 equiv).13b,17 The role of this
additive could stand in the protonation of intermediates,
resulting in equilibrium displacement toward formation
of the product. A new C–C bond was thus formed in the
pseudoanomeric position, to afford N-hydroxypyrrolidine
4 in good yield (68%). Remarkably, the diastereoselec-
tivity of the reaction is excellent as the minor isomer,
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Scheme 2. Mechanistic hypotheses for UDP-Galp/UDP-Galf isomerization.

if formed at all, could not be detected from NMR anal-
ysis of the crude material. The relative configuration at
the new stereogenic center in 4 could not be assigned
at this stage; however it was deduced from the structure
of a cyclized derivative (vide infra).


N-Hydroxypyrrolidine 4 was next deoxygenated using
samarium diiodide at room temperature to yield the cor-
responding pyrrolidine 5. The latter proved quite stable
and no spontaneous cyclization to the corresponding
lactame was observed on standing at room temperature.
Its cyclization was carried out by heating in basic med-
ium (K2CO3, ethanol/water, 60 �C) to yield the pyrroliz-
idinone 6 in 71% yield. Reduction of 6 with lithium
aluminum hydride afforded the pyrrolizidine 7, on which
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Table 1. Inhibition of UGM from Escherichia coli by compounds 8–11


Compound [I] = 25 mM Residual activitya


Method 1 Method 2


8 65 57


9 64 57


10 78 81


11 64 57


a See Section 3.
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NOE studies allowed unambiguous assignment of the
configuration at C-7a. Irradiation at the frequency of
signal H-7a resulted in enhancement of the H-2 signal,
in favor of a S configuration at C-7a. This result shows
that the acrylate addition, in the C–C bond formation,
occurred on the Si face of the nitrone, opposite to both
the C-3 benzyloxy group and the C-5 substituent (pyr-
rolidine numbering). This ‘matching’ double stereoin-
duction may be the reason for the very high
diastereoselectivity in favor of the trans adduct.


The transformation of compounds 5–7 into iminogalactitol
derivatives was then undertaken (Scheme 4). Although
classical hydrogenolytic conditions (H2, Pd/C) allowed
the preparation of 8 from lactam 6 in 57% yield, deben-
zylation of 5 under the same conditions only led to a
complex mixture of products. The cleavage of benzylic
ethers in 5 and 7 was thus performed using BCl3. In
the case of the debenzylation of 5, initial attempt to neu-
tralize the reaction mixture using a water suspension
of Dowex 1X8 resin afforded substantial amount
(51%) of the carboxylic acid 10 resulting from acid
hydrolysis of the corresponding ethyl ester 9. Finally
the polyhydroxypyrrolizidine 11 could also be obtained
in good yield (75%) using the same method.


In this work, because of the stereoselectivity observed in
the key C–C bond forming step, 1-C-substituted 1,4-
dideoxy-1,4-imino-DD-galactitols were obtained with a b
configuration at the pseudoanomeric center. Until
now, a single report presents the synthesis of such
DD-galactofuranose mimics via a 1,3-dipolar cycloaddition
of the nitrone 3 with an allylphosphonate partner.9e


The inhibitory activity of compounds 8–11 against
UGM from Escherichia coli was then evaluated (Table
1). Inhibition assays on the purified enzyme were con-
ducted in the reverse direction in which UDP-Galf is
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Scheme 4. Cleavage of benzyl ethers. Reagents and conditions: (a) H2,


Pd/C, HCl 6 M, MeOH, THF, rt, 4 days, then Dowex 1X8; (b) BCl3,


CH2Cl2, �78 to 0 �C, 15 h; (c) Dowex 1X8, H2O.

converted to UDP-Galp using two HPLC methods
adapted from the work by Lee and co-workers.18


The residual activities determined by method 1 are in
good agreement with those of method 2. All iminogal-
actitol derivatives tested were found to exhibit moderate
inhibition of UGM, including lactam 8, in which the
nitrogen atom cannot be protonated under the
conditions of the assay. In this respect, and because of
its constitution (the lactam carbonyl is not in the
pseudoanomeric position), compound 8 cannot be in-
cluded in the family of ‘transition state analogue’ inhib-
itors. Noticeably, compound 10 which carries a
carboxylic acid function is the least active of this series.
This is somewhat surprizing since the carboxylate could
have been considered as a simple surrogate of the polar
pyrophosphate group of the natural substrate, and a
favorable interaction with a cationic residue at the
UGM putative active site could have been expected.


Compounds 8, 9, and 11 exhibit modest activities on
UGM in the same range (less than 50% inhibition at
25 mM) as other 1-C-substituted iminogalactitols exhib-
iting opposite configuration at the pseudoanomeric cen-
ter.19 This observation is in agreement with recent work
suggesting that modifications of the galactose moiety in
UDP-Galf analogues are well tolerated while the UDP-
core of the substrate seems necessary for better bind-
ing.11c Introduction of UDP-mimicking chains in b-1-
C-substituted iminogalactitols is currently being studied
in our laboratories.

3. Experimental


3.1. General experimental section


Reactions were performed under positive pressure of dry
argon in oven-dried or flame-dried glassware equipped
with a magnetic stirring bar. Standard inert atmosphere
techniques were used in handling all air and moisture
sensitive reagents. THF and CH2Cl2 were freshly dis-
tilled, respectively, from sodium and CaH2. Reactions
were monitored by thin layer chromatography (TLC)
using aluminum-backed silica gel plates. Product purifi-
cation by gravity column chromatography was per-
formed using silica gel (70–230 mesh). Infrared (IR)
spectra were obtained with a Fourier transform infrared
spectrometer (FTIR) as neat films on sodium chloride
plates. NMR chemical shifts d are given in ppm, using
tetramethylsilane as the reference. Coupling constants
J are given with 0.5 Hz accuracy. In pseudo multiplets,
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the reported J values are average values of measured
constants. Mass spectra (MS) were obtained using
DCI (ammonia/isobutane, 63/37).


3.2. 3-((2S,3S,4S,5S)-5-((S)-1,2-Bis(benzyloxy)ethyl)-
3,4-bis(benzyloxy)-1-hydroxy-pyrrolidin-2-yl) propionic
acid ethyl ester (4)


A stirred and carefully deoxygenated solution of nitrone
39e (102 mg, 0.19 mmol) in dry THF (4 mL) was cooled
to �78 �C under argon. Freshly distilled ethyl acrylate
(28 lL, 0.26 mmol), degassed water (27 lL, 1.50 mmol),
and a 0.1 M solution of SmI2 in THF (5.6 mL,
0.56 mmol) were then added. The temperature was kept
at �78 �C during 3 h, then air was introduced in the
reaction mixture until disappearance of its blue color.
A saturated aqueous solution of Na2S2O3 (10 mL) and
ethyl acetate (30 mL) were then added; the yellow mix-
ture was extracted with AcOEt (3· 30 mL), and the
combined organic layers were washed with brine
(30 mL), dried over MgSO4, filtered, and concentrated
under vacuum. Purification of the resulting residue by
chromatography on silica gel (pentane/AcOEt, 4/1, then
1/1) afforded the expected N-hydroxyamino ester as a
colorless oil (81 mg, 68%). LRMS (DCI) m/z (%): 640
(100) [M+H]+. IR: mmax (cm�1) 3412, 3090, 3063, 3034,
2981, 2869, 1737. 1H NMR (300 MHz, CDCl3): d 1.21
(t, 3H, J = 7.0 Hz); 1.76–1.87 (m, 1H); 2.11–2.23 (m,
1H); 2.40 (ps t, 2H, J = 7.0 Hz); 3.20–3.27 (m, 1H);
3.49 (ps t, 1H, J = 4.5 Hz); 3.67–3.78 (m, 3H); 3.96–
4.19 (m, 4H); 4.30–4.54 (m, 7H), 4.74 (d, 1H,
J = 12.0 Hz); 5.63 (br s, 1H); 7.11–7.53 (m, 20H). 13C
NMR (75 MHz, CDCl3): d 14.2 (CH3); 22.8 (CH2);
32.0 (CH2); 60.4 (CH2); 70.0 (CH); 71.4 (CH2); 71.7
(CH2); 71.9 (CH2); 72.8 (CH); 72.9 (CH2); 73.3 (CH2);
78.4 (CH); 85.5 (CH); 86.7 (CH); 127.5–128.3 (CH);
138.1 (Cq); 138.3 (Cq); 138.4 (Cq); 174.2 (C@O). Anal.
Calcd for C39H45NO7: C, 73.22; H, 7.09; N, 2.19.
Found: C, 73.16; H, 7.01; N, 2.15.


3.3. 3-((2S,3S,4S,5S)-5-((S)-1,2-Bis(benzyloxy)ethyl)-
3,4-bis(benzyloxy)pyrrolidin-2-yl) propionic acid ethyl
ester (5)


To a stirred and carefully deoxygenated solution of
N-hydroxypyrrolidine ester 4 (105 mg, 0.16 mmol) in dry
THF (3 mL), degassed water (24 lL, 1.31 mmol) and a
0.1 M solution of SmI2 in THF (4.9 mL, 0.49 mmol)
were added under argon. The solution was stirred at
room temperature during 30 min. Then air was intro-
duced in the reaction mixture until disappearance of
its blue color, whereupon a saturated aqueous solution
of Na2S2O3 (10 mL) and ethyl acetate (30 mL) were
added. The yellow mixture was extracted with AcOEt
(3· 30 mL) and the combined organic layers were
washed with brine (30 mL), dried over MgSO4, filtered,
and concentrated under vacuum. Purification of the
resulting residue by chromatography on silica gel (pen-
tane/AcOEt, 4/1, then 1/1) afforded the expected pyrrol-
idine ester 5 as a colorless oil (70 mg, 68%). ½a�20


D � 25
(c 1.00, CHCl3); LRMS (DCI) m/z (%): 624 (100)
[M+H]+; 578 (85) [M+H�EtOH]+. IR: mmax (cm�1)
3061, 3028, 2920, 2862, 1728. 1H NMR (300 MHz,

CDCl3): d 1.22 (t, 3H, J = 7.5 Hz); 1.71–1.88 (m, 2H);
2.19 (br s, 1H); 2.25–2.44 (m, 2H); 3.05–3.11 (m, 1H);
3.20 (ps t, 1H, J = 5.0 Hz,); 3.65–3.74 (m, 4H); 3.88
(dd, 1H, J = 3.0, 5.5 Hz); 4.09 (q, 2H, J = 7.0 Hz); 4.39
(d, 1H, J = 12.0 Hz); 4.36–4.54 (m, 6H); 4.74 (d, 1H,
J = 11.5 Hz); 7.26–7.32 (m, 20H). 13C NMR (75 MHz,
CDCl3): d 14.2 (CH3); 28.8 (CH2); 31.5 (CH2); 60.2
(CH2); 61.3 (CH); 63.4 (CH); 71.4 (CH2); 71.9 (CH2);
72.0 (CH2); 73.0 (CH2); 73.3 (CH2); 76.8 (CH); 86.0
(CH); 89.6 (CH); 127.5–128.3 (CH); 138.2 (Cq); 138.3
(Cq); 173.5 (C@O). Anal. Calcd for C39H45NO6: C,
75.09; H, 7.27; N, 2.25. Found: C, 75.10; H, 7.14; N,
2.19.


3.4. (5S,6S,7S,7aS)-5-((S)-1,2-Bis(benzyloxy)ethyl)-6,7-
bis(benzyloxy)-hexahydropyrrolizin-3-one (6)


Compound 5 (46 mg, 0.07 mmol) was dissolved in etha-
nol (8 mL) and treated with a solution of potassium car-
bonate (12 mg, 0.11 mmol) in water (1 mL) at 60 �C
temperature during 5 h. The mixture was then concen-
trated under vacuum, and the residue was extracted with
ethyl acetate (3 · 20 mL). The combined organic layers
were washed with brine, dried over MgSO4, and concen-
trated under vacuum. Purification of the resulting resi-
due by chromatography on silica gel (pentane/AcOEt,
4/1, then 1/1) afforded the expected pyrrolizidinone 6
as a colorless oil (30 mg, 71%). ½a�20


D þ 3 (c 0.98, CHCl3);
LRMS (DCI) m/z (%): 578 (100) [M+H]+. IR: mmax


(cm�1), 3057, 3028, 2920, 2866, 1691. 1H NMR
(300 MHz, CDCl3): d 1.76–1.89 (m, 1H); 2.17–2.39 (m,
2H); 2.56 (td, 1H, J = 10.0, 17.0 Hz); 3.65 (dd, 1H,
J = 5.5, 8.0 Hz,); 3.69–3.78 (m, 3H); 3.96 (ps q, 1H,
J = 8.0 Hz); 4.01 (dd, 1H, J = 2.0, 4.0 Hz); 4.29 (dd,
1H, J = 4.0, 5.0 Hz); 4.39 (d, 1H, J = 11.5 Hz); 4.46 (d,
1H, J = 11.5 Hz); 4.48 (d, 1H, J = 11.5 Hz); 4.52 (d,
2H, J = 11.5 Hz); 4.59 (d, 1H, J = 12.0 Hz); 4.60 (d,
1H, J = 11.5 Hz); 4.79 (d, 1H, J = 11.5 Hz); 7.17–7.39
(m, 20H). 13C NMR (75 MHz, CDCl3): d 24.8 (CH2);
32.5 (CH2); 60.6 (CH); 64.2 (CH); 72.1 (CH2); 72.2
(CH2); 72.2 (CH2); 73.4 (CH2); 73.6 (CH2); 79.1 (CH);
87.8 (CH); 89.6 (CH); 127.5–128.4 (CH); 137.7 (Cq);
137.9 (Cq); 138.2 (Cq); 138.4 (Cq); 175.3 (C@O). Anal.
Calcd for C37H39NO5: C, 76.92; H, 6.80; N, 2.42.
Found: C, 77.31; H, 7.07; N, 2.61.


3.5. (1S,2S,3S,7aS)-3-((S)-1,2-Bis(benzyloxy)ethyl)-1,2-
bis(benzyloxy)-hexahydro-1H-pyrrolizine (7)


A solution of pyrrolizidinone 6 (90 mg, 0.16 mmol) in
THF (5 mL) was cooled to 0 �C under argon, then lith-
ium aluminum hydride (10 mg, 0.26 mmol) was added.
The reaction mixture was stirred at 66 �C during 5 h
then it was quenched with water (10 lL), an aqueous
15% solution of NaOH (10 lL), and water (40 lL) and
stirred during 1 h. Then sodium sulfate was added, the
mixture was stirred during 1 h and filtered through Cel-
ite. The filtrate was concentrated under vacuum to give a
residue, which upon column chromatography over basic
alumina (pentane/AcOEt, 9/1, 4/1, 1/1, then 0/1) yielded
the pyrrolizidine 7 as a colorless oil (55 mg; 63%).
½a�20


D � 11 (c 1.00, CHCl3); LRMS (DCI) m/z (%): 564
(100) [M+H]+. IR: mmax (cm�1) 3060, 3031, 2926, 2866.
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1H NMR (300 MHz, CDCl3): d 1.61–1.69 (m, 1H); 1.74–
1.83 (m, 2H); 1.93–2.04 (m, 1H); 2.58–2.66 (m, 1H);
2.93–3.04 (m, 2H); 3.46 (ps q, 1H, J = 7.5 Hz); 3.66–
3.72 (m, 3H); 3.75 (t, 1H, J = 7.0 Hz); 4.15 (ps t, 1H,
J = 6.5 Hz); 4.33 (d, 1H, J = 11.5 Hz); 4.45–4.64 (m,
6H); 4.74 (d, 1H, J = 12.0 Hz); 7.21–7.50 (m, 20H).
13C NMR (75 MHz, CDCl3): d 26.2 (CH2); 31.5
(CH2); 56.7 (CH2); 67.1 (CH); 69.8 (CH); 71.4 (CH2);
71.8 (CH2); 72.3 (CH2); 73.0 (CH2); 73.3 (CH2); 78.2
(CH); 85.2 (CH); 88.9 (CH); 127.4–128.4 (CH); 138.3
(Cq); 138.3 (Cq); 138.5 (Cq); 138.7 (Cq). Anal. Calcd
for C37H41NO4: C, 78.83; H, 7.34; N, 2.48. Found: C,
78.49; H, 7.74; N, 2.62.


3.6. (5S,6S,7S,7aS)-Hexahydro-6,7-dihydroxy-5-((S)-
1,2-dihydroxyethyl)pyrrolizin-3-one (8)


To a solution of pyrrolizidinone 6 (103 mg, 0.14 mmol)
in a 4:1 mixture of methanol and THF (12.5 mL) was
added Pd/C 10% (31 mg). After the reaction flask was
purged with hydrogen, 13 drops of HCl 6 M were added
and the reaction mixture was stirred for 4 days at room
temperature under hydrogen (1 atm). The mixture was
then filtered through Celite, and the filtrate was concen-
trated under vacuum. The residue was dissolved in a
minimum of water and neutralized with DOWEX 1X8
resin (OH� form). After filtration, the filtrate was con-
centrated under vacuum to give a residue, which upon
column chromatography over silica gel (CH2Cl2/
MeOH/NH4OH: 98/2/0, 95/5/0, 90/10/0, 80/20/0, then
3/2/0.5) yielded the deprotected pyrrolizidinone 8
(22 mg, 57%) as a colorless oil. ½a�20


D þ 18 (c 0.65,
MeOH). LRMS (DCI) m/z (%): 218 (100) [M+H]+.
IR: mmax (cm�1) 3326, 2925, 2883, 1659. 1H NMR
(300 MHz, CD3OD): d 1.93–2.04 (m, 1H); 2.31–2.46
(m, 2H); 2.70 (td, 1H, J = 10.0, 17.0 Hz); 3.53–3.58 (m,
3H); 3.62 (dd, 1H, J = 3.0, 6.0 Hz); 3.77–3.84 (m, 2H);
4.30 (ps t, 1H, J = 6.5 Hz). 13C NMR (75 MHz,
CD3OD): d 25.0 (CH2); 33.4 (CH2); 63.6 (CH); 65.0
(CH2); 66.3 (CH); 72.9 (CH); 81.0 (CH); 82.9 (CH);
179.9 (C@O).


3.7. 3-((2S,3S,4S,5S)-3,4-dihydroxy-5-((S)-1,2-dihydr-
oxyethyl)pyrrolidin-2-yl) propanoic acid ethyl ester (9)


To a stirred solution of pyrrolidine ester 5 (61 mg,
0.10 mmol) in CH2Cl2 (10 mL) cooled to �78 �C, under
argon, a solution of BCl3 (1 M in hexanes, 1.20 mL,
1.2 mmol) was added at �78 �C. The temperature was
slowly raised to 0 �C overnight. After 15 h, ethanol
was added and the reaction mixture was concentrated
under vacuum. The residue was purified by chromatog-
raphy on silica gel (CH2Cl2/MeOH: 90/10, then 80/20) to
afford the deprotected polyhydroxylated pyrrolidine
ester 9 as its hydrochloride salt (23 mg, 87%): ½a�20


D � 33
(c 0.98, MeOH). LRMS (DCI) m/z (%): 264 (100)
[M+H]+. IR: mmax (cm�1) 3446, 2985, 2925, 1720. 1H
NMR (300 MHz, CD3OD): d 1.26 (t, 3H, J = 7.0 Hz);
2.01–2.2 (m, 2H); 2.58 (td, 2H, J = 1.5, 7.5 Hz); 3.33–
3.38 (m, 1H); 3.46 (dd, 1H, J = 4.5, 7.5 Hz); 3.63–3.73
(m, 2H); 3.82 (dd, 1H, J = 6.5, 8.0 Hz); 3.92 (q, 1H,
J = 4.5 Hz); 4.04 (ps t, 1H, J = 6.5 Hz,); 4.16 (q, 2H,
J = 7.0 Hz). 13C NMR (75 MHz, CD3OD): d 14.5

(CH3); 27.1 (CH2); 31.4 (CH2); 61.9 (CH2); 62.9 (CH);
64.9 (CH2); 65.1 (CH); 69.3 (CH); 77.2 (CH); 80.1
(CH); 174.3 (C@O).


3.8. 3-((2S,3S,4S,5S)-3,4-Dihydroxy-5-((S)-1,2- dihydr-
oxyethyl)pyrrolidin-2-yl)propanoic acid (10)


To a stirred solution of pyrrolidine ester 5 (92 mg,
0.15 mmol) in CH2Cl2 (15 mL) cooled to �78 �C, under
argon, a solution of BCl3 (1 M in hexanes, 1.8 mL,
1.80 mmol) was added at �78 �C. The temperature
was slowly raised to 0 �C overnight. After 15 h, ethanol
was added and the reaction mixture was concentrated
under vacuum. The residue was dissolved in a minimum
of water and neutralized with DOWEX 1X8 (OH�


form). After filtration, the filtrate was concentrated un-
der vacuum and purification of the resulting residue by
chromatography on silica gel (CH2Cl2/MeOH: 90/10,
80/20, then 70/30) afforded the deprotected pyrrolidine
acid 10 (18 mg, 51%) and the pyrrolidine ester 9
(16 mg, 49%), both as colorless oils. Compound 10:
½a�20


D � 20 (c 1.01, MeOH). LRMS (DCI) m/z (%): 236
(20) [M+H]+; 218 (100) [M+H�H2O]+. IR: mmax


(cm�1) 3333, 2921, 1722. 1H NMR (300 MHz, CD3OD):
d 2.06 (ps t, 2H, J = 6.0 Hz); 2.39–2.62 (m, 2H); 3.30–
3.39 (m, 1H); 3.44 (dd, 1H, J = 4.0, 8.0 Hz); 3.64–3.66
(m, 2H); 3.87 (t, 1H, J = 6.5 Hz); 3.92 (dd, 1H,
J = 5.0, 9.0 Hz); 4.04 (dd, 1H, J = 6.5, 8.0 Hz). 13C
NMR (75 MHz, CD3OD): d 27.0 (CH2); 34.5 (CH2);
63.9 (CH); 64.0 (CH); 64.8 (CH2); 69.2 (CH); 77.2
(CH); 79.7 (CH).


3.9. (1S,2S,3S,7aS)-Hexahydro-3-((S)-1,2-dihydroxyeth-
yl)-1H-pyrrolizine-1,2-diol (11)


To a stirred solution of pyrrolizidine 7 (38.3 mg,
0.068 mmol) in CH2Cl2 (7 mL) cooled to �78 �C, under
argon, a solution of BCl3 (1 M in hexanes, 820 lL,
0.820 mmol) was added at �78 �C. The temperature
was slowly raised to 0 �C overnight. After 15 h, metha-
nol was added and the reaction mixture was concen-
trated under vacuum. The residue was dissolved in a
minimum of water and neutralized with DOWEX 1X8
(OH� form). After filtration, the filtrate was concen-
trated under vacuum and purification of the resulting
residue by chromatography on silica gel (CH2Cl2/
MeOH: 90/10, then 80/20) afforded the deprotected
polyhydroxypyrrolizidine 11 (10.3 mg, 75%) as a color-
less oil. ½a�20


D � 11 (c 1.54, MeOH). LRMS (DCI) m/z
(%): 204 (100) [M+H]+. IR: mmax (cm�1) 3300, 2962.
1H NMR (300 MHz, CD3OD): d 2.03–2.21 (m, 4H);
3.40–3.46 (m, 2H); 3.54–3.61 (m, 1H); 3.66 (dd, 1H,
J = 5.5, 11.5 Hz); 3.72 (dd, 1H, J = 5.0, 11.5 Hz); 3.84–
3.95 (m, 2H); 3.98 (ps q, 1H, J = 5.0 Hz); 4.07 (ps t,
1H, J = 7.0 Hz). 13C NMR (75 MHz, CD3OD): d 25.7
(CH2); 29.8 (CH2); 59.1 (CH2); 64.6 (CH2); 69.9 (CH);
72.8 (CH); 74.6 (CH); 78.2 (CH); 79.7 (CH).


3.10. Inhibition assay


UDP-galactopyranose mutase (UGM) was purified
according to the previously reported procedure.8c Imi-
nogalactitol derivatives (25 mM) were individually pre-
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incubated with UGM (8.2 nm) for 10 min at room tem-
perature in 50 lL of 100 mM potassium phosphate buf-
fer (pH 7.5). After the pre-incubation, 10 lL of freshly
prepared sodium dithionite (100 mM) was added to
the solution to reduce UGM and then 20 lL of UDP-
galactofuranose (UDP-Galf, 0.2 mM) was added as a
substrate. The concentrations of sodium dithionite and
UDP-Galf in the reaction mixture were 12.5 mM and
50 lM, respectively. The reaction was carried out at
37 �C for 2 min, and the resulting mixture was immedi-
ately frozen by liquid nitrogen to terminate the reaction.
The reaction mixture was analyzed by HPLC using a
C18 column (Microsorb-MV, Varian, 4.6 · 250 mm)
with the detector set at 262 nm. Two eluting methods
were examined to determine the conversion of UDP-
Galf to the product UDP-galactopyranose (UDP-Galp).


3.10.1. Method 1. Mobile phase was 0.5% acetonitrile in
50 mM triethylammonium acetate buffer, pH 6.8. Flow
rate was at 1.0 mL/min. Under these conditions, UDP-
Galp and UDP-Galf were eluted at 6.1 and 7.6 min,
respectively.


3.10.2. Method 2. Mobile phase A: 50 mM potassium
phosphate buffer (pH 7.0) containing 2.5 mM tetrabuty-
lammonium hydrogen sulfate (TBAHS). Mobile phase
B: 50% acetonitrile in 50 mM potassium phosphate buf-
fer (pH 7.0) containing 2.5 mM TBAHS.20 The sample
was loaded on the column and eluted isocratically with
mobile phase A containing 4% mobile phase B. The elu-
tion rate was 0.55 mL/min. Under these conditions,
UDP-Galp and UDP-Galf were eluted at 10.9 and
12.6 min, respectively.


The residual activity of UGM in the presence of individ-
ual iminogalactitol derivative was evaluated by dividing
the conversion in the presence of each derivative with
that in the absence of the derivatives. The results are
summarized in Table 1.
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Abstract—Various novel 10-alkyl-2-deoxo-2-methylthio-5-deazaflavins have been synthesized by reaction of 6-(N-alkylanilino)-2-
methylthiopyrimidin-4(3H)-ones with Vilsmeier reagent. The similar 2-(N-substituted amino) derivatives were prepared by nucleo-
philic replacement reaction of the 2-methylthio moiety by appropriate amines. The 2-oxo derivatives (i.e., 5-deazaflavins) were
obtained by acidic hydrolysis of the 2-methylthio derivatives. The antitumor activities against CCRF-HSB-2 and KB cells and
the antiviral activities against HSV-1 and HSV-2 have been investigated in vitro, and many compounds showed promising antitu-
mor activities. Furthermore, AutoDock molecular docking into PTK has been done for lead optimization of these compounds as
potential PTK inhibitors. Whereas, the designed 2-deoxo-5-deazaflavins connected with amino acids at the 2-position exhibited the
good binding affinities into PTK with more hydrogen bonds.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Design and synthesis of 5-deazaflavin and flavin analogs
as potential cancer chemotherapeutic agents have been
in progress in our laboratory.1–6 Recently, we have re-
ported the significant potential antitumor activities of
10-substituted 2-deoxo-2-phenyl-5-deazaflavins and fla-
vin-5-oxides against NCI-H 460, HCT 116, A 431,
CCRF-HSB-2, and KB cells (Scheme 1).1 5-Amino-5-
deazaflavins also revealed antiproliferative activity
against L1210 and KB cells.7 10-Aryl-5-deazaflavin
derivatives were preliminarily reported to act as inhibi-
tors against E3 activity of HMD2 in tumors that retain
wild-type P53.8 Actually, 5-deazaflavins have attracted
great interest because of their homologues as potential
riboflavin antagonists, bio-reductive cofactors for the
naturally occurring flavins, for example, F420, and po-
tent antitumor agents.9 The role of tyrosine kinase in
the control of cellular growth and differentiation is cen-
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tral to all organisms and the tyrosine kinase has been
found to participate in human neoplastic diseases. Tyro-
sine kinase inhibitors and their potentials in the clinical
applications are well documented by dramatic examples
such as Gleevec, Iressa, and Herceptin. Several tyrosine
kinase inhibitors are undergoing human trials and sev-
eral are in the pipeline of drug discovery.10 Molecular
docking has been a focus of attention for many years.
Generally speaking, today’s flexible docking programs
such as AutoDock are able to predict protein-ligand
complex structures with reasonable accuracy and
speed.11 One of the most reliable, robust, and popular
energy-based docking packages is AutoGrid/AutoDock
because it allows a very efficient docking of flexible li-
gands (e.g., substrates, drug candidates, inhibitors, pep-
tides, etc.) onto receptors (e.g., enzymes, antibodies,
nucleic acids, etc.).12


Despite the large number of publications on chemistry
of 5-deazaflavin and related compounds, the informa-
tion of 2-methylthio- and 2-(N-substituted amino)-2-
deoxo-5-deazaflavins is none yet. The above circum-
stances led us to seek a convenient synthetic route to
the 2-methylthio- and 2-(N-substituted amino)-2-deo-
xo-5-deazaflavins to search their potential antitumor
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Scheme 1. 5-Deazaflavins, 2-deoxo-5-deazaflavins, and 2-deoxo-flavin-


5-oxides.
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activities. In this study, we describe the facile synthesis
of 10-alkyl-2-deoxo-2-methylthio-5-deazaflavins as key
compounds for antitumor active derivatives. These com-
pounds were used as versatile intermediates for synthesis
of the various amino coupling derivatives by nucleo-
philic substitution between 10-alkyl-2-deoxo-2-methyl-
thio-5-deazaflavins and suitable primary and
secondary alkylamines. Furthermore, they were used
in a novel route for the preparation of 5-deazaflavins
{pyrimido[4,5-b]quinoline-2,4(3H,10H)-diones} in good
yields. These compounds were investigated for their
in vitro antitumor and antiviral activities. In fact, many
of the synthesized compounds showed promising antitu-
mor activities against CCRF-HSB-2 and KB cells. Also
the SAR study was carried out with the aid of molecular
modeling using AutoDock for the aim to get designed
compounds possessing higher binding affinities into
c-kit receptor of PTK. The correlation between the
growth inhibitory activities (IC50, lg/mL) of the synthe-
sized 5-deazaflavins against tumor cells and the Auto-
Dock binding free energies was investigated, where a
fairly good correlation for some compounds was ob-
tained. Also the computationally designed 10-alkyl-2-
deoxo-5-deazaflavins connected with amino acids at
the 2-position exhibited preferential binding affinities
into PTK with more hydrogen bonds.

2. Results and discussion


2.1. Chemistry


The requisite 6-chloro-2-methylthiopyrimidin-4(3H)-
one was prepared by treatment of 4-amino-6-chloro-2-
methylthiopyrimidine13 with NaNO2 in glacial acetic
acid according to the method of Israel et al.14 The 4-
amino-6-chloro-2-methylthiopyrimidine was obtained
by reaction of thiourea and ethyl cyanoacetate, followed
by methylation of the produced 4-amino-6-hydroxy-2-
mercaptopyrimidine with dimethylsulfate and by chlori-
nation with phosphoryl chloride. 6-Chloro-2-methyl-
thiopyrimidin-4(3H)-one was also prepared by
alternative route from S-methylation of thiobarbituric
acid with MeI,15 followed by chlorination with phos-
phoryl chloride,16 and partially basic hydrolysis of the

obtained 4,6-dichloro-2-methylthiopyrimidine.17 The
key intermediate, 6-(N-monoalkylanilino)-2-methylthio-
pyrimidin-4(3H)-ones (1a–j), was synthesized by the
treatment of 6-chloro-2-methylthiopyrimidin-4(3H)-
one14,16 with appropriate N-alkylanilines in n-butanol
under reflux for 12–72 h in 55–83% yields as shown in
Scheme 2. The commercially unavailable N-monome-
thylated anilines were prepared from the suitable aniline
derivatives in two steps. Thus, the N-formylation of ani-
lines with ethyl formate under reflux for 15 h gave the
corresponding N-arylformamides, followed by reduction
of the N-arylformamides using LiAlH4 in dry THF to
afford the corresponding N-monomethylated anilines.18


The intended 10-alkyl-2-deoxo-2-methylthio-5-deazaf-
lavins (2a–j) were prepared by the reaction of 1a–j with
Vilsmeier reagent (N,N-dimethylformamide–phosphoryl
chloride) at 90 �C for 0.5–2 h to afford the products as
yellow needles in 71–99% yields. Since the direct cycliza-
tion of 6-(N-methylanilino)-4-oxo-2-thioxo-1,2,3,4-tet-
rahydropyrimidines was not successful, the 2-thioxo
moiety should be protected by methylation before the
cyclization with Vilsmeier reagent.


The preparation for such N-substituted amino deriva-
tives by reaction of alkylthio derivatives with appropri-
ate primary or secondary amines has long been utilized
in heterocyclic chemistry. Many of these reactions re-
quire rather strenuous conditions and are usually carried
out in a stainless steel sealed vessel except when amines
of high boiling point are used.19 The pyrimidine moieties
of 5-deazaflavins to undergo nucleophilic substitution
reactions on the carbons adjacent to ring nitrogens are
well authenticated and readily explicable in view of the
p electron-deficient nature. Therefore, the various amin-
ations were applied for the replacement of 2-methylthio
group by appropriate amines for the purpose of synthe-
ses of 2-amino- and 2-(substituted amino)-10-alkyl-2-
deoxo-5-deazaflavins {2-amino- and 2-(substituted ami-
no)-10-alkylpyrimido[4,5-b]quinolin-4(10H)-ones} (3a–
e, 4a–c, 6, and 7a–q) as shown in Scheme 3. Namely,
10-alkyl-2-deoxo-2-dimethylamino-5-deazaflavins (3a–
e) were prepared by heating the suitable 10-alkyl-2-deo-
xo-2-methylthio-5-deazaflavins (2) with aqueous dim-
ethylamine in a stainless steel sealed vessel at 135 �C
for 4 h to afford the corresponding products as yellow
needles in 59–96% yields. Whereas, the 10-alkyl-2-ami-
no-2-deoxo-5-deazaflavins (4a–c) were prepared by fu-
sion of the suitable 2 with ammonium acetate at 160–
165 �C for 0.5–3 h to afford the corresponding products
as yellow needles in 57–77% yields. A similar treatment
of 2-deoxo-10-methyl-2-methylthio-5-deazaflavin (2a)
with n-butylammonium acetate (prepared in situ) at
150–165 �C for 1–3 h resulted in the formation of 2-n-
butylamino-2-deoxo-10-methyl-5-deazaflavin (6) as a
yellow crystalline solid in 91% yield. Moreover, a variety
of 2-(substituted amino)-10-alkyl-2-deoxo-5-deazaflav-
ins (7a–q) were prepared by the facile method involving
reflux of compound 2 with an appropriate morpholine,
piperidine, N-methylpiperazine, N-methyl-N-ethanol-
amine, ethanolamine, or n-octylamine in n-butanol for
2–5 h. All products 7a–q were obtained as bright yellow
needles in quite good yields of 70–99%. For all the
above-mentioned reactions which involve treatment







Scheme 2. General methods for the preparation of 6-(N-alkylanilino)-2-methylthiopyrimidin-4(3H)-ones (1a–j) and 10-alkyl-2-deoxo-2-methylthio-


5-deazaflavins (2a–j). Reagents and conditions: (a) n-Butanol, reflux 12–72 h; commercially unavailable N-monoalkylanilines were prepared by


refluxing with HCOOEt for 15 h, followed by reduction with LiAlH4 in THF at 0 �C for 5–12 h; (b) Vilsmeier reagent (DMF-POCl3), 90 �C, 1–3 h.
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with different amines, the excess volatile amines were re-
moved by concentration in vacuo. Whereas, the amines
of high boiling point were removed by leaching from the
residue with water or ethanol for piperidine, morphol-
ine, N-(2-hydroxyethyl)-N-methylamine, and N-methyl-
piperazine, and petroleum ether for n-octylamine to
get the amine-free products. Acidic hydrolysis of some
10-alkyl-2-deoxo-2-methylthio-5-deazaflavins (2) in 5 N
hydrochloric acid by heating under reflux for 1–2 h gave
the corresponding 10-alkyl-5-deazaflavins (5a–c) as yel-
low needles in 78–91% yields as shown in Scheme 3.


UV–vis, IR, and NMR spectra and elemental analyses
were used for determination and identification of the
newly assigned structures. The structures of the key
intermediates 1a–j were confirmed in particular by the
presence of a proton resonance at the 5-position as a sin-
glet signal at 4.62–5.08 ppm in 1H NMR spectra. The
cyclized 10-alkyl-2-deoxo-2-methylthio-5-deazaflavins
(2a–j) showed a characteristic singlet signal due to the
C5-proton in the lower field at 9.09–9.63 ppm. It is
implying that the methine at the 5-position of 2a–j is
more electron-deficient than the other methines. Any
substituent at the benzene ring led this singlet signal of
the C5-proton to the slight upfield, except for 2j (2-deo-
xo-6,9-dimethoxy-10-methyl-2-methylthio-5-deazaflavin),
which exhibits this signal in more downfield at
9.63 ppm. This can be explained by the possible forma-
tion of a hydrogen bond between the oxygen atom of
6-OMe moiety and the proton at the 5-position. This
suggestion is supported by the similar effect between
9-OMe group and the N10-methyl moiety of 2j, that is,
the chemical shift of methyl group at the 10-position
shown in more downfield region at 4.48 ppm in compar-
ison with N10-methyl moieties of other derivatives ap-
peared in the range of 4.21–4.35 ppm. This effect was
also clearly observed in the UV spectrum of 2j, which
indicated some hypsochromic shift, compared with other
spectra of 2. Considering the 1H NMR spectra, the 2-
deoxo-5-deazaflavin derivatives (3–7) are characterized
by disappearance of the strong characteristic singlet sig-

nal of the 2-methylthio group, which were assigned for
compounds 2a–j at 2.56–2.63 ppm. The 2-(substituted
amino) derivatives (3, 4, 6, and 7) and 5-deazaflavins
(5) showed a characteristic singlet signal of the C5-proton
in the lower field at 8.77–9.12 and 8.93–9.0 ppm, respec-
tively. The methine protons (8.77–9.12 ppm) at 5-posi-
tion for 3, 4, 6, and 7 appeared in upper field than
those (9.09–9.63 ppm) of 2a–j, due to the higher electron
donating properties of the 2-(substituted amine) groups
in comparison with that of the 2-methylthio group.


Regarding the 1H NMR of 10-alkyl-2-deoxo-2-dimeth-
ylamino-5-deazaflavins (3a–e), it was noticed that the
N10-methyl derivatives (3a,c–e) exhibited the equivalent
N2-dimethyl groups as an equivalent singlet signal of 6H
integral almost at 3.33 ppm. Whereas, the N10-ethyl
derivative (3b) exhibited the nonequivalent N2-dimethyl
groups as two singlet signals at 3.34 and 3.48 ppm due to
the steric hindrance of longer chain of ethyl group at the
N-10 position.


Interestingly, the phenomenon of reversible interconver-
sion of two isomers at 27 �C in case of the 2-mono-
alkylamino (secondary amino) derivatives (6, and 7p,q)
was observed as tautomerism in 1H NMR spectra. The
twin overlapped spectra of approximately 1:2 or 2:1 ra-
tio of the 2-monoalkylamino and 2-monoalkylimino
tautomers in (CD3)2SO were obtained for the two reso-
nance species (tautomers). Especially, such duplicated
spectra were observed in the range of 4.0–9.0 ppm based
on the tautomers of the guanidine adjacent to carbonyl
group. At higher temperature of 90–100 �C, the coales-
cence of the duplicated spectrum was observed to pro-
duce the single spectrum. As indicated in Figure 1(A)
for compound 6, the 1H NMR spectrum at 27 �C exhib-
ited two singlet signals of C5-H and N10-Me at 8.81 and
8.87 ppm and at 4.05 and 4.14 ppm, respectively, and
other protons at 6, 7, 8, and 9-positions were also dupli-
cated. On the other hand, in the case of 100 �C, the sin-
glet signal at 8.80 and 4.07 ppm, which was attributable
to the C5-H and N10-Me, respectively, appeared as







Scheme 3. General methods for the preparation of 10-alkyl-2-deoxo-2-(substituted amino)-5-deazaflavins (3a–e, 6, and 7a–q), 10-alkyl-2-amino-2-


deoxo-5-deazaflavins (4a–c), and 10-alkyl-5-deazaflavins (5a–c). Reagents and conditions: (a) 50% aqueous NHMe2, steel sealed tube, 135 �C, 4 h;


(b) CH3COONH4, 160–165 �C, 0.5–3 h; (c) 5 N HCl, reflux, 3–5 h; (d) n-Butylammonium acetate, fusion, 150–165 �C, 1–3 h; (e) appropriate amines,


n-butanol, reflux, 2–5 h; (f) computationally designed structures.
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shown Figure 1(B) and the duplicated spectral signals
for other protons also coalesced. The 2-n-butylimino
tautomer is proposed predominantly at higher tempera-
ture because it has a heat of formation (PM3-Mozyme)
of 36.23 kcal/mol which is higher than that of 2-butyla-
mino tautomer (16.95 kcal/mol). This phenomenon is
mainly attributed to the presence of a secondary amine
at the 2-position, whereas it does not take place in case
of 2-substituted primary and teritiary amines, for exam-
ple, compounds 4a–c and 7a–o, respectively.


The structural identity of the prepared compounds was
verified by UV–vis absorption spectra. The spectra for
10-alkyl-2-deoxo-2-methylthio-5-deazaflavins (2a–j) lo-
cated in shorter wavelength region in comparison with
those for previously reported 2-deoxo-2-phenyl-5-deaza-
flavin derivatives,1 which have more conjugated ring sys-
tem. The UV absorption spectra of the 6-(N-
alkylanilino)-2-methylthiopyrimidin-4(3H)-ones (1a–j)
showed one absorption maximum at 239–246 nm to-

gether with two absorption shoulders at 259–275 and
287–293 nm. Whereas, the tricyclic 5-deazaflavins (2a–
j) showed five absorption maxima at 213–231, 259–
275, 278–291, 311–351, and 403–450 nm. The absorp-
tion band at 259–275 nm was shown as a maximum
absorption peak or a shoulder. Compound 2j indicated
the characteristic blue shift (hypsochromic shift) in all
wavelength regions in comparison with those of 2a–i.
This may be attributed to the hydrogen bond formation
between the oxygen atom of 6-OMe moiety and C5-pro-
ton of 2j. This hinders the delocalization of the lone pair
on oxygen of 6-OMe to the ring system by the hydrogen
bond. The UV spectra of 2-(substituted amino)-10-al-
kyl-2-deoxo-5-deazaflavins (3, 4, 6, and 7) showed five
absorption maxima at 220–225, 268–288, 318–326,
407–428, and 424–454 nm, together with an absorption
shoulder at 383–404 nm, except for compound 7n. All
5-deazaflavin analogs (2–7) showed yellow color owing
to the presence of absorption maximum at 400–440 nm
in the longest wavelength. Generally, the UV spectra







Figure 1. The 1H NMR spectra of compound 6 at 27 �C (A) and at 100 �C (B) in (CD3)2SO.
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of 10-alkyl-2-deoxo-2-methylthio-5-deazaflavins (2)
exhibited longer wavelength than those of 2-(substituted
amino)-10-alkyl-2-deoxo-5-deazaflavins and 5-deazaf-
lavins (3–7) as represented in Figure 2 for compounds
1a, 2a, 5a, and 7a. This is attributed to the S-atom which
causes a generally red shift (bathochromic shift) in the
spectrum due to its easier polarizability.20 Thus, the
spectrum of 2-deoxo-10-methyl-2-methylthio-5-deaza-
flavin (2a) exhibited the bathochromic shift of ca.
20 nm longer wavelength than that of 5-deazaflavin
(5a) in all UV and visible regions.


2.2. In vitro antitumor activities of 5-deazaflavins and
their 2-(N-substituted amino) derivatives against human
tumor cell lines


The compounds (2–5 and 7) synthesized in this study
were tested in vitro for their growth inhibitory activities
against two human cultured tumor cell lines, that is, hu-

Figure 2. UV–vis spectra of 6-(N-methylanilino)-2-methylthiopyrimi-


din-4(3H)-one (1a), 2-deoxo-10-methyl-2-methylthio-5-deazaflavin


(2a), 10-methyl-5-deazaflavin (5a), and 2-deoxo-2-[N-(2-hydroxyeth-


yl)-N-methylamino]-10-methyl-5-deazaflavin (7a).

man T-cell acute lymphoblastoid leukemia cell line
(CCRF-HSB-2) and human oral epidermoid carcinoma
cell line (KB). The antitumor agent, cytosine arabino-
side (Ara-C), was used as positive control.


As can be seen in Table 1, although all compounds of
10-alkyl-2-deoxo-2-methylthio-5-deazaflavins (2) and
10-alkyl-2-deoxo-2-dimethylamino-5-deazaflavins (3)
inferior antitumor activities compared to Ara-C, they
have been found to show significant antitumor activities
against CCRF-HSB-2 cell line. Among them, the com-
pounds 2a,h, 3b, and 4b indicated better activities of less
than 2.0 lg/mL (IC50). Against KB cell line they exhib-
ited good growth inhibitory activities of about one-tenth
antitumor potency of Ara-C (IC50: 0.23 lg/mL), that is,
the IC50 of compounds 2a,h, 3b, and 4b were 1.97, 1.73,
3.96, and 1.00 lg/mL, respectively. The 2-deoxo-5-
deazaflavins may reveal fairly good and less toxic antitu-
mor activities in comparison with Ara-C. Moreover,
compounds 2b,f,i,j, 6, and 7h,l,n exhibited reasonable
potential growth inhibitory activities of ca. 5.0–7.0 lg/
mL (IC50) against CCRF-HSB-2 cell line. Also com-
pounds 2b,f, 6, and 7q exhibited prospective growth
inhibitory activities of ca. 5.0–8.0 lg/mL (IC50) against
KB cell line.


On the other hand, the anti-herpes simplex virus activi-
ties of these flavin analogs were investigated in vitro
against HSV-1 and HSV-2 according to the known pro-
cedure,21,22 using acyclovir as a positive control. The
potency of antiviral activity of each compound is ex-
pressed as a minimum inhibitory concentration required
to reduce virus plaque formation by 50% under experi-
mental conditions (ED50). The 2-deoxo-5-deazaflavin
derivatives, namely 2a,b,h,j, and 4b, exhibited some
antiviral activities of 0.8, 20, 4, 20, and 4 lg/mL
(ED50), respectively, against HSV-1. The obvious antivi-
ral effects are not their actual antiviral potencies but
mainly attributed to the pronounced cytotoxicities of
these compounds.







Table 1. Growth inhibitory activities of 2-methylthio-, 2-(substituted amino)-, and 2-amino-10-alkyl-2-deoxo-5-deazaflavins (2–4, 6, and 7) and


5-deazaflavin (5) against CCRF-HSB-2 and KB tumor cell lines


Compound Inhibitorty activity


[IC50 (lg/mL)]


Compound Inhibitorty activity


[IC50 (lg/mL)]


Compound Inhibitorty activity


[IC50 (lg/mL)]


CCRF-HSB-2 KB CCRF-HSB-2 KB CCRF-HSB-2 KB


2a 1.91 1.97 3d 46.4 58.5 7g >100.0 68.1


2b 7.07 5.42 3e 16.4 24.8 7h 5.9 8.44


2c 9.57 9.27 4a 13.7 17.9 7i 24.5 38.3


2d 15.3 12.0 4b 1.64 1.0 7j 25.2 32.7


2e 9.27 9.82 4c 14.3 44.5 7k 27.7 50.8


2f 5.92 7.69 5c 37.1 10.0 71 7.4 16.6


2g 9.87 21.5 6 6.04 7.31 7m 69.4 82.6


2h 1.82 1.73 7a 34.9 34.3 7n 6.0 8.8


2i 7.06 11.4 7b 26.3 23.5 7o 12.6 27.0


2j 4.84 8.75 7c 9.5 25.1 7p 11.3 14.0


3a 22.6 20.1 7d 39.0 36.0 7q 8.9 7.9


3b 1.96 3.96 7e 24.7 32.0 Ara-C 0.047 0.23


3c 35.6 23.6 7f 96.1 52.7
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The previously reported potent 2-deoxo-2-phenyl-5-
deazaflavins,1 which revealed minimum IC50 in the
range of 0.15–0.68 and 0.16–0.72 lg/mL against
CCRF-HSB-2 and KB cell lines, respectively, exhibited
ca. 3–10 times more efficient antitumor activities than
those of the aforementioned 2-methylthio-, 2-amino-
and 2-(substituted amino)-2-deoxo-5-deazaflavins (2–4
and 7), which revealed the minimum IC50 in the range
of 1.64–1.96 and 1.00–1.97 lg/mL against the same cell
lines. This can be explained that the phenyl group at
the 2-position provided better affinity to the enzyme
on account of the force of electrostatic attraction be-
tween the planar phenyl and the target site pocket of
the tumor cells. Hence, the phenyl derivatives exhibit a
good fitting within the active site and better antitumor
activity. The SAR revealed that the highest antitumor
activities (ca. 2.0 lg/mL) for 2-deoxo-5-deazaflavins
were obtained with the structural features on the pyrim-
idoquinoline skeleton; SMe, N(Me)2, or NH2 group at
the C-2 position, Et group at the N-10 position, and
Me group at the 7-position, and the moderate antitumor
activities (ca. 5.0 lg/mL) were obtained with the struc-
tural features: NHC4H9, morpholino or 4-methylpiper-
azinyl substituent at the C-2 position, Me group at the
N-10 position, and 7-OMe, 6,9-(OMe)2, or 7,8-(Me)2


substituent on the benzene ring. However, the interac-
tion of electrostatic van der Waals attraction for these
substituents with the active site of enzyme is less than
planar phenyl substituent. Therefore, they showed less
potential affinities and less antitumor activities than
the 2-phenyl derivatives. It is noteworthy that the 2-ami-
no and 2-methylthio derivatives (2–4 and 7) exhibited
promising antitumor potencies in comparison with the
less potent 2,4-dioxo-5-deazaflavins, which revealed
lower activity (IC50 > 10 lg/mL) against KB cell line.23


2.3. Molecular docking study


Both pharmaceutical companies and university labora-
tories have been active to develop compounds which
can inhibit tyrosine kinase activity in the expectation
that the potent and selective inhibitors would represent
a new class of therapeutics for cancers as well as other

proliferative diseases. Therefore, PTK inhibitors can
be applied aptly as a new mode of cancer therapy.
Depending on the above-mentioned idea, herein we
investigated the AutoDock binding affinities of the syn-
thesized 2-deoxo-5-deazaflavins (2–7) and computation-
ally designed 2-deoxo-5-deazaflavins (8a,b) connected
with amino acid at the 2-position into PTK. Toward
optimization of the aforementioned lead compounds
of the promising antitumor activities, the advanced
docking program AutoDock 3.0524 was used to evaluate
the binding free energies as potential inhibitors into the
target PTK macromolecule.


2.3.1. Validation of the accuracy and performance of
AutoDock. The most straightforward method for valida-
tion of the used scoring function is to inspect how clo-
sely the best-docked conformation resembles the
bound ligand in the experimental crystal structure. As
cited in the literature,10 if the RMSD (root mean square
deviation) of the best docked conformation is 62.0 Å
from the experimental one, the used scoring function
is successful. Therefore, the validation of the function
implemented in AutoDock was done by docking of the
native ligand into its binding site. The docked results
were compared to the crystal structure of the bound li-
gand–protein complex. The obtained success rates of
AutoDock24 were highly excellent as shown in Figure
3. The STI-571 ligand (Imatinib or Gleevec), 4-(4-meth-
ylpiperazin-1-ylmethyl)-n-[4-methyl-3-(4-pyridin-3-yl-
pyrimidin-2-ylamino)phenyl]-benzamide, was docked
into its c-Kit receptor PTK (pdb code: 1t46).


The RMSD of the docked ligand was 0.25 Å as it seems
exactly superimposed on the native bound one. More-
over, the obtained binding free energy (DGb) was quite
low being �18.43 kcal/mol. The docked ligand (yellow
stick) exhibited hydrogen bonds with almost same
atoms of amino acids involved with the native ligand
(ball and stick, colored by element). The docked STI li-
gand exhibited three hydrogen bonds between Cys 673,
Thr 670, and Asp 810 amino acids. Whereas, the native
ligand exhibited four hydrogen bonds between same
three amino acids involved in the docked ligand and







Figure 3. The docked STI ligand into PTK seems superimposed on the native STI ligand (ball and stick, colored by elements). The docked ligand


(yellow stick) exhibited hydrogen bonds (green dotted lines) with almost same amino acids involved by the native one, the DGb: �18.43 kcal/mol, and


RMSD: 0.25 Å.
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another amino acid of Glu 640. These results indicated
the high accuracy of the AutoDock simulation in com-
parison with the biological methods.25


2.3.2. AutoDock binding affinities of the synthesized and
the designed compounds into PTK. The binding affinity
was evaluated by the binding free energies (DGb, kcal/
mol), inhibition constants (Ki), hydrogen bonding, and
RMSD values. The compounds which revealed the high-
est binding affinities, that is, lowest binding free ener-
gies, within PTK and the hydrogen bond interactions
into the target macromolecule are represented in Table
2. These compounds include 7-substituted 2-deoxo-10-
methyl-2-dimethylamino-5-deazaflavins (3d,e), 10-alkyl-
2-amino-2-deoxo-5-deazaflavins (4a–c), 2-(substituted
amino)-10-alkyl-2-deoxo-5-deazaflavins (7c,e,n,p,q),
and the computationally designed 2-deoxo-5-deazaflav-
ins connected with amino acids (8a,b). The latter deriv-
atives exhibited many hydrogen bonds (4–6) between the
target PTK. As shown in Table 2, compound 8a (DGb: –
8.88 kcal/mol) exhibited four hydrogen bonds with Thr
670 and RMSD: 5.67 Å, compound 8b, (DGb:
�10.63 kcal/mol) exhibited six hydrogen bonds with
Lys 623, Val 668, Thr 670, and Asp 810 and RMSD:
4.29 Å, compound 7c (DGb: �13.37 kcal/mol) exhibited
two hydrogen bonds with Ala 621 and Thr 670 and
RMSD: 4.78 Å, compound 7n (DGb: �14.50 kcal/mol)
exhibited one hydrogen bond with Cys 673 and RMSD:
7.93 Å, and compound 7q (DGb: �15.05 kcal/mol)
exhibited one hydrogen bond with Thr 670 and RMSD:
3.80 Å.


To investigate the potential PTK inhibition, the compar-
atively antitumor active 10-alkyl-2-deoxo-2-methylthio-
5-deazaflavins (2a–j) were also docked into PTK
(1t46). Unfortunately, the docking of most compounds
(2) was too far for the distance (>2.50 Å) between the
C4-oxo group and HO of Thr 670 and/or HN of Lys
623 (as common hydrogen bond donors) to form the
hydrogen bond into the binding site. However, the pla-
nar pyrimidoquinoline ring was involved in hydropho-
bic electrostatic surface interaction, where it was
sandwiched between the phenyl moieties of Phe 811

and Tyr 672 and the terminal hydrocarbon chain of
Leu 595 within distance of 3.46, 4.53, and 3.36 Å,
respectively. Also the 2-methylthio group interacts with
lys 623, Val 668, and Cys 809 by hydrophobic attraction
within distance of 3.22, 3.90, and 3.47 Å, respectively.
The interactions keep these derivatives in the binding
site, providing better RMSD values than other deriva-
tives (3.80–5.41 Å). Exceptionally, compounds 2c and
2 e showed one hydrogen bond between the C4-oxo
and HO of Thr 670. This aforementioned docking
results of 2a–j indicate that these compounds are not
expected to be a reasonable candidate for PTK
inhibition.


The molecular docking study revealed that compounds
8a,b prepared by replacement of 2-methylthio moiety
of 10-alkyl-2-deoxo-2-methylthio-5-deazaflavins (2) by
amino acids such as glycine and histidine exhibited rea-
sonable binding energies and more important higher
number of hydrogen bonds. The comparative docking
modes of 8a,b and 7n into c-Kit receptor PTK with its
bound ligand STI are shown in detail in Figure 4. The
amino acid coupled to 5-deazaflavins has been shown
to enhance remarkably the binding potentials in PTK.
The higher affinity of these designed derivatives is pre-
sumably attributed to the formation of more hydrogen
bonds (4–6 hydrogen bonds) and/or tighter hydrogen
bonds between their 2-amino acid moieties and the bind-
ing site. While 10-alkyl-2-deoxo-2-methylthio-5-deazaf-
lavins (2) and other 2-(substituted amino)-2-deoxo-5-
deazaflavins (3, 6, and 7) exhibited less binding affinities
into the binding sites of PTK. This may be explained by
missing of substituents at C2-position which provide
tight hydrogen bond interaction or surface electrostatic
attraction such as 2-phenyl group as cited in our previ-
ous publication.1


Figure 5 illustrates docking of compound 4b (DGb:
�12.16 kcal/mol) in another region of the binding site
along with STI-ligand and 4b exhibited one hydrogen
bond. Whereas, compounds 7c and 7q were docked in
another groove with two and one hydrogen bonds,
respectively. This different binding mode of these com-







Table 2. The best docking results based on the binding free energies (DGb) and inhibition constants (Ki) of compounds docked into PTK, the


distances and angles of hydrogen bonds between compounds and amino acids involved in PTK, and RMSD from the crystallized STI ligand


Compound DGb
a (kcal/mol) Ki


b Hydrogen bonds between atoms of compounds and amino acids RMSDc (Å)


Atom of compound Amino acid Distance (Å) Angle (�)


3d �12.23 1.09E-09 C4-Oxo HN of Cys673 2.34 150.0 9.37


3e �12.87 3.66E-10 C4-Oxo HN of Thr670 2.40 127.1 3.73


C4-Oxo HO of Thr670 1.88 153.6


4a �12.71 4.82E-10 C2-NHa N of Lys623 1.91 163.1 3.02


C2-NHb N of Thr670 2.49 153.0


4b �12.16 1.21E-09 C2-NH OH of Glu640 1.91 120.2 4.61


4c �12.97 3.11E-10 C2-NH O of Thr670 1.96 139.6 6.19


7c �13.37 1.59E-10 C2-OH O of Ala 621 2.45 121.8 4.78


C2-O HO of Thr670 1.72 140.1


7e �14.27 3.49E-11 C4-Oxo — — —d 6.51


7n �14.50 1.59E-10 C4-Oxo HN of Cys673 2.15 124.0 7.93


7p �13.47 1.35E-10 C2-OH OH of Thr670 2.13 143.1 5.73


C2-O HO of Thr670 2.04 144.9


7q �15.05 9.34E-12 C2-NH OH of Thr670 2.03 157.2 3.80


C2-NH OH of Thr670 2.07 131.8


COOH OH of Thr670 2.37 139.2


8a �8.88 3.11E-07 COOH N of Thr670 2.24 127.7 5.67


COO HO of Thr670 2.23 147.0


C2-NH OH of Thr670 2.11 121.3


CO HNl of Thr670 2.35 119.5


8b �10.63 1.63E-08 COO HN of Lys623 1.33 128.1 4.29


COOH O of Val668 1.71 131.2


CO HO of Thr670 2.01 148.6


NH (imidazole) O of Asp 810 2.18 121.5


N3 HN of Cys673 1.66 161.0


STIe �18.43 3.08E-14 NH (H79) OH of Thr670 1.86 147.2 0.25


029 HN of Asp 810 2.01 133.3


a Binding free energy.
b Inhibition constant.
c Root mean square deviation.
d The angle of the detected H-bond (91.8�) does not fit with the angle requirements.
e The native co-crystalline ligand (STI-571) bound to PTK (PDB code: It46).
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pounds may explain their different antiproliferative
activity against CCRF-HSB-2 and KB tumor cell lines
as cited in Table 1.

Figure 4. Differential binding affinities of the synthesized 2-deoxo-5-deazaflav


with amino acids (8a: yellow, ball and stick; 8b: colored by element stick) into


bonds. The binding pocket of PTK is shown in transparent solid surface with


hydrogen bonds are shown as green lines.

The overall correlation between the growth inhibitory
activities (IC50, lg/mL) of the synthesized 5-deazaflavins
against tumor cells and the binding affinities predicted

in (7n; indigo, stick) and the designed 2-deoxo-5-deazaflavins connected


PTK. Compounds 8a,b exhibited the higher binding with 4–6 hydrogen


labeled amino acids and the STI ligand is shown as red line. The settled







Figure 5. Inhibitor 4b (colored by element, ball and stick) is docked horizontally into the plane of the groove of the binding site of PTK, where its C2-


NH2 group was involved in hydrogen bond with Glu 640, while 7c (colored by elememt, stick) is embedded perpendicularly into the groove exhibiting


two hydrogen bonds. Compound 7q (yellow, stick) is extended through the whole groove of the pocket forming one hydrogen bond with Thr 670.


The binding pocket is shown in solid surface and the STI ligand is shown as red line.


Figure 6. Correlation between the binding free energy (DGb) and IC50


of 2-(substituted amino)-10-alkyl-2-deoxo-5-deazaflavins (3a,c,d and


7a,b,d,e,h–l,o) against human T-cell acute lymphoblastoid leukemia


cell line (CCRF-HSB-2).


Figure 7. Correlation between the binding free energy (DGb) and IC50


of 2-amino- and 2-(substituted amino)-10-alkyl-2-deoxo-5-deazaflavins


(3c,d,4c, and 7a–e,h,i,l) against human oral epidermoid carcinoma cell


line (KB).
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by AutoDock was fairly good for some compounds.
Considering the growth inhibition against CCRF-
HSB-2 cells, it was noticed that the correlation between
IC50 of 3a,c,d and 7a,b,d,e,h–l,o and their AutoDock
binding free energies revealed an excellent correlation
coefficient (R2) of 0.809 as represented in Figure 6.

Whereas, the growth inhibition against KB cells re-
vealed a reasonable correlation with AutoDock binding
free energies for compounds 3c,d, 4c, and 7a–e,h,i,l of
correlation coefficient (R2) value of 0.599 as shown in
Figure 7.

3. Conclusions


In this study, various novel 10-alkyl-2-deoxo-2-methyl-
thio-5-deazaflavins (2a–j) were synthesized from 6-(N-
monoalkylanilino)-2-methylthiopyrimidin-4(3H)-ones
(1a–j) by the reaction using Vilsmeier reagent. The sim-
ilar 2-(substituted amino)-10-alkyl-2-deoxo-5-deazaflav-
ins (3a–e, 6, and 7a–q) were synthesized by the facile
replacement of C2-methylthio moiety by amines of dif-
ferent type. 10-Alkyl-2-amino-2-deoxo-5-deazaflavins
(4a–c) were also prepared in better yield than the pub-
lished method for compounds 4a,b. Additionally, 5-
deazaflavins {pyrimido[4,5-b]quinolin-2,4-diones} (5a–
c) were prepared by acidic hydrolysis of 2-deoxo-2-
methylthio-5-deazaflavins (2) in good yields. In the
growth inhibitory activities of 2–7 against T-cell acute
lymphoblastoid leukemia cell line (CCRF-HSB-2) and
human oral epidermoid carcinoma cell line (KB)
in vitro, many derivatives showed potential antitumor
activities. Among them, compounds 2a,h, 3b, and 4b
exhibited the most significant antiproliferative potencies
with IC50 of 1.64–1.96 and 1.00–3.96 lg/mL against
CCRF-HSB-2 and KB cells, respectively. Some other
derivatives, namely 2b,f,i,j, 6, and 7h,m,p showed IC50


of 4.84–7.40 and 5.42–7.90 lg/mL against CCRF-HSB-
2 and KB cells, respectively. These results revealed a
promising antitumor activity of many derivatives, which
are considered as new leads.


The AutoDock investigation of the synthesized 2-deoxo-
5-deazaflavins (2–4, 6, and 7) and the computationally
designed 2-deoxo-5-deazaflavins connected with amino
acids (8a,b) was carried out for lead optimization. Thus,
they were docked within c-kit protein tyrosine kinase.
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The overall correlation between the growth inhibitory
activities (IC50, lg/mL) of the synthesized 5-deazaflavins
against tumor cells and the binding affinities predicted
by AutoDock was fairly good for some compounds,
namely, 3a,c,d and 7a,b,d,e,h–l,o against CCRF-HSB-2
cell line, with the correlation coefficient (R2) of 0.809.
While the correlation between IC50 of compounds
3c,d, 4c, and 7a–e,h,i,l against KB cell line was also good
with the correlation coefficient (R2) of 0.599. Further, in
order to enhance the binding affinity of these deriva-
tives, 5-deazaflavins connected with amino acids were
designed computationally. They exhibited preferential
binding affinities into PTK with more hydrogen bonds
and lower binding free energies. These computationally
designed hybrid compounds may be promising candi-
dates for further antitumor investigation and their syn-
theses are in progress.

4. Experimental


4.1. Chemistry


Mps were obtained on a Yanagimoto micro melting
point apparatus and are uncorrected. Microanalyses
were measured by Yanaco CHN Corder MT-5 appara-
tus. IR spectra were recorded on a JASCO FT/IR-200
spectrophotometer as Nujol mulls. 1H NMR spectra
were obtained using a Varian VXR 300 MHz spectro-
photometer and chemical shift values were expressed
in d values (ppm) relative to tetramethylsilane (TMS)
as internal standard. Coupling constants are given in
Hz. All NH and OH protons were exchangeable with
D2O. UV spectra were measured in absolute EtOH
using Beckman DU-68S UV spectrophotometer and
the wavelength value with sh refers to wavelength at
which shoulder or inflexion occurs in the absorption.
All reagents were of commercial quality and were used
without further purification. Organic solvents were
dried in the presence of an appropriate drying agent
and were stored over suitable molecular sieves. Reaction
progress was monitored by analytical thin layer chro-
matography (TLC) on pre-coated glass plates (silica
gel 60F254-plate-Merck) and the products were visual-
ized by UV light.


4.1.1. General procedure for the preparation of 6-(N-
alkylanilino)-2-methylthiopyrimidin-4(3H)-ones (1a–j). A
mixture of 6-chloro-2-methylthiopyrimidin-4(3H)-
one14,16 (3.0 g, 0.017 mol) and an appropriate N-alky-
laniline (0.051–0.085 mol) in n-butanol (20 mL) was
refluxed with stirring for 12–72 h. After cooling, the pre-
cipitated solid was filtered off to get the first crop. The
filtrate was concentrated in vacuo and the residue was
crushed with diethyl ether to precipitate powdery crys-
tals, which were filtered off, washed with water, and
dried to afford the second crop. The collected solids were
crystallized from appropriate solvents with charcoal to
afford the corresponding products as colorless needles
in 55–83% yields.


4.1.2. 6-(N-Methylanilino)-2-methylthiopyrimidin-4(3H)-
one (1a). Yield, 3.11 g (74%); mp 268–270 �C (from

EtOH); UV (EtOH): kmax/nm (log e/dm3 mol�1 cm�1):
241 (4.28), 263sh (4.15), 292sh (3.89); IR (mmax/cm�1):
3220 (NH), 1640 (CO); 1H NMR (CDCl3): d 2.46 (3H,
s, 2-SMe), 3.45 (3H, s, 6-NMe), 5.06 (1H, s, 5-H),
7.11–7.30 (3H, m, Ph-o,pH), 7.36–7.43 (2H, m, Ph-
mH), 13.24 (1H, br s, 3-NH, exchangeable with D2O);
Anal. calcd for C12H13N3OS: C, 58.28; H, 5.30; N,
16.99. Found C, 58.23; H, 5.43; N, 16.95.


4.1.3. 6-(N-Ethylanilino)-2-methylthiopyrimidin-4(3H)-
one (1b). Yield, (2.89 g, 65%); mp 235–236 �C (from
EtOH); UV (EtOH): kmax/nm (log e/dm3 mol�1 cm�1):
241 (4.56), 261sh (4.40), 293sh (4.10) ; IR (mmax/cm�1):
3200 NH), 1640 (CO); 1H NMR (CDCl3): d 1.20 (3H,
t, J = 6.9 Hz, 6-NCH2-CH3), 2.48 (3H, s, 2-SMe), 3.94
(2H, q, J = 6.9 Hz, 6-NCH2-CH3), 4.90 (1H, s, 5-H),
7.15–7.22 (2H, m, Ph-oH), 7.28–7.34 (2H, m, Ph–pH),
7.37–7.45 (2H, m, Ph–mH), 13.35 (1H, br s, 3-NH,
exchangeable with D2O); Anal. calcd for C13H15N3OS:
C, 59.74; H, 5.79; N, 16.08. Found: C, 59.58; H, 5.81;
N, 16.10.


4.1.4. 6-(N-Methyl-4-methylanilino)-2-methylthiopyrimi-
din-4(3H)-one (1c). Yield, (3.51 g, 79%); mp 301–303 �C
(from EtOH); UV (EtOH): kmax/nm (log e/
dm3 mol�1 cm�1): 242 (4.56), 259sh (4.47), 292sh
(4.16); IR (mmax/cm�1): 3200 (NH), 1625 (CO); 1H
NMR (CDCl3): d 2.36 (3H, s, pMe), 2.48 (3H, s, 2-
SMe), 3.43 (3H, s, 6-N-Me), 5.02 (1H, s, 5-H), 7.09
(2H, d, J 20;30 ¼ J 50 ;60 ¼ 8:1 Hz, Ar-oH), 7.19 (2H, d,
J 20 ;30 ¼ J 50 ;60 ¼ 8:1 Hz, Ar-mH), 12.94 (1H, br s, 3-NH,
exchangeable with D2O); Anal. calcd for C13H15N3OS:
C, 59.74; H, 5.79; N, 16.08 . Found: C, 59.66; H, 5.70;
N, 15.86.


4.1.5. 6-(N-Methyl-2-methylanilino)-2-methylthiopyrimi-
din-4(3H)-one (1d). Yield, (2.35 g, 53%); mp 246–248 �C
(from MeOH); UV (EtOH): kmax/nm (log e/
dm3 mol�1 cm�1): 240 (4.59), 267sh (4.33), 290sh
(4.09); IR (mmax/cm�1): 3200 (NH), 1620 (CO); 1H
NMR (CDCl3): d 2.15 (3H, s, oMe), 2.57 (3H, br s, 2-
SMe), 3.39 (3H, s, 6-NMe), 4.62 (1H, br s, 5-H), 7.08–
7.13 (1H, m, Ar-oH), 7.21–7.25 (3H, m, Ar-m,pH),
13.07 (1H, br s, 3-NH, exchangeable with D2O); Anal.
calcd for C13H15N3OS: C, 59.74; H, 5.74; N, 16.08.
Found: C, 59.72; H, 5.97; N, 15.85.


4.1.6. 6-(N-Methyl-4-methoxyanilino)-2-methylthiopyr-
imidin-4(3H)-one (1e). Yield, (3.58 g, 76%); mp 292–
293 �C (from EtOH); UV (EtOH): kmax/nm (log e/
dm3 mol�1 cm�1): 246 (4.44), 275sh (4.20), 289sh
(4.07); IR (mmax/cm�1): 3200 (NH), 1630 (CO); 1H
NMR (CDCl3): d 2.48 (3H, s, 2-SMe), 3.42 (3H, s, 6-
NMe), 3.82 (3H, s, pOMe), 4.98 (1 H, s, 5-H), 6.91 (2
H, d, J 20;30 ¼ J 50;60 ¼ 9:0 Hz, Ar-oH), 7.12 (2H, d,
J 20 ;30 ¼ J 50 ;60 ¼ 9:0 Hz, Ar-mH), 12.78 (1H, br s, 3-NH,
exchangeable with D2O); Anal. calcd for C13H15N3O2S:
C, 56.30; H, 5.45; N, 15.15. Found: C, 56.13; H, 5.44; N,
15.30.


4.1.7. 6-(N-Methyl-3-methoxyanilino)-2-methylthiopyr-
imidin-4(3H)-one (1f). Yield, (3.54 g, 75%); mp 196–
198 �C (from EtOH); UV (EtOH): kmax/nm (log e/
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dm3 mol�1 cm�1): 240 (4.56), 261sh (4.42), 287sh (4.20);
IR (mmax/cm�1): 3200 (NH), 1635 (CO); 1H NMR
(CDCl3): d 2.48 (3H, s, 2-SMe), 3.44 (3H, s, 6-NMe),
3.80 (3H, s, mOMe), 5.08 (1H, s, 5-H), 6.73–6.77 (1H,
m, Ar-pH), 6.78–6.85 (2H, m, Ar-oH), 7.30 (1H, t,
J 40 ;50 ¼ J 50 ;60 ¼ 8:4 Hz, Ar-mH), 13.02 (1H, br s, 3-NH,
exchangeable with D2O); Anal. calcd for C13H15N3O2S:
C, 56.30; H, 5.45; N, 15.15. Found: C, 56.39; H, 5.48; N,
14.90.


4.1.8. 6-(N-Methyl-4-chloroanilino)-2-methylthiopyrimi-
din-4(3H)-one (1g). Yield, (3.98 g, 83%); mp >300 �C
(from MeOH); UV (EtOH): kmax/nm (log e/
dm3 mol�1 cm�1): 239 (4.51), 262sh (4.43), 291sh (4.21);
IR (mmax/cm�1): 3200 (NH), 1620 (CO); 1H NMR
(CDCl3): d 2.44 (3H, s, 2-SMe), 3.41 (3H, s, 6-NMe),
5.07 (1H, s, 5-H), 6.91 (2H, d, J 20 ;30 ¼ J 50;60 ¼ 8:7 Hz, Ar-
oH), 7.12 (2H, d, J 20;30 ¼ J 50;60 ¼ 8:7 Hz, Ar-mH), 11.89
(1H, br s, 3-NH, exchangeable with D2O); Anal. calcd
for C12H12ClN3OS: C, 51.15; H, 4.29; N, 14.91. Found:
C, 50.85; H, 4.28; N, 14.88.


4.1.9. 6-(N-Ethyl-4-methylanilino)-2-methylthiopyrimi-
din-4(3H)-one (1h). Yield, (2.86 g, 61%); mp 237–
239 �C (from EtOH); UV (EtOH): kmax/nm (log e/
dm3 mol�1 cm�1): 242 (4.63), 260sh (4.48), 292sh
(4.16); IR (mmax/cm�1): 3200 (NH), 1635 (CO); 1H
NMR (CDCl3): d 1.19 (3H, t, J = 7.2 Hz, 6-NCH2-
CH3), 2.37 (3H, s, pMe), 2.49 (3H, s, 2-SMe), 3.91
(2H, q, J = 7.2 Hz, 6-NCH2-CH3), 4.86 (1H, s, 5-H),
7.04 (2H, d, J 20 ;30 ¼ J 50 ;60 ¼ 8:4 Hz, Ar-oH), 7.19 (2H,
d, J 20;30 ¼ J 50;60 ¼ 8:4 Hz, Ar-mH), 13.13 (1H, br s, 3-
NH, exchangeable with D2O); Anal. calcd for
C14H17N3OS: C, 61.06; H, 6.22; N, 15.26. Found: C,
61.12; H, 6.24; N, 15.50.


4.1.10. 6-(N-Methyl-3,4-dimethylanilino)-2-methylthio-
pyrimidin-4(3H)-one (1i). Yield, (3.65 g, 78%); mp 281–
283 �C (from EtOH); UV (EtOH): kmax/nm (loge/
dm3 mol�1 cm�1): 243 (4.55), 260sh (4.44), 292sh
(4.13); IR (mmax/cm�1): 3200 (NH), 1625 (CO); 1H
NMR (CDCl3): d 2.25 (3H, s, pMe), 2.26 (3H, s,
mMe), 2.49 (3H, s, 2-SMe), 3.42 (3H, s, 6-NMe), 5.00
(1H, s, 5-H), 6.92 (1H, dd, J 50;60 ¼ 7:8 Hz,
J 20 ;60 ¼ 1:5 Hz , N-Ar-6 0H), 6.98 (1H, d, J 20;60 ¼ 1:5 Hz,
Ar-2 0H), 7.14 (1H, d, J 50;60 ¼ 7:8 Hz, Ar-5 0H), 12.74
(1H, br s, 3-NH, exchangeable with D2O); Anal. calcd
for C14H17N3OS: C, 61.06; H, 6.22; N, 15.26. Found:
C, 61.13; H, 6.17; N, 14.95.


4.1.11. 6-(N-Methyl-2,5-dimethoxyanilino)-2-methylthio-
pyrimidin-4(3H)-one (1j). Yield, (3.76 g, 72%); mp 227–
229 �C (from EtOH); UV (EtOH): kmax/nm (log e/
dm3 mol�1 cm�1): 240 (4.50), 266sh (4.23), 292sh
(4.16); IR (mmax/cm�1): 3200 (NH), 1630 (CO); 1H
NMR (CDCl3): d 2.50 (3H, br s, 2-SMe), 3.36 (3H, s,
6-NMe), 3.75 (3H, s, 2 0-OMe), 3.76 (3H, s, 5 0-OMe),
4.87 (1H, s, 5-H), 6.73 (1H, d, J 40;60 ¼ 3:0 Hz, Ar-6 0-
H), 6.83 (1H, dd, J 40;60 ¼ 9:0 Hz, J 40 ;60 ¼ 3:0 Hz, Ar-
4 0H), 6.90 (1H, d, J 40 ;60 ¼ 9:0 Hz, Ar-3 0H), 12.93 (1H,
br s, 3-NH, exchangeable with D2O); Anal. calcd for
C14H17N3O3S: C, 54.71; H, 5.57; N, 13.67. Found: C,
54.81; H, 5.62; N, 13.39.

4.1.12. General procedure for the preparation of 10-alkyl-
2-deoxo-2-methylthio-5-deazaflavins {10-alkyl-2-methyl-
thiopyrimido[4,5-b]quinolin-4(10H)-ones} (2a–j). A mix-
ture of 6-(N-alkylanilino)-2-methylthiopyrimidin-4(3H)-
ones (1, 0.01 mol) and phosphoryl chloride (7.7 g,
0.05 mol) in anhydrous dimethylformamide (10 mL)
was heated under stirring at 90 �C for 0.5–2 h. Then, the
reaction mixture was poured onto ice and neutralized
with aqueous ammonia (pH 7). The yellow crystals
separated were filtered off, washed with water, dried,
and recrystallized from an appropriate solvent to afford
the corresponding product as yellow needles in 71–99%
yields.


4.1.13. 10-Methyl-2-methylthiopyrimido[4,5-b]quinolin-
4(10H)-one (2a). Yield, (2.55 g, 99%); mp 281–282 �C
(decomp. from DMF); UV (EtOH): kmax/nm (log e/
dm3 mol�1 cm�1): 222 (4.57), 268 (4.24), 286 (4.42),
340 (4.12), 423 (4.17); IR (mmax/cm�1): 1655 (CO); 1H
NMR (CDCl3): d 2.62 (3H, s, 2-SMe), 4.29 (3H, s, 10-
Me), 7.60 (1H, t, J6,7 = J7,8 = 8.7 Hz, 7-H), 7.81 (1H,
d, J8,9 = 8.7 Hz, 9-H), 7.97 (1H, t, J7,8 = J8,9 = 8.7 Hz,
8-H), 7.02 (1H, d, J6,7 = 8.7 Hz, 6-H), 9.24 (1H, s, 5-
H); Anal. calcd for C13H11N3OS: C, 60.68; H, 4.31; N,
16.33. Found: C, 60.30; H, 4.53; N, 15.94.


4.1.14. 10-Ethyl-2-methylthiopyrimido[4,5-b]quinolin-
4(10H)-one (2b). Yield, (2.69 g, 99%); mp 262–265 �C (de-
comp. from DMF); UV (EtOH): kmax/nm (log e/
dm3 mol�1 cm�1): 222 (4.64), 268sh (4.32), 286 (4.49),
338 (4.19), 424 (4.25); IR (mmax/cm�1): 1655 (CO); 1H
NMR (CDCl3): d 1.54 (3H, t, J = 6.9 Hz, 10-CH2-CH3),
2.63 (3H, s, 2-SMe), 4.96 (2H, q, J = 6.9 Hz, 10-CH2-
CH3), 7.59 (1H, dt, 1 H, J6,7 = J7,8 = 9.0 Hz,
J7,9 = 1.5 Hz, 7-H), 7.82 (1H, d, J8,9 = 9.0 Hz, 9-H), 7.97
(1H, dt, J7,8 = J8,9 = 9.0 Hz, J6,8 = 1.5 Hz, 8-H), 8.04
(1H, dd, J6,7 = 9.0 Hz, J6,8 = 1.5 Hz, 6-H), 9.24 (1H, s,
5-H); Anal. calcd for C14H13N3OS: C, 61.97; H, 4.83; N,
15.49. Found: C, 62.08; H, 5.01; N, 15.12.


4.1.15. 7,10-Dimethyl-2-methylthiopyrimido[4,5-b]quino-
lin-4(10H)-one (2c). Yield, (2.66 g, 98%); mp 279–281 �C
(decomp. from DMF); UV (EtOH): kmax/nm (log e/
dm3 mol�1 cm�1): 225 (4.62), 270 (4.36), 288 (4.46),
340 (4.19), 432 (4.23); IR (mmax/cm�1): 1640 (CO); 1H
NMR (CDCl3): d 2.56 (3H, s, 7-Me), 2.62 (3H, s, 2-
SMe), 4.28 (3H, s, 10-Me), 7.71 (1H, d, J8,9 = 8.7 Hz,
9-H), 7.75–7.80 (1H, m, 8-H), 7.81 (1H, d,
J6,8 = 2.1 Hz, 6-H), 9.16(1H, s, 5-H); Anal. calcd for
C14H13N3OS: C, 61.97; H, 4.83; N, 15.49. Found: C,
61.66; H, 4.89; N, 15.27.


4.1.16. 9,10-Dimethyl-2-methylthiopyrimido[4,5-b]quino-
lin-4(10H)-one (2d). Yield, (1.93 g, 71%); mp 273–274 �C
(decomp. from DMF); UV (EtOH): kmax/nm (log e/
dm3 mol�1 cm�1): 227 (4.56), 270 (4.36), 290 (4.52),
351 (4.26), 429 (4.21); IR (mmax/cm�1): 1650 (CO); 1H
NMR (CDCl3): d 2.63 (3H, s, 2-SMe), 2.91 (3H, s, 9-
Me), 4.35 (3H, s, 10-Me), 7.45 (1H, t,
J6,7 = J7,8 = 7.5 Hz, 7-H), 7.70–7.76 (1H, m, 8-H), 7.82
(1H, d, J6,7 = 7.5 Hz, 6-H), 9.14 (1H, s, 5-H); Anal. calcd
for C14H13N3OS: C, 61.97; H, 4.83; N, 15.49. Found: C,
61.73; H, 4.96; N, 15.10.
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4.1.17. 7-Methoxy-10-methyl-2-methylthiopyrimido[4,5-
b]quinolin-4(10H)-one (2e). Yield, (2.7 g, 94%); mp
275–277 �C (decomp. from DMF); UV (EtOH): kmax/
nm (log e/dm3 mol�1 cm�1): 229 (4.48), 275 (4.40), 290
(4.43), 339 (4.12), 450 (4.19); IR (mmax/cm�1): 1650
(CO); 1H NMR (CDCl3): d 2.63 (3H, s, 2-SMe), 3.97
(3H , s, 7-OMe), 4.31 (3H, s, 10-Me), 7.31 (1H, d,
J6,8 = 3.0 Hz, 6-H), 7.61 (1H, dd, J8,9 = 9.3 Hz,
J6,8 = 3.0 Hz, 8-H), 7.77 (1H, d, J8,9 = 9.3 Hz, 9-H),
9.19 (1H, s, 5-H); Anal. calcd for C14H13N3O2S: C,
58.52; H, 4.56; N, 14.62. Found: C, 58.26; H, 4.67; N,
14.22.


4.1.18. 8-Methoxy-10-methyl-2-methylthiopyrimido[4,5-
b]quinolin-4(10H)-one (2f). Yield, (2.70 g, 94%); mp 285–
287 �C (decomp. from DMF); UV (EtOH): kmax/nm
(log e/dm3 mol�1 cm�1): 231 (4.60), 256 (4.25), 281
(4.44), 359 (4.05), 417 (4.47); IR (mmax/cm�1): 1630 (CO);
1H NMR (CDCl3): d 2.60 (3H, s, 2-SMe), 4.07 (3H, s, 8-
OMe), 4.21 (3H, s, 10-Me), 7.03 (1H, d, J7,9 = 2.4 Hz, 9-
H), 7.18 (1H, dd, J6,7 = 9.0 Hz, J7,9 = 2.4 Hz, 7-H), 7.89
(1H, d, J6,7 = 9.0 Hz, 6-H), 9.09 (1H, s, 5-H); Anal. calcd
for C14H13N3O2S: C, 58.52; H, 4.56; N, 14.62. Found: C,
58.42; H, 4.63; N, 14.36.


4.1.19. 7-Chloro-10-methyl-2-methylthiopyrimido[4,5-b]-
quinolin-4(10H)-one (2g). Yield, (2.86 g, 98%); mp 287–
289 �C (decomp. from DMF); UV (EtOH): kmax/nm
(log e/dm3 mol�1 cm�1): 227 (4.63), 272 (4.49), 291
(4.46), 332 (4.12), 434 (4.19); IR (mmax/cm�1): 1650 (CO);
1H NMR (CDCl3): d 2.62 (3H, s, 2-SMe), 4.27 (3H, s,
10-Me), 7.75 (1H, d, J8,9 = 9.3 Hz, 9-H), 7.61 (1H, dd,
J8,9 = 9.3 Hz, J6,8 = 2.4 Hz, 8-H), 7.97 (1H, d,
J6,8 = 2.4 Hz, 6-H), 9.12 (1H, s, 5-H); Anal. calcd for
C13H10ClN3OS: C, 53.52; H, 3.45; N, 14.40. Found: C,
53.55; H, 3.66; N, 14.17.


4.1.20. 10-Ethyl-7-methyl-2-methylthiopyrimido[4,5-b]-
quinolin-4(10H)-one (2h). Yield, (2.71 g, 95%); mp 278–
280 �C (decomp. from DMF); UV (EtOH): kmax/nm
(log e/dm3 mol�1 cm�1): 225 (4.65), 269 (4.41), 289
(4.49), 340 (4.23), 432 (4.26); IR (mmax/cm�1): 1655
(CO); 1H NMR (CDCl3): d 1.52 (3H, t, J = 7.2 Hz, 10-
CH2-CH3), 2.56 (3H, s, 7-Me), 2.62 (3H, s, 2-SMe),
4.94 (2H, q, J = 7.2 Hz, 10-CH2-CH3), 7.69–7.74 (1H,
m, 9-H), 7.76–7.81 (3H, m, 6, 8-H), 9.17 (1H, s, 5-H);
Anal. calcd for C15H15N3OS: C, 63.13; H, 5.30; N,
14.73. Found: C, 63.37; H, 5.55; N, 14.51.


4.1.21. 7,8,10-Trimethyl-2-methylthiopyrimido[4,5-b]-
quinolin-4(10H)-one (2i). Yield, (2.31 g, 81%); mp 266–
268 �C (decomp. from DMF); UV (EtOH): kmax/nm
(log e/dm3 mol�1 cm�1): 226 (4.65), 270 sh (4.35), 284
(4.48), 351 (4.23), 430 (4.30); IR (mmax/cm�1): 1655
(CO); 1H NMR (CDCl3): d 2.46 (3H, s, 7-Me), 2.57
(3H, s, 8-Me), 2.62 (3H, s, 2-SMe), 4.26 (3H, s, 10-
Me), 7.56 (1H, s, 9-H), 7.70 (1H, s, 6-H), 9.13 (1H, s,
5-H); Anal. calcd for C15H15N3OS: C, 63.13; H, 5.30;
N, 14.72. Found: C, 62.83; H, 5.42; N, 14.32.


4.1.22. 6,9-Dimethoxy-10-methyl-2-methylthiopyrimido-
[4,5-b]quinolin-4(10H)-one (2j). Yield, (2.73 g, 86%); mp
251–253 �C (decomp. from DMF); UV (EtOH): kmax/

nm (log e/dm3 mol�1 cm�1): 213 (4.31), 259 (4.26), 278
sh (4.09), 311 (4.41), 403 (4.33); IR (mmax/cm�1): 1660
(CO); 1H NMR (CDCl3): d 2.63 (3H, s, 2-SMe), 3.96
(3H, s, 9-OMe), 3.98 (3H, s, 6-OMe), 4.48 (3H, s, 10-
Me), 6.78 (1H, d, J7,8 = 9.0 Hz, 7-H), 7.31 (1H, d,
J8,9 = 9.0 Hz, 8-H), 9.63 (1H, s, 5-H); Anal. calcd for
C15H15N3O3S: C, 56.77; H, 4.76; N, 13.24. Found: C,
56.65; H, 4.78; N, 13.01.


4.1.23. General procedure for the preparation of 10-alkyl-
2-deoxo-2-dimethylamino-5-deazaflavins {10-alkyl-2-dim-
ethylaminopyrimido[4,5-b]quinolin-4(10H)-ones} (3a–e).
A mixture of 10-alkyl-2-deoxo-2-methylthio-5-deazafla-
vin (2, 5.0 mmol) and 50% aqueous dimethylamine
(50 mL) was heated in steel sealed tube at 135 �C
(10 kg/cm2 pressure) for 4 h. After the reaction was com-
plete, the precipitated crystals were collected by filtera-
tion, and mother liquid was evaporated in vacuo to
get the second crop. The product was washed with
water, dried and recrystallized from an appropriate sol-
vent to afford the corresponding product as yellow crys-
tals in 59–96% yields.


4.1.24. 10-Methyl-2-dimethylaminopyrimido[4,5-b]quino-
lin-4(10H)-one (3a). Yield, (1.22 g, 96%); mp >300 �C
(from DMF); UV (EtOH): kmax/nm (log e/
dm3 mol�1 cm�1): 220 (4.65), 271 (4.68), 279sh (4.57),
320 (4.12), 382sh (4.15), 408 (4.33), 432 (4.28); IR
(mmax/cm�1): 1655 (CO); 1H NMR (CDCl3): d 3.34
(6H, s, 2-N(CH3)2), 4.12 (3H, s,10-Me), 7.44 (1H, t,
J6,7 = J7,8 = 7.8 Hz, 7-H), 7.65 (1H, d, J8,9 = 8.7 Hz, 9-
H), 7.81 (1H, t, J7,8 = 7.8 Hz, J8,9 = 8.7 Hz, 8-H), 7.86
(1H, d, J6,7 = 7.8 Hz, 6-H), 8.94 (1H, s, 5-H); Anal.
calcd for C14H14N4OÆ0.1H2O: C, 65.66; H, 5.59; N,
21.88. Found: C, 65.55; H, 5.80; N, 21.50.


4.1.25. 10-Ethyl-2-dimethylaminopyrimido[4,5-b]quinolin-
4(10H)-one (3b). Yield, (0.79 g, 59%); mp >300 �C (from
DMF); UV (EtOH): kmax/nm (log e/dm3 mol�1 cm�1):
220 (4.55), 271 (4.53), 278sh (4.48), 322 (3.96), 383sh
(4.04), 407 (4.22), 431 (4.16); IR (mmax/cm�1): 1650
(CO); 1H NMR (CDCl3): d 1.49 (3H, t, J = 7.2 Hz, 10-
CH2-CH3), 3.34 (3H, s, 2-NMe), 3.48 (3H, s, 2-NMe),
4.79 (2H, q, J = 7.2 Hz, 10-CH2-CH3), 7.43 (1H, dt,
J6,7 = J7,8 = 7.8 Hz, J7,9 = 1.8 Hz, 7-H), 7.65 (1H, d,
J8,9 = 8.7 Hz, 9-H), 7.81 (1H, dt, J7,8 = 7.8 Hz,
J8,9 = 8.7 Hz, J6,8 = 1.8 Hz, 8-H), 7.90 (1 H, dd,
J6,7 = 7.8 Hz, J6,8 = 1.8 Hz, 6-H), 8.95 (1H, s, 5-H);
Anal. calcd for C15H16N4O: C, 67.15; H, 6.01; N,
20.88. Found: C, 66.86; H, 6.12; N, 20.70.


4.1.26. 7-Methoxy-10-methyl-2-dimethylaminopyrimi-
do[4,5-b]quinolin-4(10H)-one (3c). Yield, (1.24 g, 87%);
mp 291–294 �C (decomp. from DMF); UV (EtOH):
kmax/nm (log e/dm3 mol�1 cm�1): 225 (4.64), 279 (4.69),
326 (4.18), 400sh (4.09), 428 (4.37), 454 (4.36); IR
(mmax/cm�1): 1660 (CO); 1H NMR (CDCl3): d 3.33
(6H, s, 2-N(CH3)2), 3.92 (3H, s, 7-OMe), 4.12 (3H,
s,10-Me), 7.20 (1H, d, J6,8 = 3.0 Hz, 6-H), 7.44 (1H,
dd, J8,9 = 9.3 Hz, J 6,8 = 3.0 Hz, 8-H), 7.60 (1 H, d,
J8,9 = 9.3 Hz, 9-H), 8.88 (1 H, s, 5-H); Anal. calcd for
C15H16N4O2: C, 63.37; H, 5.67; N, 19.71. Found: C,
63.03; H, 5.65; N, 19.52.
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4.1.27. 7-Chloro-10-methyl-2-dimethylaminopyrimido-
[4,5-b]quinolin-4(10H)-one (3d). Yield, (0.94 g, 65%); mp
291–293 �C (decomp. from DMF); UV (EtOH): kmax/
nm (log e/dm3 mol�1 cm�1): 225 (4.64), 275 (4.70),
286sh (4.52), 318 (4.06), 390sh (4.10), 415 (4.25), 424
(4.19); IR (mmax/cm�1): 1650 (CO); 1H NMR (CDCl3): d
3.33 (3H, s, 2-NMe), 3.34 (3H, s, 2-NMe), 4.09 (3H,
s,10-Me), 7.59 (1H, d, J8,9 = 9.0 Hz, 9-H), 7.74 (1H, dd,
J8,9 = 9.0 Hz, J6,8 = 2.4 Hz, 8-H), 7.80 (1H, d,
J6,8 = 2.4 Hz, 6-H), 8.81 (1H, s, 5-H); Anal. calcd for
C14H13ClN4OÆ0.2H2O: C, 57.52; H, 4.62; N, 19.17.
Found: C, 57.40; H, 4.60; N, 19.07.


4.1.28. 7,10-Dimethyl-2-dimethylaminopyrimido[4,5-b]-
quinolin-4(10H)-one (3e). Yield, (1.15 g, 86%); mp
>300 �C (decomp. from DMF); UV (EtOH): kmax/nm
(log e/dm3 mol�1 cm�1): 222 (4.68), 273 (4.68), 281sh
(4.59), 323 (4.13), 389sh (4.15), 413 (4.35), 438 (4.30); IR
(mmax/cm�1): 1655 (CO); 1H NMR (CDCl3): d 2.50 (3H,
s, 7-Me), 3.33 (6H, s, 2-NMe2), 4.10 (3H, s,10-Me), 7.55
(1H, d, J8,9 = 9.6 Hz, 9-H), 7.61–7.65 (2H, m, 6 and 8-
H), 8.88 (1H, s, 5-H); Anal. calcd for C15H16N4O: C,
67.15; H, 6.01; N, 20.88. Found: C, 66.92; H, 6.09; N,
20.88.


4.1.29. General procedure for the preparation of 10-alkyl-
2-amino-2-deoxo-5-deazaflavins {10-alkyl-2-aminopyrim-
ido[4,5-b]quinolin-4(10H)-ones} (4a–c). A mixture of 10-
alkyl-2-deoxo-2-methylthio-5-deazaflavins (2, 4.0 mmol)
and ammonium acetate (10 g, 0.13 mol) was heated un-
der stirring at 160–165 �C for 0.5–3 h. The reaction mix-
ture was cooled, diluted with water (15 mL), neutralized
with aqueous ammonia (pH 7), and cooled in refrigera-
tor overnight. The resulting yellow crystals were col-
lected by filtration, dried, and crystallized from an
appropriate solvent to give the corresponding products
as yellow needles in 57–77% yields.


4.1.30. 2-Amino-10-methylpyrimido[4,5-b]quinolin-4(10H)-
one (4a). Yield, (0.64 g, 57%); mp 284–288 �C (decomp.
from DMF, lit.,26 288 �C); UV (EtOH): kmax/nm (log e/
dm3 mol�1 cm�1): 218 (4.40), 267 (4.44), 319 (3.95),
380sh (3.67), 401 (3.83), 425 (3.72); IR (mmax/cm�1): 3340
and 3470 (NH), 1640 (CO); 1H NMR (CDCl3): d 4.18
(3H, s,10-NMe), 5.38 (1H, br s, 2-NH, exchangeable with
D2O), 5.74 (1H, br s, 2-NH,exchangeable with D2O), 7.43
(1H, dt, J6,7 = J7,8 = 7.8 Hz, J7,9 = 1.5 Hz, 7-H), 7.71 (1H,
d, J8,9 = 8.7 Hz, 9-H), 7.88 (1H, dt, J7,8 = 7.8 Hz,
J8,9 = 8.7 Hz, J6,8 = 1.5 Hz, 8-H), 7.90 (1 H, dd,
J6,7 = 7.8 Hz, J6,8 = 1.5 Hz, 6-H), 9.06 (1H, s, 5-H); Anal.
calcd for C12H10N4OÆ0.3H2O: C, 62.22; H, 4.61; N, 24.19.
Found: C, 62.35; H, 4.65; N, 23.78.


4.1.31. 2-Amino-10-ethylpyrimido[4,5-b]quinolin-4(10H)-
one (4b). Yield, (0.93 g, 77%); mp 264–266 �C (from
EtOH, lit.,26 266 �C); UV (EtOH): kmax/nm (log e/
dm3 mol�1 cm�1): 220 (4.56), 268 (4.63), 319 (4.09),
378sh (3.83), 400 (4.02), 424 (3.91); IR (mmax/cm�1):
3320 and 3410 (NH), 1630 (CO); 1H NMR [(CD3)2SO]:
d 1.36 (3H, t, J = 6.9 Hz, 10-CH2-CH3), 4.81 (2H, q,
J = 6.9 Hz, 10-CH2-CH3), 7.38 (2H, br s, 2-
NH2,exchangeable with D2O), 7.54 (1 H, dt,
J6,7 = J7,8 = 7.8 Hz, J7,9 = 1.2 Hz, 7-H), 7.88–8.06 (2H,

m, 8 and 9-H), 8.20 (1H, dd, J 6,7 = 7.8 Hz,
J6,8 = 1.2 Hz, 6-H), 8.92 (1 H, s, 5-H); Anal. calcd for
C13H12N4OÆH2O: C, 60.45; H, 5.46; N, 21.69. Found:
C, 60.28; H, 5.49; N, 21.29.


4.1.32. 2-Amino-7,10-dimethylpyrimido[4,5-b]quinolin-
4(10H)-one (4c). Yield, (1.02 g, 85%); mp >300 �C (from
DMF); UV (EtOH): kmax/nm (log e/dm3 mol�1 cm�1):
221 (4.57), 268 (4.66), 320 (4.08), 381sh (3.96), 408
(4.11), 428 (4.02); IR (mmax/cm�1): 3360 and 3330
(NH), 1635 (CO); 1H NMR [(CD3)2SO]: d 2.47 (3H, s,
7-Me), 4.09 (3H, s, 10-Me), 7.15 (2H, br s, 2-NH2,
exchangeable with D2O), 7.75 (1H, dd, J8,9 = 9.0 Hz,
J6,8 = 2.1 Hz, 8-H), 7.82 (1H, d, J8,9 = 9.0 Hz, 9-H),
7.94 (1 H, br s, 6-H), 8.79 (1H, s, 5-H).; Anal. calcd
for C13H12N4OÆ0.3H2O: C, 63.56; H, 5.17; N, 22.81.
Found: C, 63.96; H, 5.34; N, 22.44.


4.1.33. General procedure for the preparation of 10-alkyl-
5-deazaflavins {10-alkylpyrimido[4,5-b]quinoline-2,4(3H,
10H)-diones} (5). To 10-alkyl-2-deoxo-2-methylthio-5-
deazaflavins (2, 0.01 mol) was added 5N hydrochloric
acid (250 mL). Then, the mixture was refluxed for 1–2
h and the resulting clear yellow solution was concen-
trated in vacuo. The yellow residue was crushed with
water and neutralized with aqueous ammonia (pH 7).
The precipitated powdery crystals were filtered off,
washed well with water, dried, and recrystallized from
glacial acetic acid to afford the corresponding products
as yellow needles in 78–91% yields.


4.1.34. 10-Methylpyrimido[4,5-b]quinoline-2,4(3H,10H)-
dione (5a). Yield, (2.07 g, 91%); mp >300 �C (from
HOAc, lit.,27 359 �C); UV (EtOH): kmax/nm (log e/
dm3 mol�1 cm�1): 218 (4.57), 261 (4.55), 318 (3.97),
398 (4.04), 420 (3.88); IR (mmax/cm�1): 3140 (NH),
1700 and 1660 (CO); 1H NMR [(CD3)2SO]: d 4.04
(3H, s, 10-Me), 7.48–7.61 (1H, br m, 7-H), 7.86–8.03
(2H, br m, 8 and 9-H), 8.18 (1H, br d, J6,7 = 7.2 Hz,
6-H), 9.0 (1 H, s, 5-H), 11.06 (1H, br s, 3-NH, exchange-
able with D2O); Anal. calcd for C12H9N3O2Æ0.2H2O: C,
62.44; H, 4.10; N, 18.20. Found: C, 62.16; H, 4.24; N,
17.92.


4.1.35. 10-Ethylpyrimido[4,5-b]quinoline-2,4(3H,10H)-
dione (5b). Yield, (2.20 g, 91%); mp >300 �C (from HOAc,
lit.,27 353 �C); UV (EtOH): kmax/nm (log e/
dm3 mol�1 cm�1): 219 (4.43), 262 (4.65), 319 (4.05), 396
(3.17), 417 (4.06); IR (mmax/cm�1): 3140 (NH), 1700 and
1660 (CO); 1H NMR [(CD3)2SO]: d 1.34 (3H, t,
J = 7.2 Hz, 10-CH2-CH3), 4.74 (2 H, q, J = 7.2 Hz, 10-
CH2-CH3), 7.54 (1H, dt, J6,7 = J7,8 = 8.1 Hz,
J7,9 = 2.4 Hz, 7-H), 7.92–8.01 (2H, m, 8 and 9-H), 8.19
(1H, br d, J6,7 = 8.1 Hz, 6-H), 9.0 (1H, s, 5-H), 11.08
(1H, br s, 3-NH, exchangeable with D2O); Anal. calcd
for C13H11N3O2: C, 64.72; H, 4.60; N, 17.42. Found: C,
64.88; H, 4.85; N, 17.05.


4.1.36. 7-Methoxy-10-methylpyrimido[4,5-b]quinoline-
2,4(3H,10H)-dione (5c). Yield, (2.01 g, 91%); mp
>300 �C (from HOAc); UV (EtOH): kmax/nm (log e/
dm3 mol�1 cm�1): 225 (4.69), 262 (4.77), 324 (4.39),
426 (4.41), 447 (4.40); IR (mmax/cm�1): 3140 (NH),
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1700 and 1655 (CO); 1H NMR [(CD3)2SO]: d 3.91 (3H, s,
7-OMe), 4.05 (3H, s, 10-Me), 7.59 (1H, dd, J6,8 = 2.7 Hz,
J8,9 = 8.7 Hz, 8-H), 7.70 (1H, d, J6,8 = 2.7 Hz, 6-H), 7.87
(1H, d, J8,9 = 8.7 Hz, 9-H), 8.90 (1H, s, 5-H), 10.65 (1H,
br s, 3-NH, exchangeable with D2O); Anal. calcd for
C13H11N3O3Æ0.1H2O: C, 60.27; H, 4.36; N, 16.22. Found:
C, 60.25; H, 4.68; N, 15.83.


4.1.37. Preparation of 2-n-butylamino-10-methylpyrimi-
do[4,5-b]quinolin-4-(10H)-one (6). n-Butylammonium
acetate was prepared in situ by slowly adding glacial
acetic acid (5.7 mL, 0.1 mol) to n-butylamine (7.31 g,
0.1 mol) in an ice bath. 2-Deoxo-10-methyl-2-methyl-
thio-5-deazaflavin (2, 0.008 mol) was added to the n-
butylammonium acetate and the mixture was fused un-
der stirring at 150–165 �C for 1–3 h. After the reaction
was complete, water (100 mL) was added to the mixture
to give a turbid solution. The residue concentrated in va-
cuo was dissolved in hot water and brought to pH 8 with
sodium bicarbonate to give a yellow crystalline solid,
which was dried, and recrystallized from DMF to afford
yellow needles.


Yield, (1.28 g, 91%); mp 252–254 �C (decomp. from
DMF); UV (EtOH): kmax/nm (log e/dm3 mol�1 cm�1):
219 (4.59), 269 (4.63), 273sh (4.60), 321 (4.08), 403
(4.13), 422sh (4.07); IR (mmax/cm�1): 3180 (NH), 1655
(CO); 1H NMR [(CD3)2SO]: at 100 �C: d 0.93 (3 H, t,
J = 7.2 Hz, 2-N(CH2)3–CH3), 1.39 (2H, sextet,
J = 7.2 Hz, 2-N(CH2)2–CH2–CH3), 1.59 (2H, quintet,
J = 7.2 Hz, 2-NCH2–CH2–CH2–CH3), 3.30–3.55 (2H,
m, 2-NCH2–(CH2)2–CH3), 4.07 (3H, s, 10-Me), 7.14
(1H, br s, 2-NH,exchangeable with D2O), 7.45–7.55
(1H, m, 9-H), 7.78–7.87 (2H, m, 7 and 8-H), 8.06 (1H,
br d, J = 7.8 Hz, 6-H), 8.77 (1H, s, 5-H); Anal. calcd
for C16H18N4OÆ0.4H2O: C, 66.37; H, 6.54; N, 19.35.
Found: C, 66.04; H, 6.52; N, 19.17.


4.1.38. General procedure for the preparation of 2-(substi-
tuted amino)-10-alkyl-2-deoxo-5-deazaflavins {2-(substi-
tuted amino)-10-alkylpyrimido[4,5-b]quinolin-4(10H)-
ones} (7a–q). A mixture of 10-alkyl-2-deoxo-2-methyl-
thio-5-deazaflavins (2, 5.0 mmol) and an appropriate pri-
mary or secondary amine (25–35 mmol) in n-butanol
(30 mL) was refluxed with stirring for 2–5 h. After the
clear yellow solution was kept overnight in refrigerator,
the precipitated yellow crystalline solid was collected by
filtration to get the first crop. The filtrate was concen-
trated in vacuo and the residue was treated with appropri-
ate solvent, such as water or ethanol for the piperidine,
morpholine, N-(2-hydroxyethyl)-N-methylamine, and
N-methylpiperazine derivatives and petroleum ether for
the n-octylamine derivative, to get the second crop of
the crude product free from amines. The collected solids
were dried and recrystallized from an appropriate solvent
to give the corresponding products as bright yellow nee-
dles in 70–99% yields.


4.1.39. 2-[N-(2-Hydroxyethyl)-N-methylamino]-10-meth-
ylpyrimido[4,5-b]quinolin-4(10H)-one (7a). Yield, (1.11 g,
78%); mp 251–253 �C (decomp. from DMF); UV
(EtOH): kmax/nm (log e/dm3 mol�1 cm�1): 221 (4.51),
272 (4.49), 278sh (4.45), 321 (3.92), 383sh (4.00), 408

(4.18), 431 (4.12); IR (mmax/cm�1): 3260 (OH), 1650
(CO); 1H NMR (CDCl3): d 2.01 (1H, br s, OH,
exchangeable with D2O), 3.39 (3H, s, 2-NMe), 3.96
(4H, br s, 2-N-CH2-CH2), 4.12 (3H, s, 10-Me), 7.44
(1H, t, J6,7 = J7,8 = 8.1 Hz, 7-H), 7.65 (1H, d,
J8,9 = 8.1 Hz, 9-H), 7.82 (1H, t, J7,8 = J8,9 = 8.1 Hz, 8-
H), 7.89 (1H, d, J6,7 = 8.1 Hz, 6-H), 8.95 (1H, s, 5-H);
Anal. calcd for C15H16N4O2Æ0.4 H2O: C, 61.80; H,
5.81; N, 19.22. Found: C, 61.93; H, 5.71; N, 18.91.


4.1.40. 10-Ethyl-2-[N-(2-hydroxyethyl)-N-methylamino]-
pyrimido[4,5-b]quinolin-4-(10H)-one (7b). Yield, (1.19 g ,
80%); mp 250–252 �C (from DMF); UV (EtOH): kmax/
nm (log e/dm3 mol�1 cm�1): 221 (4.72), 271 (4.68),
279sh (4.63), 319 (4.12), 384sh (4.22), 408 (4.39), 432
(4.32); IR (mmax/cm�1): 3260 (OH), 1650 (CO); 1H NMR
(CDCl3): d 1.51 (3H, t, J = 6.9 Hz, 10-CH2-CH3), 1.81
(1H, br s, OH, exchangeable with D2O), 3.40 (3H, s, 2-
NMe), 3.93–3.99 (4H, m, 2-NCH2-CH2-), 4.80 (2H, q,
J = 6.9 Hz, 10-CH2-CH3), 7.47 (1H, t, J6,7 = J7,8 =
7.8 Hz, 7-H), 7.68 (1H, d, J8,9 = 7.8 Hz, 9-H), 7.85 (1H,
dt, J7,8 = J8,9 = 7.8 Hz, J6,8 = 1.5 Hz, 8-H), 7.93 (1H, d,
J6,7 = 7.8 Hz, 6-H), 8.97 (1H, s, 5-H); Anal. calcd for
C16H18N4O2: C, 64.41; H, 6.08; N, 18.78. Found: C,
64.13; H, 6.06; N, 18.50.


4.1.41. 10-Ethyl-2-[N-(2-hydroxyethyl)-N-methylamino]-
7-methylpyrimido[4,5-b]quinolin-4-(10H)-one (7c). Yield,
(1.16 g, 74%); mp 272–274 �C (decomp. from DMF);
UV (EtOH): kmax/nm (log e/dm3 mol�1 cm�1): 224
(4.64), 274 (4.62), 282sh (4.53), 325 (4.09), 387sh
(4.09), 414 (4.30), 438 (4.26); IR (mmax/cm�1): 3210
(OH), 1650 (CO); 1H NMR (CDCl3): d 1.31 (3H, t,
J = 6.9 Hz, 10-CH2–CH3), 1.81 (1H, br s, OH,
exchangeable with D2O), 2.51 (3H, s, 7-Me), 3.39 (3H,
s, 2-NMe), 3.96 (4H, br s, 2-NCH2–CH2-), 4.77 (2H,
q, J = 6.9 Hz, 10-CH2–CH3), 7.54–7.61 (2H, m, 6 and
8-H), 7.66 (1H, d, J8,9 = 8.1 Hz, 9-H), 8.91 (1H, s, 5-
H); Anal. calcd for C17H20N4O2: C, 65.37; H, 6.45; N,
17.94. Found: C, 65.21; H, 6.46; N, 17.84.


4.1.42. 2-[N-(2-Hydroxyethyl)-N-methylamino]-8-meth-
oxy-10-methylpyrimido[4,5-b]quinolin-4(10H)-one (7d).
Yield, (1.19 g, 76%); mp 288–291 �C (decomp. from
DMF); UV (EtOH): kmax/nm (log e/dm3 mol�1 cm�1):
230 (4.69), 269 (4.53), 274sh (4.50), 354sh (4.04), 380sh
(4.18), 401 (4.46), 423 (4.50); IR (mmax/cm�1): 3200
(OH), 1645 (CO); 1H NMR (CDCl3): d 3.31 (3H, s, 2-
NMe), 3.58–3.74 (2H, m, 2-N-CH2-CH2), 3.75–3.84
(2H, m, 2-N-CH2-CH2), 4.00 (3H, s, 8-OMe), 4.09
(3H, s,10-Me), 4.64 (1H, br s, OH, exchangeable with
D2O), 7.15 (1H, br d, J6,7 = 8.4 Hz, 7-H), 7.24 (1 H,
br s, 9-H), 8.06 (1H, d, J6,7 = 8.4 Hz, 6-H), 8.78 (1H,
s, 5-H); Anal. calcd for C16H18N4O3.0.1H2O: C, 60.79;
H, 5.80; N, 17.72. Found: C, 60.72; H, 5.77; N, 17.65.


4.1.43. 10-Methyl-2-piperidinopyrimido[4,5-b]quinolin-
4(10H)-one (7e). Yield, (1.19 g, 81%); mp 275–277 �C
(from DMF); UV (EtOH): kmax/nm (log e/
dm3 mol�1 cm�1): 221 (4.62), 273 (4.62), 278sh (4.60),
320 (4.03), 384sh (4.15), 410 (4.31), 434 (4.24); IR (mmax/
cm�1): 1660 (CO); 1H NMR (CDCl3): d 1.68 (6H, br s,
3 0, 4 0 and 5 0-CH2), 3.98–4.07 (4H, m, 2 0 and 6 0-CH2),
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4.11 (3H, s, 10-Me), 7.44 (1H, dt, J6,7 = 8.7 Hz,
J7,8 = 7.8 Hz, J7,9 = 1.5 Hz, 7-H), 7.64 (1 H, d,
J8,9 = 8.7 Hz, 9-H), 7.80 (1H, dt, J7,8 = 7.8, Hz
J8,9 = 8.7 Hz, J6,8 = 1.5 Hz, 8-H), 7.87 (1H, dd,
J6,7 = 8.7 Hz, J6,8 = 1.5 Hz, 6-H), 8.93 (1H, s, 5-H); Anal.
calcd for C17H18N4OÆ0.1H2O: C, 68.94; H, 6.19; N, 18.92.
Found: C, 68.66; H, 6.17; N, 18.89.


4.1.44. 7-Chloro-10-methyl-2-morpholinopyrimido[4,5-
b]quinolin-4(10H)-one (7f). Yield, (1.29 g, 78%), mp
>300 �C (from DMF); UV (EtOH): kmax/nm (log e/
dm3 mol�1 cm�1): 225 (4.65), 276 (4.61), 286sh (4.53),
319 (4.02), 392sh (4.07), 416 (4.23), 441 (4.19); IR (mmax/
cm�1): 1660 (CO); 1H NMR (CDCl3): d 3.73–3.82 (4H,
m, 2 0 and 6 0-NCH2), 4.03-4.15 (4H, m, 3 0 and 5 0-OCH2),
4.11 (3H, s, 10-Me), 7.61 (1H, d, J8,9 = 9.0 Hz, 9-H),
7.77 (1H, dd, J8,9 = 9.0 Hz, J6,8 = 2.4 Hz, 8-H), 7.85
(1H, d, J6,8 = 2.4 Hz, 6-H), 8.87 (1H, s, 5-H); Anal. calcd
for C16H15ClN4O2Æ0.4H2O: C, 56.86; H, 4.71; N, 16.58.
Found: C, 56.86; H, 4.61; N, 16.24.


4.1.45. 10-Methyl-2-morpholinopyrimido[4,5-b]quinolin-
4-(10H)-one (7g). Yield, (1.47 g, 99%); mp 296–298 �C
(decomp. from DMF); UV (EtOH): kmax/nm (log e/
dm3 mol�1 cm�1): 220 (4.63), 272 (4.60), 279sh (4.55),
319 (4.07), 383sh (4.08), 406 (4.26), 431 (4.20); IR (mmax/
cm�1): 1650 (CO); 1H NMR (CDCl3): d 3.74–3.83 (4H,
m, 2 0 and 6 0-NCH2), 4.04–4.13 (4H, m, 3 0 and 5 0-
OCH2), 4.14 (3H, s,10-Me), 7.48 (1H, t, J6,7 =
J7,8 = 7.8 Hz, 7-H), 7.68 (1H, d, J8,9 = 8.7 Hz, 9-H), 7.85
(1H, dt, J7,8 = 7.8 Hz, J8,9 = 8.7 Hz, J6,8 = 1.5 Hz, 8-H),
7.91 (1 H, d, J6,7 = 7.8 Hz, 6-H), 8.99 (1 H, s, 5-H); Anal.
calcd for C16H16N4O2Æ0.4 H2O: C, 63.31; H, 5.58; N,
18.46. Found: C, 63.61; H, 5.84; N, 18.41.


4.1.46. 10-Methyl-2-(4-methylpiperazinyl)pyrimido[4,5-
b]quinolin-4-(10H)-one (7h). Yield, (1.08 g, 70%); mp
235–237 �C (decomp. from DMF); UV (EtOH): kmax/
nm (log e/dm3 mol�1 cm�1): 220 (4.56), 272 (4.56),
277sh (4.53), 322 (3.99), 382sh (4.06), 407 (4.24), 430
(4.17); IR (mmax/cm�1): 1650 (CO); 1H NMR (CDCl3): d
2.35 (3H, br s, 4 0-Me), 2.42–2.58 (4H, m, 3 0 and 5 0-
CH2), 4.06–4.11 (4H, m, 2 0 and 6 0-CH2), 4.13 (3H, s,10-
Me), 7.46 (1H, t, J6,7 = J7,8 = 7.8 Hz, 7-H), 7.68 (1H, d,
J8,9 = 9.0 Hz, 9-H), 7.83 (1H, dt, J7,8 = 7.8 Hz,
J8,9 = 9.0 Hz, J6,8 = 1.5 Hz, 8-H), 7.91 (1H, d,
J6,7 = 7.8 Hz, 6-H), 8.96 (1H, s, 5-H); Anal. calcd for
C17H19N5OÆ0.4H2O: C, 64.50; H, 6.30; N, 22.12. Found:
C, 64.28; H, 6.22; N, 21.92.


4.1.47. 7-Methoxy-10-methyl-2-morpholinopyrimido[4,5-
b]quinolin-4-(10H)-one (7i). Yield, (1.57 g, 96%); mp
296–299 �C (decomp. from DMF); UV (EtOH): kmax/
nm (log e/dm3 mol�1 cm�1): 226 (4.47), 276 (4.49), 328
(4.03), 400sh (3.92), 427 (4.16), 453 (4.18); IR (mmax/
cm�1): 1655 (CO); 1H NMR (CDCl3): d 3.72–3.82
(4H, m, 2 0 and 6 0-NCH2), 3.93 (3H, s, 7-OMe), 4.00–
4.12 (4H, m, 3 0 and 5 0-OCH2), 4.13 (3H, s, 10-Me),
7.22 (1H, d, J6,8 = 2.7 Hz, 6-H), 7.47 (1H, dd,
J8,9 = 9.3 Hz, J6,8 = 2.7 Hz, 8-H), 7.68 (1H, d,
J8,9 = 9.3 Hz, 9-H), 8.91 (1H, s, 5-H); Anal. calcd for
C17H18N4O3ÆH2O: C, 59.29; H, 5.85; N, 16.27. Found:
C, 59.30; H, 5.76; N, 15.89.

4.1.48. 7,10-Dimethyl-2-piperidinopyrimido[4,5-b]quino-
lin-4-(10H)-one (7j). Yield, (1.48 g, 96%); mp 292–
293 �C (from DMF); UV (EtOH): kmax/nm (log e/
dm3 mol�1 cm�1): 222 (4.72), 275 (4.71), 283sh (4.64),
322 (4.13), 391sh (4.18), 415 (4.38), 440 (4.33); IR
(mmax/cm�1): 1640 (CO); 1H NMR (CDCl3): d 1.67
(6H, br s, 3 0, 4 0 and 5 0-CH2), 2.49 (3H, s, 7-Me), 3.97–
4.06 (4H, m, 2 0 and 6 0-CH2), 4.09 (3H, s, 10-Me), 7.53
(1H, d, J8,9 = 9.3 Hz, 9-H), 7.58–7.65 (2H, m, 6 and 8-
H), 8.86 (1H, s, 5-H); Anal. calcd for C18H20N4OÆ1.1-
H2O: C, 65.87; H, 6.82; N, 17.07. Found: C, 66.16; H,
7.22; N, 17.16.


4.1.49. 10-Ethyl-7-methyl-2-morpholinopyrimido[4,5-b]-
quinolin-4-(10H)-one (7k). Yield, (1.27 g, 78%); mp
>300 �C (from DMF); UV (EtOH): kmax/nm (log e/
dm3 mol�1 cm�1): 225 (4.63), 274 (4.62), 283sh (4.55),
326 (4.12), 387sh (4.09), 413 (4.32), 437 (4.29); IR
(mmax/cm�1): 1650 (CO); 1H NMR (CDCl3): d 1.48
(3H, t, J = 7.2 Hz, 10-CH2-CH3), 2.51 (3H, s, 7-Me),
3.70–3.85 (4H, m, 2 0 and 6 0-NCH2), 3.99–4.16 (4 H,
m, 3 0 and 5 0-OCH2), 4.76 (2H, q, J = 7.2 Hz, 10-CH2-
CH3), 7.48 (1H, d, J8,9 = 9.3 Hz, 9-H), 7.64–7.68 (2H,
m, 6 and 8-H), 8.93 (1H, s, 5-H); Anal. calcd for
C18H20N4O2: C, 66.65; H, 6.21; N, 17.27. Found: C,
66.44; H, 6.37; N, 17.40.


4.1.50. 7-Chloro-10-methyl-2-(4-methylpiperazinyl)-
pyrimido[4,5-b]quinolin-4-(10H)-one (7l). Yield, (1.46 g,
85%); mp >300 �C (decomp. from DMF); UV (EtOH):
kmax/nm (log e/dm3 mol�1 cm�1): 225 (4.65), 275 (4.65),
284sh (4.59), 319 (4.02), 390sh (4.09), 416 (4.27), 442
(4.21); IR (mmax/cm�1): 1660 (CO); 1H NMR (CDCl3):
d 2.34 (3H, s, 4 0-Me), 2.45–2.53 (4H, m, 3 0 and 5 0-
CH2), 4.05–4.15 (4H, m, 2 0 and 6 0-CH2), 4.10 (3H, s,
10-Me), 7.60 (1H, d, J8,9 = 9.0 Hz, 9-H), 7.75 (1H, dd,
J8,9 = 9.0 Hz, J6,8 = 2.1 Hz, 8-H), 7.81 (1 H, d,
J6,8 = 2.1 Hz, 6-H), 8.82 (1H, s, 5-H); Anal. calcd for
C17H18ClN5OÆ0.1H2O: C, 59.08; H, 5.31; N, 20.26.
Found: C, 58.72; H, 5.43; N, 20.69.


4.1.51. 7-Chloro-10-methyl-2-piperidinopyrimido[4,5-b]-
quinolin-4-(10H)-one (7m). Yield, (1.46 g, 89%); mp
>300 �C (from DMF); UV (EtOH): kmax/nm (log e/
dm3 mol�1 cm�1): 226 (4.77), 276 (4.78), 286sh (4.71),
317 (4.11), 393sh (4.24), 420 (4.41), 445 (4.35); IR
(mmax/cm�1): 1645 (CO); 1H NMR (CDCl3): d 1.70
(6H, br s, 3 0, 4 0 and 5 0-CH2), 3.96–4.06 (4H, m, 2 0 and
6 0-NCH2), 4.08 (3H, s, 10-Me), 7.57 (1H, d,
J8,9 = 9.0 Hz, 9-H), 7.72 (1H, d, J8,9 = 9.0 Hz, 8-H),
7.79 (1H, s, 6-H), 8.79 (1H, s, 5-H); Anal. calcd for
C17H17ClN4OÆ1.1H2O: C, 58.57; H, 5.55; N, 16.07.
Found: C, 58.23; H, 5.46; N, 15.82.


4.1.52. 7,8,10-Trimethyl-2-morpholinopyrimido[4,5-b]-
quinolin-4-(10H)-one (7n). Yield, (1.28 g, 79%); mp
287–289 �C (decomp. from DMF); UV (EtOH): kmax/
nm (log e/dm3 mol�1 cm�1): 225 (4.75), 276 (4.70), 336
(4.18), 387sh (4.15), 410 (4.38), 434 (4.67); IR (mmax/
cm�1): 1650 (CO); 1H NMR (CDCl3): d 2.41 (3H, s, 7-
Me), 2.52 (3H, s, 8-Me), 3.73–3.81 (4H, m, 2 0 and 6 0-
NCH2), 4.02–4.09 (4H, m, 3 0 and 5 0-OCH2), 4.11 (3H,
s, 10-Me), 7.44 (1H, s, 9-H), 7.60 (1H, s, 6 H), 8.91
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(1H, s, 5-H); Anal. calcd for C18H20N4O2Æ0.4H2O: C,
65.20; H, 6.32; N, 16.90. Found: C, 65.05; H, 6.38; N,
17.10.


4.1.53. 7-Methoxy-10-methyl-2-(4-methylpiperazinyl)-
pyrimido[4,5-b]quinolin-4-(10H)-one (7o). Yield, (1.54 g,
85%); mp 237–239 �C (decomp. from DMF); UV
(EtOH): kmax/nm (log e/dm3 mol�1 cm�1): 226 (4.60),
280 (4.68), 327 (4.18), 400sh (4.05), 427 (4.32), 453
(4.34); IR (mmax/cm�1): 1640 (CO); 1H NMR (CDCl3):
d 2.34 (3 H, br s, 4 0-Me), 2.45–2.53 (4H, m, 3 0 and 5 0-
CH2), 3.92 (3H, s, 7-OMe), 4.04–4.10 (4H, m, 2 0 and
6 0-CH2), 4.12 (3H, s, 10-Me), 7.20 (1H, d,
J6,8 = 2.7 Hz, 6-H), 7.45 (1H, dd, J8,9 = 9.6 Hz,
J6,8 = 2.7 Hz, 8-H), 7.61 (1H, d, J8,9 = 9.6 Hz, 9-H),
8.89 (1H, s, 5-H); Anal. calcd for C18H21N5O2Æ0.4H2O:
C, 62.38; H, 6.34; N, 20.21. Found: C, 62.65; H, 6.23;
N, 19.80.


4.1.54. 10-Ethyl-2-(2-hydroxyethylamino)pyrimido[4,5-b]-
quinolin-4-(10H)-one (7p). Yield, (1.14 g, 80%); mp
267–270 �C (decomp. from DMF); UV (EtOH): kmax/
nm (log e/dm3 mol�1 cm�1): 221 (4.42), 268 (4.44),
274sh (4.41), 321 (3.90), 404sh (4.01), 425sh (3.93); IR
(mmax/cm�1): 3250 (OH), 3190 (NH), 1640 (CO);1H
NMR [(CD3)2SO] at 90 �C: d 1.40 (3H, t, J = 6.9 Hz,
10-CH2-CH3), 3.39–3.50 (2H, m, 2-NH-CH2-CH2-
OH), 3.56–3.62 (2H, m, 2-NH-CH2-CH2-OH), 3.96
(1H, br s, 2-NH-CH2-CH2-OH, exchangeable with
D2O), 4.80 (2H, q, J = 6.9 Hz, 10-CH2-CH3), 7.19 (1H,
br s, 2-NH,exchangeable with D2O), 7.44–7.58 (1H, m,
9-H), 7.84–7.98 (1H, m, 7 and 8-H), 8.15 (1H, br d,
J6,7 = 8.1 Hz, 6-H), 8.80 (1H, s, 5-H); Anal. calcd for
C15H16N4O2: C, 63.37; H, 5.67; N, 19.71. Found: C,
63.19; H, 5.73; N, 19.48.


4.1.55. 10-Methyl-2-n-octylaminopyrimido[4,5-b]quino-
lin-4-(10H)-one (7q). Yield, (1.46 g, 86%); mp 183–
185 �C (decompo, from EtOH); UV (EtOH): kmax/nm
(log e/dm3 mol�1 cm�1): 220 (4.60), 269 (4.63), 274sh
(4.60), 320 (4.07), 404 (4.19), 422sh (4.15); IR (mmax/
cm�1): 3180 (NH), 1655 (CO); 1H NMR [(CD3)2SO] at
90 �C: d 0.86 (3H, t, J = 7.2 Hz, 2-N(CH2)7-CH3),
1.24–1.42 (10H, m, 2-N(CH2)2 � (CH2)5-CH3 ), 1.65
(2H, m, 2-NCH2-CH2-(CH2)5-CH3), 3.40–3.61 (2H, m,
2-NCH2-(CH2)6-CH3), 4.21 (3H, s, 10-Me), 7.52–7.74
(1H, m, 7-H), 7.90–8.12 (2H, m, 8 and 9-H), 8.14–8.30
(1H, m, 6-H), 8.85 (1H, br s, 2-NH,exchangeable with
D2O), 9.12 (1H, s, 5-H); Anal. calcd for C20H26N4O:
C, 70.98; H, 7.74; N, 16.55. Found: C, 70.66; H, 7.59;
N, 16.26.


4.2. Growth inhibitory activities of 2-substituted 10-alkyl-
2-deoxo-5-deazaflavins (2–4, 6, 7) and 5-deazaflavin (5)
against human tumor cell lines


The procedure was carried out using the modified MTT
assay28 to determine the inhibitory effects of test com-
pounds on cell growth in vitro as mentioned in detail
in our previous paper.1 Two human tumor cell lines of
human T-cell acute lymphoblastoid leukemia (CCRF-
HSB-2) and human oral epidermoid carcinoma (KB)
were used in this study.

4.3. Molecular docking study


The advanced docking program AutoDock 3.0.524 was
used to evaluate the binding free energy of the inhibitors
within the macromolecules. The individual components
of the program include AutoTors, AutoGrid, and Auto-
Dock. AutoTors defines which bonds in the ligand are
rotatable, affecting the degrees of freedom (DOF) of
the ligand and hence the complexity of computations.
AutoGrid pre-calculates a three-dimensional grid of
interaction energies based on the macromolecular target
using the AMBER force field. AutoDock performs the
task of the docking. First, the ligand moves randomly
in any one of six degrees of freedom, namely 3 transla-
tion degrees and 3 rotation degrees, and the energy of
the new ligand ‘state’ is calculated. If the energy of the
new state is lower than that of the old state, the new
one is automatically accepted as the next step in
docking.


4.3.1. Preparation of ligands and target protein tyrosine
kinase. The compounds involved in this study as ligands
include 10-alkyl-2-deoxo-2-methylthio-5-deazaflavins
(2a–j), 2-amino- and 2-(N-substituted amino)-10-alkyl-
2-deoxo-5-deazaflavins (3,4,6, and 7), and the computa-
tionally designed compounds connected with amino
acids (8a,b) were studied for their binding activities into
PTK. Since ligands are not peptides, Gasteiger-Hückel
charge was assigned and then non-polar hydrogens were
merged. The rigid roots of each ligands were defined
automatically instead of picking manually. The amide
bonds were made non-rotatable. The three-dimensional
structures of the aforementioned compounds were con-
structed using Chem3D ultra 8.0 software [Chemical
Structure Drawing Standard; Cambridge Soft corpora-
tion, USA (2003)], then they were energetically mini-
mized by using MOPAC with 100 iterations and
minimum RMS gradient of 0.10. The crystal structures
of c-Kit receptor protein-tyrosine kinase in complex
with STI-571 (Imatinib or Gleevec) were extracted from
the RCSB Protein Data Bank http://www.rcsb.org/pdb/
Welcome.do ccessed on August, 20, 2005. All bound
waters, ligand were removed from the protein. For the
target, the amino acids of the ligand binding site were
defined using data in pdbsum http://www.ebi.ac.uk/
thornton-srv/databases/pdbsum/ accessed on January
8, 2006. The polar hydrogen model was chosen for the
crystal structure. The proteins were assigned with Koll-
man-united charge. The polar hydrogens and charges
were added.


4.3.2. Grid generation and run of molecular docking. The
grid maps representing the native ligand in the actual
docking target site were calculated with AutoGrid.
The grids (one for each atom type in the ligand, plus
one for electrostatic interactions) were chosen to be suf-
ficiently large to include not only the active site but also
significant portions of the surrounding surface. The
three-dimensional grids, 80 Å grid size (x, y, z) with a
spacing of 0.375 Å, were created because the location
of the native ligand in the crystal structure was known.
The cubic grid box was centered in the catalytic active
region and encompassed the binding site where the
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ligands were embedded. Then automated docking stud-
ies were carried out using AutoDock version 3.0.5.24 Of
the three different search algorithms offered by Auto-
Dock, the GA-LS search algorithm (Genetic algorithm
with local search) was chosen to search for the best con-
formers. The parameters were set using the software
ADT (Autodock Tool Kit) on PC which is associated
with Autodock 3.0.5.24 For all docking parameters, de-
fault values were used with 10 independent docking runs
for each docking case.


4.3.3. Molecular modeling and analysis of the docked
results. There are two kinds of free energies output by
Autodock. One is the predicted binding free energy that
includes the intermolecular energy and torsional free en-
ergy, and the other the docking energy that includes the
intermolecular and intramolecular energies. The former
is only reported at the end of a docking operation, while
the latter is used for selecting better individuals of pop-
ulation during a docking run.24 We used only the bind-
ing free energy of the first type as the criterion for
ranking. Furthermore, the intermolecular hydrogen
bonds, whose effect has already been counted in the
binding energy, were also investigated in order to find
useful information for drug design. A comparison of
the results suggests that the binding free energy is more
reliable as a criterion for the virtual screening via molec-
ular docking. Cluster analysis was performed on the
docked results using a root mean square (RMS) toler-
ance of 0.5. Each of the clusters that exhibited signifi-
cant negative interaction energies was examined by
Accelrys, DS modeling 1.7 [Accelrys Inc., San Diego,
CA (2006)] to determine their binding orientations,
molecular modeling, evaluation of the hydrogen bonds,
and for measuring RMSD, which was measured as dis-
tance between the centroids of the docked inhibitor and
the native ligand. The mode of interaction of the native
ligand within PTK was used as a standard docked model
as well as for RMSD calculation. The correct hydrogen
bond interaction was considered according to Taylor
et al.,29 who showed that C–H� � �O in crystals contacts
occur within certain distance (3.0–4.0 Å) and angle (C–
H� � �O, 90–180�) ranges. However, the more linear
hydrogen bond is likely to be more stronger.30 More-
over, there is general agreement that for carbonyl accep-
tors, the H� � �O@C angle is distributed around 120�.
Therefore, in our modeling results we consider the
hydrogen bond angle P120� to be of a reasonable
strength.
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20. Hübsch, W.; Pfleiderer, W. Helv. Chim. Acta 1988, 71, 1379.
21. Machida, H.; Sakata, S.; Kuninaka, A.; Yoshino, H.;


Saneyoshi, M.; Nakayama, C. Antimicrob. Agents Che-
mother. 1979, 16, 158.


22. Machida, H.; Sakata, S.; Kuninaka, A.; Yoshino, H.
Antimicrob. Agents Chemother. 1981, 20, 47.


23. Ali, H.I. Ph.D. thesis, Okayama University, 2007;
Okayama, Japan.


24. Morris, G. M.; Goodsell, D. S.; Halliday, R. S.; Huey, R.;
Hart, W. E.; Belew, R. K.; Olson, A. J. J. Comput. Chem.
1998, 19, 1639.


25. Mol, C. D.; Dougan, D. R.; Schneider, T. R.; Skene, R. J.;
Kraus, M. L.; Scheibe, D. N.; Snell, G. P.; Zou, H.; Sang,
B. C.; Wilson, K. P. J. Biol. Chem. 2004, 279, 31655.


26. Ayoagi, T.; Yanada, R.; Bessho, K.; Yoneda, F.; Armar-
ego, W. L. F. J. Heterocycl. Chem. 1991, 28, 1537.


27. Yoneda, F.; Sakuma, Y.; Mizumoto, S.; Ito, R. J. Chem.
Soc. Perkin Trans 1. 1976, 1805.


28. Miura, S.; Yoshimura, Y.; Endo, M.; Machida, H.; Mat-
suda, A.; Tanaka, M.; Sasaki, T. Cancer Lett. 1998, 129,
103.


29. Taylor, R.; Kennard, O. J. Am. Chem. Soc. 1982, 104, 5063.
30. Taylor, R.; Kennard, O. Acc. Chem. Res. 1984, 17, 320.





		Antitumor studies. Part 3: Design, synthesis, antitumor activity,  and molecular docking study of novel 2-methylthio-, 2-amino-,  and 2-(N-substituted amino)-10-alkyl-2-deoxo-5-deazaflavins

		Introduction

		Results and discussion

		Chemistry

		In vitro antitumor activities of 5-deazaflavins and their 2-(N-substituted amino) derivatives against human tumor cell lines

		Molecular docking study

		Validation of the accuracy and performance of AutoDock

		AutoDock binding affinities of the synthesized and the designed compounds into PTK





		Conclusions

		Experimental

		Chemistry

		General procedure for the preparation of 6-(N-alkylanilino)-2-methylthiopyrimidin-4(3H)-ones (1a - j)

		6-(N-Methylanilino)-2-methylthiopyrimidin-4(3H)-one (1a)

		6-(N-Ethylanilino)-2-methylthiopyrimidin-4(3H)-one (1b)

		6-(N-Methyl-4-methylanilino)-2-methylthiopyrimidin-4(3H)-one (1c)

		6-(N-Methyl-2-methylanilino)-2-methylthiopyrimidin-4(3H)-one (1d)

		6-(N-Methyl-4-methoxyanilino)-2-methylthiopyrimidin-4(3H)-one (1e)

		6-(N-Methyl-3-methoxyanilino)-2-methylthiopyrimidin-4(3H)-one (1f)

		6-(N-Methyl-4-chloroanilino)-2-methylthiopyrimidin-4(3H)-one (1g)

		6-(N-Ethyl-4-methylanilino)-2-methylthiopyrimidin-4(3H)-one (1h)

		6-(N-Methyl-3,4-dimethylanilino)-2-methylthiopyrimidin-4(3H)-one (1i)

		6-(N-Methyl-2,5-dimethoxyanilino)-2-methylthiopyrimidin-4(3H)-one (1j)

		General procedure for the preparation of 10-alkyl-2-deoxo-2-methylthio-5-deazaflavins {10-alkyl-2-methylthiopyrimido[4,5-b]quinolin-4(10H)-ones} (2a - j)

		10-Methyl-2-methylthiopyrimido[4,5-b]quinolin-4(10H)-one (2a)

		10-Ethyl-2-methylthiopyrimido[4,5-b]quinolin-4(10H)-one (2b)

		7,10-Dimethyl-2-methylthiopyrimido[4,5-b]quinolin-4(10H)-one (2c)

		9,10-Dimethyl-2-methylthiopyrimido[4,5-b]quinolin-4(10H)-one (2d)

		7-Methoxy-10-methyl-2-methylthiopyrimido[4,5-b]quinolin-4(10H)-one (2e)

		8-Methoxy-10-methyl-2-methylthiopyrimido[4,5-b]quinolin-4(10H)-one (2f)

		7-Chloro-10-methyl-2-methylthiopyrimido[4,5-b]quinolin-4(10H)-one (2g)

		10-Ethyl-7-methyl-2-methylthiopyrimido[4,5-b]quinolin-4(10H)-one (2h)

		7,8,10-Trimethyl-2-methylthiopyrimido[4,5-b]quinolin-4(10H)-one (2i)

		6,9-Dimethoxy-10-methyl-2-methylthiopyrimido-	[4,5-b]quinolin-4(10H)-one (2j)

		General procedure for the preparation of 10-alkyl-2-deoxo-2-dimethylamino-5-deazaflavins {10-alkyl-2-dimethylaminopyrimido[4,5-b]quinolin-4(10H)-ones} (3a - e)

		10-Methyl-2-dimethylaminopyrimido[4,5-b]quinolin-4(10H)-one (3a)

		10-Ethyl-2-dimethylaminopyrimido[4,5-b]quinolin-4(10H)-one (3b)

		7-Methoxy-10-methyl-2-dimethylaminopyrimido[4,5-b]quinolin-4(10H)-one (3c)

		7-Chloro-10-methyl-2-dimethylaminopyrimido-	[4,5-b]quinolin-4(10H)-one (3d)

		7,10-Dimethyl-2-dimethylaminopyrimido[4,5-b]quinolin-4(10H)-one (3e)

		General procedure for the preparation of 10-alkyl-2-amino-2-deoxo-5-deazaflavins {10-alkyl-2-aminopyrimido[4,5-b]quinolin-4(10H)-ones} (4a - c)

		2-Amino-10-methylpyrimido[4,5-b]quinolin-4(10H)-one (4a)

		2-Amino-10-ethylpyrimido[4,5-b]quinolin-4(10H)-one (4b)

		2-Amino-7,10-dimethylpyrimido[4,5-b]quinolin-4(10H)-one (4c)

		General procedure for the preparation of 10-alkyl-5-deazaflavins {10-alkylpyrimido[4,5-b]quinoline-2,4(3H, 10H)-diones} (5)

		10-Methylpyrimido[4,5-b]quinoline-2,4(3H,10H)-dione (5a)

		10-Ethylpyrimido[4,5-b]quinoline-2,4(3H,10H)-dione (5b)

		7-Methoxy-10-methylpyrimido[4,5-b]quinoline-2,4(3H,10H)-dione (5c)

		Preparation of 2-n-butylamino-10-methylpyrimido[4,5-b]quinolin-4-(10H)-one (6)

		General procedure for the preparation of 2-(substituted amino)-10-alkyl-2-deoxo-5-deazaflavins {2-(substituted amino)-10-alkylpyrimido[4,5-b]quinolin-4(10H)-ones} (7a - q)

		2-[N-(2-Hydroxyethyl)-N-methylamino]-10-methylpyrimido[4,5-b]quinolin-4(10H)-one (7a)

		10-Ethyl-2-[N-(2-hydroxyethyl)-N-methylamino]pyrimido[4,5-b]quinolin-4-(10H)-one (7b)

		10-Ethyl-2-[N-(2-hydroxyethyl)-N-methylamino]-7-methylpyrimido[4,5-b]quinolin-4-(10H)-one (7c)

		2-[N-(2-Hydroxyethyl)-N-methylamino]-8-methoxy-10-methylpyrimido[4,5-b]quinolin-4(10H)-one (7d)

		10-Methyl-2-piperidinopyrimido[4,5-b]quinolin-4(10H)-one (7e)

		7-Chloro-10-methyl-2-morpholinopyrimido[4,5-b]quinolin-4(10H)-one (7f)

		10-Methyl-2-morpholinopyrimido[4,5-b]quinolin-4-(10H)-one (7g)

		10-Methyl-2-(4-methylpiperazinyl)pyrimido[4,5-b]quinolin-4-(10H)-one (7h)

		7-Methoxy-10-methyl-2-morpholinopyrimido[4,5-b]quinolin-4-(10H)-one (7i)

		7,10-Dimethyl-2-piperidinopyrimido[4,5-b]quinolin-4-(10H)-one (7j)

		10-Ethyl-7-methyl-2-morpholinopyrimido[4,5-b]quinolin-4-(10H)-one (7k)

		7-Chloro-10-methyl-2-(4-methylpiperazinyl)pyrimido[4,5-b]quinolin-4-(10H)-one (7l)

		7-Chloro-10-methyl-2-piperidinopyrimido[4,5-b]quinolin-4-(10H)-one (7m)

		7,8,10-Trimethyl-2-morpholinopyrimido[4,5-b]quinolin-4-(10H)-one (7n)

		7-Methoxy-10-methyl-2-(4-methylpiperazinyl)pyrimido[4,5-b]quinolin-4-(10H)-one (7o)

		10-Ethyl-2-(2-hydroxyethylamino)pyrimido[4,5-b]-	quinolin-4-(10H)-one (7p)

		10-Methyl-2-n-octylaminopyrimido[4,5-b]quinolin-4-(10H)-one (7q)



		Growth inhibitory activities of 2-substituted 10-alkyl-2-deoxo-5-deazaflavins (2 - 4, 6, 7) and 5-deazaflavin (5) against human tumor cell lines

		Molecular docking study

		Preparation of ligands and target protein tyrosine kinase

		Grid generation and run of molecular docking

		Molecular modeling and analysis of the docked results





		Acknowledgment

		References and notes








Bioorganic & Medicinal Chemistry 15 (2007) 6450–6462

Novel TOPP descriptors in 3D-QSAR analysis
of apoptosis inducing 4-aryl-4H-chromenes: Comparison


versus other 2D- and 3D-descriptors


Simone Sciabola,a,* Emanuele Carosati,a Lourdes Cucurull-Sanchez,b


Massimo Baronic and Raimund Mannholdd,*


aLaboratory for Chemometrics and Cheminformatics, Chemistry Department, University of Perugia, Via Elce di Sotto,


10, I-06123 Perugia, Italy
bPfizer Global Research and Development, Sandwich Laboratories, Sandwich, Kent, CT13 9NJ, UK


cMolecular Discovery Ltd, 215 Marsh Road, HA5 5NE, Pinner, Middlesex, UK
dMolecular Drug Research Group, Bldg. 22.03, Heinrich-Heine-Universität, Universitätsstrasse 1, 40225 Düsseldorf, Germany
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Abstract—Novel 3D-descriptors using Triplets Of Pharmacophoric Points (TOPP) were evaluated in QSAR-studies on 80 apopto-
sis-inducing 4-aryl-4H-chromenes. A predictive QSAR model was obtained using PLS, confirmed by means of internal and external
validations. Performance of the TOPP approach was compared with that of other 2D- and 3D-descriptors; statistical analysis indi-
cates that TOPP descriptors perform best. A ranking of TOPP > GRIND > BCI 4096 = ECFP > FCFP > GRID-GOLPE�
DRAGONoMDL 166 was achieved. Finally, in a ‘consensus’ analysis predictions obtained using the single methods were com-
pared with an average approach using six out of eight methods. The use of the average is statistically superior to the single methods.
Beyond it, the use of several methods can help to easily investigate the presence/absence of outliers according to the ‘consensus’ of
the predicted values: agreement among all the methods indicates a precise prediction, whereas large differences between predicted
values (for the same compounds by different methods) would demand caution when using such predictions.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


The introduction of combinatorial chemistry and high
throughput screening (HTS) in drug research yielded col-
lections of large compound libraries with measured bio-
logical activities. When this highly valuable source of
database information is properly manipulated with com-
puter-assisted methods, it can aid to simplify the process
of lead finding or of property-based design within a series
of homologues. In the first case, molecular modelling ap-
proaches help to evaluate the molecular similarity/diver-
sity within the database molecules. In the second case,
modelling can contribute to optimise pharmacological
or pharmacokinetic properties via QSAR models.
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The success of such studies depends on the choice of an
appropriate molecular characterization, producing a set
of informative descriptors. Suitable characterizations
must be, first of all, relevant to the properties to be
studied. An excellent overview of many molecular
descriptors is compiled by Todeschini and Consonni,1


whereas suitability of molecular descriptors for database
mining was analysed by Cruciani et al.2 Classically,
structural descriptors were derived from global molecu-
lar and physicochemical properties such as lipophilicity,
electrostatics, steric shape and bulk. The main advan-
tage is their fast computation, whereas a disadvantage
is their lack of completeness and accuracy, at least in
some cases.


Two-dimensional (2D) fragment-based descriptors
are derived from substructure search systems. Most
frequently used in drug research are structural keys
and hashed fingerprints. The former make use of
a predefined fragment dictionary and record the
presence or absence of a number of small generic
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or specific fragments, whereas hashed fingerprints al-
low to reduce the length of the bitstring. In fact, a
‘molecular fingerprint’ is a binary bitstring of 1’s
(for the presence) and 0’s (for the absence) of spe-
cific fragments and the use of hash functions allows
to break the fingerprint into smaller strings, easier to
handle. As for the structural descriptors, the main
advantage of the 2D-descriptors is the speed of their
calculation; the main drawback are difficulties in
interpretation.


Among three-dimensional (3D)-descriptors, the
GRID-based deserve particular mentioning. For their
determination a molecule is placed in a box and for
an orthogonal grid of points the interaction energy
values between this molecule and a small probe
molecule, such as water, are calculated. The GRID
fields thus obtained, named Molecular Interaction
Fields (MIF), characterize, for example, molecular
shape, charge distribution and hydrophobicity.
Development and successful application of GRID-
based 3D-descriptors was recently summarized by
Cruciani.3


In case of databases of several thousands of compounds,
calculation time was always the bottleneck for using
3D-descriptors including those based on GRID. A novel
member of the GRID-family overcomes this problem:
the approach that uses Triplets Of Pharmacophoric
Points (TOPP).4


In fact, the recently introduced TOPP descriptors4 lie
between the two classes, 2D and 3D: they use the 3D-
molecular structure and the parameterisation of the
GRID force field but they resemble 2D-descriptors con-
cerning speed and fingerprint style.


The aim of this study was to apply the novel TOPP-
descriptors in a QSAR-study and to compare their per-
formance with that of other 2D- and 3D-descriptors. A
set of 4-aryl-4H-chromenes,5,6 exhibiting apoptosis-
inducing potencies, served as database for such a case
study.


Apoptosis is the normal process of cellular suicide
that proceeds with specific biochemical and cytologi-
cal features, including nuclear condensation and
fragmentation. Apoptosis enables organisms to con-
trol their cell numbers and to eliminate unneeded
cells.7 The correct balance between apoptosis and
inhibition of apoptosis is important in preserving
tissue homeostasis and organ morphogenesis.8 Aber-
rations of this process underlie some pathological
conditions. Thereby, the biological interest in this
field is steadily increasing, since many cancer cells
exhibit abnormal inhibition of apoptosis9 while
excessive apoptosis is implicated, for example, in
Alzheimer’s disease.10


The discovery and development of apoptosis inducers
are of prime current interest, and QSAR models
can aid in specifying sound pharmacophoric
considerations.

2. Dataset and methodology


2.1. Dataset


The dataset comprises 80 apoptosis-inducing 4-aryl-4H-
chromenes; structural modifications mainly refer to sub-
stitution in 4-position and to substitution of the benzene
part of the chromene ring. For this QSAR study the
dataset was split into a training and a test set of 62
and 18 molecules, respectively. Their structures are
listed in Tables 1 and 2 according to the original arti-
cles;5,6 shaded structures represent members of the test
set. The ‘Most Descriptive Compound’ (MDC) option,
available in GOLPE,11,12 was used to automatically se-
lect a balanced and chemically diverse test set. The
MDC criterion privileges a selection scheme that
weights the compounds according to their population
density.13


2.2. Biological data


Apoptosis-inducing potency was quantified by Kemnitzer
et al.5,6 using a cell-based HTS assay in HL60 B-cell prom-
yelotic leukaemia cancer cells. Potencies are listed in
Tables 1 and 2 in reciprocal logarithmic form (log 1/C)
for micromolar apoptosis induction. The spanned space
of biological activity covers nearly 3 log units ranging
from 7.96 for compound 32 to 5.14 for compound 39.


2.3. 2D molecular descriptors


SD files were derived from SMILES notations and used
as input for 2D-descriptors. MDL public keys, BCI fin-
gerprints, ECFP and FCFP fingerprints were applied as
2D-descriptors in this study.


2.3.1. MDL public keys. MDL keys are used in QSAR,
data-mining and virtual screening for substructure
searching as well as for structure comparison. For these
purposes, each molecule is regarded as a binary bitstring
of 1’s and 0’s. A set of 166 keys, small topological sub-
structure fragments, is used in tandem with a 960 key set
which includes algorithmically generated, more abstract
atom-pair descriptors. As many other 2D methods, the
stereochemistry is not included in either set.14,15


2.3.2. BCI fingerprints. BCI structural fingerprints of a
molecule are based on the presence/absence of 2D struc-
tural features, listed in a predefined fragment dictionary.
Six different families of fragments are available: aug-
mented atoms, atom/bond sequences, atom pairs, ring
composition fragments, ring fusion fragments and ring
ortho fragments.16 A set of 4016 descriptors was used
in this study.


2.3.3. ECFP and FCFP fingerprints. Pipeline Pilot from
Scitegic17 provides descriptors via following fragmenta-
tion scheme: each atom is represented by a string of ex-
tended connectivity values, calculated using a modified
Morgan Algorithm (originally used in isomorphism
issues18). Two different circular substructure descriptors
were used in this study: Extended Connectivity
Fingerprints (ECFPs) and Functional Connectivity







Table 1. Dataset structures I


Structures of dataset compounds from Ref. 5. Shaded structures are members of the test set, the reported log1/C values for apoptosis-inducing


potency were quantified by Kemnitzer et al. in HL60 B-cell promyelotic leukaemia cancer cells.5
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Fingerprints (FCFPs). The number of connections, the
element type, the charge, and the mass determine the ini-
tial code assigned to an atom by ECFPs. Similarly, six
generalised atom-types are used by FCFPs to assign
the initial code: hydrogen-bond donor, hydrogen-bond
acceptor, positively ionisable, negatively ionisable, aro-
matic and halogen. In both cases this code, combined
with bond information and codes of its immediate
neighbour atoms, is hashed to produce the next order
code, which is mapped into an address space of size

2E + 32. The process is iterated until the required level
of description has been achieved, in this case the stan-
dard ECFP_6 and FCFP_6. The Scitegic software repre-
sents a molecule by a list of integers, each describing a
molecular feature and each in the range �2E + 31 to
2E + 31. Calculation of these circular fingerprints is very
fast and the features (size up to 4 billion) are not prede-
fined in a limited fragment dictionary. These descriptors
have been well tested in conjunction with the Laplacian-
modified Bayesian analysis and have proved to be







Table 2. Dataset structures II


Structures of dataset compounds from Ref. 6. Shaded structures are members of the test set, the reported log1/C values for apoptosis-inducing


potency were quantified by Kemnitzer et al. in HL60 B-cell promyelotic leukaemia cancer cells.6
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efficient in similarity-based virtual screening.19,20 In
order to make this representation amenable for
statistical analysis within GOLPE, the integers were
hashed to a string of 1024 bits length.

2.4. 3D molecular descriptors


The three-dimensional structures of the compounds were
obtained as follows. First, the 3D-coordinates of the 80
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dataset compounds were converted from SMILES to
3D-coordinates with CONCORD.21 Then, the 3D-coor-
dinates were minimized in vacuo with Sybyl,22 by applying
the Powell method and using 1000 iterations. In order to
guarantee a common alignment for all the compounds,
compulsory for the GRID/GOLPE analysis, compound
03 served as template. The 4H-chromene scaffold was
used for the superposition and as a guide to drive the
roto-translation of all the compounds.


2.4.1. TOPP (Triplets of Pharmacophoric Points)
descriptors. TOPP4,23 is a QSAR approach using
3-point pharmacophores as 3D-descriptors. The work-
ing protocol is represented in Figure 1. In the first step,
the atoms of each molecule are classified by the GRID
force field parametrization. In this way, atoms are de-
scribed according to their charge and hydrogen bond-
ing properties: DRY (hydrophobic), DONN (HBD,
hydrogen bond donor), ACPT (HBA, hydrogen bond
acceptor) and DNAC (both HBD and HBA). After
the classification of the atoms an iterative procedure
generates all possible combinations of three points with
the four different atom types (DRY, DONN, ACPT
and DNAC). Two different encoding modes exist: one
approach is to store the presence/absence of each
3-point pharmacophore combination; the other ap-
proach is to count how many times each combination
is present in the molecule. The calculations described
above are performed for all the compounds and the
resulting combinations of 3-point pharmacophores are
the molecular descriptors. Descriptor coding such as
ABC 07 08 07 indicates the atom types involved in a trip-
let (A = DRY, B = HB_DONOR, C = HB_ACCEPTOR)
as well as the distances between them in Angstrom
(dAB = 7 Å, dAC = 8 Å, dBC = 7 Å).23 The final X-ma-
trix, built up in a dynamic way so that no length of the
bitstring is initially fixed, is submitted for statistical
analysis.


2.4.2. GRIND descriptors. GRid-INdependent Descrip-
tors GRIND24 were generated using the software
ALMOND.25 The information contained in the Molecu-
lar Interaction Fields, computed by means of the GRID
force field,26,27 is extracted to represent pharmacody-
namic properties: in fact, GRIND descriptors represent
the geometrical relationships between relevant MIF.
The nodes showing favourable energies of probe-mole-
cule interactions represent positions where groups of a
receptor would interact favourably with the molecule.
Hence, using different probes, one can obtain a set of
such positions which define a virtual receptor site
(VRS). The procedure for obtaining GRIND involves:
(a) computing a set of MIF, (b) filtering the MIF to
extract the most relevant nodes and (c) encoding the fil-
tered MIF into the GRIND variables. The energy of
the nodes and the distance between them guide the filter-
ing procedure to extract the set of grid nodes (filtered
MIF). Thereafter, the filtered nodes are encoded via
MACC2 transform into few GRIND variables. Each var-
iable is linked to a grid node-pair placed at a specific dis-
tance, and its value refers to the product of the energy
values of the linked MIF, which represent attractive inter-
actions between the probe and the molecule. GRIND

variables are organized in correlograms either represent-
ing node-pairs of the same field (auto-correlograms) or
node-pairs of different fields (cross-correlograms). The
following parameters were applied for calculations:
0.5 Å grid spacing, 120 nodes, 40% of weight assigned
to the field, smoothing window width 0.6.


2.4.3. GRID/GOLPE descriptors.28 Once all the com-
pounds were superimposed, the GRID26,27 program was
used to compute the Molecular Interaction Fields. GRID
calculates the interaction energy between the molecule
and a probe group which is moved through a regular grid
of points around the target molecule. At each point, the
interaction energy between the probe and the target mol-
ecule is calculated as the sum of Lennard–Jones potential
(ELJ), hydrogen-bond potential (EHB), electrostatic con-
tribution (EEL) and an entropic term (S) necessary for
the evaluation of the hydrophobic interaction:


Ex;y;z ¼
XN


i¼1


ELJ þ
XN


i¼1


EHB þ
XN


i¼1


EEL þ S ð1Þ

Different probes may be used to mimic specific interac-
tions between the ligand and the receptor, since very often
one probe is not enough to describe the interaction types
of a given molecule. Therefore, a preliminary study was
carried out with the probes DRY (Hydrophobic), C3
(Methyl), O (Carbonyl oxygen), N1 (Amide nitrogen)
and OH (Phenolic hydroxyl) to investigate the effect of
some different probes. A large cage (23 Å · 25 Å · 24 Å)
was necessary to accommodate all the compounds, but
the 13,800 ligand-probe energy measurements obtained
for each compound were reduced to about 2969 after
removal of variables with no variance.


The hydrophobic probe, DRY, and the phenolic hydro-
xyl probe, OH, were shown to be most effective. There-
fore, we selected only these two probes for the GRID/
GOLPE analysis.


2.4.4. DRAGON descriptors. DRAGON descriptors
were developed by the Milano Chemometrics and
QSAR Research Group29 for application in QSAR
and QSPR studies, as well as for similarity analysis
and high-throughput screening of databases. DRA-
GON provides about 1500 molecular descriptors, di-
vided into several logical blocks. In addition to the
simplest counts of atom types, functional groups and
fragments, there are topological and geometrical
descriptors.1 In our study, the whole set of DRAGON
descriptors was used to build the X-matrix suitable for
PLS analysis.

2.5. Statistical analysis


Partial Least Squares (PLS) analysis was performed
within the software GOLPE.11,12 Scaling was applied
according to the descriptors’ type. The optimal dimen-
sionality of the PLS model was chosen according to
the results of cross validation. All computations were
run on a Linux workstation (Pentium IV 3.4 GHz PC
with 3 GB of main memory).







Figure 1. Working protocol in TOPP methodology. (a) The atoms of each molecule are classified by the GRID force field


parameterization according to their charge and hydrogen bonding properties. (b) An iterative procedure generates all possible combinations


of triplets with the four different atom types. (c) These triplets of pharmacophoric points are calculated for all database compounds and


stored in a descriptors matrix. (d) Statistical analysis, that is, Principal Component Analysis (PCA) and Partial Least Square (PLS), can


be applied.
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3. Results and discussion


3.1. 3D-QSAR analysis using TOPP descriptors


With the 3-point pharmacophoric TOPP descriptors a
starting PLS model was derived for the training set
(n = 62); then, three fractional factorial design (FFD)
runs (using default settings and the random group algo-
rithm as cross-validation procedure) were used to select
the variables for the X-space, which finally amounted to
375 TOPP descriptors. The resulting PLS model was
optimal with five latent variables, explaining 91% of
the variance for the apoptosis inducers in the training
set, with a low standard deviation (0.21) of the error
of calculation (SDEC). Internal validation was per-
formed using five random groups: a q2 value of 0.78
and a low standard deviation (0.32) of the error of

prediction (SDEP) were obtained. For external valida-
tion, the 18 test set compounds were projected and a
SDEP of the same order of the internal validation
(0.30) was achieved. The prediction of the test set is
graphically represented in Figure 2. All compounds were
satisfactorily predicted, showing how efficiently TOPP
fingerprints can be used in QSAR studies.


Whenever QSAR models are part of lead optimisation
projects, another important feature is to identify the
variables with highest impact on biological activity; this
information can help in the design of better compounds.
When using PLS as regression tool, the coefficients pro-
file plot helps to detect the most important variables; it
is shown according to optimal model dimensionality in
Figure 3. All variables (TOPP descriptors) are reported
sequentially along the X-axis, where division bars were







Figure 2. Calculated versus experimental values for the training set (62


compounds, black) and test set (18 compounds, red). The values


reported are pEC50 obtained from Refs. 5 and 6.


Figure 3. PLS coefficients plot for the TOPP model. All the descriptors


are reported sequentially along the X-axis, and each division corre-


sponds to a particular class of triplets. Red circles indicate those


triplets that contribute most to explain the variance in biological


activity, that is, they discriminate weak from potent compounds.
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added to easily recognise variables corresponding to a
particular class of triplets. It is noteworthy that the
amount of active variables differs block by block; this
is dataset-dependent and in our case there is a preva-
lence of DRY and ACPT atoms.

Table 3. Relevant triplets analysed in potent and weak compounds


Positive coefficients


AAB 06


07 03


AAC 07


08 07


AAC 09


08 06


ABC 07


07 04


ACC


02 06


Potent 32 1 1 0 1 1


49 1 1 1 1 1


Weak 08 0 0 1 0 0


24 0 0 0 0 1


‘1’ and ‘0’ denote presence or absence of the corresponding 3-point interact

Variables with the largest coefficients contribute most to
explain the variance in biological activity: they are rep-
resented with red circles. The cut-off value was arbi-
trarily set to ±0.04 in order to include the variables
that strongly discriminate weak from potent com-
pounds. As indicated in the plot, these are the following
few groups of variables: triplets AAA (DRY-DRY-
DRY), ABC (DRY-HB_DONOR-HB_ACCEPTOR)
and ACC (DRY-HB_ACCEPTOR-HB_ACCEPTOR).
Triplets of the AAA type show high negative PLS coef-
ficients; therefore they prevalently characterize inactive
compounds. On the other hand, pharmacophoric trip-
lets of the ABC and ACC type show large positive coef-
ficients and thus they are important for classifying
potent compounds. Together with the aforementioned
types, two other triplet classes profoundly influence
the biological behaviour of the training set compounds:
AAB (DRY-DRY-HB_DONOR) and AAC (DRY-
DRY-HB_ACCEPTOR). Unlike the others, AAB and
AAC show both highly negative and positive coeffi-
cients; this indicates that their importance is related to
the critical arrangement of distances they can assume
in 3D, more than just the presence or absence of a par-
ticular combination of chemical features. The data in
Table 3 underline such considerations. It is shown,
whether a given 3-point interaction (the most relevant
ones) is present or absent within two weak (08, 24)
and two potent (32, 49) apoptosis inducers. Positive
coefficients, highly indicative of potent compounds, pre-
vail in potent inducers while the opposite is found for
negative coefficients.


Once the highly relevant triplets are statistically defined,
their graphical display within the original molecular
structures allows to identify the chemical features
favouring strong apoptosis induction. Moreover, it is
possible to highlight molecular features inversely related
to the biological activity, features that should be absent
in a given compound in order to avoid weak apoptosis
induction.


A putative pharmacophore can be hypothesized and
linked to the SAR at 4-position of 4-aryl-4H-chromenes
via grouping the most relevant variables (i.e., those with
the highest positive PLS coefficients) for some potent
compounds; they basically comprise the triplet types
AAC, ABC, and ACC. For compounds 32 (Fig. 4a)
and 49 (Fig. 5), these common features (AAC 07 08
07, AAC 09 08 06, ABC 07 07 04, ACC 04 02 06) suggest
the importance of substitutions in the 3-(5-) position
in both the phenyl and the pyridyl ring. Figure 4b

Negative coefficients


04 AAA 10


08 01


AAC 01


07 07


AAC 02


05 05


AAC 04


03 01


AAC 08


06 04


0 1 0 0 0


0 0 0 0 0


0 1 1 1 0


1 1 1 0 1


ion.







Figure 4. For the potent molecule 32 favourable triplet arrangements are shown. (a) The importance of substitution at 5-position is documented via


the triplets ABC 07 07 04 and AAC 07 08 07. (b) The triplet ACC 04 02 06 expresses the importance of the nitrogen position in the pyridyl group.


Figure 5. For the potent molecule 49 favourable triplet arrangements


are shown comprising ABC 07 07 04, AAC 07 08 07, and AAC 09 08


06.
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additionally shows the importance of the nitrogen posi-
tion in the pyridyl group, confirming that in the pyridyl
series it is important to have the nitrogen in 3-position
with a substitution at 5-position.


Figure 6 shows variables with highly negative PLS
coefficients (AAA 10 08 01, AAC 01 07 07, AAC 04

Figure 6. Unfavourable triplet arrangements for the molecules 08 (a) and 24


01, AAC 01 07 07, AAC 04 03 01 and AAC 08 06 04 are present in weak in

03 01 and AAC 08 06 04), which are only present in
weak inducers such as 08 and 24. These variables
define substitutions in the 4-phenyl ring that counteract
apoptosis induction. Indeed, a 2-methoxy group ren-
ders 08 (Fig. 6a) >40-fold less active than the 3,4,5-tri-
methoxy analogue 02, suggesting that there might be a
space-limited pocket around the 2-position, or due to
steric effect, the 2-methoxy group forces the phenyl ring
into an unfavourable position.5 Same steric/size-limited
pocket considerations hold for the 3-position, for
example, in compound 24 (Fig. 6b), where replacing
3-methoxy by 3-benzyloxy leads to a >40-fold decrease
of potency compared to 17, as highlighted by highly
negative coefficients for triplets AAA 10 08 01 and
AAC 08 06 04.


Variable AAC 08 06 04 also allows interpreting the SAR
of chromene scaffold-varied compounds from Ref. 6,
shown in Table 2. Triplet AAC 08 06 04 in 45 corre-
sponds to a triangle made by the chromene oxygen,
the cyano carbon and the 6-methyl group (Fig. 7). Given
its negative coefficient, the presence of this triplet con-
tributes to decrease the apoptosis inducing potency of
45, as agrees with previous reports5,6 that removal of
6-methyl can be determinant for retaining activity.


Analysis of the relevant TOPP variables did not provide
further evidence related to the SAR at the chromene
scaffold. Indeed, our model was not able to highlight
the effect of substitution at 7–8-position, found to be

(b). Variables with highly negative PLS coefficients such as AAA 10 08


ducers such as 08 and 24.







Figure 7. Unfavourable triplet arrangement (AAC 08 06 04) for the


molecule 45 (weak inducer) made by the oxygen in the chromene


scaffold, the carbon atom of the cyan group and the methyl group at


6-position. As this triplet has a negative coefficient in the PLS model,


its presence contributes to decrease the apoptosis inducing potency for


molecules 45.
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important for steric reasons.6 Substitution at 7-position
is not captured because our model misses compounds
1e6 and 1f,6 where bulky phenylamino or N-morpholino
substituents determine the potency reduction. These two
compounds were left out due to EC50 values >10 lM.
Sound statistical analysis of varied 8-substitution is
excluded given the small number of compounds and
the limited type of functional groups tested at this posi-
tion (Me, NH2 and OH).


3.2. Comparative studies with other 2D- and 3D-
descriptors


To further validate the quality of our 3D pharmaco-
phore fingerprint model, we compared the performance
of TOPP descriptors in QSAR analysis with seven other
widely used and reportedly successful QSAR methods:
GRIND, GRID/GOLPE and DRAGON 3D-descrip-
tors, circular ECFP_6/FCFP_6 fingerprints, MDL
structural keys and Barnard 4096 fingerprints (for
details, see Section 2).


One of the main problems when comparing different
methods is the miscellaneous selection of the diagnostic
methodology. For instance, ECFP/FCFP fingerprints
are normally combined with naı̈ve Bayesian classifiers,
while GRIND descriptors and the GRID/GOLPE pro-
cedure make use of linear regression techniques. In this

Table 4. Statistical results obtained analysing different QSAR descriptor sch


Descriptors PCs r2 SDEP


valid


3D TOPP 5 0.91 0.32


GRIND 5 0.90 0.42


GRID-GOLPE 3 0.84 0.41


DRAGON 4 0.76 0.51


2D MDL 166 2 0.25 0.67


BCI 4096 5 0.88 0.46


ECFP_6 3 0.88 0.49


FCFP_6 4 0.87 0.53


Average on six methods (TOPP, GRIND, GRID/GOLPE, BCI, ECFP_6

work, the partial least squares (PLS) method using
GOLPE has been used for all comparisons to check
rather objectively the relative performances of the differ-
ent descriptors. The main statistical results of their eval-
uation are shown in Table 4 and Figure 8.


The validity of any QSAR model can be checked by
internal and external validation. The internal validation
was performed by repeating 20 times the following
cross-validation procedure: the objects of the training
set were randomly split into 5 groups of equal object
numbers. Then, reduced models were built and used to
predict the Y-variables of the excluded objects. Finally,
the comparison of experimental and predicted activity
gives the statistical parameters q2 and internal SDEP
(Standard Deviation of Errors of Prediction). The same
parameters can be calculated for external compounds,
but using the real model to predict the activity. A test
set composed of 18 diverse compounds was analysed
and the quality of the predictions was accomplished by
computing the external SDEP for any QSAR model
built in this comparison. In general, consistency was
found between internal and external validation analyses.


Both the r2 values for correlation as well as the q2 values
for internal prediction indicate that all GRID-derived
methods yield robust models. In terms of internal
validation (q2 and SDEP), TOPP descriptors performed
slightly better than GRIND and GRID/GOLPE
descriptors. DRAGON descriptors achieve a signifi-
cantly lesser level of accuracy.


The 2D fingerprints used here afforded satisfactory re-
sults compared to 3D-descriptors except for the MDL
structural keys; neither fitting nor predictivity was
achieved in this case. This trend in performance com-
pletely contrasts to a previous report,23 where MDL
keys exhibited best statistics in predicting cytochrome
P450 2D6 metabolic stability while BCI keys ranked
worst. This opposing behaviour might be due to a stron-
ger dependence on the substructure composition of the
respective datasets under investigation. Indeed, MDL
structural keys do not seem appropriate in cases where
structural modifications are carried out around a fixed
core structure like in this dataset of 4-aryl-4H-chrom-
enes. This can be rationalised inspecting the MDL struc-
tural keys of 02 (log 1/C = 7.35) and 08 (log 1/C = 5.50),
wherein the 0 and 1 values for the two molecules match
exactly (Figure S1 in Supporting Information).

emes


cross


ation


q2 SDEP external


prediction


r2 external


prediction


0.78 0.30 0.68


0.63 0.38 0.56


0.64 0.38 0.53


0.44 0.55 0.13


0.10 0.45 0.33


0.56 0.31 0.64


0.50 0.38 0.61


0.40 0.34 0.59


, FCFP_6) 0.28 0.71







Figure 8. PLS scatter plots corresponding to the eight models; the corresponding statistical values are reported for each method.
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Figure 9. Trends related to different validations: internal and external validation are in agreement for the apoptosis dataset when analysing different


2D/3D-descriptors. The regression plots show good correlation when comparing both External versus Internal Standard Deviation of Errors of the


Predictions and External SDEP versus q2 values.


Figure 10. Comparison of the predictions obtained with different


models with the values obtained from the average.
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Circular substructure fingerprints ECFP_6 and
FCFP_6, instead, seem to behave more stably from this
point of view, giving reasonable statistical results inde-
pendent from dataset composition. The same consider-
ations hold for TOPP and GRIND, the former
exhibiting best performance as QSAR descriptor both
in this and the previously published study.23


As shown in Figure 9, good correlation can be found
when comparing the two different validation methodol-
ogies for 3D-and 2D-QSAR models, confirming the use-
fulness of such an internal validation tool in all cases
where a limited dataset size does not allow a rigorous
check of the real predictive power of the generated mod-
el via external validation.


The external validation analysis again confirmed TOPP
as appropriate 3D-descriptors for QSAR analysis given
the lowest SDEP (0.30) obtained for the 18 test set
compounds. GRIND, GRID/GOLPE, BCI and Pipeline
Pilot fingerprints also performed very well, having a
SDEP value less than 0.40 and outperforming the
remaining MDL and DRAGON approaches.


3.3. Average model versus single models


In pharmaceutical companies, a main goal of molecular
modelling techniques is saving time and money, that is,
focusing synthesis and biological tests only on promising
molecules. This goal demands the availability of highly
precise prediction tools. Therefore, we finally perform
a ‘consensus’ analysis of the predictions obtained using

different methods and present an average approach
using six out of eight methods to predict the apopto-
sis-inducing potency. DRAGON and MDL were ex-
cluded due to limited performance.


The results, reported in Figures 10 and 11, were intrigu-
ing: the use of the average is statistically superior to the
single methods. In Figure 10 we compare the predictions
of each method with the average of all predictions (for
the same compounds), using the squared differences be-
tween experimental and predicted values. In case of bet-
ter performances (lower differences) obtained with the
average, the corresponding cell in the table is coloured
in green. Vice versa, better performances obtained with
a single method correspond to red colouring.







Figure 11. Calculated versus experimental values for the test set


compounds obtained with TOPP (blue), BCI (red) and with the


average (green).
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Analysing Figure 10 by row (compound) indicates the
average to generally overcome the single methods, anal-
ysing by column (method) shows that only BCI and
TOPP perform at least as well as the average. The values
predicted with TOPP, BCI and the average are pre-
sented together in Figure 11, where it is shown how
the r2 on the external set obtained doing the average is
the highest (0.71), as well as the SDEP is the lowest
(0.28).


Beyond it, the use of several methods can help to
easily investigate the presence/absence of outliers
according to the ‘consensus’ of the predicted values:
agreement among all the methods indicates a precise
prediction, whereas large differences between pre-
dicted values (for the same compounds by different
methods) would demand caution when using such
predictions.

4. Conclusion


The TOPP approach is a novel member in the family of
GRID-based 3D-descriptors, although it does not refer
directly to the interaction fields but uses the GRID
atomic parameterization. In former papers, its success-
ful application to CYP2D6 metabolic stability23 and vir-
tual screening30 has been described. In such cases the
method was applied to heterogeneous datasets compris-
ing molecules with very diverse scaffolds. However, its
performance for homogeneous datasets comprising mol-
ecules with the same scaffold—a frequent situation in
QSAR studies—is missing yet.


Here, we present one of the first applications of TOPP
descriptors and PLS analysis to QSAR studies on a
dataset of 80 apoptosis-inducing 4-aryl-4H-chromenes.


Then, the performance of the TOPP approach was com-
pared with that of other 2D-(MDL keys, BCI, ECFP

and FCFP fingerprints) and 3D-descriptors (GRIND,
GRID/GOLPE, DRAGON); statistical criteria indi-
cated that TOPP descriptors performed best.


Finally, predictions from the single methods were com-
pared with an average approach using six out of eight
methods indicating better results for the average
approach.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bmc.2007.
06.051.
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Abstract—B-Cell lymphoma-2 (Bcl-2) protein is a new promising target for anticancer drugs. A number of anticancer Bcl-2 inhib-
itors with diverse chemical structures have been discovered in recent years. In this paper, the flexible docking was performed to
determine the binding modes of the representative inhibitors from different structural types. Subsequently, the binding modes of
inhibitor were used to construct a primary three- dimensional (3D) pharmacophore model. It proved that this model can effectively
disrupt the binding of the BH3 domain of proapoptotic Bcl-2 family members to Bcl-2, and match the structural requirement of a
new type of Bcl-2 inhibitors. However, these distances between pharmacophoric points are not optimal due to the fact that not all of
individual functional groups are located in the ideal position when inhibitors bind to its receptor. In this paper, we proposed a new
idea to improve the quality of the pharmacophore model: the multiple copy simultaneous search (MCSS) method was performed to
determine the energetically favorable distribution of functional groups with similar features to these pharmacophoric points in the
active site of Bcl-2 first. Then their most energetically favorable minima in the positions near the pharmacophoric points were used
to optimize the distances between pharmacophoric points. By examining the binding modes of several inhibitors from the same
structural type, it was found that the more potent the inhibitor was, the closer it was to the optimized distances between pharma-
cophoric points. The optimized 3D pharmacophore model obtained in this paper may provide a good starting point for further
rational design of Bcl-2 inhibitors.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


The Bcl-2 family of proteins plays important roles in the
regulation of cellular apoptosis and is divided into two
classes: antiapoptosis members (including Bcl-2) and
proapoptosis members.1,2 It has been revealed that anti-
apoptotic members inhibit apoptosis by antagonizing
the actions of proapoptotic members.3 And their activity
is mediated through the association of a large hydropho-
bic pocket on the antiapoptotic members with the BH3
domain of the proapoptotic members.4–6
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The overexpression of Bcl-2, which is found in a wide
variety of human cancers, is associated with tumor pro-
gression and resistance to anti-cancer therapy.7,8 There-
fore, Bcl-2 is an attractive target for the development of
anticancer agents.9,10 In recent years, a number of small
molecule compounds with diverse chemical structures
have been identified as anticancer agents,11–13 which
can bind in the hydrophobic pocket on Bcl-2 and block
its function.14–20 And the 3D NMR structure of the Bcl-
2: a small molecule inhibitor complex (PDB code
1YSW) reported recently20 extended our understanding
of the binding modes between inhibitors and the active
site of Bcl-2.


The enormous molecular diversity among the Bcl-2
inhibitors presents a significant challenge to determining
the essential structural features for activity. Therefore,
no detailed 3D pharmacophore model for Bcl-2
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inhibitors has been determined until now, though it can
provide useful insights for rational inhibitor design.21 In
this paper, we performed flexible docking to construct
binding modes for the representative inhibitors from dif-
ferent structural types. Subsequently, examination of the
binding modes of inhibitor revealed a primary 3D phar-
macophore model, in which the distances between phar-
macophoric points were calculated based on the
bioactive conformation of the representative inhibitors.
To assess the reliability of this pharmacophore model,
we examined whether or not it can effectively disrupt
Bcl-2 binding to the BH3 domain of proapoptotic Bcl-
2 family members, and match the structural requirement
of a new type of Bcl-2 inhibitors.


However, it was found that not all of individual func-
tional groups were located in the ideal position when
inhibitors were binding to its receptor, though the inhib-
itors possessed high affinity.20,22,23 Figure 1a shows the
comparison between the NMR structures of an inhibitor
(PDB code 1YSI) and the functional groups composing
it (PDB code 1YSG) in complex with the Bcl-xLL pro-
tein.20,23 Therefore, the distances between pharmaco-
phoric points in the primary 3D pharmacophore
model are not optimal.


The MCSS method can effectively determine energeti-
cally favorable positions and orientations of functional
groups for a target macromolecule with known 3D
structures based on a combination of Monte Carlo
and energy minimization techniques.24–26 It has been
reported that the binding conformation of MVT-101
(an inhibitor of HIV-1 aspartic proteinase) constructed
by the MCSS resulting minima corresponds well with
that in the cocrystal structure.24 In this paper, we pro-
posed a new idea to improve the quality of the phar-
macophore model of Bcl-2 inhibitors. The MCSS
method was used to determine the optimal positions
and orientations of functional groups with similar fea-
tures to the pharmacophoric points in the active site of
Bcl-2 first. Then the most energetically favorable min-
ima in the positions near the pharmacophoric points

Figure 1. (a) Comparison between the NMR structures of an inhibitor (1YS


Bcl-xLL protein. They are shown in stick with the carbon atoms of the inhibito


(b) Schematic representation of the active site of Bcl-2. Inhibitor 1 binding

were used to optimize the distances between pharmaco-
phoric points. To validate the results, we examined
whether the more potent inhibitor was closer to the
optimized distances between pharmacophoric points
than other inhibitors from the same structural type.
The optimized 3D pharmacophore model obtained in
this paper may provide a good starting point for fur-
ther rational design of Bcl-2 inhibitors.

2. Results and discussion


The active site of Bcl-2 was found to be a narrow and
long groove filled with 722 grid points (722 Å3) on the
protein surface, using the Binding Site Analysis pro-
gram. As shown in Figure 1b, the bottom of it is bound
by a5, and on the side, it is bound by a2, a3, a4, and a8.
The active site comprises five main areas from the stand-
point of drug design. The P1, P2 are two big and deep
pockets in the active site. The P3, P4 are two small pock-
ets at two ends of the active site. And the L1 is a narrow
and shallow channel linking P1 and P2.


2.1. The binding modes of the representative inhibitors


Figure 2 shows the representative Bcl-2 inhibitors se-
lected. 1–10 They are the most potent inhibitors from dif-
ferent structural types,14–20 in addition to 1, the
inhibitor from the NMR structure (PDB code: 1YSW).


Figure 3 shows the binding modes of 1–10 in the Bcl-2
active site. The binding modes of 1 and 227 are reason-
able because they were determined based on the 3D
NMR structure 1YSW directly and indirectly, respec-
tively. To evaluate the binding modes of the other inhib-
itors, we examined whether they can elucidate the
known structure-activity relationship (SAR). The bind-
ing mode of 6 which was obtained in our previous stud-
ies28 explains the good Bcl-2 selectivity versus Bcl-xLL.
The binding modes of 3, 5, 7, and 8 can explain the
much lower affinities of their corresponding derivatives
13, 19, 12, and 11, respectively.15,16,18 And the binding

I) and the functional groups composing it (1YSG) in complex with the


r colored purple and the carbon atoms of the functional groups green.
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Figure 2. The structures of the representative inhibitors 1–10 and some derivatives. The yellow lines denote the functional groups that comprise


pharmacophoric points H1, H2, and H3, respectively. The red, blue, and yellow circles represent hydrogen bond acceptors, hydrogen bond donors,


and H4, respectively. The purple spheres represent large conjugated systems.
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mode of 4 can explain why its derivatives 20, 21 can bind
to the active site of Bcl-2, while 22 cannot.18


Each binding mode of the representative inhibitors was
evaluated using the score functions43,44 in the LUDI
module within InsightII (the results are shown in Table 1).
They are the knowledge-based free energy calculation

functions which are theoretically correlated with the
affinities of inhibitors. However, as shown in Table 1,
the affinities of the representative inhibitors were from
different literature sources.14,15,18,29,39 The affinities of
some inhibitors are presented by their IC50 values,
and the others are the Ki values. An equation was partic-
ularly developed to convert IC50 values into Ki values







Figure 3. Binding modes of the representative inhibitors 1–10. The backbones of Bcl-2 are rendered as gray ribbons. Side chains of important


residues in the Bcl-2 active site and 1–10 are shown in stick with the carbon atoms of Bcl-2 colored green and the carbon atoms of inhibitors purple.


Cyan dashed lines indicate intermolecular hydrogen bonds. The compound number is at the top left corner of each panel.
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for fluorescence polarization (FP) assays.45 But we can-
not convert the IC50 values into Ki values of the repre-
sentative inhibitors in this paper due to the lack of the
Kd values of the substrate in their FP assays. Further-
more, the IC50 values of some inhibitors still cannot
be used to compare with each other directly because
different experimental conditions were used in the FP
assays. Therefore, we only compared the affinities of
the inhibitors determined in the identical condition with
their binding scores. The trend for LUDI scores 2 is in
good qualitative agreement with the affinities of the
inhibitors determined in the identical condition, though
there is no high correlation between them due to their

different structural types. However, as shown in Table
6, the LUDI scores 2 of a new type of inhibitors 14–
17 from the same structural type (the structures shown
in Fig. 5, and the binding modes of them discussed in de-
tail in page 8) correlated well with their Ki values39


(R2 = 0.95), implying that the established binding modes
of inhibitors are reasonable.


2.2. Construction of the 3D pharmacophore model


Table 1 shows twelve types of interaction of these ten
inhibitors with Bcl-2. On the basis of these twelve types
of inhibitor-Bcl-2 interaction, 12 possible corresponding







Table 1. Interactions with Bcl-2 and corresponding pharmacophoric points (last column) of the representative inhibitors 1–10


1 2 3 4 5 6 7 8 9 10 Points


Number of representative low energy


conformations for docking


1 1 2 2 1 1 1 1 2 1


Interactions with Bcl-2a


Van der Walls interaction with L1
p p p p p p p p p p


H1


Van der Walls interaction with P1
p p p p p p p p p


H2


Van der Walls interaction with P2
p p p p


H3


Hydrogen bond (with the backbone


carbonyl of G145)


p p p p p
D1


Cation-p interaction (with R146)
p p p p p


C1


Hydrogen bond (with the hydroxyl of Y108)
p p p


D2


Hydrogen bond (with R146)
p p p


A1


Hydrogen bond (with E136)
p p p


D3


Hydrogen bond (with D111)
p p


D4


Hydrogen bond (with the hydroxyl of Y202)
p p


A2


p–p interaction (with Y202)
p p


C2


Van der Walls interaction with P3
p


H4


Scores 1b 830 898 689 691 377 833 586 619 557 469


Scores 2b 473 640 393 346 386 388 348 345 311 338


Affinity


IC50 from Ref. 15 (lM) 1.6 ± 0.1 5.8 ± 2.2 10.4 ± 0.3


IC50 from Ref. 14 (lM) 9


IC50 from Ref. 29 (lM) 0.12 2.95 6.43


Ki from Ref. 18 (lM) 0.230 0.286


a The inhibitors interact with the side chain of residues depicted in the table, except those indicated in particular which interact with the backbone of


residues.
b The scores were computed by the LUDI module of InsightII. The difference between the score 1 and score 2 is that an additional term evaluating the


contribution of binding of aromatic-aromatic interaction is added to LUDI score 1.43,44
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pharmacophoric points were selected. As shown in
Table 1 and Figure 2, it consists of four hydrophobic
centers (H1, H2, H3, and H4), four hydrogen bond donors
(D1, D2, D3, and D4), two hydrogen bond acceptors
(A1 and A2), and two large conjugated systems (C1
and C2). Nevertheless, their roles in inhibitor binding
are different from each other. Figure 4a depicts the phar-
macophoric points mapped onto the superimposition of
1–10 in the active site of Bcl-2. Points H2–H1–H3 were
found to serve as a linear molecular scaffold that satisfy
the overall geometric and steric requirements for inhib-
itor binding. The Van der Walls interactions around
these pharmacophoric points play major roles in binding
to Bcl-2. Based on the structures of 1–10, we propose
that a effective Bcl-2 inhibitor should be a linear mole-
cule including point H1 and at least one of H2 and
H3, and the inhibitors including H1, H2 and H3 simul-
taneously would be highly potent. This conclusion is
consistent with that suggested18 for Bcl-xLL on the basis
of the studies of tea polyphenols, such as 3 and 4. They
suggested that compounds capable of occupying all
three of the subpockets of the active site, which corre-
spond to the hydrophobic centers H1, H2, and H3 in
this paper, exhibit the strongest binding. However, the
detailed pharmacophoric points and distances between
them were not discussed in the original paper.18


In addition, points D1, C1, D2, A1, and D3 occur in the
binding modes of the representative inhibitors fre-
quently. They can form electrostatic interactions with
Bcl-2 and improve affinity and specificity. However,

points D4, A2, C2, and H4, which are able to enhance
the affinity of inhibitors further, occur in the binding
modes of the representative inhibitors less frequently.
Figure 4b highlights the interactions between the phar-
macophoric points and the active site of Bcl-2. Figure
4c shows the calculated distances between pharmaco-
phoric points based on the bioactive conformations of
the representative inhibitors, which construct the pri-
miry 3D pharmacophore model.


Because the small molecule inhibitors mimic the BH3
domains of the proapoptotic members to bind into the
active site of Bcl-2, we compared the pharmacophore
model with the key binding points of the BH3 domains
of the proapoptotic members to assess the reliability of
the model. We examined the interactions between sub-
strate BH3 peptides and the proteins (see Table 2) on
the basis of the 3D structure of the complexes.4,6,30


The complex structures of Bcl-xLL were included in dis-
cussion because of the high homology and similar prop-
erty between Bcl-2 and Bcl-xLL. Though mouse-derived it
is, structure 1PQ1 was also included because mouse-de-
rived and human-derived Bcl-xLL only differ in two resi-
dues which are far from the active site. While no
complex structure of Bcl-2 was determined at present,
the homologous 3D model of Bcl-2 in complex with
the BH3 peptide of Bak constructed in our previous
studies31 provides an approximate template.


As shown in Table 2, it was found that the formation
of all of the complex was mainly attributed to several







Figure 4. (a) Pharmacophoric points (shown in spheres colored as Fig. 2) mapped onto the superimposition of 1–10 (shown in dark gray sticks) in the


Bcl-2 active site (backbones shown in gray ribbons). (b) Interactions between the pharmacophoric points and the Bcl-2 active site (backbones shown


in gray ribbons and side chains shown in sticks with carbon atoms colored in green). (c) Primary 3D pharmacophore model of inhibitors of Bcl-2.


The distances between pharmacophoric points (Å) are shown. (d) Pharmacophoric points superimposed onto the homologous 3D model of Bcl-2 in


complex with the BH3 peptide of Bak (backbones shown in dark gray ribbons and side chains shown in sticks with carbon atoms colored in dark


gray).
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interactions, including the Van der Walls interactions
with P1, P2, and L1 areas in the active site, and the elec-
trostatic interactions or hydrogen bonds with R146 and
E136 of Bcl-2 (R139 and E129 of Bcl-xLL). These interac-
tions play important roles in the binding between
substrate BH3 peptides and the proteins. This is
supported by a number of mutations in the active site
of Bcl-232,33 and Bcl-xLL,6,34–36 and alanine mutations in
BH3 domains of the proapoptotic members,6,37 which
have been shown to inhibit their function. These key
binding points of the BH3 peptides correspond to the
important pharmacophoric points H2, H3, H1, A1,
and D3 in our model, respectively.


As shown in Figure 4d, we superimposed the pharmaco-
phore model onto the homologous 3D model of Bcl-2 in
complex with the BH3 peptide of Bak. The pharmaco-
phoric point H1 superimposes with the Bak backbone
atoms which bind to the L1 area of the Bcl-2 active site,
and points H2, H3 can disrupt Bcl-2 binding to two crit-
ical hydrophobic residues of Bak (L78 and I85), respec-
tively. Additionally, points A1, D3, and A2 can
competitively inhibit important electrostatic interactions
between the BH3 peptide of Bak and Bcl-2. The effective

disruption of the binding between the BH3 domain and
Bcl-2 confirms the reasonability of the pharmacophore
model.


On the basis of the modeling of complex structures and
molecular dynamics computation, the minimum
requirements for a hexadecapeptide to interact with
Bcl-2 were established.38 Besides three hydrophobic
residues in positions 7, 10, and 14, it requires the exis-
tence of a charged residue in positions 12 and 13.
Affinity can be increased by an additional positively
charged residue in positions 5 and 8, and a negatively
charged residue in position 15. Though the detailed
spatial relationship of these positions was not dis-
cussed, it was proposed that these positions can be
used to search small molecule inhibitors. This proposi-
tion was confirmed in this paper. The important posi-
tions of hexadecapeptides are corresponding,
respectively, to the important pharmacophoric points
H2, H1, H3, A1, and D3 in our pharmacophore model
for small molecule inhibitors.


In addition, after we completed the construction of the
pharmacophore model, a new type of Bcl-2 inhibitors
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(14–18) was reported.39 They were used to validate the
pharmacophore model we constructed. The binding
modes of 14–17 were determined by flexible docking
(see Figure 6d–g). The binding modes are reasonable be-
cause they can elucidate that the binding affinity of 17 is
higher than that of derivative 18 (see Figure 5), and the
calculated Ludi scores 2 of the inhibitors correlate well
with their Ki values (see Table 6). As shown in Figures
5 and 6d, the inhibitors consist of the three crucial phar-
macophoric points P1, P2, P3, and A1, which explains
the high affinity of 17 including all of these points.
And the distances between pharmacophoric points
mostly conform to the 3D pharmacophore model we
constructed. That the 3D pharmacophore model can
match the structural requirement of the new inhibitors,
which are structurally distinct from the inhibitors used
in the construction of the model, confirms the reliability
of the model further. It suggested that the 3D pharma-
cophore model may be not only for the representative
inhibitors in our paper, but also for all of the Bcl-2
inhibitors. In addition, this type of inhibitors still in-
cludes a hydrogen bond donor in the positions near
the pharmacophoric point A2. It was found that either
a hydrogen bond acceptor (A2) or a hydrogen bond do-
nor (named D5) can be located in this position, due to
the interaction with either the hydrogen or oxygen atom
of the hydroxyl in Y202 side chain.


2.3. Optimized 3D pharmacophore model


The distances between pharmacophoric points in the
primary 3D pharmacophore model are not optimal
due to the fact that not all of individual functional
groups are located in the ideal position when inhibitors
bind to its receptor. To explore the optimized 3D phar-
macophore model, the MCSS method was performed to
calculate the energetically favorable positions and orien-
tations of functional groups with similar features to
these pharmacophoric points in the active site of Bcl-2
first. Benzene and propane groups were chosen to
approximate the interactions around hydrophobic
centers. Benzene groups can also approximate the inter-
actions of large conjugated systems. And N-methylace-
tamide, methanol, and dimethyl ether groups were
chosen to approximate the interactions of hydrogen
bond donors and acceptors. The results for these
functional groups used for the MCSS calculations are
summarized in Table 3. Since the functional groups
are competing with solvent for binding to the protein,
only minima whose interaction energy was less than
one-half of the solvation enthalpy (reflecting the free
energy of solvation) were considered in the next step
of analysis.24,26


Then the most energetically favorable minima of each
functional group in the positions near the pharmaco-
phoric points, except the minima forming more than
one interaction with the protein simultaneously, were
used to optimize the distances between pharmacophoric
points. The selected minima are shown in bold in Tables
4 and 5, and are denoted by spheres or circles in Figures
6a and b. The optimized distances between pharmaco-
phoric points calculated are described in Figure 6c,







Figure 5. The structures of the inhibitors 14–18. The pharmacophoric points are denoted as Figure 2.


6414 C.-H. Zheng et al. / Bioorg. Med. Chem. 15 (2007) 6407–6417

which construct an optimized 3D pharmacophore
model.


On the basis of the binding modes of inhibitors 14–17
from the same structural type, their distances between
pharmacophoric points were calculated. It was found
that the more potent inhibitor was closer to the opti-
mized distances between pharmacophoric points than
other inhibitors (see Table 6). This confirms the reason-
ability of our new idea to improve the quality of the
pharmacophore model to a certain extent. It also implies
that modifying this type of inhibitors to make them clo-
ser to the optimized distances between the pharmaco-
phoric points can enhance their affinity.


Additionally, in the analysis of MCSS results, the hydro-
phobic groups were found to form clusters in hydropho-
bic areas P1 and P2 (near pharmacophoric points H2 and
H3, respectively), due to the large volume of these areas.
And some polar groups were found to form two clusters
near point D3, because they can interact with residue
E136 from two different directions, respectively. Since
the energies of the most energetically favorable minima
in each cluster are comparable, all of the minima are
worth being considered in the inhibitor design.

3. Conclusions


In this paper, the binding modes of the representative
Bcl-2 inhibitors from different structural types were
determined by flexible docking. Subsequently, a primary
3D pharmacophore model was constructed based on the
binding modes of inhibitor. This model proved to effec-
tively disrupt the binding of the BH3 domain of proa-
poptotic Bcl-2 family members to Bcl-2, and match the
structural requirement of a new type of Bcl-2 inhibitors.
Then the energetically favorable positions and orienta-
tions of functional groups with similar features to these
pharmacophoric points in the active site of Bcl-2 were
determined by the MCSS method. And the distances be-
tween pharmacophoric points were optimized by the
most energetically favorable minima in the positions
near the pharmacophoric points. By examining the

binding modes of several inhibitors from the same struc-
tural type, it was found that the more potent the inhib-
itor was, the closer the inhibitor was to the optimized
distances between pharmacophoric points. The opti-
mized 3D pharmacophore model obtained in this paper
may provide a good starting point for further rational
design of Bcl-2 inhibitors. The present paper addition-
ally provides a new idea to determine a good 3D phar-
macophore model, and further improvement of it is
now underway.

4. Materials and methods


The 3D structures 1YSW, 1YSI, 1YSG, 1BXL, 1G5J,
and 1PQ1 were obtained from RCSB Protein Data
Bank. All calculations were performed on an Origin
300 Server with commercially available SYBYL6.940


and InsightII 200041 software packages.


4.1. Simple energy minimization of 3D NMR structure


The structures from RCSB Protein Data Bank were sub-
jected to simple energy minimization to eliminate some
distortion by MAXIMIN2 module within SYBYL using
the following parameters: Tripos force filed, Kollman-
all charges for atoms of the protein, Gasteiger-Hückel
charges for atoms of the inhibitor, distance-dependent
dielectric constant, and steepest descent minimization
100 steps, then conjugate gradient energy minimization
until the root-mean-square (rms) gradient energy was
lower than 0.5 kcal/mol Å. The restriction on the struc-
ture was relaxed gradually when energy minimization
was performed.


4.2. Active site analysis


The size and spatial orientation of the active site were
identified by grid analysis implemented in the Binding
Site Analysis module within InsightII. The grid size for
searching the proteins was set to 1 Å · 1 Å · 1 Å. All of
the solvent accessible surfaces in the protein were filled
with grid points and only those having at least 50 grid
points were accepted as potential ligand binding sites.







Figure 6. (a) Most energetically favorable minima of each cluster for hydrophobic functional groups (benzene shown in purple sticks and


propane shown in yellow sticks) in the positions near the pharmacophoric points (protein shown in black sticks). The selected minima are


denoted by spheres. (b) Most energetically favorable minima of each cluster for polar functional groups (N-methylacetamide shown in red


sticks, methanol shown in blue sticks, and dimethyl ether shown in green) in the positions near the pharmacophoric points. (c) Optimized 3D


pharmacophore model (D5 shown in blue dashed circle). The distances between pharmacophoric points (Å) are shown. (d) Pharmacophoric


points mapped onto 17 binding to the active site of Bcl-2. (e–g) Binding modes of the inhibitors 14–16. The compound number is bracketed in


the figure.


Table 3. Results for functional groups used for the MCSS calculations


Functional


groups*


DH/2


(kcal/mol)


Initial


no. of


copies


Minima with


interaction


energy <0


Range of interaction


energy (kcal/mol)


Minima with


interaction


energy <DH/2
From To


Benzene �3.5 2000 30 �14.1 �3.45 29


Propane �2.4 2000 75 �6.5 �2.84 75


N-Methylacetamide �9.6 2000 58 �40.2 �3.20 46


Methanol �5.1 2000 71 �27.7 �2.94 68


Dimethyl ether 2000 43 �17.5 �3.4


C.-H. Zheng et al. / Bioorg. Med. Chem. 15 (2007) 6407–6417 6415







Table 4. Most energetically favorable minima of each cluster for


hydrophobic functional groups in the positions near the pharmaco-


phoric points


Points H1(C1) H2 H3 H4 C2


Benzene 1 (�14.1)a 2 (�13.8) 3 (�12.5) 27 (�4.6)


4 (�12.4) 7 (�11.8)


10 (�9.9)


Propane 16 (�5.5) 4 (�6.0) 10 (�5.8) 15 (�5.5)


42 (�4.5) 31 (�5.0)


38 (�4.7)


The serial number and bracketed interaction energy (unit: kcal/mol) of


minima are shown. The selected minima are shown in bold.
a This group approximates both the interactions of H1 and C1.
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4.3. Flexible docking of inhibitors into the active site


Small molecule inhibitors were built by SYBYL. After
energy minimization and simulated annealing were per-
formed, the representative low energy conformations of
each inhibitor were selected for molecular docking (the
numbers of those conformations for each inhibitor are
listed in the first row of Table 1).


The flexible ligand docking procedure in the Affinity
module within InsightII was used. The 1YSW structure
after energy minimization was used as the protein tem-
plate. All the atoms of inhibitors and the side chain of
residues within a defined radius (8 Å) of inhibitors were
allowed to move freely. The backbone atoms of the res-

Table 5. Most energetically favorable minima of each cluster for polar func


Points D1 D2 A1


N-Methylacetamide 38 (�13.1) 24a (�24.5) 8 (�31.9)


Methanol 4b (�22.3) 33 (�10.2) 4b (�22.3)


Dimethyl ether 1 (�17.5)


The serial number and bracketed interaction energy (unit: kcal/mol) of mini
a This group forms two hydrogen bonds with the hydroxyl of Y108 and side
b This group forms two hydrogen bonds with the backbone carbonyl of G14
c This group forms two hydrogen bonds with the hydroxyl of Y202 simultan


Table 6. Comparison of optimized distances between pharmacophoric point


Distances between pharmacophoric points (Å) 14 15


H1–H2


H1–H3 8.4 9.5


H2–H3


A1–H1 4.1 4.1


A1–H2


A1–H3 6.8 8.0


D5–H1 9.5 9.6


D5–H2


D5–H3 5.0 6.1


Score 1 445 520


Score 2 319 344


Ki from Ref. 39 (lM) 24.1 ± 2.1 8.3 ±


The calculated scores and activities of 14–17 are listed in the bottom of the ta


difference between the score 1 and score 2 is that an additional term evaluatin


to LUDI score 1.43,44

idues, which were found involving obvious induced fit
when substrate binding in our previous analysis,27 were
allowed to move with restriction. The solvation grid
supplied with the affinity program was used.42 If the
resulting inhibitor/enzyme system was within a prede-
fined energy tolerance of the previous structure, the sys-
tem was subjected to minimization. The resulting
structure was accepted on the basis of energy check,
which used the Metropolis criterion, and also a check
of rms distance between the newly generated structure
and the structure found so far. The final conformation
was obtained through a simulation annealing procedure
from 500 to 300 K, and then 3000 rounds of energy min-
imization were performed to reach a convergence. The
final binding modes of the inhibitors were determined
on the basis of the energy and the known SAR of the
inhibitor. And each binding mode of the inhibitors
was evaluated using the score functions43,44 in the LUDI
module within InsightII.


4.4. Multiple copy simultaneous search (MCSS)


The binding site areas in the MCSS simulation were de-
fined as an approximate 32 Å · 16 Å · 12 Å box for Bcl-
2, which includes the active site determined in active site
analysis and most of the residues around it. 200 copies
of a given functional group were randomly distributed
inside the binding site and then simultaneously and inde-
pendently energy-minimized. Pairs of groups were con-
sidered to be identical if the rms deviation between

tional groups in the positions near the pharmacophoric points


D3 D4 A2 D5


3 (�34.1)


5 (�33.3)


3 (�22.4) 20 (�16.3) 47c (�7.7) 47c (�7.7)


7 (�19.8) 59 (�5.8)


43 (�3.4)


ma are shown. The selected minima are shown in bold.


chain of R146 simultaneously.


5 and side chain of R146 simultaneously.


eously.


s and these of inhibitors 14–17


16 17 Improved distances (Å)


4.9 5.1 �7.7


9.2 10.0 �9.8


12.1 14.0 �13.5


4.2 4.0 �1.9


8.6 9.1 �9.4


8.0 8.4 �9.3


9.6 9.5 �9.3


13.5 14.5 �14.7


6.1 5.7 �6.8


679 581


432 436


1.1 0.93 ± 0.11 0.29 ± 0.06


ble. The scores were computed by the LUDI module of InsightII. The


g the contribution of binding of aromatic-aromatic interaction is added
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them was less than 0.2 Å, and in such cases, one of the
pairs was eliminated. The above protocol was repeated
10 times for each of the functional groups to allow a
complete search of the active site. All of the above calcu-
lations were performed using the CHARMM22 force
field and MCSS 2.1 program.
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