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Abstract—The quinolone analog SQ-4004 has been identified as a potentially excellent anti-ischemic agent, which exhibited highly
potent efficacy in reducing infarct volume size in vivo rat MCAO model (32.1% at 0.01 mg/kg) and potent cardioprotective effect at
myocardial infarction in vivo model (26.6% at 0.01 mg/kg) while it exhibited highly reduced anti-bacterial activity. The mechanistic
study revealed that the anti-ischemic activity might exert via an anti-apoptotic pathway, which implies its therapeutic uses against
the ischemic cell injuries including ischemic stroke and ischemic heart disease.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Ischemic cell injury under hypoxic conditions such as
ischemic stroke and/or myocardial infarction, in many
cases, leads to fatal situation or causes a long-lasting dis-
ability.1 To the best of our knowledge, the currently ap-
proved treatment for the patients is only an
administration of the tissue-type plasminogen activator
(t-PA) as a thrombolytic therapy for the restoration of
blood flow to the ischemic region. However, the throm-
bolytic therapy has some limitation to be treated within
3 h after a stroke and is applicable to a limited number
of patients because of the risk of symptomatic intracra-
nial hemorrhage. Moreover, during the reperfusion, cells
are often endangered in a circumstance of oxidative
stress, which results in further tissue injury. In this re-
gard, antithrombolytic agents seem not effective enough
to stop or retard the on-going tissue injury at a reperfu-
sion phase. Therefore, development of the new anti-
ischemic agents with different modes of action as well
as with wider therapeutic window is in urgent need.
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Current studies on the new anti-ischemic agents include
glutamate antagonists, anti-inflammatory agents, anti-
apoptotic agents, anti-oxidant agents, and ion-channel
modulators.2–4 In particular, the recent efforts focused
on the evaluation of the currently available antibiotics
on the basis of their potential role in reducing infarct
size via an inhibition of inflammation and/or infection
accompanied by ischemic injury. The tetracycline ana-
logs,5 the representative example, showed reasonable
efficacy in in vivo animal model in reducing the infarct
size during the ischemic insult. Several research groups
also recently reported that the anti-ischemic effect by
pretreatment of antibiotics is likely due to their anti-
inflammatory or anti-apoptotic effect.6–11


In the course of our search for new anti-ischemic agents,
we have also discovered that several antibiotics provide
significant cell survivals under in vitro hypoxic condi-
tion.12 In particular, among the fluoroquinolones tested,
ciprofloxacin (CPFX) exhibited in vitro cell viability and
furthermore considerably reduced infarct volume size in
in vivo rat focal cerebral ischemic animal model
(MCAO) at low concentration. During our extensive
studies on anti-ischemic agent, Christian Meisel et al.
also reported the moderate reduction of infarct volume
size by moxifloxacin pretreatment in mouse MCAO
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model (about 14% reduction in infarct size after six
times intravenous administration of 100 mg/kg) and its
anti-infection mechanism for the anti-ischemic
activity.13


On the basis of the excellent anti-ischemic activity of
CPFX at both in vitro and in vivo experiments, our
initial efforts for new anti-ischemic agents included
the systematic structural modification of CPFX in an
anticipation of minimization of the anti-bacterial activ-
ity for the separation of anti-ischemic activity from the
anti-bacterial activity of CPFX as well as enhancement
of its anti-ischemic activity. As our preliminary work
to understand structural requirements for the anti-
ischemic effect of CPFX, we manipulated the func-
tional groups of CPFX associated with the anti-bacte-
rial effect. Consequently, we were able to identify
SQ-4004, which exhibited potent cell viability with highly
reduced anti-bacterial efficacy among the CPFX ana-
logs. Moreover, SQ-4004 showed high anti-ischemic
efficacy in further in vivo animal model studies. Thus,
we herein communicate our initial success to identify
the quinolone-based anti-ischemic agent, SQ-4004,
which envisions separation of the potent neuroprotec-
tive and cardioprotective activity from the anti-bacte-
rial effect. In addition, we describe the preliminary
structure–activity relationship of CPFX and the mech-
anism of the anti-ischemic activity associated with the
anti-apoptotic activity.
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Figure 1. Structure of CPFX and its structural modification.

2. Results and discussion


2.1. Structural modification of CPFX


According to the structure–activity relationship for the
anti-bacterial activity of fluoroquinolones, N1, C2–H,
C3-Carboxylic acid, C4-carbonyl, C6-F, and C7-pipera-
zine are essential or beneficial for the anti-bacterial
activity.14,15 Thus, modification or elimination of these
groups would give us the valuable structural informa-
tion for separation from the anti-bacterial activity as
well as further improvement of anti-ischemic effect of
CPFX. The structural modification of CPFX and the
rationale for the modification are summarized in Figure 1.
The CPFX analogs prepared for the preliminary
structure–activity relationship of CPFX appeared in a
few literatures except SQ-4007 and SQ-4008 as synthetic
intermediates without biological property (SQ-4001,16


SQ-4004,17 and SQ-400518) or with anti-bacterial activ-
ity (SQ-4002,19,20 SQ-4003,21 and SQ-400622). All the
analogs were synthesized by modification (method A
or method B) of the established procedure as shown in
Scheme 1. In method A, the cis-isomer of 2 was directly
subjected to acylation right after purification by column
chromatography on NH–silica gel to afford the desired
product 3 with a minimum isomerization to the corre-
sponding trans-isomer. Cyclization of 3 under basic con-
dition and further hydrolysis gave the quinolone
intermediate 4. The analogs, SQ-4003 and SQ-4004,
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Scheme 1. General synthetic routes for SQ-analogs. Reagents and conditions, Method A: (a) cyclopropylamine, CH3CN, 5–10 �C, 5 h, 100%; (b)


column chromatography on NH–silica gel, 20%; (c) Et3N, dioxane, reflux, 12 h, 60–96%; (d) K2CO3, DMF, 110 �C, 12 h, 70–88%; (e) 6 N HCl,


EtOH, reflux, 6 h, 78–96%; (f) piperazine or piperidine, DMSO, 130–140 �C, 5 h, 40–67%. Method B: (g) piperidine or N-Boc-piperazine, pyridine,


Et3N, rt, 48 h, 95–100%; (h) diethylcarbonate, NaH, rt! 80 �C, 3 h, 60–79%; (i) triethylorthoformate, Ac2O, 110 �C, 2 h; (j) cyclopropylamine,


CH2Cl2, rt, 3 h, 79–87% for two steps; (k) NaH, THF, reflux, 2 h, 90–98%; (l) 6 N HCl, EtOH, reflux, 6 h, 96%; (m) P2S10, pyridine, reflux, 2 h, 33%;


(n) NaCN, DMSO, 170–180�C, 2 h, 30%; (o) CH3MgBr, CuI, THF, �78 �C, 3 h, 62%; (p) NaH, PhSeCl, THF, 0 �C, 10 min then H2O2, CH2Cl2, rt,


30 min, 70% for two steps; (q) concd HCl, EtOH/CH2Cl2, rt, 2 h, 77%; (r)1 N NaOH, THF/EtOH, rt, 1 day, 54%.


Table 1. Cell viability for SQ-analogs by MTS assay in SH-SY5Y cell


line


Analogs Cell viability (%) (mean ± SD)


Positive control 43.3 ± 5.4


CPFX 46.5 ± 5.3


SQ-4001 45.1 ± 7.4


SQ-4002 57.4 ± 4.3*


SQ-4003 44.1 ± 7.9


SQ-4004 61.7 ± 4.6**


SQ-4005 39.0 ± 1.2


SQ-4006 42.4 ± 0.9


SQ-4007 27.1 ± 2.2


SQ-4008 49.9 ± 3.9


* P < 0.1.
** P < 0.05 as compared to the control.
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were synthesized by aromatic nucleophilic substitution
of the corresponding C7-fluorobenzenes with piperazine
or piperidine. The analogs SQ-4003 and SQ-4004 could
be also synthesized by method B under the much milder
reaction condition. The nucleophilic substitution took
place even at room temperature with an excellent isola-
tion yield and then facile alkoxycarbonylation of the
resulting substitution product, followed by aminometh-
ylenation, gave the intermediate 7 with good yields.
Finally, sequential cyclization, Grignard reaction or
conversion of carbonyl to thiocarbonyl, and then hydro-
lysis provided SQ-4007 and SQ-4008 with moderate
yields. The analogs, SQ-4002 and SQ-4006, were synthe-
sized by the reported procedure.20,22


2.2. Evaluation of the pharmacophoric parts of CPFX
(in vitro cell viability and anti-bacterial effect)


Anti-ischemic effects of CPFX-analogs were assessed
preliminarly at 0.1 lM concentration in vitro in SH-
SY5Y, neuroblastoma cell line. Ischemic insult was in-
duced by 200 lM of H2O2 and the level of cell viability
was determined using MTS assay and was expressed as
a percentage compared to that of the control. As shown
in Table 1, among the tested CPFX-analogs, SQ-4002
and SQ-4004 exhibited 33% and 42% enhancement of

cell viability, respectively, compared to the control.
However, SQ-4007 seems to show cell cytotoxicity even
at low concentration (Table 1). The anti-bacterial activ-
ity for both SQ-4002 and SQ-4004, which exhibited
excellent cell viability, was also tested against four rep-
resentative gram-positive and three gram-negative
strains. As anticipated, SQ-4002 and SQ-4004 appar-
ently exhibited the highly reduced anti-bacterial activi-
ties and especially, SQ-4004 exhibited 8- to 32-fold







Table 2. Anti-bacterial activity of SQ-4002, SQ-4004, and CPFX against Gram-positive and Gram-negative strains


Analogs MIC (lg/mL)


S. aureus S. epidermidis E. faecalis B. subtilis E. coli E. clocaes S. marcesens


CPFX 2 1 2 1 0.031 0.063 0.125


SQ-4002 16 8 8 8 <0.12 0.5 1


SQ-4004 32 16 64 8 0.5 1 4
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reduced anti-bacterial activities compared to CPFX
against all the tested strains (Table 2). Obviously, elim-
ination of carboxyl and fluoro groups of CPFX, which
are essential or beneficial for the anti-bacterial activity,
respectively, seems to enhance the anti-ischemic activ-
ity. On the other hand, modification of C7-piperazine
group (SQ-4001, 4003, 4005, and 4006), which is bene-
ficial for the anti-bacterial activity of CPFX, slightly re-
duced the anti-ischemic activity. Thiocarbonyl
substitution of C4-carbonyl group of the enone moiety,
which is essential for the anti-bacterial effect signifi-
cantly dropped the anti-ischemic activity. However,
methyl introduction at C2 slightly increased the anti-
ischemic activity.

Figure 2. Effect of SQ-4004 under the condition of ischemia/reperfusion (2/2


stained with triphenyltetrazolium chloride, and assessed for infarct size.


Table 3. Anti-ischemic effect of CPFX and SQ-4004 in the rat MCAO mod


Condition Drugs Dose (mg/kg, ip)


Pre-ischemia Vehicle (n = 28)


CPFX 0.001 (n = 4)


0.01 (n = 8)


0.1 (n = 5)


SQ-4004 0.001 (n = 4)


0.01 (n = 9)


0.1 (n = 7)


Post-ischemia SQ-4004 0.01 (n = 5)


* P < 0.05.
** P = 0 as compared to vehicle treated.

2.3. In vivo MCAO model


To assess the anti-ischemic activity of SQ-4004 in vivo,
SQ-4004 was evaluated in rat MCAO model under both
pre- and post-ischemic conditions (ischemia/reperfu-
sion = 2 h/22 h) and CPFX was used as a control drug.
Both compounds were tested by intraperitoneal admin-
istration three times (pre-ischemic condition; 3 h, 1 h
prior, and 1 h after occlusion of MCA) at the doses of
0.001, 0.01 and 0.1 mg/kg, respectively. As a result, the
significant reduction of the infarct size of brain was ob-
served as shown in Table 3 and Figure 2. The infarct
volumes for the group of rats treated with SQ-4004 were
54.6 ± 5.0 mm3 (0.001 mg/kg, N = 4; P < 0.05),

2 h) in the rat MCAO model. Brains were dissected into seven slices,


el


Infarct volume (mm3 ± SD) Infarct size reduction (%)


60.4 ± 7.6


52.0 ± 8.0 13.9


49.0 ± 8.3* 18.8


58.8 ± 8.5 2.7


54.6 ± 5.0* 9.6


41.0 ± 7.3** 32.1


57.2 ± 8.7 5.3


55.1 ± 5.6 8.9







C.-H. Park et al. / Bioorg. Med. Chem. 15 (2007) 6517–6526 6521

41.0 ± 7.3 mm3 (0.01 mg/kg, N = 9; P = 0) and
57.2 ± 8.7 mm3 (0.1 mg/kg, N = 7), respectively, com-
pared to 60.4 ± 7.6 mm3 (N = 28) for the vehicle group.


The analog SQ-4004 exhibited a highly potent anti-
ischemic activity of 32.1% infarct reduction compared
to the vehicle at 0.01 mg/kg and 1.7-fold potency com-
pared to CPFX. Based on the high efficacy at pre-ische-
mic condition, SQ-4004 were also tested by
intraperitoneal administration three times under the
post-ischemic condition (right after, 2 h after occlusion
of MCA and 2 h after reperfusion) at the dose of
0.01 mg/kg. However, only 8.9% reduction of the infarct
size was observed under this condition. No reduction of
the infarct area at 0.1 mg/kg of SQ-4004 impinged on
dose-dependent manner seems to imply the possible
rebounding aspect of SQ-4004.


Considering the highly potent anti-ischemic effect of SQ-
4004, its in vivo evaluation was extended to myocardial
infarction animal model. The reduction in myocardial
infarction was examined after intraperitoneal adminis-

Table 4. Cardioprotective efficacy of SQ-4004 in the myocardial


infarction (MI) model in rats


Condition Drugs Dose


(mg/kg, ip)


Infarct area


(% of area


at risk)


Infarct size


reduction (%)


Myocardial


infarction


Vehicle (n = 37) 72.4 ± 9.8


SQ-4004 0.001 (n = 5) 62.1 ± 6.0* 14.2


0.01 (n = 10) 53.1 ± 14.3* 26.6


0.1 (n = 6) 78.3 ± 13.1 —


* P < 0.05 as compared to the vehicle treated.


Figure 3. Histological examination on the apoptotic pathway of SQ-4004, T


kg).

trations of SQ-4004 1 h prior to the local ischemia at
the doses of 0.001, 0.01 and 0.1 mg/kg, respectively.
After transient ischemia/reperfusion (30 min/3 h) insult,
the infarct area of the hearts was assessed and the highly
potent cardioprotective effect at 0.01 mg/kg was also ob-
served as shown in Table 4. Again, no reduction of the
infarct area at 0.1 mg/kg was observed in MI model.


2.4. Anti-apoptotic activity of SQ-4004


On the basis of potent anti-ischemic activities of SQ-
4004 at both MCAO and MI models, we investigated
its modes of action associated with the inhibitory activ-
ity of programmed cell death during hypoxic injury. His-
topathological examination of the heart tissue was
carried out after a transient ischemic/reperfusion insult
followed by assessing the degree of apoptotic cell death
via TUNEL (terminal deoxynucleotidyl transferase-
mediated uridine 5 0-triphosphate-biotin nick end-label-
ing) staining. As a result, the significant apoptosis reduc-
tion compared to that of the vehicle was observed as
shown in Figure 3. These results strongly implicate the
possible anti-apoptotic activity for the anti-ischemic
activity of SQ-4004.

3. Conclusion


In conclusion, starting from an observation of the highly
potent anti-ischemic activity of CPFX at both in vitro
and in vivo assays, we have established the preliminary
structure–activity relationship for anti-ischemic effect
of CPFX. In addition, we have identified two potent
anti-ischemic quinolones. In particular, SQ-4004 exhib-
ited highly enhanced in vitro anti-ischemic activity with

UNEL staining and DAPI staining: (a) vehicle, (b) SQ-4004 (0.01 mg/
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significantly reduced anti-bacterial activity compared to
that of CPFX. Moreover, SQ-4004 showed a highly po-
tent neuroprotective effect as well as an excellent cardio-
protective effect. The anti-apoptotic mechanism for the
anti-ischemic activity was also elucidated, which pro-
vides the valuable information for further studies on
the novel anti-ischemic quinolones. Currently, the inten-
sive studies on SQ-4004 including the detailed structure–
activity relationship and the anti-ischemic mechanism
are in good progress. The successful results will be re-
ported in due course.

4. Experimental


4.1. Materials


All reagents including starting materials and solvents
were purchased from Aldrich Chemical Co. or TCI
and used without further purification. Reaction was
routinely checked with thin-layer chromatography
(Kiesegel 60F254, Merck) and column chromatography
was performed with Kiesegel 60, 230–400 mesh (Merck)
or NH–silica gel, Chromatorex, 100–200 mesh (Fuji
Silysia), respectively. NMR spectra were recorded on a
JEOL LNM-LA 300 (300 MHz), Bruker ARX 300 and
TMS (tetramethylsilane) was used as an internal stan-
dard. Chemical shifts (d) were recorded in ppm and cou-
pling constants (J) in hertz (Hz). IR (infrared) spectra
were recorded on a Jasco FT/IR-300E and Perkin-Elmer
1710 FT spectrometer. High resolution mass spectra
were obtained on a JEOL JMS-AX 505wA and JEOL
JMS-HX/HX 110A spectrometer.


4.2. Chemistry


The representative synthetic procedure was selected for
the preparation of SQ-4004, SQ-4007 and SQ-4008.


4.2.1. Method A
4.2.1.1. Synthesis of cis-3-cyclopropylaminoacrylic


acid methyl ester (2). To a stirred solution of c-propyl-
amine, 1 (1.14 mL, 16.5 mmol) in 10.0 mL CH3CN
was added dropwise ethylpropiolate (1.06 g, 12.6 mmol)
at 5–10 �C and stirred for 3 h. The reaction mixture was
concentrated in vacuo, and then the residue was purified
by NH–silica column chromatography using EtOAc/n-
hexane (1:5) as an eluent to give the title compound, 2
(600 mg, 22%): colorless oil; 1H NMR (CDCl3,
300 MHz) d 7.91 (br s, 1H), 7.44 (dd, 1H, J = 13.0,
8.2 Hz), 4.50 (d, 1H, J = 8.4 Hz), 3.63 (s, 3H), 2.69 (m,
1H), 0.50–0.75 (complex m, 4H). Bp 65–68 �C/
0.09 mm Hg.


4.2.1.2. For trans-3-cyclopropylaminoacrylic acid methyl
ester (2). Colorless crystal; 1H NMR (CDCl3, 300 MHz)
d 7.44 (dd, 1H, J = 13.2, 7.6 Hz), 5.04 (d, 1H,
J = 13.3 Hz), 4.74 (br s, 1H), 3.67 (s, 3H), 2.43 (m,
1H), 0.50–0.75 (complex m, 4H).


4.2.1.3. 3-Cyclopropylamino-2-(2,4-dichlorobenzoyl)
acrylic acid methyl ester (3). A mixture of 2 (464 mg,
3.29 mmol), Et3N (0.24 mL, 3.39 mmol), and 2-chloro-

5-fluorobenzoyl chloride (666 mg, 1.69 mmol) in
5.00 mL dioxane was heated at reflux for 1 h and then
cooled down to room temperature. The reaction mixture
was diluted with CH2Cl2 (10.0 mL) and washed with
water and brine. After drying over anhydrous MgSO4,
removal of the solvent in vacuo gave a residue, which
was chromatographed over SiO2 using EtOAc/n-hexane
(1:8) to give the title compound, 3 (434 mg, 44%). Pale
yellowish solid; 1H NMR (CDCl3, 300 MHz) d 11.10
(br s, 1H), 8.20 (d, 1H, J = 13.8 Hz), 7.36 (s, 1H), 7.25
(d, 1H, J = 7.7 Hz), 7.11 (d, 1H, J = 7.9 Hz), 3.55 (s,
3H), 3.00 (m, 1H), 0.80–1.00 (m, 4H). ESI-MS: m/z
314 [M+H]+.


4.2.1.4. 7-Chloro-1-cyclopropyl-4-oxo-1,4-dihydroquin-
oline-3-carboxylic acid (4). A mixture of 3 (355 mg,
1.13 mmol), K2CO3 (171 mg, 1.24 mmol) in 5.00 mL
dimethylformamide was heated at 110–120 �C for 1 h
and then cooled down to room temperature. The reac-
tion mixture was diluted with cold water (10.0 mL)
and stirred for 1 h at room temperature. The resulting
solid was filtered, washed with cold water, and dried un-
der vacuum to give 7-chloro-1-cyclopropyl-4-oxo-1,4-
dihydroquinoline-3-carboxylic acid methyl ester
(245 mg, 78%). Pale yellowish solid; 1H NMR (CDCl3,
300 MHz) d 8.58 (s, 1H), 8.40 (d, 1H, J = 8.3 Hz), 7.90
(d, 1H, J = 1.9 Hz), 7.40 (dd, 1H, J = 8.4, 1.9 Hz), 3.92
(s, 3H), 3.47 (m, 1H), 1.33 (m, 2H), 1.17 (m, 2H). ESI-
MS: m/z 278 [M+H]+.


A mixture of 7-chloro-1-cyclopropyl-4-oxo-1,4-dihydro-
quinoline-3-carboxylic acid methyl ester (37 mg,
0.13 mmol) in 6 N HCl / EtOH (8.00 mL, 1 : 1 v/v)
was heated at reflux for 4 h and then cooled down to
room temperature. The reaction mixture was diluted
with cold water (5.00 mL) and stirred for 1 h at room
temperature. The resulting solid was filtered, washed
with cold water, and dried under vacuum to give the title
compound, 4 (31 mg, 91%). Yellowish solid; 1H NMR
(CDCl3, 300 MHz) d 15.00 (br s, 1H), 9.00 (s, 1H),
8.57(d, 1H, J = 8.9 Hz), 8.51 (d, 1H, J = 1.6 Hz), 7.95
(dd, 1H, J = 8.4, 1.9 Hz), 4.10 (m, 1H), 1.38–1.56 (com-
plex m, 4H).


4.2.1.5. 1-Cyclopropyl-4-oxo-7-piperazin-1-yl-1,4-dihy-
droquinoline-3-carboxylic acid (8a, SQ-4004). A mixture
of 4 (233 mg, 0.88 mmol) and piperazine (227 mg,
3.00 mmol) in anhydrous dimethylsulfoxide (2.00 mL)
was heated at 130–140 �C for 5 h. The reaction mixture
was diluted with water and treated conc. HCl to adjust
pH 4–5 and stirred for 1 h under steam bath. The result-
ing solid was filtered, washed with hot water several
times and dried under vacuum to give the title com-
pound, 8a (SQ-4004, 100 mg, 40%) (Table 5).


4.2.2. Method B
4.2.2.1. Synthesis of 4-(4-acetyl-2, 5-difluorophe-


nyl)piperazine-1-carboxylic acid tert-butyl ester (6). To
a stirred solution of commercially available 2,4,6-diflu-
oro acetophenone (1.00 g, 5.74 mmol) and Et3N
(1.10 mL, 8.04 mmol) in pyridine (6.00 mL) was added
N-Boc-piperazine (1.18 g, 6.34 mmol) at room tempera-
ture, and the reaction mixture was stirred for 2 days.







Table 5. Physicochemical and spectral properties of the CPFX analogs


SQ-analogs Empirical formula 1H NMR (DMSO-d6, 300 MHz) d (ppm), J (Hz) IR (KBr, cm�1) HR-MS (FAB+) Appearance


SQ-4001 C13H10FNO3 14.90 (br s, 1H), 8.77 (s, 1H), 8.38 (dd, 1H, J = 9.6, 4.3 Hz), 8.04


(dd, 1H, J = 8.8, 3.1 Hz), 7.94 (td, 1H, J = 7.9, 3.0 Hz), 3.95 (m,


1H), 1.34 (m, 2H), 1.20 (m, 2H)


2918, 1731, 1617, 1548, 1459, 1079,


936, 829**


Calcd for C13H11FNO3 248.0723,


found 248.0719


White solid


SQ-4002 C16H18FN3O 8.00 (d, 1H, J = 13.3 Hz), 7.60 (d, 1H, J = 8.1 Hz), 7.26 (d, 1H,


J = 7.2 Hz), 6.15 (d, 1H, J = 7.8 Hz), 3.35 (m, 1H), 3.25 (m, 4H),


3.13 (m, 4H), 1.30 (m, 2H), 1.05 (m, 2H)*


3436, 1623, 1484, 1382, 1295, 1261,


1129, 823, 737, 620


Calcd for C16H19N3OF 288.1512,


found 288.1515


White solid


SQ-4003 C18H19FN2O3 15.10 (s, 1H), 8.76 (s, 1H), 8.00 (d, 1H, J = 13.4 Hz), 7.35 (d, 1H,


J = 7.3 Hz), 3.60 (m, 1H), 3.35 (m, 4H), 1.60–1.95 (complex m,


6H), 1.40 (m, 2H), 1.20 (m, 2H)


3441, 2935, 1725, 1626, 1505, 1469,


1383, 1338, 1252, 1101, 957, 887, 858,


827


Calcd for C18H20FN2O3


331.1458, found 331.1458


White solid


SQ-4004 C17H19N3O3 8.61 (S, 1H), 8.14 (d, 1H, J = 8.9 Hz), 7.35 (m, 2H), 3.60 (m, 1H),


3.50 (m, 4H), 3.10 (m, 4H), 1.35 (m, 2H), 1.14 (m, 2H)


2819, 1681, 1619, 1515, 1463, 1271,


1156, 1044, 944, 839, 800. 625


Calcd for C17H20N3O3 314.1505,


found 314.1496


Yellowish solid


SQ-4005 C13H11NO3 14.90 (s, 1H), 8.91 (s, 1H), 8.53 (dd, 1H, J = 8.3, 1.5 Hz), 8.10 (d,


1H, J = 8.8 Hz), 7.90 (m, 1H), 7.60 (m, 1H), 3.60 (m, 1H), 1.45 (m,


2H), 1.20 (m, 2H)*


2918, 1722, 1616, 1542, 1451, 1336,


1235, 1171, 1050, 908, 810, 757**


Calcd for C13H12NO3 230.0817,


found 230.0818


White solid


SQ-4006 C18H19FN2O3 8.93 (s, 1H), 8.38 (d, 1H, J = 6.1 Hz), 8.20 (d, 1H, J = 10.2 Hz),


4.10 (m, 1H), 3.50–3.65 (m, 3H), 3.21–3.49 (m, 2H), 2.15–2.42 (m,


4H), 1.57 (m, 2H), 1.39 (m, 2H)


3439, 2935, 2712, 2499, 1730, 1615,


1543, 1509, 1468, 1394, 1338, 1261,


808, 555


Calcd for C18H20FN2O3


331.1458, found 331.1461


White solid


SQ-4007 C17H18FN3O2S 9.29 (br s, 1H), 9.00 (s, 1H), 8.58 (d, 1H, J = 14.7 Hz), 7.73 (d, 1H,


J = 7.8 Hz), 4.11 (m, 1H), 3.69 (m, 4H), 3.48 (m, 4H), 1.50 (m, 2H),


1.30 (m, 2H)


3426, 2496, 1704, 1623, 1494, 1455,


1319, 1268, 1138, 1027, 938, 775, 536


Calcd for C17H19FN3O2S


348.1182, found 348.1178


Yellowish solid


SQ-4008 C18H20FN3O3 7.85 (d, 1H, J = 13.2 Hz), 7.53 (d, 1H, J = 7.5 Hz), 3.65 (m, 1H),


3.33 (m, 4H), 3.09 (s, 3H), 3.01 (m, 4H), 1.48 (m, 2H), 1.04 (m, 2H)


3443, 2677, 1602, 1478, 1404, 1293,


1262, 1142, 848, 728, 609


Calcd for C18H21FN3O3


346.1567, found 346.1562


White solid


* 1H NMR (300 MHz, CDCl3).
** IR (CHCl3, neat).
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The resulting solution was concentrated and the crude
residue was partitioned between CH2Cl2 (20.0 mL) and
water (2· 20.0 mL). The combined organic layers were
dried over anhydrous Na2SO4, filtered, and concen-
trated under reduced pressure. The residue was purified
by recrystallization (EtOAc/n-hexane, 1:5) to give the ti-
tle compound, 6 (1.96 g, 100%). White solid; 1H NMR
(CDCl3, 300 MHz) d 7.58 (dd, 1H, J = 13.6, 6.8 Hz),
6.58 (dd, 1H, J = 12.7, 6.9 Hz), 3.60 (m, 4H), 3.17 (m,
4H), 2.59 and 2.57 (s, 3H), 1.49 (s, 9H). ESI-MS: m/z
341 [M+H]+, 363 [M+Na]+.


4.2.2.2. 4-[4-(3-Cyclopropylamino-2-ethoxycarbonyl-
acryloyl)-2,5-difluorophenyl]piperazine-1-carboxylic acid
tert-butyl ester (7). To a stirred solution of 6 (653 mg,
1.92 mmol) in diethylcarbonate (10.0 mL) was added
NaH (60% in dispersion oil, 307 mg, 7.68 mmol) at
room temperature, and the reaction mixture was stirred
at 80 �C for 2 h. The resulting solution was concentrated
by evaporation of diethylcarbonate and the crude mix-
ture was partitioned between Et2O (20.0 mL) and water
(2· 20.0 mL). The combined organic layers were dried
over anhydrous Na2SO4, filtered, and concentrated un-
der reduced pressure. The residue was purified by col-
umn chromatography on silica gel (EtOAc/n-hexane,
1:7) to give 4-[4-(2-ethoxycarbonylacetyl)-2,5-difluor-
ophenyl]piperazine-1-carboxylic acid tert-butyl ester
(394 mg, 50%). Beige solid; 1H NMR (CDCl3,
300 MHz) d 12.72 (s, 1/3H), 7.60 and 7.58 (dd, 1H,
J = 13.6, 6.8 Hz), 6.59 and 6.58 (dd, 1H, J = 12.7,
6.9 Hz), 5.81 (s, 1/3H), 4.24 (q, 2H, J = 7.1 Hz), 3.90
(d, 1 and 2/3H, J = 3.8 Hz), 3.58 (m, 4H), 3.12 and
3.20 (m, 4H), 1.43 (s, 9H), 1.23 (m, 3H). ESI-MS: m/z
413 [M+H]+, 435 [M+Na]+.


To a stirred solution of 4-[4-(2-Ethoxycarbonylacetyl)-
2,5-difluorophenyl]piperazine-1-carboxylic acid tert-bu-
tyl ester (394 mg, 0.96 mmol) in acetic anhydride
(1.00 mL) was added triethylorthoformate (0.32 mL,
1.92 mmol) at room temperature and the reaction mix-
ture was stirred at 110 �C for 2 days. The solution was
concentrated by evaporation of acetic anhydride and tri-
ethylorthoformate under vacuum and the resulting
crude mixture was dissolved in anhydrous CH2Cl2
(1.00 mL) and then cyclopropylamine (80.0 lL) was
added. The mixture was concentrated under reduced
pressure and the resulting residue was purified by col-
umn chromatography on silica gel (EtOAc/n-hexane,
1:4) to give the title compound, 7 (398 mg, 87%). Yel-
lowish amorphous; 1H NMR (CDCl3, 300 MHz) d
10.76 (br d, 2/3H, J = 13.1 Hz), 9.21 (br d, 1/3H,
J = 13.2 Hz), 8.14 and 8.05 (d, 1H, J = 13.7 Hz), 7.10
(m, 1H), 6.50 (m, 1H), 4.02 (m, 2H), 3.60 (m, 4H),
3.05 (m, 4H), 2.98 (m, 1H), 1.50 (s, 9H), 0.80–1.20 (com-
plex m, 7H). ESI-MS: m/z 480 [M+H]+, 502 [M+Na]+.


4.2.2.3. 7-(4-tert-Butoxycarbonylpiperazin-1-yl)-1-
cyclopropyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-car-
boxylic acid ethyl ester (8b). To a stirred solution of
compound 7 (275 mg, 0.57 mmol) in THF (2.00 mL)
was added NaH (60% in dispersion oil, 27.4 mg,
0.68 mmol) at room temperature and the mixture was
heated at reflux for 2 h. The resulting crude mixture

was partitioned between CH2Cl2 (10.0 mL) and water
(2· 10.0 mL). The combined organic layers were dried
over anhydrous Na2SO4, filtered, and concentrated un-
der reduced pressure. The residue was purified by col-
umn chromatography on silica gel (CH2Cl2/MeOH,
40:1) to give title compound, 8b (220 mg, 84%). Yellow-
ish solid; 1H NMR (CDCl3, 300 MHz) d 8.53 (s, 1H),
8.04(d, 1H, J = 13.2 Hz), 7.26 (br s, 1H), 4.40(q, 2H,
J = 7.2 Hz), 3.65 (m, 4H), 3.45 (m, 4H), 3.20 (m, 1H),
1.49 (s, 9H), 1.40 (t, 3H, J = 7.1 Hz), 1.35 (m, 2H),
1.25 (m, 2H). ESI-MS: m/z 460 [M+H]+, 482 [M+Na]+.


4.2.2.4. 7-(4-tert-Butoxycarbonylpiperazin-1-yl)-1-
cyclopropyl-6-fluoro-4-thioxo-1,4-dihydroquinoline-3-car-
boxylic acid ethyl ester (8c). A mixture of 8b (163 mg,
0.35 mmol) and P4S10 (101 mg, 0.23 mmol) in pyridine
(1.20 mL) was heated at reflux for 2 h. The resulting
solution was concentrated by evaporation of pyridine
and the crude mixture was partitioned between CHCl3
(20.0 mL) and water (2· 20.0 mL). The combined organ-
ic layers were dried over anhydrous Na2SO4, filtered,
and concentrated under reduced pressure. The residue
was purified by column chromatography on silica gel
(EtOAc/n-hexane, 3:1) to give title compound, 8c
(54 mg, 33%). Orange yellowish solid; 1H NMR (CDCl3,
300 MHz) d 8.63 (d, 1H, J = 11.1 Hz), 7.97 (s, 1H), 4.38
(q, 2H, J = 5.4 Hz), 3.64 (m, 4H), 3.50 (m, 1H), 3.23 (m,
4H), 1.39 (s, 9H), 1.36 (m+t, 5H), 1.11 (m, 2H).


4.2.2.5. 1-Cyclopropyl-6-fluoro-2-methyl-4-oxo-7-pip-
erazin-1-yl-1,4-dihydroquinoline-3-carboxylic acid (9a,
SQ-4008). To a stirred solution of 8b (615 mg,
1.34 mmol) and CuI (76.6 mg, 0.40 mmol) in anhydrous
THF (7.00 mL) was added CH3MgBr (3 M in ether,
0.67 mL, 2.00 mmol) at �78 �C dropwise and then stir-
red for 3 h. The reaction mixture was quenched with
satd NaHCO3 (aq) and concentrated under reduced
pressure. The crude mixture was partitioned between
CHCl3 (10.0 mL) and water (2· 20.0 mL). The com-
bined organic layers were dried over anhydrous Na2SO4,
filtered, and concentrated under reduced pressure. The
residue was purified by column chromatography on
silica gel (EtOAc/n-hexane, 1:5) to give 7-(4-tert-but-
oxycarbonylpiperazin-1-yl)-1-cyclopropyl-6-fluoro-2-
methyl-4- oxo 1,2,3,4-tetrahydroquinoline-3-carboxylic
acid ethyl ester (274 mg, 70%). White solid; 1H NMR
(CDCl3, 300 MHz) d 7.54 (d, 1H, J = 13.4 Hz), 6.54
(d, 1H, J = 7.1 Hz), 4.26 (m, 1H), 4.10 (qd, 2H,
J = 7.1, 0.9 Hz), 3.59 (m, 4H), 3.19 (m, 5H), 2.40 (m,
1H), 1.60 (s, 9H), 0.92–1.35 (m, 6H), 0.79–1.12 (m,
4H). ESI-MS: m/z 476 [M+H]+.


To a stirred solution of 7-(4-tert-butoxycarbonylpipera-
zin-1-yl)-1-cyclopropyl-6-fluoro-2-methyl-4-oxo 1,2,3,4-
tetrahydroquinoline-3-carboxylic acid ethyl ester
(393 mg, 0.83 mmol) in anhydrous THF (4.00 mL) was
added NaH (60% dispersion in oil, 40.0 mg, 0.99 mmol)
portionwise and then added PhSeCl (175 mg,
0.91 mmol) in anhydrous THF (0.50 mL) rapidly at
room temperature. The crude mixture was partitioned
between pentane/ether (6.00 mL, 1/1 v/v) and satd NaH-
CO3 (aq) (3.00 mL), then the organic layer was sepa-
rated. The organic layer was treated with H2O2 (30%
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w/w, 0.20 mL) in CH2Cl2 (11.0 mL). After stirring for
1 h at room temperature, the reaction mixture was di-
luted with CH2Cl2 (10.0 mL) and washed with 10% w/w
NaHCO3 (aq), water, and brine. The combined
organic layers were dried over anhydrous Na2SO4, fil-
tered, and concentrated under reduced pressure. The
residue was purified by column chromatography on
silica gel (EtOAc/n-hexane, 2:1) to give 7-(4-tert-
butoxycarbonylpiperazin-1-yl)-1-cyclopropyl-6-fluoro-
2-methyl-4-oxo-1,4-dihydroquinoline-3-carboxylic acid
ethyl ester (274 mg, 70%). White solid; 1H NMR
(CDCl3, 300 MHz) d 7.90 (d, 1H, J = 13.0 Hz), 7.22
(d, 1H, J = 7.0 Hz), 4.39 (q, 2H, J = 7.1 Hz), 3.66 (m,
4H), 3.20 (m, 4H), 2.61 (s, 3H), 1.49 (s, 9H), 1.35
(m+t, 5H), 0.88 (m, 2H). ESI-MS: m/z 474 [M+H]+,
496 [M+Na]+.


A mixture of 7-(4-tert-butoxycarbonylpiperazin-1-yl)-1-
cyclopropyl-6-fluoro-2-methyl-4-oxo-1,4-dihydroquino-
line-3-carboxylic acid ethyl ester (274 mg, 0.58 mmol) in
EtOH/CH2Cl2/concd HCl (2.00/2.00/0.20 mL) was stir-
red for 3 h at room temperature. The reaction mixture
was evaporated under reduced pressure. The residue
was diluted with CH2Cl2 (10.0 mL) and washed with
water and brine. The combined organic layers were
dried over anhydrous Na2SO4, filtered, and concen-
trated under reduced pressure. The residue was purified
by column chromatography on silica gel (CH2Cl2/
MeOH, 15:1) to give 1-cyclopropyl-6-fluoro-2-methyl-
4-oxo-7-piperazin-1-yl-1,4-dihydroquinoline-3-carbox-
ylic acid ethyl ester (167 mg, 77%). White solid; 1H
NMR (CDCl3, 300 MHz) d 7.95(d, 1H, J = 12.9 Hz),
7.23 (d, 1H, J = 7.2 Hz), 4.41 (q, 2H, J = 6.9 Hz), 3.23
(m, 4H), 3.18 (m, 4H), 2.62 (s, 3H), 1.43 (m+t, 5H),
1.00 (m, 2H). ESI-MS: m/z 374 [M+H]+.


A mixture of 1-cyclopropyl-6-fluoro-2-methyl-4-oxo-
7-piperazin-1-yl-1,4-dihydroquinoline-3-carboxylic acid
ethyl ester (100 mg, 0.27 mmol) in EtOH/THF/1 N
NaOH (aq) (0.50/0.50/0.20 mL) was stirred for 12 h at
room temperature. The reaction mixture was acidified
with concd HCl adjust to pH 5–6. The resulting solid
was filtered, washed with cold water, and dried under
vacuum to give the title compound 9a, SQ-4008
(50 mg, 54%) (Table 5).


4.2.2.6. 1-Cyclopropyl-6-fluoro-7-piperazin-1-yl-4-thi-
oxo-1,4-dihydroquinoline-3-carboxylic acid (9b, SQ-
4007). A mixture of 8c (55.0 mg, 0.11 mmol) in 6 N
HCl/EtOH (1.00 mL/1.00 mL) was heated at reflux for
12 h. The reaction mixture was cooled down to room
temperature and the resulting solid was filtered, washed
with cold EtOH, and dried under vacuum to give the ti-
tle compound 9b, SQ-4007 (19 mg, 50%) (Table 5).


4.3. Biology


4.3.1. In vitro MTS assay. Human neuroblastoma cell
line, SH-SY5Y (ATCC, CRL-2262), was cultured under
1:1 mixture of EMEM (Eagle’s minimum essential med-
ium) and F12K (Ham’s F12 medium) supplemented by
10% heat-inactivated FBS (fetal bovine serum) at
37.0 �C in 5% CO2. Cells were plated at 5 · 104 cells

per well in a 96-well plate in a 1:1 mixture of FBS-free
EMEM and F12K medium at a humidified CO2 incuba-
tor. After one day, cells were pre-treated with 0.1 lM of
the test compounds for 2 h and then treated with
200 lM of hydrogen peroxide (Sigma Aldrich Co.) fol-
lowed by incubation for 24 h. To assess the cell viability,
cells were incubated with 20 lL of MTS solution (CelT-
iter 96 Aqueous one solution cell proliferation assay,
Promega) for 3 h at 37.0�C, and OD was determined
at 490 nm using a spectrophotometer. All values are
averages of at least two independent experiments, each
done in triplicate.


4.3.2. In vitro anti-bacterial activity. Minimal Inhibitory
Concentrations (MICs) were determined by a standard-
ized agar dilution method according to CLSI guidelines.
Staphylococcus aureus ATCC 25923, Staphylococcus epi-
dermidis ATCC 12228, Bacillus subtilis ATCC 6633,
Escherichia coli ATCC 25922, Enterobacter clocae
ATCC 13047, and Serratia marcescens ATCC 27117
were tested on Mueller Hinton agar and Enterococcus
faecalis ATCC 29212 was on Brain–Heart Infusion agar.
The stock solutions of test compounds were diluted in
dimethylsulfoxide (DMSO) or 0.1 M NaOH solution
to give a serial and twofold series yielding final drug
concentrations in a range of 0.06–128 lg/mL. A micro-
inoculator (Sakuma Co. Ltd, Tokyo, Japan) was used
to inoculate the bacterial suspensions (104 cfu/spot).
The inoculated plates were incubated in ambient air at
36 �C for 16–18 h. The MIC of each compound was de-
fined as the lowest concentration that inhibited visible
growth of the organism.23


4.3.3. In vivo MCAO animal model. Transient focal
ischemic stroke was modeled in rats using the intralumi-
nal thread procedure according to Longa’s protocol
with a minor modification.24 The male Sprague–Dawley
rats (240–270 g, Charles River, USA) were anesthetized
with 5% enflurane. The rectal temperature was main-
tained in the range of 37 ± 0.5 �C with a heating pad.
A 4–0 nylon suture was inserted through the internal
carotid artery into the origin of the middle cerebral ar-
tery (MCA). The suture was carefully removed after
2 h of MCA occlusion. Drugs were administered total
three times divided into two groups under pre-ischemic
condition and post-ischemic condition as mentioned in
the main text. Then, brains were isolated at 24 h after
ischemia, sliced, and processed for TTC (2,3,5-tripenyl-
tetrazolium chloride) histochemistry. The infarcts were
measured using the computer-assisted planimetry, Gel
Documentation System, Bio-Rad. The effect of drug
treatment is expressed as the percent reduction in infarct
volume compared to the vehicle controls. Statistical sig-
nificance was determined using the Student’s t-test with
a confidence interval accepted when P < 0.05.


4.3.4. In vivo MI animal model. In vivo rat MI model was
performed according to Ju’s protocol with a slight mod-
ification.25 The male Sprague–Dawley rats (260–290 g,
Charles River, USA) were anesthetized with ketamine
(10 mg/kg) and xylazine (5 mg/kg) and then SQ-4004
was intraperitoneally administered 1 h before regional
ischemia. The heart was exposed by a median sternot-
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omy and the left anterior descending artery was snare-
occluded for 30 min and then reperfused for 3 h. After
injection of 1% Evans blue, rats were sacrificed and
the hearts were separated. The left ventricle was cut into
two slices and then processed for TTC histochemistry.
The infarct size was calculated as a percentage of the
area at risk. Statistical significance was determined using
the Student’s t-test with a confidence interval accepted
when P < 0.05.


4.3.5. TUNEL staining. Cardiomyocyte apoptosis was
analyzed by the terminal deoxynucleotidyl transferase
mediated nick end labeling (TUNEL) staining using
Apop-Tag (POD Roche Mannheim, Germany). After
3 h reperfusion, the heart was separated and subjected
to the general process (dehydration, clearing, impregna-
tion, and embedding) for the tissue preparation. The tis-
sue was washed with 0.02 M phosphate buffered saline,
at pH 7.4 and treated with proteinase K. The prepared
tissue slides were treated with a mixture of 1:9 of enzyme
solution of Apop-Tag kit and label solution and then
left for 1 h at dark room, followed by DAPI (4,6-diami-
no-2-phenylindole) staining. Cells, which lay in the de-
fined rectangular field area (20· objective) and
exhibited positive staining for apoptosis, were examined
and photographed using a fluorescent microscope.
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Abstract—Certain oxime- and amide-containing quinolin-2(1H)-one derivatives were synthesized and evaluated for their antiprolif-
erative and antiplatelet activities. These compounds were synthesized via alkylation of hydroxyl precursors followed by the reaction
with NH2OH or NaN3 (Schmidt reaction). The preliminary assays indicated that amide derivatives are either weakly active or inac-
tive while the oxime counterparts exhibited potent inhibitory activities against platelet aggregation induced by collagen, AA
(arachidonic acid), and U46619 (the stable thromboxan A2 receptor agonist). Among them, (Z)-6-[2-(4-methoxyphenyl)-2-hydrox-
yiminoethoxy]quinolin-2(1H)-one (7c) was the most active against AA induced platelet aggregation with an IC50 of 0.58 lM and was
inactive against cell proliferation. For the inhibition of U46619 induced aggregation, 7a and 8a–c exhibited very potent activities
with IC50 values in a range between 0.54 and 0.74 lM. For the antiproliferative evaluation, N-(biphenyl-4-yl)-2-(2-oxo-1,2-dihydro-
quinolin-7-yloxy)acetamide (11d) was the most potent with GI50 values of <10, 10.8, and <10 lM against the growth of MT-2,
NCI-H661, and NPC-Tw01, respectively, and possessed only a weak antiplatelet activity. Further evaluation of 11d as a potential
anticancer agent is on-going.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Certain quinolin-2(1H)-one (carbostyril) derivatives have
been proved to possess antiplatelet, anti-inflammatory,
anti-ulcer, vasodilatory, and phosphodiesterase inhibi-
tory activities.1–15 For example, carteolol is a b-adrener-
gic blocking agent has been used as a cardiovascular
agent. However, the cardiovascular activities of quino-
lin-2(1H)-one skeleton were influenced not only by the
kind of peripheral side chains but also by the position
they substituted. For example, Tominaga et al. and Fu-
jioka et al. revealed that 6-substituted quinolin-2(1H)-
one exhibited the most potent positive inotropic effect
among their positional isomers.6 Therefore, their subse-
quent studies were focused only on 6-substituted quino-
lin-2(1H)-ones. Over the past few years, we were
particularly interested in synthesizing a-methylene-c-
butyrolactones and evaluated their antiproliferative and
cardiovascular activities.12–21 Our results showed that
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the quinolin-2(1H)-one moiety is versatile and the inhib-
itory activity of quinolin-2(1H)-one a-methylene-c-
butyrolactones against arachidonic acid (AA)-induced
platelet aggregation decreases in the order 7-substi-
tuted > 6-substituted > 8-substituted. Recently, we have
reported antiproliferative and antiplatelet activities of
certain oxime- and methyloxime-containing flavone and
isoflavone derivatives.22 To further study the structure–
activity relationships of quinolin-2(1H)-one derivatives,
we describe herein the preparation, antiproliferative,
and antiplatelet activities of certain oxime- and amide-
containing quinolin-2(1H)-one derivatives.

2. Chemistry


The preparation of oxime- and amide-containing quino-
lin-2(1H)-one derivatives is illustrated in Scheme 1.
Alkylation of 6-hydroxyquinolin-2(1H)-one with phenyl
bromomethylketone under basic conditions gave 6-(2-
oxo-2-phenyl)quinolin-2(1H)-one (4a),13 which was then
treated with NH2OH to afford exclusively (Z)-6-(2-
(hydroxyimino)-2-phenylethoxy)quinolin-2(1H)-one (7a)
in a good overall yield. The same synthetic procedure
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was applied for the synthesis of (Z)-7b–d from their
respective ketone precursor 4b–d. Accordingly, (Z)-8a–d
and (Z)-9a–d were prepared from 5a–d14 and 6a–d,12


respectively. The configuration of the oxime moiety
was confirmed by the 13C NMR spectra. The carbon
of 1 0-CH2 which is anti to the oxime moiety shifted
downfield (d approximately at 70.00 ppm), while that
of the syn isomer shifted upfield (d 59.78 for (Z)-7a,

Table 1. Antiproliferative activity of quinolin-2(1H)-one derivatives


O
Aryl


N


R


7-9
HO


A


Compound Substituents


Aryl R


7a Quinolinone-6-yl Ph


7b Quinolinone-6-yl 4-F–Ph


7c Quinolinone-6-yl 4-MeO–Ph


7d Quinolinone-6-yl 4-Ph–Ph


8a Quinolinone-7-yl Ph


8b Quinolinone-7-yl 4-F–Ph


8c Quinolinone-7-yl 4-MeO–Ph


8d Quinolinone-7-yl 4-Ph–Ph


9a Quinolinone-8-yl Ph


9b Quinolinone-8-yl 4-F–Ph


9c Quinolinone-8-yl 4-MeO–Ph


9d Quinolinone-8-yl 4-Ph–Ph


10a Quinolinone-6-yl Ph


10b Quinolinone-6-yl 4-F–Ph


10c Quinolinone-6-yl 4-MeO–Ph


10d Quinolinone-6-yl 4-Ph–Ph


11a Quinolinone-7-yl Ph


11b Quinolinone-7-yl 4-F–Ph


11c Quinolinone-7-yl 4-MeO–Ph


11d Quinolinone-7-yl 4-Ph–Ph


12a Quinolinone-8-yl Ph


12b Quinolinone-8-yl 4-F–Ph


12c Quinolinone-8-yl 4-MeO–Ph


12d Quinolinone-8-yl 4-Ph–Ph


a GI50, drug molar concentration causing 50% cell growth inhibition.
b NCI-H661, Human lung carcinoma; NPC-Tw01, Human Nasopharyngeal

59.83 for (Z)-7b, 59.80 for (Z)-7c, 59.71 for (Z)-7d,
59.73 for (Z)-8a, 59.81 for (Z)-8b, 59.71 for (Z)-8c,
59.68 for (Z)-8d, 60.22 for (Z)-9a, 60.18 for (Z)-9b,
60.18 for (Z)-9c, and 60.20 for (Z)-9d).23 Treatment of
4a with H2SO4 and NaN3 afforded 2-(2-oxo-1,2-dihy-
droquinolin-6-yloxy)-N-phenylacetamide (10a) in a
good overall yield. The same synthetic procedure was
applied for the synthesis of 10b–d from their respective
ketone precursor 4b–d. Accordingly, 11a–d and 12a–d
were prepared from 5a–d and 6a–d, respectively.

3. Pharmacological results and discussion


3.1. Antiproliferative activity


All compounds were evaluated in vitro against a three-
cell line panel consisting of Human T-cell leukemia
(MT-2), Human lung carcinoma (NCI-H661), and Hu-
man Nasopharyngeal carcinoma (NPC-Tw01). Results
from Table 1 indicated these compounds were either
weakly active or inactive. For the oxime derivatives,
antiproliferative activity decreased in an order of linked
chromophore quinolin-2(1H)-one-7-yl 8a–d > quinolin-
2(1H)-one-8-yl 9a–d > quinolin-2(1H)-one-6-yl 7a–d.
Among these quinolin-2(1H)-one-7-yl derivatives, (Z)-
7-(2-(biphenyl-4-yl)-2-(hydroxyimino)ethoxy)quinolin-
2(1H)- one (8d) was the most potent with GI50 values of

O
ryl


O


NHR


10-12


GI50
a,b (lM)


MT-2 NCI-H661 NPC-Tw01


>50 44.3 >50


>50 44.9 >50


>50 47.0 >50


>50 >50 >50


24.6 36.1 43.7


33.8 34.7 >50


31.6 43.1 41.1


30.3 12.2 30.5


42.0 >50 >50


49.2 44.2 46.3


50.0 38.5 47.0


42.0 >50 >50


>50 43.5 >50


>50 46.4 >50


>50 39.1 >50


>50 >50 25.6


42.2 29.0 43.3


>50 23.6 >50


>50 39.3 >50


<10 10.76 <10


>50 >50 >50


>50 45.7 >50


>50 >50 >50


>50 46.6 14.1


carcinoma; MT-2, Human T-cell leukemia.







Table 2. Effects of quinolin-2(1H)-one derivatives on the platelet aggregation induced by thrombin, AA, collagen, and U46619


Compound (100 lM) Thrombin (0.1 U/mL) Arachidonic acid (200 lM) Collagen (10 lg/mL) U46619 (2 lM)


Control 93.43 ± 0.60 90.62 ± 1.20 88.97 ± 1.72 90.13 ± 1.23


7a 65.84 ± 1.49 15.60 ± 2.09*** 12.8 ± 1.1*** 4.47 ± 2.92


7b 82.35 ± 2.15 5.18 ± 2.54*** 80.75 ± 2.71 2.96 ± 2.41***


7c 70.05 ± 1.00 12.09 ± 1.66*** 26.25 ± 2.51 1.42 ± 1.16***


7d 90.35 ± 1.64 10.74 ± 1.45*** 51.25 ± 1.25*** 7.26 ± 2.31***


8a 48.34 ± 2.72* 10.67 ± 6.25*** 8.6 ± 2.3*** 10.94 ± 4.44***


8b 50.61 ± 2.62 12.11 ± 5.74*** 19.61 ± 5.24*** 7.25 ± 2.75***


8c 59.79 ± 4.38 25.44 ± 1.70*** 55.64 ± 6.70* 7.37 ± 3.09***


8d 91.42 ± 2.46 6.7 ± 2.85*** 4.21 ± 1.25*** 6.81 ± 3.35***


9a 91.05 ± 0.76 42.25 ± 17.58** 35.25 ± 9.32*** 89.55 ± 1.38


9b 92.05 ± 2.42 9.96 ± 0.3*** 5.67 ± 1.11*** 7.29 ± 3.56***


9c 90.37 ± 0.48 8.35 ± 5.62*** 12.64 ± 2.54*** 4.67 ± 3.18***


9d 94.05 ± 2.17 13.5 ± 2.83*** 10.31 ± 1.25*** 90.23 ± 1.21


10a 82.15 ± 4.19 13.95 ± 0.71 11.25 ± 0.64*** 5.36 ± 2.44***


10b 85.67 ± 2.72 8.88 ± 3.09*** 5.65 ± 2.14*** 4.35 ± 3.55


10c 91.27 ± 1.01 9.38 ± 1.43*** 9.58 ± 3.54*** 2.04 ± 1.67***


10d 91.41 ± 0.96 32.22 ± 16.52 12.52 ± 3.52*** 5.78 ± 0.82***


11a 88.62 ± 1.12 28.21 ± 6.52 15.36 ± 2.45*** 9.30 ± 3.27***


11b 91.35 ± 1.69 54.46 ± 2.64* 54.66 ± 2.52* 88.78 ± 0.36


11c 88.58 ± 1.48 14.71 ± 3.64*** 69.69 ± 2.62* 3.97 ± 1.86***


11d 92.27 ± 1.19 56.35 ± 24.01 62.25 ± 5.32* 91.11 ± 1.32


12a 92.77 ± 1.53 91.66 ± 0.92 78.25 ± 3.21 88.26 ± 2.49


12b 93.93 ± 1.68 90.10 ± 1.45 78.65 ± 2.61 83.99 ± 4.08


12c 92.00 ± 0.77 90.02 ± 0.37 78.25 ± 4.25 90.64 ± 1.31


12d 93.35 ± 1.04 87.61 ± 2.62 80.21 ± 3.21 90.67 ± 0.94


* Significantly different from control value at P < 0.05 as compared with control.
** Significantly different from control value at P < 0.01 as compared with control.
*** Significantly different from control value at P < 0.001 as compared with control.
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30.3, 12.2, and 30.5 lM against the growth of MT-2,
NCI-H661, and NPC-Tw01, respectively, while the anti-
proliferative activity of 8a–c is comparable. The same
trend was observed for the amide counterparts in which
quinolin-2(1H)-one-7-yl 11a–d is preferred in compari-

Table 3. IC50 values (lM) of oxime- and amide-containing quinolin-2(1H)-on


U46619


Compound Arachidonic acid (200 lM)


Control 90.62 ± 1.20


7a 5.84 ± 0.28


7b 5.80 ± 0.07


7c 0.58 ± 0.01


7d 60.30 ± 1.03


8a 6.85 ± 3.55


8b 5.85 ± 1.57


8c 6.61 ± 0.22


8d 52.82 ± 6.21


9a n.d


9b 58.89 ± 0.83


9c 59.20 ± 3.95


9d 63.21 ± 2.40


10a 67.8 ± 2.98


10b 53.21 ± 3.89


10c 49.71 ± 3.61


10d 68.98 ± 2.54


11a 62.31 ± 3.25


11b n.d


11c 60.54 ± 7.52


11d n.d


12a n.d


12b n.d


12c n.d


12d n.d


n.d, not determined.

son to their respective quinolin-2(1H)-one-6-yl 10a–d
and quinolin-2-(1H)-one-8-yl 12a–d. Among these quin-
olin-2(1H)-one-7-yl derivatives, N-(biphenyl-4-yl)-2-(2-
oxo-1,2-dihydroquinolin-7-yloxy)acetamide (11d) was
the most potent with GI50 values of <10, 10.8, and

e derivatives on the platelet aggregation induced by AA, collagen, and


Collagen (10 lg/mL) U46619 (2 lM)


88.97 ± 1.72 90.13 ± 1.23


38.3 ± 2.56 0.56 ± 0.03


n.d 5.41 ± 0.24


36.3 ± 3.12 5.37 ± 0.04


n.d 60.24 ± 2.45


3.53 ± 0.58 0.58 ± 0.02


9.95 ± 2.19 0.54 ± 0.01


n.d 0.74 ± 0.05


10.83 ± 2.46 5.45 ± 0.03


n.d n.d


38.3 ± 2.76 55.08 ± 3.81


52.3 ± 2.15 55.72 ± 2.52


35.5 ± 2.15 n.d


19.5 ± 3.21 57.18 ± 1.35


34.61 ± 2.85 5.20 ± 0.26


56.75 ± 2.54 54.63 ± 0.88


35.63 ± 1.25 56.18 ± 0.92


51.22 ± 1.52 59.31 ± 2.67


n.d n.d


n.d 36.59 ± 1.03


n.d n.d


n.d n.d


n.d n.d


n.d n.d


n.d n.d
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<10 lM against the growth of MT-2, NCI-H661, and
NPC-Tw01, respectively. In general, the most preferred
pharmacophore is quinolin-2(1H)-one-7-yl and the most
active substituent (R group) is biphenyl for both series
of amide and oxime derivatives.


3.2. Antiplatelet activity


The antiplatelet activities were evaluated in washed rab-
bit platelets. Platelet aggregation was induced by throm-
bin (Thr, 0.1 U/mL), arachidonic acid (AA, 200 lM),
collagen (Col, 10 lg/mL), and U46619 (2 lM), respec-
tively. The final concentration was 100 lM and the re-
sults are shown in Table 2. All of them are inactive
against the platelet aggregation induced by thrombin.
For the amides, quinolin-2(1H)-one-6-yl derivatives
10a–d were weakly active on the platelet aggregation in-
duced by AA, collagen, or U46619 while their positional
isomers, 11a–d and 12a–d, were found to be inactive
with an exception of 11c. In general, oxime derivatives
7–9 are more active than their respective amide counter-
parts 10–12 as shown in Table 3. Among these oximes,
quinolin-2(1H)-one-8-yl derivatives 9a–d were less active
than their respective quinolin-2(1H)-one-6-yl 7a–d and
quinolin-2(1H)-one-7-yl 8a–d. For quinolin-2(1H)-one-
6-yl derivatives 7a–d, the potency of 7a– 7c was compa-
rable while 7d was much less active against AA and
U46619 induced platelet aggregation. The same trend
was observed for the quinolin-2(1H)-one-7-yl 8a–d, in
which the potency of 8a–8c was comparable while 8d
was much less active. Among them, (Z)-6-[2-(4-meth-
oxyphenyl)-2-hydroxyiminoethoxy]quinolin-2(1H)-one
(7c) was most active against AA induced platelet aggre-
gation with an IC50 of 0.58 lM while the IC50 value for
collagen induced platelet aggregation is 36.3 lM which
indicated 7c may interfere with the conversion of AA
into thromboxane A2 but not affect intracellular signal-
ing caused by collagen. On the contrary, (Z)-7-(2-
(hydroxyimino)-2-phenylethoxy)quinolin-2(1H)-one
(8a) was most active against collagen induced platelet
aggregation with an IC50 of 3.53 lM. For the inhibition
of U46619 induced aggregation, 7a and 8a–c exhibited
very potent activities with IC50 values in a range of
0.54–0.74 lM. The intracellular signaling, such as intra-
cellular calcium and phospholipase C activity, induced
by U46619 is currently under investigation.

4. Conclusion


A number of oxime and amide containing quinolin-
2(1H)-one derivatives were synthesized and evaluated
for their antiproliferative and antiplatelet activities.
The results indicated quinolin-2(1H)-one-7-yl deriva-
tives 8a–d possess both antiproliferative and antiplatelet
activities while quinolin-2(1H)-one-6-yl derivatives 7a–c
exhibited potent antiplatelet activities with less antipro-
liferative activity. The most potential compound was 7c
which exhibited potent activity against AA-induced
platelet aggregation with an IC50 of 0.58 lM and was
inactive against cell proliferation. On the contrary, 11d
exhibited potent antiproliferative activity with GI50 val-
ues of <10, 10.8, and <10 lM against the growth of MT-

2, NCI-H661, and NPC-Tw01, respectively, and a weak
antiplatelet activity. Further evaluation of 11d as poten-
tial anticancer drug is on-going.

5. Experimental


5.1. General


TLC. Precoated (0.2 mm) silica gel 60 F254 plates from
EM Laboratories Inc.; detection by UV light (254 nm).
Mp: Electrothermal IA9100 digital melting-point appa-
ratus; uncorrected. 1H NMR spectra: Varian-Unity-
400 spectrometer at 400, chemical shifts d in ppm with
SiMe4 as an internal standard (=0 ppm), coupling con-
stants J in Hz. Elemental analyses were carried out
on a Heraeus CHN-O-Rapid elemental analyzer, and
results were within ±0.4% of calculated values.


5.1.1. (Z)-6-(2-(Hydroxyimino)-2-phenylethoxy)quinolin-
2(1H)-one (7a). A solution of 4a (0.28 g, 1 mmol) in
EtOH (20 mL) was added a solution of hydroxylamine
hydrochloride (0.14 g, 2 mmol) in EtOH (2 mL). The
mixture was heated at reflux for 4 h (TLC monitoring)
and evaporated to give a residual solid. The white solid
thus obtained was collected and purified by flash column
chromatography (FC; silica gel; n-hexane/EtOAc 1:1)
and recrystallized from CH2Cl2 to give 7a (0.25 g,
84%). Mp 245–246 �C. 1H NMR (400 MHz, DMSO-
d6): 5.25 (s, OCH2), 6.49 (d, J = 9.6, 1H–C(3)), 7.11
(dd, J = 9.2, 2.8, 1H–C(7)), 7.21 (d, J = 9.2, 1H–C(8)),
7.27 (d, J = 2.8, 1H–C(5)), 7.37–7.40 (m, 3H, arom.
H), 7.63–7.66 (m, 2H, arom. H), 7.80 (d, J = 9.6, 1H–
C(4)), 11.67 (s, NH), 11.94 (s, NOH). 13C NMR
(100 MHz, DMSO-d6): 59.78 (CH2O), 111.13, 117.09,
120.31, 123.10, 127.03, 128.72, 129.02, 129.24, 129.59,
134.30, 134.98, 140.43, 153.41 (arom. C and C@N),
162.21 (C(2)). Anal. Calcd for C17H14N2O3: C, 69.38;
H, 4.79; N, 9.52. Found: C, 69.24; H, 4.81; N, 9.46.


The same procedure was applied to convert 4b–d to 7b–d;
5a–d to 8a–d; and 6a–d to 9a–d, respectively.


5.1.2. (Z)-6-(2-(4-Fluorophenyl)-2-(hydroxyimino)eth-
oxy)quinolin-2(1H)-one (7b). Yield: 64%. Mp 264–
265 �C. 1H NMR (400 MHz, DMSO-d6): 5.24 (s,
OCH2), 6.47(d, J = 9.6, 1H–C(3)), 7.09 (dd, J = 8.8,
2.8, 1H–C(7)), 7.19 (d, J = 8.8, 1H–C(8)), 7.22 (d,
J = 2.8, 1H–C(5)), 7.24–7.26 (m, 2H, arom. H), 7.65–
7.77 (m, 2H, arom. H), 7.79 (d, J = 9.6, 1H–C(4)),
11.64 (s, NH), 11.93 (s, NOH). 13C NMR (100 MHz,
DMSO-d6): 59.83 (CH2O), 111.17, 115.58, 115.85,
116.07, 117.09, 120.29, 123.12, 129.22, 129.31, 131.77,
131.85, 134.34, 140.42, 150.62, 152.69, 153.27 (arom. C
and C@N), 162.22 (C(2)). Anal. Calcd for
C17H13FN2O3Æ0.25H2O: C, 64.45; H, 4.30; N, 8.84.
Found: C, 64.53; H, 4.40; N, 8.80.


5.1.3. (Z)-6-(2-(Hydroxyimino)-2-(4-methoxyphenyl)eth-
oxy)quinolin-2(1H)-one (7c). Yield: 72%. Mp 244–
245 �C. 1H NMR (400 MHz, DMSO-d6): 3.76 (s,
MeO), 5.22 (s, OCH2), 6.49 (d, J = 9.2, 1H–C(3)),
6.92–6.95 (m, 2H, arom. H), 7.11 (dd, J = 8.8, 2.8,
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1H–C(7)), 7.21 (d, J = 8.8, 1H–C(8)), 7.27 (d, J = 2.8,
1H–C(5)), 7.58–7.60 (m, 2H, arom. H), 7.79 (d,
J = 9.2, 1H–C(4)), 11.65 (s, NH), 11.70 (s, NOH). 13C
NMR (100 MHz, DMSO-d6): 55.84 (MeO), 59.80
(CH2O), 111.17, 114.45, 117.07, 120.32, 123.11, 127.39,
128.41, 134.30, 140.42, 152.96, 153.42, 160.51 (arom. C
and C@N), 162.21 (C(2)). Anal. Calcd for
C18H16N2O4: C, 66.66; H, 4.97; N, 8.64. Found: C,
66.35; H, 5.02; N, 8.46.


5.1.4. (Z)-6-(2-(Biphenyl-4-yl)-2-(hydroxyimino)ethoxy)-
quinolin-2(1H)-one (7d). Yield: 67%. Mp 242–243 �C.
1H NMR (400 MHz, DMSO-d6): 5.26 (s, OCH2), 6.47
(d, J = 9.6, 1H–C(3)), 7.12 (dd, J = 9.2, 2.4, 1H–C(7)),
7.22 (d, J = 9.2, 1H–C(8)), 7.29 (d, J = 2.4, 1H–C(5)),
7.35–7.37 (m, 1H, arom. H), 7.43–7.46 (m, 2H, arom.
H), 7.66–7.74 (m, 6H, arom. H), 7.79 (d, J = 9.6, 1H–
C(4)), 11.67 (s, NH), 11.99 (s, NOH). 13C NMR
(100 MHz, DMSO-d6): 59.71 (CH2O), 111.15, 117.10,
120.35, 120.75, 123.13, 126.97, 127.27, 127.42, 127.58,
128.40, 129.68, 130.01, 134.04, 134.34, 140.43, 141.15,
153.40 (arom. C and C@N), 162.21 (C(2)). Anal. Calcd
for C23H18N2O3: C, 74.58; H, 4.90; N, 7.56. Found: C,
74.19; H, 4.86; N, 7.50.


5.1.5. (Z)-7-(2-(Hydroxyimino)-2-phenylethoxy)quinolin-
2(1H)-one (8a). Yield: 80%. Mp 228–229 �C. 1H NMR
(400 MHz, DMSO-d6): 5.28 (s, OCH2), 5.30 (d,
J = 9.6, 1H–C(3)), 6.79 (dd, J = 8.4, 2.4, 1H–C(6)),
6.81 (d, J = 2.4, 1H–C(8)), 7.37–7.39 (m, 3H, arom.
H), 7.54 (d, J = 8.4, 1H–C(5)), 7.63–7.65 (m, 2H, arom.
H), 7.79 (d, J = 9.6, 1H–C(4)), 11.62 (s, NH), 11.94 (s,
NOH). 13C NMR (100 MHz, DMSO-d6): 59.73
(CH2O), 99.88, 110.86, 114.43, 119.55, 127.10, 129.03,
129.64, 130.07, 134.81, 140.68, 141.18, 153.23, 160.35
(arom. C and C@N), 162.92 (C(2)). Anal. Calcd for
C17H14N2O3: C, 69.38; H, 4.79; N, 9.52. Found: C,
69.35; H, 4.83; N, 9.44.


5.1.6. (Z)-7-(2-(4-Fluorophenyl)-2-(hydroxyimino)ethoxy)-
quinolin-2(1H)-one (8b). Yield: 82%. Mp 204–205 �C.
1H NMR (400 MHz, DMSO-d6): 5.29 (s, OCH2), 6.30
(d, J = 9.2, 1H–C(3)), 6.78 (dd, J = 8.8, 2.4, 1H–C(6)),
6.81 (d, J = 2.4, 1H–C(8)), 7.19–7.24 (m, 2H, arom.
H), 7.54 (d, J = 8.8, 1H–C(5)), 7.66–7.70 (m, 2H, arom.
H), 7.78 (d, J = 9.6, 1H–C(4)), 11.62 (s, NH), 11.9 6(s,
NOH). 13C NMR (100 MHz, DMSO-d6): 59.81
(CH2O), 99.92, 110.91, 114.47, 115.86, 116.07, 119.55,
129.29, 129.37, 130.07, 131.23, 140.68, 141.17, 152.51,
160.26, 161.95, 162.95 (arom. C and C@N), 164.39
(C(2)). Anal. Calcd for C17H13FN2O3: C, 65.38; H,
4.20; N, 8.97. Found: C, 65.24; H, 4.25; N, 8.91.


5.1.7. (Z)-7-(2-(Hydroxyimino)-2-(4-methoxyphenyl)eth-
oxy)quinolin-2(1H)-one (8c). Yield: 78%. Mp 175–
176 �C. 1H NMR (400 MHz, DMSO-d6): 3.75 (s,
MeO), 5.26 (s, OCH2), 6.30 (d, J = 9.6, 1H–C(3)), 6.79
(dd, J = 8.8, 2.8, 1H–C(6)), 6.82 (d, J = 2.8, 1H–C(8)),
6.92–6.98 (m, 2H, arom. H), 7.54 (d, J = 8.8, 1H–
C(5)), 7.56–7.60 (m, 2H, arom. H), 7.78 (d, J = 9.6,
1H–C(4)), 11.61 (s, NH), 11.71 (s, NOH). 13C NMR
(100 MHz, DMSO-d6): 55.82 (MeO), 59.71 (CH2O),
99.92, 110.86, 114.09, 114.45, 119.50, 127.19, 128.45,

130.05, 131.17, 140.68, 141.18, 152.73, 160.51 (arom. C
and C@N), 162.95 (C(2)). Anal. Calcd for
C18H16N2O4: C, 66.66; H, 4.97; N, 8.64. Found: C,
66.28; H, 5.10; N, 8.40.


5.1.8. (Z)-7-(2-(Biphenyl-4-yl)-2-(hydroxyimino)ethoxy)-
quinolin-2(1H)-one (8d). Yield: 63%. Mp 233–234 �C. 1H
NMR(400 MHz, DMSO-d6): 5.33 (s, OCH2), 6.31 (d,
J = 9.6, 1H–C(3)), 6.83 (dd, J = 8.8, 2.4, 1H–C(6)), 6.87
(d, J = 2.4, 1H–C(8)), 7.36–7.48 (m, 3H, arom. H), 7.56
(d, J = 8.8, 1H–C(5)), 7.67–7.74 (m, 6H, arom. H), 7.79
(d, J = 9.6, 1H–C(4)), 11.64 (s, NH), 12.02 (s, NOH).
13C NMR (100 MHz, DMSO-d6): 59.68 (CH2O), 99.97,
110.90, 114.48, 119.56, 127.27, 127.28, 127.63, 128.40,
129.67, 130.08, 133.90, 140.09, 140.67, 141.19, 141.22,
152.84, 160.40 (arom. C and C@N), 162.95 (C(2)). Anal.
Calcd for C23H18N2O3: C, 74.58; H, 4.90; N, 7.56. Found:
C, 74.47; H, 5.04; N, 7.33.


5.1.9. (Z)-8-(2-(Hydroxyimino)-2-phenylethoxy)quinolin-
2(1H)-one (9a). Yield: 71%. Mp 187–188 �C. 1H NMR
(400 MHz, DMSO-d6): 5.39 (s, OCH2), 6.45 (d,
J = 9.6, 1H–C(3)), 7.05–7.21 (m, 3H, arom. H), 7.31–
7.34 (m, 3H, arom. H), 7.76–7.78 (m, 2H, arom. H),
7.82 (d, J = 9.6, 1H–C(4)) 10.63 (s, NH), 12.03 (s,
NOH). 13C NMR (100 MHz, DMSO-d6): 60.22
(CH2O), 112.37, 120.34, 120.81, 122.39, 123.14, 127.19,
128.87, 129.37, 129.62, 134.39, 140.90, 144.51, 153.27
(arom. C and C@N), 162.09 (C(2)). Anal. Calcd for
C17H14N2O3: C, 69.38; H, 4.79; N, 9.52. Found: C,
69.35; H, 4.83; N, 9.48.


5.1.10. (Z)-8-(2-(4-Fluorophenyl)-2-(hydroxyimino)eth-
oxy)quinolin-2(1H)-one (9b). Yield: 88%. Mp 185–
186 �C. 1H NMR (400 MHz, DMSO-d6): 5.39 (s,
OCH2), 6.46 (d, J = 9.6, 1H–C(3)), 7.06–7.21 (m, 5H,
arom. H); 7.80–7.84 (m, 2H, arom. H), 7.82 (d,
J = 9.6, 1H–C(4)), 10.72 (s, NH), 12.05 (s, NOH). 13C
NMR (100 MHz, DMSO-d6): 60.18 (CH2O), 112.33,
115.67, 115.88, 120.36, 120.86, 122.38, 123.17, 129.38,
129.47, 130.84, 131.97, 132.06, 140.90, 140.95, 144.46,
152.46 (arom. C and C@N), 162.16 (C(2)). Anal. Calcd
for C17H13FN2O3: C, 65.38; H, 4.20; N, 8.97. Found: C,
65.12; H, 4.32; N, 8.96.


5.1.11. (Z)-8-(2-(Hydroxyimino)-2-(4-methoxyphenyl)eth-
oxy)quinolin-2(1H)-one (9c). Yield: 82%. Mp 203–
204 �C. 1H NMR (400 MHz, DMSO-d6): 3.71 (s,
MeO), 5.37 (s, OCH2), 6.47 (d, J = 9.2, 1H–C(3)),
6.85–6.94 (m, 2H, arom. H), 7.04–7.08 (m, 1H, arom.
H), 7.15–7.20 (m, 2H, arom. H), 7.72–7.81 (m, 2H,
arom. H), 7.82 (d, J = 9.2, 1H–C(4)), 10.66 (s, NH),
11.83 (s, NOH). 13C NMR (100 MHz, DMSO-d6):
55.77 (MeO), 60.18 (CH2O), 112.35, 114.27, 120.35,
120.76, 122.41, 123.15, 126.78, 128.59, 129.46, 131.40,
140.92, 144.53, 152.78, 160.49 (arom. C and C@N),
162.12 (C(2)). Anal. Calcd for C18H16N2O4: C, 66.66;
H, 4.97; N, 8.64. Found: C, 66.62; H, 5.04; N, 8.57.


5.1.12. (Z)-8-(2-(Biphenyl-4-yl)-2-(hydroxyimino)ethoxy)-
quinolin-2(1H)-one (9d). Yield: 83%. Mp 194–195 �C. 1H
NMR (400 MHz, DMSO-d6): 5.43 (s, OCH2), 6.46 (d,
J = 9.6, 1H–C(3)), 7.07–7.10 (m, 1H, arom. H), 7.19–
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7.22 (m, 2H, arom. H), 7.34–7.36 (m, 1H, arom. H),
7.41–7.45 (m, 2H, arom. H), 7.61–7.68 (m, 4H, arom.
H), 7.82 (d, J = 9.2, 1H–C(4)), 7.87–7.89 (m, 2H, arom.
H), 10.74 (s, NH), 12.09 (m, NOH). 13C NMR
(100 MHz, DMSO-d6): 60.20 (CH2O), 112.43, 120.39,
120.85, 122.43, 123.18, 127.10, 127.27, 127.74, 128.37,
129.51, 129.66, 133.53, 140.13, 140.91, 141.18, 144.60,
152.90 (arom. C and C@N), 162.15 (C(2)). Anal. Calcd
for C23H18N2O3: C, 74.58; H, 4.90; N, 7.56. Found: C,
74.44; H, 4.96; N, 7.44.


5.1.13. 2-(2-Oxo-1,2-dihydroquinolin-6-yloxy)-N-pheny-
lacetamide (10a). A solution of 4a (0.28 g, 1 mmol) in
H2SO4 (3 mL) was stirred at rt for 10 min. To this solu-
tion, sodium azide (0.13 g, 2 mmol) was added in one
portion. The mixture was stirred at rt for 1 h (TLC mon-
itoring) and then poured into ice-water (100 mL). The
white solid thus obtained was collected and purified by
flash column chromatography (FC; silica gel; MeOH/
EtOAc 1:1) and recrystallized from CH2Cl2 to give 10a
(0.25 g, 85%). Mp 243–244 �C. 1H NMR (400 MHz,
DMSO-d6): 4.74 (s, OCH2), 6.30 (d, J = 9.6, 1H–C(3)),
6.83 (d, J = 2.4, 1H–C(5)), 6.86 (dd, J = 8.8, 2.4, 1H–
C(7)), 7.05–7.08 (m, 1H, arom. H), 7.29–7.33 (m, 2H,
arom. H), 7.58 (d, J = 8.8, 1H–C(8)), 7.60–7.62 (m,
2H, arom. H), 7.80 (d, J = 9.6, 1H–C(4)), 10.19 (s,
NH), 11.66 (s, NH). 13C NMR (100 MHz, DMSO-d6):
67.71 (CH2O), 99.83, 111.51, 114.48, 119.56, 120.39,
124.45, 129.45, 130.00, 139.02, 140.72, 141.14, 160.29
(arom. C), 162.98 (C(2)), 166.72 (CONH). Anal. Calcd
for C17H14N2O3: C, 69.38; H, 4.79; N, 9.52. Found: C,
68.99; H, 4.76; N, 9.84.


The same procedure was applied to convert 4b–d to 10b–
d; 5a–d to 11a–d; and 6a–d to 12a–d, respectively.


5.1.14. N-(4-Fluorophenyl)-2-(2-oxo-1,2-dihydroquinolin-
6-yloxy)acetamide (10b). Yield: 73%. Mp 259–260 �C.
1H NMR (400 MHz, DMSO-d6): 4.69 (s, 2H, CH2O),
6.47 (d, J = 9.2, 1H–C(3)), 7.12 (d, J = 2.4, 1H–C(5)),
7.16 (dd, J = 8.8, 2.4, 1H–C(7)), 7.24–7.25 (m, 3H,
arom. H), 7.64 (d, J = 8.8, 1H–C(8)), 7.65–7.66 (m,
1H, arom. H), 7.83 (d, J = 9.2, 1H–C(4)), 10.13 (s,
NH), 11.67 (s, NH). 13C NMR (100 MHz, DMSO-d6):
62.23 (CH2O), 111.42, 115.88, 116.11, 117.08, 120.24,
120.67, 122.32, 122.39, 123.13, 134.47, 135.40, 140.48,
153.26, 157.77, 160.15 (arom. C), 162.25 (C(2)), 167.13
(CONH). Anal. Calcd for C17H13FN2O3: C, 65.38; H,
4.20; N, 8.97. Found: C, 65.42; H, 4.26; N, 9.00.


5.1.15. N-(4-Methoxyphenyl)-2-(2-oxo-1,2-dihydroquino-
lin-6-yloxy)acetamide (10c). Yield: 93%. Mp 194–195 �C.
1H NMR (400 MHz, DMSO-d6): 3.69 (s, MeO), 4.66 (s,
OCH2), 6.47 (d, J = 9.6, 1H–C(3)), 6.85 (d, J = 2.4, 1H–
C(5)), 6.87 (dd, J = 8.8, 2.4, 1H–C(7)), 7.23–7.26 (m,
3H, arom. H), 7.52 (d, J = 8.8, 1H–C(8)), 7.52–7.53
(m, 1H, arom. H),7.82 (d, J = 9.6, 1H–C(4)), 9.97 (s,
NH), 11.69 (s, NH). 13C NMR (100 MHz, DMSO-d6):
55.84 (MeO), 68.23 (CH2O), 111.37, 114.50, 117.10,
120.26, 120.71, 122.15, 123.04, 132.01, 134.38, 140.55,
153.32, 156.25 (arom. C), 162.32 (C(2)), 166.71(CONH).
Anal. Calcd for C18H16N2O4: C, 66.66; H, 4.97; N, 8.64.
Found: C, 66.84; H, 5.08; N, 8.57.

5.1.16. N-(Biphenyl-4-yl)-2-(2-oxo-1,2-dihydroquinolin-6-
yloxy)acetamide (10d). Yield: 95%. Mp 385–386 �C. 1H
NMR (400 MHz, DMSO-d6): 4.74 (s, OCH2), 6.50 (d,
J = 9.6, 1H–C(3)), 7.27 (d, J = 2.4, 1H–C(5)), 7.28 (dd,
J = 8.8, 2.4, 1H–C(7)), 7.30–7.32 (m, 2H, arom. H),
7.40–7.44 (m, 1H, arom. H), 7.61–7.63 (m, 5H, arom.
H), 7.73 (d, J = 8.8, 1H–C(8)), 7.85–7.88 (m, 1H, arom.
H),7.94 (d, J = 9.6, 1H–C(4)), 10.30 (s, NH), 11.68 (s,
NH). 13C NMR (100 MHz, DMSO-d6): 68.27 (CH2O),
111.37, 117.22, 120.42, 120.78, 122.80, 126.33, 126.84,
126.96, 127.68, 129.59, 134.36, 138.68, 140.42, 140.76,
147.50, 153.45 (arom. C), 162.25 (C(2)), 167.22
(CONH). Anal. Calcd for C23H18N2O3: C, 74.58; H,
4.90; N, 7.56. Found: C, 74.65; H, 5.04; N, 7.20.


5.1.17. 2-(2-Oxo-1,2-dihydroquinolin-7-yloxy)-N-pheny-
lacetamide (11a). Yield: 94%. Mp 228–229 �C. 1H
NMR (400 MHz, DMSO-d6): 4.69 (s, 2H, OCH2),
6.47(d, J = 9.6, 1H–C(3)), 7.07 (d, J = 2.4, 1H–C(8)),
7.24 (dd, J = 8.8, 2.4, 1H–C(6)), 7.28–7.32 (m, 4H,
arom. H), 7.60 (d, J = 8.8, 1H–C(5)), 7.61–7.63 (m,
1H, arom. H), 7.82 (d, J = 9.6, 1H–C(4)), 10.06 (s,
NH), 11.66 (s, NH). 13C NMR (100 MHz, DMSO-d6):
68.23 (CH2O), 111.38, 117.09, 120.26, 120.46, 120.66,
123.08, 124.45, 129.42, 134.42, 138.98, 140.51, 153.31
(arom. C), 162.28 (C(2)), 167.16 (CONH). Anal. Calcd
for C17H12N2O3: C, 69.38; H, 4.79; N, 9.52. Found: C,
69.21; H, 4.84; N, 9.32.


5.1.18. N-(4-Fluorophenyl)-2-(2-oxo-1,2-dihydroquinolin-
7-yloxy)acetamide (11b). Yield: 92%. Mp 273–274 �C.
1H NMR (400 MHz, DMSO-d6): 4.74 (s, 2H, CH2O),
6.29 (d, J = 9.6, 1H–C(3)), 6.83 (d, J = 2.4, 1H–C(8)),
6.85 (dd, J = 8.4, 2.4, 1H–C(6)), 7.13–7.17 (m, 2H,
arom. H), 7.57 (d, J = 8.4, 1H–C(5)), 7.62–7.66 (m,
2H, arom. H), 7.79 (d, J = 9.6, 1H–C(4)), 10.32 (s,
NH), 11.68 (s, NH). 13C NMR (100 MHz, DMSO-d6):
67.72 (CH2O), 99.90, 111.45, 114.48, 115.88, 116.10,
119.61, 122.23, 122.31, 129.97, 135.43, 135.45, 140.65,
141.17, 157.76, 160.25 (arom. C), 162.93 (C(2)), 166.68
(CONH). Anal. Calcd for C17H13FN2O3: C, 65.38; H,
4.20; N, 8.97. Found: C, 65.21; H, 4.20; N, 8.97.


5.1.19. N-(4-Methoxyphenyl)-2-(2-oxo-1,2-dihydroquino-
lin-7-yloxy)acetamide (11c). Yield: 80%. Mp 237–238 �C.
1H NMR (400 MHz, DMSO-d6): 3.70 (s, MeO), 4.71 (s,
OCH2), 6.30 (d, J = 9.6, 1H–C(3)), 6.83 (d, J = 2.4, 1H–
C(8)), 6.85 (dd, J = 8.8, 2.4, 1H–C(6)), 6.86–6.89 (m,
2H, arom. H), 7.51–7.52 (m, 2H, arom. H), 7.57 (d,
J = 8.8, 1H–C(5)), 7.80(d, J = 9.6, 1H–C(4)), 10.05 (s,
NH), 11.67 (s, NH). 13C NMR (100 MHz, DMSO-d6):
55.84 (s, MeO), 67.71 (CH2O), 99.84, 111.57, 114.48,
114.51, 119.51, 122.10, 129.96, 132.02, 140.77, 141.10,
156.25, 160.29 (arom. C), 163.03 (C(2)), 166.26
(CONH). Anal. Calcd for C18H16N2O4: C, 66.66; H,
4.97; N, 8.64. Found: C, 67.04; H, 5.09; N, 8.64.


5.1.20. N-(Biphenyl-4-yl)-2-(2-oxo-1,2-dihydroquinolin-7-
yloxy)acetamide (11d). Yield: 98%. Mp 367–368 �C. 1H
NMR (400 MHz, DMSO-d6): 4.77 (s, 2H, CH2O), 6.31
(d, J = 9.6, 1H–C(3)), 6.84 (d, J = 2.4, 1H–C(8)), 6.88
(dd, J = 8.8, 2.4, 1H–C(6)), 7.40–7.44 (m, 2H, arom.
H), 7.59 (d, J = 8.8, 1H–C(5)), 7.60–7.64(m, 5H, arom.
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H), 7.71–7.74 (m, 2H, arom. H), 7.81(d, J = 9.6, 1H–
C(4)), 10.28 (s, NH), 11.70 (s, NH). 13C NMR
(100 MHz, DMSO-d6): 67.79 (CH2O), 99.90, 111.53,
114.53, 119.52, 120.74, 126.28, 126.82, 126.97, 127.62,
127.69, 127.78, 129.59, 130.01, 140.74, 141.16, 160.32
(arom. C), 162.93 (C(2)), 166.77 (CONH). Anal. Calcd
for C23H18N2O3Æ0.1H2O: C, 74.22; H, 4.87; N, 7.53.
Found: C, 74.09; H, 4.94; N, 7.52.


5.1.21. 2-(2-Oxo-1,2-dihydroquinolin-8-yloxy)-N-pheny-
lacetamide (12a). Yield: 96%. Mp 202–203 �C. 1H
NMR (400 MHz, DMSO-d6): 4.80 (s, 2H, OCH2), 6.55
(d, J = 9.6, 1H–C(3)), 7.11–7.16 (m, 2H, arom. H),
7.22–7.24 (m, 1H, arom. H), 7.30–7.39 (m, 3H, arom.
H), 7.59–7.61 (m, 2H, arom. H), 7.91 (d, J = 9.6, 1H–
C(4)), 10.31 (s, NH), 11.46 (s, NH). 13C NMR
(100 MHz, DMSO-d6): 68.67 (CH2O), 113.49, 120.62,
121.48, 122.31, 122.56, 123.17, 125.18, 129.32, 129.41,
138.32, 141.15, 144.47 (arom. C), 162.60 (C(2)), 166.78
(CONH). Anal. Calcd for C17H12N2O3: C, 69.38; H,
4.79; N, 9.52. Found: C, 69.29; H, 4.82; N, 9.50.


5.1.22. N-(4-Fluorophenyl)-2-(2-oxo-1,2-dihydroquinolin-
8-yloxy)acetamide (12b). Yield: 92%. Mp 201–202 �C.
1H NMR (400 MHz, DMSO-d6): 4.81 (s, OCH2), 6.55
(d, J = 9.6, 1H–C(3)), 7.10–7.15 (m, 1H, arom. H),
7.19–7.25 (m, 3H, arom. H), 7.30–7.32 (m, 1H, arom.
H), 7.61–7.64 (m, 2H, arom. H), 7.92 (d, J = 9.6, 1H–
C(4)), 10.40 (s, NH), 11.47 (s, NH). 13C NMR
(100 MHz, DMSO-d6): 68.64(CH2O), 113.50, 115.91,
116.13, 120.61, 121.48, 122.50, 123.22, 124.36, 124.44,
129.33, 134.67, 141.10, 144.43, 158.30, 160.69 (arom.
C), 162.57 (C(2)), 166.74 (CONH). Anal. Calcd for
C17H13FN2O3Æ0.25H2O: C, 64.44; H, 4.45; N, 8.84.
Found: C, 64.50; H, 4.24; N, 8.89.


5.1.23. N-(4-Methoxyphenyl)-2-(2-oxo-1,2-dihydroquino-
lin-8-yloxy)acetamide (12c). Yield: 96%. Mp 183–184 �C.
1H NMR (400 MHz, DMSO-d6): 3.73 (s, MeO), 4.77 (s,
OCH2), 6.55 (d, J = 9.6, 1H–C(3)), 6.92–7.96 (m, 2H,
arom. H), 7.11–7.15 (m, 1H, arom. H), 7.23–7.25 (m,
1H, arom. H), 7.29–7.31 (m, 1H, arom. H), 7.47–7.50
(m, 2H, arom. H), 7.91 (d, J = 9.6, 1H–C(4)), 10.26 (s,
NH), 11.55 (s, NH). 13C NMR (100 MHz, DMSO-d6):
55.88 (s, MeO), 68.65 (CH2O), 113.44, 114.48, 120.60,
121.44, 122.49, 123.20, 124.34, 129.30, 131.18, 141.10,
144.44, 156.88 (arom. C), 162.60 (C(2)), 166.38
(CONH). Anal. Calcd for C18H16N2O4: C, 66.66; H,
4.97; N, 8.64. Found: C, 66.34; H, 5.04; N, 8.48.


5.1.24. N-(Biphenyl-4-yl)-2-(2-oxo-1,2-dihydroquinolin-8-
yloxy)acetamide (12d). Yield: 75%. Mp 268–269 �C. 1H
NMR (400 MHz, DMSO-d6): 4.86 (s, OCH2), 6.58 (d,
J = 9.6, 1H–C(3)), 7.14–7.18 (m, 1H, arom. H), 7.27–
7.29 (m, 1H, arom. H), 7.29–7.38 (m, 2H, arom. H),
7.45–7.49 (m, 2H, arom. H), 7.67–7.77 (m, 6H, arom.
H), 7.94 (d, J = 9.6, 1H–C(4)), 10.41 (s, NH), 11.49 (s,
NH). 13C NMR (100 MHz, DMSO-d6): 68.74 (CH2O),
113.56, 120.62, 121.49, 122.46, 122.50, 123.25, 127.04,
127.56, 127.91, 129.38, 129.63, 136.67, 137.89, 140.24,
141.10, 144.46 (arom. C), 162.52 (C(2)), 166.81(CONH).
Anal. Calcds for C23H18N2O3: C, 74.58; H, 4.90; N,
7.56. Found: C, 74.57; H, 4.98; N, 7.52.

5.2. Antiproliferative activity


5.2.1. Cell culture. Human lung carcinoma (NCI-H661)
was purchased from American Type Culture Collection
(Rockville, MD); Human Nasopharyngeal carcinoma
(NPC-Tw01) was purchased from Taiwan Food Indus-
try Research and Development Institute (Hsinchu, Tai-
wan); Human T-cell leukemia (MT-2) was kindly
provided by Dr. H.-S. Shiah (National Health Research
Institutes, Hsinchu, Taiwan). Cell lines were maintained
in the same standard medium, grown as a monolayer in
DMEM (Gibco, USA), and supplemented with 10% fe-
tal bovine serum (FBS) and antibiotics, that is, 100 IU/
mL penicillin, 0.1 mg/mL streptomycin, and 0.25 lg/mL
amphotericin. Culture was maintained at 37 �C with 5%
CO2 in a humidified atmosphere.


5.2.2. Antiproliferative assay. Cancer cells were treated as
indicated for 48 h in medium containing 10% FBS. (3-
[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide, 2 mg/mL) (MTT, 20 mL) was added to the cultures
and incubated during the final 1.5 h. The resultant tetra-
zolium salt was then dissolved by the addition of dimeth-
ylsulfoxide. Color was measured spectrophotometrically
in a microtiter plate reader at 570 nm and used as a rela-
tive measure of viable cell number. The number of viable
cells following treatment was compared to solvent and un-
treated control cells and used to determine the percent of
control growth as (Abtreated/Abcontrol) · 100, where Ab
represents the mean absorbance (n = 3). The concentra-
tion that killed 50% of cells (GI50) was determined from
the linear portion of the curve by calculating the concen-
tration of agent that reduced absorbance in treated cells,
compared to control cells, by 50%.


5.3. Antiplatelet evaluation


The following reagents were used: collagen (type 1, bo-
vine Achilles tendon; from Sigma) was homogenized in
25 mM AcOH and stored (1 mg/mL) at �70�. Arachi-
donic acid (AA), EDTA (N,N,N 0N 0-ethylenediamine tet-
raacetate), and bovine serum albumin (BSA) were
purchased from Sigma and dissolved in CHCl3. To test
platelet aggregation, blood was collected from the rabbit
marginal-ear vein, anticoagulated with EDTA (6 mM),
and centrifuged for 10 min at 90g at rt. Platelet suspen-
sions were prepared from the plasma according to a
washing procedure previously described.24 Platelet num-
bers were determined with a Coulter ZM counter and
adjusted to 4.5 · 108 platelets/mL. The platelet pellets
were suspended in Tyrode’s solution of the following
composition (in mM): NaCl (136.8), KCl (2.8), NaH-
CO3 (11.9), MgCl2 (2.1), NaH2PO4 (0.33), CaCl2 (1.0),
and glucose (11.2) containing BSA (0.35%). The platelet
suspension was stirred at 1200 rpm, and the aggregation
was measured at 37�C by the turbidimetric method de-
scribed by O’Brien,25 using a Chrono Log Lumi aggre-
gometer. To eliminate solvent effects, the final
concentration of dimethylsulfoxide (DMSO) was fixed
at 0.5%. The percentage of aggregation was calculated
based on the absorbances of a platelet suspension and
that of Tyrode’s solution, which were taken as 0% and
100% aggregated, respectively.
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Abstract—To establish the role of the ferrocenyl moiety in the antiplasmodial activity of ferroquine, compounds in which this moi-
ety is replaced by the corresponding ruthenium-based moieties were synthesized and evaluated. In both the sensitive (D10) and resis-
tant (K1) strains of Plasmodium falciparum, ruthenoquine analogues showed comparable potency to ferroquine. This suggests that a
probable role of the ferrocenyl fragment is to serve simply as a hydrophobic spacer group. In addition, ferroquine analogues with
different aromatic substituents were synthesized and evaluated. Unexpectedly high activity for quinoline compounds lacking the 7-
chloro substituent suggests the ferrocenyl moiety may have an additive and/or synergistic effect.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Chloroquine (1) (Fig. 1) has been an effective antimalar-
ial agent since the late 1940s. Unfortunately, in most af-
fected areas the principal causative agent, Plasmodium
falciparum, has developed resistance to 1 and other re-
lated quinoline antimalarials.1 Since malaria affects be-
tween 300 and 500 million people each year and is
responsible for 1.5–2.7 million fatalities,2 the emergence
of quinoline drug resistance is a major problem. To cir-
cumvent resistance, numerous aminoquinolines and
aminoquinoline metal complexes3 have been screened
against resistant strains of P. falciparum. Of these com-
plexes, ferroquine 2a4 shows the greatest promise, and
clinical trials are currently in progress with this drug.


Numerous papers have been published exploring the
efficacy of a variety of ferroquine analogues. The posi-
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tion of the ferrocenyl moiety has been altered;5 the nat-
ure of the alkyl groups attached to the terminal tertiary
amine has been explored;4,6 the addition of a reactive
secondary amine centre and the functionalisation of that
centre have been carried out.7 From all of this research it
seems, in general, that the presence of a ferrocenyl moi-
ety in the alkyl side chain of chloroquine analogues has
a positive effect on the efficacy of these compounds in
chloroquine resistant strains of P. falciparum. The pri-
mary mechanism of ferroquine has been reported to be
similar to that of chloroquine,8 in as far as binding to
haem and preventing the formation of haemozoin are
concerned. However, studies of ruthenoquine 2b show
accumulation of this compound in the parasitic mem-
brane.5 As yet, such accumulation has not been demon-
strated to occur with chloroquine.9


In view of earlier structure–activity relationship studies
in chloroquine and related 4-aminoquinolines,10 and in
order to differentiate between any toxicity associated
with the ferrocenyl moiety, we have synthesized a series
of organometallic chloroquine analogues containing the
ferrocenyl6,7 and ruthenocenyl11,12 moieties. We have
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Figure 1. Chemical structures of chloroquine, ferroquine, ruthenoquine and related derivatives.
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also screened the synthetic intermediates in this endeav-
our. It is not the intention of this preliminary study to
re-examine features necessary for the antimalarial activ-
ity of 4-aminoquinolines which have already been iden-
tified from previous studies8,10 but rather to complement
these and previous studies on ferrocenyl and ruthenoce-
nyl compounds.4,13 From this study we hoped to ascer-
tain whether the ferrocenyl moiety affords some
synergistic or other beneficial effect. In addition, we
wished to confirm that there is little difference in efficacy
between ferrocenyl and ruthenocenyl analogues.11,12 It
has been observed that there is a significant difference
in efficacy between ferrocifen and its ruthenocenyl ana-
logue.14 This has been attributed to the difference in sta-
bility of the ferrocenium and ruthenocenium ions. The
relatively stable ferrocenium ion affords a significant
change in the chemical reactivity of the highly conju-
gated ferrocifen molecule.

2. Synthesis


Ferroquine 2a and ruthenoquine 2b were prepared using
established literature procedures.4a,11 The final step of
this synthetic strategy is shown in Scheme 1.


The ferroquine and ruthenoquine analogues 4a and 4b
lacking the chlorine on the 4-aminoquinoline were syn-
thesized in a similar manner using 4-chloroquinoline as
a starting material in the place of 4,7-dichloroquinoline.
The compounds bearing the reactive secondary amine
centre were synthesized using the strategy we have previ-
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Scheme 1. Reagents: (i) 5 equiv of 4-chloroquinoline or 4,7-dichloroquinolin
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Scheme 2. Reagents: (i) MeOH; (ii) NaBH4.

ously reported7,11 from the appropriate metallocene car-
boxaldehyde, Scheme 2.


The aromatic 1,2-diamines were synthesized using the
method described for the synthesis of N-(7-chloro-quin-
olin-4-yl)-ethane-1,2-diamine.15 The urea derivatives 8–
10 were then synthesized from the secondary amine,
Scheme 3, by the addition of 1.2 equiv of phenyl isocy-
anate in dichloromethane as previously reported.7

3. Results and discussion


To establish the role of the ferrocenyl moiety in ferroq-
uine, a series of ruthenocene analogues were synthe-
sized. To differentiate between effects consistent with
structure–activity relationships previously reported for
4-aminoquinolines, and any secondary effects associated
with the ferrocenyl moiety, a series of analogues
including quinoline and pyridine complexes were also
synthesized and screened for antiplasmodial activity.
The results are presented in Tables 1 and 2.


The synthetic intermediates of the ferrocene series were
also screened but these showed little or no antimalarial
activity. These compounds may not accumulate at the
presumed site of action, the food vacuole, and some of
the intermediates exhibited significantly lower stability
than ferroquine. To overcome this problem, we at-
tempted to make a series of compounds that retained
the features necessary for accumulation in the parasite
food vacuole but not necessarily for high antiplasmodial
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Table 1. Comparative results of in vitro antiplasmodial testing of


ferrocene and ruthenocene analogues conducted on chloroquine-


sensitive (D10) and chloroquine-resistant (K1) strains of P. falciparum


Compound


No.


Compound R IC50 (nM)


D10 K1


1 Chloroquine — 22.9 352.3


2a M = Fe


NCl


17.7 13.5


3a M = Fe


NCl


HN


33.2 37.1


4a M = Fe


N


13.5 75.9


2b M = Ru


NCl


18.6 12.7


3b M = Ru


NCl


HN


20.3 19.5


4b M = Ru


N


11.6 50.5


Table 2. Comparative results from in vitro antimalarial testing of


ferrocene analogues conducted on chloroquine sensitive (3D7) and


resistant (K1) strains of P. falciparum
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Scheme 3. Reagents: phenylisocyanate, dichloromethane.
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activity [Tables 1 (4a and 4b) and 2 (5, 6, 9 and 10)]. The
ferrocene analogues without the 7-chloro group retain
the 4-aminoquinoline moiety which is the minimum
requirement for association with haematin, but alone
is insufficient to facilitate antiplasmodial activity.10b


The pyridine complexes possess the amine functional-
ities required for accumulation in the food vacuole of
the parasite but do not associate with the haem.


It is evident from Tables 1 and 2 that no significant dif-
ference in antimalarial activity was observed between
the ferrocene and ruthenocene analogues (Table 1).
The steric bulk of ferrocene and ruthenocene is almost
identical; both complexes have very similar properties,
although they differ in their chemical reactivity and re-
dox chemistry. This single comparison of course does lit-
tle to establish the role of the metal in ferroquine, but it
does seem to suggest that the physical characteristics of
the metallocene moiety are more significant than the
chemical reactivity. It is noteworthy that this is contrary

to results of the ruthenocene analogue of ferrocifen.14 In
that case, the metallocene moiety is part of a highly con-
jugated molecule and it is postulated that the difference







M. A. L. Blackie et al. / Bioorg. Med. Chem. 15 (2007) 6510–6516 6513

in redox chemistry facilitates a difference in chemical
reactivity at different sites in the molecule. This is facil-
itated by the relatively high stability of the ferrocenium
cation in comparison with the unstable ruthenocenium
cation. In ferroquine, ruthenoquine and the analogues
discussed here no such conjugation exists in the mole-
cule. Previous investigations have shown that there is
no observed correlation between the redox potential of
ferroquine analogues and antiplasmodial activity.3g,7


The pyridine analogue of ferroquine was found to be
significantly less active compared to the 4-aminoquino-
line counterparts. However, the ferroquine and ruthe-
noquine analogues lacking the 7-chloro substituent
exhibited high activity in the chloroquine sensitive D10
strain of the malaria parasite. Lower activity has been
observed for chloroquine10c analogues lacking the
7-chloro group. Since the ferroquine analogue lacking
the 7-chloro group does not inhibit the formation of
b-haematin16 the metallocene in the side chain may have
an additive and/or synergistic effect. The absence of the
7-chloro group in all derivatives resulted in decreased
antiplasmodial activity in the chloroquine resistant K1
strain (Table 1, 4a and 4b). Given that ferroquine and
ruthenoquine analogues lacking the 7-chloro group dis-
play higher activity against the sensitive D10 strain of
malarial parasite but not for the resistant strain, this
may suggest that inhibition of b-haematin formation is
not the primary mechanism in the aforementioned ana-
logues. This is in view of the fact that previous studies
have shown that 7-chloro group in chloroquine is crucial
in determining the ability of 4-aminoquinolines to inhi-
bit b-haematin formation.10c It is also noteworthy that
correlation between antimalarial activity in vitro and
inhibition of b-haematin formation should only be con-
sidered in chloroquine-sensitive strains due to other fac-
tors at play in chloroquine-resistant strains that disallow
an accurate comparison. Substitution with the acridine
moiety of quinacrine leads to a more potent derivative
(Table 2, 7). This may be due to multiple mechanisms
often associated with acridine moieties17 including inter-
calation with the parasite DNA,18 inhibition of the
enzyme topoisomerase II19 and inhibition of
b-haematin.20 We observed loose correlation (in some
cases lack of correlation) between the antimalarial
ED50 of the compounds and their ability to inhibit
b-haematin formation. Nevertheless this correlation
may be improved by normalising for cellular accumula-
tion.10b The importance of cellular accumulation in the
antimalarial activity of 4-aminoquinoline antimalarials
has previously been highlighted.21

4. Conclusions


The ferrocene and ruthenocene analogues of ferroqu-
ine reported in this paper exhibit high antiplasmodial
activity against a resistant strain of the P. falciparum.
This observation is consistent with the hypothesis that
the mechanism for drug resistance in the Plasmodium
parasites is compound specific. It has been suggested
that ferroquine has reduced affinity for the P. falcipa-
rum chloroquine resistance transporter (PfCRT).8 This

has previously been attributed to the lipophilicity of
the ferrocenyl moiety.8 The fact that there was no sig-
nificant difference in efficacy between analogous ferr-
ocenyl and ruthenocenyl compounds suggests that
the difference in chemical behaviour of these moieties
is insignificant. However, the lipophilicity and size of
these moieties may be important. The increased lipo-
philicity may aid passage through membranes and lead
to a greater affinity for haematin. However, it is noted
that any correlation between the inhibition of haem-
azoin formation and efficacy is only relevant in chloro-
quine-sensitive strains of the parasite. In chloroquine-
resistant strains other factors play a significant role
thereby preventing accurate correlation. Whether the
ferrocenyl moiety has a secondary function is not
clear; nevertheless some of the results included in this
paper indicate that there is an inherent antiplasmodial
toxicity associated with the metallocene fragment. Fur-
ther study into these compounds and their analogues
may yield a greater understanding of the effect of
the metallocene moiety on antiplasmodial activity.
However, more detailed studies are required to con-
firm that the ferrocene functions as a hydrophobic
group, and to establish the scope and limitations of
this strategy.

5. Experimental


The syntheses were performed using standard Schlenk
techniques; ferroquine 2a,4 compounds 3a,7 2b11 and
3b11 were prepared according to literature methods.
Diethyl ether and THF were distilled from Na/benzo-
phenone, methanol was distilled from magnesium acti-
vated by iodine, 1-methylpyrrolidinone was purified by
an azeotropic distillation from toluene and DMF was
distilled from CaSO4 (76 �C/39 mm Hg). The concentra-
tion of alkyl lithium reagents was determined by the
Gilman double titration method prior to use.22 All
other chemicals were used as supplied by Aldrich. 1H
and 13C NMR spectra were recorded at room temper-
ature on Varian EM 400 or 300 MHz spectrometers.
1H NMR spectra were recorded in CDCl3 and refer-
enced internally using the residual protons in the deu-
terated solvent (d 7.27) and are reported relative to
tetramethylsilane (d 0.00). 13C NMR spectra were ref-
erenced internally to the solvent resonance (d 77.0)
and are reported relative to tetramethylsilane (d 0.0).
Infrared spectra were recorded on a Perkin-Elmer Par-
agon 1000 FT-IR spectrometer. Melting points were
performed on a Kofler hot-stage microscope (Reic-
hert-Thermovar). Mass spectra were determined by
Dr. P. Boshoff of the mass spectrometry unit at the
Cape Technikon. Elemental analyses were performed
using a Carlo Erba EA1108 elemental analyser in the
microanalytical laboratory of the University of Cape
Town. For results included in Table 1 the parasite via-
bility was determined using the parasite lactate dehy-
drogenase assay according to Makler and Hinrichs.23


For results included in Table 2 the whole cell growth
inhibition assay of P. falciparum growth in human
red blood cells was carried out in a 48 h [3H]-hypo-
xanthinine incorporation assay.24,25
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5.1. (2-Dimethylaminomethyl-ferrocenyl)-quinolin-4-yl-
amine (4a)


Compound prepared in the manner described for 2a4a


using appropriate starting materials.


Deep orange crystals, 70%; mp 148–150 �C; Rf (silica/
ethyl acetate:hexane:Et3N, 45:50:5) 0.11; 1H NMR
(400 MHz; CDCl3) d: 8.56 (d, 3JHH 5, 1H), 7.94 (dd,
4JHH 1 and 3JHH 8, 1H), 7.70 (dd, 4JHH 1 and 3JHH 8,
1H), 7.58 (m,1H), 7.33 (m, 1H), 6.48 (d, 3JHH 5, 1H),
4.38 (d, 2JHH 13, 1H), 4.27 (m, 1H), 4.20–4.14 (m,
2H), 4.13 (s, 5H), 4.07 (t, 3JHHH 3, 1H), 3.79 (d, 2JHH


13, 1H), 2.89 (d, 2JHH 13, 1H), 2.22 (s, 6H); 13C
(100.6 MHz; CDCl3) d: 151.2, 150.4 (IVC), 148.8 (IVC),
129.7, 128.9, 124.2, 120.7, 119.6 (IVC), 98.7, 84.4 (IVC),
84.2 (IVC), 71.5, 70.6, 69.3 (5C), 66.0, 58.2, 45.1 (2C),
42.5; IR (KBr) mmax 3185br m, 1617m, 1572vs, 1540s,
1467s, 1117s, 1103m, 1005m, 838m, 822s, 497m, 480s;
HRMS (EI) m/z 399.14058 (M+ requires C23H25N3Fe,
399.13979), 354.1, 255.1, 121.0, 91.1, 58.1; found: C,
69.18; H, 6.17; N, 10.10 (calcd for C23H24N3ClFe: C,
69.18; H, 6.31; N, 10.52%.).


5.2. (Quinolin-4-yl)-(2-dimethylaminomethyl-ruthenocen-
1-ylmethyl)-amine (4b)


Analogous procedure to 2b.11


White crystals, 52%; mp 153–154 �C (recryst from aceto-
nitrile and diethyl ether); dH (400 MHz; CDCl3) 8.54 (d
3JHH 5, 1H), 7.94 (d, 3JHH 8, 1H), 7.71 (d, 3JHH 8, 1H),
7.58 (t, 3JHH 8, 1H), 7.35 (t, 3JHH 8 Hz, 1H), 7.31 (t br,
NH 3JHH 7, 1H), 6.43 (d, 3JHH 5, 1H), 4.07 (m, 1H), 4.60
(m, 1H) 4.55 (s, 5H), 4.44 (m, 1H), 4.00–4.16 (m, 2H),
3.55 (d, 2JHH 13, 1H), 2.77 (d, 2JHH 13, 1H), 2.56 (s,
6H); dC (100 MHz; CDCl3) 151.2, 150.1, 148.7 (CIV),
129.7, 128.7, 124.1, 120.3, 119.4 (CIV), 98.7, 88.4, 87.9
(CIV), 73.7, 72.8 (5C), 68.6, 57.9, 44.9 (2C), 41.8; m/z
(FAB) 446 (M + H), 401 (72), 302 (27), 286 (14), 245
(26), 167 (28), 145 (24); found C, 62.04; H, 5.67; N,
9.63 (calcd for RuC23H24N3: C, 62.14; H, 5.67; N,
9.45%).


5.3. N-(2-Dimethylaminomethyl-ferrocenyl)-N-quinolin-
4-yl-ethane-1,2-diamine (5)


Compound prepared in the manner described for 3a7


using appropriate starting materials. Yellow crystals,
60%; mp 128–129 �C; Rf (silica/CH2Cl2:MeOH:Et3N,
80:20:1) 0.22; dH (400 MHz; CDCl3) 8.46 (d, 3JHH 5,
1H), 7.90 (d, 3JHH 8, 1H), 7.79 (d, 3JHH 8, 1H), 7.52
(t, 3JHHH 7, 1H), 7.30 (t, 3JHH 8, 1H), 6.29 (d, 3JHH 5,
1H), 6.14 (s, 1H), 4.05 (m, 1H), 4.00 (m, 1H), 3.94 (s,
6H), 3.75 (d, 2JHH 13, 1H), 3.57 (d, 2JHH 12, 1H), 3.31
(d, 2JHH 13, 1H), 3.26–3.12 (m, 2H), 2.87–2.77 (m,
2H), 2.69 (d, 2JHH 12, 1H), 1.93 (s, 6H); dC


(100.6 MHz; CDCl3) 151.1, 150.1 (IVC), 148.6 (IVC),
129.7, 128.9, 124.5, 120.3, 119.2 (IVC), 98.8, 85.7 (IVC),
83.9 (IVC), 71.1, 70.1, 69.0 (5C), 66.0, 58.2, 47.4, 46.6,
45.0 (2C), 42.2 (5 0); IR (KBr) mmax 3235br m, 1619m,
1577vs, 1550s, 1460s, 1104s, 1000m, 828m, 807s, 490m;
HRMS (EI) m/z 442.18181 (M+ C25H30N4Fe requires

442.18199), 255.0, 240.0, 91.0, 58.1; found: C, 69.19;
H, 6.84; N, 12.33 (calcd for C23H24N3ClFe, C, 67.88;
H, 6.84; N, 12.66%).


5.4. N-(2-Dimethylaminomethyl-ferrocenyl)-N-pyridin-4-
yl-ethane-1,2-diamine (6)


The compound was prepared in the same manner de-
scribed for 3a7 using appropriate starting materials.
An additional 1 mol equiv of triethylamine was added
as 4-chloropyridine hydrochloride was used. Deep red
oil; Yield: 515 mg (60%); Rf (silica/CH2Cl2:MeO-
H:Et3N, 80:20:1) 0.22; dH (400 MHz; CDCl3) 8.10 (d,
3JHH 5, 2H), 6.40 (d, 3JHH 6, 2H), 4.12 (m, 1H),
4.07 (m, 1H), 4.00 (s, 5H), 3.98 (m, 1H), 3.86 (d,
2JHH 13, 1H), 3.66 (d, 2JHH 12, 1H), 3.37 (d, 2JHH


13, 1H), 3.24–3.10 (m, 2H), 2.79–2.72 (m, 3H), 2.04
(s, 6H); dC (100.6 MHz; CDCl3) 153.6 (IVC), 149.9
(2C),107.6 (2C), 84.1 (IVC), 83.8 (IVC), 71.3, 70.4,
69.2 (5C), 66.2, 58.2, 47.3, 46.6, 44.6 (2C), 41.5 (4 0);
IR (thin film) mmax 3251br m, 1605vs, 1466m, 1104m
(ferrocene), 811s (ferrocene); HRMS (EI) m/z
392.16500 (M+requires C21H28N4Fe, 392.16634),
255.1, 240.0, 163.0, 121.0, 91.0, 58.1; found: C,
64.10; H, 7.20; N, 14.23 (calcd for C21H28N4Fe, C,
64.29; H, 7.19; N, 14.28%).


5.5. N-(6-Chloro-2-methoxy-acridine-9-yl)-N 0-[2-(N00,N00-
dimethylaminomethyl)ferrocenylmethyl]-ethane-1,2-dia-
mine (7)


Prepared in the same manner as that described for 3a7


using appropriate starting materials.


Deep orange crystals, 74%; mp 158–159 �C; Rf (silica/
CH2Cl2:MeOH:Et3N, 80:20:1) 0.25; dH (400 MHz;
CDCl3) 8.14 (d, 3JHH 9, 1H), 8.05 (d, 4JHH 2, 1H),
7.99 (d, 3JHH 10, 1H), 7.41–7.37 (m, 2H), 7.28 (dd,
4JHH 2 and 3JHH 9, 1H), 4.13–4.12 (m, 2H), 4.05 (s,
5H), 4.04–4.03 (m, 1H), 3.91 (d, 2JHH 13, 1H), 3.90 (s,
3H), 3.79–3.67 (m, 2H), 3.73 (d, 2JHH 12, 1H), 3.42 (d,
2JHH 13, 1H), 2.87–2.84 (m, 2H), 2.83 (d, 2JHH 12,
1H), 2.11 (s, 6H); dC (100.6 MHz; CDCl3) 131.4,
128.3, 124.9, 124.6, 124.3, 99.8, 71.3, 70.1, 69.1 (5C),
66.0, 58.4, 55.7, 48.9, 48.4, 47.3, 46.4 (2C); IR (KBr)
mmax 3304br m, 1631s, 1606m, 1561s, 1519m, 1467s,
1104m, 1030m, 1001m, 488m; HRMS (EI) m/z
556.1685 (M+ C30H33N4OClFe requires 556.4647),
511.1, 446.1, 255.1, 240.0, 121.0, 91.1, 58.1, 55.9; found:
C, 64.10; H, 7.20; N, 14.23 (calcd for C21H28N4Fe, C,
64.29; H, 7.19; N, 14.28%).


5.6. 3-Benzyl-1-[2-(7-chloro-quinolin-4-ylamino)-ethyl]-1-
[2-(N00,N00-dimethylaminomethyl)-ferrocenylmethyl]urea
(8)


Compound 3a (1 equiv) was dissolved in anhydrous
dichloromethane (10 mL). The phenyl isocyanate
(1.2 equiv) was added and reaction vessel placed on a
shaker at 200 rpm for 3 h at 25 �C. The product was
then purified by silica gel chromatography eluting with
10% methanol in dichloromethane. The product 8 was
isolated as a yellow crystalline solid. Yellow crystals,
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90%; mp 95–96 �C; Rf (silica/CH2Cl2:MeOH, 80:20)
0.51; dH (400 MHz; CDCl3) 8.45 (d, 3JHH 6, 1H), 8.12
(t, 3JHH 6, 1H), 7.96 (d, 4JHH 2, 1H), 7.75 (d, 3JHH 9,
1H), 7.15 (dd, 4JHH 2 and 3JHH 9, 1H), 7.13–7.07 (m,
5H), 6.32 (d, 3JHH 6, 1H), 4.24–4.16 (m, 7H), 4.08 (s,
5H), 3.82 (d, 2JHH 13, 1H), 3.73–3.68 (m, 2H), 3.58–
3.40 (m, 2H), 2.82 (d, 2JHH 13, 1H), 1.98 (s, 6H); dC


(100.6 MHz; CDCl3) 160.4 (IVC), 151.7 (IVC), 149.7,
146.7 (IVC), 140.2 (IVC), 135.7 (IVC), 128.2 (2C), 126.6,
126.5 (2C), 126.2, 125.7, 123.1, 116.9 (IVC), 97.5, 83.9
(IVC), 70.6, 69.5 (5C), 69.0, 67.7, 57.8, 47.0, 45.6, 44.6,
44.4 (2C), 43.7 (5’); IR (KBr) mmax 3268br w (NH),
1611s, 1582vs, 1539s, 1452m, 1332m, 1105m, 1005m,
842m, 808m, 487m; HRMS (FAB) m/z 610.2030
(M+H C33H36N5ClOFe requires 610.2034), 565.1,
432.2, 409.1, 255.1, 191.0, 154.0, 134.1,91.1; found: C,
65.01; H, 5.83; N, 11.50. (calcd for C23H24N3ClFe, C,
64.98; H, 5.95; N, 11.48%).


5.7. 3-Benzyl-1-(2-dimethylaminomethyl-ferrocenyl)-1-[2-
(quinolin-4-ylamino)-ethyl]-urea (9)


Compound prepared in the manner described for 87


using appropriate starting materials. Bright yellow crys-
tal, 80%; mp 88–89 �C; Rf (silica/CH2Cl2:MeOH, 80:20)
0.47; dH (300 MHz; CDCl3) 8.52 (d, 3JHH 5, 1H), 8.03 (t,
3JHH 5, 1H), 7.96 (d, 3JHH 8, 1H), 7.82 (d, 3JHH 8, 1H),
7.63–7.52 (m, 1H), 7.27 (t, 3JHHH 7, 1H), 7.14–7.09 (m,
5H), 6.34 (d, 3JHH 5, 1H), 4.49–4.16 (m, 7H), 4.12 (t,
3JHH 2, 1H), 4.06 (s, 5H), 4.05–4.03 (m, 1H), 3.76 (d,
2JHH 13, 1H), 3.71–3.63 (m, 2H), 3.58–3.37 (m, 2H),
2.74 (d, 2JHH 13, 1H), 1.94 (s, 6H); dC (75.5 MHz;
CDCl3) 160.3 (IVC), 150.9 (IVC), 150.2, 147.6 (IVC),
140.3 (IVC), 129.0, 128.6, 128.2 (2C), 126.6 (2C), 126.5,
124.7, 121.1, 118.8 (IVC), 97.4, 84.0 (IVC), 82.0 (IVC),
70.4, 69.4 (5C), 68.8, 67.4, 57.9, 47.0, 45.4, 44.7 (2C),
44.6, 43.6 (5 0); IR (KBr) mmax 3280br m, 1618s, 1584vs,
1538s, 1456m, 1004m, 810m, 487w; HRMS (EI) m/z
575.23467 (M+ C33H37N5OFe requires 575.23467),
255.1, 240.0, 121.0, 91.0, 58.1; found: C, 69.01; H,
6.50; N, 12.04 (calcd for C33H37N5OFe, C, 68.86; H,
6.48; N, 12.16%).


5.8. 3-Benzyl-1-(2-dimethylaminomethyl-ferrocenyl)-1-[2-
(pyridine-4-ylamino)-ethyl]-urea (10)


Prepared in the same manner described for87 using
appropriate starting materials. Bright yellow crystals,
71%; mp 70–72 �C; Rf (silica/CH2Cl2:MeOH, 80:20)
0.05; dH (300 MHz; CDCl3) 8.13 (d, 3JHH 6, 2H), 7.68
(br s, 1H), 7.25–7.08 (m, 5H), 6.40 (d, 3JHH 6, 2H),
6.28 (br s, 1H), 4.43 (d, 2JHH 16, 1H), 4.35–4.32 (m,
1H), 4.23 (d, 2JHH 16, 1H), 4.23–4.25 (m, 1H), 4.13 (t,
3JHH 3, 1H), 4.06 (s, 5H), 4.00–3.89 (m, 2H), 3.78 (d,
2JHH 13, 1H), 3.60–3.50 (m, 2H), 3.40–3.20 (m, 2H),
2.76 (d, 2JHH 13, 1H), 1.96 (s, 6H); dC (75.5 MHz;
CDCl3) 159.7 (IVC), 154.2 (IVC), 148.3 (2C), 140.4
(IVC), 128.3 (2C), 126.7 (2C), 126.6, 107.2, 84.2 (IVC),
82.1 (IVC), 70.5, 69.4 (5C), 69.0, 67.4, 57.9, 47.2, 45.6,
44.7 (2C), 44.6, 42.6; IR (KBr) mmax 3263m, 1604vs,
1455m, 1105m, 813m, 487m; HRMS (EI) m/z
525.21853 (M+ requires C29H35N5OFe, 525.21910),
255.1, 240.0, 91.1, 58.1.
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Abstract—The first QSAR study on the activation of the human secretory isoform of the metalloenzyme carbonic anhydrase (CA,
EC 4.2.1.1), CA VI, with a series of amines and amino acids is reported. A large set of topological indices have been used to obtain
several tri-/tetra-parametric models. We compared the CA VI activating QSAR models with those calculated for activation of the
cytosolic human isozymes hCA I and hCA II. In addition, the effect of DD- and LL-amino acids as activators of hCA I, hCA II and of
hCA VI as compared to those of structurally related biogenic amines was investigated for obtaining statistically significant and pre-
dictive QSAR equations. The obtained models are discussed using a variety of statistical parameters. The best models were obtained
for hCA II activation, followed by hCA I, whereas the QSAR models for the activation of hCA VI were statistically weaker.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


A multitude of physiologically relevant compounds such as
amino acids, oligopeptides or small proteins, as well as
many biogenic amines (histamine, serotonin and catechol-
amines among others), were shown to efficiently activate
the catalytic activity of many isoforms of the metalloen-
zyme carbonic anhydrase (CA, EC 4.2.1.1) which acts as
an efficient catalyst for the interconversion between carbon
dioxide and bicarbonate at neutral pH.1–3 Activation of the
cytosolic, ubiquitous human isoforms hCA I and hCA II
was the most investigated such phenomenon, and shown
thereafter to constitute a possible therapy for the enhance-
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ment of synaptic efficacy, which may represent a conceptu-
ally new approach in the treatment of Alzheimer’s disease,
ageing and some other disease conditions characterized by
an eventual loss of memory functions.1 However, unlike
CA inhibitors, widely used clinically for the treatment or
prevention of a multitude of diseases,1 CA activators
(CAAs) have been much less investigated.1–3 Only recently,
by means of electronic spectroscopy, X-ray crystallogra-
phy and kinetic measurements, it has been proved that
CAAs bind within the enzyme active cavity (in the case
of the physiologically most important isoforms, hCA I
and hCA II) at a site distinct of the inhibitor or substrate
binding sites, participating thereafter in the rate-determin-
ing step of the catalytic cycle, the proton transfer reaction
between the active site and the environment.1–3 Just
recently the unique secretory hCA isoform VI (hCA VI),
present in saliva and milk, has been cloned and character-
ized by this group,2a and its activation with a set of amino
acids and amines also investigated.2b


The present paper deals with the estimation/prediction
of the activation constant (log KA) of hCA VI (measured
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experimentally in the above-mentioned study) as com-
pared to the same data reported/calculated for the cyto-
solic isoforms hCA I and hCA II. This is the first QSAR
report of a CA VI activator series, and the second ever
QSAR of any CA activators, as the only other such re-
port is the study performed in 1994 by Clare and Supu-
ran using ab intio calculations.3b Consequently, we
define the activation constant (KA) as already mentioned
in the original report2b similar to the inhibition constant
K1


I . Thus, KA is obtained by considering the classical
Michaelies–Menten equation1,2 as given below:


v ¼ vMAX= 1þ KM=fSg 1þ ½A�f=KA


� �� �
ð1Þ


where [A]f is the free concentration of activator. Work-
ing at substrate concentrations considerably lower than
KM ([S]� KM), and considering that [A]f can be
represented in the form of the total concentration of

Table 1. Structure of compounds 1–17 tested as CA activators2b
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the enzyme ([E]t) and activator ([A]t), the obtained
competitive steady-state equation for determining the
activation constant is given by Eq. 2:2b


v ¼ v0 � KA


��
KA þ


�
½A�t � 0:5 ½A�t þ ½E�t þ KA


	��


� ½A�t þ ½E�t þ KA


� �2 � 4½A�t � ½E�t
	1=2




ð2Þ


where v0 represents the initial velocity of the enzyme-cat-
alyzed reaction in the absence of activator.2b


hCA VI was shown2 to possess a significant enzymatic
activity for the physiological reaction, of the same order
of magnitude as the ubiquitous isoform hCA I or the
transmembrane, tumour-associated isozyme hCA IX.
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Thus, investigating in detail its inhibition and/or activa-
tion may be relevant for a better understanding of this
isoform, and for the potential use of modulators of its
activity for designing putative medicinal chemistry
application.1–3 In the above-mentioned study2b it has
been also observed that amino acids and amines of type
1–17 (Table 1) act as CA VI activators, with variable
efficacies, depending on their chemical structure. For
example, LL-His, LL-Trp and dopamine showed weak CA
VI activating effects, whereas DD-His, DD-Phe, LL-DOPA,
LL-Trp, serotonin and pyridyl-alkyl amines were better
activators. The best hCA VI activators were LL-Phe, DD-
DOPA, 4-amino-LL-Phe and histamine. All the amino
acids and amines used as activators were shown to en-
hance kcat, having no effect of KM, and participating
thus in the rate-determining step in the catalytic cycle,
the proton transfer reactions between the enzyme active
sites and the environment.2b The aforementioned find-
ings prompted us to undertake the present investigation
which is a first report of a QSAR study for CA VI acti-
vators. The study is designed by considering the 17 com-
pounds investigated2b as hCA I, hCA II and hCA VI
activators shown in Table 1.

2. Results and discussion


The structural details of the amino acids and the amines
used in the present investigation are shown in Table 1.
The DD/LL-form of the amino acid was designated by an
indicator parameter I1, which was taken as 1 for DD-amino
acids and 0 for LL-amino acids. A comparison was made
among the estimation of CA I, CA II and CA VI activa-
tion constants based on the obtained QSAR models.


The indicator parameter I, and hCA I, hCA II and hCA
VI activation constants for the series of amino acids and
amines of the type 1–17 are given in Table 2.2b The acti-
vation constants for the ubiquitous isozymes hCA I and
hCA II are also given for comparison, as they will be
used to derive QSAR models for the activation of these
isoforms too, as only one such report is available in the

Table 2. Activation constants against isoforms hCA I, hCA II and


hCA VI with derivatives 1–17,2b and the indicator parameter I1


Compound log KA(hCA I) log KA(hCA II) log KA(hCA VI) I1


1 �1.5228 1.0374 1.5051 0


2 �1.10457 1.6334 1.1139 1


3 �1.1549 �1.8860 0.0899 0


4 1.9344 �1.4559 1.2041 1


5 0.4913 1.0569 1.2552 0


6 0.6901 0.8920 0.6608 1


7 1.6434 1.4313 1.1760 0


8 1.6127 1.0791 1.5910 1


9 �1.6989 �1.9586 0.9689 0


10 �0.6197 �0.8239 0.7259 —


11 0.3222 2.0969 0.8129 —


12 1.1303 0.9637 1.3222 —


13 1.6532 1.6989 1.2787 —


14 1.4149 1.5314 1.1461 —


15 1.1139 1.1760 1.2552 —


16 0.8692 0.3617 0.9795 —


17 �0.8538 �0.7212 1.6232 —

literature at this moment.3b All the CAAs investigated
up to now possess protonatable moieties of the primary
amino or heterocyclic amines type, being thus able to
participate to proton transfer processes leading to the
generation of the nucleophilic species of the enzyme,
with hydroxide coordinated to the active site zinc cat-
ion. It is interesting to mention that the amines used in
this study possess amino-ethyl or amino-methyl moie-
ties in addition to aromatic/heterocyclic groups, the last
of which usually incorporates nitrogen atoms that can
be protonated at pH values in the physiological range.
Data of Table 2 show that the activity profile of amines
and amino acids investigated here as CAAs is different
for the three investigated isozymes, that is, hCA I,
hCA II and hCA VI. The following sequence of activa-
tion efficiency is observed for CA I, CA II and CA VI:


(i) Activation of isoform hCA I. DD-Phe > serotonin >
LL -Trp > DD-Trp > 2-pyridyl-methylamine > dopamine >
2-[2-aminoethyl)pyridine > 1-(2-aminoethyl)-pipera-
zine > DD-DOPA > LL-DOPA > histamine > 4-NH2-LL-Phe >
4-(2-aminoethyl)-morpholine > DD-His > LL-Phe > LL-His >
LL-Tyr.


(ii) Activation of isoform hCA II. Histamine > seroto-
nin > DD-His > pyridyl-methylamine > LL-Trp > 2-[2-amino-
ethyl)pyridine > DD-Trp > LL-DOPA > LL-His > dopamine >
D -D - DOPA > 1-(2-aminoethyl)-piperazine > 4-(2-amino-
ethyl)-morpholine > 4-NH2-LL-Phe > DD-Phe > LL-Phe > LL-
Tyr.


(iii) Activation of isoform hCA VI. 4-(2-Aminoethyl)-
morpholine > DD-Trp > LL-His > dopamine > serotonin >
LL-DOPA=2-[2-aminoethyl)pyridine > DD-His > 1-(2-ami-
noethyl)-piperazine > LL-Tyr > histamine > 4-NH2-LL-Phe >
DD-DOPA > LL-Phe.


From the above data it is clear that the set of amino
acids and amines used here act differently in activating
CA I, CA II and CA VI. In case of CA I and CA II,
the activation constant for LL-Tyr is the smaller one, indi-
cating it to be the strongest activator.


We used here topological modelling of the activation con-
stant (log KA) for the set of 17 activators of Table 1, by
using topological indices, which are numerical representa-
tion of structural data, being calculated by using the
software developed by Karelson.4 The structure optimiza-
tion was made with HyperChem5 and the ACD LAB6


softwares. The calculated values of the topological indices
are summarized in Tables 3 and 4. Stepwise regression
analysis7 using the method of maximum-R2 was used for
obtaining statistically significant models in each of the three
cases (for the investigated CA isoforms). This has been
done by using the NCSS software.8 The results obtained
are presented in Tables 5–7 and discussed below.


(i) Modelling activation constants of isoform I, log KA


(hCA I). Inspection of data of Table 5 shows that only
three- and four-variable models were found to be statis-
tically significant for modelling log KA(hCA I) and that
the four-variable model was the best one for this pur-
pose. This model is shown below:







Table 4. Topological indices for the compounds 1–17 investigated as CA activators


Compound TMSA PPSA-1 PPSA-2 PPSA-3 PNSA-1


1 389.7038 108.6624 38.1753 5.4955 281.0413


2 401.4055 106.7958 37.5195 5.0843 294.6097


3 340.7005 177.5994 38.3380 1.5272 163.1010


4 340.7005 177.5994 38.3380 1.5272 163.1010


5 416.1916 115.9404 50.2132 3.5049 300.2511


6 430.4977 112.1823 48.5856 3.5345 318.3153


7 395.2202 177.5994 53.1777 2.2489 217.6207


8 412.2568 182.9860 54.7906 2.1040 229.2708


9 379.9520 130.9481 43.5166 2.9273 249.0039


10 473.4406 193.6098 53.6354 4.7728 279.8308


11 313.1795 129.2451 25.2866 5.0327 183.9343


12 382.6761 146.9584 40.4971 3.7388 235.7176


13 397.7086 161.9910 41.5362 3.8727 235.7176


14 288.9116 186.4312 25.2217 4.3376 102.4803


15 322.3225 215.0315 30.0992 4.2896 107.2909


16 399.2768 254.9598 55.5925 9.2665 144.3169


17 329.0612 234.1141 67.2446 11.7879 94.9471


Table 5. Summary of regression models for modelling activation constant (log KA) of hCA I, hCA II and hCA VI with amino acids and amines 1–17


Activators Model Parameters Se R2 R2
A F


hCA I 1 3vshape 3.2814 0.2063 0.1533 3.898


2 2vshape, 3vshape 2.8758 0.4310 0.3497 5.302


3 2vshape, 3vshape, PPSA-2 2.7015 0.5337 0.4261 4.960


4 2vshape, 3vshape, PPSA-1, PPSA-2 2.5655 0.6118 0.4825 4.729


hCA II 5 3vshape 1.9385 0.5379 0.5071 17.460


6 3vshape, PNSA-1 1.3176 0.8007 0.7723 28.128


7 3vshape, PNSA-1, PPSA-3 1.3015 0.8195 0.7778 19.669


8 3vshape, PNSA-1, 1vshape, 2vv 1.0392 0.8938 0.8583 25.236


hCA VI 9 3vshape 0.3319 0.1280 0.0699 2.202


10 3vshape, PPSA-2 0.3019 0.3264 0.2302 3.393


11 3vshape, PPSA-1, PPSA-2 0.3038 0.3668 0.2206 2.510


12 3vshape, TMSA, PNSA-1, PPSA-2 0.3110 0.3873 0.1831 1.897


In case of modelling log KA(hCA I) alone the indicator parameter I1 was statistically significant and the models improved.


Table 3. Calculated topological indices for the compound 1–17 investigated as CA activators


Compound W 0v 1v 2v 3v 0vv 1vv 2vv 3vv 1vshape 2vshape 3vshape


1 165 8.2675 5.1983 4.6074 3.3179 5.1581 2.5262 1.5450 0.8037 8.0604 3.3800 2.2271


2 165 8.2675 5.1983 4.6074 3.3179 5.1581 2.5262 1.5450 0.8037 8.0604 3.3800 2.2271


3 212 8.9746 5.6983 4.9610 3.5679 5.7637 2.8818 1.7610 0.9367 8.9025 3.9923 2.7637


4 212 8.9746 5.6983 4.9610 3.5679 5.7637 2.8818 1.7610 0.9367 8.9025 3.9923 2.7637


5 321 10.7151 6.5029 6.0906 4.5499 6.5802 3.2901 2.1693 1.1825 10.8085 4.2961 2.8527


6 321 10.7151 6.5029 6.0906 4.5499 6.5802 3.2901 2.1693 1.1825 10.8085 4.2961 2.8527


7 369 10.8364 7.1815 6.5028 5.2942 7.2109 3.8290 2.5832 1.6339 10.0423 3.9398 1.9812


8 369 10.8364 7.1815 6.5028 5.2942 7.2109 3.8290 2.5832 1.6339 10.0423 3.9398 1.9812


9 268 9.8449 6.0922 5.5829 3.9786 6.1719 3.0859 1.9651 1.0388 9.8549 4.1337 2.9766


10 268 9.8449 6.0922 5.5829 3.9786 6.2109 3.1054 1.9846 1.0485 9.8549 4.1337 2.9766


11 67 5.8199 3.9318 2.9391 2.1716 3.8416 1.8680 1.0208 0.5479 5.4664 2.5916 1.4131


12 160 8.2675 5.2363 4.4223 3.4037 5.2637 2.6318 1.6450 0.9266 8.1990 3.4791 2.0430


13 238 9.2591 6.3088 5.4682 4.4835 6.3026 3.3749 2.2631 1.4801 8.4387 3.2978 1.4904


14 64 5.8199 3.9318 2.9122 2.3020 3.8944 1.9208 1.0590 0.5729 5.2506 2.4257 1.2931


15 94 6.5270 4.4318 3.2927 2.4216 4.3944 2.170 1.1840 0.6413 6.2333 3.1982 1.8163


16 94 6.5270 4.4318 3.2927 2.4216 4.3416 2.0916 1.1180 0.5972 6.9926 3.8211 2.3015


17 94 6.5270 4.4318 3.2927 2.4216 4.3026 2.0526 1.088 0.5787 6.9926 3.8211 2.3015


Table 6. Models for log KA(hCA I) containing the indicator parameter I1


Activator Model Parameters Se R2 R2
A F


log KA(hCA I) 13 PPSA-2, I1 11.4517 0.5579 0.4105 3.785


14 2vshape, 3vshape, I1 9.9920 0.7195 0.5512 4.275


15 2vshape, 3vshape, PPSA-2, I1 9.7751 0.7852 0.5705 3.656
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Table 7. Effect of LL-amino acid in modelling activation constant (log KA) of hCA I, hCA II and hCA VI


Activators Model Parameters Se R2 R2
A F


hCA I 16 3vshape 4.4329 0.4509 0.4009 9.032


17 2vshape, 3vshape 3.6305 0.6652 0.5982 9.932


18 2vshape, 3vshape, TMSA 3.6604 0.6932 0.5915 6.793


19 1v,1vshape, 3vshape, PPSA-1 2.7788 0.8431 0.7646 10.744


hCA II 20 3vshape 1.8698 0.6348 0.6016 19.123


21 3vshape, TMSA 1.5792 0.7632 0.7158 16.115


22 3vshape, TMSA, PPSA-1 1.5166 0.8034 0.7379 12.263


23 3vv, 1vshape, 3vshape, TMSA 1.0772 0.9119 0.8678 20.689


hCA VI 24 3vshape 0.3579 0.0978 0.0158 1.192


25 2vshape, 3vshape 0.3594 0.1730 0.0076 1.046


26 1v, 1vv, 3vshape 0.2879 0.5225 0.3633 3.282


27 W,1v, 1vv, 3vshape 0.2958 0.5525 0.3288 2.470
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logKAðhCA IÞ¼ �4:2817þ4:1976ð�1:2697Þ2vshape


�3:7718ð�0:9688Þ3vshape


þ0:0091ð�0:0056ÞPNSA-1


�0:0853ð�0:0372ÞPPSA-2


N¼17;Se¼2:5655;R2¼0:6118;


R2
A¼0:4825;F¼4:729


ð3Þ

The physical significance of this model will be discussed
separately in the following section.


(ii) Modelling activation constants of isoform I, log -
KA(hCA II). Table 5 shows that in modelling the activa-
tion constant log KA(hCA II), again the four-parametric
model was the best suited one, as shown below:


log KAðhCA IIÞ ¼ 2:1997� 4:8511ð�0:1545Þ2v0


� 2:0137ð�0:6515Þ1vshape


� 5:1231ð�0:9448Þ3vshape


þ 0:0061ð�0:0029ÞPNSA-1


N ¼ 17; Se ¼ 1:0391;R2 ¼ 0:8938;


R2
A ¼ 0:8583; F ¼ 25:236


ð4Þ


Once again the physical significance of this model will be
discussed in the following section.


(iii) Modelling activation constant of isoform VI, log -
KA(hCA VI). A perusal of data from Table 5 shows that
all the four models are statistically inferior, as in each
case R2 is much smaller than 0.7. However, the data
do show that a four-variable model gives better results.
This model is presented below:


logKAðhCA VIÞ¼ 2:0758�0:4411ð�0:1912Þ3vshape


�0:0044ð�0:0044ÞTMSA


þ0:0252ð�0:0:0119ÞPPSA-2


þ0:0027ð�0:0025ÞPNSA-1


N¼ 17;Se¼ 0:3110;R2¼ 0:3873;


R2
A¼ 0:1831;F¼ 1:897


ð5Þ

We note that the statistics of this model, expressed by
Eq. 5, is not really good.


From the results and discussion made above we con-
clude that the methodology used here is excellent for
modelling log KA(hCA II), it is little bit inferior for
modelling log KA(hCA I) while it is worse for modelling
log KA(hCA VI). It should be noted that none of the
models contain the indicator parameter I1. When we
forced this parameter I1 to occur in the models, we ob-
served an improvement in the statistics only in model-
ling log KA(hCA I) (Table 5). In other cases I1 had
coefficients considerably smaller than its standard devi-
ation (data not shown). Such models are not allowed
statistically.8 It seems that for modelling log KA(hCA
II) and log KA(hCA I) it does not matter if the amino
acid activator is present in the DD- or LL-enantiomeric
form, while it does matter while modelling log KA(hCA
VI). This is in fact in agreement with X-ray crystallo-
graphic data on hCA I and hCA II in adducts with ami-
no acid activators, showing that both the LL- or DD-
activators bind efficiently within the enzyme cavity,
but in rather different ways.9


Data of Table 6 indicate that all the three models
contain I1 as the correlating parameter and that all are
statistically significant. The model containing 2vshape,
and 3vshape, PPSA-2 and I1 as the correlating parameters
is the most appropriate one for calculating log KA(hCA
I). This model is represented by the following equation:


log KAðhCA IÞ ¼ 9:5318ð�4:0807Þ
þ 7:8659ð�3:8243Þ2vshape


� 5:6599ð�2:8669Þ3vshape


� 0:1675ð�0:1514ÞPPSA-2


þ 1:02777ð�0:6614ÞI1


N¼ 17;Se¼ 0:7751;R2 ¼ 0:7852;


R2
A ¼ 0:5708;F¼ 3:656


ð6Þ

2.1. Effect of amino acids and amine activators


The aforementioned results obtained by using Eq. 6
prompted us to investigate the modelling of activation







Table 8. Effect of DD-amino acid in modelling activation constant (log KA) of hCA I, hCA II and hCA VI


Activators Model Parameters Se R2 R2
A F


hCA I 28 3vv 1.4844 0.1294 0.0424 1.487


29 2v,1vv 1.2114 0.4782 0.3623 4.125


30 0v,2v, 2vv 1.1423 0.5876 0.4330 3.800


31 0v,2v, 2vv, 1vshape 1.0471 0.6968 0.5235 4.021


hCA II 32 2vshape 1.2539 0.4491 0.3940 8.152


33 3v,0vv 1.0010 0.6841 0.6138 9.743


34 3v,1vv, 2vshape 0.9807 0.7305 0.6294 7.226


35 1v,1vv, 3vv, 2vshape 0.9515 0.7780 0.6511 6.132


hCA VI 36 3vv 0.2786 0.0261 0.0000 0.268


37 2vv,3vv 0.2445 0.3252 0.1753 2.169


38 2vv,3vv, 0vv 0.2248 0.4930 0.3029 2.593


39 0vv,2vv, 3vv, 2vshape 0.2255 0.5533 0.2981 2.168
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constant more thoroughly, by considering the effect of
DD- and LL-amino acids (individually) together with the
activation by amines only. We considered (i) model-
ling of log KA, using only LL-amino acids and the
amines; (ii) modelling of log KA using only DD-amino
acids and amines. The obtained results are summa-
rized in Tables 7 and 8, for LL-amino and DD-amino
acids, respectively.

2.2. Effect of LL-amino acids and amine activators


We observed (Table 7) considerable improvement in sta-
tistics in all the three cases when we have used LL-amino
acids and amines together. In the case of modelling log -
KA(hCA VI) we now obtained two statistically signifi-
cant models (Nos. 26 and 27).


(a) Modelling of log KA(hCA I). A perusal of Table 7
shows that there are three statistically significant models,
out of which the four-variable model is the best for mod-
elling log KA(hCA I). This model is shown below:


log KAðhCA IÞ ¼ 8:5550þ 2:6052ð�0:9091Þ1vshape


� 4:9903ð�1:1298Þ3vshape


þ 0:0176ð�0:0046ÞPPSA-1


� 2:5851ð�1:1381Þ1vshape


N ¼ 13; Se ¼ 2:7788;R2 ¼ 0:8431;


R2
A ¼ 0:7646; F ¼ 10:744


ð7Þ

(b) Modelling of log KA(hCA II). In the case of model-
ling log KA(hCA II) all the four proposed models (Table
7) are statistically significant and the four-variable mod-
el yielded excellent results. This model is presented
below.


log KAðhCA IIÞ ¼ 0:3457� 6:6142ð�1:8429Þ3vv


þ 1:9653ð�0:5363Þ1vshape


� 6:0735ð�1:0295Þ3vshape


þ 0:0095ð�0:0045ÞTMSA


N ¼ 13; Se ¼ 1:0772;R2 ¼ 0:9119;


R2 ¼ 0:8678; F ¼ 20:689


ð8Þ

A


(c) Modelling of log KA(hCA VI). Table 7 shows that in
modelling log KA(hCA VI) two statistically significant
models were obtained. As in both the cases statistics is
more or less similar the former model containing smaller
number of variables is considered best for modelling log -
KA(hCA VI). This three-variable model is found as below:


logKAðhCA VIÞ¼ �1:8023�7:5855ð�2:6923Þ1vv


�1:0277ð�0:3331Þ3vshape


þ4:7645ð�1:6850ÞTMSA


N¼ 13;Se¼ 0:2879;R2¼ 0:5225;


R2
A¼ 0:3633;F¼ 3:282


ð9Þ

A close examination of the four-variable model of Table 7
indicated that it contained the Wiener index (W) as one of
the correlating parameters, whose coefficient (0.0044) was
considerably smaller than its standard deviation (0.0060).
Such models are not allowed statistically.8 This is another
supporting result for not considering a four-variable
model for modelling log KA(hCA VI). Hence, as discussed
above, it is a three-variable model, the most appropriate
one for modelling log KA(hCA VI).


2.3. Effect of DD-amino acids and amine activators


We shall discuss in the following the combination of DD-
amino acids with amines for modelling the activation
constants. The results obtained are presented in Table
8. We observed that except for modelling log KA(hCA
VI), the results are inferior than in the cases discussed
above for LL-amino acids and amine activators.


(i) Modelling of log KA(hCA I). Table 8 show that both
three- and four-variable models are statistically signifi-
cant and the latter gives better results according to the
following equation:


logKAðhCA IÞ¼ �10:6547þ6:4971ð�2:2468Þ1vv


�1:5611ð�0:8867Þ1vshape


þ6:3564ð�2:7914Þ0v
�9:9470ð�3:5526Þ2vv


N¼ 12;Se¼ 1:0481;R2¼ 0:6968;


R2
A¼ 0:5235;F¼ 4:021


ð10Þ
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(ii) Modelling of log KA(hCA II). Data of Table 8 also
show that there are three statistically significant models,
out of which a four-variable model is the best. This
model is shown below:


log KAðhCA IIÞ ¼ 2:4960� 16:6716ð�7:2341Þ1vv


þ 6:5967ð�3:9526Þ3vv


� 2:70806ð�0:8746Þ2vshape


þ 8:6825ð�3:8628Þ1


N ¼ 12; Se ¼ 0:9515;R2 ¼ 0:7780;


R2
A ¼ 0:6511; F ¼ 6:132


ð11Þ

(iii) Modelling of log KA(hCA VI). Data of Table 8
shows that there are two statistically significant models
for modelling log KA(hCA VI), of which a four-variable
model is found to be the best. This model is presented
below.


logKAðhCA VIÞ¼ �2:7253þ3:3348ð�2:2934Þ0vv


�10:7355ð�5:8500Þ2vv


þ6:2781ð�2:4137Þ3vv


�0:5853ð�0:6019Þ2vshape


N¼ 12;Se¼ 0:2255;R2¼ 0:5533;


R2
A¼ 0:2981;F¼ 2:168


ð12Þ

We observed that in case of 2vshape its coefficient is smal-
ler than the corresponding standard deviation. In view
of this we have to consider the smaller parametric mod-
el, that is, we need to examine three-variable models for
obtaining statistically significant QSARs for this
isozyme. Such a three-variable model is shown below
(Table 8):


logKAðhCA VIÞ¼ �4:6720þ1:2301ð�0:7561Þ0vv


�5:6469ð�2:6066Þ2vv


þ4:6730ð�1:7551Þ3vv


N¼ 12;Se¼ 0:2248;R2¼ 0:4930;


R2
A¼ 0:3029;F¼ 2:593


ð13Þ

These results prove that for modelling log KA(hCA VI)
the presence of DD-, LL- and/or both enantiomers in the
model is beneficial.


We shall examine all the 39 models presented in Tables
5–8. This examination is based on the variation in R2


and R2
A as we proceed from one-variable to higher vari-


able models. A close look at Tables 5–8 indicates that
(except for the models 27 and 39) in each category, R2


and R2
A increase with the increasing number of correlat-


ing parameters. Such an increase should be expected, as
R2 always increases with increase in the number of cor-
relating parameters.10,11 However, this is not the case
with R2


A. It increases only when the added parameter
contributes their fair share to the model; otherwise R2


A


declines.10,11 In the case of our model 26, containing

1v, 2vv and 3vshape as the correlating parameters, R2
A is


0.3622. When a new parameter, namely the Wiener in-
dex (W), was added to this model, the resulting four-var-
iable model 27 has an R2


A of 0.3288. That is, due to the
addition of W, when R2


A is diminished, signifying that
the added parameter does not contribute a fair share
to the model. This is also the case with our model 39,
when a new parameter 2vshape was added to the model;
R2


A being reduced from 0.3029 to 0.2981. This means
that addition of 2vshape is again not well justified. At this
point, it is worth mentioning that R2


A relates with R by
the following expression:


R2
A ¼ 1� ð1� R2Þfðn� 1Þ=ðn� k� 1Þg ð14Þ


where n is the sample size and k is the number of inde-
pendent variables in the models.


Obviously, the R2
A value takes into account the adjust-


ment of R2. Therefore, if a variable is added that does
not contribute its fare share, the R2


A will actually decline.
R2


A is particularly important when the number of inde-
pendent variables is large relative to the sample size.10,11


When taking into account the relationship between sam-
ple size and the number of variables, R2 may appear
artificially high if the number of variables is high com-
pared to the sample size. R2


A is a measure of % explained
variation in the dependent variable that takes into ac-
count the relationship between the number of cases
(compounds) and number of independent variables in
the regression models. Whereas R2 will show an increase
when an independent variable is added, R2


A will decrease
if the added variable does not reduce the unexplained
variation enough to offset the loss of degrees of free-
dom.10,11 A perusal of Table 5–8 shows that in each of
the 39 models, the majority of the correlating parame-
ters are connectivity or connectivity type indices, in
which collinearity is a well-documented problem.3b,10


Therefore, all these models exhibit statistical collinearity
defects. Application of ridge statistics has indicated that
in each model there are two or more variables whose
variable inflation factor (VIF) values are considerably
larger than 10, which is indicative of the occurrence of
multicollinearity problems. However, the multicollinear-
ity problem will be resolved by using the recommenda-
tion of Randic.11 Randic11,12 stated that if a descriptor
strongly correlates with another descriptor already used
in a regression, such a descriptor should be discarded in
most studies. For example, among descriptors 1v and 2v,
the first one often strongly correlates with the second
one, and as a consequence in QSAR studies 2v should
be discarded.10,11 Although two highly correlated
descriptors depict the same features of molecular struc-
ture, it is important to recognize that even highly inter-
related descriptors differ in certain structural traits. The
difference between them may be relatively small but nev-
ertheless important for structure–property regressions.
The criteria for inclusion or exclusion of descriptors
should not be based on parallelism between descriptors
even if overwhelming, but should be based on whether
the part in which two descriptors disagree is or is not
relevant for the characterization of the considered
property. If the part in which the second descriptor dif-
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fers from the first, regardless of how small it is, is rele-
vant for the property under consideration, then the
descriptor should be included. Randic11 further stated
that the selection of descriptors to be used in QSAR
studies should not be delegated solely to computers,
although statistical criteria will continue to be useful
for preliminary screening of descriptors taken from a
large pool. Often in an automated selection of descrip-
tors, a descriptor will be discarded because it is highly
correlated with another descriptor already selected.
But what is important is not whether the two descriptors
parallel one another; that is, duplicate much of the same
structural information, but whether they are comple-
mentary in those parts that are important for struc-
ture–property–activity correlations. Hence, the residual
of the correlation between two descriptors should be
examined and kept or discarded depending on how well
it can improve the correlation based on already selected
descriptors.11,12


Finally, let us comment on the predictive powers of the
obtained models highlighted in Tables 5–8. The easiest
way to examine the predictive power is to calculate the
Pogliani factor Q. This quality factor Q is defined in
the literature13–15 as the ratio of correlation coefficient
R to the stranded error of estimation (Se), for example,
Q = R/Se. That means that the higher is the value of R,
and lower the value of Se, the larger will be Q and the
better will be the predicting power of the model. The cal-
culated Q values for various equations of our work are
summarized below.

Model

 R

 Se

 Q

 Activity

4

 0.7822

 2.5655

 0.3048

 log KA(hCA I)

8

 0.8862

 0.9775

 0.9060

 log KA(hCA I)

12

 0.9182

 2.7788

 0.3304

 log KA(hCA I)

15

 0.8348

 1.0471

 0.7972

 log KA(hCA I)

19

 0.9454

 1.0392

 0.9097

 log KA(hCA II)


23

 0.9549

 1.0772

 0.8865

 log KA(hCA II)

26

 0.8820

 0.9515

 0.9270

 log KA(hCA II)

31

 0.6223

 0.3112

 1.9997

 log KA(hCA VI)

35

 0.7228

 0.2879

 2.5107

 log KA(hCA VI)

38

 0.7014

 0.2248

 3.1200

 log KA(hCA VI)

From the above data we arrive at the following
conclusions:


(i) Among the models for correlating log KA(hCA I),
model 15 has both excellent statistics as well as
excellent predictive power.


(ii) Model 35 which correlates log KA(hCA II) has the
highest predictive power, but it has slightly infe-
rior statistics as compared to model 8.


(iii) Among the models for correlating log KA(hCA
VI), model 38 has the highest predictive power.


In order to confirm our results we have calculated the
activities using the corresponding models and compared
them with the observed activity. The results have shown

that the calculated activities in each case were very much
nearer to the experimentally determined ones.

3. Conclusions


This is first QSAR for modelling activation constants
for a series of CA VI activators. Furthemore, for the
same set of CAAs, models were obtained for activation
of the cytosolic isoforms CA I and CA II, and such
models have been compared between them. This com-
parative study has shown that the methodology is best
suited for modelling log KA(hCA II), is slightly inferior
for modelling log KA(hCA I) and is worse for modelling
log KA(hCA VI). The scarcity of QSAR models for CA
activators (as compared to the large number of such
QSARs for CA inhibitors)16 warrants further studies
in this field.

4. Experimental


4.1. Activation constants


All the activation constants were reported earlier as
KAvalues2b and were converted to their log units to be
used in the present study.1–3


4.2. Calculation of topological indices


All the topological indices were calculated using the
software of Karelson.4 The structure optimization was
performed using HyperChem5 and the ACD Labs6


softwares.


4.3. Regression analysis


Stepwise regression analysis adopting maximum R2


method7 was performed using NCSS software.8
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L. C. Hsieh-Wilson, Pasadena, CA


K. Janda, La Jolla, CA


W. L. Jorgensen, New Haven, CT


A. R. Katritzky, Gainesville, FL


J. A. Katzenellenbogen, Urbana, IL


J. Kelly, La Jolla, CA


P. Krogsgaard-Larsen, Copenhagen


R. A. Lerner, La Jolla, CA


H. Liu, Austin, TX


A. McKillop, Northumberland


R. Metternich, Berlin


S. Mignani, Vitry-sur-Seine


L. A. Mitscher, Lawrence, KS


K. C. Nicolaou, La Jolla, CA


H. L. Pearce, Indianapolis, IN


C. D. Poulter, Salt Lake City, UT


J. Rebek, Jr, La Jolla, CA


B. Samuelsson, Stockholm


J. Saunders, San Diego, CA


S. L. Schreiber, Cambridge, MA


P. G. Schultz, Berkeley, CA


P. Seeberger, Zürich
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Abstract—We report on the successful synthetic procedure for the conversion of 5 0-monophosphorylated 2 0-deoxydinucleotides into
their 5 0-triphosphate derivatives in satisfactory to excellent yields. The activation of the terminal phosphate group was achieved
under the Mukaiyama conditions in the presence of a nucleophilic catalyst. The reaction conditions (solvent, counter ions, activation
time and reagent excess) were optimized for all dinucleotides.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Nucleoside 5 0-triphosphates have important therapeutic
and diagnostic applications. Natural and modified
nucleoside 5 0-triphosphates (dNTP or NTP) are exten-
sively used in biochemistry and molecular biology,1,2


and a wide range of them are commercially available.
On the contrary, 5 0-triphosphates of di- and oligonucle-
otides have had limited usage as scientific tools so far.
These compounds, for example, are proved to be useful
for studying protein synthesis elongation factor I bind-
ing to a ribosome3 and mRNA binding centre of Esche-
richia coli ribosomes.4 Developed in early 1990s, SELEX
(selective evolution of ligands by exponential enrich-
ment) technique and aptamers5 are now the powerful
methods which need as much functional diversity of
the nucleoside triphosphates as possible. The use of
5 0-triphosphate derivatives of dinucleotides as substrates
in the template dependent enzymatic DNA synthesis
may provide additional possibilities for the functional
diversification of aptamers.6


A few good methods for the synthesis of monomer
nucleoside 5 0-triphosphates are known.7 However, none
of them is general and versatile enough to provide the
appropriate yields in the synthesis of di- and oligonu-
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cleotide 5 0-triphosphates. The methods of synthesis of
di- and oligodeoxynucleotide 5 0-triphosphates published
recently8,9 operate with the fully blocked oligomers,
either on the solid support or in solution. The solid
support oligonucleotide synthesis is not commercially
justified in the case of the short oligomers, when a signif-
icant quantity of a product is necessary. The solution
phase phosphotriester chemistry may provide large
quantities of the short oligomers with minimal cost.10


The 5 0-monophosphorylated oligonucleotides obtained
by this method may serve as a starting material for the
5 0-triphosphate synthesis.


The development of a synthetic method that could pro-
vide the sufficient quantities of ribo- and deoxyribodinu-
cleotide 5 0-triphosphates with the reasonable yields and
a good reproducibility was our main task in this study.

2. Results and discussion


The activation of the monoesterified terminal phosphate
group that is necessary for the subsequent reaction with
the nucleophile (pyrophosphate) can be achieved by sev-
eral methods. We chose the reaction of the phosphate
with triphenylphosphine/2,2 0-dipyridyl disulfide (Ph3P/
(PyS)2) redox pair, proposed by Mukaiyama,11 as a
starting point of our study. As demonstrated in a
number of works, such activation causes side-reactions
neither with the functional groups of heterocyclic nucle-
oside bases nor with internucleotide phosphodiester
bond.12,13 This is especially important in the case of
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oligoribonucleotides, where an activation of internucle-
otide phosphodiester bond may result in 3 0 ! 2 0-isom-
erisation. The prolonged treatment (48 h) of
oligouridylate with the Ph3P/(PyS)2 redox pair results
only in 5% ribose modification by the 2-thiopyridine.14


The employment of a nucleophilic catalyst (1-methylim-
idazole (1-MeIm) or 4-dimethylaminopyridine (DMAP))
combined with the (Ph3P/(PyS)2) redox activation gives
rise to the considerable progress in the derivatization
of the oligonucleotide terminal phosphate group,15 pre-
sumably by the phosphamide bond formation. In the
case of low nucleophilic or highly basic amines the addi-
tion of nucleophilic catalysts was essential to obtain the
acceptable yields of the phosphamide derivatives.16 As
the pyrophosphate anion appears to be a poor nucleo-
phile, we used a nucleophilic catalyst in our reaction.


Scheme 1 depicts the reaction pathway in the dinucleo-
tide 5 0-triphosphate synthesis as an example of a general
reaction sequence in the preparation of oligonucleotide
5 0-triphosphates. This scheme has been composed bas-
ing on 31P NMR data recorded during the reaction,
HPLC analysis of the reaction products and according
to the literature data.11,16–18 The reaction has been car-
ried out in DMSO/DMF mixture through the following
steps: activation of the terminal phosphate group in the
presence of the nucleophilic catalyst followed by the
addition of inorganic pyrophosphate to the reaction

Scheme 1. Synthesis of deoxydinucleotide 5 0-triphosphates.

mixture without isolation of the reaction intermediates,
and the removal of the excess of the activating reagents.
A typical example of an anion exchange chromatogra-
phy profile of the reaction mixture aliquot in the course
of triphosphate synthesis is depicted in Figure 1. The
assignment of the reaction products 1 and 5 (Scheme 1
and Fig. 1) was made after isolation of the compounds
from the reaction mixture on the basis of their NMR
characteristics and mass spectrum data. The assignment
of the reactive intermediates 3 and 4 (Scheme 1 and
Fig. 1) was made on the basis of observed correlation
between integrated intensity of NMR signals and chro-
matographic peaks in the appropriate time. NMR data
for the activated intermediates 3 and 4 formed in the
course of the terminal phosphate group activation in
dinucleotides were published earlier.18


In order to optimize the conditions of the dinucleotide
5 0-triphosphate synthesis we investigated the depen-
dence of the product yield on the phosphate group coun-
ter ion, activation time, the type of nucleophilic catalyst
and the duration of the reaction with the pyrophos-
phate. In our hands, we did not detect the heterocyclic
base modification during the reaction of dinucleotide
5 0-phosphate with the activating reagents. The replace-
ment of 2,2 0-dipyridyl disulfide with 2,2 0-bis(4,6-
dimethylpyrimidyl) disulfide or diphenyl disulfide did
not contribute much to the reaction efficiency.







Figure 1. A typical anion exchange chromatography profile of the reaction mixture aliquot. Conditions: activation 5 min; reaction time with


pyrophosphate 15 min; 20-fold excess of 1-MeIm; 5-fold excess of the activating reagents and inorganic pyrophosphate; dinucleotide (pppd(CT))


concentration is 0.1 M. Chromatography details are given in Section 4.


Figure 3. The pppd(CG) and pppd(CT) yield depending on the starting


dinucleotide salt type 1, Li+; 2, NH4
þ; 3, Et3NH+; 4, n-Bu3NH+; 5,


C19H42N+. Conditions: activation 7 min; reaction time with pyrophos-
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The extent of the internucleotide bond activation de-
pended greatly on the type of phosphate salt used. The
treatment of either cetyltrimethylammonium or triethy-
lammonium salt of 5 0-Tr-TpT for 2 h under the Mukaiy-
ama conditions in the absence of nucleophilic catalysts
resulted in the accumulation of the signal at �14 ppm,
corresponding to the symmetrical tetrasubstituted pyro-
phosphate. Signal assignment was made according to
the literature data.17 As shown in Figure 2, the pyro-
phosphate accumulation rate was four times higher in
the case of the triethylammonium counter ion, than
the cetyltrimethylammonium one. Obviously, the side-
reactions caused by the activation of internucleotide
phosphates would result in the lowered yield of the tar-
get product under the oligonucleotide 5 0-triphosphate
formation conditions. Figure 3 represents the depen-
dence of pppd(CT) and pppd(CG) yields on the salt type
of the starting compound. As can be seen from the dia-
gram, the yield of the 5 0-triphosphate product is propor-
tional to the size and the hydrophobicity of the counter
cation.


The next step of our study was to find the optimal time
of the activation step. Figure 4 depicts the dependence
of the dinucleotide 5 0-triphosphate yield upon the time
of activation. In fact, the activation was completed in
5–7 min at 0.1–0.5 M concentrations of pd(NN) and
5- to 10-fold excess of the activating pair. At the same
time, the side reaction progress at internucleotide phos-

Figure 2. Kinetics of the (TrTpT)2 symmetric pyrophosphate forma-


tion depending on the initial dinucleoside phosphate salt type.


Conditions: 10-fold excess of the activating reagents; dinucleotide


concentration is 0.5 M; the nucleophilic catalyst is absent.

phate in the cetyltrimethylammonium salts of deoxyri-
bodinucleotide did not exceed 3–5% (Fig. 2). In the
case of ribodinucleotide cetyltrimethylammonium salts
the side-reactions originated from internucleotide phos-
phodiester activation were negligible. Even a prolonged
treatment of the ribodinucleotide cetyltrimethylammo-
nium salt with 5- to 10-fold excesses of Ph3P/(PyS)2


did not lead to the internucleotide phosphodiester acti-
vation, as could be detected by 31P NMR spectroscopy
(data not shown).

phate 15 min; 5-fold excess of the activating reagents, 1-MeIm and


inorganic pyrophosphate; dinucleotide concentration is 0.1 M.


Figure 4. The pppd(CG) yield depending on the activation time.


Conditions: reaction time with pyrophosphate 15 min; 20-fold excess


of 1-MeIm; 5-fold excess of the activating reagents and inorganic


pyrophosphate; dinucleotide concentration is 0.1 M.







Figure 6. The pppd(CT) yield depending on a duration of the


reaction with pyrophosphate. Conditions: activation 7 min; 20-fold


excess of 1-MeIm; 5-fold excess of the activating reagents and


inorganic pyrophosphate; dinucleotide concentration is 0.1 M.
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As shown in a number of works, the addition of a
nucleophilic catalyst such as 4-dimethylaminopyridine
or 1-methylimidazole at the activation step results in
the formation of reactive zwitterionic compounds18


(compound 3, Scheme 1). The formation of the zwitter-
ionic intermediate is especially important in the reaction
with negatively multicharged inorganic pyrophosphate
because such zwitterionic intermediates have less elec-
trostatic repulsion with inorganic pyrophosphate. In
our work the final choice of 1-MeIm among a number
of nucleophilic catalysts mainly resulted from a higher
solubility of 1-MeIm-salt of pyrophosphate. This prop-
erty enabled us to carry out the reaction at 0.1–0.5 M
nucleotide concentrations, with the excesses of both
the inorganic pyrophosphate and the nucleophilic cata-
lyst. The requirement of the high excess of the nucleo-
philic catalyst was demonstrated in a series of
experiments (Fig. 5). As seen in Figure 5, a quantitative
yield was not achieved even at the high excess of
1-MeIm. The chromatographic profiles of all reaction
mixtures treated with water after the activation step con-
tained peaks corresponding to the mono charged mole-
cules (Fig. 1, peaks 3 and 4). The intensity of the peak
referred by us as cyclopyrophosphate 417 increased with
the decrease of 1-MeIm concentration in the reaction
mixture. When water was added to the reaction mixture
at the activation step, more reactive 1-MeIm derivative 3
was rapidly transformed into the initial dinucleotide 1,
while the compound 4 was less reactive. The reaction
mixtures treated with water for 24 h revealed a graduate
decrease of the cyclophosphate 4 peak intensity, with the
concomitant increase of the initial dinucleotide. A
replacement of the pyrophosphate with morpholine
(50-fold excess) at the second reaction step led to the
rapid (5–7 min) formation of corresponding morpholi-
date with more than 90% yield. This fact points to the
formation of phosphamides through both the intermedi-
ate 3 and the intramolecular cyclophosphate 4. Lower
yields of 5 0-triphosphates in comparison with the mor-
pholidates appear to be caused by the weaker nucleoph-
ility of inorganic pyrophosphate in comparison with
morpholine in our conditions.


We did not succeed in increasing the 5 0-triphosphate
yield by prolongation of the time of reaction between
the activated intermediates 3 and 4 and pyrophosphate.
When the reaction proceeded longer than 15–20 min, a
lower yield of the target product was observed (Fig. 6)

Figure 5. The pppd(CG) and pppd(CT) yield depending on 1-MeIm


excess. Conditions: activation 7 min; reaction time with pyrophosphate


15 min; 5-fold excess of the activating reagents and inorganic pyro-


phosphate; dinucleotide concentration is 0.1 M.

and poly charged compounds appeared in the reaction
mixture (HPLC data, not shown). Similar results were
obtained when increasing the inorganic pyrophosphate
excess.


Apart from 1-MeIm excess, increasing the reagent con-
centrations promoted the 1-MeIm intermediate 3 forma-
tion. Solubility of nucleotide species is a limiting factor
in this case. It is possible to achieve 0.1–0.5 M nucleo-
tide concentration using DMSO/DMF = 2:1 mixture as
a solvent, depending on the oligonucleotide length and
the primary structure.


The isolation of the nucleotide reaction products was
very simple. After the reaction was complete the mixture
was diluted 10-fold with 4% LiClO4 in acetone. The 5 0-
triphosphorylated product precipitated quantitatively,
together with the excess of inorganic pyrophosphate.
The traces of the nucleophilic catalyst and activating
reagents were eliminated completely by washing the
precipitate by acetone and diethyl ether. The main
nucleotide impurity was the starting oligonucleotide.


Purification of the 5 0-triphosphate oligonucleotide deriv-
atives was performed by two sequential anion exchange
chromatographies. The yields of the purified 5 0-triphos-
phate deoxydinucleotides are summarized in Table 1,
10–40 mg of each item was obtained. The product struc-
ture was confirmed by 1H and 31P NMR and mass spec-
troscopy. The data for some compounds are
summarized in Table 2.

3. Conclusion


The approach presented in this paper allows the prepa-
ration of the 5 0-triphosphate derivatives of di- and oligo-
nucleotides in ribo- and deoxyriboseries in good yields
starting from 5 0-monophosphorylated oligomers. The
reaction conditions were investigated. The yield of 5 0-tri-
phosphate derivatives was found to have a bell-shaped
dependence on the reaction time at both steps (activa-

Table 1. The yield of some deoxydinucleotide 5 0-triphosphates


obtained according to Scheme 1


Dinucleotide pppd(AA) pppd(TA) pppd(TC)


Yield (%) 61 54 88


Dinucleotide ppp(TT) pppd(GG) pppd(CC)


Yield (%) 92 56 87







Table 2. NMR and mass spectra data for some products


31P, d (ppm)a 1H, d (ppm)b [M+H]+


ppp(TT) 1.23 (s, 1P, PTT); �7.17 (d, 1P, Pc, Jbc 20);


�9.10 (d, 1P, Pa, Jab 19.5); �20.21 (t, 1P, Pb)


7.82 (s, 1H, H6); 7.79 (s, 1H, H6);


6.04 (app. t, 2H, H1 0, J 8);


4.31–4.09 (m, 4H, H5 0H500);
2.72–2.38 (m, 4H, H2 0200);
2.01 (s, 3H, CH3); 1.99 (s, 3H, CH3)


786.64


pppd(GG) �0.68 (s, 1P, PGG); �5.83 (d, 1P, Pc, Jbc 19);


�10.28 (d, 1P, Pa, Jab 19.5); �20.06 (t, 1P, Pb)


8.09 (s, 1H, H8); 8.05(s, 1H, H8);


6.31 (app. t, 1H, H1 0);
6.19 (dd, 1H, H1 0, J 6.0, 8.2);


4.36–4.21 (m, 4H, H5 0H500);
3.00–2,90 (m, 1H, H2 0);
2.73–2.50 (m, 3H, H2 0200)


835.65


pppd(AA) �2.77 (s, 1P, PAA); �10.01 (d, 1P, Pc, Jbc 18);


�12.60 (d, 1P, Pa, Jab 17.8); �23.42 (t, 1P, Pb)


8.34 (s, 1H, H8); 8.27 (s, 1H, H8);


8,03 (s, 1H, H2); 7. 93 (s, 1H, H2);


6.29 (app. t, 1H, H1 0, J 7.0);


6.18 (dd, 1H, H1 0, J 5.9, 9.1);


4.28–3.88 (m, 6H, H5 05 0, H4 0);
2.79–2.62 (m, 2H, H2 0200);
2.59–2.44 (m, 2H, H2 0200)


804.66


pppd(TA) �1.28 (s, 1P, PTA); �6.30 (d, 1P, Pc, Jbc 20.1);


�11.36 (d, 1P, Pa, Jab 19.2); �21.67 (t, 1P, Pb)


8.42 (s, 1H, H8); 8.15 (s, 1H, H2);


7.45 (s, 1H, H6); 6.41 (app. t, 1H, H1 0, J 6.8);


6.31 (dd, 1H, H1 0, J 5.9, 11);


4.29–3.98 (m, 6H, H5 0500, H4 0);
2.91–2.79 (m, 2H, H2 0200);
2.61–2.53 (m, 2H, H2 0200);
1.88 (s, 3H, CH3)


795.66


pppd(TC) �0.47 (s, 1P, PTC); �9.80 (d, 1P, Pc, Jbc 19.2);


�10.98 (d, 1P, Pa, Jab 19.2); �22.12 (t, 1P, Pb)


8.08 (d, 1H, H6(C), J 7.1);


7.88 (s, 1H, H6(T)); 6.45 (m, 2H, H10);
6.30 (d, 1H, H5); 4.38–4,19 (m, 6H, H5 0500, H4 0);
2.70–2.42 (m, 4H, H2 0200); 2.08 (s, 3H, CH3)


771.64


pppd(CC) �0.59 (s, 1P, PCC); �8.53 (d, 1P, Pc, Jbc 20.0);


�10.62 (d, 1P, Pa, Jab 19.0); �21.51 (t, 1P, Pb)


7.95 (d, 1H, H6, J 7.2); 7.91 (d, 1H, H6, J 7.5);


6.31 (app. t, 1H, H1 0, J 6.0);


6.24 (app. t, 1H, H1 0, J 6.1);


6.16 (d, 1H, H5); 6.12 (d, 1H, H5);


4.42–4.05 (m, 6H, H5 0500, H4 0);
2.61–2.25 (m, 4H, H2 0200)


756.64


a Spectra were recorded in D2O in P–H decoupled mode.
b Spectra were recorded in D2O.
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tion and nucleophilic substitution) and the excess of the
pyrophosphate.

4. Experimental


4.1. General


N,N-Dimethylformamide (DMF), dimethylsulfoxide
(DMSO), acetone, acetonitrile and diethyl ether were puri-
fied and dried according to standard procedures. 4-(N,N-
Dimethylamino)pyridine (DMAP), triphenylphosphine,
2,20-dipyridyl disulfide and LiClO4 were purchased from
Fluka AG (Switzerland). Cetyltrimethylammonium bro-
mide was purchased from Merck (Germany). Bis(tri-n-
butylammonium) pyrophosphate, poly(U) and RNAse A
were purchased from Sigma (U.S.A.). 50-Monophosphory-
lated deoxyoligonucleotides were synthesized according to
the published procedure.10 2,20-Bis(4,6-dimethylpyrim-
idyl) disulfide (PyrS)2 and diphenyl disulfide were prepared
according to the literature.19 1H and 31P NMR spectra were
recorded on Bruker AM-400 and AC-200 spectrometers.
The chemical shifts (d) are reported in ppm relative to
the residual solvent signals. In the case of 31P an external
standard of 85% H3PO4 was used. Coupling constants J
are reported in Hertz. Mass spectra were recorded on a
Reflex III instrument (Brucker Daltonics, Bremen, Ger-
many) in the positive detector mode with dihydroxyben-
zoic acid as matrix. UV-absorption spectra were
recorded on Specord M40 (Karl Zeiss, Yena, Germany).
The molar extinction coefficients of oligonucleotides at
260 nm were estimated according to Ref. 20.


Different salt types of dinucleotides were obtained by
passing the oligonucleotide solution in aqueous ethanol
through the column packed with Dowex 50 W · 2 (Ser-
va, U.S.A.) in the appropriate salt form.


Studies on the product yield (Figs. 1–6) were carried
out at conditions mentioned in figures legends. Ali-
quots of the reaction mixtures were taken off at appro-
priate time or depending on the reagent excess, diluted
10-fold with water, centrifuged and analyzed by an
analytical anion exchange HPLC. The analytical anion
exchange chromatography was performed on Mili-
chrom-4 chromatograph (Econova, Russia) using a
2.5 · 60 mm column packed with Polisil SA, 15 lm
(Vector, Russia). A linear gradient (flow rate 50 lL/
min) from 0 to 0.8 M of K2HPO4/KH2PO4 (pH 7.0)
was employed. The peaks were integrated from chro-
matographic profiles by the Chromatography system
software.


4.2. Synthesis of the 5 0-triphosphate derivatives of dinu-
cleotides in DMF/DMSO solution—general procedure


The reaction mixture containing cetyltrimethylammoni-
um or trialkylammonium salt of dinucleotide 5 0-mono-
phosphate (0.05 mmol), Ph3P (0.066 g, 0.25 mmol),
(PyS)2 (0.055 g, 0.25 mmol) (or either (PhS)2, (PyrS)2)
and 1-methylimidazole (0.2 mL, 2.5 mmol) in DMF/
DMSO (1:2, 10 mL) was incubated for 7 min at room
temperature. After incubation, 0.5 M solution of

bis(tri-n-butylammonium) pyrophosphate in CH3CN
(0.5 mmol, 1 mL) was added. The reaction mixture
was incubated for 20 min at room temperature, and
dinucleotide 5 0-triphosphate was precipitated by the
addition of 6% LiClO4 in acetone (100 mL). The pre-
cipitate was washed by acetone and ether. Purification
of the oligonucleotide derivatives was performed by an-
ion exchange HPLC using a column (4.6 · 250 mm)
packed with Polisil SA (Vector, Russia) and Waters
600E chromatography system equipped with Waters
484 tunable absorbance detector (U.S.A). A linear gra-
dient (2 mL/min) of (NH4)2SO4 concentration (0–
0.8 M) in 20% aqueous methanol was used. Fractions
containing the product were combined and diluted
10-fold with water, then applied to a column
(3 · 9 cm) packed with DEAE Sephadex A-25 (Phar-
macia, Sweden). Elution was performed with a linear
gradient of 300 mL each of water and 1 M NH4HCO3.
Appropriate fractions were pooled and evaporated.
The residue was coevaporated several times with
aqueous ethanol to remove traces of buffer. 5 0-Triphos-
phates of dinucleotides were precipitated as trilithium
salts by the addition of a 10-fold volume of 4% LiClO4


in acetone to the aqueous solutions of the products. All
5 0-triphosphate derivatives were characterized by 1H,
31P NMR and mass spectroscopy. The data for some
derivatives are summarized in the Table 2.
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Abstract—A series of 4-aminoquinazoline derivatives is prepared by the nucleophilic substitution reaction of 6,7,8-trimethoxy-4-
chloroquinazoline and aryl amine. The structures of the compounds are confirmed by elemental analysis, IR, and 1H NMR spectral
data. The compounds are also evaluated for their ability to inhibit tumor cells PC3, A431, Bcap-37, and BGC823 by MTT assays.
Among them, 6b and 6e are found as potent inhibitors, with IC50 values ranging from 5.8 to 9.8 lM, in vitro assay.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Many components of mitogenic signaling pathways in
normal and neoplastic cells have been identified. These
include the large family of protein kinases, which func-
tion as components of signal transduction pathways,
playing a central role in diverse biological processes,
such as control of cell growth, metabolism, differentia-
tion, and apoptosis.1–3 The development of selective
protein kinase inhibitors that can block or modulate dis-
eases caused by abnormalities in these signaling path-
ways is widely considered as a promising approach for
drug development. Due to their deregulation in human
cancers, protein kinases, such as EGF, PDGF, belong-
ing to the epidermal growth factor-receptor family are
considered as prime targets for the development of selec-
tive inhibitors. Therefore, tyrosine kinases are expected
to be promising targets for cancer chemotherapy.4,5


The development of specific inhibitors of the epidermal
growth factor receptor (EGFR) tyrosine kinase has re-
ceived wide attention, and several elaborations of the
fundamental 4-anilinoquinazoline pharmacophore have
now been reported as potent and selective inhibitor of
this class of enzymes.6–8 With growing interest in qui-
nazoline compounds, their synthesis and biological stud-
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ies have assumed enormous importance. Certain
compounds containing 3,4,5,-trimethoxyphenyl moiety
have been reported to be biologically active, for exam-
ple, Combretastatin A-4 (CA-4) is an excellent substance
for antitumor activity, which was first isolated from the
South African bush willow tree Combretum caffrum.
Due to its structural simplicity and potent cytotoxicity,
many synthetic analogues of CA-4 have been devel-
oped.9–11 The existing study has revealed that the group
of 3,4,5-trimethoxyphenyl is a crucial pharmacophore
for antitumor activities of CA-4 analogues.12 4-alkyl(ar-
yl)thio-quinazoline derivatives reported by us earlier
were shown to have antitumor effects.13 and that 4-ani-
linoquinazoline pharmacophore has been shown to be
effective inhibitors of EGF and PDGF.14,15 We reasoned
that the compounds containing both active groups
might generate a new group of biologically active
compounds.


Therefore, in continuation to our research for finding
new anticancer agents, we have synthesized new quinaz-
oline compounds (6a–6s) with the methoxy (OCH3)
groups present in the phenyl ring. Starting from gallic
acid, the synthetic route to 6,7,8-tri-methoxy-N-aryl-4-
aminoquinazoline derivatives is shown in Schemes 1
and 2. The structure of title compounds is characterized
by IR, 1H NMR, 13C NMR, and elemental analysis.
Following the reported method,16,17 the synthetic meth-
od under microwave irradiation is rapid and high yield-
ing. While in classical method, an yield of 19.9–66.2% is
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Table 1. Reaction conditions used for the microwave assisted synthesis


of 6a–6s


Product Microwave methodb Classical methodc


Reaction


time (min)


Yielda (%) Reaction


time (h)


Yield a (%)


6a 10 80.9 4 51.7


6b 10 78.0 5 46.8


6c 10 80.1 5 61.2


6d 10 59.0 5 19.9


6e 10 89.0 5 65.6


6f 10 86.0 12 63.4


6g 10 92.5 12 36.1


OMe
OMeMeO


COOCH3


a


OMe
OMeMeO


COOCH3


NO2


b


OMe
OMeMeO


COOH
NO2


c


OMe
OMeMeO


COOH
NH2


1 2 3


Scheme 1. Synthesis of 2-amino-3,4,5,-trimethoxybenzoic acid. Reagents and conditions: (a) nitric acid, 40–50 �C, 1–2 h; (b) 0.8 mol/L sodium


hydroxide, 95% ethanol, 45–50 �C, 1–2 h; 35% HCl, pH 2–3; (c) Sn, HCl, 20 �C, 4–5 h, then 80 �C, 20 min.


NH2


COOHMeO


OMe
N


NH
MeO


OMe


O


4


MeO MeO N


N
MeO


OMe


Cl


N


N
MeO


OMe


HN R1


5 6


MeO MeO


a b c


3


Scheme 2. Synthesis of N-arylsubstituted-4-aminoquinazoline derivatives. Reagents and conditions: (a) formamide, 120–140 �C, 5–6 h; (b) POCl3,


DMF, 100–105 �C, 2–3 h; (c) aryl amine, 2-propanol, MW, 50 W, 80 �C, 10 min.
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achieved in 4–24 h, a considerable improvement in yield
(55.6–92.5%) is noticed in just 10 min under microwave
condition.


The compounds were evaluated for their antiprolifera-
tive activities against PC3, A431, Bcap-37, and
BGC823 cells hyperplasia in vitro by MTT method.
Among them, 6a and 6d were found highly effective
against PC3 cells and 6e showed moderate activities
against Bcap37 and BGC823 cells. The IC50 values of
potent inhibitors 6b and 6e against PC3 cells were 9.8,
8.9 lM, respectively.

6h 10 82.3 12 55.4


6i 10 79.0 24 63.8


6j 10 89.6 12 66.2


6k 10 89.9 8 64.4


6l 10 75.4 12 54.3


6m 10 58.6 12 34.5


6n 10 55.6 24 32.7


6o 10 77.7 24 64.0


6p 10 80.3 5 41.9


6q 10 79.5 8 58.0


6r 10 78.8 24 48.9


6s 10 80.2 24 61.4


a Yields of isolated products.
b Reaction conditions: i-PrOH, reflux under MW (50 W power).
c Reaction conditions: i-PrOH, reflux temperature.

2. Chemistry


Compound 3 was synthesized from gallic acid as de-
scribed in Scheme 1. O-methylation of the phenol with
dimethyl sulfate followed by esterification using metha-
nol produced methyl 3,4,5-trimethoxybenzoate. Reac-
tion of the ester with concentrated 70% nitric acid in
acetic acid at 40–50 �C gave the methyl 2-nitro-3,4,5-
trimethoxybenzoate 1. Hydrolysis of this nitro ester fol-
lowed by reduction of the nitro group by tin dichloride
at 80 �C generated 2-amino-3,4,5-trimethoxybenzoic
acid. Cyclization of the latter by formamide and subse-
quent chlorination by phosphorus oxychloride provided
4-chloro-6,7,8-trimethoxyquinazoline (Scheme 2). The
desired products (6a–6s) were then obtained under
microwave irradiation by a nucleophilic substitution
reaction involving an aryl amine and the chloro-quinaz-
oline. The results of microwave reaction are compared
with those obtained under classical reactions (Table 1).


It can be seen that with one step microwave assisted
approach, not only is the reaction time significantly
reduced from 4–24 h to 10 min, but the yields are also
considerably improved (55.6–92.5% with microwave
against 19.9–66.2% with classical method).


In order to optimize the reaction parameters, we selected
compound 6f and subjected it to further study under dif-

ferent conditions. The results are shown in Table 2.
Without microwave irradiation (Table 1) compound 6f
could be obtained in 63.4% after 12 h. When the reac-
tion was carried out under microwave irradiation at
80 �C, the yield of 6f was increased to 80.0% in 5 min
and to 86.0% in 10 min. With longer reaction time (Ta-
ble 2, entry 3), slight lowering in the yield was observed
and might be attributed to the formation of some
byproduct. On increasing the microwave power from
40 to 50, 80, and 100 W, 70.9%, 86.0%, 88.0%, and
87.2% yields were obtained, respectively (Table 2, entries
2 and 4–6). No significant-improvement was thus no-
ticed at higher power settings when compared to that
at 50 W. When the reaction temperature was increased







Table 3. Growth inhibition of selected cell lines


N


HN
H3CO


OCH3


H3CO


Compounda R1


Bcap-37


6a
·2HCl


Br 31.2


6b
·2HClOH3CO


8.1


6c ·HCl


Cl


21.0


6d
Br


21.0


6e ·HCl
Br


12.3


6f ·HCl
F


22.1


6g
F


21.0


6h F 28.7


6i ·HCl
F


63.2


6j
·HCl


Cl


Br
89.0


6k
·HCl


OCH3


OCH3


OCH3


76.5


Table 2. Different conditions used for the microwave assisted synthesis


of 6f


Entry Reaction


time (min)


Power (W) Reaction


temperature (�C)


Yielda (%)


1 5 50 80 80.0


2 10 50 80 86.0


3 20 50 80 84.5


4 10 40 80 70.9


5 10 80 80 88.0


6 10 100 80 87.2


7 10 50 30 56.9


8 10 50 50 77.0


9 10 50 70 80.9


a Yields of isolated products. Each reaction was repeated three times


and the average yield was recorded.
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from 30 �C to 50 �C, 70 �C, and 80 �C, 6f was obtained
in 56.9%, 77.0%, 80.9%, and 86.0% yields, respectively
(Table 2, entry 2 and entries 7–9). So, under optimal
condition, when reacted with the appropriate amine
and 4-chloro-6,7,8-trimethoxyquinazoline, 6f can be ob-
tained in 86.0% yield with a microwave irradiation at
50 W for 10 min at 80 �C.

3. Anticancer activity


Some potential compounds for treatment of cancer have
been identified by studying their anti-cancer activities on
3 human tumor cells. Series of the test compounds
including 6a–6s and their commercial analogue

N


R1


6a∼s


IC50
b (lM)


c PC3d A431e BGC823f


23.4 42.1 23.8


9.8 9.0 9.9


19.0 32.1 19.0


12.6 11.0 12.1


8.9 7.6 5.8


25.3 29.7 28.9


35.6 29.7 29.9


24.5 29.0 39.6


18.8 72.1 36.7


21.0 51.5 31.0


30.0 65.4 23.1







Table 3 (continued)


Compounda R1 IC50
b (lM)


Bcap-37c PC3d A431e BGC823f


6l
·HCl


NO2 28.9 25.5 45.2 32.2


6m ·HCl
NO2


31.1 24.4 37.7 39.0


6n ·HCl


O2N
29.9 31.2 31.0 21.0


6o 65.4 36.7 21.2 37.7


6p ·2HClCl 52.2 31.0 19.0 34.4


6q ·2HClOH 45.5 20.1 22.2 35.4


6r
H


CH3
R-(-)


23.2 18.8 21.0 12.0


6s
H


CH3
S-(+)


12.9 10.0 12.0 11.9


PD 153035g 13.7h 8.9 6.9i 16.8


a These compounds were tested as the free base.
b IC50concentrations needed to inhibit cell growth by 50% as determined from the dose–response curve. Determined by three separate experiments


and each was performed in triplicate.
c Breast cancer.
d Prostate cancer.
e Uterus cancer.
f Stomach cancer.
g The standard compound used for comparison of activity.
h The value was determined by using our assay protocol.
i The IC50 value of 3.0 lM for A431 cells reported by Ras et al.19
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PD153035 [6,7-dimethoxy-N-(3-bromophenyl)-4-amino-
quinazoline]18 were evaluated for their anti-proliferation
activities against four types of human cancer cell lines,
breast cancer, prostate cancer, uterus cancer, and stom-
ach cancer cells (Table 3).


As shown in Table 3, the nature of group attached at the
N-atom present at the side chain of 4 position of quinaz-
oline ring greatly influences the anti-tumor properties of
these compounds. The compounds 6a, 6c, 6f–6q, and 6r
showed weak to moderate anti-tumor activities against
all the tested tumor cells. Compounds 6b, 6e, and 6s
bearing 2-methoxydibenzofuran-3-yl, 3-bromophenyl,
(S)-a-methylbenzyl at the 4-position in quinazoline
show best anti-tumor activities with average IC50 rang-
ing from 5.8 to 12.9 lM over all the cancer cell lines.
Remarkably, these values are comparable to the average
IC50 of PD 153035 (6.9–16.8 lM). It is clear that the cell
growth inhibition bioactivity of some title compounds,
such as 6b, and 6e, is better than their commercial ana-
logue PD153035. For example, the structure of 6b and

PD153035 is totally similar except that PD153035 con-
tains 6,7-dimethoxy substitution while 6b is 6,7,8-tri-
methoxy derivative, and the cell growth inhibition
activity of 6b is better than that of PD153035. An inter-
esting observation noted was that in case of 6,7,8-tri-
methoxy-N-(3-bromophenyl)-4-aminoquinazoline, the
hydrochloride salt of the amine (6e) was more effective
than the free amine (6d). Compound 6d has the average
IC50values ranging from 12.1 to 21.0 lM which are con-
siderably lower than those of compound 6e. This finding
is thought to be beneficial for further SAR studies of
quinazoline analogues.


In order to evaluate biological activity of these identified
compounds, we carried out several ERK phosphoryla-
tion experiments. First, we sought to determine effects
of these compounds on (epidermal growth factor)
EGF-induced ERK1/2 phosphorylation. PC3 cells were
pretreated with 20 lM of these compounds, respectively,
for 60 min at 37 �C in media with serum, followed by
treatment with 40 ng/mL EGF for 10 min. The result







Figure 1. Effect of quinazoline derivatives on phosphorylation of


EGFR and ERK 1/2 triggered by EGF.
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is shown in Figure 1. The blot was in sequence, negative
control (control), positive control (EGF), and com-
pound plus EGF (6d+E, 6b+E, PD153035+E, 6f+E,
6a+E, 6e+E, and 6s+E). It can be seen that the com-
pounds 6a, 6b, 6d, 6e, 6f, and 6s at 20 lM had no signif-
icant inhibitory effect on EGF-induced ERK1/2
phosphorylation in PC3 cells. Results in Figure 1 indi-
cate that PD153035at 20 lM blocked ERK1/2 phos-
phorylation in PC3 cells induced by EGF.


The preliminary bioassay demonstrated that these com-
pounds possess no significant inhibitory activities
against EGFR, while the 4-anilinoquinazolines usually
do, suggesting that cytotoxicity may not result from
inhibiting EGFR and there is probably a new mecha-
nism which accounts for their activity.


PC3 cells cultured in 12-well were pretreated with qui-
nazoline derivatives (20lM) for 60 min followed by
treatment with EGF (60 ng/mL for 10 min). Cells were
harvested, resuspended in 2· sample buffer (Tris–HCl,
pH 7.4, 4% SDS, glycerine, glycerol 20%, bromophenol
blue 1%, and b-mercaptoethanol 5%), sonicated, and
denatured at 90 �C water for 5 min. Proteins were sepa-
rated on 10% SDS–PAGE and subjected to Western blot
analyses. Antibodies used for Western blot analyses were
anti-phosphotyrosine, anti-pErk1/2, and anti-caveolin.

4. Conclusion


In summary, the current method offers a novel approach
for the preparation of new N-aryl-4-aminoquinazoline
derivatives 6a–6s under microwave irradiation. The syn-
thesis from gallic acid is rapid and provides higher yield
as compared to the classical method. All compounds
are fully characterized by spectroscopic methods. The
compounds 6b and 6e were found to be potent inhibitors
of tumor cells, with IC50 values ranging from 5.8 to 9.8 lg/
mL in vitro assay.

5. Experimental


5.1. Analysis and instruments


Unless otherwise stated, all common reagents and sol-
vents were used as obtained from commercial suppliers
without further purification. All melting points of the
products were determined on a XT-4 binocular micro-
scope (Beijing Tech Instrument Co., China) and are
not corrected. The infrared spectra were recorded on a
Bruker VECTOR22 spectrometer in KBr disks. 1H
NMR (solvent DMSO-d6) and 13C NMR spectra (sol-
vent DMSO-d6) were recorded on a JEOL-ECX 500
NMR spectrometer at room temperature using TMS
as an internal standard. D2O exchange was used to con-
firm the assignment of NH proton signals. Elemental
analysis was performed by an Elementar Vario-III
CHN analyzer. Microwave reactions were performed
on a variable power Focused Microwave Synthesis, Dis-
coverTM LabMate equipped with a high sensitivity IR
sensor for temperature control and measurement.


5.2. Preparation of methyl 2-nitro-3,4,5-trimethoxybenzoate
(1)


To a three-necked 100 mL round-bottom flask equipped
with a magnetic stirrer bar were added methyl 3,4,5-
trimethoxybenzoate20 and 35% acetic acid (10 mL).
The solution was stirred at 10–30 �C on an ice bath
and 70% concentrated nitric acid (2.5 mL) was added
dropwise over a period of 30 min. The mixture was di-
luted with cold water (60 mL), and the resulting precip-
itate was filtered and washed well with water, dried to
give compound as pale yellow solid (0.61 g), yield,
25.4%; mp 62–63 �C; 1H NMR (DMSO-d6, 500 MHz):
d 3.83 (s, 3H, COOCH3), 3.94 (t, 9H, 3OCH3,
J = 25 Hz), 7.34 (s, 1H, Ph-H); 13C NMR (DMSO-d6,
500 MHz): d 53.7, 57.1, 61.6, 63.1, 109.2, 117.7, 139.6,
145.5, 146.2, 154.7, 163.3; IR (KBr): 866.0, 1112.9,
1232.5, 1344.4, 1496.8, 1544.9, 1579.7, 2846.9, 2962.7,
3012.8 cm�1; Anal. Calcd for C11H13NO7: C, 48.71; H,
4.83; N, 5.16. Found: C, 48.47; H, 5.02; N, 4.81.


5.3. Preparation of 2-nitro-3,4,5-trimethoxybenzoic acid
(2)


To a 250 mL three-necked-round-bottom flask equipped
with a magnetic stirrer were added methyl 2-nitro-3,4,5-
trimethoxybenzoate (14.0 g, 50 mmol) and 0.8 mol/L
sodium hydroxide solution (120 mL, 100 mmol) in 95%
ethanol (60 mL). The mixture was stirred at 45–50 �C
for 1–2 h and the course of the reaction was followed
by TLC (eluent: petroleum/ethyl acetate, 1:1, v:v). After
the completion of the reaction, the mixture was cooled
to room temperature and acidified with 35% HCl solu-
tion until a pH of 2–3 was obtained. The resulting pre-
cipitate was filtered and washed with water, dried to
give compound as pale yellow solid (1.2 g), yield,
92.3%; mp 160–161 �C; 1H NMR (DMSO-d6,
500 MHz): d 3.88 (t, 9H, 3OCH3,J = 25 Hz), 7.32 (s,
1H, Ph-H); 13C NMR (DMSO-d6, 500 MHz): d 57.0,
61.5, 63.1, 109.3, 118.8, 139.8, 145.3, 145.8, 154.5,
164.1; IR (KBr): 725.2, 1116.8, 1246.0, 1340.5, 1496.8,
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1546.9, 1577.8, 1695.4, 2850.8, 3107.3 cm�1; Anal. Calcd
for C10H11NO7: C, 46.70; H, 4.31; N, 5.45. Found: C,
46.77; H, 4.14; N, 5.32.


5.4. Preparation of 2-amino-3,4,5-trimethoxybenzoic acid
(3)


To a 100 mL three-necked-round-bottom flask equipped
with a magnetic stirrer was added Sn powder (5.3 g,
45 mmol) in concentrated HCl (18 mL) and stirred at
20 �C for 4–5 h until a homogeneous solution was ob-
tained. 2-Nitro-3,4,5-trimethoxybenzoic acid (2.6 g,
10 mmol) was then added and the resulting mixture
was heated at 80 �C for 20 min. Concentrated HCl
(5 mL) solution was added and again stirred for
10 min. The mixture was cooled to 0–10 �C and white so-
lid was filtered and washed with concentrated HCl. The
solid was then neutralized with 10% K2CO3 solution un-
til a pH of 9–10 was obtained. The resulting mixture was
stirred for 1–2 h and filtered to give a gray solid. The so-
lid was again treated with 10% K2CO3solution, acidified
with 30% HOAc solution to adjust the pH in the range 2–
3. The resulting precipitate was filtered and washed with
water, dried to give compound as white solid (1.4 g),
yield, 61.7%; mp126–128 �C;1H NMR (DMSO-d6,
500 MHz): d 3.82 (t, 9H, 3OCH3J = 25 Hz), 3.45 (s,
2H, NH2), 7.07 (s, 1H, Ph-H); 13C NMR (DMSO-d6,
500 MHz): d 56.6, 60.6, 60.9, 104.5, 110.9, 140.4, 141.6,
142.9, 147.6, 169.4; IR (KBr): 744.5, 1149.6, 1273.0,
1458.2, 1575.8, 1670.4, 3200.0, 3379.3, 3487.3,
3379.3 cm�1; Anal. Calcd for C10H13NO5: C, 52.86; H,
5.77; N, 6.16. Found: C, 52.74: H, 5.43; N, 6.02.


5.5. Preparation of 6,7,8-trimethoxyquinazoline-4-one (4)


To a 100 mL three-necked-round-bottom flask equipped
with a magnetic stirrer were added 2-amino-3,4,5-tri-
methoxybenzoic acid (1.1 g, 5 mmol) and formamide
(2 mL). The resulting solution was refluxed at 120–
140 �C for 5–6 h, then cooled to 100 �C. Water (10 mL)
was added dropwise, cooled to 60 �C, and again another
10 mL of water was added in one shot. The reaction mix-
ture was brought to room temperature, filtered to give a
gray solid (0.9 g), which was recrystallized from anhy-
drous ethanol to finally afford a white solid (0.3 g), yield,
25.4%; mp 220–222 �C; 1H NMR (DMSO-d6, 500 MHz):
d 3.88 (t, 9H, 3OCH3, J = 25 Hz), 7.35 (s, 1H, H-5 of qui-
nazolone), 8.01 (s, 1H, H-2 of quinazolone),12.21 (s, 1H,
NH); 13C NMR (DMSO-d6, 500 MHz): d 56.4, 61.4,
62.4, 101.7, 119.2, 139.0, 143.3, 147.7, 148.3, 152.7,
160.6; IR (KBr): 798.5, 1126.4, 1286.5, 1473.6, 1612.5,
1664.6, 3163.3, 3200.0, 3304.1 cm�1; Anal. Calcd for
C11H12N2O4: C, 55.93; H, 5.12; N, 11.86. Found: C,
56.48; H, 5.18; N,12.04.


5.6. Preparation of 4-chloro-6,7,8-trimethoxyquinazoline
(5)


A mixture of 6,7,8-trimethoxyquinazoline-4-one (0.6 g,
2.5 mmol) in POCl3(25 mL) and DMF (0.12 mL) was
stirred under reflux at 100–105 �C for 2–3 h. The solvent
was then removed under reduced pressure. The residue
was added into chloroform (20 mL). The mixture was

poured into ice water (30 g), neutralized with saturated
NaHCO3 solution to a pH of 4–5, and filtered. The
mother liquor was extracted with chloroform (2·
20 mL), and the combined organic layers were dried
over anhydrous magnesium sulfate and filtered again.
After removal of the chloroform under reduced pres-
sure, the gray solid was recrystallized from petroleum
ether to afford a brown solid (0.4 g), yield, 62.5%;
mp100–103 �C;1H NMR (DMSO-d6, 500 MHz): d 8.93
(s, 1H, H-2 of quinazoline), 7.29 (s, 1H, H-5 of quinaz-
oline), 4.01 (t, 9H, 3OCH3, J = 25 Hz); 13C NMR
(DMSO-d6, 500 MHz): d 56.3, 61.1, 62.2, 98.6, 120.1,
142.7, 146.3, 148.1, 150.9, 154.3, 158.9; IR (KBr):
786.9, 1136.1, 1246.0, 1467.8, 1602.9, 2845.0, 2945.3,
3099.6 cm�1; Anal. Calcd for C11H12N2O4: C, 51.88;
H, 4.35; N, 11.00. Found: C, 52.02; H, 4.21; N, 10.94.


5.7. General procedure for 6,7,8-trimethoxy-N-aryl-4-
aminoquinazolines (6a–6s) (microwave method)


A mixture of 4-chloro-6,7,8-trimethoxyquinazoline
(4.0 mmol) and aryl amine (4.0 mmol) in 2-propanol
(10 mL) was stirred for three minutes, then the mixture
was irradiated in the microwave oven at 50 W for 10 min
at 80 �C. Upon completion of the reaction, as monitored
by TLC, the solvent was removed under reduced pres-
sure and the residue was washed with water, filtered
off, and purified by silica gel column chromatography
(petroleum ether/ethyl acetate, 5:1, v:v) to give the title
compounds.


5.7.1. General procedure for 6,7,8-trimethoxy-N-aryl-4-
amino quinazolines (6a–6s) (classical method). A solution
of 4-chloroquinazoline (4.0 mmol) and aryl amine
(4.0 mmol) in 2-propanol (100 mL) was stirred under
reflux for 4–24 h. The work-up was carried out as
described for the microwave method.


5.7.2. 6,7,8-Trimethoxy-N-(4-bromophenyl)-4-aminoqui-
nazoline hydrochloride (6a). Pale yellow needles, yield,
80.9%; mp170–173 �C; 1H NMR (DMSO-d6,
500 MHz): d 4.02 (t, 9H, 3OCH3, J = 15 Hz), 7.71 (s,
4H, Ph-H), 8.14 (s, 1H, H-5 of quinazoline) 8.76 (s,
1H, H-2 of quinazoline), 11.53 (s, 1H, NH); 13C NMR
(DMSO-d6, 500 MHz): d 57.8, 61.9, 62.7, 100.6, 109.9,
127.3, 132.2, 136.5, 142.1, 148.2, 149.6, 154.5, 158.9;
IR (KBr): 804.3, 1128.4, 1288.5, 1489.1, 1627.9,
2847.0, 2947.2, 3010.9, 3200.0, 3400 cm�1; Anal. Calcd
for C17H18BrCl2N3O3: C, 44.09; H, 3.92; N 9.07. Found:
C, 43.82; H, 4.08; N, 9.04.


5.7.3. 6,7,8-Trimethoxy-N-(2-methoxydibenzofurane-3-
yl)-4-aminoquinazoline hydrochloride (6b). Pale yellow
needles; yield, 78.0%; mp160–162 �C; 1H NMR
(DMSO-d6, 500 MHz): d 4.04 (t, 12H, 4OCH3,
J = 55 Hz), 7.47 (t, 1H, H-6 of dibenzofurane,
J = 10 Hz), 7.55 (t, 1H, H-7 of dibenzofurane,
J = 15 Hz), 7.72 (d, 1H, H-8 of dibenzofurane,
J = 7.45 Hz), 7.88 (s, 1H, H-4 of dibenzofurane), 8.03
(s, 1H, H-1 of dibenzofurane), 8.09 (s, 1H, H-5 of qui-
nazoline), 8.22 (d, 1H, H-5 of dibenzofurane,
J = 7.45 Hz), 8.68 (s, 1H, H-2 of quinazoline), 11.45 (s,
1H, NH); 13C NMR (DMSO-d6, 500 MHz): d 56.3,







6614 G. Liu et al. / Bioorg. Med. Chem. 15 (2007) 6608–6617

56.9, 61.3, 62.0, 99.8, 103.6, 108.6, 111.4, 111.7, 121.3,
123.1, 123.3, 123.5, 127.7, 141.4, 145.3, 147.7, 148.9,
150.9, 154.0, 156.3; IR (KBr): 763.8, 1124.5, 1286.5,
1473.6, 1626.0, 2850.8, 2949.2, 3010.9, 3200.0,
3600 cm�1; Anal. Calcd for C25H27Cl2N3O5: C, 57.70;
H, 5.23; N, 8.07. Found: C, 57.50; H, 5.03; N, 8.16.


5.7.4. 6,7,8-Trimethoxy-N-(3-chlorophenyl)-4-aminoqui-
nazoline hydrochloride (6c). Pale yellow needles, yield,
80.1%, mp 172 �C (dec); 1H NMR (DMSO-d6,
500 MHz) d: 4.02 (t, 9H, 3OCH3, J = 15 Hz), 7.41 (d,
1H, H-6 of Ph-H, J = 9.15), 7.53 (t, 1H, H-5 of Ph-H,
J = 5 Hz), 7.71 (d, 1H, H-4 of Ph-H, J = 9.2 Hz), 7.90
(s, 1H, H-2 of Ph-H), 8.81 (s, 1H, H-2 of quinazoline),
11.43 (s, 1H, NH);13C NMR (DMSO-d6, 500 MHz): d
57.1, 61.2, 62.0, 99.8, 109.3, 123.0, 124.2, 126.2, 130.4,
132.8, 138.1, 147.6, 149.2, 153.9, 158.4; IR (KBr):
785.0, 1126.4, 1288.5, 1487.1, 2846.9, 2947.2, 3012.8,
3012.8, 3600.0 cm�1. Anal. Calcd for C17H17Cl2N3O3:
C, 53.42; H, 4.48; N, 10.99. Found: C, 53.49; H, 4.60;
N, 11.00.


5.7.5. 6,7,8-Trimethoxy-N-(3-bromophenyl)-4-aminoqui-
nazoline (6d). Pale yellow needles, yield, 59.0%,
mp126–127 �C; 1H NMR (DMSO-d6, 500 MHz): d
4.02 (t, 9H, 3OCH3, J = 15 Hz), 7.46 (t, 1H, H-5 of
Ph-H, J = 20.0 Hz),11.51 (s, 1H, NH), 7.54 (d, 1H, H-
6 of Ph-H, J = 8.05 Hz), 7.76 (d, 1H, H-4 of Ph-H,
J = 8.05 Hz), 8.02 (s, 1H, H-5 of quinazoline), 8.13 (d,
J = 4.0 Hz, 1H, H-2 of Ph-H), 8.81 (s, 1H, H-2 of qui-
nazoline); 13C NMR (DMSO-d6, 500 MHz): d 57.7,
61.9, 62.7, 100.6, 109.9, 121.8, 124.1, 127.7, 129.7,
131.3, 138.8, 148.2, 149.8, 154.5,159.0; IR (KBr):
788.9, 1126.4, 1288.5, 1487.1, 1627.9, 2852.7, 2941.4,
3010.9, 3307.9 cm�1; Anal. calcd for C17H16BrN3O3:
C, 52.32; H, 4.13; N, 10.77. Found: C, 52.49; H, 4.00;
N, 10.90.


5.7.6. 6,7,8-Trimethoxy-N-(3-bromophenyl)-4-aminoqui-
nazoline hydrochloride (6e). Pale yellow needles, yield,
89.0%; mp 180 �C (dec); 1H NMR (DMSO-d6,
500 MHz): d 4.02 (t, 9H, 3OCH3, J = 5 Hz), 7.46 (t, 1H,
H-5 of Ph-H, J = 15 Hz), 7.54 (d, 1H, H-6 of Ph-H,
J = 8.0 Hz), 7.77 (d, 1H, H-4 of Ph-H, J = 8.0 Hz), 8.03
(s, 1H, H-2, of Ph-H), 8.20 (s, 1H, H-5 of quinazoline),
8.81 (s, 1H, H-2 of quinazoline),11.62 (s, 1H, NH); 13C
NMR (DMSO-d6, 500 MHz) d 57.2, 61.3, 62.1, 100.2,
109.3, 121.2, 123.6, 127.1, 129.1, 130.7, 138.8, 141.5,
147.7, 149.1, 154.0, 158.5; IR (KBr): 786.9, 1126.4,
1286.5, 1487.1, 1626.0, 2848.9, 2945.3, 3010.9,
3600.0 cm�1; Anal. Calcd for C17H17BrClN3O3: C,
47.85; H, 4.02; N, 9.85. Found: C, 47.80; H, 4.09; N, 9.75.


5.7.7. 6,7,8-Trimethoxy-N-(3-fluorophenyl)-4-aminoqui-
nazoline hydrochloride (6f). Pale yellow needles, yield,
86.0%; mp 232–234 �C; 1H NMR (DMSO-d6,
500 MHz): d 4.03 (t, 9H, 3OCH3, J = 15 Hz), 7.20 (t,
1H, H-2 of Ph-H, J = 8.0 Hz), 7.54 (q, 1H, H-5 of Ph-
H, J = 15 Hz), 7.73 (d, 1H, H-6 of Ph-H, J = 8.0 Hz),
7.73 (d, 1H, H-4 of Ph-H, J = 10.9 Hz), 8.21 (s, 1H,
H-5 of quinazoline), 8.81 (s, 1H, H-2 of quinazoline),
11.63 (s, 1 H, NH); 13C NMR (DMSO-d6, 500 MHz) d
57.8, 61.9, 62.7, 100.7, 109.9, 112.3, 112.5, 121.1,

130.9, 131.0, 148.3, 149.7, 154.6, 159.0, 161.4; IR
(KBr): 1134.1, 1288.5, 1489.1, 1627.9, 2852.6, 2951.1,
3012.8, 3419.8 cm�1; Anal. Calcd for C17H17ClFN3O3:
C, 55.82; H, 4.68; N, 11.49. Found: C, 55.77; H, 4.60;
N, 11.33.


5.7.8. 6,7,8-Trimethoxy-N-(3-fluorophenyl)-4-aminoqui-
nazoline (6g). Pale yellow needles, yield, 92.5%; mp
252–254 �C, 1H NMR (DMSO-d6, 500 MHz): d 3.93
(t, 9H, 3OCH3, J = 40 Hz), 6.96 (t, 1H, H-2 of Ph-H,
J = 8.0 Hz), 7.43 (q, 1H, H-5 of Ph-H, J = 5 Hz), 7.63
(d, 1H, H-6 of Ph-H, J = 8.0 Hz), 7.71 (s, 1H, H-5 of
quinazoline), 7.88 (d, 1H, H-4 of Ph-H, J = 12.1 Hz),
8.56 (s, 1H, H-2 of quinazoline), 9.69 (s, 1H, NH); 13C
NMR (DMSO-d6, 500 MHz): d 56.2, 60.7, 61.6, 97.6,
108.4, 109.6, 117.4, 129.6, 129.7, 146.0, 151.4, 156.1,
160.7, 162.7; IR (KBr): 1118.7, 1271.1, 1454.3, 1618.3,
2833.4, 2933.7, 3074.5 cm�1; Anal. Calcd for
C17H16FN3O3: C, 62.00; H, 4.90; N, 12.76. Found: C,
61.97; H, 4.85; N, 12.59.


5.7.9. 6,7,8-Trimethoxy-N-(4-fluorophenyl)-4-aminoqui-
nazoline (6h). Pale yellow needles, yield, 82.3%; mp
184–186 �C; 1H NMR (DMSO-d6, 500 MHz): d 4.02
(t, 9H, 3OCH3, J = 15 Hz), 7.34 (t, 2H, H-2, 6 of Ph-
H, J = 20 Hz), 7.71–7.74 (m, 2H, H-3, 5 of Ph-H), 8.17
(s, 1H, H-5 of quinazoline), 8.73 (s, 1H, H-2 of quinaz-
oline), 11.61 (s, 1H, NH); 13C NMR (DMSO-d6,
500 MHz): d 57.8, 61.8, 62.7, 100.7, 109.7, 116.1,
116.2, 127.6, 127.7, 133.3, 142.1, 148.1, 149.7, 154.5,
159.1, 159.8, 161.7; IR (KBr): 788.9, 1126.4, 1282.7,
1487.1, 1626.0, 2856.6, 2947.2, 3016.7, 3356.1 cm�1;
Anal. Calcd for C17H16FN3O3: C, 62.00; H, 4.90; N,
12.76. Found: C, 61.99; H, 4.75; N, 12.69.


5.7.10. 6,7,8-Trimethoxy-N-(2-fluorophenyl)-4-aminoqui-
nazoline hydrochloride (6i). Pale yellow needles, yield,
79.0%, m.p.194 �C (dec); 1H NMR (DMSO-d6,
500 MHz) d: 4.03 (t, 9H, 3OCH3, J = 15 Hz), 7.36-7.56
(m, 4H, H-3,4,5, 6 of Ph-H), 8.23 (s, 1H, H-5 of quinaz-
oline), 8.72 (s, 1H, H-2 of quinazoline), 11.82 (s, 1H,
NH); 13C NMR (DMSO-d6, 500 MHz): d 57.1, 61.2,
62.0, 100.2, 108.9, 116.2, 116.3, 128.6, 129.3, 141.7,
147.7, 149.2, 153.9, 155.9, 157.8, 159.3; IR (KBr):
759.9, 1010.7, 1126.4, 1257.6, 1487.1, 1629.9, 2854.7,
2945.3, 3363.9, 3600.1 cm�1; Anal.Calcd for
C17H17ClFN3O3: C, 55.82; H, 4.68; N, 11.49. Found:
C, 55.66; H, 4.86; N, 11.31.


5.7.11. 6,7,8-Trimethoxy-N-(2-chloro-4-bromophenyl)-4-
aminoquinazoline hydrochloride (6j). White needles,
yield, 89.6%; mp 178 �C (dec); 1H NMR (DMSO-d6,
500 MHz): d 4.02 (t, 9H, 3OCH3, J = 5 Hz), 7.54 (d,
1H, H-6 of Ph-H, J = 8.6 Hz), 7.74 (d, 1H, H-5 of Ph-
H, J = 8.6 Hz), 8.00 (d, 1H, H-3 of Ph-H, J = 2.3 Hz),
8.04 (s, 1H, H-5 of quinazoline), 8.71 (s, 1H, quinazoline
H-2); 13C NMR (DMSO-d6, 500 MHz): d 62.3, 66.7,
67.4, 104.9, 105.1, 114.1, 126.4, 136.6, 137.7, 138.8,
147.2, 153.3, 154.4, 159.8, 164.8; IR (KBr): 1126.4,
1286.5, 1487.1, 1626.0, 2848.9, 2945.3, 3014.7,
3365.8 cm�1; Anal. Calcd for C17H16BrCl2N3O3: C,
44.28; H, 3.50; N, 9.11. Found: C, 43.96; H, 3.96; N,
9.01.
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5.7.12. 6,7,8-Trimethoxy-N-(3,4,5-trimethoxyphenyl)-4-
aminoquinazoline hydrochloride (6k). Yellow needles,
yield, 89.9%; mp 195 �C (dec); 1H NMR (DMSO-d6,
500 MHz): d 3.71 (s, 3H, 4-CH3 of Ph-H), 3.81 (s, 6H,
3, 5–2CH3 of Ph-H), 4.02 (t, 9H, 3OCH3, J = 20 Hz),
11.52 (s, 1H, NH), 7.09 (s, 2H, H-1,6 of Ph-H), 8.17
(s, 1H, H-5 of quinazoline), 8.75 (s, 1H, H-2 of quinaz-
oline); 13C NMR (DMSO-d6, 500 MHz): d 56.6, 57.8,
60.7, 61.2, 62.7, 100.8, 103.5, 109.7, 132.8, 136.6,
148.1, 149.6, 153.3, 154.5, 159.0; IR (KBr): 1130.3,
1284.6, 1456.3, 1633.7, 2839.2, 2947.2, 3419.8 cm�1;
Anal. Calcd for C20H24ClN3O6: C, 54.86; H, 5.52; N,
9.60. Found: C, 54.80; H, 5.51; N, 9.50.


5.7.13. 6,7,8-Trimethoxy-N-(4-nitrophenyl)-4-aminoqui-
nazoline hydrochloride (6l). Pale yellow needles, yield,
75.4%; mp 212 �C (dec); 1H NMR (DMSO-d6,
500 MHz) d: 4.02 (t, 9H, 3OCH3, J = 20 Hz), 8.06 (s,
1H, H-5 of quinazoline), 8.15 (d, 2H, 2, 6-H of Ph-H,
J = 8.6 Hz), 8.36 (d, 2H, 3, 5-H of Ph-H, J = 8.6 Hz),
8.82 (s, 1H, H-2 of quinazoline), 11.21 (s, 1H, NH);
13C NMR (DMSO-d6, 500 MHz): d 56.9, 61.2, 62.0,
99.3, 110.5, 123.2, 124.4, 143.9, 147.4, 149.7, 153.6,
157.8; IR (KBr): 1130.3, 1284.6, 1340.5, 1487.1,
1514.1, 1627.9, 2839.0, 2951.1, 3010.9, 3365.8 cm�1;
Anal. Calcd for C17H17ClN4O5: C, 51.98; H, 4.36; N,
14.26. Found: C, 51.63; H, 4.72; N, 14.12.


5.7.14. 6,7,8-Trimethoxy-N-(3-nitrophenyl)-4-aminoqui-
nazoline hydrochloride (6m). Pale yellow needles, yield,
58.6%; mp 204–206 �C; 1H NMR (DMSO-d6,
500 MHz): d 4.03 (t, 9H, 3OCH3, J = 25 Hz), 7.79 (t,
1H, 5-H of Ph-H, J = 15 Hz), 8.18 (d, 1H, 6-H of Ph-
H, J = 9.7 Hz), 11.84 (s, 1H, NH), 8.26 (s, 1H, H-5 of
quinazoline), 8.29 (d, 1H, 4-H of Ph-H, J = 9.2 Hz),
8.72 (s, 1H, 2-H of Ph-H), 8.86 (s, 1H, H-2 of quinazo-
line); 13C NMR (DMSO-d6, 500 MHz): d 57.9, 61.9,
62.7, 100.8, 110.1, 121.3, 130.7, 131.2, 138.6, 142.3,
148.3, 149.8, 154.6, 159.1; IR (KBr): 1120.6, 1284.6,
1346.3, 1485.2, 1469.8, 1631.8, 2843.1, 2947.2, 3014.7,
3419.8 cm�1; Anal. Calcd for C17H17ClN4O5: C, 51.98;
H, 4.36; N, 14.26. Found: C, 51.71; H, 4.55; N, 14.32.


5.7.15. 6,7,8-Trimethoxy-N-(2-nitrophenyl)-4-aminoqui-
nazoline hydrochloride (6n). White needles, yield,
55.6%; mp 210 �C (dec); 1H NMR (DMSO-d6,
500 MHz): d 4.02 (t, 9H, 3OCH3, J = 20 Hz), 7.65 (t,
1H, 5-H of Ph-H, J = 7.8 Hz), 7.77 (d, 1H, 6-H of Ph-
H, J = 7.5 Hz), 7.90 (t, 1H, 4-H of Ph-H, J = 9.2 Hz,),
8.17 (d, 1H, 3-H of Ph-H, J = 7.5 Hz), 8.18 (s, 1H, H-
5 of quinazoline), 8.66 (s, 1H, H-2 of quinazoline),
12.01 (s, 1H, NH); 13C NMR (DMSO-d6, 500 MHz): d
57.1, 61.2, 62.0, 99.9, 109.3, 125.2, 128.1, 128.9, 134.3,
144.8, 146.3, 147.8, 149.3, 153.9, 158.7; IR (KBr):
792.7, 1130.3, 1286.5, 1355.9, 1458.2, 1489.0, 1642.0,
2845.0, 2945.3, 3018.6, 3200.2 cm�1; Anal. Calcd for
C17H17ClN4O5: C, 51.98; H, 4.36; N, 14.26. Found; C,
52.28:, H, 4.57; N, 14.29.


5.7.16. 6,7,8-Trimethoxy-N-benzyl-4-aminoquinazoline
hydrochloride (6o). White needles, yield, 77.7%;
mp173–175 �C; 1H NMR (DMSO-d6, 500 MHz): d
3.87 (t, 9H, 3OCH3, J = 50 Hz), 4.79 (d, 2H, CH2,

J = 5.7 Hz,), 7.23 (t, 1H, 4-H of Ph-H, J = 7.8 Hz),
7.31–7.37 (m, 4H, 2, 3, 5, 6-H of Ph-H), 7.54 (s, 1H,
H-5 of quinazoline), 8.36 (s, 1H, H-2 of quinazoline),
8.60 (t, 1H, NH, J = 5.7 Hz); 13C NMR (DMSO-d6,
500 MHz) d 42.1, 56.7, 61.4, 62.2, 98.5, 111.7, 127.7,
128.8, 140.2, 140.9, 146.3, 147.6, 152.2, 153.1,
159.1 cm�1; Anal. Calcd for C18H19N3O3: C, 66.45; H,
5.89; N, 12.91. Found: C, 66.56; H, 5.95; N, 12.93.


5.7.17. 6,7,8-Trimethoxy-N-(4-chlorophenyl)-4-aminoqui-
nazoline hydrochloride (6p). Pale yellow needles, yield,
80.3%; mp175 �C (dec); 1H NMR (DMSO-d6,
500 MHz): d 4.02 (t, 9H, 3OCH3, J = 20 Hz), 7.57 (d,
2H, 2, 6-H of Ph-H, J = 8.6 Hz), 7.77 (d, 2H, 3,5-H of
Ph-H, J = 8.6 Hz), 8.23 (s, 1H, H-5 of quinazoline),
8.75 (s, 1H, H-2 of quinazoline), 11.57 (s, 1H, NH);
13C NMR (DMSO-d6, 500 MHz): d 57.2, 61.2, 62.0,
100.2, 109.9, 126.4, 128.6, 135.8, 147.5, 149.3, 153.7,
158.4; IR (KBr): 806.3, 1130.3, 1286.5, 1471.7, 1627.9,
2852.7, 2947.2, 3010.9, 3419.8 cm�1; Anal. Calcd for
C17H18Cl3N3O3: C,48.77; H, 4.33; N, 10.04. Found: C,
48.53; H, 4.93; N, 9.97.


5.7.18. 6,7,8-Trimethoxy-N-(4-hydroxyphenyl)-4-amino-
quinazoline hydrochloride (6q). Pale yellow needles, yield,
79.5%; mp 153 �C (dec); 1H NMR (DMSO-d6,
500 MHz): d 4.00 (t, 9H, 3OCH3, J = 15 Hz), 6.87 (d,
2H, 2, 6-H of Ph-H, J = 8.6 Hz), 7.43 (d, 2H, 3, 5-H
of Ph-H, J = 8.6 Hz), 8.15 (s, 1H, H-5 of quinazoline),
8.66 (s, 1H, H-2 of quinazoline), 9.75 (s, 1H, OH),
11.42 (s, 1H, NH); 13C NMR (DMSO-d6, 500 MHz): d
57.1, 61.2, 61.9, 100.2, 109.1, 115.2, 126.3, 127.6,
141.6, 147.3, 149.1, 153.7, 156.1, 158.3; IR (KBr):
1128.4, 1273.0, 1473.6, 1626.0, 2854.7, 2949.2, 3030.2,
3226.9, 3419.8, 3600.0 cm�1; Anal. Calcd for
C17H19Cl2N3O4: C, 51.01; H, 4.78; N, 10.50. Found:
C, 51.24; H, 5.14; N, 10.52.


5.7.19. 6,7,8-Trimethoxy-(R)-N-(4-a-methylbenzyl)-4-amino-
quinazoline hydrochloride (6r). White needles, yield,
78.8%; mp 207–209 �C; ½a�D22 �213.0�(c = 0.01 mol/L,
EtOH), 1H NMR (DMSO-d6, 500 MHz): d 1.60 (d,
3H, CH3, J = 7.5 Hz), 3.87 (t, 9H, 3OCH3, J = 45 Hz
), 5.62 (d, 1H, CH, J = 7.45 Hz), 7.21 (t, 1H, 4-H of
Ph-H, J = 7.5 Hz), 7.32 (t, 2H, 3, 5-H of Ph-H,
J = 7.5 Hz), 7.42 (d, 2H, 2, 6-H of Ph-H, J = 7.5 Hz),
7.64 (s, 1H, H-5 of quinazoline), 8.22 (d, 1H, NH,
J = 7.45 Hz), 8.31 (s, 1H, H-2 of quinazoline);
13C NMR (DMSO-d6, 500 MHz): d 22.9, 49.6, 56.9,
61.4, 62.2, 98.7, 111.6, 126.6, 127.1, 128.8, 140.9,
145.4, 146.3, 147.6, 152.2, 153.0, 158.3; IR (KBr):
702.1, 1120.6, 1280.7, 1477.5, 1612.5, 2831.5, 2831.5,
2933.7, 3026.3, 3261.6 cm�1; Anal. Calcd for
C19H21N3O3: C, 67.24; H, 6.24; N, 12.38. Found: C,
67.31; H, 5.97; N, 12.23.


5.7.20. 6,7,8-Trimethoxy-(S)-N-(4-a-methylbenzyl)-4-amino-
quinazoline hydrochloride (6s). White needles, yield,
80.2%; mp 205–206 �C; ½a�D22 +208.0 (c = 0.01 mol/L,
EtOH), 1H NMR (DMSO-d6, 500 MHz): d 1.60 (d,
3H, CH3, J = 6.9 Hz), 3.96 (t, 9H, 3OCH3, J = 5 Hz),
5.62 (d, 1H, CH, J = 7.45 Hz), 7.21 (t, 1H, 4-H of Ph-
H, J = 7.45 Hz), 7.32 (t, 2H, 3, 5-H of Ph-H,
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J = 7.45 Hz), 7.42 (d, 2H, 2, 6-H of Ph-H, J = 7.45 Hz),
7.64 (s, 1H, H-5 of quinazoline), 8.22 (d, 1H, NH,
J = 7.45 Hz), 8.31 (s, 1H, H-2 of quinazoline); 13C
NMR (DMSO-d6, 500 MHz): d 22.9, 49.6, 56.9, 61.4,
62.2, 98.7, 111.6, 126.6, 127.1, 128.8, 140.9, 145.4,
146.3, 147.6, 152.2, 153.0, 158.3; IR (KBr): 700.2,
1130.3, 1311.3, 1311.6, 1477.5, 1612.5, 2831.5, 2935.7,
2972.3, 3028.2, 3242.3 cm�1. Anal. Calcd for
C19H21N3O3: C, 67.24; H, 6.24; N, 12.38; Found: C,
67.43; H, 6.23; N, 12.37.


5.8. MTT assay against cancer cell proliferation


All tested compounds were dissolved in DMSO
(1–100 lM solution) and subsequently diluted in the
culture medium before treatment of the cultured cells.
Tested cells were plated in 96-well plates at a density
2 · 103 cells/well/100 lL of the proper culture medium
and treated with the compounds at 1–100 lM for 72 h.
In parallel, the cells treated with 0.1% DMSO served as
control. An MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl tetrazoliumbromide] assay (Roche Molecular
Biochemicals, 1465-007) was performed 30 h later
according to the instructions provided by Roche. This
assay is based on the cellular cleavage of MTT into
formazan which is soluble in cell culture medium.
And the absorbance caused by formazan was measured
at 595 nm with a microplate reader (Bio-Rad, model
680), which is directly proportional to the number of
living cells in culture. Three types of cells were used
in these assays, A431(uterus cancer), PC3 (prostate
cancer), BGC 823 (human gastric cancer), and Bcap37
(breast cancer) cell lines, provided by ATCC and culti-
vated in RPMI 1640 (for PC3, A431, BGC823, and
Bcap37) supplemented with 10% fetal bovine serum.
Tissue culture reagents were obtained from Gibco
BRL.21


5.9. Cell culture and protein sample preparation


PC3 cells (prostate cancer cell lines) were seeded on a 6-
well plate and were incubated in RPMI 1640 medium ta-
mine plus 10% FBS at 37 �C. After incubation for 36–
48 h, the RPMI 1640 medium was removed and the cells
were incubated with serum free medium for 24 h. Then
cells were treated with the compounds at 20 lM concen-
tration for 60 min followed by 60 ng/mL EGF for
10 min. The plate was then instantaneously placed on
the ice to quench the phosphorylation process. Medium
was sucked out and cells were then rinsed with ice-cold
PBS buffer twice. Then cells were treated with lysis buf-
fer (1%NP-40, 0.1% SDS, 150 mM NaCl, 10 mM Tris–
HCl, 1 mM EDTA, 0.6 mM Na3VO4, 10 mM NaF,
10 mM b-glycerophosphate, 1 mM DTT, 10 lg/mL
leupeptin, 10 lg/mL pepstatin, and 40 lg/mL PMSF)
and sample buffer, respectively, followed by immuno-
blotting using P-ERK (E-4) (sc-7383, lot# J0803, Stanta
Cruz Biotechnology).


5.9.1. Western blot analysis. The cell lysates prepared
above were subjected to 10% SDS–PAGE and proteins
were transferred to PVDF membranes (Bio-Rad). The
membrane was blocked with 5% nonfat dried milk

freshly made in PBS plus 0.2% Tween 20, then incubated
with monoclonal antibody (anti-phosphotyrosin, anti-
pErk1/2 or anti-caveolin) overnight at 4 �C. The mem-
brane was then washed for 3· 5 min with PBS plus
0.2% Tween 20. It was incubated again with second anti-
body for 2–3 h at 25 �C, washed three times with PBS
plus 0.2% Tween 20, and the signal was detected by en-
hanced chemical luminescence (ECL) detection system
(PIERCE).22
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Abstract—Celiac disease is an immune mediated enteropathy elicited by gluten ingestion. The disorder has a strong association with
HLA-DQ2. This HLA molecule is involved in the disease pathogenesis by presenting gluten peptides to T cells. Blocking the pep-
tide-binding site of DQ2 may be a way to treat celiac disease. In this study, two types of peptide analogues, modeled after natural
gluten antigens, were studied as DQ2 blockers. (a) Cyclic peptides. Cyclic peptides containing the DQ2-aI gliadin epitope
LQPFPQPELPY were synthesized with flanking cysteine residues introduced and subsequently crosslinked via a disulfide bond.
Alternatively, cyclic peptides were prepared with stable polyethylene glycol bridges across internal lysine residues of modified anti-
genic peptides such as KQPFPEKELPY and LQLQPFPQPEKPYPQPEKPY. The effect of cyclization as well as the length of the
spacer in the cyclic peptides on DQ2 binding and T cell recognition was analyzed. Inhibition of peptide-DQ2 recognition by the T
cell receptor was observed in T cell proliferation assays. (b) Dimeric peptides. Previously we developed a new type of peptide blocker
with much enhanced affinity for DQ2 by dimerizing LQLQPFPQPEKPYPQPELPY through the lysine side chains. Herein, the
effect of linker length on both DQ2 binding and T cell inhibition was investigated. One dimeric peptide analogue with an interme-
diate linker length was found to be especially effective at inhibiting DQ2 mediated antigen presentation. The implications of these
findings for the treatment of celiac disease are discussed.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Class II major histocompatibility complex (MHC) mol-
ecules are receptors expressed as ab heterodimers on the
surface of antigen presenting cells.1 They bind exoge-
neous peptides (typically after sequential endocytosis,
lysosomal assembly, and exocytosis) and present them
to CD4 + T helper cells, a critical process in the mam-
malian adaptive immune response.1 Genetic susceptibil-
ity to autoimmune disease in human is often linked to
variants of MHC class II molecules.2–4 In celiac disease

0968-0896/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmc.2007.07.001
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more than 90% of the patients possess the HLA-
DQ2 (DQA1 * 05/DQB1 * 02) molecule, while DQ8
(DQA1 * 03/DQB1 * 0302) is expressed by most of the
remaining patients.5 DQ2 mediated presentation of glu-
ten peptides (after regiospecific deamidation by extracel-
lular transglutaminase 2) to CD4+ T cells is one of the
key events in the pathogenesis of celiac disease.6 The
current treatment of celiac disease is lifelong exclusion
of gluten from the diet. To be on gluten free diet is a ma-
jor challenge for the patient and there is therefore a need
for therapeutic alternatives.


Interference with peptide antigen presentation has been
explored as a treatment for autoimmune diseases such as
type I diabetes, multiple sclerosis, experimental autoim-
mune encephalomyelitis, and rheumatoid arthritis. In
principle, these studies fall into two categories based
on the mode of action of the MHC binding ligands;
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(a) altered peptide ligands7,8 or (b) MHC blockers.9–11


An altered peptide ligand is specifically recognized by
a T cell receptor (TCR), but it elicits a signal which is
qualitatively different from that of the normal agonist
peptide.7 An altered peptide ligand can induce anergy
in T cells, and altered peptide ligands of this kind are
termed MHC antagonists.12 The effect of an altered pep-
tide ligand is specific to a given T cell receptor, and two
different TCRs recognizing the same peptide-MHC
complex may respond differently to the same altered
peptide ligand.7 In contrast, peptide blockers act by
out-competing the MHC binding of the agonist peptide.
Ideally, these compounds should not serve as TCR li-
gands themselves. This can be achieved by steric princi-
ples, either via a bulky ligand which precludes docking
of any TCR onto the ligand-MHC complex or via a
small molecule inhibitor that eliminates the possibility
of ligand-TCR interactions. The altered peptide ligand
approach is less attractive for celiac disease therapy
due to the multiplicity of gluten-derived epitopes as well
as the polyclonal nature of T cells recognizing the same
epitope (unpublished observations). We have previously
reported that peptide blockers can be modeled after glu-
ten epitopes by attachment of bulky groups (e.g., large
functionalized alkyl groups) or by dimerization.13 Cycli-
zation presents another way to prevent T cell recogni-
tion through steric hindrance.14–18 In this report, two
types of hindered peptides—cyclic peptides and dimeric
peptides—are systematically studied as DQ2 binding li-
gands and potential inhibitors of DQ2 mediated antigen
presentation.

2. Results


2.1. Cyclic peptides containing disulfide linkage


Three Cys-containing variants of the peptide
LQPFPQPELPY were synthesized, CGGLQPFPQPE
LPYGGCA (peptide 1), CGGGGLQPFPQPELPYGGC
A (peptide 2), and CGGGGGGLQPFPQPELPYGGCA
(peptide 3) (the DQ2-aI gliadin peptide is underlined,
and the Gly linkers are shown in italics) (Fig. 1). In each
case the core peptide is flanked by Cys residues with var-
iable Gly2, Gly4, or Gly6 spacers at the N-terminus mak-
ing in total 4, 6, or 8 Gly residues between two Cys
residues so as to systematically vary the torsional flexi-
bility of the core peptide when subjected to intramolec-
ular disulfide crosslinking. Following synthesis, the Cys
residues of each peptide were allowed to crosslink in pH
7 phosphate buffer at 50 �C with periodic vortexing in
the absence of any reducing agent. Quantitative conver-
sion of the linear peptides to cyclic peptides was verified
by reverse phase HPLC, and the identity of the cyclic
product was confirmed by MALDI-TOF MS, which re-
vealed a loss of 2 U in m/z relative to the starting mate-
rial. The DQ2 affinities of these peptides were assessed
by measuring the IC50 values, with lower values corre-
sponding to higher binding affinity to DQ2 (Fig. 3).
The three disulfide bridged cyclic peptides showed simi-
lar binding affinity to DQ2 as the reference acyclic pep-
tide LQPFPQPELPY, demonstrating that the peptides
still bind to DQ2 after cyclization.

2.2. Internally bridged cyclic peptide analogues


Peptides 4 and 5 were designed based on a derivate of the
DQ2-aI gliadin epitope, LQPFPQPELPY (nonamer core
sequence underlined). The Gln residue in position 4 of the
core sequence was substituted with Glu to increase the
binding affinity (4-fold increase), and Lys residues were
introduced in position-2 and -5, producing the sequence
KQPFPEKELPY. Based on the X-ray crystal structure
the introduction of Lys residues should minimally affect
binding to DQ2.19 The side chains of these two Lys resi-
dues were crosslinked intramolecularly through bisfunc-
tional PEG linkers (Fig. 1). In addition, peptides 6 and 7
were also prepared; these peptides were based on a higher
affinity 20-mer gluten peptide LQLQPFPQPELPYPQP
ELPY, which was deduced from the immunodominant
33-mer peptide.13 Two Leu residues were replaced by
Lys residues in this peptide (Fig. 1).


Peptides 4 and 5 were binding with similar affinities,
which is notable as the linker length of peptide 5 is het-
erogeneous. The mass spectrometry analysis of peptide 5
revealed presence of some dimeric species which may
have biased the DQ2 binding analysis. Cyclic peptides
6 and 7 showed higher affinities to DQ2 than peptides
4 and 5 (Fig. 3).


Peptides 1–7 were tested in a T cell proliferation assay
for recognition by a DQ2-aI specific T cell clone TCC
430.1.142 (Fig. 4). Surprisingly, peptide 6 is recognized
at high concentrations. This fact is probably due to
impurities in the peptide. The disulfide bridged peptides
1–3 were also recognized by the DQ2-aI specific T cell
clone. The reason for this is probably that the disulfide
bonds are unstable in the milieu of the cell culture. Pep-
tides 4–7 were also tested for their ability to inhibit
DQ2-mediated antigen presentation of the DQ2-cII gli-
adin epitope GIIQPEQPAQL to T cell clones derived
from celiac disease patients (DQ2-cII specific) (Fig. 5).
As expected, peptides 6 and 7 showed the strongest inhi-
bition among the cyclic peptides. Notably, these two
peptides were even better inhibitors than the reference
peptide KPLLIIAEDVEGEY (P198), which binds to
DQ2 with lower IC50 values than either of the peptides.
The two other cyclic peptides (4 and 5), based on shorter
versions of gliadin epitopes, did not show appreciable
inhibition (Fig. 5). As a control, the inability of any of
these peptides to inhibit DR3 mediated antigen presen-
tation was verified (Fig. 6).


2.3. Dimeric peptides with various linker lengths


Peptide dimerization is another strategy that has been
shown to inhibit proliferation of gluten sensitive T cell
lines in the presence of antigen and DQ2 homozygous
antigen presenting cells. For example, peptide 8
(Fig. 2a) is one of the most potent inhibitors identified
to date.13 We therefore systematically studied the effect
of chain length between the two monomeric units of 8.
Two derivatives of the high affinity gluten peptide
LQLQPFPQPELPYPQPELPY, with L11K and L11C
substitutions, were used as starting materials (Fig. 2b).
Previous studies had confirmed that modifications at this







Figure 1. Structures of synthetic cyclic peptides. Peptide 5 represents a heterogeneous mixture with n = �11. Ac denotes N terminal acetylation; fl


denotes N terminal labeling with 5-(and 6-) carboxyfluorescein.
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position do not affect its binding to DQ2.13 Seven dimeric
analogues of 8 (peptides 9–15) were synthesized using the
maleimide–thiol reaction, succinimide–amine reaction or
both (Fig. 2c). The resulting dimeric peptides have PEG
linkers (peptides 11, 12, 13, 14, and 15) or alkyl linkers
(peptides 9 and 10) ranging from 13 to 89 atoms long be-
tween the a-carbon atoms of the bridging residues in the
two monomers; this corresponds to extended linker
lengths from 14 Å to 98 Å (Table 1). All reactions gave
>70% yields, as verified by LC-MS (data not shown).


First, the binding of the dimeric peptides 8–15 was as-
sessed in peptide exchange experiments using recombi-
nant DQ2 and high performance size exclusion
chromatography at pH 5.5 and pH 7.3 with a DQ2:pep-
tide ratio of 25:1. The percentage of DQ2 bound fluores-
cent peptide is a measure of its DQ2 affinity. Dimeric
peptides with varying linker lengths have comparably
high affinity for DQ2, which achieved equilibrium after
only 5 h (Table 1). All dimeric peptides were able to form
2:1 complexes with two DQ2 molecules bound to one
peptide at pH 5.5 (Table 2). These 2:1 complexes are ob-
served only after 14 h, suggesting that the binding of the
second DQ2 molecule to a 1:1 DQ2-peptide complex is
slow. At pH 7.3, no 2:1 complexes could be observed.


Second, in order to select effective blockers, the dimeric
peptides 8–15 were screened to measure their potency to
stimulate a gluten responsive T cell line P28 TCL2 which
is derived from a celiac patient. Upon incubation of the
dimeric peptides in Figure 2 with DQ2 expressing anti-
gen presenting B cells overnight at 37 �C at 10 lM or
50 lM concentrations, the extent of T cell stimulation
was measured (Fig. 7a). All the dimeric peptides con-
taining cysteine–maleimide bonds stimulated T cell pro-

liferation (peptides 9, 11, 12, 14, and 15), suggesting that
the thiol–maleimide bond was not stable in this biolog-
ical milieu. In contrast, peptides with amide crosslinkers
(e.g., peptides 8, 10, and 13) showed lower T cell stimu-
lation, suggesting their linkers were more metabolically
stable than the cysteine–maleimide linkers, although
the longest peptide 13 showed increased antigenicity at
the highest concentration, 50 lM. Whether this was
due to too much flexibility or metabolic instability or
possible small amounts of monomeric peptide impurities
(<5%) was not investigated.


Next, based on the above results, the T cell inhibitory ef-
fects of peptides 10 and 13 were tested and compared
with peptide 8 which previously had demonstrated effect
in this type of assay.13 All three peptides showed dose
dependent inhibition of antigen presentation using fixed
antigen presenting cells (Fig. 7b).


Last, to test whether peptide 8 was able to inhibit anti-
gen presentation in non-fixed antigen presenting cells,
25 lM peptide 8 was incubated with c-irradiated DQ2
expressing B cells for 2 h. The antigenic peptide was then
added, and cells were incubated for another 10 h. As
shown in Figure 8, T cell proliferation was inhibited
by the addition of peptide 8. Thus, DQ2 blockers of this
type appear to be able to compete with antigenic pep-
tides for surface HLA-DQ2 occupancy in both fixed
and non-fixed antigen presenting cells.

3. Discussion


Our studies have explored the potential of using cyclic
and dimeric peptides as peptide blockers to prevent







Figure 2. Dimeric peptides. (a) The structure of the reference dimeric peptide 8. (b) The structures of the modified monomers L11K and L11C. (c)


The structures of the linkers in dimeric peptides 8–15.
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Figure 4. Recognition of cyclic peptides by T cells. The T cell clone


430.1.142 (specific for the DQ2-aI gliadin epitope) was stimulated by


cyclic peptides harboring the DQ2-aI sequence. (j) P198, (m) peptide


1, (.) peptide 2, (�) peptide 3, (d) peptide 4, (h) peptide 5, (n)


peptide 6, (,) peptide 7, (�) LQPFPQPELPY. The inset shows CPM


in lower ranges for non-stimulatory cyclic peptides. P198:


KPLLIIAEDVEGEY; Mycobacterium bovis 65 kDa heat shock pro-


tein 243–255Y. Mean and SD is shown.
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DQ2 mediated antigen recognition by T cell receptors
that are uniquely found in small intestinal mucosa of ce-
liac disease patients. The lengths of spacers in cyclic pep-
tides and linkers in dimeric peptides were varied to
investigate their effects on DQ2 binding affinity and T
cell recognition.


Interference of MHC class II restricted antigen presenta-
tion by altered peptide ligands, or peptide or peptidom-
imetic analogues has been explored as possible therapeutic
options in autoimmune diseases.8–11,13–16,18,20–25 This

principle has not been successful mainly due to poor bio-
availability and pharmacokinetics of peptidic com-
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Figure 5. Inhibition of T cell proliferation by the blocking compounds


4, 5, 6, and 7. The T cell clone 437.1.3.17 (specific for the DQ2-cII


gliadin epitope) was stimulated with 2.5 lM GIIQPEQPAQL (P1298,


DQ2-cII gliadin epitope) in the presence of increasing concentration of


peptide blockers (j) P198, (d) peptide 4, (h) peptide 5, (n) peptide 6,


(,) peptide 7. P198: KPLLIIAEDVEGEY; Mycobacterium bovis


65 kDa heat shock protein 243–255Y. Mean and range is shown.
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Figure 6. Inhibition of T cell proliferation by the blocking compounds


4, 5, 6, and 7. The T cell clone RN.46 (DR3-restricted) was stimulated


with 5 lM KTIAYDEEARR (P261, DR3-restricted peptide; Myco-


bacterium tuberculosis 65 kDa heat shock protein 3–13) in the presence


of increasing concentration of peptide blockers (j) P198, (d) peptide


4, (h) peptide 5, (n) peptide 6, (,) peptide 7. P198: KPLLIIAEDVEG


EY; Mycobacterium bovis 65 kDa heat shock protein 243–255Y. Mean


and range is shown.


Table 1. Summary of the DQ2 binding results of dimeric peptides 8–15


Peptides Carbon atoms


in linker


Putative


length (Å)


Binding at


pH 5.5a (%)


Binding at


pH 7.3a (%)


9 13 14.3 72.8 52.1


10 18 19.8 70.9 54.6


8 29 31.9 62.0 46.3


11 29 31.9 63.2 53.3


12 32 35.2 69.3 50.7


13 41 45.1 70.2 54.5


14 53 58.3 70.2 51.8


15 89 97.9 67.8 38.6


a Measurements were made either at pH 5.5 or at pH 7.3. Recombinant


DQ2 (4.7 lM) was mixed with fluorescein-conjugated peptide


(0.185 lM) at 37 �C for 5 h, and the amount of DQ2 bound peptide


was calculated as the percentage (·100%) of total peptide. The results


are presented as mean of the two experiments with errors <5% of the


numerical values.


Table 2. The 2:1 complex formation of two DQ2 molecules binding to


one peptide


Peptides 2:1 Complex formation at pH 5.5a (%)


9 <10


10 18


8 22


11 21


12 22


13 26


14 25


15 26


a Recombinant DQ2 (4.7 lM) was mixed with fluorescein-conjugated


peptide (0.185 lM) at 37 �C for 45 h at pH 5.5. The formation of 2:1


DQ2-peptide complex with two DQ2 molecules binding to one


peptide was reported as the percentage among total DQ2-peptide


complex, that is, [2:1 complex]/([2:1 complex] + [1:1 complex]) ·
100%.
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pounds.20 In celiac disease this should be of a less prob-
lem as the therapeutic compound can be orally adminis-
tered to the intestinal surface, either before or in
conjunction with gluten ingestion. Peptide based thera-
peutics are also susceptible to proteolysis; this challenge
is particularly acute in celiac disease where the com-
pounds must be administered in the upper digestive tract
with intense proteolytic activity. Encouragingly, the T
cell epitopes of gluten in celiac disease are intrinsically
stable toward proteolysis in the gastrointestinal
tract.26,27 Therefore, using the T cell epitope sequences
as a starting point for design of peptide blockers can
ameliorate this problem.


Therapeutic interference with MHC based peptide
presentation can be done via altered peptide ligands

(antagonistic peptides) or peptide blockers. Peptide
antagonists are inappropriate for effective treatment of
celiac disease due to the vast heterogeneity of gluten epi-
topes and gluten reactive TCRs. However, one can take
advantage of gluten epitopes by transforming them into
MHC blocking compounds. In addition to proteolytic
stability, there are several additional advantages to
designing DQ2 blockers by mimicking naturally occur-
ring gluten antigens. The structural features in prototyp-
ical antigenic gluten peptides that contribute to DQ2
binding as well as T cell receptor recognition have been
extensively investigated, and are known to be orthogo-
nal.13 This orthogonality enables the design of blockers
that hinder TCR recognition while maintaining or even
strengthening DQ2 interactions. Blockers that are close
structural analogues of disease-related antigenic pep-
tides are likely to retain the pharmacokinetic properties
of the antigens themselves. Because gluten antigens are
consumed as part of the human diet, drugs modeled
after natural gluten peptides may also be able to reach
the target tissues of the small intestine via oral adminis-
tration. Gluten peptide mimetics could preserve the nat-
ural DQ2 specificity of the antigens themselves,13 thus
minimizing potential cross-reactivity with other MHC
alleles. Cyclization represents an attractive strategy for
the design of MHC class II inhibitors. Cyclic peptides







Figure 7. DQ2 dependent T cell stimulation of T cell line P28 TCL2 by dimeric peptides 8–15. (a) T cell stimulation caused by dimeric peptides 8–15


in the absence of antigen or by antigen peptide LQLQPFPQPELPYPQPELPY (Ag) at 50 lM or 10 lM. The background in the absence of blockers


is 170 CPM. h 50 lM dimeric peptide; 10 lM dimeric peptide or antigen. (b) Blocking compounds 8, 10, and 13 block T cell proliferation caused


by 10 lM antigen peptide LQLQPFPQPELPYPQPELPY in a dose dependent fashion. h 50 lM dimeric peptide, 10 lM antigen; 10 lM dimeric


peptide, 10 lM antigen; j 0 lM dimeric peptide, 10 lM antigen; 50 lM dimeric peptide, 0 lM antigen.


Figure 8. Dimeric peptide 8 shows blocking efficacy in non-fixed,


c-irradiated antigen presenting cells. HLA-DQ2 expressing B cells were


c-irradiated and incubated with 25 lM dimeric peptide 8 for 2 h before


the addition of antigen peptide LQLQPFPQPELPYPQPELPY. After


an additional 10 h, the peptides were removed and P28 TCL2 T cells


were added to assess the quantity of antigen peptide-DQ2 complexes


on the B cell surface. h Antigen only; j Antigen + peptide 8.
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are proteolytically more stable compared to their linear
counterparts.16 When it comes to receptor binding, pep-
tide cyclization brings two conflicting structural features
into play. On one hand, the conformational constraints
imposed by cyclization might hinder binding of the epi-
tope to the receptor/the MHC class II molecule. On the
other hand, the entropic constraint due to cyclization
could lock the peptide into its bound conformation,
thereby enhancing affinity for its receptor. A favorable
conformation is typically a polyproline II helix for epi-
topes bound to MHC class II molecules.19,28 To test
whether cyclization affects peptide-DQ2 interaction,
cyclic peptides containing the DQ2-aI peptide
LQPFPQPELPY were synthesized through disulfide
linkage with various lengths of linkers. Disulfide bond-
ing is a convenient way for constructing cyclic peptides
to test the effect of cyclization on DQ2 binding, but as

the disulfide cyclized peptides appeared to be unstable
in the cell culture conditions employed, these peptides
could not be used for testing the effect on prevention
of T cell activation. For this purpose, we generated more
stable cyclic peptides by connecting two internal lysine
residues via bis-functional polyethylene glycol (PEG)
linkers. These compounds were active as MHC blockers,
and two of them based on a 20-mer gliadin peptide are
among the best DQ2 blockers we have observed. Still
we believe the efficacies of these are insufficient to give
in vivo effect much because their binding affinities are
too low. Gliadin T cell peptide epitopes are in general
mediocre binders to DQ2,29 and we hope that by specif-
ically introducing anchor residues optimal for DQ2,
compounds of therapeutic potential may be developed.


Inspired by the success of synthetic multivalent ligands
in generation of high affinity binding interaction in other
biological systems,30–34 we initiated the strategy of
dimerizing antigenic ligand through the residue in the
middle of the sequence.13 The first dimer peptide dem-
onstrated surprisingly elevated binding affinity to DQ2
and surpassingly effective inhibition of antigen presenta-
tion.13 This enhancement of binding affinity could be
either caused by multivalency effect (i.e., one peptide
binding to two DQ2 molecules) or by proximity effect
(i.e., the clustering of multiple binding epitopes increases
the local concentration of binding registers). In the case
of proximity effect a 1:1 stoichiometry of ligand–recep-
tor interaction will be observed as opposed to the multi-
valency effect where a 2:1 stoichiometry will be seen. The
current work explored dimeric peptides by varying the
linker length between the two monomeric units. We
observed two binding phases in the binding interaction
between these dimeric peptides and DQ2 at pH 5.5 using
high-performance size exclusion chromatography. In the
first phase (5 h), 1:1 binding stoichiometry to DQ2 was
observed with negligible 2:1 complex formation, even
when the linker between the two monomeric units was
as long as 100 Å. The binding equilibrium was reached
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after the first phase. In the second phase which lasts for
more than 40 h, 1:1 DQ2-peptide complex slowly con-
verts to 2:1 DQ2-peptide complex with �20% conver-
sion achieved after 48 h (Table 2). The dimer peptides
with longer linker length tend to show higher percentage
of 2:1 DQ2-peptide complex formation in the second
phase, that is, about 10% in the case of peptide 9 and
about 26% in the case of peptide 15. Interestingly, this
two-phase binding kinetics was not observed at pH
7.3; no 2:1 DQ2-peptide complexes were observed after
48 h. The observation that this enhanced affinity is pri-
marily caused by the fast phase at acidic pH and that
no 2:1 complexes were found at neutral pH disfavors
the multivalency mechanism. Rather, proximity effect
caused by the clustering of multiple epitopes might ex-
plain this property.34 When two binding monomeric
units are brought in vicinity an enhanced binding affin-
ity can be achieved. Owing to the promising enhanced
binding affinity, synthesis of dimeric, multimeric or even
dendritic peptides carrying multiple binding epitopes
seems to be an effective venue in the search of DQ2
blockers.


In summary, herein we presented alternative approaches
to systematically study hindered peptide analogues for
the purpose of DQ2 blockage. The current strategies
provide understanding of cyclic and dimeric peptide
analogues in both DQ2 binding interaction and inhibi-
tion of antigen presentation, which might assist further
pharmacological studies in more disease related physio-
logical conditions, and inspire the development of more
feasible drug leads in celiac disease as well as other auto-
immune diseases.

4. Experimental


4.1. Peptide synthesis, labeling, and purification


Peptides used in this study were synthesized primarily
using Boc/HBTU chemistry starting from N-a-t-Boc-LL-
aminoacyl-phenylacetamidomethyl (PAM) resin. While
still attached to the resin, peptides were labeled at their
N-termini with 5- (and 6-) carboxyfluorescein, 1-(3-dim-
ethylaminopropyl)-3-ethyl-carbodiimide hydrochloride
(EDCÆHCl), and 1-hydroxy-7-azabenzotriazole (HOAt)
in 1:1:1 ratio in dimethyl formamide (DMF) as the sol-
vent.13,35 Following cleavage of the peptidyl resin in tri-
fluoroacetic acid/trifluoromethanesulfonic acid/thioanisole
(TFA/TFMSA/thioanisole 10:1:1, v/v/v) for 4 h, the
crude peptides were precipitated in cold ether and dis-
solved in 1:1 v/v acetonitrile/water. The peptides were
purified by reverse-phase HPLC on a semi-preparative
C18 column using a water–acetonitrile gradient in 0.1%
(v/v) TFA. The identity and purity of the peptides were
confirmed by liquid chromatography coupled electro-
spray mass spectrometry (LC–MS). The peptides were
lyophilized and stored at �20 �C. Prior to use, peptide
stock solutions were prepared in 10 mM PBS with
0.02% sodium azide.


Peptides 4 and 5 (Fig. 1) were synthesized using an auto-
mated synthesizer (Multipep, Intavis AG) with Fmoc/

PyBOP chemistry starting from TentaGEL SRAM
resin. Before cleavage of peptides from the resin, the
N-termini were acetylated and the peptides were cyc-
lized. The protecting group on Lys residues, 1-(4,4-di-
methyl-2,6-dioxycyclohex-1-ylidine)ethyl (Dde), was
selectively removed with 1% hydrazine in DMF. Peptide
4 was cyclized with bis-dPEG7-acid (HO2CCH2CH2


(CH2CH2O)7CO2H) (Quanta BioDesign), while peptide
5 was cyclized with Poly(ethyleneglycol)bis(carboxym-
ethyl)ether (HO2CCH2(OCH2CH2)nOCH2CO2H) aver-
age Mn �600 (Aldrich). Cyclization was achieved by
mixing peptidyl resin in DMF with either of the dicarbox-
ylic acids (2 equiv), PyBOP (4 equiv), and diisopropyleth-
ylamine (DIPEA) (8 equiv). This mix was incubated
overnight, after which a negative ninhydrin test was ob-
tained. Peptides were deprotected and cleaved from the
polymer support by treatment with 95% TFA, 2.5% tri-
isopropylsilan, and 2.5% water for 4 h. Peptides were pre-
cipitated by the addition of cold tert-butyl methyl ether,
dissolved in water, and lyophilized. The peptides were
analyzed by reverse phase HPLC and MALDI-TOF
mass spectrometry. The peptides were aliquoted and
lyophilized before storage at �20 �C. It should be noted
that peptide 5 represents a mixture of peptides with differ-
ent lengths of the linker, due to the polydispersity of the
PEG linker used for synthesis.


Cyclic peptides with disulfide bridges (1, 2, and 3 in
Fig. 1) were prepared in pH 7 phosphate buffer at
50 �C with periodic vortexing. Internally bridged cyclic
peptides 4 and 5 in Figure 1 were cyclized as described
above. Cyclic peptides 6 and 7 were prepared by incu-
bating purified carboxyfluorescein labeled
LQLQPFPQPEKPYPQPEKPY peptide with bis-dPEG
N-hydroxylsuccinimide ester at a 1:1 ratio in anhydrous
DMF containing 5% v/v DIPEA. The cyclized product
was confirmed by LC–MS. The concentrations of car-
boxyfluorescein labeled peptides were determined by
UV–Vis spectrophotometry at 495 nm using the absorp-
tion coefficient factor 80,200 cm�1M�1.


Dimeric peptides were synthesized from pure mono-
meric carboxyfluorescein labeled peptides L11C or
L11K (Fig. 2b). Monomeric subunits (L11C–L11C,
L11C–L11K, or L11K–L11K depending on the func-
tional groups of the linkers) were mixed with bis-func-
tional linkers purchased from Quanta Biodesign or
Pierce Biotechnology, (e.g., hydroxysuccimidyl maleim-
ido propionate (SMP), bis(sulfosuccinimidyl)suberate
(BS3), bis-dPEG5-NHS, bis-dPEG9-NHS, MAL-
dPEG4-NHS, MAL-dPEG12-NHS, MAL-dPEG24-
NHS, and bis-MAL-dPEG3, where NHS denotes
N-hydroxylsuccinimide ester, and MAL denotes malei-
mide), at 1:1:0.9 ratio (monomer1:monomer2:cross-
linker) in anhydrous DMF with 5% v/v DIPEA. For
monitoring the formation of dimeric peptides as well
as purification of the desired product, C18 reverse phase
HPLC was used. The dimeric product peaks eluted
approximately 2 min after the monomeric starting mate-
rial, as confirmed by LC–MS. The concentration of each
fluorescent dimeric peptide was quantified by using the
absorption coefficient factor 160,400 cm�1M�1 at
495 nm.
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4.2. Peptide exchange assay


Peptide exchange assays were conducted as previously
described.13 In brief, soluble recombinant DQ2 mole-
cules with a gliadin epitope fused to the N-terminus of
the b-chain were expressed and purified. Prior to use
in exchange experiments, recombinant DQ2 molecules
were treated with �2% w/w thrombin in PBS pH 7.3
at 0 �C for 2 h to release the covalently linked epitope
for peptide exchange measurements. Thrombin treated
DQ2 was incubated with fluorescein-conjugated pep-
tides in a 25:1 ratio (i.e., 4.7 lM DQ2 with 0.185 lM
fluorescent peptide) at 37 �C in a 1:1 mixture of PBS
buffer (10 mM sodium phosphate, 150 mM NaCl, pH
7.3, supplemented with 0.02% NaN3) and McIlvaine’s
citrate–phosphate buffer (pH 5 or pH 7) such that the fi-
nal pH was either 5.5 or 7.3, respectively. Peptide bind-
ing was measured by high performance size exclusion
chromatography (HPSEC) coupled with fluorescence
detection with excitation at 495 nm and emission at
520 nm. The DQ2-peptide 1:1 complex eluted at
�8.5 min, with free peptides emerging �2 min later.
When present, the 2:1 DQ2-peptide complex eluted
�0.5 min before the 1:1 complex. Peak areas corre-
sponding to the DQ2-peptide complex and the free pep-
tide were used to calculate the fractional yield of the
DQ2-fluoresceinated peptide complex. At least two
independent measurements were conducted, with an er-
ror <5%.


4.3. Competitive DQ2-peptide binding assay


Detergent-solubilized DQ2 molecules were purified from
HLA homozygous (DQA1 * 0501/DQB1 * 0201) Ep-
stein–Barr virus-transformed B lymphoblastoid cell lines
as previously described.36 The indicator peptide
(KPLLIIAEDVEGEY; Mycobacterium bovis 65-kDa
heat shock protein 243–255Y) was 125I-labeled by the
chloramine-T method.37 The labeled indicator peptide
(30,000 cpm; 1–5 nM) and various concentrations of
unlabeled peptides were incubated overnight with 70–
200 nM DQ2 at 37 �C in the presence of a cocktail of
protease inhibitors at pH 5.2. After incubation, com-
plexes of peptide and DQ2 molecules were separated
from unbound peptides on Sephadex G-50 (Amersham
Biosciences AB) spin columns as described previously.38


Radioactivity was measured, and the concentrations of
competing peptides required to give 50% inhibition of
binding of the indicator peptide (IC50) were calculated.
The IC50 values were determined by three 3-fold titra-
tion experiments.


4.4. T cell reagents


Gluten reactive T cell lines (TCL) and T cell clones
(TCC) established from small intestinal biopsies of
celiac disease patients were used.29,39 This includes the
T cell line P28 TCL2 (which is reactive to DQ2-aI,
DQ2-aII, and DQ2-aIII epitopes of the deamidated
33-mer peptide) and the T cell clones TCC 437.1.3.17
(specific for the DQ2-cII epitope) and TCC 430.1.142
(specific for the DQ2-aI epitope). In addition a DR3-re-
stricted T cell clone, TCC RN.46 (specific for the 3–13

epitope of Mycobacterium tuberculosis heat shock pro-
tein 65, KTIAYDEEARR), was used.


4.5. T cell proliferation assays


T cell proliferation assays were performed mainly as
described previously.13 HLA-DR3/DQ2 homozygous
Epstein–Barr virus transformed B-lymphoblastoid cell
lines (VAVY or CD114) were used as antigen presenting
cells. The cells were fixed with 1% paraformaldehyde for
10 min or with 0.05% glutaraldehyde for 90 s using
0.2 M glycine to quench the reaction. The antigen pre-
senting cells were incubated with the appropriate pep-
tides overnight in 60 or 65 ll media containing 10%
fetal bovine serum/2% human serum or 15% human ser-
um, penicillin, and streptomycin at a cell density of
2 · 106 cells/ml in 96-well flat bottom plates. The next
day, the volume was doubled to yield a cell density of
1 · 106 cells/ml, and the cells were seeded in duplicates
of 50 ll each in a U-bottom 96-well plate. An equal vol-
ume of T cells (50 ll of 1 · 106 cells/ml) was added to
each well, and cells were incubated at 37 �C and 5%
CO2 for 48 h, at which time 0.5 lCi/well of [methyl-3H]-
thymidine (Amersham, TRK120) or 1 lCi/well of
[methyl-3H]thymidine (Hartmann Analytic) was added.
Cells were incubated for an additional 12–16 h and then
frozen or harvested directly. After thawing, incorpo-
rated thymidine was collected on a filter mat (Wallac)
using a Tomtec cell harvester and counted using a Wal-
lac 1205 Betaplate or Wallac 1450 MicroBeta TriLux
liquid scintillation counter. For testing of whether the
cyclic peptides which harbored the DQ2-aI sequence
were recognized by a DQ2-aI-specific T cell clone, the
same assay was performed except that triplicate wells
containing 7.5 · 104 antigen presenting cells were
prepulsed overnight with peptide in a volume of 100 ll
before 5 · 104 T cells per well in 50 ll were added the
following day.


For T cell assays using c-irradiated B-lymphoblastoid
cells, VAVY cells were c-irradiated (12,000 rads) with
a cesium irradiator, resuspended to 2 · 106 cells/ml,
and incubated with or without 25 lM peptide 8 for 2 h
in a flat bottom 96-well plate. Antigen peptide
LQLQPFPQPELPYPQPELPY was then added at 0.1
or 0.03 lM and incubated for an additional 10 h. The
volume was doubled and each well was transferred into
an Eppendorf tube. The cells were centrifuged at 800g
for 3 min at 4 �C. Next, the supernatant was aspirated,
the cells were resuspended to 1 · 106 cells/ml, and the
T cell proliferation protocol described above was used
to measure 3H-thymidine incorporation into P28
TCL2 T cells.
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Abstract—We have recently discovered 5-(3-cyclopentyl-2-thioxo-2,3-dihydro-1H-benzimidazol-5-yl)-1-methyl-1H-pyrrole-2-carbo-
nitrile (14) as a potent, selective, and orally active non-steroidal progesterone receptor (PR) agonist. Compound 14 and its analog 13
possessed sub-nanomolar in vitro potency (EC50 0.1–0.5 nM) in the T47D alkaline phosphatase assay, similar to that of the steroidal
PR agonist medroxyprogesterone acetate (MPA). In contrast to MPA, 14 was highly selective (>500-fold) for the PR over both glu-
cocorticoid and androgen receptors. In the rat uterine decidualization and complement component C3 models, 14 had oral ED50


values of 0.02 and 0.003 mg/kg, respectively, and was from 6- to 20-fold more potent than MPA. In the monkey ovulation inhibition
model, compound 14 was also highly efficacious and potent with an oral ED100 of 0.03 mg/kg.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Progesterone (P4, 1) plays a critical role in the regula-
tion of female reproductive function. Synthetic proges-
tins are commonly used in oral contraceptives (OC)
and their contraceptive efficacy is achieved via inhibition
of ovulation and thickening of the cervical mucus.1


Progestins can also protect the endometrium from estro-
gen induced endometrial hyperplasia in women with an
intact uterus. This protective function has been used in
the estrogen-based hormone therapy in postmenopausal
women for the relief of vasomotor symptoms2,3 and pre-
vention of osteoporosis.4 Furthermore, progestins are
used for the treatment of reproductive disorders such
as dysmenorrhea and dysfunctional uterine bleeding.5


However, combination steroidal progestin and estrogen
therapy is often associated with side effects such as mas-
talgia, nausea, headaches, as well as some metabolic and

0968-0896/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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cardiovascular complications. A tissue selective proges-
terone receptor (PR) agonist would potentially reduce
these side effects. In addition, many of the steroid-based
agonists have demonstrated undesirable activities at
other steroid receptors such as glucocorticoid receptor
(GR) and androgen receptor (AR). Novel non-steroidal
PR ligands may offer greater potential for tissue selectiv-
ity and receptor selectivity.


In our effort to search for potent and selective non-ste-
roidal PR agonists, we discovered a number of chemical
scaffolds,6–9 such as 6-aryl benzoxazin-2-ones and ben-
zoxazine-2-thiones, that afforded compounds with po-
tent PR agonist activity. Recently, we reported
another template, 6-aryl benzimidazolones such as 7,10


that demonstrated moderate to potent PR antagonist
activity. Unlike the 5-aryl oxindole and 6-aryl benzoxaz-
inone scaffolds,6 the modification of 6-aryl moiety for
the benzimidazolone template did not render PR ago-
nists. Only weak agonist activity for several potent benz-
imidazolone PR antagonists10 was observed at a high
concentration of 3 lM. After further SAR examination
of the benzimidazolone scaffold, gratifyingly, we found
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that a number of 6-aryl benzimidazole-2-thiones were
potent PR agonists. The synthesis, in vitro SAR, and
in vivo activity of novel 6-aryl benzimidazoloe-2-thiones
(8–15) are the subject of this report.
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2. Synthetic chemistry


The preparation of the target compounds 8–15 as shown
in Scheme 1 was described previously.11,12 In brief,
alkylation of the BOC protected benzimidazolones 411


to yield 5 was readily achieved via a Mitsunobu proto-
col. Removal of protecting groups from benzimidazo-
lone 5 under acidic conditions afforded 6 which was
cross-coupled with an appropriate aryl boronic acid to
provide the 6-aryl benzimidazolones 7 in good yields.
Refluxing a mixture of Lawesson’s reagent and ben-
zimidazolones 7 in toluene provided the desired 6-aryl
benzimidazole-2-thiones 8–15.

3. Results and discussion


There have been a number of non-steroidal PR modula-
tors disclosed over the last few years.13,14 We have
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Scheme 1. 6-Aryl benzimidazole-2-thiones. Reagents and conditions: (a) R1O


ArB(OH)2, Pd(Ph3P)4, K2CO3, toluene, EtOH/H2O, 90 �C, 30–85%; (d) Law

recently reported several series of non-steroidal PR
modulators such as 5-aryl oxindoles and 6-aryl benzox-
azin-2-ones.15,16 Examination of the SAR results from
the oxindole and benzoxazinone scaffolds revealed
two PR agonist structural motifs, that is, a pendent
5 0-cyanopyrrol-2-yl group and a 2-thiocarbonyl moi-
ety.6,8,9,15,16 These structural motifs caused the func-
tional activity of 6-aryl benzoxazinones and 5-aryl
oxindoles to switch from PR antagonist to PR agonist
activity in the alkaline phosphatase assay using the hu-
man T47D breast carcinoma cell line.6,8,9 In addition,
incorporation of both structural motifs (5 0-cyanopyr-
rol-2-yl and thiocarbonyl) onto the benzoxazinone tem-
plate demonstrated synergistic effects on PR agonist
activity and led to the discovery of the potent PR
agonist, tanaproget.7,17 In contrast, when placing the
5 0-cyanopyrrol-2-yl group onto the benzimidazolone
scaffold, the corresponding 6-(5 0-cyanopyrrol-2-yl)-ben-
zimidazolones remained as PR antagonists (i.e., the
activity did not switch to PR agonism).10 Intrigued by
this finding, we decided to examine the impact of the
2-thiocarbonyl moiety on the SAR of the 6-aryl benzim-
idazolone template.


We have previously demonstrated that cyclic butyl, pen-
tyl, and 3-pentyl were among the best substituents at the
1-position for the 6-aryl benzimidazolones.10 Thus, a
number of novel 6-aryl benzimidazole-2-thiones (8–15)
were prepared using these optimized substituents. These
compounds were evaluated for PR agonist and antago-
nist activities in the T47D cell alkaline phosphatase as-
say.18,19 The results are listed in Tables 1 and 2.


Table 1 lists the alkaline phosphatase activity data of the
6-phenyl based-benzimidazole-2-thiones. As illustrated,
the 2-thiocarbonyl compounds 8–10 showed good PR
agonist potency compared to the PR antagonist activity
exhibited by their corresponding 2-carbonyl ben-
zimidazolones (IC50 3.3–134.7 nM).10 Interestingly, the
3-pentyl analog 11 exhibited PR antagonist activity with
moderate potency. Congener 12 was a potent antagonist
at a lower concentration while a weak agonist at a high-
er concentration. These results indicated that the PR
functional activity of benzimidazole-2-thiones was not
completely controlled by the 2-thiocarbonyl moiety
and dependent on the 1-substituent as well.

N
Boc


N
O


R1


N
H


N
O


Ar
R1


N
H


N
O


Br
R1


6a-c


7a-h


b


c


d


H, DIAD, Ph3P, THF, rt, 30–80%; (b) CH2Cl2, TFA, rt, 80–95%; (c)


esson’s reagent, toluene, reflux, 30–80%.







Table 1. PR agonist and antagonist activity in T47D cell alkaline


phosphatase assay


N
H


N
R1


S


8-12


R2


Compound R1 R2 PR alk. phos.


EC50
a (nM)


PR alk. phos.


IC50
b (nM)


Progesterone (1) 0.9 NAd


MPA (2) 0.1 NA


8 c-C4H7 3-CN, 5-F 2.7 (60%)c NA


9 c-C5H9 3-Cl, 4-F 49.3 (55%) NA


10 c-C5H9 3-F, 4-F 62.5 (75%) NA


11 3-C5H11 3-Cl, 4-F NA 33.7 (60%)


12 3-C5H11 3-CN, 5-F 269.8 (70%) 3.6 (50%)


a 50% effective concentration of tested compounds on alkaline phos-


phatase activity in the human T47D breast carcinoma cell line.
b 50% inhibitory concentration of tested compounds on 1 nM pro-


gesterone induced alkaline phosphatase activity in the human T47D


breast carcinoma cell line. Values represent the average of at least


duplicate determinations. The standard deviations for these assays


were typically ±20% of the mean or less.
c Data in parentheses represent compounds’ efficacy compared to


progesterone (1) of 100%.
d NA, not active.
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The compounds incorporating two PR agonist struc-
tural motifs were potent agonists irrespective of the
substituent at the 1-position as depicted by 6-(5 0-cyano-

Table 2. PR agonist and antagonist activity in T47D cell alkaline


phosphatase assay


N
H


N
X


R
N


NC


13-15


Compound X R PR alk. phos.


EC50
a (nM)


PR alk. phos.


IC50
b (nM)


Progesterone (1) 0.9 NAd


MPA (2) 0.1 NA


7f O c-C4H7 >3000c 10.9


7g O c-C5H9 >3000c 5.6


7h O 3-C5H11 >3000c 11.7


13 S c-C4H7 0.5 (70%)e NA


14 S c-C5H9 0.1 (75%) NA


15 S 3-C5H11 1.0 (70%) NA


a 50% effective concentration of tested compounds on alkaline phos-


phatase activity in the human T47D breast carcinoma cell line.
b 50% inhibitory concentration of tested compounds on 1 nM pro-


gesterone induced alkaline phosphatase activity in the human T47D


breast carcinoma cell line. Values represent the average of at least


duplicate determinations. The standard deviations for these assays


were typically ±20% of mean or less.
c Compounds showed weak agonist activity in the absence of 1 nM


progesterone (agonist mode) at 3000 nM.
d NA, not active.
e Data in parentheses represent compounds’ efficacy compared to


progesterone (1) of 100%.

pyrrol-2-yl)-benzimidazole-2-thiones 13–15 (Table 2). In
the T47D alkaline phosphatase assay, compounds 13
and 14 had sub-nanomolar in vitro potency (EC50 0.1–
0.5 nM), similar to that of the steroidal PR agonist
medroxyprogesterone acetate (2) and more potent than
progesterone (1). In comparison with their correspond-
ing 2-carbonyl analogs (7f–h), compounds 13–15 not
only switched from PR antagonist to PR agonist they
were also more potent in the T47D alkaline phosphatase
assay. Consistent with the functional activity, com-
pounds 13–15 had higher binding affinity compared to
their 2-carbonyl analogs. For example, compound 14
had a binding IC50 of 0.4 nM while the IC50 of its 2-car-
bonyl analog 7g was only 26.2 nM when tested in a PR
competition binding assay using cytosol from the human
T47D breast carcinoma cell line.19


To understand why subtle structural changes (2-car-
bonyl in 7f–h vs 2-thiocarbonyl in 13–15) switched PR
functional activities, 7f and 13 were closely examined
for their interaction in the PR binding pocket using
docking studies.20 Recently, several co-crystal structures
of PR LBD/steroidal and non-steroidal PR agonists
have been reported.7,21,22 Using the PR LBD crystal
structure derived from PR LBD/tanaproget (a non-ste-
roidal PR agonist), PR agonist 13 was docked into the
PR LBD and was shown to demonstrate the same key
interactions within PR binding site as tanaproget
(Fig. 1). Similar to tanaproget,7 the nitrile group of 13
makes important hydrogen bond interactions to residues
Gln725 from helix-3 and Arg766 from helix-5, which are
held in position by a water molecule. The NH group
of the benzimidazole-2-thione moiety in 13 acts as a
hydrogen bond donor by forming an interaction with
the side chain oxygen of Asn719 within helix-3. Clearly,
compound 13 has the same favorable agonist mode
interactions with PR as tanaproget and as such it was
a potent PR agonist.


In contrast to PR agonists, the co-crystal structure of
PR LBD/PR antagonists (in particular non-steroidal

Figure 1. Docked poses of PR antagonist 7f (magenta) overlaid with


agonist 13 (cyan) in PR LBD binding site. (Only key residues and a


Connolly surface of the binding site are shown for simplicity.


Hydrogen bonds are shown as yellow dotted lines.)







Table 3. Relative potencies of P4 (1), MPA (2), and 14 at AR and GR


Compound PR EC50


(nM)


AR EC50


(nM)


AR IC50


(nM)


GR EC50


(nM)


GR IC50


(nM)


1a 0.9 NDc 37 (46%) ND >1000


2a 0.1 6.1


(159%)


ND 10 (157%) ND


14b 0.1 >10,000 �1000 >10,000 99


a Data from Ref. 6.
b Experimental values represent the average of at least duplicate


determinations. The standard deviation for these assays was typically


±15% of mean or less.
c ND, not determined.


Table 4. Oral activities of P4 (1), MPA (2), and 14 in rat decidual-


ization and complement component C3 model


Compound 1 2 14


Decidualization ED50
a (mg/kg) 5.62b 0.40b 0.02


Component C3 ED50
a (mg/kg) NDc 0.03b 0.003


a Experimental values represent the average of at least duplicate


determinations. The standard deviation for the decidualization and


C3 assays was typically ±15% of mean or less.
b Dosed via subcutaneous injection.
c ND, not determined.
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PR antagonists) has not been reported to date. More re-
cently, a co-crystal structure of PR LBD/asoprisnil, a
steroidal selective PR modulator (SPRM), in the
presence of co-repressor was disclosed.23 Asoprisnil pos-
sesses a large 11-b pendent aryl group (likewise, RU-486
also has a large 11-b pendent aryl moiety) and induced a
conformational shift in the helix-12 region and favor-
ably permits co-repressor binding.23 However, smaller
antagonists 7f–h lack the structural moiety similar to
that of 11-b pendent aryl group from asoprisinil and
RU-486 and are unlikely to induce helix-12 conforma-
tional shift that leads to PR antagonist activity. Consid-
ering the close structure similarity between agonists 13–
15 versus antagonists 7f–h, we decided to choose 7f, the
counterpart of agonist 13, and docked it into the PR
LBD binding pocket from PR LBD/tanaproget
(Fig. 1). As illustrated in Figure 1, 7f and 13 overlaid
well in the binding pocket and have the same key inter-
actions with PR although 13 has slightly favorable dock-
ing score (�0.7 kcal/mol). While we are unable to
explain the functional activity switch for 7f and 13 from
docking study with PR LBD, it is possible that non-ste-
roidal PR antagonists such as 7f have a unique mecha-
nism that induces PR antagonism. Compared to other
steroidal receptors such as estrogen receptor (ER), PR
has much smaller and less stable dimmer interface22 that
presumably could influence PR functional activity in dif-
ferent ways. Therefore, the PR conformational shifts
that may result in the functional activity switch, due to
the nature of PR dimmer interface, may be more suscep-
tible to a subtle structural change induced by PR ligands
such as non-steroidal PR antagonists 7f–h versus ago-
nists 13–15. Further study is needed to shed light on
why PR functional activities were switched when there
is only a small structural change in these non-steroidal
ligands.


Since compound 14 was the most potent analog in the
T47D alkaline phosphatase assay it was evaluated for
its selectivity over other steroidal receptors and in sev-
eral animal models. Many steroids such as MPA were
known to cross-react with GR and AR.24 The selectivity
of 14 with GR and AR was examined using an HRE-tk-
luciferase assay in the human lung carcinoma cell line
A549 for GR and in mouse fibroblast cell line L929
for AR.19 In contrast to MPA, 14 was over 500-fold
selective for the PR over both GR and AR (Table 3)
suggestive of less potential AR or GR-related side
effects.


Excellent oral potency was observed for 14 in the ovari-
ectomized female rat decidualization model (Table 4).24


In this model it was 20-fold more potent than MPA and
over 200-fold than progesterone with both steroids
administered by subcutaneous injection. Compound 14
was also tested in an additional in vivo PR agonist mod-
el, the adult ovariectomized rat uterine component C3
assay.25 PR agonists are known to down-regulate the
estrogen induced synthesis of complement component
C3 in the epithelial cells of the rat uterus. As shown in
Table 4, 14 had oral potency of 0.003 mg/kg and was
six times more potent than MPA (2). The oral activities
demonstrated in rat models for 14 were substantiated by

its pharmacokinetics profile. In a separate PK study
using female rats, compound 14 had moderate clearance
(25 mL/min/kg), high volume of distribution (7.6 L/kg),
a reasonable terminal half-life (4.4 h), and AUC0–1
(0.68 lg h/mL) following a single IV bolus injection of
1 mg/kg dose. When administered orally at the dose of
1 mg/kg, its exposure (AUC0–1) was 0.48 lg h/mL
which resulted in an excellent bioavailability of 71%.


Compound 14 was further evaluated for ovulation inhi-
bition by treating cynomolgus monkeys once daily
throughout a normal menstrual cycle. In this model,
14 inhibited ovulation-induced progesterone levels with
an ED100 of 0.03 mg/kg when dosed orally, which was
similar to that of tanaproget (ED100 0.01 mg/kg, po).
In comparison, single subcutaneous injection of MPA
at the dose of 15 mg/kg26 also completely blocked pro-
gesterone level in cynomolgus monkey for a prolonged
time. Levonorgestrel, another steroidal PR ligand evalu-
ated in this model, achieved complete blockage of pro-
gesterone level at 0.9 lg/kg via intramuscular
injection.27 Limited data have been reported in this
model for non-steroidal PR ligands. However, a tetra-
hydropyridazine27 was described to completely block
progesterone level at 0.9 mg/kg when dosed intramuscu-
larly. While comparison of these PR ligands is difficult
because of different routes of administration, 14 was
clearly a potent and orally active non-steroidal PR ago-
nist in the cynomolgus monkeys.


In conclusion, the SAR examination of 6-aryl benzimid-
azole-2-thiones has led to discovery of novel potent PR
agonists. Among the benzimidazole-2-thiones prepared,
compound 14 was the most potent analog and, in con-
trast to MPA, highly selective (>500-fold) for the PR
over both glucocorticoid and androgen receptors. In
the rat uterine decidualization and complement compo-
nent C3 models, 14 was from 6- to 20-fold more potent
than MPA. In the monkey ovulation inhibition model,
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compound 14 was also highly efficacious and potent. Ta-
ken together, compound 14 is potentially useful as a no-
vel contraceptive and for the treatment of reproductive
disorders.

4. Experimental


1H NMR spectra were recorded on a Bruker DPX300,
Varian INOVA 400, or Varian INOVA 500 instrument.
Chemical shifts are reported in d values (parts per mil-
lion, ppm) relative to an internal standard of tetrameth-
ylsilane in CDCl3 or DMSO-d6. Electrospray (ESI) mass
spectra were recorded using a Hewlett-Packard 5989B
MS engine or Waters Alliance-ZMD mass spectrometer.
Electron Impact ionization (EI, EE = 70 eV) mass spec-
tra were recorded on a Finnigan Trace mass spectrome-
ter. Elemental analyses were carried out on a modified
PerkinElmer model 2400 series II CHN analyzer or sent
to Robertson Microlit. Analytical thin-layer chromatog-
raphy (TLC) was carried out on pre-coated plates (silica
gel, 60 F-254), and spots were visualized with UV light
and stained in iodine. Preparative HPLC purifications
were performed on a preparative Gilson HPLC system
using a CombiPrep Pro C18 column with acetonitrile
(0.1% TFA) and water (0.1% TFA) as solvents at a flow
rate of 20 mL/min. Solvents were purchased as
anhydrous grade and were used without further
purification.


4.1. 6-Bromo-1-cyclobutyl-1,3-dihydro-2H-benzimidazol-
2-one (6a)


A mixture of 5-bromo-2-oxo-2,3-dihydro-benzimid-
azole-1-carboxylic acid tert-butyl ester11 (10 g,
31.9 mmol), cyclobutanol (4.9 mL, 48.4 mmol), and tri-
phenylphosphine (16.7 g, 48.4 mmol) in anhydrous
THF (320 mL) was treated with a solution of diethyla-
zodicarboxylate (10 mL, 48.4 mmol) in THF (60 mL)
in a dropwise manner at room temperature under nitro-
gen. After stirred for 30 min, to the reaction mixture was
added ethyl acetate (100 mL). The organic layer was
separated and aqueous layer was extracted with ethyl
acetate (2· 50 mL). The combined organic layers were
washed with a saturated aqueous sodium bicarbonate
solution (100 mL), dried with anhydrous sodium sulfate,
concentrated, and purified via a silica gel column (5%
ethyl acetate in hexane) to give tert-butyl 5-bromo-3-
cyclobutyl-2-oxo-2,3-dihydro-1H-benzo[d]imidazole-1-
carboxylate (2.29 g, 20%) as a clear oil. The oil was ta-
ken up in dichloromethane (40 mL) and treated with tri-
fluoroacetic acid (2.4 mL, 31 mmol). After stirred for
30 min, the solvent was removed under a reduced pres-
sure and the residue was taken up in ethyl acetate
(50 mL) and washed with saturated aqueous sodium
bicarbonate solution (50 mL). The organic layer was
separated, dried over anhydrous sodium sulfate, and
concentrated to give 6a (1.5 g, 88%) as a white solid.
1H NMR (DMSO-d6) d 11.02 (s, 1H, D2O exchange-
able), 7.48 (d, 1H, J = 1.77 Hz), 7.14 (dd, 1H, J = 8.25,
1.80 Hz), 6.91 (d, 1H, J = 8.24 Hz), 4.77 (m, 1H), 2.8
(m, 2 H), 2.23 (m, 2H), 1.79 (m, 2H). MS (ESI) m/z
267 ([M+H]+).

4.2. 3-(3-Cyclobutyl-2-oxo-2,3-dihydro-1H-benzimidazol-
5-yl)-5-fluorobenzonitrile (7a)


A mixture of 6-bromo-1-cyclobutyl-1,3-dihydro-2H-
benzimidazol-2-one (6a) (1.0 g, 3.7 mmol), 3-cyano-5-
fluorophenyl boronic acid (0.92 g, 5.6 mmol), and so-
dium carbonate (0.78 g, 7.4 mmol) in DME (60 mL)
and water (30 mL) was subject to a blanket of nitro-
gen for 15 min at 50 �C. Tetrakis(triphenylphos-
phine)-palladium (0) (0.43 g, 0.37 mmol) was added
and the reaction mixture was heated to 85 �C for
1 h. The reaction mixture was then cooled to room
temperature and ethyl acetate (100 mL) added. The
organic layer was separated and aqueous layer ex-
tracted with ethyl acetate (2· 50 mL). The combined
organic layers were washed with a saturated aqueous
ammonium chloride solution (2· 100 mL), dried over
magnesium sulfate, and concentrated. The residue
was purified via a silica gel column (40% ethyl ace-
tate in hexane) to give 7a (0.34 g, 31%) as a white
solid. 1H NMR (DMSO-d6) d 11.01 (s, 1H), 8.10
(m, 1H), 7.97 (m, 1H), 7.77 (m, 1H), 7.68 (d, 1H,
J = 8.0, 1.6 Hz), 7.43 (dd, 1H, J = 8.0, 1.6 Hz), 7.06
(d, 1H, J = 8.0 Hz), 4.89 (m, 1H), 2.94 (m, 2H),
2.26 (m, 2H), 1.87 (m, 1H), 1.78 (m, 1H). MS
(ESI) m/z 308 ([M+H]+). HRMS: Calcd for
C18H14FN3O+H+, 308.11937. Found (ESI [M+H]+):
308.12050.


4.3. 3-(3-Cyclobutyl-2-thioxo-2,3-dihydro-1H-benzimida-
zol-5-yl)-5-fluorobenzonitrile (8)


A mixture of 3-(3-cyclobutyl-2-oxo-2,3-dihydro-1H-
benzimidazol-5-yl)-5-fluorobenzonitrile (7a) (80 mg,
0.26 mmol) and Lawesson’s reagent (110 mg,
0.27 mmol) in anhydrous toluene was heated at reflux
under nitrogen for 18 h. The solvent was removed in
vacuo and residue was purified on a silica gel column
(30% ethyl acetate in hexane) to afford 8 as an off-
white solid (28 mg, 33%). 1H NMR (DMSO-d6) d
12.94 (s, 1H, D2O exchangeable), 8.19 (s, 1H), 8.04–
8.16 (m, 1H), 7.97 (s, 1H), 7.82–7.86 (m, 1H), 7.61
(dd, 1H, J = 8.27, 1.55 Hz), 7.28 (d, 1H, J = 8.28 Hz),
5.62–5.69 (m, 1H), 3.09–3.19 (m, 2H), 2.28–2.35 (m,
2H), 2.01–2.11 (m, 1H), 1.82–1.92 (m, 1H). MS (ESI)
m/z 324 ([M+H]+). Anal. Calcd for C18H14FN3SÆ0.1-
H2O: C, 66.48; H, 4.4; N, 12.92. Found: C, 66.81; H,
4.33; N, 12.57.


The following compounds (9–12) were prepared by fol-
lowing the procedures of compound 8.


4.4. 6-Bromo-1-cyclopentyl-1,3-dihydro-2H-benzimidazol-
2-one (6b)


The title compound was prepared from 5-bromo-2-
oxo-2,3-dihydro-benzimidazole-1-carboxylic acid tert-
butyl ester and cyclopentanol as an off-white solid
(2.1 g, 85%). 1H NMR (DMSO-d6) d 11.0 (s, 1H),
7.32 (d, 1H, J = 1.79 Hz), 7.13 (dd, 1 H, J = 8.22,
1.87 Hz), 6.92 (d, 1H, J = 8.25 Hz), 4.68 (m, 1H), 2.0
(m, 2H), 1.88 (m, 4H), 1.64 (m, 2H). MS (ESI) m/z
281 ([M+H]+).
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4.5. 6-(3-Chloro-4-fluorophenyl)-1-cyclopentyl-1,3-dihy-
dro-2H-benzimidazol-2-one (7b)


The title compound was prepared from 6b and 3-chloro-4-
fluorophenyl boronic acid as a white solid (0.67 g, 44%).
1H NMR (DMSO-d6) d 10.93 (s, 1H, D2O exchangeable),
7.87 (dd, 1H, J = 7.15, 2.34 Hz), 7.64–7.68 (m, 1H), 7.47
(t, 1H, J = 9.10 Hz), 7.41 (d, 1H, J = 1.55 Hz), 7.28 (dd,
1H, J = 8.06, 1.69 Hz), 7.04 (d, 1H, J = 8.06 Hz), 4.72–
4.82 (m, 1H), 2.09–2.18 (m, 2H), 1.83–1.92 (m, 4H),
1.60–1.73 (m, 2H). MS (ESI) m/z 331 ([M+H]+).


4.6. 6-(3-Chloro-4-fluorophenyl)-1-cyclopentyl-1,3-dihy-
dro-2H-benzimidazole-2-thione (9)


The title compound was prepared from 7b and Lawes-
son’s reagent as an off-white solid (89 mg, 46%). 1H
NMR (DMSO-d6) d 12.88 (s, 1H, D2O exchangeable),
7.91 (dd, 1H, J = 7.02, 2.34 Hz), 7.68–7.72 (m, 1H),
7.45–7.56 (m, 3H), 7.27 (d, 1H, J = 8.31 Hz), 5.48–5.56
(m, 1H), 2.22–2.33 (m, 2H), 1.92–2.06 (m, 4H), 1.67–
1.78 (m, 2H). MS (ESI) m/z 347 ([M+H]+).


4.7. 1-Cyclopentyl-6-(3,4-difluorophenyl)-1,3-dihydro-2H-
benzimidazol-2-one (7c)


The title compound was prepared from 6b and 3,4-diflu-
orophenyl boronic acid as a white solid (0.87 g, 54%).
1H NMR (DMSO-d6) d 10.93 (s, 1H, D2O exchange-
able), 7.75 (m, 1H), 7.5 (m, 2H), 7.40 (d, 1H, J = 1.56
Hz), 7.29 (dd, 1H, J = 8.06, 1.69 Hz), 7.04 (d, 1H,
J = 8.06 Hz), 4.78 (m, 1H), 2.13 (m, 2H), 1.91 (m, 4H),
1.65 (m, 2H). MS (ESI) m/z 315 ([M+H]+).


4.8. 1-Cyclopentyl-6-(3,4-difluorophenyl)-1,3-dihydro-
2H-benzimidazole-2-thione (10)


The title compound was prepared from 7c and Lawes-
son’s reagent as an off-white solid (0.12 g, 67%). 1H
NMR (DMSO-d6) d 12.88 (s, 1H, D2O exchangeable),
7.81 (m, 1H), 7.47–7.56 (m, 4H), 7.27 (d, 1H,
J = 8.18 Hz), 5.53 (m, 1H), 2.23 (m, 2H), 1.97 (m, 4H),
1.73 (m, 2H). MS (ESI) m/z 331 ([M+H]+). Anal. Calcd
for C18H16F2N2S: C, 65.44; H, 4.88; N, 8.48. Found: C,
65.07; H, 4.98; N, 8.30.


4.9. 6-Bromo-1-(1-ethylpropyl)-1,3-dihydro-2H-benz-
imidazol-2-one (6c)


The title compound was prepared from 5-bromo-2-oxo-
2,3-dihydro-benzimidazole-1-carboxylic acid tert-butyl
ester and 3-pentanol as a white solid (1.9 g, 73%). 1H
NMR (DMSO-d6) d 11.03 (s, 1H, D2O exchangeable),
7.39 (d, 1H, J = 1.80 Hz), 7.12 (dd, 1H, J = 8.24,
1.81 Hz), 6.93 (d, 1H, J = 8.24 Hz), 4.05 (m, 1H),
1.90–2.02 (m, 2 H), 1.72–1.83 (m, 2H), 0.72 (t, 6H,
J = 7.36 Hz). MS (ESI) m/z 283 ([M+H]+).


4.10. 6-(3-Chloro-4-fluorophenyl)-1-(1-ethylpropyl)-1,3-dihy-
dro-2H-benzimidazol-2-one (7d)


The title compound was prepared from 6c and 3-chloro-
4-fluorophenyl boronic acid as a white solid (0.77 g,

64%). 1H NMR (DMSO-d6) d 10.92 (s, 1H, D2O
exchangeable), 7.88 (dd, 1H, J = 7.15, 2.34 Hz), 7.67
(m, 1H), 7.48 (m, 2H), 7.28 (dd, 1H, J = 8.19,
1.69 Hz), 7.04 (d, 1H, J = 8.06 Hz), 4.25 (m, 1H),
2.08–2.18 (m, 2H), 1.73–1.82 (m, 2H), 0.76 (t, 6H,
J = 7.40 Hz). MS (ESI) m/z 333 ([M+H]+).


4.11. 6-(3-Chloro-4-fluorophenyl)-1-(1-ethylpropyl)-1,3-
dihydro-2H-benzimidazole-2-thione (11)


The title compound was prepared from 7d and Lawes-
son’s reagent as an off-white solid (0.11 g, 55%). 1H
NMR (DMSO-d6) d 12.86 (s, 1H, D2O exchangeable),
7.93 (d, 1H, J = 5.20 Hz), 7.72 (m, 2H), 7.48 (m, 2H),
8.18 (d, 1H, J = 8.18 Hz), 5.17 (m, 1H), 2.12–2.21 (m,
2H), 1.90–1.99 (m, 2H), 0.74 (t, 6H, J = 7.27 Hz). MS
(ESI) m/z 349 ([M+H]+). Anal. Calcd for
C18H18ClFN2S: C, 61.97; H, 5.20; N, 8.03. Found: C,
61.76; H, 5.09; N, 7.84.


4.12. 3-[3-(1-Ethylpropyl)-2-oxo-2,3-dihydro-1H-benzim-
idazol-5-yl]-5-fluorobenzonitrile (7e)


The title compound was prepared from 6c and 3-cyano-
5-fluorophenyl boronic acid as a white solid (0.55 g,
44%). 1H NMR (DMSO-d6) d 11.04 (s, 1H, D2O
exchangeable), 8.10 (s, 1H), 7.95 (m, 1H), 7.77 (m,
1H), 7.62 (s, 1H), 7.42 (dd, 1H, J = 8.13, 1.51 Hz),
7.07 (d, 1H, J = 8.15 Hz), 4.16 (m, 1H), 2.05–2.15 (m,
2 H), 1.72–1.81 (m, 2H), 0.76 (t, 6H, J = 7.32 Hz). MS
(ESI) m/z 324 ([M+H]+). Anal. Calcd for
C19H18FN3OÆ0.2EtOH: C, 70.1; H, 5.76; N, 12.64.
Found: C, 70.28; H, 5.73; N, 12.39.


4.13. 3-[3-(1-Ethylpropyl)-2-thioxo-2,3-dihydro-1H-ben-
zimidazol-5-yl]-5-fluorobenzonitrile (12)


The title compound was prepared from 7e and Lawes-
son’s reagent as an off-white solid (0.13 g, 46%). 1H
NMR (DMSO-d6) d 12.91 (s, 1H, D2O exchangeable),
8.14 (s, 1H), 8.00 (d, 1H, J = 10.50 Hz), 7.85 (m, 2H),
7.61 (dd, 1H, J = 8.32, 1.15 Hz), 7.29 (d, 1H,
J = 8.20 Hz), 5.17 (m, 1H), 2.12–2.21 (m, 2H), 1.91–
2.03 (m, 2H), 0.72 (t, 6H, J = 7.31 Hz). MS (ESI) m/z
340 ([M+H]+). Anal. Calcd for C19H18FN3SÆ0.5H2O:
C, 65.49; H, 5.5; N, 12.06. Found: C, 65.17; H, 5.2; N,
11.76.


4.14. 5-(3-Cyclopentyl-2-oxo-2,3-dihydro-1H-benzim-
idazol-5-yl)-1-methyl-1H-pyrrole-2-carbonitrile (7g)


To a stirred solution of N-methyl-2-cyanopyrrole
(0.25 g, 2.32 mmol) and triisopropylborate (0.55 mL,
2.38 mmol) in THF (5 mL) at 0 �C under nitrogen was
added lithium diisopropyl amide (2.0 M in THF,
1.5 mL, 3 mmol) in a dropwise manner. After stirred
for 1 h, the solution was treated with 6-bromo-1-cyclo-
penyl-1,3-dihydro-2H-benzimidazol-2-one (6b, 0.33 g,
1.16 mmol), glyme (5 mL), sodium carbonate (0.37 g,
3.48 mmol) dissolved in water (2 mL), and tetrakis(tri-
phenylphosphine) palladium (0) (0.07 g, 0.06 mmol).
The resulting mixture was heated at 70 �C for 3 h and
cooled to ambient temperature. A saturated ammonium
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chloride aqueous solution (50 mL) and ethyl acetate
(100 mL) was added. The organic layer was separated,
dried over magnesium sulfate, and concentrated. The
residue was purified via a silica gel column (50% ethyl
acetate in hexane) to afford 7g as an off-white solid
(0.12 g, 34%). 1H NMR (DMSO-d6) d 11.02 (s, 1H),
7.23 (d, 1H, J = 1.17 Hz), 7.06–7.12 (m, 2H), 7.03 (d,
1H, J = 4.03 Hz), 6.31 (d, 1H, J = 4.03 Hz), 4.72 (q,
1H, J = 8.6 Hz), 3.72 (s, 3H), 2.05–2.10 (m, 2H), 1.85–
1.93 (m, 4H), 1.62–1.66 (m, 2H). MS (ESI) m/z 307
([M+H]+). HRMS: Calcd for C18H18N4O + H+,
307.15534. Found (ESI_FT [M+H]+): 307.15508.


4.15. 5-(3-Cyclopentyl-2-thioxo-2,3-dihydro-1H-benzim-
idazol-5-yl)-1-methyl-1H-pyrrole-2-carbonitrile (14)


To a stirred solution of 5-(3-cyclopentyl-2-oxo-2,3-
dihydro-1H-benzimidazol-5-yl)-1-methyl-1H-pyrrole-2-
carbonitrile ( 0.10 g, 0.33 mmol) in toluene (7 mL) was
added Lawesson’s reagent (0.19 g, 0.47 mmol) and the
resulting solution was heated to 100 �C overnight.
The solution was allowed to cool, partitioned between
saturated ammonium chloride solution (50 mL) and
ethyl acetate (80 mL). The organic layer was separated,
dried over magnesium sulfate, and concentrated. The
residue was purified via a silica gel column using a
10–20% ethyl acetate in hexane gradient to afford 14
as a yellowish solid (0.035 g, 33%). 1H NMR
(DMSO-d6) d 12.95 (s, 1H), 7.44 (s, 1H), 7.28–7.32
(m, 2H), 7.05 (d, 1H, J = 4.03 Hz), 6.39 (d, 1H,
J = 4.03 Hz), 5.54 (q, 1H, J = 9.0 Hz), 3.73 (s, 3H),
2.10–2.19 (m, 2H), 1.95–1.99 (m, 4H), 1.70–1.73 (m,
2H). MS (ESI) m/z 323 ([M+H]+). HRMS: Calcd for
C18H18N4S + H+, 323.13249. Found (ESI_FT
[M+H]+): 323.13252. Anal. Calcd for C18H18N4S: C,
67.05; H, 5.63; N, 17.38. Found: C, 66.71; H, 5.43;
N, 17.29.


The following compounds (13 and 15) were prepared by
following the procedures of compound 14.


4.16. 5-(3-Cyclobutyl-2-oxo-2,3-dihydro-1H-benzimida-
zol-5-yl)-1-methyl-1H-pyrrole-2-carbonitrile (7f)


The title compound was prepared from 6a and N-
methyl-2-cyanopyrrole as an off-white solid (0.23g,
44%). 1H NMR (DMSO-d6) d 11.02 (s, 1H, D2O
exchangeable), 7.40 (s, 1H), 7.02–7.12 (m, 3H), 6.32
(dd, 1H, J = 4.03 Hz), 4.82–4.88 (m, 1H), 3.73 (s, 3H),
2.81–2.91 (m, 2H), 2.40–2.49 (m, 2H), 1.82–1.92 (m,
1H), 1.72–1.81 (m, 1H). MS (ESI) m/z 293 ([M+H]+).
Anal. Calcd for C17H16N4OÆ0.5H2O: C, 67.76; H, 5.69;
N, 18.59. Found: C, 67.82; H, 5.42; N, 18.21.


4.17. 5-(3-Cyclobutyl-2-thioxo-2,3-dihydro-1H-benzimi-
dazol-5-yl)-1-methyl-1H-pyrrole-2-carbonitrile (13)


The title compound was prepared from 7f and Lawes-
son’s reagent a yellowish solid (0.11 g, 67%). 1H NMR
(DMSO-d6) d 12.95 (s, 1H, D2O exchangeable), 7.79
(d, 1H, J = 0.91 Hz), 7.27–7.34 (m, 2H), 7.06 (d, 1H,
J = 4.03 Hz), 6.41 (d, 1H, J = 4.03 Hz), 5.62–5.71 (m,
1H), 3.75 (s, 3H), 2.91–3.03 (m, 2H), 2.38–2.49 (m,

2H), 1.98–2.07 (m, 1H), 1.82–1.91 (m, 1H). MS (ESI)
m/z 309 ([M+H]+).


4.18. 5-[3-(1-Ethylpropyl)-2-oxo-2,3-dihydro-1H-benzim-
idazol-5-yl]-1-methyl-1H-pyrrole-2-carbonitrile (7h)


The title compound was prepared from 6c and N-
methyl-2-cyanopyrrole as an off-white solid (0.36 g,
48%). 1H NMR (DMSO-d6) d 11.00 (s, 1H), 7.30 (s,
1H), 7.06–7.11 (m, 2H), 7.01 (d, 1H, J = 4.03 Hz), 6.30
(d, 1H, J = 4.03 Hz), 4.02–4.13 (m, 1H), 3.71 (s, 3H),
1.97–2.05 (m, 2H), 1.74–1.81 (m, 2H), 0.73 (t, 6H,
J = 7.41 Hz). MS (ESI) m/z 309 ([M+H]+). HRMS:
Calcd for C18H20N4O + H+, 309.17099. Found (ESI_FT
[M+H]+): 309.17076.


4.19. 5-[3-(1-Ethylpropyl)-2-thioxo-2,3-dihydro-1H-ben-
zimidazol-5-yl]-1-methyl-1H-pyrrole-2-carbonitrile (15)


The title compound was prepared from 7h and Lawes-
son’s reagent a yellowish solid (0.088g, 63%). 1H
NMR (DMSO-d6) d 12.92 (s, 1H), 7.60 (s, 1H), 7.29
(s, 2H), 7.05 (d, 1H, J = 4.03 Hz), 6.36 (d, 1H, J = 4.03
Hz), 5.10–5.20 (m, 1H), 3.72 (s, 3H), 2.02–2.10 (m,
2H), 1.89–1.95 (m, 2H), 0.71 (t, 6H, J = 7.41 Hz). MS
(ESI) m/z 325 ([M+H]+). HRMS: Calcd for
C18H20N4S + H+, 325.14814. Found (ESI_FT
[M+H]+): 325.14805.


4.20. Rat decidualization assay


4.20.1. Reagents. Test compounds were dissolved in
100% ethanol and mixed with corn oil (vehicle). Stock
solutions of the test compounds in oil (MazolaTM) were
then prepared by heating (�80 �C) the mixture to evap-
orate ethanol. Test compounds were subsequently di-
luted with 100% corn oil or 10% ethanol in corn oil
prior to the treatment of animals. No difference in decid-
ual response was found when these two vehicles were
compared.


4.20.2. Animals. Ovariectomized mature female Spra-
gue–Dawley rats (�60-day-old and 230 g) were obtained
from Taconic (Taconic Farms, NY) following surgery.
Ovariectomy was performed at least 10 days prior to
treatment to reduce circulating sex steroids. Animals
were housed under 12 h light/dark cycle and given stan-
dard rat chow and water ad libitum.


4.20.3. Treatment. Rats were weighed and randomly as-
signed to groups of 4 or 5 before treatment. Test com-
pounds in 0.2 mL vehicle were administered by
subcutaneous injection in the nape of the neck or by ga-
vage using 0.5 mL. The animals were treated once daily
for seven days. For testing antiprogestins, animals were
given the test compounds and an EC50 dose of proges-
terone (5.6 mg/kg) during the first 3 days of treatment.
Following decidual stimulation, animals continued to
receive progesterone until necropsy 4 days later.


4.20.4. Dosing. Doses were prepared based upon mg/kg
mean group body weight. In all studies, a control group
receiving vehicle was included. Determination of dose–
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response curves was carried out using doses with half-
log increases (e.g., 0.1, 0.3, 1.0, 3.0 mg/kg. . .).


4.20.5. Decidual induction. Approximately 24 h after the
third injection, decidualization was induced in one of the
uterine horns by scratching the antimesometrial luminal
epithelium with a blunt 21 G needle. The contralateral
horn was not scratched and served as an unstimulated
control. Approximately 24 h following the final treat-
ment, rats were sacrificed by CO2 asphyxiation and
body weight measured. Uteri were removed and
trimmed of fat. Decidualized (D-horn) and control (C-
horn) uterine horns were weighed separately.


4.20.6. Analysis of results. The increase in weight of the
decidualized uterine horn was calculated by D-horn/C-
horn and logarithmic transformation was used to maxi-
mize normality and homogeneity of variance. The Huber
M-estimator was used to down weight the outlying
transformed observations for both dose–response curve
fitting and one-way analysis of variance. JMP software
(SAS Institute, Inc.) was used for both one-way ANO-
VA and non-linear dose–response analyses.


4.21. Rat uterine C3 model


4.21.1. Reagents. Stock solutions of the test compounds
are prepared in 100% ethanol or 100% DMSO if they are
not soluble in ethanol. The compounds are prepared for
dosing in 10% ethanol in corn oil (MazolaTM) vehicle.


4.21.2. Animals. Ovariectomized-female, 60-day-old
Sprague–Dawley rats are obtained following surgery
(Harlan). The surgeries are to be done a minimum of
8 days prior to the first treatment. The animals are
housed under 12 h light/dark cycle. In some of the assay
validation studies, the animals were fed standard rat
chow and water ad libitum, while in others the animals
were fed the casein-based Laboratory Rodent Diet 5K96
(Purina) and water ad libitum. All future studies will be
run using the 5K96 diet.


4.21.3. Treatment. Upon arrival the rats are random-
ized, placed in groups of six, and given a minimum
of 72 h to acclimate to the surroundings. They are then
treated once a day for two days with the compound(s)
of interest or vehicle (vehicle control group). Adminis-
tration of the compound is either by subcutaneous
injection of 0.2 mL in the nape of the neck or orally
by gavage of 0.5 mL. On the second day, the animals
are co-treated with 17a-ethinyl estradiol (EE) or vehicle
(vehicle control group), orally by gavage, 0.5 mL per
dose dosing: two control groups are included in all
analyses: a vehicle group and an EE group. Doses
are prepared based on mg/kg mean group body weight.
Initial screening of test compounds is done at three
doses (e.g., 0.03, 0.3, 3 mg/kg body weight). Dose–re-
sponse curves may be run on active compounds using
doses with half-log increments over a dose range deter-
mined from the initial screening data. Approximately
24 h following the final treatment the animals are killed
by CO2 asphyxiation and the body weight and uterine
wet weight determined.

4.21.4. Assays uterine complement component C3. Fol-
lowing euthanasia, the uteri are removed from the ani-
mals, stripped of remaining fat and mesentary, and
weighed. The uteri are snap-frozen on dry ice in groups
of two. Total RNA is extracted using TRIzol reagent
(Gibco-BRL). RNA samples are run on a 1% agarose/
formaldehyde gel. The nucleic acids are then transferred
to a nylon membrane overnight by capillary action. The
nucleic acids are crosslinked to the membrane using UV
light, the 28S rRNA is quantitated using the IP Lab Gel
software (Signal Analytics Corp.), and then the blot is
hybridized with a cDNA probe for complement compo-
nent C3. Following hybridization, the blot is exposed to
a phosphorscreen. Quantitation of C3 message is per-
formed using a phosphorimager (Molecular Dynamics).


4.21.5. Analysis of results. Results are reported as the
ratio C3/28S. These ratios are transformed by loga-
rithms to normalize the data. The Huber M-estimator
is used to down weight the outlying transformed obser-
vations. The JMP software (SAS Institute, Inc.) is used
to analyze the transformed and weighted data for both
the one-way ANOVA and the non-linear dose–re-
sponse curves. The IC50 values with 95% confidence
intervals are calculated using a four parameter logistic
model that calculates minimum, maximum, slope, and
IC50.


4.22. Primate ovulation inhibition assay


The ovulation inhibition assay in cynomolgus monkeys
was carried out as described27 with modifications.
Briefly, animals were treated with vehicle (2% Tween
80/0.5% methylcellulose) or test compounds orally from
day 2 to 28 of the menstrual cycle. Blood samples were
taken every Monday, Wednesday, and Friday until next
menses for progesterone measurement. The occurrence
of ovulation was inferred from the pattern of progester-
one during the menstrual cycles.
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Abstract—A series of compounds containing one or two salicylic acid moieties were synthesized, and their efficacy to inhibit the
phosphohydrolase activity of PTP1B examined. Some of the methylenedisalicylic acid derivatives were potent inhibitors of PTP1B.
Of those derivatives, 3c exhibited about a 14-fold selectivity against TC-PTP, and this compound was tested in a mouse model for its
efficacy to prevent diet-induced obesity. It effectively suppressed the increases in body weight and adipose mass, without any notice-
able toxic effect. The compound also prevented increases in the plasma triglyceride, cholesterol, and nonesterified fatty acid concen-
trations; thus, expanding its therapeutic potential to other related metabolic diseases, such as hyperlipidemia and
hypercholesterolemia.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Obesity is a serious health-threatening factor in an
urbanized society, which increases the risk of other dis-
eases, such as type 2 diabetes, cardiovascular disease,
hypertension, and some cancers.1 High energy intake
and low energy expenditure, accompanied by changing
lifestyles, have increased the prevalence of obesity and
this increase is expected to continue. Despite the urgent
need for safe and efficient therapeutics and the potential
size of the market for anti-obesity drugs, the current
status for the development of such drugs is still
unsatisfactory.


Until recently, only two drugs, orlistat and sibutramine,
have been accepted for long-term use in the United
States, with a further three drugs, diethylpropion, phen-
dimetrazine, and phentermine, approved for short-term
use.2 In 2006, rimonabant was approved in Europe as a
novel medicine antagonizing CB1 endocannabinoid
receptor to decrease appetite. All these drugs exert their
anti-obesity effect by decreasing energy intake. Orlistat
prevents the absorption of fat by lipase inhibition in
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the gastrointestinal tract. Sibutramine inhibits presynap-
tic reuptake of the neurotransmitters, norepinephrine
and serotonin; thus, decreasing appetite.3 Unlike the
earlier amphetamine-like drugs, sibutramine is not asso-
ciated with primary pulmonary hypertension or valvular
heart diseases. However, as a central nervous system
stimulator, sibutramine increases the heart rate and
blood pressure, which have raised concerns about the
unidentified complications following long-term treat-
ment.4 The drugs for short-term use also suppress appe-
tite via a central mechanism, but also exhibit side effects,
such as palpitations, tachycardia, isomnia, hyperten-
sion, dry mouth, and constipation.2b The adverse effects
and risks of these drugs have limited their therapeutic
potential.


Aside from the side effects, current therapies target the
short-term machineries that regulate appetite or an indi-
vidual meal. The physiological system for the long-term
regulation of fat mass or energy balance includes leptin
and insulin, but leptin has a more important role in the
central nervous system (CNS) control of body weight.5


Leptin is secreted from adipocytes and its plasma level
is proportional to the mass of adipose tissues in the
body.6 The binding of leptin to the leptin receptors in
the hypothalamus is known to initiate a cascade, which
inhibits food intake and promotes energy expenditure.7


PTP1B was recently identified as a negative regulator
of hypothalamic leptin signaling.8 PTP1B inhibition or
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a reduction of the cellular abundance of PTP1B in mice
resulted in increased sensitivities to leptin and insulin,
and has also exhibited a protective effect against diet-in-
duced obesity.9 These observations provided the basis
for PTP1B as a therapeutic target for obesity, which is
the topic of this study.


In the design of PTPase inhibitors, the primary concern
is the construction of a structure that mimics the phos-
photyrosine residue, and recent research has produced
various scaffolds, including phosphonates, 2-(oxalylami-
no)-benzoic acids, and O-carboxymethyl salicylic acids,
to list but a few.10 High dose of salicylic acid has been
used, more than a century ago, to reduce the symptoms
related to type II diabetes.11 Similar effects have also
been observed with aspirin treatment.12 More recently,
our and another laboratories have reported that poly-
meric substances, containing multiple salicylic acid moi-
eties, are potent inhibitors of PTPases.13 Prompted by
these observations, salicylate moiety was examined as
a pharmacophore for the inhibition of PTP1B, with a
methylenedisalicylic acid derivative reported to have
an anti-obesity effect in a mouse model.14 In this study,
more diverse compounds were synthesized, containing
one or two salicylic acid moieties, and their inhibitory
potency against PTP1B evaluated. The most potent
PTP1B inhibitor was tested in an animal model for its
efficacy in preventing the obesity induced by a high fat
diet.

2. Results


2.1. Chemical synthesis


The syntheses of compounds 1a-k (Fig. 1) exemplifies
the Fries rearrangement-haloform reaction approach
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Figure 1. Compounds used or referred in this study.

(Scheme 1). For the syntheses of monosubstituted
salicylic acids (1a and 1c–e), appropriately substituted
phenolic compounds were converted to 2 0-hydroxyace-
tophenone derivatives, which were in turn O-methylated
and subjected to a haloform reaction. The phenolic OH
group was methylated for purification, even though the
haloform reaction can be performed without protection
of this group. The hydroxyacetophenone derivatives,
with an aromatic substituent at C-3 0 or C-5 0 (7 or 7 0),
were brominated at the C-5 0 or C-3 0 to obtain the 8 or
8 0 derivatives, respectively. For the syntheses of 1b, 1f,
and 1g, the haloform reaction was performed with 8
or 8 0. For the generation of 1h–j, 8 or 8 0 was subjected
to a Suzuki coupling reaction, using the pinacol ester
of phenylboronic acid and a palladium catalyst. The
phenolic OH was protected before the coupling reaction.
Resulting compounds, 9 and 9 0, were then subjected to
haloform reaction to obtain compounds 1h–j. For the
dibenzyl derivative, 1k, a second benzyl group was
introduced by benzoylation of 4-benzylphenol, followed
by a Wolff–Kishner reduction of the carbonyl group.
For the generation of 1l, the aldehyde (13) was protected
following bromination, with subsequent Stille coupling.
Compound 1m was prepared from 2-bromophenol.
The syntheses of 3,3 0-methylenebis(2-hydroxybenzoic
acid) derivatives started with the condensation of methyl
5-bromosalicylate (19) and formaldehyde (Scheme 2).
The condensation product (20) served as a precursor
for the syntheses of 3b–e. Hydrolysis of the ester, 20,
produced 3b. The treatment of 20 or 21 with the pinacol
ester of 2-thiophenyl or phenyl boronic acid, in the
presence of Pd(PPh3)4 catalyst, introduced 2-thiophenyl
or phenyl group, yielding 3e and 3c, respectively. The
basic reaction conditions resulted in concomitant hydro-
lysis of the ester. To synthesize 3d, a fully protected
compound (21) was subjected to a Stille coupling
reaction with 2-(tributylstannyl)furan and palladium
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Scheme 1. Synthetic strategy for the syntheses of 1a–m. Reagents and conditions: (a) CH3COCl, Et3N, ether; (b) AlCl3, heat; (c) (CH3)2SO4, NaOH,


EtOH, reflux; (d) Br2, aq KOH; (e) CH3OH, HCl, reflux; (f) BBr3; (g) aq NaOH, heat; (h) Br2; (i) CH3I, K2CO3, acetone, reflux; (j) ArB(OR)2,


Pd(PPh3)4, aq K3PO4, DMF, heat; (k) benzoyl chloride, AlCl3, CS2, 50 �C; 20% NaOH, 1,4-dioxane, 70 �C; (l) H2NNH2, KOH, (CH2OH)2, 120 �C–


reflux; (m) (CH2OH)2, pTsOH, reflux; (n) 2-(tributylstannyl)furan, Pd(PPh3)2Cl2, 1,4-dioxane, 100 �C; (o) 1 M HCl, CHCl3, reflux; (p) allyl bromide,


K2CO3, acetone, reflux; (q) 200 �C, microwave; (r) aq KOH, EtOH, reflux; (s) KMnO4, acetone; aq NaHSO3; aq HCl; (t) PhSH, K2CO3, NMP,


190 �C.
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catalyst. The resulting furanylated compound was
then treated with thiophenol and K2CO3 to remove
the protecting groups. A similar condensation reac-
tion of 5-flourosalicylic acid and paraformaldehyde
yielded 3a.


2.2. In vitro enzyme assays


The series of compounds synthesized in this study were
tested for their ability to inhibit PTP1B, using p-nitro-
phenyl phosphate (pNPP) as the substrate. The enzyme
and compounds were preincubated for 10 min prior to
the initiation of the enzyme reaction by addition of the
substrate. The IC50 values for the compounds deter-
mined under these conditions are shown in Table 1. Ki


values were also determined for selected compounds.


As presented in Table 1, the disalicylic acid derivatives
were generally found to be more potent than the monosal-

icylates, the 1 series. Compounds 1a, 1c, and 1d, with a
single phenyl or benzyl substitution of the salicylic acid
moiety, did not improve the inhibitory potency. Bromine
substitution resulted in a slightly increased potency, as
with compounds 1b, 1f, and 1g. Compounds 1h–k, with
double substitutions at the C-3 and C-5 positions, exhib-
ited lower IC50values. No significant difference was ob-
served between the phenyl and benzyl substitutions.


In the series of compounds 3a–e, two salicylic acid moi-
eties were flanked by a methylene group. The haloge-
nated derivatives, 3a and 3b, were not good inhibitors
of PTP1B (IC50 > 100 lM). Compound 3c proved to
be the most potent inhibitor of PTP1B (Ki = 6.5 lM).
In 3d and 3e, where the phenyl group in 3c was replaced
with heterocyclic furan or thiophene moieties, respec-
tively, 1.5–3.5-fold decreases in the inhibitory potencies
were observed. Similar results were previously obtained
for the 2 series of compounds.14







Table 1. Inhibitory effect of the compounds on PTP1B


Compound IC50 (lM)a Ki (lM)b


1a 1279 ± 320


1b 351 ± 56


1c 859 ± 30


1d 1180 ± 343


1e 403 ± 63


1f 148 ± 39


1g 153 ± 32


1h 57 ± 8


1i 65 ± 9


1j 84 ± 8


1k 91 ± 15


1l 380 ± 56


1m >1000


1n >1000


1o >1000


1p >1000


1q 850 ± 150


1r >1000


1s >1000


2f 20 ± 1c 9.4c


2g 15 ± 4c 6.3c


3a 215 ± 11


3b 149 ± 45


3c 19 ± 1 6.5


3d 67 ± 5


3e 27 ± 5


4 500 ± 100c 102c


5 (Ertiprotafib) 1.4 ± 0.1c 1.5c


a Values are means ± standard deviations of two or more experiments.
b Values are from a single measurement.
c Data reproduced from our previous publication.14
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Scheme 2. Synthetic strategy for the syntheses of methylenedisalicylic acid derivatives, 3. Reagents and conditions: (a) 37% aq CH2O, H2SO4,


CH3OH, H2O; (b) (CH3)2SO4, K2CO3, acetone, reflux; (c) (4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene, Pd(PPh3)4, K3PO4, DMF, 80 �C; (d)


BBr3, CH2Cl2; (e) 20% NaOH, 1,4-dioxane, 80 �C; (f) 2-(tributylstannyl)furan, Pd(PPh3)2Cl2, 1,4-dioxane, 100 �C; (g) PhSH, K2CO3, NMP, 190 �C;


(h) 2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene, Pd(PPh3)4, K3PO4, DMF, 80 �C.


Table 2. Inhibition of PTPases by selected compounds


Compound IC50 (lM)a (Ki, lM)b


PTP1B LAR-D1 TC-PTP SHP-1 cat YPTP1


1i 65 ± 9 >2000 540 ± 48 129 ± 15 271 ± 48


3c 19 ± 1


[6.5]


>2000 156 ± 5


[89]


37 ± 3


(9.7)


86 ± 2


a Values are means ± standard deviations of two or more experiments.
b Values are from a single measurement.
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Because 1i and 3c exhibited the lowest IC50 values of the
mono- and disalicylic acid derivatives, respectively, their
inhibitory activities against other PTPases, including
TC-PTP, were tested in order to verify the PTP1B
specificity of these compounds, the results of which are
summarized in Table 2. Compound 3c demonstrated a
14-fold greater selectivity over TC-PTP, the most
homologous with PTP1B among the human PTPases,

and excellent selectivity against LAR-D1. Less selectiv-
ity was observed over the catalytic domain of SHP-1
(SHP-1cat). YPTP, a yeast PTPase, was tested to com-
pare the PTPases of different origin, but this exhibited
only a modest selectivity.


2.3. In vivo experiment


Of the PTP1B inhibitors, 3c was selected for evaluation of
obesity controlling effect in mice susceptible to diet-in-
duced obesity (C57BL/6J Jms Slc male). There is much
evidence of diet-induced obese (DIO) mice being fre-
quently used as a mice model in the determination of com-
pound efficacy for the reduction of body weight.15 Before
feeding the test drug, mice were fed either LFD or HFD
ad libitum for 8 weeks. The LFD-fed lean control mice
showed much lower body weight gain compared to the
HFD-fed obese control group. The HFD-fed mice were
separated into two groups. Each of the groups was then
given HFD or HFD plus 3c for 4 weeks. The compound
3c was administered as mixtures with the food (5 g 3c
per kg of diet). The daily uptake of 3c was approximated
as 13 mg/day/mouse, which is equivalent to 400 mg/day/
kg of mouse weight. For lean control group, LFD was
fed throughout the test period. As shown in Figure 2,
the feeding of 3c significantly reduced the body weight
gain compared to that of the HFD control group
(p < 0.005).


A reduction of adiposity was observed by the reduction
of epididymal and retroperitoneal fat pad weights of the
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Figure 2. The effect of LFD, HFD, and HFD + 3c on body weight of


DIO mice. Data points represent means ± SEM; n = 8–9/group.


p < 0.005 for comparisons against obese control group. Mice fed with


LFD served as a reference group of lean control.


Figure 3. The gross carcass appearance of a mouse from each group at


the end of the study. Five-week-old mice were fed LFD (A) or HFD


(B–D) for 8 weeks and then treated for 4 weeks with (A) LFD, (B)


HFD, (C) HFD + 3c or (D) HFD + 2f.
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mice treated with 3c as well as 2f (Table 3). As depicted
in Table 3, both fat pad weights were significantly lower
than those of obese control mice (p < 0.001). A gross
carcass appearance of a mouse also revealed the signifi-
cantly decreased epididymal fat pad after drug treat-
ment (Fig. 3) Differences in the liver weights, however,
were not significant between any of the groups
(p > 0.05) (Table 3). There was a modest decrease in
food intake (< 8 days, p < 0.05) when the food was
changed from HFD to HFD plus the drug (Fig. 4). After
8 days of treatment, the drug-treated mice continued to
eat comparable amounts of food to that of the obese
control mice (p > 0.05). The ratio of weight gain to con-
sumed calories is described as the feed efficiency and re-
flects the metabolic efficiency. As shown in Figure 5, the
drug-treated group revealed a feeding efficiency compa-
rable to that of the lean control group, but significantly
lower than that of the obese control group (p < 0.001).
These results suggest that the significant loss of body
fat and decreased body weight gain could be the result
of increased energy expenditure.


Plasma was analyzed for glucose, triglyceride (TG), total
cholesterol, and nonesterified fatty acids (NEFA) (Table
4). The concentrations of glucose and TG were only
slightly higher in the obese control mice than those of
the lean control mice (p > 0.05). However, HFD affects
the concentrations of total cholesterol and NEFA, with

Table 3. Study of 28 days treatment of 2f and 3c on body weight, liver, and


Body weight (g) Liv


Initial Final


LFD 25.2 ± 1.4 26.2 ± 1.4c 0.9


HFD 27.9 ± 2.4 33.4 ± 2.8 1.1


HFD + 2f 27.9 ± 2.9b 29.2 ± 2.5b,c 1.0


HFD + 3c 27.9 ± 2.0 28.9 ± 1.7c 1.0


a Data expressed as means ± SEM. n = 8 for LFD, n = 9 for others.
b Data reproduced from the previous publication in our laboratory.14


c Significantly different from the HFD (p < 0.005).

the values for these parameters in the obese control
group being significantly higher than those of the lean
control group (p < 0.05). The feeding of 3c together with
the diet significantly suppressed the increases in the cir-
culating TG, cholesterol, and NEFA (p < 0.05).


In addition, there was no significant change in physical
activities on the administration of either compound,
indicating that the treatment did not cause any behav-
ioral effects in mice. At the end of the experiment, the
obese group mice were physically distinguishable from
the remaining two groups. The outer appearance of
the liver showed no overt toxicity on treatment with
these compounds (data not shown).

adipose tissue weighta


er weight (g) Adipose tissue weight (g)


Epididymal Retroperitoneal


9 ± 0.10 0.52 ± 0.09c 0.15 ± 0.04c


4 ± 0.12 1.80 ± 0.49 0.51 ± 0.11


3 ± 0.13 0.86 ± 0.24b,c 0.26 ± 0.08b,c


7 ± 0.09 0.83 ± 0.34c 0.26 ± 0.07c
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Figure 5. Effects of 4 week treatment with 2f and 3c on the feeding


efficiency (body weight gain per calories consumed) of mice. All values


are means ± SEM; n = 8–9/group. p < 0.001 for comparisons against


obese control group. Mice fed with LFD served as a reference lean


control group.
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Figure 4. The effects of compounds 2f and 3c on the cumulative food


intake of DIO mice. All values are means ± SEM; n = 8–9/group.


p < 0.05 for comparisons against the obese control group. Mice fed


with LFD served as a reference lean control group.


Table 4. Effects of PTP1B inhibitors 2f and 3c on plasma glucose,


triglyceride, total cholesterol, and free fatty acida


Glucose


(mg/dL)


Triglyceride


(mg/dL)


Total cholesterol


(mg/dL)


NEFA


(mEq/L)


LFD 270 ± 10 47 ± 8 104 ± 11b 0.23 ± 0.1b


HFD 300 ± 40 63 ± 32 141 ± 10 0.35 ± 0.1


HFD + 2f 300 ± 50 42 ± 7b 129 ± 8b 0.24 ± 0.1b


HFD + 3c 280 ± 40 48 ± 8 133 ± 14 0.14 ± 0.1b


a Data expressed as means ± SEM. n = 8 for LFD, n = 9 for others.
b Significantly different from the HFD (p < 0.05).
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3. Discussion


It has been reported that salicylic acid is a weak compet-
itive inhibitor of PTP1B, with an inhibition constant of
19.4 mM.13a In the present study, a series of compounds
containing one or two salicylic acid moieties were syn-
thesized. Of those compounds, disalicylic acid, 3c, was
proved to be a potent inhibitor of PTP1B, and demon-
strated a 14-fold greater selectivity over TC-PTP, the
most homologous with PTP1B of the human PTPases.

The obesity-controlling effect of the selected compound,
3c, was determined using a DIO mouse model, with the
result compared with those previously obtained for 2f.
The oral administration of 3c (0.5% in diet w/w) signifi-
cantly reduced the body weight gain compared with that
of the HFD control group (p < 0.005). A decrease in adi-
posity was observed by the reduction of epididymal and
retroperitoneal fat pad weights of mice treated with 3cas
well as 2f. In contrast, there was no significant difference
in the amount of food intake between the compound-
treated and control groups. These results prove the
efficacy of these compounds in controlling obesity. The
in vivo effect of 3c, without any noticeable toxic effect,
suggests a potential therapeutic role for 3c in the
management of obesity. The experimental results also
indicated that the anti-obesity effect was largely due to
increased energy expenditure. The compounds also
prevented the increase of the plasma levels of triglycer-
ide, cholesterol, and nonesterified fatty acids, expanding
the therapeutic potential to other related metabolic dis-
eases, such as hyperlipidemia and hypercholesterolemia.

4. Experimental


4.1. Materials


Commercial reagents were from Aldrich Chemical Co.
(Milwaukee, WI) and TCI (Tokyo, Japan). Most chemi-
cals and solvents were of analytical grade and used with-
out further purification. Reactions were monitored by
thin-layer chromatography (TLC), using precoated silica
gel plates (Silica gel 60 F254, Merck), and spots were visu-
alized under UV light (254 nm). Column chromatogra-
phy was carried out using silica gel 60 AF-254 (0.063–
0.200 mm, Merck). Melting points (uncorrected) were
determined on a MEL-TEMP Electrothermal apparatus.
1H and 13C NMR spectra were recorded on a Varian
Gemini 2000 (200 MHz) and a Varian Inova 400
(100 MHz) spectrometers, respectively. Chemical shifts
(d) are expressed in parts per million relative to tetrameth-
ylsilane, which was used as an internal standard, coupling
constants (J) are in hertz, and the signals are designated as
follows: s, singlet; d, doublet; t, triplet; q, quartet; m, mul-
tiplet; br s, broad singlet. Mass spectra were obtained at
the Korea Basic Science Institute, Daegu, Korea.


Compounds 1n and 1p–s were purchased from Aldrich.
Compounds 1c and 10 were purchased from TCI. The
intermediates, 8 and 8 0, used for the generation of sali-
cylic acid derivatives, were obtained by Friedel–Crafts
acetylation, with subsequent controlled bromination of
the commercially available phenols, as described previ-
ously.16 A substrate, pNPP, for the PTPase assay was
purchased from Sigma (St. Louis, USA) in the di(Tris)
salt form. The absorbances were measured using a
Novaspec-II spectrophotometer (Amersham Pharmacia)
or a DU 650 spectrophotometer (Beckman–Coulter).
The native form of PTP1B and the catalytic domain of
SHP-1 (SHP-1cat) were expressed in an Escherichia coli
expression systems and purified as described previ-
ously.17 LAR-D1 (membrane-proximal catalytic domain
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of LAR) and TC-PTP were purchased from New Eng-
land Biolabs Inc. (Beverly, USA).


4.2. Chemical synthesis


4.2.1. 5-Bromo-4-hydroxybiphenyl-3-carboxylic acid (1b)
4.2.1.1. Step 1. Bromine (0.2 mL, 3.9 mmol) was


added dropwise to a stirred solution of 20% aqueous
KOH (4 mL) cooled in an ice–salt bath at �5 to 0 �C.
The resulting yellow solution was added to 3-bromo-2-
methoxy-5-phenylacetophenone (80b) (200 mg, 0.65 mmol)
in 1,4-dioxane (10 mL), at 5–10 �C, over a period
of 5 min, the mixture stirred below 10 �C for a fur-
ther 2 h and stirred overnight at room temperature.
The reaction mixture was diluted with water (20 mL),
acidified with 1 M HCl (40 mL), and extracted with
EtOAc (3· 20 mL). The combined organic extracts were
washed successively with Na2S2O3 (20 mL) and brine
(20 mL), and dried (Na2SO4). Removal of the solvent
gave a cream-colored solid, which upon recrystallization
from EtOAc afforded 5-bromo-4-methoxybiphenyl-3-
carboxylic acid (84 mg). The mother liquor was
concentrated, and the residue subjected to column chro-
matography on silica gel (1% acetic acid in hexane/
EtOAc, 1:1, Rf = 0.5) to yield the acid as white needles
(92 mg, 88% overall yield): mp 193–195 �C; 1H NMR
(CDCl3, 200 MHz) d 8.31 (d, J = 2.6 Hz, 1H), 8.03 (d,
J = 2.6 Hz, 1H), 7.60–7.40 (m, 5H), 4.10 (s, 3H, CH3).


4.2.1.2. Step 2. The above-obtained acid (160 mg,
0.52 mmol) was dissolved in MeOH, saturated with
dry HCl (3 mL), and stirred overnight at 60 �C. The
solution was further stirred at room temperature for
30 min, with the solvent evaporated to give a yellow
oil, which was dissolved in EtOAc (15 mL). The EtOAc
solution was washed successively with water (3· 15 mL)
and 5% NaHCO3(15 mL), and then dried (Na2SO4).
Evaporation of solvent under reduced pressure followed
by silica gel column chromatography (hexane/EtOAc
19:1, Rf = 0.2) afforded methyl 5-bromo-4-methoxybi-
phenyl-3-carboxylate as a colorless oil (142 mg, 85%
yield): 1H NMR (CDCl3, 200 MHz) d 7.97 (d, J =
2.2 Hz, 1H), 7.94 (d, J = 2.6 Hz, 1H), 7.57–7.37 (m,
5H), 3.97 (s, 3H, CO2CH3), 3.96 (s, 3H, OCH3).


4.2.1.3. Step 3. BBr3 (1.0 M in CH2Cl2, 0.95 mL,
0.95 mmol) was added to a stirred solution of methyl
5-bromo-4-methoxybiphenyl-3-carboxylate (125 mg,
0.38 mmol) in CH2Cl2 (4 mL), over 5 min period, while
cooling the reaction flask in a dry ice-acetone bath. The
reaction mixture was stirred overnight at room temper-
ature under nitrogen atmosphere. The reaction was
quenched with the addition of 1 M HCl (2 mL) and
the aqueous layer then extracted with EtOAc (2·
10 mL). The combined organic layers were washed suc-
cessively with water (2· 10 mL) and brine (10 mL), and
dried (Na2SO4). Removal of the solvent using a rotary
evaporator gave a brown solid, which was further dis-
solved in 1,4-dioxane (1 mL), and then treated with
20% NaOH (0.5 mL) at 60 �C for 3 h. After cooling to
room temperature, the reaction mixture was acidified
with 1 M HCl (5 mL), and extracted with EtOAc (2·
10 mL). The combined organic extracts were washed

successively with water (2· 10 mL) and brine (10 mL),
and then dried (Na2SO4). Concentration of the solvent
under reduced pressure gave a cream-colored solid,
which was recrystallized from ether to give 1b (56 mg).
The mother liquor was concentrated, and the residue
purified by silica gel chromatography (1% acetic acid
in hexane/EtOAc, 4:1, Rf = 0.2), to afford 1bas cream-
colored crystals (41 mg, 87% overall yield): mp 214–
216 �C; 1H NMR (CDCl3, 200 MHz) d 11.07 (s, 1H),
8.13 (d, J = 2.6 Hz, 1H), 8.05 (d, J = 2.2 Hz, 1H),
7.57–7.36 (m, 5H); 13C NMR (DMSO-d6, 100 MHz) d
171.49 (CO2H), 157.13, 137.74, 136.30, 132.26, 129.03,
127.55, 127.39, 126.35, 114.66, 111.02 (Carom); LRMS
m/z 294 (M+, 81Br), 292 (M+, 79Br); HRMS calcd for
C13H9BrO3291.9735 (M+, 79Br), found 291.9732.


4.2.2. 5-Benzyl-2-methoxy-3-phenylacetophenone (9 0i). A
flame-dried flask was cooled to room temperature under
a nitrogen purge and charged with (4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)benzene (137 mg, 0.68 mmol)
and tetrakis (triphenylphosphine) palladium (8 mg,
9 lmol). After 30 min nitrogen purging, 5-benzyl-3-bro-
mo-2-methoxyacetophenone (8 0i) (145 mg, 0.45 mmol)
dissolved in dry DMF (5 mL) was added into the flask
via syringe. To this mixture, 2 M K3PO4 (1.1 mL,
2.3 mmol) was added slowly and the mixture was stirred
at 90 �C overnight. After cooling to room temperature,
water (5 mL) and EtOAc (10 mL) were added into the
reaction mixture. It was then stirred for 10 min, and
the aqueous layer was extracted with EtOAc (3·
10 mL). The combined organic extracts were washed
successively with water (2· 10 mL) and brine (10 mL),
dried (Na2SO4), and then concentrated. The crude prod-
uct was purified by column chromatography on silica gel
(hexane/EtOAc, 9:1, Rf = 0.4) to afford 9 0i as a colorless
oil (117 mg, 81% yield): 1H NMR (CDCl3, 200 MHz) d
7.54–7.22 (m, 12H), 3.98 (s, 2H, CH2), 3.38 (s, 3H,
OCH3), 2.65 (s, 3H, COCH3).


4.2.3. 5-Benzyl-2-hydroxybiphenyl-3-carboxylic acid (1i)
4.2.3.1. Step 1. Bromine (0.24 mL, 4.7 mmol) was


added dropwise to an aqueous KOH (20%, 5 mL) with
stirring at �5 to 0 �C. The resulting yellow solution
was slowly added to a solution of 9 0i (246 mg,
0.78 mmol) in 1,4-dioxane (10 mL) at 0 �C over a 5-
min period. After the addition was complete, the solu-
tion was allowed to warm to 10 �C, and stirred at the
same temperature for 2 h, during which the color has
changed from yellow to light yellow. The mixture was
further stirred at 80 �C for 1 h, at which point the solu-
tion became colorless. It was cooled, diluted with water
(15 mL), acidified with 1 M HCl (10 mL), and extracted
with EtOAc (3· 15 mL). The organic extracts were com-
bined, washed successively with aqueous Na2S2O3


(25 mL) and brine (25 mL), dried (Na2SO4), and concen-
trated. The crude product was taken to the next step
without further purification. This crude product
(307 mg, 0.96 mmol) was dissolved in MeOH saturated
with dry HCl (8 mL) and stirred at 80 �C overnight.
After 30 min stirring at room temperature, the solvent
was evaporated and the residue was dissolved in EtOAc
(20 mL). The organic solution was then washed succes-
sively with water (2· 10 mL), 5% NaHCO3(10 mL),
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and brine (10 mL), and dried (Na2SO4). The solvent was
removed using a rotary evaporator, and the residue puri-
fied by column chromatography (hexane/EtOAc, 9:1,
Rf = 0.4) to give methyl 5-benzyl-2-methoxybiphenyl-3-
carboxylate as a colorless oil (217 mg, 84% yield): 1H
NMR (CDCl3, 200 MHz) d 7.59–7.19 (m, 12 H), 3.99 (s,
2H, CH2), 3.91 (s, 3H, CO2CH3), 3.45 (s, 3H, OCH3).


4.2.3.2. Step 2. BBr3 (1.0 M in CH2Cl2, 2.4 mL,
2.4 mmol) was added to a stirred solution of methyl
5-benzyl-2-methoxybiphenyl-3-carboxylate (200 mg,
0.60 mmol) in dry CH2Cl2 (6 mL) under a nitrogen atmo-
sphere over a 2-min period, while cooling the reaction
flask in dry ice–acetone bath. The resulting orange to dark
red solution was stirred at room temperature overnight.
The reaction was quenched by addition of 1 M HCl
(2 mL), and the aqueous layer was extracted with EtOAc
(2· 15 mL). The organic extracts were combined and
washed successively with water (2· 15 mL) and brine
(15 mL), and dried (Na2SO4). After evaporation of the
solvent under reduced pressure, the brown residue was
dissolved in 1,4-dioxane (2 mL), and aqueous NaOH
(20%, 0.85 mL) was added. The mixture was stirred at
80 �C for 5 h, quenched with 1 M HCl (6 mL), and ex-
tracted with EtOAc (2· 15 mL). The combined organic
extracts were washed successively with water (2· 15 mL)
and brine (15 mL), dried (Na2SO4), and concentrated.
The crude product was recrystallized from EtOAc to give
1i (94 mg), and the mother liquor was concentrated and
purified by silica gel chromatography (1% acetic acid in
hexane/EtOAc, 4:1, Rf = 0.3) to yield 1i as a cream-col-
ored solid (67 mg, 88% overall yield): mp 171 �C; 1H
NMR (CDCl3, 200 MHz) d 10.80 (s, 1H), 7.78 (d,
J = 2.2 Hz, 1H), 7.57–7.19 (m, 11H), 3.97 (s, 2H, CH2);
13C NMR (CDCl3, 100 MHz) d 175.14 (CO2H), 158.01,
140.60, 138.71, 136.89, 132.16, 130.82, 129.95, 129.33,
128.72, 128.62, 128.16, 127.50, 126.32, 111.26 (Carom),
40.95 (CH2); LRMS m/z 304 (M+); HRMS calcd for
C20H16O3304.1099 (Mtextsuperscript+), found 304.1099.


Compounds 1a–j were prepared using similar methods
and conditions.


4.2.4. 4-Hydroxybiphenyl-3-carboxylic acid (1a). Fri-
edel–Crafts acetylation product of 4-phenyl phenol
was subjected to haloform reaction, and proctection
and deprotection as for 1b to obtain 1a as a white solid.
mp 214 �C; 1H NMR (DMSO-d6, 200 MHz) d 8.04 (d,
J = 2.2 Hz, 1H), 7.87–7.81 (dd, 8.8 and 2.4 Hz, 1H),
7.64–7.34 (m, 5H), 7.09 (d, J=8.8 Hz, 1H); 13C NMR
(DMSO-d6, 100 MHz) d 171.74 (CO2H), 160.55,
139.00, 133.89, 131.29, 128.97, 127.93, 127.07, 126.16,
117.81, 113.33 (Carom); LRMS m/z 214 (M+); HRMS
calcd for C13H10O3214.0630 (M+), found 214.0632.


4.2.5. 5-Benzyl-2-hydroxybenzoic acid (1d). In the same
way as 1a, from 4-benzyl phenol, 1d was obtained as
cream-colored recrystallized needles. Mp 139–140 �C;
1H NMR (CDCl3, 200 MHz) d 10.25 (s, 1H), 7.75 (d,
J = 2.2 Hz, 1H), 7.37–7.15 (m, 6H), 6.96 (d,
J = 8.4 Hz, 1H), 3.94 (s, 2H, CH2); 13C NMR (CDCl3,
100 MHz) d 174.79 (CO2H), 160.68, 140.64, 137.86,
132.37, 130.57, 128.75, 128.59, 126.30, 117.99, 110.95

(Carom), 40.81 (CH2); LRMS m/z 228 (M+); HRMS
calcd for C14H12O3228.0786 (M+), found 228.0789.


4.2.6. 3-Benzyl-2-hydroxybenzoic acid (1e). From 3-ben-
zyl phenol, 1e was obtained as a cream-colored solid in
the same way as 1a. Mp 129–131 �C; 1H NMR (CDCl3,
200 MHz) d 10.70 (s, 1 H), 7.83–7.78 (dd, J = 7.6 Hz,
1.8 Hz, 1H), 7.35–7.19 (m, 6H), 6.89 (t, 1 H), 4.03 (s,
2 H, CH2); 13C NMR (CDCl3, 100 MHz) d 174.95
(CO2H), 160.28, 140.06, 137.50, 129.99, 129.06, 128.93,
128.41, 125.12, 119.11, 110.87 (Carom), 35.37 (CH2);
LRMS m/z 228 (M+); HRMS calcd for
C14H12O3228.0786 (M+), found 228.0789.


4.2.7. 3-Benzyl-5-bromo-2-hydroxybenzoic acid (1f). The
Friedel–Crafts acetylated and brominated product of
3-benzyl phenol was subjected to the reaction steps
(haloform reaction, protection, and deprotection steps)
as for 1b to obtain 1f as a cream-colored solid. mp
204 �C; 1H NMR (CDCl3, 200 MHz) d 10.68 (s, 1 H),
7.91 (d, J = 2.2, Hz, 1H), 7.41 (d, J = 2.6 Hz, 1H),
7.30–7.18 (m, 5H), 3.99 (s, 2H, CH2); 13C NMR
(DMSO-d6, 100 MHz) d 171.20 (CO2H), 158.40,
139.65, 137.95, 132.23, 130.06, 128.68, 128.41, 126.13,
114.40, 109.56 (Carom), 34.24 (CH2); LRMS m/z 308
(M+, 81Br), 306 (M+, 79Br); HRMS calcd for
C14H11BrO3305.9892 (M+, 79Br), found 305.9892.


4.2.8. 5-Benzyl-3-Bromo-2-hydroxybenzoic acid (1g). In
the same way as for 1f, 1g was obtained from 4-benzyl
phenol as a cream-colored solid. Mp 166 �C; 1H NMR
(CDCl3, 200 MHz) d 10.90 (s, 1H), 7.72 (d, J = 2.2 Hz,
1H), 7.62 (d, J = 2.2 Hz, 1H), 7.35–7.15 (m, 5H), 3.92
(s, 2H, CH2); 13C NMR (CDCl3, 100 MHz) d 174.14
(CO2H), 157.06, 140.79, 139.83, 133.53, 130.02, 128.74,
126.58, 111.99, 111.52 (Carom), 40.54 (CH2); LRMS
m/z 308 (M+, 81Br), 306 (M+, 79Br); HRMS calcd for
C14H11BrO3305.9892 (M+, 79Br), found 305.9889.


4.2.9. 5-Benzyl-4-hydroxybiphenyl-3-carboxylic acid (1h).
Compound 1h was obtained as a white solid following
the same reaction steps as for 1i. Mp 205 �C; 1H
NMR (CDCl3, 200 MHz) d 10.87 (s, 1H), 8.04 (d,
J = 2.2 Hz, 1H), 7.59–7.20 (m, 11H), 4.10 (s, 2H,
CH2); 13C NMR (DMSO-d6, 100 MHz): d 172.38
(CO2H), 158.82, 140.33, 139.10, 134.47, 129.88, 128.95,
128.66, 128.31, 127.04, 126.15, 125.94, 111.81 (Carom),
34.80 (CH2); LRMS m/z 304 (M+); HRMS calcd for
C20H16O3304.1099 (M+), found 304.1101.


4.2.10. 2-Hydroxy-3,5-diphenylbenzoic acid (1j). The sim-
ilar reaction steps for 1i were performed to 2-phenylphe-
nol to obtain 1j as cream-colored crystals. Mp 219–
221 �C; 1H NMR (DMSO-d6, 200 MHz) d 8.08 (d,
J = 2.4 Hz, 1H), 7.84 (d, J = 2.2 Hz, 1H), 7.73–7.35 (m,
10H); 13C NMR (DMSO-d6, 100 MHz) d 172.49
(CO2H), 158.12, 138.98, 136.77, 134.45, 131.19, 130.02,
129.32, 128.97, 128.12, 127.37, 127.29, 127.17, 126.37,
113.44 (Carom).


4.2.11. 2,4-Dibenzyl phenol (11)
4.2.11.1. Step 1. A mixture of 4-benzyl phenol (3.00 g,


16.3 mmol) and benzoyl chloride (9.5 mL, 82 mmol) in
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CS2 (12 mL) was added into ice-cooled suspension of
AlCl3 (6.5 g, 49 mmol) in CS2 (20 mL) over a 15-min
period. After stirring at 50 �C for 8 h, the flask was
cooled in an ice bath and 1 M HCl (30 mL) was added
(white precipitate formed). It was then extracted with
EtOAc (3· 50 mL), and the organic layers were com-
bined, washed successively with 10% NaHCO3(50 mL),
water (2· 50 mL), and brine (50 mL), dried (MgSO4),
and concentrated. The crude product was dissolved in
1,4-dioxane (80 mL), treated with 20% NaOH (40 mL),
and allowed to stir at 70 �C for 2 h. The reaction was
cooled, quenched by acidifying with 1 M HCl
(230 mL), and aqueous layer was extracted with EtOAc
(3· 60 mL). The organic extracts were combined,
washed successively with 5% NaOH (60 mL), water
(2· 60 mL), and brine (60 mL), and dried (MgSO4).
Evaporation of solvent and purification by silica gel col-
umn chromatography (hexane/EtOAc, 2:1, Rf = 0.4)
afforded C-benzoylated intermediate as a white solid
(4.044 g, 86% yield): mp 133 �C; 1H NMR (CDCl3,
200 MHz) d 7.81–7.72 (m, 4H), 7.58–7.43 (m, 4H),
7.30 (s, 1H), 7.09 (d, J = 8.4 Hz, 2H), 6.81–6.77 (m,
2H), 3.99 (s, 2H, CH2).


4.2.11.2. Step 2. Hydrazine hydrate (2.8 mL, 90 mmol)
and KOH (780 mg, 14 mmol) were added to the interme-
diate (2.00 g, 6.94 mmol) in ethylene glycol (6 mL). The
reaction mixture was stirred at 120 �C for 2 h and allowed
to reflux overnight. After cooling the mixture to room
temperature, it was diluted with benzene (70 mL), washed
with water (2· 80 mL), and then dried (MgSO4). The
benzene solution was concentrated under reduced pres-
sure and the purification of resulting residue by silica
gel column chromatography (hexane/EtOAc, 4:1,
Rf = 0.3) gave 11 as white shiny crystals (1.38 g, 73%
yield): mp 89 �C; 1H NMR (CDCl3, 200 MHz) d 7.25–
7.02 (m, 11H), 6.76 (d, J = 8.4 Hz, 2H), 4.67 (s, 1H,
OH), 3.94 (s, 2H, CH2), 3.87 (s, 2H, CH2).


4.2.12. 3,5-Dibenzyl-2-methoxyacetophenone (12). Acety-
lation of 11 (2.45 g, 8.93 mmol) with acetyl chloride
(2.5 mL, 36 mmol) and Et3N (7.5 mL, 54 mmol) in dry
ether (50 mL) gave 2,4-dibenzyl O-acetylated intermedi-
ate as a white solid (2.426 g, 89% yield). A mixture of
this intermediate (500 mg, 1.58 mmol) and acetyl chlo-
ride (0.34 mL, 4.7 mmol) in CS2 (1.5 mL) was added
into ice-cold suspension of AlCl3 (420 mg, 3.2 mmol)
in CS2 (2 mL) over a 5-min period. The reaction mixture
was stirred at 60 �C for 5 h. After cooling with an ice
bath, the reaction was quenched by addition of 1 M
HCl (8 mL, yellow precipitate). It was then extracted
with EtOAc (2· 20 mL) and the combined organic ex-
tracts were washed successively with 10% NaH-
CO3(20 mL), water (2· 20 mL) and brine (20 mL),
dried (MgSO4), and then concentrated to yield a yellow
solid. The residue was dissolved in 1,4-dioxane (4 mL),
treated with 20% NaOH (1 mL), and stirred at 70 �C
for 2 h. It was cooled and acidified with 1 M HCl
(8 mL, brown precipitate), and extracted with EtOAc
(3· 20 mL). The organic extracts were combined,
washed successively with water (2· 20 mL) and brine
(20 mL), dried (MgSO4), and concentrated. The residue
was recrystallized from EtOAc to give dibenzyl C-acety-

lated intermediate (298 mg). The mother liquor was
evaporated, and the residue purified by silica gel column
chromatography (benzene/EtOAc, 9:1, Rf = 0.3), to ob-
tain a yellow solid (58 mg). Overall, 356 mg (71% yield)
of solid product was obtained. Methylation of this acet-
ylated intermediate (219 mg, 0.69 mmol) in EtOH
(4 mL), 10 M NaOH (0.26 mL), and dimethyl sulfate
(0.19 mL, 2.1 mmol) gave 12 as white crystals (214 mg,
94% yield): mp 79 �C; 1H NMR (CDCl3, 200 MHz) d
7.90 (s, 1H), 7.85 (s, 1H), 7.29–7.25 (m, 3H), 7.11–7.07
(m, 5H), 6.84 (d, J = 8.8 Hz, 2H), 3.99 (s, 2H, CH2),
3.89 (s, 2H, CH2), 3.78 (s, 3H, OCH3), 2.57 (s, 3H,
COCH3).


4.2.13. 3,5-Dibenzyl-2-hydroxybenzoic acid (1k). Com-
pound 1k was obtained as a cream-colored solid in
90% yield from 3,5-dibenzyl-2-methoxyacetophenone
(12) following the similar steps as for 1b. Mp 208–
210 �C; 1H NMR (CDCl3, 200 MHz) d 9.16 (s, 1H),
7.86 (s, 1H), 7.82 (s, 1H), 7.34 (s, 1H), 7.30 (s, 1H),
7.11 (s, 4H), 6.99 (s, 1H), 6.96 (s, 1H), 6.67 (d,
J = 8.4 Hz, 2H), 3.95 (s, 2H, CH2), 3.76 (s, 2H, CH2);
13C NMR (DMSO-d6, 100 MHz) d 167.19 (CO2H),
155.47, 146.65, 139.82, 137.87, 131.38, 129.53, 129.50,
128.79, 128.74, 128.67, 128.51, 115.11 (Carom), 40.13,
38.88 (CH2); LRMS m/z 318 (M+); HRMS calcd for
C21H18O3318.1256 (M+), found 318.1255.


4.2.14. Methyl 3-bromo-5-(1,3-dioxolan-2-yl)-2-hydrox-
ybenzoate (14)


4.2.14.1. Step 1. Bromine (1 M in CH2Cl2, 55 mL,
55 mmol) was added dropwise over a 3-h period into
the ice-cooled solution of methyl 5-formylsalicylate
(4.95 g, 27.47 mmol) in CH2Cl2 (200 mL) with occa-
sional TLC check of the reaction progress. After the
reaction was complete, saturated NaHCO3 (200 mL)
was added to the reaction mixture and it was allowed
to stir for 30 min. Aqueous layer was extracted with
CH2Cl2 (100 mL). The combined organic layers were
washed successively with saturated NaHCO3 (100 mL),
water (2· 100 mL) and brine (100 mL), dried (Na2SO4),
and then concentrated. The crude product was dissolved
in EtOAc (80 mL) and adsorbed on 7 g of silica. Re-
moval of EtOAc under reduced pressure gave a powder
which, after purification on silica gel (hexane/EtOAc,
4:1, Rf = 0.3), gave methyl 3-bromo-5-formyl-2-hydrox-
ybenzoate as a light yellow solid (4.72 g, 67% yield): mp
114 �C; 1H NMR (CDCl3, 200 MHz): d 12.09 (s, 1H),
9.85 (s, 1H), 8.37 (d, J = 2.2 Hz, 1H), 8.28 (d,
J = 1.8 Hz, 1H), 4.05 (s, 3H).


4.2.14.2. Step 2. Ethylene glycol (2.53 mL, 45.5 mmol)
was added to a solution of methyl 3-bromo-5-formyl-2-
hydroxybenzoate (2.35 g, 9.1 mmol), p-toluenesulfonic
acid (94 mg, 5 mol%), and anhydrous copper sulfate
(5.8 g) in benzene (47 mL) and the resulting mixture
was refluxed overnight. After cooling to ambient temper-
ature, the reaction mixture was filtered, the residue was
washed with EtOAc, and the filtrate was treated with
1 M NaOH (20 mL). The organic solution was washed
with water (2· 100 mL) and brine (100 mL), dried
(Na2SO4), and concentrated. The crude product was sub-
jected to silica gel column chromatography (hexane/
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EtOAc, 4:1, Rf = 0.3) to give 14 as a light yellow solid
(1.60 g, 58% yield): mp 72–73 �C; 1H NMR (CDCl3,
200 MHz): d 11.54 (s, 1H), 7.92 (d, J = 2.2 Hz, 1H),
7.86 (d, J = 2.2 Hz, 1H), 5.72 (s, 1H), 4.12 (m, 2H),
4.05 (m, 2H), 3.98 (s, 3H).


4.2.15. Methyl 5-(1,3-dioxolan-2-yl)-3-(furan-2-yl)-2-hydrox-
ybenzoate (15). A flame-dried flask was cooled to room
temperature under a nitrogen purge and charged
with dichlorobis(triphenylphosphine)palladium (104 mg,
3 mol%), 1,4-dioxane (3 mL), and 14 (1.5 g, 4.97 mmol)
in 1,4-dioxane (5 mL) successively. After nitrogen purg-
ing for 10 min, 2-(tributylstannyl)furan (2.34 mL,
7.45 mmol) was added via syringe and the reaction mix-
ture was stirred at 100 �C for 16 h. The reaction mixture
was then cooled to room temperature and quenched by
addition of 10% ammonium hydroxide (25 mL). It was
extracted with EtOAc (3· 100 mL) and the combined
organic solution was washed successively with water
(2· 100 mL) and brine (100 mL), dried (Na2SO4), and
concentrated. The brown oil was subjected to silica gel
column chromatography (hexane/EtOAc, 2:1, Rf = 0.5)
to give 15 as a white solid (1.14 g, 79% yield): mp 105–
108 �C; 1H NMR (CDCl3, 200 MHz): d 11.73 (s, 1H),
8.15 (d, J = 2.2 Hz, 1H), 7.90 (d, J = 2.2 Hz, 1H), 7.48
(d, J = 1.4 Hz, 1H), 7.15 (d, J = 3.4 Hz, 1H), 6.53 (m,
1H), 5.79 (s, 1H), 4.18 (m, 2H), 4.08 (m, 2H), 3.98 (s,
3H).


4.2.16. 5-Formyl-3-(furan-2-yl)-2-hydroxybenzoic acid
(1l)


4.2.16.1. Step 1. HCl (1M, 27 mL) was added to a
solution of compound 15 (1.11 g, 3.83 mmol) in chloro-
form (27 mL). The mixture was heated to reflux for 18 h.
The organic layer was separated and the aqueous solu-
tion was extracted with CHCl3 (2· 50 mL). The com-
bined organic layers were washed successively with 5%
NaHCO3 (3· 50 mL), water (2· 50 mL), and brine
(50 mL), and dried over Na2SO4. The solvent was
evaporated and the residue was recrystallized from
EtOAc to provide methyl 5-formyl-3-(furan-2-yl)-2-
hydroxybenzoate as brown needles (902 mg, 96% yield):
mp 160–161 �C; 1H NMR (CDCl3, 200 MHz): d 12.25
(s, 1H), 9.93 (s, 1H), 8.54 (d, J = 2.2 Hz, 1H), 8.32 (d,
J = 2.2 Hz, 1H), 7.53 (d, J = 1.4 Hz, 1H), 7.19 (d, J
= 3.6 Hz, 1H), 6.57 (m, 1H), 4.03 (s, 3H).


4.2.16.2. Step 2. Methyl 5-formyl-3-(furan-2-yl)-2-
hydroxybenzoate (190 mg, 0.77 mmol) was dissolved in
methanol (15 mL) and mixed with 1 M NaOH (2 mL).
The mixture was heated to reflux for 1 day. After cool-
ing to room temperature, the reaction mixture was acid-
ified with 1 M HCl (2.5 mL), and solvent was
evaporated to remove methanol. The residue was dis-
solved in EtOAc (50 mL), and washed successively with
water (2· 30 mL) and brine (30 mL), and dried
(Na2SO4). The solvent was evaporated under reduced
pressure to give brownish solid (153 mg, 85% yield). It
could be further purified by recrystallization from
EtOAc to provide 1l as brown needles: mp 208–210 �C
(dec); 1H NMR (DMSO- d6, 200 MHz): d 9.96 (s, 1H),
8.42 (d, J = 2.2 Hz, 1H ), 8.33 (d, J = 2.2 Hz, 1H),
7.86 (d, J = 1.8 Hz, 1H ), 7.15 (d, J = 3.6 Hz, 1H ),

6.68 (m, 1H); 13C NMR (DMSO-d6, 100 MHz): d
191.16 (CHO), 171.94 (CO2H), 161.94, 147.60, 142.92,
131.41, 129.63, 127.63, 119.76, 113.97, 112.25, 111.34;
LRMS m/z 232 (M+); HRMS calcd for
C12H8O5232.0372 (M+), found 232.0368.


4.2.17. 2-Bromo-6-(2-propenyl)phenol (17). To a solution
of 2-bromophenol (13.43 g, 77.6 mmol) in acetone
(90 mL) were added K2CO3 (19.1 g, 138.15 mmol) and
allyl bromide (14.83 g, 122.62 mmol). The mixture was
refluxed for 4 h and cooled to ambient temperature.
The inorganic salt was removed by filtration and the or-
ganic solution was evaporated to dryness. Resulting
dark brown solution was passed through a cotton plug
and taken to the next step. The crude product obtained
above was irradiated with microwave (Samsung, 700 W)
for 66 min maintaining the temperature 200 �C. Com-
pound 17 was obtained as a dark-colored liquid
(16.5 g, 100% yield): 1H NMR (CDCl3, 200 MHz): d
7.33 (d, J = 8 Hz, 1H), 7.08 (d, J = 8 Hz, 1H), 6.77 (t,
J = 8 Hz, 1H), 6.05 (m, 1H), 5.59 (s, 1H), 5.13 (m,
2H), 3.44 (d, J = 6.6 Hz, 2H).


4.2.18. 3-Bromo-2-methoxy-1-(1-propenyl)benzene (18).
Methyl iodide (14.5 mL, 232 mmol) was added to the
mixture of 17 (16.5 g, 77.5 mmol) and K2CO3 (16 g,
116 mmol) in acetone (130 mL) and the mixture was
heated to reflux for 4.5 h. After cooling to room temper-
ature, inorganic salt was removed by filtration and the
solvent was evaporated to dryness. The crude product
was passed through a silica gel pad to obtain brown li-
quid, which was dissolved in EtOH (62 mL) and mixed
with KOH (27 g, 0.48 mol) in H2O (9 mL). The resulting
mixture was stirred at 90 �C for 5 h and then cooled to
room temperature. EtOH was removed under reduced
pressure and the brown aqueous solution was diluted
with water (140 mL). It was extracted with EtOAc (2·
100 mL), and the combined extracts were washed with
water (2· 100 mL) and brine (100 mL), dried (Na2SO4),
and then concentrated to afford 18 as a brown oil
(13.3 g, 75% yield): 1H NMR (CDCl3, 200 MHz): d
7.40 (d, J = 7.6 Hz, 2H), 6.96 (t, J = 7.6 Hz, 1H), 6.69
(m, 1H), 6.32 (m, 1H), 3.79 (s, 3H), 1.94 (dd, J = 1.4,
6.6 Hz, 3H).


4.2.19. 3-Bromosalicylic acid (1m)18


4.2.19.1. Step 1. Potassium permanganate (3.45 g,
21.81 mmol) was added to the solution of 18 (1.5 g,
6.61 mmol) in acetone (80 mL) while cooling the reac-
tion flask at 0 �C. After stirring the heterogeneous mix-
ture at 0 �C for 3 h, solvent was removed under reduced
pressure. The dark brown solid was mixed with H2O
(17 mL) and NaHSO3 (4 g) and the resulting mixture
was stirred for 1 h at room temperature. It was filtered
by passing through Celite and the filtrate was acidified
with concd HCl (1 mL) and additional 1 M HCl
(2 mL). The white precipitate was separated and dis-
solved in 2 M NaOH (15 mL). The pale yellow solution
was washed with CH2Cl2 (2· 6 mL) and the organic
washings were discarded. The aqueous solution was
neutralized with concd HCl (1.5 mL) and acidified with
1 M HCl (5.3 mL). White precipitate was filtered,
washed with 0.1 M HCl (3 mL), and dissolved in EtOAc







S. Shrestha et al. / Bioorg. Med. Chem. 15 (2007) 6535–6548 6545

(30 mL). The EtOAc solution was then washed with
brine (1 mL), dried (Na2SO4), and concentrated to ob-
tain 3-bromo-2-methoxybenzoic acid as a white solid
(846 mg, 57% yield): mp 119–121 �C; 1H NMR (CDCl3,
200 MHz): d 10.01 (br s, 1H, exchangeable with D2O),
8.03 (dd, J = 1.8, 8 Hz, 1H), 7.82 (dd, J = 1.8, 8 Hz,
1H), 7.14 (t, J = 8 Hz, 1H), 4.02 (s, 3H).


4.2.19.2. Step 2. A mixture of 3-bromo-2-methoxy-
benzoic acid (800 mg, 3.46 mmol), PhSH (0.35 ml,
3.46 mmol), and K2CO3 (29 mg, 0.207 mmol) in anhy-
drous NMP (3.46 mL) was heated at 190 �C for
40 min under nitrogen atmosphere. The reaction mix-
ture was cooled, diluted with saturated aqueous
NaHCO3solution (35 mL), and extracted with EtOAc
(3· 30 mL, discarded). The aqueous layer was acidified
with 6 M HCl (10 mL) and extracted with EtOAc (3·
30 mL). The combined organics were washed with water
(2· 10 mL) and brine (20 mL), dried (Na2SO4), and con-
centrated to afford a yellow oil. The crude product was
subjected to silica gel column chromatography 2%
AcOH in hexane/EtOAc, 2:1, to obtain pure 1m as a
white solid (480 mg, 64% yield): mp 179–182 �C; 1H
NMR (CDCl3, 200 MHz): d 11.01 (s, 1H), 7.94 (d,
J = 8 Hz, 1H), 7.81 (d, J = 8 Hz, 1H), 6.86 (t,
J = 8 Hz, 1H); 13C NMR (Acetone-d6, 100 MHz) d
172.47 (CO2H), 159.64, 140.03, 130.83, 121.04, 114.68,
111.45, (Carom); LRMS m/z 218 (M+, 81Br), 216 (M+,
79Br); HRMS calcd for C7H5BrO3215.9422 (M+, 79Br),
found 215.9421.


4.2.20. 3,30-Dicarboxy-5,50-difluoro-2,20-dihydroxydiphe-
nylmethane (3a).19 To a suspension of 5-fluorosalicylic
acid (500 mg, 3.20 mmol) in 1,4-dioxane (1 mL) was
added conc. H2SO4 (3 mL) dropwise while cooling the
reaction flask in water bath. Paraformaldehyde
(97 mg) was added and the mixture was vigorously stir-
red at 65 �C for 9 h. The reaction mixture was poured on
crushed ice (18 g). The precipitate was filtered and sub-
jected to column chromatography (3% AcOH in hexane/
EtOAc, 1:1, Rf = 0.3) to give 3a as a white solid (300 mg,
58% yield). ): mp >300 �C (dec); 1H NMR (Acetone-d6,
200 MHz) d 11.57 (br s, 2 H), 7.49 (dd, J = 8.8 Hz,
3.4 Hz, 2H), 7.27 (dd, J = 9.0 Hz, 3.4 Hz, 2H), 4.03 (s,
2H); 13C NMR (Acetone-d6, 100 MHz) d 172.27
(CO2H), 157.60, 154.36, 130.83, 124.74, 114.44, 113.14,
30.49 (CH2); LRMS m/z 324 (M+); HRMS calcd for
C15H10F2O6324.0445 (M+), found 324.0449.


4.2.21. 5,50-Dibromo-3,30-dicarbomethoxy-2,20-dihydroxy-
diphenylmethane (20). 20 To a stirred suspension of
methyl 5-bromosalicylate (725 mg, 3.14 mmol) in water
(0.31 mL) was added concentrated H2SO4 (12.5 mL)
over a 20-min period while the temperature was main-
tained between �5 and 0 �C. Then 1:1 mixture of 37%
aqueous HCHO and MeOH (3.1 mL) was added to
the reaction mixture over a 15-min period. The reaction
mixture was then stirred at 0 �C for 2 h and at room
temperature for 22 h, and poured into crushed ice
(100 g). White precipitate was filtered, washed with
water, and dried to give a brown solid. The crude prod-
uct was column chromatographed on silica gel (CHCl3)
to obtain 20 as a white solid (304 mg, 41% yield): mp

233 �C; 1H NMR (CDCl3, 200 MHz) d 11.04 (s, 2H),
7.86 (d, J = 2.6 Hz, 2H), 7.47 (d, J = 1.8 Hz, 2H), 3.97
(s, 2H, CH2), 3.95 (s, 6H, CH3); 13C NMR (CDCl3,
100 MHz) d 169.83 (CO2Me), 158.73, 138.93, 130.53,
130.16, 113.49, 110.54, (Carom), 52.62 (CH3), 28.80
(CH2).


4.2.22. 5,50-Dibromo-3,30-dicarboxy-2,20-dihydroxydiphe-
nylmethane (3b).20 To a solution of 20 (100 mg,
0.21 mmol) in 1,4-dioxane (1 mL) was added 10% aque-
ous NaOH (2.0 mL) and the resulting solution was stir-
red at 80 �C for 40 min. The reaction mixture was cooled
to room temperature and acidified by addition of 1 M
HCl (3 mL). The white precipitate was dissolved in
EtOAc (10 mL) and aqueous layer was extracted with
EtOAc (2· 10 mL). The combined organic extracts were
washed with water (2· 10 mL) and brine (10 mL), dried
(Na2SO4), and concentrated under reduced pressure to
give 3b as a white solid (91 mg, 97% yield): mp 281–
286 �C (dec), rep 290–291 �C; 1H NMR (CDCl3,
200 MHz) d 11.17 (s, 2H), 7.88 (d, J = 2.6 Hz, 2H),
7.56 (d, J = 2.4 Hz, 2H), 4.01 (s, 2H, CH2); LRMS m/z
446 (M+, 81Br), 444 (M+, 79Br); HRMS calcd for
C15H10Br2O6443.8844 (M+, 79Br), found 443.8848.


4.2.23. 5,5 0-Dibromo-3,3 0-dicarbomethoxy-2,2 0-dimetho-
xydiphenylmethane (21). In a 250-mL flask fitted with a
reflux condenser and CaCl2 tube was added 20 (2.28 g,
4.81 mmol) in anhydrous acetone (100 mL), K2CO3


(2.0 g, 14 mmol), and dimethyl sulfate (2.3 mL,
24 mmol). After refluxing overnight, the solvent was
evaporated under reduced pressure, and the solid was
partitioned between water (100 mL) and EtOAc
(100 mL). The organic layer was separated to save and
the aqueous layer was extracted with EtOAc (2·
100 mL). The combined organic extracts were washed
successively with water (2· 50 mL) and brine (50 mL),
and dried (Na2SO4). After concentration, the crude
product was column chromatographed (hexane/EtOAc,
9:1) to give 21 as a white solid (2.35 g, 97% yield): mp
81 �C; 1H NMR (CDCl3, 200 MHz) d 7.85 (d,
J = 2.6 Hz, 2H), 7.35 (d, J = 2.6 Hz, 2H), 4.02 (s, 2H,
CH2), 3.93 (s, 6H, CO2CH3), 3.78 (s, 6H, OCH3).


4.2.24. 3,3 0-Dicarboxy-2,2 0-dihydroxy-5,5 0-diphenyldiph-
enylmethane (3c)


4.2.24.1. Step 1. A flame-dried flask was cooled to
room temperature under a nitrogen purge and charged
with (4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)ben-
zene (463 mg, 2.27 mmol) and tetrakis(triphenylphos-
phine)palladium (34 mg, 0.03 mmol). After nitrogen
purging for 20 min, compound 22 (245 mg, 0.77 mmol)
dissolved in dry DMF (16 mL) was added into the flask
via syringe. Then 2 M K3PO4 (3.7 mL, 7.6 mmol) was
slowly added and the mixture was stirred at 80 �C over-
night. The reaction mixture was allowed to cool to room
temperature, diluted with water (20 mL) and EtOAc
(20 mL), and stirred for 10 min. The aqueous layer
was extracted with EtOAc (2· 50 mL), and the com-
bined organic layers were washed successively with
water (2· 50 mL) and brine (50 mL), dried (Na2SO4),
and concentrated. The black oil was purified by silica
gel column chromatography (hexane/EtOAc, 2:1,
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Rf = 0.5) to obtain 3,3 0-dicarbomethoxy-2,2 0-dime-
thoxy-5,5 0-diphenyldiphenylmethane as a pale yellow
solid (125 mg, 33% yield): mp 147 �C; 1H NMR (CDCl3,
200 MHz) d 7.94 (d, J = 1.6 Hz, 2H), 7.52–7.31 (m,
12H), 4.23 (s, 2H, CH2), 3.95 (s, 6H, CO2CH3), 3.84
(s, 6H, OCH3).


4.2.24.2. Step 2. BBr3 (1.0 M in CH2Cl2, 2.0 mL,
2.0 mmol) was added to a stirred solution of 3,3 0-dicar-
bomethoxy-2,2 0-dimethoxy-5,5 0-diphenyldiphenylme-
thane (125 mg, 0.20 mmol) in dry CH2Cl2 (5 mL) under
a nitrogen atmosphere over 2 min period with cooling
the reaction mixture in dry-ice acetone base. The result-
ing orange to dark red solution was stirred at room tem-
perature overnight. The reaction was quenched by
addition of 1 M HCl (4 mL) and the aqueous layer
was extracted with EtOAc (3· 20 mL). The organic ex-
tracts were combined, washed successively with water
(2· 20 mL) and brine (20 mL), and then dried (Na2SO4).
After evaporation of the solvent under reduced pressure,
the brown residue was dissolved in 1,4-dioxane (4 mL)
and mixed with 20% aqueous NaOH (0.74 mL). The
reaction mixture was stirred at 80 �C for 4 h. After evap-
oration of the solvent, the brown solution was diluted
with water (2 mL) and washed with EtOAc (2· 4 mL).
The aqueous layer was acidified with 1 M HCl (4 mL),
and the precipitate formed was dissolved in 100 mL
EtOAc. The organic layer was washed successively with
water (2· 20 mL) and brine (30 mL), and then dried
(Na2SO4). Evaporation of the solvent under reduced
pressure gave 3c as a yellowish brown solid (86 mg,
98% yield): mp >300 �C (dec); 1H NMR (DMSO-d6,
200 MHz) d 11.82 (s, 2H, OH), 7.93 (d, J = 2 Hz, 2H),
7.73 (d, J = 2 Hz, 2H), 7.57–7.32 (m, 10H), 4.09 (s,
2H, CH2); 13C NMR (DMSO-d6, 100 MHz): d 172.37
(CO2H), 159.06, 139.23, 134.46, 130.65, 129.01, 128.33,
127.04, 126.14, 112.75, (Carom), 40.14 (CH2); LRMS
m/z 440 (M+); HRMS calcd for C27H20O6440.1260
(M+), found 440.1259.


4.2.25. 3,3 0-Dicarboxy-5,5 0-difuran-2-yl-2,2 0-dihydroxy
diphenylmethane (3d)


4.2.25.1. Step 1. A flame-dried flask was cooled to
room temperature under a nitrogen purge and charged
with dichlorobis(triphenylphosphine)palladium (51 mg,
0.07 mmol) and 1,4-dioxane (0.5 mL). Compound 21
(455 mg, 0.91 mmol) in 1,4-dioxane (10 mL) was then
added. After 10 min nitrogen purging, 2-(tributylstan-
nyl)furan (1.14 mL, 3.62 mmol) was added via syringe
and the reaction mixture was stirred at 100 �C for 7 h.
The reaction mixture was then cooled to room tempera-
ture and quenched by addition of 10% ammonium
hydroxide (40 mL). It was extracted with EtOAc (3·
50 mL) and the combined organic solution was washed
successively with water (2· 50 mL) and brine (50 mL),
dried (Na2SO4), and concentrated. The brown solid was
subjected to silica gel column chromatography to give
3,3 0-dicarbomethoxy-5,5 0-difuran-2-yl-2,20-dimethoxydi-
phenylmethane as a yellow solid (248 mg, 58% yield): mp
107 �C; 1H NMR (CDCl3, 200 MHz) d 8.01 (d, J = 2.2 Hz,
2H), 7.57 (d, J = 2.2 Hz, 2H), 7.43 (d, J = 1.8 Hz, 2H), 6.58
(d, J = 3.2 Hz, 2H), 6.45 (m, 2H), 4.15 (s, 2H, CH2), 3.95 (s,
6H, CO2CH3), 3.79 (s, 6H, OCH3).

4.2.25.2. Step 2. A mixture of 3,3 0-dicarbomethoxy-
5,50-difuran-2-yl-2,20-dimethoxydiphenylmethane (248 mg,
0.52 mmol), PhSH (0.21 ml, 2.1 mmol), and K2CO3


(140 mg, 1.0 mmol) in anhydrous NMP (20 mL) was
heated at 190 �C for 40 min under nitrogen atmosphere.
The reaction mixture was cooled and saturated aqueous
NaHCO3 (25 mL) was added. It was extracted with
EtOAc (3· 100 mL) and the organic layers discarded.
The aqueous layer was acidified with 1 M HCl (40 mL)
and extracted with EtOAc (3· 50 mL). Combined organic
extracts were washed with water (2· 50 mL) and brine
(50 mL), dried (Na2SO4), and concentrated to afford
yellow solid (215 mg). It was washed with EtOAc to
obtain pure 3d as a yellow solid (165 mg, 75% yield): mp
>300 �C (dec);1H NMR (DMSO-d6, 400 MHz) d 7.98
(d, J = 2.4 Hz, 2H), 7.68 (d, J = 2.4 Hz, 2H), 7.65 (d,
J = 2 Hz, 2H), 6.77(d, J = 3.2 Hz, 2H), 6.52 (m, 2H),
4.01 (s, 2H); 13C NMR (DMSO-d6, 100 MHz) d 172.18
(CO2H), 158.84, 152.17, 142.42, 131.03, 128.31, 123.16,
121.47, 112.76, 111.99, 104.57, 38.89 (CH2); LRMS m/z
420 (M+); HRMS calcd for C23H16O8420.0845 (M+),
found 420.0844.


4.2.26. 3,3 0-Dicarboxy-2,2 0-dihydroxy-5,5 0-dithiophen-2-
yl-diphenylmethane (3e). In a similar way with the
synthesis of 3c, 3e was obtained from 20 (300 mg,
0.63 mmol), tetrakis(triphenylphosphine)palladium
(29 mg), 2.0 M K3PO4 (3.16 mL, 6.33 mmol), 2-(4,4,5,
5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene (332 mg,
1.58 mmol), and DMF (9 mL). Compound 3e was ob-
tained as a white solid (72 mg, 25% yield) along with
the monosubstituted product (37 mg, 13% yield): mp
>300 �C (dec); 1H NMR (DMSO-d6, 400 MHz) d 7.89
(d, J = 2.4 Hz, 2H), 7.67 (d, J = 2.4 Hz, 2H), 7.45 (m,
2H), 7.32 (m, 2H), 7.08 (m, 2H), 4.01 (s, 2H, CH2);
13C NMR (DMSO-d6, 100 MHz) d 172.13 (CO2H),
158.98, 142.44, 133.15, 128.52, 128.41, 124.98, 124.83,
124.65, 122.93, 112.82, 38.88 (CH2); LRMS m/z 452
(M+); HRMS calcd for C23H16O6S2452.0388 (M+),
found 452.0387.


4.3. IC50 determination


The PTPase activities were assayed in buffer A (100 mM
Hepes, 5 mM EDTA, pH 7.0) at 37 �C in a final pNPP
concentration of 2 mM. For this assay, the enzyme
was diluted with enzyme dilution buffer (25 mM Hepes,
5 mM EDTA, 1 mM DTT, and 1 mg/mL bovine serum
albumin, pH 7.3). The absorbance at 405 nm was mea-
sured to determine the amount of p-nitrophenol re-
leased. The IC50 values of the inhibitors were
determined by measuring the PTPase activity with a
range of different inhibitor concentrations. A typical
50-lL reaction system contained 5 lL pNPP, 5 lL en-
zyme, 5 lL inhibitor dissolved in DMSO, 10 lL 5· buf-
fer A, and 25 lL H2O. After the mixture, without pNPP,
had been incubated at 37 �C for 10 min, the enzyme
reaction was initiated by the addition of pNPP. After
3 min at 37 �C, the reaction was quenched by the addi-
tion of 0.5 M NaOH (0.95 mL), with the absorbance
at 405 nm measured to quantify the p-nitrophenol pro-
duced. The concentrations of PTPases in the assay mix-
tures were 2.1 lg/mL for PTP1B, 5 lg/mL for SHP-1cat,
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30 ng/mL for YPTP1 and 33 U (manufacturer’s defini-
tion)/mL for LAR and TC-PTP. The kinetic data were
analyzed using the GraFit 5.0 program (Erithacus
Software).


4.4. Mouse experiment for obesity


Twenty-six C57BL/6J Jms Slc mice (4-week-old, male,
17–19 g) were purchased from Japan SLC Inc., Haruno
Breeding branch. The mice were individually housed
and maintained in a 12-h light/dark cycle at 22 ± 2 �C.
Food and water were available ad libitum. The experi-
mental diets, high fat diet (HFD, D12451) and low fat
diet (LFD, D10012G) containing 45% and 16% of the
calories from fat, respectively, were obtained from Re-
search Diets (New Brunswick, NJ). The diets were either
in pellet or powder form.


All mice were acclimatized for 1 week (LFD), with 18
mice fed HFD for first 8 weeks of the study for the
development of obesity; the remaining eight were fed
LFD. The mice assigned to the LFD group were main-
tained on this diet throughout the study, as a lean con-
trol group. At week 8, all the HFD-fed mice were
assigned to one of two groups containing nine mice
each. The first group remained on HFD throughout
the study, as an obese control group. The remaining
group was fed HFD containing the PTP1B inhibitor,
3c, for 4 weeks. The concentration of 3c in the diets
was 5 g/kg of diet (0.5% w/w).


LFD was provided in pellet form throughout the exper-
iment. Conversely, the obese control and inhibitor-trea-
ted mice groups were fed with HFD in pellet form for
8 weeks of the obesity developing period, and then the
powdered form during the inhibitor treatment period.
Because the inhibitor is acidic, 2.5 g (5.7 mmol) of 3c
was dissolved in 11.4 mL of 1.0 M NaOH (2 equiv)
and 50 mL of water. The solution was then added to
500 g of the HFD powder and kneaded to form a dough.
Similarly, the HFD powder was kneaded with the addi-
tion of same volume of distilled water in 500 g of HFD
powder.


The body weight and food intake were recorded every
other day throughout the study. On completion of the
experiment, after 8 h of fasting, the mice were anesthe-
tized with secobarbital by an ip injection (40 mg/kg
body weight), with blood samples taken by cardiac
puncture into EDTA tubes and immediately placed on
ice. Blood samples were spun (5000g, 10 min, 4 �C),
with the plasma removed and frozen until further
analysis.


Plasma was analyzed for glucose, triglyceride, total cho-
lesterol, and free fatty acids using diagnostic kits (Glu-
cose C2, TG E, T-Cho E, and NEFA C, respectively,
from Wako Pure Chemical Industries Ltd. Osaka,
Japan) following the manufacturer’s protocol. A mix-
ture of 10 lL of plasma sample and color reagent
(1 mL for cholesterol and 1.5 mL for glucose and TG)
was incubated at 37 �C for 5 min, and then A600 for cho-
lesterol and TG, and A505 for glucose, measured. To

determine the NEFA concentration, 25 lL of plasma
sample and 1.5 mL of NEFA C reagent were incubated
at 37 �C for 20 min, and then A550 measured.


Liver, epididymal fat depots, and retroperitoneal fat de-
pots were excised immediately following blood collec-
tion, washed in cold physiological (isotonic) saline,
gently blotted, and then weighed. Tissues were immedi-
ately frozen in liquid nitrogen and stored at �75 �C for
further analysis.


4.5. Statistical analysis


The data for the mice were expressed as means ± SEM.
Data were analyzed using a 1-way ANOVA with the
SPSS version 11.5 statistical package for windows (SPSS
Inc., Chicago, Illinois). Differences were considered sig-
nificant at p < 0.05.
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Abstract—With the goal of developing Alzheimer’s disease therapeutics, we have designed and synthesized new piperidine deriva-
tives having dual action of acetylcholinesterase (AChE) and beta-amyloid peptide (Ab) aggregation inhibition. For binding with the
catalytic site of AChE, an ester with aromatic group was designed, and for the peripheral site, another aromatic group was consid-
ered. And for intercalating amyloid-beta oligomerization, long and linear conformation with a lipophilic group was considered. The
synthetic methods employed for the structure with dual action depended on alcohols with an aromatic ring and the substituted ben-
zoic acids, which are esterificated in the last step of the synthetic pathway. We screened these new derivatives through inhibition tests
of acetylcholinesterase, butyrylcholinesterase (BChE), and Ab1–42 peptide aggregation, AChE-induced Ab1–42 aggregation. Our
results displayed that compound 12 showed the best inhibitory potency and selectivity of AChE, and 29 showed the highest selec-
tivity of BChE inhibition. Compounds 15 and 12 had inhibitory activities against Ab1–42 aggregation and AChE-induced Ab aggre-
gation. In the docking model, we confirmed that 4-chlorobenzene of 12 plays the parallel p–p stacking against the indole ring of
Trp84 in the bottom gorge of AChE. Because the benzyhydryl moiety of 12 covered the peripheral site of AChE in a funnel-like
shape, 12 showed good inhibitory potency against AChE and could inhibit AChE-induced Ab1–42 peptide aggregation.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Alzheimer’s disease (AD), the most common dementia
in elderly people, is a complex neurodegenerative disor-
der of central nervous system. It is associated with a
selective loss of cholinergic neurons and reduced levels
of acetylcholine neurotransmitter. A wide range of evi-
dence shows that acetylcholinesterase (AChE) inhibitors
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can interfere with the progression of AD.1–3 The more
basic pathological abnormalities in AD are amyloid pla-
ques, neurofibrillary tangles, and neuronal death.4,5 In
the past two decades, many efforts have been made to
understand the molecular pathogenesis of AD, and to
carry out its early diagnosis and therapeutic control.
Most relevant pathogenic events in AD can be classified
into the following four categories, (1) genetic alteration,
(2) beta-amyloid (Ab) deposition in senile plaques, (3)
neuroimmune dysfunction, and (4) cerebrovascular dys-
function.4–6 All of these pathogenic events are potential
targets for AD therapy, but the cholinergic neurotrans-
mission and beta-amyloid peptide are regarded as main
targets for more effective treatment strategies. The cho-
linergic hypothesis is still the most successful approach
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for the symptomatic treatment of AD. This hypothesis
postulates that at least some of the cognitive decline
experienced by AD patients results from a deficiency
in acetylcholine and thus in cholinergic neurotransmis-
sion. Therefore, inhibition of AChE appears to be a nat-
ural therapeutic strategy to palliate the cognitive deficit
in AD. Thus, the AChE inhibitors such as tacrine,7


donepezil,8 rivastigmine9, and galantamine10 have been
launched on the market for the symptomatic treatment
of AD (Fig. 1).


Beta-amyloid peptide is a main component of the se-
nile plaques and fibrillary tangles that constitute one
of the neurohistopathological features of AD. An
overproduction of Ab peptide and its subsequent
deposition as insoluble amyloid plaques may represent
the key pathological pathway.11 Accordingly, Ab pep-
tide has become a primary target in the development
of effective therapies.6,11 Amyloid targeted therapeutic
approaches aimed at blocking the neurotoxic activity
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Figure 2. Structures of the effective beta-amyloid fibril aggregation inhibitor

of Ab are presently pursued for the inhibition of amy-
loid production by inhibiting the enzyme cleaving
beta-amyloid protein precursor, immunizing against
AD, and inhibition of amyloid polymerization.12 An
attractive therapeutic strategy is to inhibit peptide
aggregation itself, because this appears to be the first
step in the pathogenic process of amyloidosis, which
is not associated with natural biological function.13


Figure 2 shows examples of some small molecule Ab
inhibitors. Current NMR and molecular modeling
studies are being conducted to unravel the structure
and dynamics of Ab peptide and to understand the
molecular basis of the amyloid fibril formation.14–17


But the lack of structural similarity among the Ab
inhibitors is striking, suggesting that they bind to dif-
ferent sites within amyloid in contrast to most drugs.
This interferes in making conclusions from rational
structure–activity relationships. Recent studies have
identified that AChE enhances the aggregation of Ab
peptide fragments18 and accelerates the assembly of
Ab1–42 peptide into the amyloid fibrils that form the
senile plaques characteristic of AD. These results, to-
gether with binding assays, have suggested that AChE
may contribute to the generation of amyloid deposits
and/or physically affects fibril assembly. Moreover, it
has also been shown that the neurotoxicity of Ab1–42


peptide aggregates depends on the amount of AChE
bound to the complexes, suggesting that AChE may
play a key role in the neurodegeneration observed in
an AD patient’s brain.19,20


We designed and synthesized new compounds with dual
action of effective anti-acetylcholinesterase and Ab1–42


peptide aggregation inhibition. Specifically, we focused
our efforts on piperidine derivatives binding with a cat-
alytic and a peripheral site of AChE, and having inhib-
itory potency against Ab aggregation. We report here
the synthesis, pharmacological evaluation, and molecu-
lar modeling of new piperidine compounds.
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2. Results and discussion


2.1. Chemistry


Several possible chemical variations were considered on
the basis of piperidine derivatives (Fig. 3). For binding
with catalytic site of AChE, the ester with an aromatic
group was designed, and for binding with peripheral
site, another aromatic group was considered. As the
pocket of AChE is deep, a few carbon chains as a linker
were needed at the middle site between the gorge and the
entrance of AChE. Several groups studied the peptidic
Ab inhibitors by modifying core regions of Ab residue,
and the numerous anti-amyloidogenic compounds have
been developed.13 Unfortunately, these peptidic amyloid
aggregation inhibitors were not stable at oral adminis-
tration in vivo. However, they have a hydrophobic
group in common for binding with the core regions of
Ab residue.12,13 Therefore, we considered long and lin-
ear conformation with some lipophilic groups for inter-
calating against Ab peptide oligomerization. The
synthetic methods for the dual action depended on the
alcohols with an aromatic ring and the substituted ben-
zoic acids, which are esterificated in the last step of the
synthetic pathway.21 Preparation of the alcohols, the
key intermediate compounds 9, 10 containing a piperi-
dine and aromatic group, was carried out by hydride

OAr


Peripheral site 
binding


LiAChE  binding


A-beta intercalating Linear confor
electro


Figure 3. Design of the molecules with dual inhibitory action for AChE and
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       C6H5CH2  : 10


Scheme 1. Reagents and conditions: (a) Et3N, DIBOC, CHCl3, 1 h; (b) (C6H


Na2CO3, THF, 4 h; (d) KOH, IPA, reflux, 14 h; (e) NaOH, EtOH, reflux, 6 h;


ether, 2 h.

reduction using LiAlH4 of the esters 7, 8. The esters 7,
8 were obtained by substitution reaction of the ether
containing piperidine and aromatic ring 5, 6. Deprotec-
tion of the tert-butyl carbonate group in piperidine com-
pounds 3, 4 gave the compounds 5, 6. The ethers 3, 4
were obtained by substitution reaction of benzylbromide
or benzhydrylbromide with N-protected 4-hydroxypi-
peridine 2. The key intermediate compounds 9 and 10
were prepared in five steps as described in Scheme 1.
All the piperidine ester derivatives 11–18 and 21–28 were
synthesized with intermediate compounds 9, 10 and the
substituted benzoic acids that are commercially avail-
able. Because the reaction condition is mild and simple,
there may be no problem in large scale syntheses
(Scheme 2). The mixture of the corresponding substi-
tuted benzoic acid (4-chlorobenzoic acid, 4-nitrobenzoic
acid, 3-fluorobenzoic acid, etc.) and compound 9 or 10
with 4-N,N-dimethylaminopyridine and N-[3-(dimeth-
ylamino)propyl]-N 0-ethylcarbodiimide hydrochloride
was allowed to react at room temperature. The resulting
products 11–18 and 21–28 were obtained. Separately,
compounds 9 or 10 were reacted with halide substituted
phenyl isocyanate at para position in acetonitrile as sol-
vent and then the resulting products were obtained as
compounds 19–20 and 29–30 (Scheme 3). The chemical
structures of all new compounds synthesized herein were
fully characterized by mass analysis and proton, carbon
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NMR spectroscopic data reported in the experimental
section.


2.2. AChE, BChE inhibition and selectivity for AChE or
BChE


To determine the therapeutic potency of the new piper-
idine derivatives (compounds 11–30) for the AD thera-
peutics, their anticholinesterase activities were assayed
according to Ellmann’s method22 against freshly pre-
pared AChE from Electrophorus electricus and human
BChE from plasma using tacrine and donepezil as refer-
ence compounds. Table 1 summarizes the data compar-
ing AChE and BChE inhibition as well as the selectivity
for AChE or BChE inhibitory activities from IC50 val-
ues for the new piperidine derivatives. From the IC50


values of compounds 11–30, it appears that variations
of aromatic phenyl group influenced AChE or BChE
activities. In particular, compounds 11–20 with benzhy-
dryl group (R) have shown AChE inhibitory activities,
while compounds 21–30 with benzyl group showed
BChE inhibitory activities. Compounds 12 and 13 pos-
sessing halogen group (R1 = 4-Cl, 4-F) at para position
showed best activities against AChE inhibition assay
and their IC50 values are 0.32 and 0.84 lM, respectively.
The meta substituted compounds 17 and 18 (R1 = 3-Cl,
3-F) showed less activity of about 1/10-fold than para
substituted compounds. Insertion of a chlorine atom
at para position seems to enhance binding affinity with

AChE. The role of a chlorine atom at para position
may be an anchor in the hydrophobic pocket of
AChE.23 The hydrophobic interaction between Trp279
and phenyl ring of rigid benzhydryl is more stable than
flexible benzoate phenyl ring. Compound 12 could
locate upside-down to the showed binding mode. We
performed energy minimizing (no data), however, the
result was more in preference of the suggested modeling
(Figs. 4 and 5). When the compound 12 is docked with
enzyme, the benzoate group could enter easier than the
bulky benzhydryl group. Current studies reported that
AChE is greatly reduced in specific brain regions, while
BChE increases in AD patients with severe pathology.
Recent evidence suggests that both AChE and BChE
may have roles in the etiology and progression of AD
beyond the regulation of synaptic acetylcholine levels.24


Therefore, the synthesized compounds were screened
against BChE. Compound 29 having carbamate group
(X = NH) presented the best BChE inhibitory potency
(IC50 0.11 lM). To further characterize the pharmaco-
logical profile of the synthesized compounds, their selec-
tivity to inhibit AChE versus BChE was determined.
The selectivity for AChE of compound 12 is similar to
donepezil and showed the best AChE inhibition and
selectivity. Considering the selectivity for BChE, com-
pound 29 showed the best BChE inhibition and is above
39-fold more potent than tacrine. The structural differ-
ences between compounds 12and 19 are that R is benz-
hydryl or benzyl and other functional group is ester or
carbamate. The peripheral anionic site (PAS) of AChE,
the subsite outside of the active site gorge, mediates sub-
strate inhibition of AChE.25 Three aromatic amino acids
located at the entrance to the active site gorge are the
key residues of this subsite. The PAS of BChE, which
is different from that of AChE, has weaker affinity than
AChE for the typical PAS ligands and mediates sub-
strate activation. The three aromatic residues of the
AChE PAS are missing in the PAS of BChE, which is
formed by two amino acid residues (Asp70 and
Tyr332) in the human enzyme.26 Recent evidence sug-
gested that rivastigmine with carbamate group has a
high BChE preference (selectivity 122 BChE, ref 26). Ex-
cept some compounds, many carbamates of benzofura-
ne, benzodioxepine, and physostigmine showed BChE
preference.27 Because compounds 12–20 have one more
aromatic moiety than compounds 21–30, their benzene
rings seem to play a key role of interaction with the three
aromatic residues of the AChE peripheral site and have
an AChE preference. Compounds 19, 20, and 29, 30
having carbamate group showed BChE inhibitory activ-
ity. Among them, compounds 29 and 30 showed high
BChE preference (selectivity >400 BChE).


2.3. Molecular modeling of AChE and compound 12 with
donepezil


In order to gain further insight into the mechanism of
inhibition, we performed the docking study to generate
the binding model for compound 12 on the basis of
the existing X-ray crystal structure of AChE (PDB code:
1EVE).28 The proposed binding model of 12 with the
key residues in the gorge site is shown in Figure 4.
The binding model suggests the 4-chlorobenzene of 12







Table 1. Inhibition of AChE and BChE activities and Selectivity Ratios of the synthesized compounds


N


RO


O X


O
R1


Compound R R1 X AChE inhibitiona (lM, IC50) BChE inhibitiona (lM, IC50) Selectivityb


11 Benzhydryl H 1.31 ± 0.21 31.55 ± 3.53 24 AChE


12 Benzhydryl 4-Cl 0.32 ± 0.12 38.4 ± 3.72 120 AChE


13 Benzhydryl 4-F 0.84 ± 0.22 22.19 ± 1.85 26 AChE


14 Benzhydryl 4-NO2 7.25 ± 1.31 26.83 ± 1.92 5 AChE


15 Benzhydryl 4-tert-Butyl 2.41 ± 0.2 78.92 ± 5.44 33 AChE


16 Benzhydryl 4-Isopropyl 3.89 ± 0.31 23.21 ± 2.73 6 AChE


17 Benzhydryl 3-Cl 3.39 ± 0.39 57.87 ± 6.23 17 AChE


18 Benzhydryl 3-F 7.72 ± 2.12 35.88 ± 3.1 5 AChE


19 Benzhydryl 4-Cl NH 2.45 ± 0.32 13.65 ± 1.2 6 AChE


20 Benzhydryl 4-F NH 2.45 ± 0.46 15.67 ± 1.21 6 AChE


21 Benzyl H >100 1.89 ± 0.56 >53 BChE


22 Benzyl 4-Cl >100 3.52 ± 0.89 >28 BChE


23 Benzyl 4-F >100 0.56 ± 0.21 >179 BChE


24 Benzyl 4-NO2 >100 5.23 ± 0.78 >19 BChE


25 Benzyl 4-tert-Butyl 12.22 ± 1.55 15.23 ± 2.01 1.2 AChE


26 Benzyl 4-Isopropyl 14.78 ± 1.62 10.79 ± 1.86 1.4 BChE


27 Benzyl 3-Cl >100 1.35 ± 0.35 >74 BChE


28 Benzyl 3-F >100 1.58 ± 0.54 >63 BChE


29 Benzyl 4-Cl NH >100 0.25 ± 0.05 >400 BChE


30 Benzyl 4-F NH >100 0.78 ± 0.25 >128 BChE


Tacrine 0.15 ± 0.11 0.03 ± 0.01 5 BChE


Donepezil 0.08 ± 0.01 10.05 ± 1.72 126 AChE


The activities of AChE and BChE inhibition were screened by Ellman’s method. IC50 is defined as the concentration of compounds that reduces by


50% of with respect to that without inhibitors. The dose–response curves have been fit by Probit analysis in StatsDirect statistical software (ver 2.5.5).
a Values are expressed as mean ± standard error of the mean of at least three experiments and the data showed proportional response with 95%


confidence intervals.
b Because a smaller IC50 represents a higher activity, the selectivity is defined as: selectivity for AChE = IC50(BChE)/IC50 (AChE), and selectivity for


BChE = IC50 (AChE)/IC50 (BChE).
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is bound to near the bottom of the gorge, and it shows
parallel p–p stacking against the six-membered ring of
Trp84 indole. The average distances between rings were

Figure 4. Proposed binding model of compound 12 with AChE. 12 is


represented as a ball-and-stick model (purple) and other amino acid


residues are displayed as stick model. (Color of the chloride atom is


green, nitrogen is blue, hydrogen is white, and oxygen is red.)

3.8 Å. In the middle of the gorge, the constricted region,
the aliphatic alkyl chains of 12 were located as a linker
and surrounded with phenyl rings of Tyr121, Phe330,

Figure 5. The superposition of compound 12 (purple) and donepezil


(yellow) in the active site of AChE pocket.







Table 2. Inhibition of Ab1–42 aggregation without and with AChE by


the piperidine derivatives and reference compounds


Compound Ab1–42 aggregation


inhibition by ThT


assaya (lM, IC50)


Inhibition with AChE


0.02 Ub


100 lMc (%) 1 lMd (%)


11 40.33 ± 3.53 nde nde


12 28.21 ± 3.12 55.5 42.4


13 36.33 ± 4.1 41.8 28.4


14 53.14 ± 5.26 nde nde


15 20.02 ± 1.84 72.4 61.2


16 76.86 ± 6.4 nde nde


17 91.96 ± 10.2 nde nde


18 33.72 ± 3.23 52.0 41.4


19 37.32 ± 2.8 34.6 15.5


20 113.64 ± 8.9 nde nde


21 105.32 ± 9.53 nde nde


22 >150 nde nde


23 >150 nde nde


24 >150 nde nde


25 78.5 ± 5.7 nde nde


26 85.92 ± 6.9 nde nde


27 69.4 ± 6.75 nde nde


28 74.94 ± 7.4 nde nde


29 >150 nde nde


30 >150 nde nde


Congo-red 1.65 ± 0.2 99.9 99.5


Tacrine >150 0 0


Donepezil 86.5 ± 7.87 0 0


a Each value of Ab1–42 aggregation inhibition was from Thioflavin T


(ThT) assay using fluorospectrometer. The dose–response curves


have been fit by Probit analysis in StatsDirect statistical software (ver


2.5.5). The values are expressed as means ± standard error of the


mean at least three experiments and the data showed proportional


response with 95% confidence intervals.
b Co-aggregation inhibition of Ab1–42 and AChE 0.02 U was detected


by ThT assay.
c The data (%) showed that the test compounds inhibited the co-


aggregation at 100 lM.
d The data (%) showed that the test compounds inhibited the co-


aggregation at 1 lM.
e nd, not determined.
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and Tyr334. The nitrogen of piperidine ring could have
a hydrogen bond with Tyr121 OH with the distance
3.1 Å. The piperidine ring may have van der Waals con-
tact with Trp279 and Tyr334 (distances between the
closest carbon atoms of 3.9 and 3.8 Å). At the mouth
of the gorge, the benzene ring of benzhydryl group
showed the hydrophobic interaction with the residues
Trp279 and Leu282 (distances between the closest car-
bon atoms of 3.5 and 4.1 Å). In case of compound 22
possessing one benzene ring at the peripheral binding
site, the hydrophobic interaction with Trp279 and
Leu282 may be weak and have low potency, because
of flexibility of the benzyl group. We compared donepe-
zil (E2020) and 12 from the aspect of binding model and
they were shown to be similar. Especially, the location of
phenyl group to parallel p–p stacking against Trp84 was
similar to 12 and donepezil. The superposition of 12 and
donepezil is shown in Figure 5. In the chemical struc-
ture, both of 12 and donepezil have piperidine-nitrogen
atom, but different position of piperidine-nitrogen
showed the variation of potency. It seems likely that
the para-chloro group of compound 12plays an impor-
tant role in the activity. The distance between para-posi-
tion chlorine and hydrogen in Gly117 or hydrogen in
Tyr130 is 2.5 and 3.1 Å, respectively. Therefore, the
para-chlorine and hydrogen can take place hydrogen
bonding. The evidences of halogen and hydrogen bond-
ing were found in a lot of research results.29 The meta-
chloro substituent has no amino acids for hydrogen
bonding nearby. Because the pocket of AChE is in the
shape of a deep pitfall, 12 could locate from entrance
to bottom gorge. Compound 12 was about 37-fold less
potent than donepezil, because the piperidine-nitrogen
of 12 (unlike donepezil which showed quaternary-p
interaction with Phe330) was the about 4.6 Å distance
from the piperidine-nitrogen of donepezil towards the
mouth of the gorge. The backbone length of 12 is longer
than donepezil. Compound 12 and donepezil have the
length of 18.9 and 15.6 Å, respectively. It showed that
12 had enough length to cover the peripheral site as
the active site gorge is about 20 Å deep from the mouth
of gorge.29 The benzhydryl moiety of 12 also had en-
ough size and shape to cover the peripheral site, which
was the funnel-like entrance to the gorge. The peripheral
site at the mouth of the gorge has been recently postu-
lated to regulate the Ab assembly.30 The result of the
Ab aggregation inhibition assay showed that 12 had
good inhibitory potency. This might be due to the size
differences between the benzhydryl of 12 and the
dimethoxyindanone of donepezil. Thus, we suggest com-
pound 12 could be a ‘dual action’ inhibitor.


2.4. Effects on the Ab1–42 peptide aggregation without and
with AChE


To determine the amyloid-beta(1–42) aggregation inhi-
bition of the new piperidine derivatives (compounds
11–30), thioflavinT (ThT) assay was performed compar-
ing with Congo-red, tacrine and donepezil as reference
compound.30,31 Table 2 summarizes the data for effects
on the Ab1–42 peptide aggregation from IC50 values
and effects on the co-aggregation of Ab1–42 with AChE
from percent (%) inhibition at 100 and 1 lM of each

compound. In the screening results of ThT assay for
Ab1–42 aggregation inhibition, the most effective com-
pound was 15, followed by 12, 18, 13, and 19, and their
IC50 values (lM) were 20.02 ± 1.84, 28.21 ± 3.12,
33.72 ± 3.23, 36.33 ± 4.1, and 37.32 ± 2.8, respectively.
To further explore the dual action of these compounds,
AChE-induced Ab1–42 aggregation inhibitory activity
was examined employing the same ThT-based fluoro-
metric assay.30,32 In the co-aggregation study, com-
pounds 15and 12 were more effective than tacrine or
donepezil. Considering the results, two aromatic rings,
benzhydryl group of the synthesized compounds, could
play a major role against Ab1–42 peptide aggregation
inhibition. A number of inhibitors of Ab fibril formation
have been described that prevent the formation of a bio-
logically active species of peptide. Short peptide frag-
ments, based primarily on the central hydrophobic
region of Ab, have been proposed as being capable of
preventing b-sheet formation.33,34 SKF-74652, a repre-
sentative benzofuran analogue, and 9-acridone deriva-
tives are known as potent Ab aggregation inhibitors
(Fig. 2).35 Because of their hydrophobic regions and
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hydrogen bond acceptors, they are capable of multiple
binding for inhibition on the Ab peptide. Other studies
suggested the role of AChE not only in the hydrolysis
of neurotransmitter ACh, but also in accelerating the
aggregation of Ab into amyloid fibrils (AChE-induced
Ab-fibrillogenesis).32,36 In the recent study, the benzyle-
thers of pyridinium-type compounds showed high activ-
ity against AChE and Ab aggregation dual inhibition.37


Although the benzofuran, the benzylether and the piper-
idine derivatives are not of the same structure, they have
common hydrophobic regions, hydrogen bond accep-
tors, and the proper molecular length. These structural
characters could give effect for multiple binding on the
Ab peptide and a further study using pharmacophore
mapping and virtual screening is needed.


2.5. Neuroprotective effects on the IMR-32 cell line


The cytotoxic effect of the new piperidine derivatives
was screened in human neuroblastoma cell line, IMR-
32.32,38 Table 3 represents cell viability (%) by treatment
of the synthesized compounds comparing with control
cells. Control cells were treated with Ab1–42 peptide
only. When the viability of control cells became about
50% compared with standard cells (untreated peptide
or inhibitors), the viability of compound treated cells
was determined by MTT assay. The most neuroprotec-
tive compound was 12, followed by 15, donepezil, and
11. For tacrine and 13, cytotoxicity was found at
0.1 lmol/mL against IMR-32 cells. It is well known that
tacrine has hepatotoxicity and cytotoxicity against hepa-
tocellular carcinoma, HepG2, however, donepezil has
lesser toxicity in vivo and in vitro.39,40 In this study, ta-
crine has little neuroprotective effect (42.0%) against
Ab1–42 peptide treated human neuroblastoma cells at
similar level with control cells (49.1%) in vitro. On the
other hand, compounds 12 (90.5%), 15 (85.2%), and
donepezil (82.6%) showed good neuroprotective effect.
The cytotoxic mechanism of tacrine is not clear, but it
is reported that tacrine and some polycyclic aromatic
compounds may be inactivating CYP1A enzymes and
inhibiting drug metabolism pathway and the increased
toxicity is NADPH dependent.41 The piperidine deriva-
tives aren’t seem to be related with CYP1A enzymes by
the reason that the compounds are not polycyclic com-
pounds. Their hydrophobic aromatic group and hydro-

Table 3. Neuroprotective effects on the neuron cell line, IMR-32


in vitro


Compound Cell viability (0.1 lmol/ml) (%)


Control 49.1a


11 80.5b


12 90.5


13 36.3


15 85.2


19 56.5


Tacrine 42.0


Donepezil 82.6


a Control group was treated with Ab1–42 peptide only.
b Test group was treated with Ab1–42 plus the synthesized compound or


reference drugs on 0.1 lmol/mL concentration. The neuroprotective


effect against neuron cells was determined by MTT assay.

gen bond acceptor may be having neuroprotective effect.
Because compound 13 has a strong electron-withdraw-
ing fluoro group, it is likely to act as a cytotoxic factor.
The exact reason for the neuroprotective effect is un-
known; therefore its mechanism needs further study.

3. Conclusion


We have synthesized new piperidine derivatives having
dual inhibitory potency of AChE and Ab1–42 peptide
aggregation. Compound 12 displayed the most inhibi-
tory potency against AChE (IC50 = 0.32 lM) and selec-
tivity (AChE relative to BChE) of 120 times. This
contains a benzhydryl group as a peripheral site interac-
tion unit and a phenyl ring as a catalytic site binding
unit, and the two units are connected with a piperidine
and alkyl chains as a linker. In the docking model,
4-chlorobenzene of 12 showed parallel p–p stacking
against the indole ring of Trp84 in the bottom gorge
of AChE. 29 and 30 showed high selectivity for BChE
and had structure of carbamate with benzylpiperidinyl
ether. Unlike AChE, the physiological function of BChE
is still unclear. Therefore, the selective BChE inhibitor
may be an interesting compound for the new AD thera-
peutic area. Compounds 12 and 15 showed good inhibi-
tion effects on Ab1–42 peptide oligomerization and the
AChE-induced aggregation. In the molecular modeling,
compound 12 had enough length to cover the mouth
gorge of AChE and the benzyhydryl moiety of 12 cov-
ered the entrance to the gorge of the peripheral site in
a funnel-like shape. Therefore, 12 and 15 could inhibit
the AChE-induced Ab1–42 peptide aggregation. The ob-
tained results are valuable for further study focusing on
investigating the dual inhibitor for Alzheimer’s disease
therapeutics.

4. Experimental


4.1. Chemistry


Reaction progress was monitored using analytical thin-
layer chromatography (TLC) on precoated Merck silica
gel Kiesegel 60 F254 plates and the spots were detected
under UV light (254 nm). The flash chromatography
was conducted using silica gel 230–400 mesh. IR spectra
were measured on a Jasco FT/IR-430 spectrophotome-
ter. 1H and 13C NMR spectra were recorded at
300 MHz on a Bruker ARX 300 spectrometer. The
chemical shifts are reported downfield in ppm (d) rela-
tive to internal TMS, and coupling constants are re-
ported in Hertz (Hz). Mass spectra analysis was
performed on a Quattro micro MS Micromass UK mass
spectrometer and recorded on an electrospray ionization
mass spectrometer as the value m/z. All chemicals and
solvents were purchased from Sigma–Aldrich.


4.2. tert-Butyl 4-hydroxypiperidine-1-carboxylate (2)


4-Hydroxypiperidine 1 (10.0 g, 98.86 mmol) was dis-
solved in chloroform (150 mL) and cooled at 0 �C. Tri-
ethylamine (16.5 mL, 118.63 mmol) was added above







Y. E. Kwon et al. / Bioorg. Med. Chem. 15 (2007) 6596–6607 6603

the solution slowly and stirred for 1 h at room tempera-
ture with di-tert-butyl dicarbonate (DIBOC, 25.8 g,
118.63 mmol). The reaction was completed with water
and the resultant solution was acidified by concentrated
HCl in ice bath and extracted with chloroform. The
chloroform layer was dried with anhydrous Na2SO4


and evaporated under reduced pressure. The flash chro-
matography was performed and obtained brown-yel-
lowish solid product 2 (yield 83%). Mp: 56–59 �C. IR
(KBr): 3485, 2934, 1671, 1434, 1170 cm�1. 1H NMR
(CDCl3): d 1.52 (s, 9H), 1.81–1.91 (m, 4H), 2.95–3.08
(m, 2H), 3.83–3.89 (m, 3H). 13C NMR (CDCl3): d
28.3, 34.1, 41.2, 67.6, 79.5, 154.7.


4.3. General procedure for the preparation of derivatives 3
and 4


To 90 mL of 1,4-dioxane were added compound 2 (9.7 g,
26.4 mmol), Na2CO3 (3.6 g, 34.38 mmol), KI (catalyst)
and diphenylbromomethane (8.5 g, 34.28 mmol), or
benzylbromide (1.3 equiv, 34.28 mmol). The mixture
was refluxed for 10 h and then the resultant was evapo-
rated. The concentrated solution was poured into water
and extracted with methylene chloride. The methylene
chloride layer was dried with anhydrous Na2SO4 and
evaporated under reduced pressure. The flash chroma-
tography was performed and obtained liquid products.


4.3.1. tert-Butyl 4-(benzhydryloxy)piperidine-1-carboxyl-
ate (3). Yield 72%, brownish liquid, IR (NaCl): 2941,
1732, 1492, 1452, 1180, 1071 cm�1. 1H NMR (CDCl3):
d 1.53 (s, 9H), 1.57–1.86 (m, 2H), 3.04–3.17 (m, 2H),
3.53–3.61 (m, 1H), 3.67–3.79 (m, 2H), 5.51 (s, 1H),
7.18–7.36 (m, 10H). 13C NMR (CDCl3): d 28.3, 31.0,
71.8, 80.1, 126.8, 126.9, 127.2, 128.2, 142.5, 184.0.


4.3.2. tert-Butyl 4-(benzyloxy)piperidine-1-carboxylate
(4). Yield 82%, yellowish liquid, IR (NaCl): 3125,
1750, 1510, 1180, 1060 cm�1. 1H NMR (CDCl3): d
1.53 (s, 9H), 1.61–1.82 (m, 2H), 3.04–3.17 (m, 2H),
3.58 (m, 1H), 3.67–3.79 (m, 2H), 5.51 (s, 1H), 7.21–
7.38 (m, 5H).


4.4. General procedure for the preparation of derivatives 5
and 6


To the dried isopropyl alcohol was added compound 3
or 4 (1 equiv) and KOH (10 equiv). The mixture was re-
fluxed for 14 h, cooled down to room temperature, and
distilled water was added for ending the reaction. The
resultant was extracted with chloroform and evaporated
under reduced pressure. The flash chromatography was
performed and obtained liquid product.


4.4.1. 4-Benzhydryloxypiperidine (5). Yield 70%, yellow-
ish liquid, 1H NMR (CDCl3): d 1.49–1.62 (m, 2H), 1.88–
1.96 (m, 2H), 2.48–2.62 (m, 2H), 3.04–3.12 (m, 2H),
3.45–3.49 (m, 2H), 5.54 (s, 1H), 7.21–7.40 (m, 10H).
13C NMR (CDCl3): d 33.06, 44.3, 73.0, 79.8, 127.0,
127.2, 128.2, 142.7; ESI-MS: 268.1 (M+1).


4.4.2. 4-Benzyloxypiperidine (6). Yield 80%, yellowish li-
quid, 1H NMR (CDCl3): d 1.65–2.05 (m, 4H), 3.04–3.12

(m, 2H), 3.31–3.42 (m, 2H), 3.45 (m, 1H), 5.24 (s, 1H),
7.28–7.36 (m, 5H).


4.5. General procedure for the preparation of derivatives 7
and 8


To 12–28 mL of N,N-dimethylformamide (DMF) were
added compound 5 or 6 (1.0 g, 3.74 mmol), NaHCO3


(1.42 g), potassium iodide (catalyst), and ethyl-4-chlo-
robutyrate (5.61 or 7.84 mmol). The mixture was re-
fluxed for 4 h and cooled down to room temperature.
The resulting solution was extracted with chloroform
and washed with water. The organic layer was dried
over anhydrous Na2SO4 and evaporated under reduced
pressure. The flash chromatography was performed and
obtained liquid product.


4.5.1. Ethyl-4-[4-(benzhydryloxy)piperidino]butanoate (7).
Yield 66%, yellowish liquid, 1H NMR (CDCl3): d 1.26
(t, J = 7.2 Hz, 3H), 1.77–1.93 (m, 6H), 2.05–2.12 (m,
2H), 2.28–2.33 (m, 4H), 2.69–2.77 (m, 2H), 3.38–3.46
(m, 1H), 4.14 (q, J = 7.2 Hz, 2H), 5.53 (s, 1H), 7.23–
7.37 (m, 10H). 13C NMR (CDCl3): d 14.2, 22.1, 22.4,
27.6, 27.7, 31.0, 31.3, 32.3, 51.0, 57.6, 60.2, 60.4, 62.0,
72.5, 68.4, 79.9, 127.0, 127.2, 128.2, 142.8, 173.5,
177.6; ESI-MS: 382.2 (M+1).


4.5.2. Ethyl 4-[4-(benzyloxy)piperidino]butanoate (8).
Yield 82%, yellowish liquid, 1H NMR (CDCl3): d 1.22
(t, J = 7.2 Hz, 3H), 1.67–1.91 (m, 6H), 2.09–2.19 (m,
2H), 2.27–2.36 (m, 4H), 2.72–2.78 (m, 2H), 3.38–3.42
(m, 1H), 4.10 (q, J = 7.2 Hz, 2H), 4.51 (s, 2H), 7.23–
7.34 (m, 5H). 13C NMR (CDCl3): d 14.1, 22.4, 31.2,
32.3, 51.1, 57.5, 60.1, 69.5, 127.3, 128.2, 138.9, 173.5;
ESI-MS: 306.2 (M+1).


4.6. General procedure for the preparation of derivatives 9
and 10


The compound 7 or 8 (1.0 g, 2.62 or 3.27 mmol) was dis-
solved in 10 mL of ether and cooled in an ice bath.
LiAlH4 (0.2 or 0.25 g, 5.24 or 6.54 mmol) was added
to the solution slowly. The mixture was stirred at room
temperature for 2 h and added water to end the reaction.
The resulting solution was then extracted with ether and
washed with water. The organic layer was dried over
magnesium sulfate and evaporated under reduced pres-
sure. The flash chromatography was performed and ob-
tained liquid product.


4.6.1. 4-[4-(Benzhydryloxy)piperidino]-1-butanol (9).
Yield 43%, yellowish liquid, 1H NMR (CDCl3): d
1.68–1.77 (m, 4H), 1.78–1.94 (m, 4H), 2.27–2.38 (m,
4H), 2.76–2.79 (m, 2H), 3.45–3.58 (m, 3H), 5.51 (s,
1H), 7.23–7.36 (m, 10H). 13C NMR (CDCl3): d 25.7,
30.5, 32.6, 58.4, 62.6, 80.1, 127.0, 127.2, 128.2, 142.7;
ESI-MS: 340.2 (M+1).


4.6.2. 4-[4-(Benzyloxy)piperidino]-1-butanol (10). Yield
83%, yellowish liquid, 1H NMR (CDCl3): d 1.62–1.76
(m, 6H), 1.84–1.91 (m, 2H), 2.21–2.31 (m, 4H), 2.70–
2.76 (m, 2H), 3.42–3.56 (m, 3H), 4.48 (s, 2H), 7.19–
7.30 (m, 5H). 13C NMR (CDCl3): d 25.8, 30.4, 32.7,
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50.4, 50.5, 58.4, 62.6, 69.9, 127.3, 128.3, 138.8; ESI-MS:
266.1 (M+1).


4.7. General procedure for the preparation of derivatives
11–18 and 21–28


To 15 mL of chloroform was added compound 9 or 10
(0.619 or 1.135 mmol), each of benzoic acid derivatives
(1.5 equiv), 4-dimethylaminopyridine (3 equiv), and 1-
[3-(dimethylamino)propyl]-3-ethylcarboimide hydro-
chloric acid (1.1 equiv). The mixture was allowed to
react at room temperature for 2 h and added water to
end the reaction. The resulting solution was acidified
with 1 N HCl and extracted using chloroform. An
organic layer was washed with 1 N NaOH, dried over
magnesium sulfate, and evaporated under reduced
pressure. The flash chromatography was performed
and obtained each product.


4.7.1. 4-[4-(Benzhydryloxy)piperidino]butyl benzoate (11).
Yield 63%, yellowish liquid, 1H NMR (CDCl3): d 1.67–
1.91 (m, 8H), 2.12–2.20 (m, 2H), 2.40 (t, J = 7.4 Hz,
2H), 2.77–2.80 (m, 2H), 3.44–3.50 (m, 1H), 4.35 (t,
J = 6.4 Hz, 2H), 5.54 (s, 1H), 7.25–7.37 (m, 10H),
7.42–7.47 (m, 2H), 7.54–7.57 (m, 1H), 8.05 (d,
J = 7.2 Hz, 2H). 13C NMR (CDCl3): d 23.7, 26.8, 31.2,
51.0, 58.1, 64.8, 79.9, 127.0, 127.2, 128.2, 129.5, 130.3,
132.8, 142.7; ESI-MS: 444.2 (M+1).


4.7.2. 4-[4-(Benzhydryloxy)piperidino]butyl-4-chlorobenzo-
ate (12). Yield 71%, yellowish liquid, 1H NMR (CDCl3):
d 1.62–1.90 (m, 8H), 2.14–2.22 (m, 2H), 2.39 (t,
J = 7.4 Hz, 2H), 2.74 (m, 2H), 3.45–3.51 (m, 1H), 4.3
(t, J = 6.3 Hz, 2H), 5.53 (s, 1H), 7.27–7.37 (m, 10H),
7.41 (d, J = 8.5 Hz, 2H), 7.97 (d, J = 8.5 Hz, 2H). 13C
NMR (CDCl3): d 23.7, 26.7, 31.3, 51.1, 58.1, 65.1,
80.0, 127.2, 127.6, 128.2, 128.6, 128.8, 130.9, 139.2,
142.8, 165.7; ESI-MS: 478.2 (M+1).


4.7.3. 4-[4-(Benzhydryloxy)piperidino]butyl 4-fluorobenzo-
ate (13). Yield 74%, yellowish liquid, 1H NMR (CDCl3):
d 1.61–1.89 (m, 8H), 2.11–2.14 (m, 2H), 2.34 (t,
J = 7.4 Hz, 2H), 2.69–2.77 (m, 2H), 3.38–3.45 (m, 1H),
4.29 (t, J = 6.4 Hz, 2H), 5.50 (s, 1H), 7.07 (dd, J = 8.9,
8.3 Hz, 2H), 7.21–7.39 (m, 10H), 8.02 (dd, J = 8.9,
5.5 Hz, 2H). 13C NMR (CDCl3): d 23.7, 26.7, 31.3,
51.1, 58.0, 64.9, 79.9, 115.2, 115.5, 126.5, 127.0, 127.2,
128.2, 131.9, 132.0, 142.8, 163.9, 165.5; 167.2; ESI-MS:
462.2 (M+1).


4.7.4. 4-[4-(Benzhydryloxy)piperidino]butyl-4-nitrobenzo-
ate (14). Yield 76%, yellowish liquid, 1H NMR (CDCl3):
d 1.65–1.89 (m, 8H), 2.06–2.16 (m, 2H), 2.39 (t,
J = 7.4 Hz, 2H), 2.74–2.77 (m, 2H), 3.45–3.48 (m, 1H),
4.40 (t, J = 6.4 Hz, 2H), 5.53 (s, 1H), 7.23–7.37 (m,
12H), 8.21 (d, J = 8.8 Hz, 2H), 8.29 (d, J = 8.7 Hz,
2H). 13C NMR (CDCl3): d 23.6, 26.6, 31.2, 51.0, 57.9,
65.7, 72.3, 80.0, 126.5, 122.7, 123.4, 126.7, 127.0,
127.2, 127.8, 128.2, 128.5, 129.9, 130.6, 135.7, 142.7,
150.4, 164.6; ESI-MS: 489.2 (M+1).


4.7.5. 4-[4-(Benzhydryloxy)piperidino]butyl-4-(tert-butyl)ben-
zoate (15). Yield 96%, yellowish liquid, 1H NMR

(CDCl3): d 1.41 (s, 9H), 1.72–1.86 (m, 8H), 2.05–2.15
(m, 2H), 2.34 (t, J = 7.4 Hz, 2H), 2.71–2.77 (m, 2H),
3.39–3.47 (m, 1H), 4.3 (t, J = 6.4 Hz, 2H), 5.51 (s, 1H),
7.21–7.37 (m, 10H), 7.42 (d, J = 8.3 Hz, 2H), 7.96 (d,
J = 8.3 Hz, 2H). 13C NMR (CDCl3): d 23.7, 26.8, 31.0,
31.3, 35.0, 51.1, 58.1, 64.6, 79.9, 125.2, 127.0, 127.2,
127.6, 128.2, 129.3, 142.8, 165.7; ESI-MS: 500.3 (M+1).


4.7.6. 4-[4-(Benzhydryloxy)piperidino]butyl 4-isopropyl-
benzoate (16). Yield 66%, yellowish liquid, 1H NMR
(CDCl3): d 1.24 (d, J = 7.2 Hz, 6H), 1.58–1.86 (m,
8H), 2.04–2.18 (m, 2H), 2.34 (t, J = 7.6 Hz, 2H), 2.72–
2.78 (m, 2H), 2.90–2.97 (m, 1H), 3.46–3.40 (m, 1H),
4.28 (t, J = 6.4 Hz, 2H), 5.50 (s, 1H), 7.19–7.38 (m,
12H), 7.93 (d, J = 8.4 Hz, 2H). 13C NMR (CDCl3): d
23.6, 23.7, 26.7, 31.3, 34.1, 40.8, 51.0, 58.0, 64.5, 72.4,
89.9, 126.3, 126.9, 127.1, 127.9, 128.1, 129.5, 142.7,
154.1, 166.5; ESI-MS: 486.2 (M+1).


4.7.7. 4-[4-(Benzhydryloxy)piperidino]butyl 3-chloroben-
zoate (17). Yield 33%, yellowish liquid, 1H NMR
(CDCl3): d 1.57–1.92 (m, 8H), 2.10–2.18 (m, 2H), 2.34
(t, J = 7.4 Hz, 2H), 2.73–2.79 (m, 2H), 3.41–3.48 (m,
1H), 4.31 (t, J = 6.4 Hz, 2H), 5.50 (s, 1H), 7.20–7.39
(m, 11H), 7.50 (d, J = 8.0 Hz, 1H), 7.89 (d, J = 7.6 Hz,
1H), 7.98 (s, 1H). 13C NMR (CDCl3): d 23.7, 26.7,
31.3, 51.1, 58.0, 65.2, 72.3, 79.9, 116.2, 116.5, 119.7,
119.9, 125.2, 127.0, 127.2, 127.6, 128.2, 129.5, 129.6,
132.1, 132.8, 134.4, 142.8, 165.3; ESI-MS: 478.2 (M+1).


4.7.8. 4-[4-(Benzhydryloxy)piperidino]butyl 3-fluoroben-
zoate (18). Yield 14%, yellowish liquid, 1H NMR
(CDCl3): d 1.66–1.92 (m, 8H), 2.17–2.24 (m, 2H), 2.40
(t, J = 7.2 Hz, 2H), 2.76–2.82 (m, 2H), 3.44–3.49 (m,
1H), 4.35 (t, J = 6.4 Hz, 2H), 5.53 (s, 1H), 7.23–7.43
(m, 12H), 7.72(d, J = 7.7 Hz, 1H), 7.84 (d, J = 7.7 Hz,
1H).13C NMR (CDCl3): d 23.7, 26.7, 31.3, 51.1, 58.0,
65.2, 80.0, 116.2, 116.5, 119.7, 120.0, 125.2, 127.0,
127.2, 128.2, 129.8, 129.9, 132.5, 132.6, 142.8, 160.8,
165.4; ESI-MS: 462.2 (M+1).


4.7.9. 4-[4-(Benzyloxy)piperidino]butyl benzoate (21).
Yield 69%, yellowish liquid, 1H NMR (CDCl3): d
1.58–1.79 (m, 6H), 1.88–1.96 (m, 2H), 2.08–2.16 (m,
2H), 2.35 (t, J = 7.4 Hz, 2H), 2.74–2.78 (m, 2H), 3.36–
3.44 (m, 1H), 4.30 (t, J = 6.4 Hz, 2H), 4.51 (s, 2H),
7.21–7.33 (m, 5H), 7.38–7.45 (m, 2H), 7.50–7.54 (m,
1H), 8.01 (d, J = 9.6 Hz, 2H).13C NMR (CDCl3): d
23.8, 26.8, 31.2, 51.1, 58.1, 64.8, 69.6, 127.4, 128.3,
129.5, 130.3, 132.8, 138.9, 166.6; ESI-MS: 368.2 (M+1).


4.7.10. 4-[4-(Benzyloxy)piperidino]butyl-4-chlorobenzoate
(22). Yield 61%, yellowish liquid, 1H NMR (CDCl3): d
1.68–1.94 (m, 8H), 2.15–2.22 (m, 2H), 2.40 (t,
J = 7.4 Hz, 2H), 2.78–2.84 (m, 2H), 3.42–3.46 (m, 1H),
4.34 (t, J = 6.4 Hz, 2H), 4.56 (s, 2H), 7.28–7.37 (m,
5H), 7.42 (d, J = 8.4 Hz, 2H), 7.98 (d, J = 8.4 Hz, 2H).
13C NMR (CDCl3): d 22.2, 23.7, 25.6, 26.8, 31.2, 51.1,
58.1, 65.1, 69.6, 127.3, 127.4, 128.3, 128.6, 128.8,
130.9, 133.6, 138.9, 139.2; ESI-MS: 402.1 (M+1).


4.7.11. 4-[4-(Benzyloxy)piperidino]butyl-4-fluorobenzoate
(23). Yield 63%, yellowish liquid, 1H NMR (CDCl3): d
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1.61–1.78 (m, 6H), 1.84–1.90 (m, 2H), 2.10–2.16 (m,
2H), 2.34 (t, J = 7.6 Hz, 2H), 2.71–2.78 (m, 2H), 3.38–
3.44 (m, 1H), 4.29 (t, J = 6.8 Hz, 2H), 4.51 (s, 2H),
7.07 (dd, J = 8.7, 8.4 Hz, 2H), 7.21–7.34 (m, 5H), 8.02
(dd, J = 8.9, 8.7 Hz, 2H).13C NMR (CDCl3): d 23.7,
26.8, 31.2, 51.1, 58.1, 65.0, 69.6, 74.3, 115.2, 115.5,
126.5, 126.6, 127.4, 128.3, 131.9, 138.9, 164.0, 165.6,
167.3, 184.9; ESI-MS: 386.2 (M+1).


4.7.12. 4-[4-(Benzyloxy)piperidino]butyl-4-nitrobenzoate
(24). Yield 64%, yellowish liquid, 1H NMR (CDCl3): d
1.64–1.91 (m, 8H), 2.12–2.18 (m, 2H), 2.40 (t,
J = 7.4 Hz, 2H), 2.76–2.82 (m, 2H), 3.42–3.48 (m, 1H),
4.40 (t, J = 6.4 Hz, 2H), 4.55 (s, 2H), 7.27–7.36 (m,
5H), 8.21 (d, J = 8.6 Hz, 2H), 8.29 (d, J = 8.6 Hz, 2H).
13C NMR (CDCl3): d 23.7, 26.7, 31.2, 51.1, 58.0, 65.8,
69.6, 123.4, 127.4, 128.3, 130.6, 135.7, 138.8, 150.4,
164.6, 184.8; ESI-MS: 413.2 (M+1).


4.7.13. 4-[4-(Benzyloxy)piperidino]butyl-4-(tert-butyl)-
benzoate (25). Yield 76%, yellowish liquid, 1H NMR
(CDCl3): d 1.32 (s, 9H), 1.64–1.78 (m, 6H), 1.86–1.92
(m, 2H), 2.08–2.14 (m, 2H), 2.35 (t, J = 7.4 Hz, 2H),
2.72–2.77 (m, 2H), 3.37–3.41 (m, 1H), 4.29 (t,
J = 6.4 Hz, 2H), 4.51 (s, 2H), 7.23–7.36 (m, 5H), 7.42
(d, J = 8.0 Hz, 2H), 7.94 (d, J = 8.0 Hz, 2H). 13C
NMR (CDCl3): d 23.7, 26.8, 31.1, 31.2, 35.0, 51.2,
57.4, 58.1, 64.6, 69.6, 125.2, 127.3, 127.4, 127.6, 128.3,
129.3, 138.9, 156.4, 166.6; ESI-MS: 424.2 (M+1).


4.7.14. 4-[4-(Benzyloxy)piperidino]butyl-4-isopropylben-
zoate (26). Yield 64%, yellowish liquid, 1H NMR
(CDCl3): d 1.24 (d, J = 7.3 Hz, 6H), 1.63–1.77 (m,
6H), 1.80–1.94 (m, 2H), 2.10–2.14 (m, 2H), 2.39 (t,
J = 7.4 Hz, 2H), 2.76–2.81 (m, 2H), 2.90–2.97 (m, 1H),
3.38–3.44 (m, 1H), 4.33 (t, J = 6.4 Hz, 2H), 4.56 (s,
2H), 7.29–7.37 (m, 7H), 7.94 (d, J = 7.9 Hz, 2H). 13C
NMR (CDCl3): d 23.6, 23.7, 26.8, 31.2, 34.2, 51.2,
58.1, 64.6, 69.6, 126.4, 127.3, 127.4, 128.0, 128.3,
129.6, 138.9, 154.2, 166.6; ESI-MS: 410.2 (M+1).


4.7.15. 4-[4-(Benzyloxy)piperidino]butyl-3-chlorobenzoate
(27). Yield 47%, yellowish liquid, 1H NMR (CDCl3): d
1.57–1.77 (m, 6H), 1.89–1.96 (m, 2H), 2.08–2.14 (m,
2H), 2.31 (t, J = 7.4 Hz, 2H), 2.71–2.78 (m, 2H), 3.36–
3.42 (m, 1H), 4.30 (t, J = 6.4 Hz, 2H), 4.51 (s, 2H),
7.21–7.38 (m, 6H), 7.48 (d, J = 8.0 Hz, 1H), 7.86 (d,
J = 7.6 Hz, 1H), 7.94 (s, 1H). 13C NMR (CDCl3): d
23.7, 26.7, 31.2, 51.1, 58.0, 65.3, 67.3, 67.4, 69.6, 74.3,
127.3, 127.4, 127.6, 128.3, 129.6, 132.1, 132.8, 134.4,
138.9, 165.3; ESI-MS: 402.1 (M+1).


4.7.16. 4-[4-(Benzyloxy)piperidino]butyl-3-fluorobenzoate
(28). Yield 48%, yellowish liquid, 1H NMR (CDCl3): d
1.64–1.79 (m, 6H), 1.89–1.94 (m, 2H), 2.08–2.17 (m,
2H), 2.35 (t, J = 7.4 Hz, 2H), 2.73–2.84 (m, 2H),
3.39–3.44 (m, 1H), 4.31 (t, J = 6.4 Hz, 2H), 4.51 (s,
2H), 7.24–7.66 (m, 7H), 7.80 (ddd, J = 8.0, 2.5,
1.5 Hz, 1H), 7.79 (d, J = 8.0 Hz, 1H). 13C NMR
(CDCl3): d 23.7, 26.7, 31.2, 51.1, 58.0, 65.2, 69.6,
116.2, 116.5, 119.7, 120.0, 125.2, 127.3, 127.4, 128.3,
129.8, 129.9, 132.4, 132.5, 138.9, 160.8, 164.1, 165.4;
ESI-MS: 386.2 (M+1).

4.8. General procedure for the preparation of derivatives
19–20 and 29–30


To 25 mL of acetonitrile was added compound 9 or 10
(1.945 or 2.658 mmol), 4-chloro- or fluoro-phenyl isocy-
anate (1.2 equiv). The mixture was refluxed for 4 h,
cooled, and evaporated under reduced pressure. The
resulting solution was then extracted by using water
and chloroform. An organic layer was dried with mag-
nesium sulfate, and evaporated under reduced pressure.
The flash chromatography was performed and obtained
product.


4.8.1. 4-[4-(Benzhydryloxy)piperidino]butyl-N-(4-chloro-
phenyl)carbamate (19). Yield 24%, yellowish liquid, 1H
NMR (CDCl3): d 1.68–1.94 (m, 6H), 2.04–2.12 (m,
2H), 2.22–2.28 (m, 2H), 2.43 (t, J = 7.2 Hz, 2H), 2.76–
2.82 (m, 2H), 3.47–3.51 (m, 1H), 4.18 (t, J = 5.4 Hz,
2H), 5.52 (s, 1H), 6.85 (s, 1H), 7.24–7.43 (m, 14H).
13C NMR (CDCl3): d 20.9, 26.4, 26.5, 30.6, 57.5, 57.8,
60.7, 64.0, 64.6, 80.2, 126.9, 127.0, 127.3, 128.3, 128.9,
136.6, 142.5, 142.4, 142.6, 152.0, 153.4, 171.1; ESI-MS:
493.2 (M+1).


4.8.2. 4-[4-(Benzhydryloxy)piperidino]butyl-N-(4-fluoro-
phenyl)carbamate (20). Yield 24%, yellowish liquid, 1H
NMR (CDCl3): d 1.66–1.92 (m, 6H), 1.81–1.97 (m,
2H), 2.09–2.16 (m, 2H), 2.31 (t, J = 6.1 Hz, 2H), 2.74–
2.82 (m, 2H), 3.39–3.42 (m, 1H), 4.12 (t, J = 5.6 Hz,
2H), 5.49 (s, 1H), 6.67 (s, 1H), 6.98 (t, J = 8.8 Hz,
2H), 7.14–7.25 (m, 12H). 13C NMR (CDCl3): d 22.6,
26.5, 29.6, 30.2, 50.3, 57.6, 64.1, 64.5, 80.2, 115.3,
115.6, 120.2, 126.9, 127.3, 128.2, 128.3, 133.9, 138.6,
142.5, 142.6, 153.7, 171.1; ESI-MS: 477.2 (M+1).


4.8.3. 4-[4-(Benzyloxy)piperidino]butyl-N-(4-chlorophe-
nyl)carbamate (29). Yield 61%, yellowish liquid, 1H
NMR (CDCl3): d 1.53–1.69 (m, 6H), 1.89–1.99 (m,
2H), 2.08–2.16 (m, 2H), 2.32 (t, J = 7.2 Hz, 2H), 2.68–
2.74 (m, 2H), 3.38–3.43 (m, 1H), 4.14 (t, J = 6.1 Hz,
2H), 4.51 (s, 2H), 6.97 (s, 1H), 7.21–7.32 (m, 9H).13C
NMR (CDCl3): d 23.2, 26.8, 30.8, 50.8, 57.7, 64.9,
69.6, 73.8, 119.8, 127.4, 128.0, 128.1, 128.3, 128.9,
136.5, 138.7, 151.2, 153.4, 174.6, 184.9; ESI-MS: 417.1
(M+1).


4.8.4. 4-[4-(Benzyloxy)piperidino]butyl-N-(4-fluorophe-
nyl)carbamate (30). Yield 48%, yellowish liquid, 1H
NMR (CDCl3): d 1.59–1.71 (m, 6H), 1.88–1.94 (m,
2H), 2.12–2.18 (m, 2H), 2.36 (t, J = 7.2 Hz, 2H), 2.78–
2.88 (m, 2H), 3.42–3.48 (m, 1H), 4.18 (t, J = 6.1 Hz,
2H), 4.56 (s, 2H), 7.02 (t, J = 8.6 Hz, 2H); 7.28–7.36
(m, 8H). 13C NMR (CDCl3): d 23.1, 26.8, 30.8, 50.8,
53.3, 57.7, 64.7, 69.5, 73.8, 73.9, 115.2, 115.5, 120.3,
127.3, 128.1, 133.9, 138.6, 153.8, 157.1, 160.3, 184.5;
ESI-MS: 401.2 (M+1).


4.9. AChE (or BChE) inhibition assay in vitro


Inhibitory activity against AChE (or BChE) was evalu-
ated at 37 �C by the colorimetric method reported by
Ellman et al.22 The final concentration containing test
compound of the assay solution consisted of 0.1 M
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sodium phosphate buffer (pH 8.0), 0.3 mM 5,5 0-dithio-
bis-2-nitrobenzoic acid (DTNB, Ellman’s reagent),
0.02 U of AChE from Electrophorus electricus (or
0.01 U BChE from human serum, Sigma Chemical
Co.), and 0.5 mM acetylthiocholine iodide (or 0.5 mM
butyrylthiocholine) as substrate of the enzymatic reac-
tion, respectively. The assay solutions except substrate
were preincubated with the enzyme for 10 min at
37 �C. After preincubation, the substrate was added.
The absorbance changes at 405 nm were recorded for
5 min with a microplate reader GENios F129004 (Tecan
Ltd, Austria). The AChE inhibition (or BChE inhibi-
tion, IC50) was determined for each compound. Each as-
say was run in triplicate and each reaction was repeated
at least three independent times. The dose–response
curves have been fit by Probit analysis in StatsDirect sta-
tistical software (ver 2.5.5) and the data showed propor-
tional response with 95% confidence intervals.


4.10. Molecular modeling


Molecular modeling studies were performed on Silicon
Graphics Octane2 R12000 workstation by using Cerius2
(version 4.10) and InsightII (version 2000.2) which were
molecular modeling software packages. To determine
the binding model, we used Cerius2. On the other hand,
to get an insight into the binding mode of known ligands
from the X-ray crystal structures, we used InsightII and
performed structure alignments for reported AChE
complex structures and their PDB codes were 1EVE,
1GPK, 1GPN, 2ACE, and 1ODC. In order to obtain
a binding model of compound 12 in the active site of
AChE, we performed the following steps. First, the 3D
structure of 12 was minimized by using CFF1.02 which
was available in Cerius2, and atomic charges were as-
signed by CFF1.02. We generated conformationally di-
verse 3D structures of 12 and chose one of the
structures which had a conformationally similar struc-
ture to donepezil which bound at the active site of AChE
structure (1EVE). Second, the protein structure was
modeled by adding hydrogen atom followed by ‘the
templates for protein residues’ in Cerius2, and all water
molecules were removed. Third, to designate an initial
position of 12 in the active site, we used donepezil as a
template structure from 1EVE. We manually set the ini-
tial position of 4-chlorobenzene of 12 to be overlapped
with the benzyl ring of donepezil. Lastly, energy minimi-
zation was performed to obtain a binding mode of 12 to
the active site in AChE. For parameters, we set ‘Smart
Minimizer,’ as an energy minimization method which
was available in Cerius2, and set the convergence criteria
to 5000 cycles with RMSD 0.1 cal/mol. We also set the
ligand to be flexible to move and the protein to be rigid.


4.11. Inhibition of Ab1–42 peptide aggregation (Thioflavin
T-based fluorometric assay)


Ab1–42 peptide (American Peptide Company, USA) was
dissolved in DMSO to obtain a 2.3 mM solution. Ali-
quots of Ab1–42 in DMSO were then incubated for
16 h at 37 �C in 0.215 M sodium phosphate buffer (pH
8.0) at a final Ab concentration of 20 lM in the presence
or absence of test inhibitors. To quantify amyloid fibril

formation, thioflavin T (ThT) fluorescence method was
used.30,31 Analyses were performed with an Infinite
F200 (Tecan Ltd, Austria) and fluorescence was mea-
sured at 450 nm (k excitation, slit width 5 nm) and
490 nm (k emission, slit width 10 nm). To determine
amyloid fibril formation, after incubation, to the solu-
tion (20 lL) containing Ab or Ab plus inhibitors with
0.01 M sodium phosphate buffer (pH 8.0) was added
5 lM ThT 200 lL. Each assay was run in triplicate
and each reaction was repeated at least three indepen-
dent times. The fluorescence intensities were recorded,
and the percent aggregation was calculated by the fol-
lowing equation: 100 � {(IFi � IFb)/(IFo � IFb) · 100}
where IFi, IFo and IFb are the fluorescence intensities
obtained for Ab1–42 aggregation in the presence of inhib-
itors, in the absence of inhibitors and the blanks, respec-
tively. The IC50 is defined as the concentration of
compounds that reduces by 50% of with respect to that
without inhibitors. The dose–response curves have been
fit by Probit analysis in StatsDirect statistical software
(ver 2.5.5) and the data showed proportional response
with 95% confidence intervals.


4.12. Inhibition of AChE-induced Ab1–42 peptide aggre-
gation assay


For co-incubation experiments,30,32 of Ab1–42 peptide
(American Peptide Company, USA) and AChE from
Electrophorus electricus, the mixtures of Ab1–42 peptide
and AChE in presence or absence of the test inhibitors
were incubated for 6 h at 37 �C. The final concentrations
of Ab (dissolved in DMSO and diluted 0.215 M sodium
phosphate buffer, pH 8.0) and AChE (dissolved in 0.1 M
sodium phosphate buffer, pH 8.0) are 20 lM and
0.02 U, respectively. To analyze co-aggregation inhibi-
tion, the ThT fluorescence method was used30,31 and
the fluorescence was measured at 450 nm (k excitation,
slit width 5 nm) and 490 nm (k emission, slit width
10 nm). After co-incubation, to the mixture solutions
of 20 lL was added 5 lM ThT 200 lL. Each assay
was run in triplicate and each reaction was repeated at
least three independent times.


4.13. Cell viability


IMR-32, human neuroblastoma cells were obtained from
the American Type Culture Collection (Rockville, MD).
The cells were cultured in Minimum Essential Medium
with Earle’s salt with LL-glutamine (EMEM), 10% fetal
bovine serum, and 1% penicillin/streptomycin in a highly
humidified atmosphere having 5% CO2at 37 �C. The
compounds’ ability to protect IMR-32 cells from Ab1–42


insult was investigated according to the published proce-
dure.32,33 To determine the cell viability, exponentially
growing cells were plated at about 5000 cells per well
100 lL of fresh medium in 96-well tissue culture plates
for 2 h. Cells were incubated with Ab1–42 (20 lM from
a stock solution in DMSO) or Ab plus 0.1 lM of each
inhibitor for 48 h. The final DMSO concentration was
less than 1%. After the incubation of cells in MTT solu-
tion (20 lL per well from 1 mg/mL stock solution) for 4 h
at 37 �C. Cell lysis buffer (100 lL per well, 20% SDS/50%
N,N-dimethylformamide, pH 4.7) was added, mixed, and
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then colorimetric determination of MTT reduction was
made at 570 nm using a microplate reader (Bio-Tek
Instruments. Inc., Vermont, USA).
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Abstract—Cyclin-dependent kinase 5 (CDK5) is a serine/threonine kinase that plays a critical role in the early development of the
nervous system. Deregulation of CDK5 is believed to contribute to the abnormal phosphorylation of various cellular substrates
associated with neurodegenerative disorders such as Alzheimer’s disease, amyotrophic lateral sclerosis, and ischemic stroke. Acyclic
urea 3 was identified as a potent CDK5 inhibitor and co-crystallographic data of urea 3/CDK2 enzyme were used to design a novel
series of 3,4-dihydroquinazolin-2(1H)-ones as CDK5 inhibitors. In this investigation we present our synthetic studies toward this
series of compounds and discuss their biological relevance as CDK5 inhibitors.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction


Cyclin-dependent kinase 5 (CDK5) is a serine/threonine
kinase that is expressed in most tissues, although its
enzymatic activity is predominantly detected in the cen-
tral nervous system.1,2 Similar to other CDKs, mono-
meric CDK5 has negligible enzymatic activity and
requires association with regulatory proteins for com-
plete activation. The two non-cyclin proteins, p35 and
p39, have been identified as CDK5 activators that are
localized to the cell membrane. Unlike other cyclin-
dependent kinases, CDK5 has no known involvement
in cell-cycle progression but is critical for the early devel-
opment of the central nervous system.3 Among its many
roles, CDK5 is involved in cellular processes such as
neuronal differentiation,4 cell adhesion,5 and axonal
guidance.6 In addition to its involvement in the develop-
ment of neurons, recent studies have suggested roles for
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CDK5 in associative learning7,8 and regulation of dopa-
mine signaling in drug addiction.9–13


Deregulation of CDK5 from extracellular insults has
been implicated in the pathology of several neurodegen-
erative disorders.14–18 Extracellular insults, such as amy-
loid-b peptides, oxidative stress, and excitotoxicity,
result in the conversion of p35 to p25. As a consequence,
CDK5 becomes delocalized to the cytoplasm where it
hyperphosphorylates substrates such as tau, a constitu-
ent of neurofibrillary tangles commonly found in Alzhei-
mer’s diseased brains,19,20 and neurofilaments that
accumulate in neurons of patients with amyotrophic lat-
eral sclerosis.21 Recent animal studies have also impli-
cated CDK5 in Niemann–Pick type C,22 Parkinson’s
disease,23 and ischemic stroke.24–27 In the pursuit to
treat CDK-related diseases, several compound classes
have been identified as CDK5 inhibitors such as the
paullones,28 meridianins,29 indirubins,30,31 flavinols,32


pyrazolo-quinoxalines,33 purines,34 and thiazoles.35,36


In this report, we describe our investigation of 3,4-dihy-
dro-1H-quinazolin-2-ones as potential CDK5 inhibitors
for the treatment of neurodegenerative diseases.


Recently, X-ray crystal structure37,38 and molecular
modeling39–41 of CDK5 complexes have provided scien-
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Figure 2. X-ray co-crystal of compound 3/CDK2. Carbon atoms of


compound 3 are shown in green, carbon atoms of active site residues in


brown, nitrogen atoms are shown in blue, oxygen atoms are shown in


red,and sulfur atoms are shown in yellow. Hydrogen bonding is shown


in green and the backbone of the protein is traced with a solid brown


ribbon.
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tists with useful tools in the design of selective CDK5
inhibitors. Prior to these most recent discoveries, we re-
lied on the screening of our internal compound collec-
tion to provide us with leads for further optimization.
Initial hits obtained from our screening collection were
a series of acyclic ureas 1–3 (Fig. 1).42 In our preliminary
SAR investigations we found that phenyl-urea 1 was 10-
fold less potent than the pyridyl-urea 2 (2990 vs 192 nM,
respectively) in the in vitro human CDK5 enzyme assay.
We hypothesized that an intramolecular hydrogen bond
between N1 and the N3-hydrogen placed the 2-amino-
pyridine ring and urea functionality of 2 in a planar
geometry within the active site of CDK5. This intramo-
lecular hydrogen bond hypothesis was supported by the
X-ray crystal structure of a piperazine substituted ana-
log urea 3 (CDK5 IC50 = 15 nM). Urea 3 was success-
fully co-crystallized with CDK2, a closely related
homolog of CDK5,43 and was also found to be a potent
CDK5 inhibitor (Fig. 2).44 In addition to reaffirming our
hypothesis of the presence of an intramolecular hydro-
gen bond between N1 and N3-hydrogen, this X-ray
crystal structure provided valuable information about
other key interactions between the inhibitor and the en-
zyme. For example, it was observed that the N2–NH
and the carbonyl oxygen of the urea were involved in
a donor–acceptor hydrogen bond network to the
Leu83 linker region of the CDK2 ATP binding site. Fur-
thermore, the thiazolo-pyridine extends through a
hydrophobic region (Ala31, Phe80, and Leu134) to form
a hydrogen bond with the Lys33-Asp145 salt bridge of
the ATP binding site.


Using the CDK2/compound 3 co-crystallographic data
we developed a model of CDK5 that was used in the
design of inhibitors reported in this investigation
(Fig. 3). Figure 3 also illustrates the proposed binding
mode of 1, 2, and 20a (a cyclic urea derivative), to this
CDK5 homology model. The most notable difference
between the ATP binding pockets of CDK2 and
CDK5 is the linker region where the Leu83-His84 res-
idues of CDK2 are replaced with Cys83-Asp84 in
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Figure 3. Docked models of compounds 1, 2, and 20a in the active site


of CDK5. Nitrogen atoms are shown in blue, oxygen atoms are shown


in red, sulfur atoms are shown in yellow, and carbon atoms of active


site residues in brown. Carbon atoms of compounds 1, 2, and 20a are


shown in orange, cyan, and green, respectively. Ligand–protein H-


bonds are shown in green.

CDK5. Homologous to CDK2, the binding pocket of
CDK5 conserves the key Phe80 residue of the hydro-
phobic pocket and maintains a Lys33-Asp144 salt
bridge. With our preliminary biological evaluation of
acyclic ureas 1 and 2, and the crystallographic data
of urea 3, we proposed that constrained cyclic ureas
with a general structure 4 would serve as effective
inhibitors of CDK5, consistent with our modeling ef-
forts. Herein, we describe the synthesis of 3,4-dihy-
dro-1H-quinazolin-2-one analogs with general
structure 4 along with the structure–activity relation-
ships of this series of CDK5 inhibitors.
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2. Chemistry


A variety of synthetic routes were employed to prepare
the conformationally constrained compounds required
for this investigation (Fig. 1, general structure 4). For
ease of discussion, these are divided into four main
areas: conformational constraints to the B-ring (U), sub-
stituents on the aromatic A-ring (R1–R3), alternative
aromatic C-rings (X, Y, and Z), and modifications to
the pyridine D-ring (W and V).


The initial focus of this study was the examination of
conformationally restricting linking groups, and there-
fore, three different ring systems were prepared: a qui-
nazoline-2,4-dione (U = carbonyl), a benzimidazolone
(U = a single bond), and a dihydroquinazolinone
(U = CH2). Quinazolinedione 9a was synthesized in
three steps as shown in Scheme 1. Reaction of commer-
cially available thioisonicotinamide 5a with ethyl
bromopyruvate followed by hydrolysis provided acid
7a. Acid 7a was converted to the acid chloride followed
by treatment with sodium azide to give the correspond-
ing acylazide 8a. Quinazolinedione 9a was obtained by a
Curtius rearrangement of azide 8a and trapping of the
resulting isocyanate intermediate with methyl 2-
aminobenzoate.


The 5-membered benzimidazolone derivative 15 (Fig. 1,
U = a single bond) was prepared as outlined in Scheme
2. Treatment of thioisonicotinamide 5a with diethyl
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Scheme 1. Synthesis of quinazolinedione 9a. Reagents and conditions: (a) eth
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(CF3SO2)2O, pyridine, CH2Cl2, 0 �C–rt, 55%; (c) 1,2-phenylenediamine, dioxa


NaOH, MeOH, rt, 85%; (f) concd H3PO4, 120 �C, 96%.

bromomalonate provided hydroxy-thiazole 10. Triflate
11 was obtained by the reaction of 10 with triflic
anhydride. Displacement of the triflate with 1,2-pheny-
lenediamine followed by cyclization with 1,1 0-carbon-
yldiimidazole (CDI) provided benzimidazolone 13.45


Hydrolysis of ester 13 gave acid 14 and subsequent
decarboxylation under acidic conditions provided the
desired benzimidazolone 15.


The majority of derivatives prepared in this study
were 6-membered dihydroquinazolinones 20a–p
(Fig. 1, U = CH2) and two general synthetic routes
were employed to prepare these compounds. The first
strategy involved a displacement of an activated ben-
zyl intermediate to introduce the substituted benzene
onto a thiazole-amine followed by cyclization to form
the urea (Scheme 3). Alternatively, these derivatives
were prepared by the addition of a benzylicamine to
a thiazole triflate followed by subsequent urea forma-
tion (Scheme 4). Both methods proved to be useful in
providing the appropriately substituted derivatives,
and the synthetic route used was dictated mainly by
the availability of the starting materials. The first
method employed is outlined in Scheme 3. Acids 7a
and 7b underwent Curtius rearrangements46 using
DPPA in refluxing toluene followed by treatment with
allyl alcohol to afford carbamates 16a and 16b, respec-
tively. Alkylation with the appropriate benzyl bro-
mides 17b–k vide supra under basic conditions
provided carbamates 18b–k and 18p. Deprotection of
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the Alloc group under palladium-mediated conditions
and reduction of the nitro moiety with iron dust
and ammonium chloride in refluxing aqueous ethanol
provided the corresponding anilines 19b–k and 19p.
Cyclization of anilines 19b–k and 19p with CDI or
p-nitrophenyl chloroformate afforded urea derivatives
20b–k and 20p.


An alternate route that involved the displacement of a
thiazolo-triflate with an appropriate benzylamine
(Scheme 4) was utilized to prepare dihydroquinazoli-
none 20a and analogs possessing a basic amine attached
to the A-ring (20l–o). Treatment of triflate 11 with the
appropriate benzylamines vide supra afforded thiazole
esters 21a and 21l–o. The cyclic ureas 22a and 22l–o
were obtained by reacting anilines 21a and 21l–o with
sodium hydride and CDI in dimethylformamide. Basic
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Scheme 3. Synthesis of dihydroquinazolinones—route A. Reagents and cond
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Scheme 5. Synthesis of substituted benzyl bromides 17b–k. Reagents: (a) AI

ester hydrolysis followed by acidic decarboxylation pro-
vided the desired ureas 20a and 20l–o.


Several of the key intermediates needed for the synthesis
of the compounds prepared in this study were substi-
tuted benzyl derivatives such as bromides 17b–k
(Scheme 5) and benzyl amines 27, 30, 32, and 34
(Scheme 6). Intermediates 17b–k were easily accessible
from the corresponding 2-nitrotoluene compounds
23b–d, 23f, 23g, 23i–k or benzyl alcohols 24e, 24h. The
bromides 17b–d, 17f, 17g, and 17i–k were prepared
under radical conditions by reacting 23b–d, 23f, 23g,
and 23i–k with AIBN and NBS in carbon tetrachloride.
Alternatively, benzyl alcohols 24e and 24h were treated
with phosphorus tribromide to provide bromides 17e
and 17h. Amines 27 and 30 were readily obtained in
two steps from the corresponding benzyl bromides 25
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and 28 (Scheme 6). Treatment of bromides 25 and 28
with morpholine followed by borane reduction provided
amines 27 and 30, respectively. Amines 32 and 34 were
prepared by a borane reduction of the known nitriles
3147 and 3348, respectively.


Several 5-membered aromatic heterocycles were pre-
pared to evaluate the biological importance of the cen-
tral thiazole C-ring such as the isomeric thiazole,
1,2,4-oxadiazole, 1,2,4-thiadiazole, and the 2,5-thio-
phene derivatives. To incorporate these modifications,
linear reaction sequences were necessary. The synthetic
route employed to prepare the isomeric thiazoles 38a–c
is shown in Scheme 7. Treatment of 2-nitrobenzylamine
with benzoyl isothiocyanate followed by hydrolysis
under basic conditions provided thiourea 35. Thiazoles
36a–c were obtained by heating 35 in the presence of
the appropriate bromoacetylpyridinium hydrobro-
mide49 in aqueous methanol. Reduction of the nitro
group with iron provided anilines 37a–c and cyclization
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Scheme 7. Synthesis of isomeric thiazole derivatives: Reagents and conditio


reflux, 73% over two steps; (c) bromoacetylpyridinium hydrobromide,


(e) p-nitrophenyl chloroformate, Et3N, THF, reflux, 1–6% over three steps.

with p-nitrophenyl chloroformate afforded the desired
isomeric thiazoles 38a–c.


Oxadiazole 41 and thiadiazole 45 were prepared as sum-
marized in Scheme 8. Addition of 2-aminobenzylamine
to 5-trichlorooxadiazole 3950 afforded aniline 40. The
desired dihydroquinazoline 41 was obtained by cycliza-
tion with p-nitrophenyl chloroformate as previously
described. Analogously, 5-amino-3-(4-pyridyl)thiadiaz-
ole 42 was converted to dihydroquinazoline 45 in three
steps. The 5-amino-3-(4-pyridyl)thiadiazole 4251 was
converted to the chloro derivative 43 using sodium
nitrite and copper turnings in hydrochloric acid.52 Dis-
placement of the chloride with 2-aminobenzylamine
afforded aniline 44 and treatment of amino-aniline 44
with CDI provided dihydroquinazoline 45.


The final two C-ring analogs, thiophene 52 and phenyl
derivative 57, were prepared as shown in Schemes 9 and
10. A Suzuki coupling reaction between 4-pyridylboronic
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acid and methyl 5-bromothiophene-2-carboxylate53 pro-
vided ester 46. Hydrolysis of ester 46 was followed by Cur-
tius rearrangement in the presence of allyl alcohol yielded
carbamate 48. Intermediate 49 was obtained by N-alkyl-
ation of carbamate 48 with 2-nitrobenzyl bromide.
Deprotection of the alloc-protecting group under palla-
dium-mediated conditions provided intermediate 50 and
reduction of the nitro group afforded aniline 51. Treat-
ment of aniline 51 with CDI under basic conditions pro-
vided the desired quinazolinone 52. The phenyl
derivative 57 was prepared in four steps as shown in
Scheme 10. A Suzuki reaction of 4-bromopyridine hydro-

H2N
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Br


N
HCl


a b


c
5


5


53
54


X


Scheme 10. Synthesis of phenyl derivative 57. Reagents and conditions: (a)


toluene/ EtOH, 80 �C, 64%; (b) 2-nitrobenzyl bromide, K2CO3, CH3CN, 55 �
chloroformate, Et3N, toluene/THF, 70 �C, 23%.

chloride with 3-aminobenzeneboronic acid gave aniline
54. Compound 56 was prepared by reacting aniline 54
with 2-nitrobenzyl bromide followed by hydrogenation
of the resulting nitrobenzene 55. Urea formation using
p-nitrophenyl chloroformate provided the desired phenyl
analog 57.

3. Results and discussion


The derivatives prepared in this study were evaluated for
their ability to inhibit purified human CDK5. Com-
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Table 2. SAR of C-ring modified compounds


N


H
N O


X


N


Compound X CDK5/p25 (IC50, nM)a


20a N
S 79 ± 40


38a N


S
77 ± 33


41 N
N


O
>10,000


45 N
N


S
616 ± 405


52 S >10,000


57 >10,000


a At least two independent experiments were performed for each


compound to determine the IC50 values.
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pounds were screened in an HTRF human CDK5/p25
assay that was run in the presence of 25 lM ATP and
1 lM histone-H1.54 The IC50 values were determined
from dose–response curves and are reported in Tables
1–5 as the average of at least two replications. The fol-
lowing structure–activity tables examine each of the var-
ious structural modifications studied in this
investigation.


The first derivatives examined in this study were com-
pounds with various B-ring compositions as shown in
Table 1. The biological data for the acyclic urea 1 are in-
cluded in Table 1 for comparison. Quinazolinedione 9a
(U = carbonyl) displayed an inhibition of CDK5
(IC50 = >10,000 nM) and was >3-fold less potent than
compound 1. The decrease in inhibition may result from
a non-planar B–C ring system, a consequence of lone
pair repulsion between the carbonyl oxygen and thiazole
nitrogen. Constraining the B-ring to a 5-membered
benzimidazolone (i.e., 15) resulted in a slight improve-
ment in activity (IC50 = 1,160 nM); however, significant
improvement in activity was observed with dihydro-qui-
nazolinone 20a (U = CH2). This increase in activity (20a
vs 1) is attributable to better van der Waals contacts of
the A-ring (in 20a) with Gln85, Lys89, Asp86, and
Leu134. The puckering of the fused B ring also allows
for better positioning of the phenyl ring of 20a (relative
to 1) within the active site (Fig. 3).


With a satisfactory B-ring identified, we continued our
SAR investigations on several aromatic C-ring analogs
of compound 20a. The enzymatic data for these deriv-
atives are reported in Table 2. Compounds 38a, 41, 45,

Table 1. SAR of modified B-ring compounds


R


N
S


N


Compound R CDK5/p25 (IC50, nM)a


1


HN


H
N O


2990 ± 7


9a N


H
N O


O


>10,000


15
N


H
N


O 1160 ± 206


20a


N


H
N O


79 ± 40


a At least two independent experiments were performed for each


compound to determine the IC50 values.

52, and 57 were designed to investigate what effect
altering the heteroatom positioning of the C-ring had
on CDK5 inhibition. In our investigation we found
the isomeric thiazole analog 38a to be equipotent
to the parent compound 20a. Despite this favorable
result, further aromatic modifications to the parent
compound were not well tolerated. For example, the
introduction of a third heteroatom into the heterocyclic
C-ring (i.e., oxadiazole 41 and thiadiazole 45) resulted
in a significant decrease in potency as compared to
20a; however, aromatic rings were devoid of nitrogens
(i.e., 52 and 57) and were also significantly less potent.
From examination of the X-ray crystal structure of 3
and the homology models of 20a, 52, and 57 (Fig. 4)
the dramatic differences in activity of C-ring modified
compounds reported in this study could be rational-
ized. Compounds 20a, 38a, and 45 preserve the geom-
etry necessary for maintaining favorable interactions
between the linker region, the Lys33-Asp144 salt bridge
and the ligand. To the contrary, compounds 52 and 57
do not preserve the optimal geometry necessary for
maintaining a good interaction with the Lys33-
Asp144 salt bridge, and hence, were significantly less
potent.


A major focus of our SAR investigation was to examine
the substitution pattern of A-ring analogs and the results
for these derivatives are summarized in Table 3. We first







Figure 4. Docked models of compounds 20a, 52, and 57 in the active


site of CDK5. Nitrogen atoms are shown in blue, oxygen atoms are


shown in red, sulfur atoms are shown in yellow, and carbon atoms of


active site residues are shown in brown. Carbon atoms of compounds


20a, 52, and 57 are shown in green, orange, and cyan, respectively.


Ligand–protein H-bonds is shown in green.
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examined the effect of substitution at the R1 position
and, in general, we observed a loss in activity when this
position was substituted. For example, the three equipo-
tent halogenated analogs 20b–d were 3-fold less active
than the unsubstituted compound. A significant loss in
activity was also observed with electron-donating

Table 3. SAR of substituted 3-(2-pyridin-4-yl-thiazol-4-yl)-3,4-dihydro-1H-q


N


H
NR3


R2


R1


Compound R1 R2


20a H H


20b F H


20c Cl H


20d Br H


20e Me H


20f OMe H


20g H F


20h H Me


20i H H


20j H H


20k H H


20l N
N


H


20m H N
N


20n
N


O
H


20o H H


a At least two independent experiments were performed for each compound

substituents (20e and 20f) vs. 20a. In contrast to the re-
sults we obtained for R1 modifications, substitutions at
the R2 and R3 positions were well tolerated and the best
activity was obtained for analog 20i (R3 = F). Close
examination of modeling studies indicated the R2 and
R3 positions are exposed to solvent and can accommo-
date a variety of substituents. Specifically, the R3 region
is surrounded by the residues Gln85, Asp86, and Lys89,
which contribute to van der Waals contacts with R3 sub-
stituents. This trend of increased potency (R3 > R2 > R1)
with respect to the position of substitution was observed
in a number of analogs. For example, 20g and 20i were
>3-fold more potent compared to 20b (R1 = F). Like-
wise, bromo analog 20j (R3 = Br) was 6-fold more potent
than 20d (R1 = Br). Methyl substitution in the R2 posi-
tion was also preferred over the R1 position (20h vs
20e). Large aromatic substituents were also well toler-
ated in the R3 position (i.e., 20k).


In general, addition of a tertiary amine substituent di-
rectly onto the A-ring resulted in a decrease in activity
(20l and 20m vs 20a). However, insertion of a methylene
spacer between the phenyl ring and the amine did
improve potency (20o vs 20a). Molecular modeling stud-
ies suggest the additional carbon atom helps to direct
the amine away from active site residues and toward
the solvent exposed region of the pocket.


The results of D-ring modifications are reported in
Table 4. Enzyme inhibition correlated directly with the

uinazolin-2-ones


O


N
S


N


R3 CDK5/p25 (IC50, nM)a


H 79 ± 40


H 240 ± 57


H 332 ± 147


H 228 ± 190


H 1260 ± 907


H 362 ± 145


H 72 ± 21


H 165 ± 13


F 16 ± 11


Br 38 ± 22


Ph 113 ± 57


H 829 ± 189


H 1165 ± 251


H 284 ± 85


N
O


62 ± 28


to determine the IC50 values.







Table 5. In vitro inhibition of human CDK5 and CDK2 for 3-(2-aryl-thiazol-4-yl)-3,4-dihydro-1H-quinazolin-2-onesa


Compound CDK5 inhibition


IC50 (nM)


CDK2 inhibition


IC50 (nM)


p38a inhibition


IC50 (nM)


JNK2 inhibition


IC50 (nM)


Erk1 inhibition


IC50 (nM)


PKA inhibition


IC50 (nM)


20a 79 ± 40 142 ± 81 >10,000 >10,000 >10,000 >10,000


20i 16 ± 11 52 ± 17 >10,000 >10,000 >10,000 >10,000


20o 62 ± 28 529b >10,000 >10,000 >10,000 >10,000


a At least two independent experiments were performed for each compound to determine the IC50 values.
b One experiment was performed to determine the IC50 value.


Table 4. In vitro inhibition of human CDK5 for 3-(2-aryl-thiazol-4-yl)-3,4-dihydro-1H-quinazolin-2-ones


N


H
N O


N
X


Y


R


Compound X Y R CDK5 inhibition IC50 (nM)a


20a S CH
N


79 ± 40


38a CH S
N


77 ± 33


38b CH S


N
399 ± 20


38c CH S
N


7,360 ± 976


20p S CH
N


Et
746 ± 267


a At least two independent experiments were performed for each compound to determine the IC50 values.
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position of the nitrogen atom within the D-ring. The
importance of H-bonding between the inhibitor D-ring
and the Asp144 salt bridge is clearly demonstrated in
the diminished activity of the 2- and 3-pyridyl analogs
(38b and 38c vs. 38a). Introduction of alkyl substitution
on the pyridine ring results in unfavorable repulsive
interactions and interference with the salt bridge. This
accounts for a 10-fold decrease in potency of 20p relative
to 20a.


The compounds prepared for this study were evaluated
for kinase selectivity by screening the most potent ana-
logs against several serine/threonine kinases (Table 5).
In general, most compounds were potent inhibitors for
both CDK5 and CDK2 and significant CDK selectivity
was not observed. However, good selectivity over sev-
eral serine/threonine kinases was observed in a few rep-
resentative examples.

4. Conclusions


Using crystallographic data from the acyclic urea 3/
CDK2 complex, we rationally designed and synthesized

a series of 3,4-dihydro-1H-quinazolin-2-ones as potent
CDK5 inhibitors. From our studies, we were able to
generate structure activity relationships for the 3,4-dihy-
dro-1H-quinazolin-2-one core. In comparison to the
acyclic urea 1, the constrained 6,6-bicyclic AB ring sys-
tem showed a 10-fold improvement in activity. In gen-
eral, substitution on the A-ring was well tolerated with
a clear preference for substitution in the R3 position.
Although the isomeric thiazole 38a was an acceptable
replacement for the C-ring, other aromatic linking
groups (i.e., benzene, thiadiazole, oxadiazole, or thio-
phene) were not well tolerated. The 4-pyridyl moiety
proved to be the optimal D-ring moiety and illustrated
the importance of H-bonding to the Asp145-Lys33 salt
bridge to the inhibition of CDK5. Although compounds
prepared in this study were potent inhibitors of both
CDK5 and CDK2, only compounds 20i and 20o dis-
played moderate selectivity for CDK5. From this inves-
tigation we gained a better understanding of the
structural requirements and limitations necessary for
the preparation of selective CDK5 inhibitors. The com-
pounds in this study may serve as molecular probes to
better understand CDK5’s role in the treatment of neu-
rodegenerative disorders.
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5. Experimental


5.1. General


Unless otherwise noted, all materials were obtained
from commercial suppliers and used without further
purification. Anhydrous solvents such as dichlorometh-
ane (CH2Cl2), dimethylformamide (DMF), dioxane,
tetrahydrofuran (THF), ethylene glycol dimethyl ether
(DME), and toluene were obtained from Aldrich
Chemical Co. in Sure/Seal bottles. All reactions involv-
ing air- or moisture-sensitive reagents were performed
under a nitrogen or argon atmosphere. Flash chroma-
tography was performed using EM Science silica gel 60
(230–400 mesh ASTM) or prepacked silica gel car-
tridges (Biotage). Thin-layer chromatography (TLC)
was performed with Analtech silica gel GF TLC plates
(250 lm). Melting points were determined on a Tho-
mas Hoover capillary melting point apparatus or a Bu-
chi-545 melting point apparatus and are uncorrected.
1H NMR spectra were obtained on a Bruker DRX-
400 NMR (400 MHz) spectrometer. Chemical shifts
are expressed in ppm (d) downfield from internal tetra-
methylsilane. Significant 1H NMR data are reported in
the following order: multiplicity (s, singlet; d, doublet;
t, triplet; q, quartet; m, multiplet), number of protons,
and coupling constants. Low-resolution mass spectra
were determined on a Perkin-Elmer-SCIEX API 165
mass spectrometer using ES ionization modes (positive
or negative). High-resolution mass spectra were deter-
mined on an Agilent G1969A TOF spectrometer
[M+H]+ and are within ±5 ppm error. Combustion
analyses were performed by Atlantic Microlab Inc.
Norcross, GA.


5.2. Representative procedure for the synthesis of 2-(2-
substituted-4-pyridyl)-1,3-thiazole-4-carboxylic acids 7a and 7b


5.2.1. 2-(4-Pyridyl)-1,3-thiazole-4-carboxylic acid (7a). A
mixture of thioisonicotinamide 5a (20.0 g, 144.7 mmol)
and ethyl bromopyruvate (19.0 mL, 151.4 mmol) in
250 mL of EtOH was heated at 80 �C overnight. The
reaction mixture was allowed to cool to room temper-
ature and the solid was filtered. The filtrate was con-
centrated in vacuo and the solid was dried in vacuo
to give 23.1 g (68%) of 6a as a yellow solid. 1H
NMR (DMSO-d6): d 1.35 (t, 3, J = 7.1 Hz), 4.39 (q,
2, J = 7.1 Hz), 8.36 (d, 2, J = 5.1 Hz), 8.87 (s, 1), 8.96
(d, 2, J = 5.1 Hz). MS (ESI, positive ion) m/z 235
(M+1).


A solution of NaOH (9.6 g, 240 mmol) in 75 mL H2O
was slowly added to a solution of ester 6a (23.1 g,
98.5 mmol) in 250 mL of EtOH and the reaction mixture
was heated at 80 �C overnight. The reaction mixture was
allowed to cool to room temperature and then concen-
trated in vacuo. The residue was dissolved in H2O
(50 mL) and acidified with 1 N HCl. The resulting pre-
cipitate was filtered and dried to give 14.8 g (73%) of
7a as a gray-brown solid. 1H NMR (DMSO-d6): d
7.94 (d, 2, J = 4.9 Hz), 8.66 (s, 1), 8.76 (d, 2,
J = 4.5 Hz), 13.25 (br s, 1). MS (ESI, positive ion) m/z
207 (M+1).

5.2.2. 2-(2-Ethyl-4-pyridyl)-1,3-thiazole-4-carboxylic acid
(7b). Yield 77% for two steps; 1H NMR (DMSO-d6): d
1.28 (t, 3, J = 7.5 Hz), 2.85 (q, 2, J = 7.5 Hz), 7.74 (dd,
2, J = 5.1, 1.5 Hz), 8.79 (s, 1), 8.63–8.65 (m, 2).


5.3. Azido(2-(pyridin-4-yl)thiazol-4-yl)methanone (8a)


To a suspension of acid 7a (6.0 g, 29.1 mmol) in 150 mL of
MeOH was added NaOH (1.28 g, 32.0 mmol) at room tem-
perature. After 45 min the reaction mixture was concen-
trated in vacuo and dried under high vacuum for 60 h.
The crude salt was suspended in 150 mL of CH2Cl2 and
cooled in an ice bath. Oxalyl chloride (2.8 mL) was added
slowly to the suspension followed by a catalytic amount of
DMF (0.2 mL). The mixture was stirred for 2 h and
warmed to room temperature. The reaction was cooled
in an ice bath and a solution of NaN3 (2.27 g) in 90 mL
of water was added. After 3 h the reaction mixture was di-
luted with 90 mL of water and extracted with CH2Cl2
(3 · 75 mL). The combined organic layers were filtered
through Celite�, washed with brine (90 mL) and dried over
MgSO4. Concentration in vacuo afforded 8a as a light
brown solid. MS (ESI, positive ion) m/z 204 (M+H�N2).


5.4. 3-(2-Pyridin-4-yl-thiazol-4-yl)-1H-quinazoline-2,4-
dione (9a)


A mixture of azide 8a (79 mg, 0.3 mmol) and methyl
anthranilate (204 mg, 1.4 mmol) in 11 mL of toluene
was heated at 95 �C. After 3 h the reaction mixture
was allowed to cool to room temperature overnight.
The precipitate was filtered, washed with toluene,
and dried in vacuo. The crude material was added
to a solution of KOH (107 mg, 1.9 mmol) in 15 mL
of EtOH and the reaction mixture was heated to
75 �C. After 3 h the reaction mixture was allowed to
cool to room temperature and the solvent was
removed in vacuo. The residue was diluted with
H2O and extracted with EtOAc. The organic solution
was dried over MgSO4 and concentrated to dryness to
give 50 mg (42%) of the title compound. 1H NMR
(CDCl3): d 7.25–7.30 (m, 2), 7.75 (t, 1, J = 7.0 Hz),
7.90 (t, 2, J = 4.5 Hz), 7.97 (d, 1, J = 8.2 Hz), 8.05
(s, 1), 8.73 (d, 2, J = 4.5 Hz), 11.76 (s, 1). MS (ESI,
positive ion) m/z 323 (M+1). HRMS calcd for
C16H10N4O2S [M+H]+ 323.0603, found 323.0599.


5.5. Ethyl 4-hydroxy-2-(4-pyridyl)-1,3-thiazole-5-carbox-
ylate (10)


To a solution of thioisonicotinamide 5a (16.0 g,
115.9 mmol) in 300 mL of EtOH were added diethyl
bromomalonate (19.8 mL, 116.1 mmol) and pyridine
(37.5 mL, 463.7 mmol). The reaction mixture was heated
at 80 �C overnight. The reaction mixture was allowed to
cool to room temperature and then filtered. The filtrate
was concentrated to approximately half its volume and
filtered again. The combined solids were allowed to
air-dry to give 12.8 g (44%) of the title compound as a
yellow solid. 1H NMR (CDCl3): d 1.41 (t, 3,
J = 7.2 Hz), 4.44 (q, 2, J = 7.1 Hz), 7.83 (dd, 2, J = 4.5,
1.6 Hz), 8.77 (dd, 2, J = 4.8, 1.3 Hz), 9.94 (br s, 1). MS
(ESI, positive ion) m/z 251 (M+1).
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5.6. Ethyl 2-(4-pyridyl)-4-[(trifluoromethyl)sulfonyloxy]-
1,3-thiazole-5-carboxylate (11)


Trifluoromethanesulfonic anhydride (20 g, 70.9 mmol)
was added slowly to a cooled solution (0 �C) of compound
10 (12.7 g, 50.8 mmol) and pyridine (12.5 mL,
154.6 mmol) in 200 mL of anhydrous CH2Cl2. The reac-
tion mixture was allowed to warm to room temperature
and stirred overnight. The reaction mixture was concen-
trated in vacuo and purified by flash chromatography
on silica gel using hexane:EtOAc (2:1–6:4) as the eluant
to give 10.7 g (55%) of a light-yellow solid. 1H NMR
(CDCl3): d 1.43 (t, 3, J = 7.2 Hz), 4.47 (q, 2, J = 7.1 Hz),
7.80 (dd, 2, J = 4.5, 1.6 Hz), 8.82 (dd, 2, J = 4.6, 1.6 Hz),
9.94 (br s, 1). MS (ESI, positive ion) m/z 383 (M+1).


5.7. 4-(2-Amino-phenylamino)-2-pyridin-4-yl-thiazole-5-
carboxylic acid ethyl ester (12)


A solution of 1,2-phenylenediamine (1.71 g,
15.8 mmol) and triflate 11 (2.01 g, 5.26 mmol) in
11 mL of dioxane was heated at reflux for 48 h.
The solvent was removed in vacuo and the crude
material was purified by flash chromatography on sil-
ica gel eluting with 2 M NH3 in MeOH/CH2Cl2
(1:50) to give a brown solid. The material was recrys-
tallized from MeOH to give 1.29 g (72%) of a yellow
crystalline solid. 1H NMR (DMSO-d6): d 1.53 (q, 3,
J = 7.1 Hz), 4.54 (t, 2, J = 7.1 Hz), 5.04 (br s, 2),
6.88–6.92 (m, 1), 7.03–7.12 (m, 2), 7.38 (dd, 1,
J = 7.9, 1.1 Hz), 8.08 (dd, 2, J = 4.5, 1.1 Hz), 8.79
(s, 1), 8.95 (dd, 2 , J = 4.5, 1.7 Hz). MS (ESI, posi-
tive ion) m/z 341 (M+1).


5.8. 4-(2-Oxo-2,3-dihydro-benzoimidazol-1-yl)-2-pyridin-
4-yl-thiazole-5-carboxylic acid ethyl ester (13)


Aniline 12 (1.29 g, 3.79 mmol) and 1,1 0-carbonyldiimi-
dazole (1.84 g, 11.4 mmol) were dissolved in 38 mL of
DMF and the solution was cooled to 0 �C. To the mix-
ture was slowly added 95% NaH (335 mg, 13.3 mmol)
and the mixture was allowed to warm to room temper-
ature. After 3 days the reaction mixture was quenched
with H2O at 0 �C. The precipitate was filtered, washed
with H2O, and dried in vacuo to give 1.02 g (74%) of a
yellow solid. 1H NMR (DMSO-d6): d 0.95 (q, 3,
J = 7.1 Hz), 4.01 (t, 2, J = 7.1 Hz), 6.81–6.92 (m, 4),
7.79 (dd, 2, J = 4.5, 1.7 Hz), 8.59 (dd, 2, J = 4.5,
1.7 Hz), 11.06 (s, 1). MS (ESI, positive ion) m/z 367
(M+1).


5.9. 4-(2-Oxo-2,3-dihydro-benzoimidazol-1-yl)-2-pyridin-
4-yl-thiazole-5-carboxylic acid (14)


To a suspension of ester 13 (822 mg, 2.24 mmol) in
5 mL of MeOH was added 1 N NaOH (5 mL,
5.0 mmol) at room temperature. After 1 h the reac-
tion mixture was quenched with 10% HCl and the
resulting precipitate was filtered to give 787 mg
(85%) of a yellow solid. 1H NMR (DMSO-d6): d
7.07 (m, 4), 8.04 (m, 2), 8.82 (m, 2), 11.21 (br s,
1). MS (ESI, positive ion) m/z 339 (M+1); (ESI, neg-
ative ion) m/z 337 (M�1).

5.10. 1-(2-Pyridin-4-yl-thiazol-4-yl)-1,3-dihydro-benzo-
imidazol-2-one (15)


A mixture of acid 14 (157 mg, 0.4 mmol) and concen-
trated H3PO4 (2.5 mL) was heated to 120 �C. After 4 h
the reaction mixture was cooled to 0 �C and quenched
with ice H2O. The solution was basified with concentrated
NH4OH to pH 10 and the resulting precipitate was fil-
tered, washed with H2O, and dried in vacuo to give
108 mg (96%) of a yellow solid. 1H NMR (DMSO-d6): d
7.11–7.17 (m, 4), 8.00 (m, 2), 8.16 (s, 2), 8.77 (dd, 2,
J = 4.5, 1.6 Hz), 11.38 (br s, 1). MS (ESI, positive ion)
m/z 295 (M+1). Anal. Calcd for C15H10N4OS: C, 61.21;
H, 3.42; N, 19.04. Found: C, 61.76; H, 3.74; N, 18.58.


5.11. Representative procedure for the synthesis of
compounds 16a and 16b


5.11.1. N-[2-(4-pyridyl)(1,3-thiazol-4-yl)]prop-2-enyloxy-
carboxamide (16a). To a suspension of acid 7a (14.8 g,
71.9 mmol) in 250 mL of toluene was added Et3N
(10.2 mL, 73.2 mmol) and the mixture was allowed to
stir at room temperature for 1 h. Diphenylphosphoryl
azide (23.5 mL, 108.9 mmol) was added and the reaction
mixture was allowed to stir at room temperature for an
additional 1 h. The reaction mixture was heated at 80 �C
for 1 h and then the mixture was treated with allyl alco-
hol (49 mL, 721 mmol). After heating overnight the
reaction mixture was allowed to cool to room tempera-
ture and was concentrated in vacuo. The residue was
dissolved in CH2Cl2 and ether was added until a yellow
solid precipitated from the solution. The precipitate was
filtered and the filtrate was concentrated in vacuo. The
filtrate residue was again dissolved in CH2Cl2 and ether
was added until a yellow solid precipitated from the
solution. The precipitate was filtered and the combined
yellow solids were dried in vacuo to give 7.5 g (40%)
of the title compound. The filtrate was concentrated in
vacuo and purified by flash chromatography on silica
gel using CH2Cl2:EtOAc (6:4) as the eluant to afford an-
other 4.0 g (21%) of the title compound. 1H NMR
(CDCl3): d 4.73 (s, 2), 5.31 (d, 1, J = 10.5 Hz), 5.41 (d,
1, J = 17.2 Hz), 5.97 (m, 1), 7.44 (br s, 1), 7.63 (br s,
1), 7.74 (d, 2, J = 4.5 Hz), 8.71 (d, 2, J = 4.5 Hz). MS
(ESI, positive ion) m/z 262 (M+1).


5.11.2. N-[2-(2-Ethyl(4-pyridyl))(1,3-thiazol-4-yl)]prop-2-
enyloxycarboxamide (16b). Yield: 23% of a yellow solid.
1H NMR (CDCl3): d 1.36 (t, 3, J = 7.6 Hz), 2.89 (q, 2,
J = 7.6 Hz), 4.72 (d, 2, J = 5.5 Hz), 5.29–5.40 (m, 2),
5.94–5.98 (m, 1), 7.41 (br s, 1), 7.53 (d, 1, J = 5.0 Hz),
7.61–7.64 (m, 2), 8.60 (d, 1, J = 5.2 Hz). MS (ESI, posi-
tive ion) m/z 290 (M+1).


5.12. Representative procedure for the synthesis of substi-
tuted benzyl bromides 17b–d, 17f, 17g, 17i–k, 25, and 28


5.12.1. 3-Bromo-2-(bromomethyl)-1-nitrobenzene (17d).
To a heated (80 �C) solution of 2-bromo-6-nitrotolu-
ene (3.33 g, 15.4 mmol) in 20 mL of CCl4 were added
N-bromosuccinimide (3.38 g, 19.0 mmol) and 2,2 0-azo-
bis(2-methylpropionitrile) (296 mg, 1.80 mmol). After
stirring overnight the reaction mixture was allowed
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to cool to room temperature and was filtered. The fil-
trate was concentrated in vacuo to give 4.55 g of a
brown oil that was a mixture of starting mate-
rial:desired product (1:2). This mixture was used with-
out further purification. 1H NMR (CDCl3): d 4.89 (s,
2), 7.36 (t, 1, J = 8.1 Hz), 7.89 (d, 1, J = 3.1 Hz), 7.90
(d, 1, J = 3.1 Hz).


5.12.2. 2-(Bromomethyl)-3-fluoro-1-nitrobenzene (17b).
Yield: 22%; 1H NMR (CDCl3): d 4.84 (s, 2), 7.40 (t, 1,
J = 8.6 Hz), 7.46–7.50 (m, 1), 7.87 (d, 1, J = 8.2 Hz).


5.12.3. 2-(Bromomethyl)-3-chloro-1-nitrobenzene (17c).
Yield: 55%; 1H NMR (CDCl3): d 4.88 (s, 2), 7.44 (t, 1,
J = 8.2 Hz), 7.70 (d, 1, J = 8.1 Hz), 7.88 (d, 1, J = 8.2 Hz).


5.12.4. 2-(Bromomethyl)-3-methoxy-1-nitrobenzene (17f).
Yield: 100%; 1H NMR (CDCl3): d 3.98 (s, 3), 5.15 (s, 2),
7.61 (t, 1, J = 7.9 Hz), 7.97 (d, 1, J = 7.9 Hz), 8.10 (d, 1,
J = 7.9 Hz).


5.12.5. 2-(Bromomethyl)-4-fluoro-1-nitrobenzene (17g).
Yield: 36%; 1H NMR (CDCl3): d 4.83 (s, 2), 7.17 (td,
1, J = 6.6, 2.7 Hz), 7.33 (dd, 1, J = 8.7, 2.8 Hz), 8.16
(dd, 1, J = 9.1, 5.1 Hz).


5.12.6. 1-(Bromomethyl)-4-fluoro-2-nitrobenzene (17i).
Yield: 41%; 1H NMR (CDCl3): d 4.81 (s, 2), 7.35 (td,
1, J = 8.3, 2.6 Hz), 7.60 (dd, 1, J = 8.6, 5.4 Hz), 7.80
(dd, 1, J = 8.2, 2.6 Hz).


5.12.7. 4-Bromo-1-(bromomethyl)-2-nitrobenzene (17j).
Yield: 51%; 1H NMR (CDCl3): d 5.15 (s, 2), 7.61 (d,
1, J = 7.9 Hz), 7.97 (d, 1, J = 7.9 Hz), 8.10 (s, 1).


5.12.8. 1-(Bromomethyl)-2-nitro-4-phenylbenzene (17k).
To a mixture of bromobenzene (3.3 mL, 29.6 mmol),
3-nitro-4-methylbenzene boronic acid (5.11 g, 28.3 mmol),
and 2 M Na2CO3 (63 mL, 126.0 mmol) in 100 mL of
toluene/15 mL of EtOH was added tetrakis(triphenyl-
phosphine)palladium (0) (2.04 g, 1.8 mmol) and the
mixture was stirred at 80 �C for 4 h. The reaction
was cooled to room temperature and partitioned be-
tween EtOAc:H2O. The aqueous layer was extracted
with EtOAc and the combined organic layers were
washed with brine, dried over MgSO4, and concen-
trated in vacuo. Purification by flash chromatography
on silica gel using hexane:EtOAc (98:2) as eluant
afforded 4.68 g (78%) of 1-methyl-2-nitro-4-phenylben-
zene as a light orange solid. 1H NMR (CDCl3)d 2.64
(s, 3), 7.38–7.42 (m, 2), 7.48 (t, 2, J = 7.8 Hz), 7.62
(d, 2, J = 7.7 Hz), 7.74 (dd, 1, J = 8.0, 1.8 Hz), 8.22
(s, 1).


Analogous to the procedure described for compound 17d,
1-methyl-2-nitro-4-phenylbenzene (4.68 g, 22.0 mmol)
provided the title compound as a white solid (1.40 g,
22%). 1H NMR (CDCl3) d 4.88 (s, 2), 7.43–7.52 (m,
3), 7.60–7.65 (m, 3), 7.84 (dd, 1, J = 8.0, 1.9 Hz), 8.27
(d, 1, J = 1.8 Hz).


5.12.9. 6-(Bromomethyl)-2-nitrobenzenecarbonitrile (25).
Yield: 66%; 1H NMR (CDCl3): d 4.76 (s, 2), 7.81 (t, 1,

J = 8.0 Hz), 7.95 (d, 1, J = 7.8 Hz), 8.28 (d, 1,
J = 8.2 Hz).


5.12.10. 4-(Bromomethyl)-2-nitrobenzenecarbonitrile (28).
Yield: 64%; 1H NMR (CDCl3): d 4.55 (s, 2), 7.85 (d, 1,
J = 7.9 Hz), 7.92 (d, 1, J = 7.9 Hz), 8.36 (s, 1,).


5.13. Representative procedure for the synthesis of
substituted benzyl bromides 17e and 17h


5.13.1. 2-(Bromomethyl)-3-methyl-1-nitrobenzene (17h).
Yield: 64%; 1H NMR (CDCl3): d 2.38 (s, 3), 4.47 (s, 2),
7.28 (d, 1, J = 6.4 Hz), 7.35–7.38 (m, 2).


5.13.2. 2-(Bromomethyl)-4-methyl-1-nitrobenzene (17e).
5-Methyl-2-nitrobenzyl alcohol (2.16 g, 12.9 mmol) was
dissolved in 40 mL of dry CH2Cl2. Phosphorus tribro-
mide (1.25 mL, 13.3 mmol) was added dropwise. The
reaction mixture was stirred overnight. Saturated
NaHCO3 was cautiously added until pH 6. The reac-
tion mixture was partitioned and the aqueous layer
was extracted with CH2Cl2 (2·). The combined
CH2Cl2 layers were washed with brine, dried over
MgSO4, and concentrated in vacuo to provide 2.11 g
(71%) of the title compound as a yellow oil which
crystallized upon standing. 1H NMR (CDCl3): d 2.45
(s, 3), 4.82 (s, 2), 7.28 (d, 1, J = 6.1 Hz), 7.35 (s, 1),
7.99 (d, 1, J = 8.3 Hz).


5.14. Representative procedure for the synthesis of
compounds 18b–k and 18p


5.14.1. N-[(6-Bromo-2-nitrophenyl)methyl]prop-2-enyloxy-
N-(2-(4-pyridyl)(1,3-thiazol-4-yl))carboxamide (18d). To a
solution of carboxamide 16a (1.02 g, 3.9 mmol) in 20 mL
of dry DMF was added 60% NaH in portions. The reac-
tion mixture was stirred for 45 min at room temperature
and a solution of bromide 17d (2.3 g, 5.14 mmol) in
5 mL of DMF was added dropwise. The reaction mixture
was heated at 80 �C for 4 h. The reaction mixture was al-
lowed to cool to room temperature and partitioned be-
tween EtOAc/H2O. The aqueous layer was extracted
with EtOAc (3·) and the combined organic layers were
washed with H2O and brine, dried over MgSO4, and con-
centrated in vacuo. The crude oil was purified by flash
chromatography on silica gel using CH2Cl2:MeOH
(97:3) as the eluant to afford 940 mg (50%) of a brown
oil. 1H NMR (CDCl3): d 4.68 (d, 2, J = 5.6 Hz), 5.20–
5.30 (m, 2), 5.68 (s, 2), 5.83–5.94 (m, 1), 7.15–7.30 (m,
2), 7.58 (d, 1, J = 7.8 Hz), 7.67–7.76 (m, 3), 8.70 (d, 2,
J = 5.5 Hz). MS (ESI, positive ion) m/z 476 (M+1).


5.14.2. N-[(6-Fluoro-2-nitrophenyl)methyl]prop-2-enyl-
oxy-N-(2-(4-pyridyl)(1,3-thiazol-4-yl))carboxamide (18b).
Yield: 82%; 1H NMR (CDCl3): d 4.70 (d, 2,
J = 5.8 Hz), 5.22–5.31 (m, 2), 5.69 (s, 2), 5.86–5.95 (m,
1), 7.24 (t, 1, J = 9.4 Hz), 7.34–7.38 (m, 1), 7.60 (d, 1,
J = 8.1 Hz), 7.69 (d, 2, J = 5.6 Hz), 8.69 (br s, 2).


5.14.3. N-[(6-Chloro-2-nitrophenyl)methyl]prop-2-enyl-
oxy-N-(2-(4-pyridyl)(1,3-thiazol-4-yl))carboxamide (18c).
Yield: 72%; 1H NMR (CDCl3): d 4.68 (d, 2,
J = 5.8 Hz), 5.20–5.29 (m, 2), 5.69 (s, 2), 5.81–5.92 (m,
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1), 7.29 (t, 1, J = 8.1 Hz), 7.56 (d, 2, J = 8.2 Hz), 7.71
(dd, 2, J = 4.6, 1.5 Hz), 8.70 (dd, 2, J = 4.6, 1.5 Hz).
MS (ESI, positive ion) m/z 431 (M+1).


5.14.4. N-[(6-Methyl-2-nitrophenyl)methyl]prop-2-enyl-
oxy-N-(2-(4-pyridyl)(1,3-thiazol-4-yl))carboxamide (18e).
Yield: 75%; 1H NMR (CDCl3): d 2.37 (s, 3), 4.73 (d,
2, J = 5.6), 5.21–5.27 (m, 2), 5.36 (s, 2), 5.85–5.90 (m,
1), 7.18 (d, 2, J = 7.6 Hz), 7.29 (t, 1, J = 7.6 Hz), 7.70
(dd, 1, J = 4.6, 1.6 Hz), 8.68 (dd, 2, J = 4.5, 1.7 Hz).


5.14.5. N-[(6-Methoxy-2-nitrophenyl)methyl]prop-2-enyl-
oxy-N-(2-(4-pyridyl)(1,3-thiazol-4-yl))carboxamide (18f).
Yield: 83%; 1H NMR (DMSO-d6): d 3.98 (s, 3), 4.72 (d,
2, J = 4.8 Hz), 5.25 (dd, 2, J = 4.8, 10.5 Hz), 5.75 (s, 2),
5.95 (m, 1), 7.45 (d, 2, J = 7.8 Hz), 7.55 (t, 1, J = 7.8 Hz),
7.70 (d, 2, J = 4.8 Hz), 8.10 (d, 1, J = 7.8 Hz), 8.68 (d, 2,
J = 4.8 Hz).


5.14.6. N-[(5-Fluoro-2-nitrophenyl)methyl]prop-2-enyl-
oxy-N-(2-(4-pyridyl)(1,3-thiazol-4-yl))carboxamide (18g).
Yield: 58%; 1H NMR (CDCl3): d 4.73 (d, 2,
J = 5.2 Hz), 5.23–5.28 (m, 2), 5.71 (s, 2), 5.83–5.93 (m,
1), 7.00–7.15 (m, 2), 7.61 (d, 2, J = 4.7 Hz), 7.67 (s, 1),
8.16–8.20 (m, 1), 8.66 (d, 2, J = 5.9 Hz). MS (ESI, posi-
tive ion) m/z 415 (M+1).


5.14.7. N-[(5-Methyl-2-nitrophenyl)methyl]prop-2-enyl-
oxy-N-(2-(4-pyridyl)(1,3-thiazol-4-yl))carboxamide (18h).
Yield: 88%; 1H NMR (CDCl3): d 2.34 (s, 3), 4.73 (d,
2, J = 5.6 Hz), 5.20–5.26 (m, 2), 5.70 (s, 2), 5.85–5.89
(m, 1), 7.16–7.19 (m, 2), 7.63 (d, 2, J = 4.8 Hz), 8.01
(d, 1, J = 8.3 Hz), 8.65 (d, 2, J = 5.0 Hz).


5.14.8. N-[(4-Fluoro-2-nitrophenyl)methyl]prop-2-enyl-
oxy-N-(2-(4-pyridyl)(1,3-thiazol-4-yl))carboxamide (18i).
Yield: 94%; 1H NMR (CDCl3): d 4.71 (d, 2, J = 5.6 Hz),
5.22–5.24 (m, 2), 5.66 (s, 2), 5.83–5.95 (m, 1), 7.29 (dd, 1,
J = 7.9, 2.6 Hz), 7.42 (br s, 1), 7.62 (dd, 2, J = 4.5,
1.5 Hz), 7.81 (dd, 1, J = 8.2, 2.6 Hz), 8.66 (dd, 2,
J = 4.6, 1.4 Hz). MS (ESI, positive ion) m/z 415 (M+1).


5.14.9. N-[(4-Bromo-2-nitrophenyl)methyl]prop-2-enyl-
oxy-N-(2-(4-pyridyl)(1,3-thiazol-4-yl))carboxamide (18j).
Yield: 39%; 1H NMR (DMSO-d6): d 4.55 (d, 2,
J = 4.8 Hz), 5.15 (dd, 2, J = 10.5, 4.8 Hz), 5.65 (s, 2),
5.95 (m, 1), 7.45 (s, 1), 7.71 (t, 1, J = 7.9 Hz), 7.72 (d,
2, J = 4.8 Hz), 7.85 (d, 1, J = 7.9 Hz), 7.95 (d, 2,
J = 7.9 Hz), 8.68 (d, 2, J = 4.8 Hz). MS (ESI, positive
ion) m/z 477 (M+1).


5.14.10. N-[(2-Nitro-4-phenylphenyl)methyl]prop-2-enyl-
oxy-N-(2-(4-pyridyl)(1,3-thiazol-4-yl))carboxamide (18k).
Yield: 46%; 1H NMR (CDCl3; 400 MHz): d 4.74 (d, 2,
J = 5.5 Hz), 5.20–5.30 (m, 2), 5.74 (s, 2), 5.85–5.94 (m,
1), 7.40–7.49 (m, 4), 7.60 (d, 2, J = 7.7 Hz), 7.64 (dd,
2, J = 4.5, 1.5 Hz), 7.77 (dd, 1, J = 8.2, 1.8 Hz), 8.30
(d, 1, J = 1.8 Hz), 8.66 (dd, 2, J = 4.7, 1.5 Hz). MS
(ESI, positive ion) m/z 473 (M+1).


5.14.11. N-[2-(2-Ethyl(4-pyridyl))(1,3-thiazol-4-yl)]-N-
[(2-nitrophenyl)methyl]prop-2-enyloxycarboxamide (18p).
Yield: 85%; 1H NMR (CDCl3): d 1.32 (t, 3, J = 7.7 Hz),

2.85 (q, 2, J = 7.6 Hz), 4.72 (d, 2, J = 5.5 Hz), 5.20–5.30
(m, 2), 5.70 (s, 2), 5.81–5.93 (m, 1), 7.30–7.41 (m, 4), 7.46
(s, 1), 7.53 (d, 1, J = 7.4 Hz), 8.06 (d, 1, J = 8.2 Hz), 8.55
(d, 1, J = 5.1 Hz). MS (ESI, positive ion) m/z 425 (M+1).


5.15. Representative procedure for the synthesis of
compounds 19b–f, 19h, 19i, 19k, and 19p


5.15.1. [(2-Amino-6-bromophenyl)methyl](2-(4-pyridyl)(1,3-
thiazol-4-yl))amine (19d). To a solution of carboxamide
18d (936 mg, 2.0 mmol) in 20 mL of acetonitrile
were added morpholine (1.71 mL, 19.6 mmol) and
tetrakis(triphenylphosphine)palladium (0) (205 mg,
0.2 mmol) at room temperature. After stirring over-
night the reaction mixture was concentrated in vacuo
and the residue was dissolved in EtOAc and washed
with H2O. The aqueous layer was extracted with
EtOAc (2·) and the combined organic layers were
washed with brine, dried over MgSO4, and concen-
trated in vacuo. The crude oil was purified by flash
chromatography on silica gel using CH2Cl2:EtOAc
(6:4) as the eluant to afford 400 mg (52%) of a brown
oil. 1H NMR (CDCl3): d 4.81 (d, 2, J = 4.0 Hz), 5.0
(br s, 1), 6.0 (s, 1), 7.33 (td, 1, J = 8.1, 2.8 Hz), 7.72
(dd, 2, J = 4.5, 1.6 Hz), 7.79 (d, 1, J = 7.2 Hz), 7.87
(d, 1, J = 7.1 Hz), 8.66 (dd, 2, J = 4.5, 1.6 Hz). MS
(ESI, positive ion) m/z 392 (M+1).


The amine from the previous step (400 mg, 1.0 mmol)
was dissolved in 35 mL of 70% aqueous EtOH. Iron
powder (255 mg, 4.6 mmol) and NH4Cl (28 mg,
0.5 mmol) were added and the reaction mixture was
heated at 80 �C. After stirring for 3 h the reaction mix-
ture was filtered while hot through a pad of Celite�,
and the pad was rinsed liberally with EtOAc. The filtrate
was concentrated in vacuo and the residue was parti-
tioned between EtOAc/H2O. The aqueous layer was ex-
tracted with EtOAc (2·). The combined organic layers
were washed with brine, dried over MgSO4, and concen-
trated in vacuo to give 296 mg (80%) of a brown oil. 1H
NMR (CDCl3): d 4.60 (d, 2, J = 4.3 Hz), 6.08 (s, 1), 6.62
(d, 1, J = 6.8 Hz), 7.00 (m, 2), 7.73 (dd, 2, J = 4.6,
1.6 Hz), 8.68 (dd, 2, J = 4.6, 1.5 Hz). MS (ESI, positive
ion) m/z 362 (M+1).


5.15.2. [(2-Amino-6-fluorophenyl)methyl](2-(4-pyridyl)(1,3-
thiazol-4-yl))amine (19b). Yield: 23%; 1H NMR (CDCl3):
d 4.42 (br s, 5), 6.08 (s, 1), 6.47–6.51 (m, 2), 7.07 (q, 1,
J = 6.5 Hz), 7.73 (dd, 2, J = 4.5, 1.5 Hz), 8.68 (dd, 2,
J = 4.7, 1.4 Hz).


5.15.3. [(2-Amino-6-chlorophenyl)methyl](2-(4-pyridyl)(1,3-
thiazol-4-yl))amine (19c). Yield: 67%; 1H NMR
(CDCl3): d 4.46 (br s, 2), 4.53 (br s, 1), 4.58 (s, 2),
6.08 (s, 1), 6.61 (d, 1, J = 8.0 Hz), 6.83 (d, 1,
J = 7.9 Hz), 7.03 (t, 1, J = 8.0 Hz), 7.73 (dd, 2,
J = 4.6, 1.4 Hz), 8.68 (dd, 2, J = 4.6, 1.5 Hz). MS
(ESI, positive ion) m/z 317 (M+1).


5.15.4. [(2-Amino-6-methylphenyl)methyl](2-(4-pyridyl)(1,3-
thiazol-4-yl))amine (19e). Yield: 45%; 1H NMR (CDCl3):
d 2.21 (s, 3), 4.12 (br s, 2), 4.33 (d, 2, J = 4.1 Hz), 4.52
(br s, 1), 6.00 (s, 1), 6.70 (t, 1, J = 7.5 Hz), 7.08 (d, 2,
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J = 7.4 Hz), 7.74 (dd, 2, J = 4.6, 1.5 Hz), 8.68 (dd, 2,
J = 4.6, 1.5 Hz). MS (ESI, positive ion) m/z 297 (M+1).


5.15.5. [(2-Amino-6-methoxyphenyl)methyl](2-(4-pyr-
idyl)(1,3-thiazol-4-yl))amine (19f). Yield: 13%; 1H
NMR (DMSO-d6): d 3.98 (s, 3), 4.21 (d, 2,
J = 4.8 Hz), 5.12 (s, 2), 6.15 (s, 1), 6.52 (t, 1,
J = 7.4 Hz), 6.62 (d, 1, J = 7.4 Hz), 6.72 (s, 1), 6.95 (t,
1, J = 7.4 Hz), 7.13 (d, 1, J = 7.4 Hz), 7.80 (d, 2,
J = 4.8 Hz), 8.72 (d, 2, J = 4.8 Hz).


5.15.6. [(2-Amino-5-methylphenyl)methyl](2-(4-pyridyl)(1,3-
thiazol-4-yl))amine (19h). Yield: 12%; 1H NMR (CDCl3):
d 2.26 (s, 3), 4.28 (d, 2, J = 5.0 Hz), 5.99 (s, 1), 6.66 (d, 1,
J = 8.0 Hz), 6.96–7.01 (m, 3), 7.74 (d, 2, J = 6.1 Hz),
8.67 (d, 2, J = 6.1 Hz). MS (ESI, positive ion) m/z 297
(M+1).


5.15.7. [(2-Amino-4-fluorophenyl)methyl](2-(4-pyridyl)(1,3-
thiazol-4-yl))amine (19i). Yield: 28%; 1H NMR (CDCl3):
d 4.28 (d, 2, J = 5.0 Hz), 4.32 (br s, 2), 4.48 (br s, 1), 6.00
(s, 1), 6.42 (m, 2), 7.12 (t, 1, J = 7.4 Hz), 7.73 (dd, 2,
J = 4.6, 1.5 Hz), 8.68 (dd, 2, J = 4.6, 1.5 Hz). MS (ESI,
positive ion) m/z 301 (M+1).


5.15.8. [(2-Amino-4-phenylphenyl)methyl](2-(4-pyridyl)(1,3-
thiazol-4-yl))amine (19k). Yield: 13%; MS (ESI, positive
ion) m/z 359 (M+1).


5.15.9. [(2-Aminophenyl)methyl][2-(2-ethyl(4-pyridyl))(1,3-
thiazol-4-yl)]amine (19p). Yield: 48%; 1H NMR (CDCl3): d
1.35 (t, 3, J = 7.6 Hz), 2.87 (q, 2, J = 7.6 Hz), 4.18 (br s, 2),
4.31 (s, 2), 4.53 (br s, 1), 5.98 (s, 1), 6.71–6.79 (m, 2), 7.13–
7.20 (m, 2), 7.68 (d, 1, J = 5.2 Hz), 7.61 (s, 1), 8.57 (d, 1,
J = 5.2 Hz). MS (ESI, positive ion) m/z 311 (M+1).


5.16. Representative procedure for the synthesis of
compounds 19g and 19j


5.16.1. [(2-Amino-5-fluorophenyl)methyl](2-(4-pyridyl)(1,3-
thiazol-4-yl))amine (19g). A mixture of carboxamide 18 g
(949 mg, 2.3 mmol), iron powder (680 mg, 12.2 mmol),
and NH4Cl (79 mg, 1.5 mmol) was dissolved in 60 mL
of acetonitrile and 30 mL of H2O. The solution was
stirred at 80 �C for 2 h and filtered while hot through
a bed of Celite. The filtrate was concentrated in vacuo
and the aqueous solution was extracted with EtOAc
(3·). The combined organic layers were washed with
brine, dried over MgSO4, and concentrated in vacuo
to afford 875 mg (98%) of a tan solid. 1H NMR
(CDCl3): d 4.16 (br s, 2), 4.74 (d, 2, J = 4.6 Hz), 5.15
(s, 2), 5.24–5.33 (m, 2), 5.91–5.95 (m, 1), 6.57–6.60
(m,1), 6.75–6.85 (m, 2), 7.34 (br s, 1), 7.76 (dd, 2,
J = 4.5, 1.5 Hz), 8.72 (dd, 2, J = 4.5, 1.5 Hz). MS
(ESI, positive ion) m/z 385 (M+1).


The material (850 mg, 2.2 mmol) from the previous step,
morpholine (4 mL, 45.7 mmol), and tetrakis(triphenyl-
phosphine)palladium (0) (260 mg, 0.2 mmol) were dis-
solved in 30 mL of THF. The solution was stirred at
room temperature for 4 h and then concentrated in vacuo.
The residue was partitioned between EtOAc:H2O and the
aqueous layer was extracted with EtOAc (2·). The com-

bined EtOAc layers were washed 1 N HCl (2·) and the
combined acidic layers were neutralized with 5N NaOH
and extracted with EtOAc (3·). The combined EtOAc
layers were washed with brine, dried over MgSO4, and
concentrated in vacuo to afford 610 mg (92%) of a light-
brown oil. 1H NMR (CDCl3): d 4.01 (br s, 2), 4.29 (d, 2,
J = 5.5), 4.58 (br s, 1), 5.98 (s, 1), 6.64–6.67 (m, 1), 6.87
(td, 1, J = 8.7, 2.6 Hz), 6.97 (dd, 1, J = 9.0, 2.7 Hz), 7.74
(d, 2, J = 6.0 Hz), 8.68 (d, 2, J = 6.1 Hz). MS (ESI, posi-
tive ion) m/z 301 (M+1).


5.16.2. [(2-Amino-4-bromophenyl)methyl](2-(4-pyridyl)(1,3-
thiazol-4-yl))amine (19j). Yield: 67%; 1H NMR (DMSO-
d6): d 5.65 (s, 2), 7.45 (s, 1), 7.71 (t, 1, J = 7.9 Hz),
7.72 (d, 2, J = 4.8 Hz), 7.85 (d, 1, J = 7.9 Hz), 7.95 (d,
2, J = 7.9 Hz), 8.68 (d, 2, J = 4.8 Hz). MS (ESI, positive
ion) m/z 363 (M+1).


5.17. Representative procedure for the synthesis of
compounds 20d–f, 20h and 20i


5.17.1. 5-Bromo-3-(2-(4-pyridyl)(1,3-thiazol-4-yl))-1,3,4-
trihydroquinazolin-2-one (20d). Aniline 19d (296 mg,
0.8 mmol), p-nitrophenyl chloroformate (175 mg,
0.9 mmol), and Et3N (0.12 mL, 0.9 mmol) were dis-
solved in 10 mL of toluene/10 mL of THF and stirred
at room temperature for 1 h. After heating the reac-
tion at 80 �C overnight the mixture was allowed to
cool to room temperature and was concentrated in
vacuo. The residue was dissolved in CH2Cl2 and
washed with H2O. The aqueous layer was extracted
with CH2Cl2 (2·) and the combined organic layers
were washed with brine, dried over MgSO4, and con-
centrated in vacuo. The crude solid was purified by
flash chromatography on silica gel using
CH2Cl2:MeOH (99:1 to 97:3) as the eluant to afford
40 mg (12%) of an off-white solid. Mp 283-284 �C.
1H NMR (CDCl3): d 5.38 (s, 2), 6.72 (d, 1,
J = 7.6 Hz), 7.13 (t, 1, J = 7.8 Hz), 7.13–7.30 (m, 2),
7.83–7.86 (m, 3), 8.74 (d, 2, J = 5.7 Hz). MS (ESI,
positive ion) m/z 388 (M+1). Anal. Calcd for
C16H11BrN4OS: C, 49.63; H, 2.86; N, 14.47. Found:
C, 49.61; H, 2.99; N, 14.26.


5.17.2. 5-Methyl-3-(2-(4-pyridyl)(1,3-thiazol-4-yl))-1,3,4-
trihydroquinazolin-2-one (20e). Yield: 3%; 1H NMR
(CDCl3): d 2.28 (s, 3), 5.78 (s, 2), 6.70 (br s, 1), 6.96 (t,
1, J = 7.5 Hz), 7.09–7.12 (m, 2), 7.84 (dd, 2, J = 4.4,
1.7 Hz), 8.73 (dd, 2, J = 4.6, 1.4 Hz). MS (ESI, positive
ion) m/z 323 (M+1). HRMS calcd for C17H15N4OS
[M+H]+ 323.0967, found 323.09655.


5.17.3. 5-Methoxy-3-(2-(4-pyridyl)(1,3-thiazol-4-yl))-1,3,4-
trihydroquinazolin-2-one (20f). Yield: 23%; 1H NMR
(DMSO-d6): d 3.98 (s, 3), 5.25 (s, 2), 6.95 (d, 1,
J = 7.4 Hz), 7.05 (t, 1, J = 7.4 Hz), 7.23 (t, 1,
J = 7.4 Hz), 7.35 (d, 1, J = 7.4 Hz), 8.05 (s, 1), 8.35 (d,
2, J = 4.8 Hz), 8.95 (d, 2, J = 4.8 Hz), 9.90 (s, 1). MS
(ESI, positive ion) m/z 339 (M+1).


5.17.4. 6-Methyl-3-(2-(4-pyridyl)(1,3-thiazol-4-yl))-1,3,4-
trihydroquinazolin-2-one (20h). Yield: 20%; mp 259–
261 �C. 1H NMR (CDCl3): d 2.33 (s, 3), 5.31 (s, 2),
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6.66 (d, 1, J = 8.0 Hz), 6.75 (s, 1), 7.03–7.07 (m, 2), 7.82
(d, 2, J = 5.7 Hz), 7.83 (s, 1), 8.73 (d, 2, J = 6.1 Hz). MS
(ESI, positive ion) m/z 323 (M+1). Anal. Calcd for
C17H14N4OSÆ0.3H2O: C, 62.29; H, 4.53; N, 17.09.
Found: C, 62.49; H, 4.53; N, 16.50.


5.17.5. 7-Fluoro-3-(2-(4-pyridyl)(1,3-thiazol-4-yl))-1,3,4-
trihydroquinazolin-2-one (20i). Yield: 22%; mp 285–
286 �C. 1H NMR (CDCl3)d 5.31 (s, 2), 6.53 (dd, 1,
J = 9.1, 2.2 Hz), 6.75 (td, 1, J = 9.1, 2.2 Hz), 7.12 (br s,
1), 7.23 (t, 1, J = 6.0 Hz), 7.84 (m, 3), 8.74 (d, 2,
J = 6.0 Hz). MS (ESI, positive ion) m/z 327 (M+1).
Anal. Calcd for C16H11FN4OS: C, 58.89; H, 3.40; N,
17.17. Found: C, 58.90; H, 3.47; N, 16.88.


5.18. Representative procedure for the synthesis of
compounds 20b, 20c, 20g, 20j, 20k, and 20p


5.18.1. 6-Fluoro-3-(2-(4-pyridyl)(1,3-thiazol-4-yl))-1,3,4-
trihydroquinazolin-2-one (20g). To a mixture of amine
19g (610 mg, 2.0 mmol) and 1,1 0-carbonyldiimidazole
(995 mg, 6.1 mmol) in 20 mL of anhydrous DMF was
added 60% NaH (290 mg, 7.3 mmol) in portions at
room temperature. After 4 h, the reaction mixture was
diluted with H2O and filtered. The precipitate was
washed with H2O (2· 10 mL) and stirred in a solution
of H2O:hexane (1:1) to remove any remaining mineral
oil. The precipitate was filtered and dried in vacuo at
60 �C to afford 110 mg (17%) of a white solid. Mp
290–291 �C. 1H NMR (DMSO-d6): d 5.24 (s, 2), 6.89–
6.93 (m, 1), 7.08 (td, 1, J = 8.8, 2.8 Hz), 7.25 (dd, 1,
J = 9.0, 2.6 Hz), 7.86 (s, 1), 7.93 (dd, 2, J = 4.5,
1.5 Hz), 8.74 (dd, 2, J = 4.5, 1.5 Hz), 9.84 (br s, 1) MS
(ESI, positive ion) m/z 327 (M+1). Anal. Calcd for
C16H11FN4OSÆ0.1H2O: C, 58.56; H, 3.44; N, 17.07.
Found: C, 58.31; H, 3.56; N, 16.82.


5.18.2. 5-Fluoro-3-(2-(4-pyridyl)(1,3-thiazol-4-yl))-1,3,4-
trihydroquinazolin-2-one (20b). Yield: 77%; mp 247–
249 �C. 1H NMR (DMSO-d6): d 5.27 (s, 2), 6.76 (d, 1,
J = 8.0 Hz), 6.83 (t, 1, J = 8.7 Hz), 7.27 (q, 1,
J = 6.5 Hz), 7.90–7.92 (m, 3), 8.74 (dd, 2, J = 4.5,
1.4 Hz), 10.05 (br s, 1). MS (ESI, positive ion) m/z 327
(M + 1). Anal. Calcd for C16H11FN4OS: C, 58.89; H,
3.40; N, 17.17. Found: C, 59.35; H, 3.58; N, 16.90.


5.18.3. 5-Chloro-3-(2-(4-pyridyl)(1,3-thiazol-4-yl))-1,3,4-
trihydroquinazolin-2-one (20c). Yield: 16%; mp 292–
293 �C. 1H NMR (DMSO-d6): d 5.29 (s, 2), 6.89 (d, 1,
J = 7.9 Hz), 7.09 (d, 1, J = 7.9 Hz), 7.25 (t, 1,
J = 8.0 Hz), 7.90 (dd, 2, J = 4.6, 1.5 Hz), 7.92 (s, 1),
8.75 (dd, 2, J = 4.6, 1.4 Hz), 10.04 (s, 1). MS (ESI, posi-
tive ion) m/z 343 (M+1). Anal. Calcd for
C16H11ClN4OS0.2H2O: C, 55.48; H, 3.32; N, 16.17.
Found: C, 55.24; H, 3.47; N, 15.90.


5.18.4. 7-Bromo-3-(2-(4-pyridyl)(1,3-thiazol-4-yl))-1,3,4-
trihydroquinazolin-2-one (20j). Yield: 93%; 1H NMR
(DMSO-d6): d 5.25 (s, 2), 6.95 (d, 1, J = 7.4), 7.05 (d,
1, J = 7.4), 7.23 (d, 1, J = 7.4), 7.75 (s, 1), 7.87 (d, 2,
J = 4.8), 8.75 (d, 2, J = 4.8), 9.93 (s, 1). HRMS
calcd for C16H12BrN4OS [M+H]+ 386.9915, found
386.9909.

5.18.5. 7-Phenyl-3-(2-(4-pyridyl)(1,3-thiazol-4-yl))-1,3,4-
trihydroquinazolin-2-one (20k). Yield: 17%; mp 248–
250 �C. 1H NMR (DMSO-d6): d 5.51 (s, 2), 7.38 (s,
1), 7.50 (d, 1, J = 7.8 Hz), 7.60–7.63 (m, 2), 7.70 (t, 2,
J = 7.7 Hz), 7.83 (d, 2, J = 7.9 Hz), 8.11 (s, 1), 8.17
(dd, 2, J = 4.4, 1.4 Hz), 8.96 (dd, 2, J = 4.6, 1.4 Hz),
10.12 (s, 1). MS (ESI, positive ion) m/z 385 (M+1).
Anal. Calcd for C22H16N4OS0Æ4H2O: C, 67.47; H,
4.32; N, 14.31. Found: C, 67.86; H, 4.71; N, 13.77.


5.18.6. 3-[2-(2-Ethyl-4-pyridyl)-1,3-thiazol-4-yl]-1,3,4-tri-
hydroquinazolin-2-one (20p). Yield: 57%; mp 239–
240 �C. 1H NMR (CDCl3): d 1.29 (t, 3, J = 7.6 Hz),
2.85 (q, 2, J = 7.6 Hz), 5.23 (s, 2), 6.92 (d, 1,
J = 8.0 Hz), 6.98 (t, 1, J = 7.5 Hz), 7.22 (t, 1,
J = 7.4 Hz), 7.32 (d, 1, J = 7.5 Hz), 7.74 (d, 1,
J = 5.1 Hz), 7.78 (s, 1), 7.85 (s, 1), 8.62 (d, 1,
J = 5.2 Hz). MS (ESI, positive ion) m/z 337 (M+1).
Anal. Calcd for C18H16N4OSÆ0.1H2O: C, 63.92; H,
4.83; N, 16.57. Found: C, 63.75; H, 4.81; N, 16.40.


5.19. 6-(Morpholin-4-ylmethyl)-2-nitrobenzenecarbonitri-
le (26)


A solution of bromide 25 (126 mg, 0.5 mmol) in 7 mL
of DMF was treated with morpholine (0.21 mL,
2.4 mmol) resulting in an immediate color change from
a light-yellow to an orange-tan. The reaction mixture
was partitioned between EtOAc:H2O and the aqueous
layer was extracted with EtOAc (3·). The combined
EtOAc layers were washed with H2O and brine, dried
over MgSO4 and concentrated in vacuo to provide
97 mg (75%) of the title compound as a yellow solid.
1H NMR (CDCl3): d 2.53–2.56 (m, 4), 3.72–3.75 (m,
4), 3.83 (s, 2), 7.77 (t, 1, J = 7.9 Hz), 7.99 (d, 1,
J = 7.7 Hz), 8.22 (d, 1, J = 8.2 Hz). MS (ESI, positive
ion) m/z 248 (M+1).


5.20. 4-(Morpholin-4-ylmethyl)-2-nitrobenzenecarbonitri-
le (29)


To a solution of bromide 28 (1.92 g, 7.9 mmol) in 40 mL
of CH3CN was added morpholine (1.0 mL, 11.4 mmol)
and the reaction mixture changed immediately from a
light-yellow to a orange-tan color. The reaction mixture
was concentrated in vacuo. The crude residue was puri-
fied by flash chromatography on silica gel using
CH2Cl2:MeOH (1:0–96:4) as the eluant provided the ti-
tle compound as 1.4 g (71%) of a light-brown oil. 1H
NMR (CDCl3): d 2.47–2.49 (m, 4), 3.65 (s, 2), 3.73–
3.75 (m, 4), 7.82 (d, 1, J = 7.9 Hz), 7.88 (d, 1,
J = 7.9 Hz), 8.35 (s, 1). MS (ESI, positive ion) m/z 248
(M+1).


5.21. Representative procedure for the synthesis of
substituted benzylamines 27, 30, and 32


5.21.1. [6-(Morpholin-4-ylmethyl)-2-nitrophenyl]methyl-
amine (27). Nitrile 26 (1.59 g, 6.4 mmol) was added as a
solid to 35 mL of 1 M BH3THF (35 mmol) at 0 �C. The
solution was allowed to warm to room temperature and
stirred overnight. The reaction mixture was concentrated
to half its volume, carefully poured into 40 mL of 10% aq
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HCl, and stirred at reflux for 3 h. The reaction mixture
was allowed to cool to room temperature and concen-
trated in vacuo to remove any remaining THF. The result-
ing aqueous solution was washed with benzene (2·) and
neutralized with 1 N NaOH. The aqueous solution was
then extracted with CH2Cl2 (2·) and the combined organ-
ic layers were washed with brine, dried over MgSO4, and
concentrated in vacuo to provide 975 mg (60%) of the title
compound as a light-brown oil. 1H NMR (CDCl3): d
2.48–2.51 (m, 4), 3.61 (s, 2), 3.67–3.70 (m, 4), 3.88 (s, 2),
7.34 (t, 1, J = 7.7 Hz), 7.49 (d, 1, J = 7.5 Hz), 7.77 (d, 1,
J = 8.1 Hz). MS (ESI, positive ion) m/z 252 (M+1).


5.21.2. [4-(Morpholin-4-ylmethyl)-2-nitrophenyl]methyl-
amine (30). Yield: 60%; 1H NMR (CDCl3): d 2.44–2.49
(m, 4), 3.55 (s, 2), 3.71–3.73 (m, 4), 4.09 (s, 2), 7.55 (d,
1, J = 7.9 Hz), 7.60 (d, 1, J = 7.9 Hz), 7.98 (s, 1). MS
(ESI, positive ion) m/z 252 (M+1).


5.21.3. (2-(4-Methylpiperazin-1-yl)-6-nitrophenyl)meth-
anamine (32). Yield: 89%; 1H NMR (CDCl3): d 2.38
(s, 3), 2.52–2.60 (m, 4), 3.00–3.10 (m, 4), 4.04 (s, 2),
7.30–7.40 (m, 2), 7.56 (dd, 1, J = 2.4, 7.2 Hz). MS
(ESI, positive ion) m/z 251 (M+1).


5.22. 2-(Aminomethyl)-4-(4-methylpiperazinyl)phenyla-
mine (34)


To a stirred solution of nitrile 33 (1.7 g, 7.86 mmol) in
dry THF (15 mL) was added a solution of 1 M BH3THF
(27.5 mL, 27.5 mmol) dropwise. After stirring for 2 h at
room temperature the mixture was allowed to cool to
0 �C and quenched slowly with 10% aqueous HCl. The
resulting mixture was heated at reflux for 2 h then
cooled to room temperature. The mixture was washed
with ether and the aqueous layer was neutralized with
5 N NaOH. The aqueous solution was extracted with
CH2Cl2 (3·) and the combined organic layers were dried
over MgSO4 to provide the title compound as a light-
yellow oil (1.0 g, 58%). NMR (CDCl3): d 2.35 (s, 3),
2.55 (m, 4), 3.10 (m, 4), 3.58 (s, 2), 3.87 (s, 2), 6.70 (d,
1, J = 8.7 Hz), 6.81 (m, 3).


5.23. Representative procedure for the synthesis of compounds
21a and 21m


5.23.1. Ethyl-4-{[(2-aminophenyl)methyl]amino}-2-(4-
pyridyl)-1,3-thiazole-5-carboxylate (21a). A mixture of
triflate 11 (2.17 g, 5.68 mmol) and 2-aminobenzylamine
(2.08 g, 17.03 mmol) in 12 mL of dioxane was heated
at reflux for 16 h. The reaction mixture was cooled to
room temperature and the resulting precipitate was col-
lected by filtration to give 1.69 g (84%) of a bright-yel-
low solid. 1H NMR (DMSO-d6): d 1.32 (t, 3,
J = 7.1 Hz), 4.12 (d, 2, J = 6.3 Hz), 4.27 (q, 2,
J = 7.1 Hz), 4.76 (d, 2, J = 6.3 Hz), 6.68–6.77 (m, 2),
6.96 (br s, 1), 7.09–7.20 (m, 2), 7.79 (m, 2), 8.73 (m,
2). MS (ESI, positive ion) m/z 355 (M+1).


5.23.2. Ethyl-4-({[2-amino-5-(4-methylpiperazinyl)phenyl]
methyl}amino)-2-(4-pyridyl)-1,3-thiazole-5-carboxylate
(21m). Yield: 70%; 1H NMR (CDCl3): d 1.35 (t, 3,

J = 7.1), 2.35 (s, 3), 2.55 (m, 4), 3.10 (m, 4), 4.15 (s, 2),
4.35 (q, 2, J = 7.1), 4.78 (d, 2, J = 6.0), 6.70 (m, 2),
6.95 (t, 1, J = 6.0), 7.05 (d, 1, J = 8.7), 7.82 (d, 2,
J = 5.3), 8.75 (d, 2, J = 5.3). MS (ESI, positive ion) m/z
453 (M+1).


5.24. Representative procedure for the synthesis of
compounds 21l, 21n and 21o


5.24.1. Ethyl-4-({[2-amino-6-(morpholin-4-ylmethyl)
phenyl]methyl}amino)-2-(4-pyridyl)-1,3-thiazole-5-car-
boxylate (21n). A mixture of triflate 11 (1.49 g,
3.9 mmol) and amine 27 (975 mg, 3.9 mmol) in
25 mL of dioxane was heated at 80 �C for 6 h. The
reaction mixture was cooled to room temperature
and the reaction mixture was concentrated in vacuo.
The residue was purified by flash chromatography
on silica gel using CH2Cl2:EtOAc (7:3 to 1:1) as
the eluant to afford 660 mg of an orange-yellow solid.
1H NMR (CDCl3): d 1.34 (t, 3, J = 7.1 Hz), 2.46–2.49
(m, 4), 3.71–3.76 (m, 6), 4.30 (q, 2, J = 7.1 Hz), 5.16
(d, 2, J = 6.3 Hz), 7.38 (t, 1, J = 7.8 Hz), 7.48 (br s,
1), 7.55 (d, 1, J = 7.7 Hz), 7.75–7.79 (m, 3), 8.75
(dd, 2, J = 6.0, 1.5 Hz). MS (ESI, positive ion) m/z
484 (M+1).


The material from the previous step was dissolved in
30 mL of acetonitrile/15 mL of H2O. Iron powder
(460 mg, 8.2 mmol) and NH4Cl (90 mg, 1.7 mmol)
were added and the solution was heated at 80 �C
for 2 h. The reaction mixture was filtered while hot
and concentrated to an aqueous solution. The aque-
ous solution was extracted with EtOAc (3·) and
the combined organic layers were washed with brine,
dried over MgSO4, and concentrated in vacuo to pro-
vide 530 mg (30%) of the title compound as a light-
brown oil. 1H NMR (CDCl3): d 1.32 (t, 3,
J = 7.1 Hz), 2.46–2.50 (m, 4), 3.53 (s, 2), 3.87–3.90
(m, 4), 4.29 (q, 2, J = 7.1 Hz), 4.63 (br s, 2), 4.86
(d, 2, J = 6.6 Hz), 6.63–6.66 (m, 2), 7.56 (br s, 1),
7.80 (d, 2, J = 6.0 Hz), 8.76 (d, 2, J = 4.7 Hz). MS
(ESI, positive ion) m/z 454 (M+1).


5.24.2. Ethyl-4-(2-amino-6-(4-methylpiperazin-1-yl)ben-
zylamino)-2-(pyridin-4-yl)thiazole-5-carboxylate (21l).
Yield: 41%; 1H NMR (CDCl3): d 1.33 (t, 3,
J = 7.2 Hz), 2.39 (s, 3), 2.66 (br s, 4), 2.94–2.99 (m, 4),
4.27 (q, 2, J = 7.2 Hz), 4.36 (br s, 2), 4.88 (d, 2,
J = 6.4 Hz), 6.50 (d, 1, J = 8.0 Hz), 6.68 (d, 1,
J = 7.2 Hz), 7.07 (t, 1, J = 8.0 Hz), 7.16 (br s, 1), 7.79
(dd, 2, J = 4.8, 1.6 Hz), 8.75 (dd, 2, J = 4.8, 1.6 Hz).
MS (ESI, positive ion) m/z 453 (M+1).


5.24.3. Ethyl-4-({[2-amino-4-(morpholin-4-ylmethyl)phenyl]
methyl}amino)-2-(4-pyridyl)-1,3-thiazole-5-carboxylate
(21o). Yield: 38%; 1H NMR (CDCl3): d 1.34 (t, 3,
J = 7.1 Hz), 2.46–2.51 (m, 4), 3.45 (br s, 2), 3.67–
3.72 (m, 4), 4.15 (br s, 2), 4.30 (q, 2, J = 7.1 Hz),
4.76 (d, 2, J = 6.1 Hz), 6.68–6.6.74 (m, 2), 6.95 (br s,
1), 7.14 (d, 1, J = 7.6 Hz), 7.81 (dd, 2, J = 4.5,
1.5 Hz), 8.75 (dd, 2, J = 4.6, 1.5 Hz). MS (ESI, posi-
tive ion) m/z 454 (M+1).







6590 R. M. Rzasa et al. / Bioorg. Med. Chem. 15 (2007) 6574–6595

5.25. Representative procedure for the synthesis of Ethyl-
4-(substituted-2-oxo(1,3,4-trihydroquinazolin-3-yl))-2-(4-
pyridyl)-1,3-thiazole-5-carboxylates 22a and 22l–o


5.25.1. Ethyl-4-(2-oxo(1,3,4-trihydroquinazolin-3-yl))-2-
(4-pyridyl)-1,3-thiazole-5-carboxylate (22a). To a mix-
ture of amine 21a (1.69 g, 4.76 mmol) and 1,1 0-carbon-
yldiimidazole (2.30 g, 14.28 mmol) in 50 mL of DMF
was added 95% NaH (361 mg, 14.28 mmol) slowly at
room temperature. After 18 h the reaction mixture was
quenched with water and the resulting precipitate was
filtered, washed with water, and dried in vacuo to give
1.12 g (61%) of the title compound as a yellow solid.
1H NMR (DMSO-d6): d 1.21 (t, 3, J = 7.1 Hz), 4.22
(q, 2, J = 7.1 Hz), 4.97 (s, 2), 6.96 (m, 2), 7.23 (m, 2),
7.96 (dd, 2, J = 4.6, 1.3 Hz), 8.79 (dd, 2, J = 4.6,
1.3 Hz), 9.93 (s, 1). MS (ESI, positive ion) m/z 381
(M+1).


5.25.2. Ethyl-4-(5-(4-methylpiperazin-1-yl)-2-oxo-1,2-
dihydroquinazolin-3(4H)-yl)-2-(pyridin-4-yl)thiazole-5-
carboxylate (22l). Yield: 50%; 1H NMR (DMSO-d6): d
1.19 (t, 3, J = 7.2 Hz), 2.19 (s, 3), 2.35–2.55 (m, 4),
2.80–2.85 (m, 4), 4.20 (q, 2, J = 7.2 Hz), 4.86 (s, 2),
6.68 (d, 1, J = 8.0 Hz), 6.76 (d, 1, J = 8.0 Hz), 7.20 (t,
1, J = 8.0 Hz), 7.97 (dd, 2, J = 4.4 1.6 Hz), 8.80 (dd, 2,
J = 4.4, 1.6 Hz), 9.94 (s, 1). MS (ESI, positive ion) m/z
479 (M+1).


5.25.3. Ethyl-4-[6-(4-methylpiperazinyl)-2-oxo(1,3,4-tri-
hydroquinazolin-3-yl)]-2-(4-pyridyl)-1,3-thiazole-5-carbox-
ylate (22m). Yield: 18%; 1H NMR (CDCl3): d 1.35 (t, 3,
J = 7.1 Hz), 2.35 (s, 3), 3.50 (m, 4), 3.72 (m, 4), 4.25 (q,
2, J = 7.1 Hz), 5.05 (s, 2), 6.71 (d, 1, J = 8.6 Hz), 6.82 (d,
1, J = 8.6 Hz), 6.87 (s, 1), 7.85 (s, 1), 8.13 (d, 2,
J = 5.3 Hz), 8.75 (d, 2, J = 5.3 Hz), 10.75 (s, 1). MS
(ESI, positive ion) m/z 479 (M+1).


5.25.4. Ethyl-4-[5-(morpholin-4-ylmethyl)-2-oxo(1,3,4-tri-
hydroquinazolin-3-yl)]-2-(4-pyridyl)-1,3-thiazole-5-carbox-
ylate (22n). Yield: 59%; mp 115–117 �C. 1H NMR
(CDCl3): d 1.31 (t, 3, J = 7.1 Hz), 2.38-2.41 (m, 4),
3.45 (s, 2), 3.63-3.67 (m, 4), 4.34 (q, 2, J = 7.1 Hz),
5.12 (s, 2), 6.70 (d, 1, J = 7.8 Hz), 6.94 (d, 1,
J = 7.5 Hz), 7.16 (t, 1, J = 7.8 Hz), 7.22 (s, 1), 7.84 (dd,
2, J = 4.6, 1.6 Hz), 8.79 (dd, 2, J = 4.5, 1.6 Hz). MS
(ESI, positive ion) m/z 480 (M+1).


5.25.5. Ethyl-4-[7-(morpholin-4-ylmethyl)-2-oxo(1,3,4-tri-
hydroquinazolin-3-yl)]-2-(4-pyridyl)-1,3-thiazole-5-carbox-
ylate (22o). Yield: 74%; 1H NMR (CDCl3): d 1.30 (t, 3,
J = 7.1 Hz), 2.44–2.49 (m, 4), 3.46 (s, 2), 3.67-3.72 (m,
4), 4.34 (q, 2, J = 7.1 Hz), 5.00 (s, 2), 6.79 (s, 1), 6.98
(d, 1, J = 7.7 Hz), 7.03-7.09 (m, 1), 7.34 (s, 1), 7.84
(dd, 2, J = 4.5, 1.3 Hz), 8.78 (dd, 2, J = 4.5, 1.4 Hz).
MS (ESI, positive ion) m/z 480 (M+1).


5.26. Representative procedure for the synthesis of
compounds 20a and 20l–o


5.26.1. 3-(2-(Pyridin-4-yl)thiazol-4-yl)-3,4-dihydroquinaz-
olin-2(1H)-one (20a). To a solution of ester 22a (1.10 g,
2.89 mmol) in 6.0 mL of MeOH at room temperature

was added 6 mL of 1 N NaOH. The reaction mixture
was heated at 50 �C for 30 min and cooled to room
temperature. The reaction mixture was acidified to
pH 2 with 10% aqueous HCl solution and the precip-
itate was collected by filtration to give 1.02 g (99%)
of the corresponding acid as a yellow solid. 1H
NMR (DMSO-d6): d 4.93 (s, 2), 6.90 (d, 1,
J = 8.4 Hz), 6.96 (t, 1, J = 7.5 Hz), 7.22 (t, 2,
J = 7.0 Hz), 7.96 (dd, 2, J = 4.6, 1.5 Hz), 8.77 (dd,
2, J = 4.6, 1.5 Hz), 9.83 (s, 1). MS (ESI, positive
ion) m/z 353 (M+1). The acid (89 mg, 0.25 mmol)
was dissolved in 2 mL of H2SO4 and heated at
120 �C. After 4 h the reaction mixture was cooled
to 0 �C and quenched with ice water. The mixture
was basified to pH 10 and the resultant precipitate
was purified by flash chromatography using 2 M
NH3 in MeOH:CH2Cl2 (1:60) as eluant to afford
34 mg (44%) of the title compound as a white solid.
1H NMR (DMSO-d6): d 5.24 (s, 2), 6.91 (d, 1,
J = 7.7 Hz), 6.98 (t, 1, J = 7.5 Hz), 7.22 (t, 1,
J = 7.5 Hz), 7.31 (d, 1, J = 7.7 Hz), 7.87 (s, 1), 7.93
(dd, 2, J = 4.6, 1.3 Hz), 8.73 (dd, 2, J = 4.6, 1.3 Hz),
9.81 (s, 1). MS (ESI, positive ion) m/z 309 (M+1).
Anal. Calcd for C16H12 N4OS: C, 62.32; H, 3.92;
N, 18.17. Found: C, 62.44; H, 4.15; N, 17.90.


5.26.2. 5-(4-Methylpiperazin-1-yl)-3-(2-(pyridin-4-yl)thia-
zol-4-yl)-3,4-dihydroquinazolin-2(1H)-one (20l). Yield:
40%; 1H NMR (DMSO-d6): d 2.30 (s, 3), 2.50–2.65
(m, 4), 2.85–2.93 (m, 4), 5.22 (s, 2), 6.66 (d, 1,
J = 7.6 Hz), 6.73 (d, 1, J = 7.6 Hz), 7.18 (t, 1,
J = 8.0 Hz), 7.86 (s, 1), 7.89 (dd, 2, J = 4.6, 1.6 Hz),
8.74 (dd, 2, J = 4.6, 1.6 Hz), 9.80 (s, 1). MS (ESI, posi-
tive ion) m/z 407 (M+1). HRMS calcd for C21H23N6OS
[M+H]+ 407.1654, found 407.1648.


5.26.3. 6-(4-Methylpiperazinyl)-3-(2-(4-pyridyl)(1,3-thia-
zol-4-yl))-1,3,4-trihydro-quinazolin-2-one (20m). Yield:
25%; 1H NMR (DMSO-d6): d 2.35 (s, 3), 3.50 (m, 4),
3.72 (m, 4), 5.05 (s, 2), 6.71 (d, 1, J = 8.6 Hz), 6.82 (d,
1, J = 8.6 Hz), 6.87 (s, 1), 7.85 (s, 1), 8.13 (d, 2,
J = 5.3 Hz), 8.75 (d, 2, J = 5.3 Hz), 9.45 (s, 1). MS
(ESI, positive ion) m/z 407 (M+1). HRMS calcd for
C21H23N6OS [M+H]+ 407.1654, found 407.1657.


5.26.4. 5-(Morpholin-4-ylmethyl)-3-(2-(4-pyridyl)(1,3-
thiazol-4-yl))-1,3,4-trihydroquinazolin-2-one Hydrochlo-
ride Dihydrate (20n). The free base was dissolved in
CH2Cl2 (15 mL) and of MeOH (6 mL), and 1 N ethe-
real HCl (0.36 mL, 0.4 mmol) was added. After stir-
ring for 2 h, the reaction mixture was concentrated
in vacuo. The resulting residue was stirred in ether
and the resulting precipitate was filtered and washed
with ether to give 140 mg (48%) of an orange solid.
Mp 261–263 �C. 1H NMR (CDCl3): d 3.26–3.31 (m,
4), 3.63–3.71 (m, 2), 3.84–3.88 (m, 2), 4.37 (s, 2),
5.29 (s, 2), 6.96 (d, 1, J = 7.7 Hz), 7.23 (d, 1,
J = 7.7 Hz), 7.27 (t, 1, J = 7.7 Hz), 7.85 (s, 1), 8.02
(d, 2, J = 4.5 Hz), 8.72 (d, 2, J = 4.5 Hz), 9.97 (s, 1),
10.36 (br s, 1). MS (ESI, positive ion) m/z 408
(M+1). Anal. Calcd for C21H21N5O2S1.0HCl2H2O:
C, 52.55; H, 5.46; N, 14.59. Found: C, 52.52; H
5.30; N, 14.42.
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5.26.5. 7-(Morpholin-4-ylmethyl)-3-(2-(4-pyridyl)(1,3-
thiazol-4-yl))-1,3,4-trihydroquinazolin-2-one (20o). Yield:
10%; mp 249–250 �C. 1H NMR (CDCl3): d 2.43–2.49
(m, 4), 3.47 (s, 2), 3.70–3.76 (m, 4), 5.33 (s, 2), 6.79 (s,
2), 7.01 (d, 1, J = 7.7 Hz), 7.21 (d, 1, J = 7.7 Hz), 7.84
(m, 3), 8.73 (dd, 2, J = 4.6, 1.5 Hz). MS (ESI, positive
ion) m/z 408 (M+1). Anal. Calcd for C21H21


N5O2S0.4H2O: C, 60.82; H, 5.30; N, 16.89. Found C,
60.81; H, 5.24; N, 16.67.


5.27. Amino{[(2-nitrophenyl)methyl]amino}methane-1-
thione (35)


To a solution of 2-nitrobenzylamine hydrochloride
(4.93 g, 26.1 mmol) and Et3N (10 mL, 71.8 mmol) in
300 mL of CHCl3 was added benzoyl isothiocyanate
(3.4 mL, 25.3 mmol) and the resulting yellow solution
was heated at 61 �C. After 1.5 h the solvent was
removed in vacuo and the residue was dissolved in
70% aqueous MeOH. To the solution was added
K2CO3 (4.06 g, 29.4 mmol) and the reaction mixture
was heated at reflux for 30 min. The yellow-orange mix-
ture was cooled to room temperature and the crude
material was purified by flash chromatography on silica
gel with hexanes:EtOAc (4:1–1:3) as eluant to afford
4.05 g (73%) of the title compound as a purple solid.
1H NMR (CD3OD): d 5.03 (br s, 2), 5.89 (br s, 2),
6.98 (br s, 1), 7.42–7.57 (m, 1), 7.60–7.73 (m, 1), 7.87
(br s, 1), 8.08 (d, 1, J = 8.0 Hz). MS (ESI, positive ion)
m/z : 212 (M+1).


5.28. [(2-Nitrophenyl)methyl](4-(4-pyridyl)(1,3-thiazol-2-
yl))amine (36a)


To a heated (45 �C) slurry of thiourea 35 (841 mg,
4.0 mmol) in 50 mL of 50% aqueous MeOH was added
4-(bromoacetyl)pyridine hydrobromide (1.16 g,
4.1 mmol) and the reaction mixture was stirred at
45 �C for 1.5 h. The reaction mixture was cooled to
room temperature and the solids were filtered and
washed with water. Drying in vacuo over P2O5 over-
night gave 1.08 g (86%) of a pale yellow powder. 1H
NMR (DMSO-d6): d 4.84 (d, 2, J = 5.7 Hz), 7.47 (s,
1), 7.50–7.58 (m, 1), 7.65–7.77 (m, 2), 7.69 (d, 2,
J = 5.6 Hz), 8.04 (d, 1, J = 8.1 Hz), 8.41 (t, 1,
J = 5.7 Hz), 8.53 (d, 1, J = 5.6 Hz). MS (ESI, positive
ion) m/z 313 (M+1), (ESI, negative ion) 311 (M�1).


5.29. 3-(4-(4-Pyridyl)-1,3-thiazol-2-yl)-1,3,4-trihydroqui-
nazolin-2-one (38a)


A slurry of compound 36a (924 mg, 3.0 mmol), iron
dust (872 mg, 15.6 mmol), and NH4Cl (119 mg,
2.2 mmol) in 30 mL of 50% aqueous EtOH was heated
at 75 �C. After 1.5 h the reaction mixture was cooled to
room temperature and the EtOH removed in vacuo.
The aqueous solution was extracted sequentially with
EtOAc and CH2Cl2, and the combined organics were
washed with brine and dried over Na2SO4. Concentra-
tion in vacuo gave 264 mg (32%) of aniline 37a as a so-
lid. Crude 37a was dissolved in 10 mL of THF and to
this solution were added p-nitrophenyl chloroformate
(398 mg, 2.0 mmol) and Et3N (0.4 mL, 2.9 mmol).

The reaction mixture was heated at reflux for 9 h and
was allowed to cool to room temperature. Purification
by flash chromatography on silica gel using hex-
anes:EtOAc (4:1) followed by CH2Cl2:MeOH (9:1) as
eluant gave 34 mg (12%) of a white solid. Mp
>267 �C. 1H NMR (DMSO-d6): d 5.38 (s, 1), 6.94 (d,
1, J = 7.5 Hz), 7.02 (t, 1, J = 7.5 Hz), 7.23 (t, 1,
J = 7.5 Hz), 7.35 (d, 1, J = 7.5 Hz), 7.92 (d, 2,
J = 6.1 Hz), 7.96 (s, 1), 8.61 (d, 2, J = 6.1 Hz). MS
(ESI, positive ion) m/z 309 (M+1), (ESI negative ion)
307 (M�1). Anal. Calcd for C16H12 N4OS0.06 MeOH:
C, 62.16; H, 3.98; N, 18.06. Found: C, 62.21; H, 4.05;
N, 18.04. HRMS calcd for C16H13N4OS [M+H]+


309.0810, found 309.0816.


5.30. 3-(4-(3-Pyridyl)-1,3-thiazol-2-yl)-1,3,4-trihydroqui-
nazolin-2-one (38b)


To a heated (45 �C) slurry of thiourea 35 (1.03 g,
4.87 mmol) in 50 mL of 50% aqueous MeOH was
added 3-(bromoacetyl)pyridine hydrobromide (1.37 g,
4.87 mmol). After 2 h the mixture was allowed to cool
to room temperature and the solvent was removed in
vacuo to give 36 b as a yellow solid. 1H NMR
(DMSO-d6): d 1.72 (s, 6), 3.83 (s, 4), 6.69 (br s, 1),
7.25 (t, 1, J = 3.9 Hz), 7.69 (br s, 1), 7.75 (br s, 1),
8.30 (s, 1), 11.34 (s, 1). MS (ESI, positive ion) m/z
313 (M+1).


A mixture of crude 36b, iron dust (1.39 g, 24.9 mmol),
and NH4Cl (198 mg, 3.7 mmol) in 50 mL of 50% EtOH
was heated at reflux. After 1 h the reaction mixture was
cooled to room temperature and the solvent was re-
moved in vacuo to give compound 37b. MS (ESI, posi-
tive ion) m/z 283 (M+1).


The crude 37b was dissolved in 20 mL of THF and to this
solution were added p-nitrophenyl chloroformate
(860 mg, 4.2 mmol) and Et3N (0.85 mL, 6.1 mmol). The
reaction mixture was heated at reflux for 1 h and cooled
to room temperature overnight. The solvent was removed
in vacuo and the residue was purified by flash chromatog-
raphy on silica gel with hexanes:EtOAc (1:1) followed by
CHCl3:MeOH (19:1) as eluant to give 84 mg (6%, three
steps) of the title compound as an off-white solid. Mp
269–272 �C. 1H NMR (DMSO-d6): d 5.39 (s, 2), 6.94 (d,
1, J = 7.9 Hz), 7.03 (t, 1, J = 7.6 Hz), 7.24 (t, 1,
J = 7.6 Hz), 7.39 (d, 1, J = 7.6 Hz), 7.48 (dd, 1, J = 7.9,
4.7 Hz), 7.86 (s, 1), 8.33 (d, 2, J = 9.0 Hz), 8.53 (d, 1,
J = 4.7 Hz) 9.22 (s, 1), 10.26 (s, 1). MS (ESI, positive
ion) m/z 309 (M+1). HRMS calcd for C16H13N4OS
[M+H]+ 309.0810, found 309.0817.


5.31. 3-(4-(2-Pyridyl)-1,3-thiazol-2-yl)-1,3,4-trihydroqui-
nazolin-2-one (38c)


To a heated (45 �C) slurry of thiourea 35 (1.04 g,
4.9 mmol) in 10 mL of 50% aqueous MeOH was added
an aqueous solution of 2-(bromoacetyl)pyridine hyd-
robromide (1.34 g, 4.9 mmol). After 2 h the reaction
mixture was allowed to cool to room temperature and
the solvent was removed in vacuo to give compound
36 c. MS (ESI, positive ion) m/z 313 (M+1).
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A mixture of crude 36c, iron dust (1.41 g, 25.2 mmol),
and NH4Cl (190 mg, 3.5 mmol) in 50 mL of 50% EtOH
was heated at reflux. After 1 h the reaction mixture was
cooled to room temperature and the solvent was re-
moved in vacuo to give compound 37 c. MS (ESI, posi-
tive ion) m/z 283 (M+1).


The residue from the previous step was dissolved in
20 mL of THF and to this solution were added p-nitro-
phenyl chloroformate (1.17 g, 5.8 mmol) and Et3N
(1 mL, 7.2 mmol). The reaction mixture was heated at
reflux for 3 h and was allowed to cool to room temper-
ature. The solvent was removed in vacuo and the crude
material was purified by flash chromatography on silica
gel with hexanes:EtOAc (4:1–0:1) as eluant to give
13 mg (1%, three steps) of a tan solid. Mp >275 �C.
1H NMR (DMSO-d6): d 5.39 (s, 2), 6.94 (d, 1,
J = 7.9 Hz), 7.03 (t, 1, J = 7.6 Hz), 7.24 (t, 1,
J = 7.6 Hz), 7.31–7.36 (m, 1), 7.38 (d, 1, J = 7.6 Hz),
7.86 (s, 1), 7.92 (t, 1, J = 7.6 Hz), 8.13 (d, 1,
J = 7.9 Hz), 8.61 (d, 1, J = 4.3 Hz), 10.25 (s, 1). MS
(ESI, positive ion) m/z 309 (M+1); (ESI negative ion)
m/z 307 (M�1). Anal. Calcd for C16H12 N4OS0.5H2O:
C, 60.55; H, 4.13; N, 17.65. Found: C, 60.20; H, 4.17;
N, 16.92.


5.32. [(2-Aminophenyl)methyl](3-(4-pyridyl)(1,2,4-oxa-
diazol-5-yl))amine (40)


A flask charged with oxadiazole 39 (528 mg, 2.0 mmol)
and 2-aminobenzylamine (224 mg, 1.8 mmol) was
heated at 60 �C. After 9 h the reaction mixture was al-
lowed to cool to room temperature and the solids
were washed with MeOH, filtered, and dried in vacuo
to give 51 mg (11%) of a beige powder. 1H NMR
(DMSO-d6): d 4.37 (d, 2, J = 5.6 Hz), 5.08 (s, 2),
6.54 (t, 1, J = 7.5 Hz), 6.66 (d, 1, J = 7.5 Hz), 6.99 (t,
1, J = 7.5 Hz), 7.07 (d, 1, J = 7.5 Hz), 7.81 (d, 2,
J = 5.3 Hz), 8.74 (d, 2, J = 5.3 Hz), 8.97 (br t, 1,
J = 5.6 Hz). MS (ESI, positive ion) m/z 268 (M+1),
(ESI, negative ion) m/z 266 (M�1).


5.33. 3-(3-(4-Pyridyl)-1,2,4-oxadiazol-5-yl)-1,3,4-trihy-
droquinazolin-2-one (41)


To a solution of aniline 40 (51 mg, 0.2 mmol) in 2 mL of
THF were added p-nitrophenyl chloroformate (82 mg,
0.4 mmol) and Et3N (0.050 mL, 0.4 mmol) at room tem-
perature. After 3 h the solvent was removed in vacuo
and the residue was partitioned between H2O/CH2Cl2.
The aqueous layer was extracted consecutively with
CHCl3 and EtOAc, and the combined organic layers
were dried over Na2SO4. The solvent was removed in va-
cuo and the residue was washed with EtOAc, filtered,
and dried in vacuo to give 25 mg (42%) of an off-white
powder. Mp 264–267 �C. 1H NMR (DMSO-d6): d 5.23
(s, 2), 6.95 (d, 1, J = 7.8 Hz), 7.04 (t, 1, J = 7.5 Hz),
7.27 (t, 1, J = 7.8 Hz), 7.35 (d, 1, J = 7.5 Hz), 7.93 (d,
1, J = 6.1 Hz), 8.82 (d, 1, J = 6.1 Hz), 10.47 (s, 1). MS
(ESI, positive ion) m/z 294 (M+1); (ESI negative ion)
292 (M�1). Anal. Calcd for C15H11 N5O2: C,
61.43; H, 3.78; N, 23.88. Found: C, 61.20; H, 3.77; N,
23.75.

5.34. 5-Chloro-3-(4-pyridyl)-1,2,4-thiadiazole (43)


To a cooled (<15 �C) suspension of thiadiazole 42
(765 mg, 4.3 mmol) in 13 mL of glacial acetic acid
and 3 mL of concentrated HCl were added copper
turnings (81 mg, 1.3 mmol). To this suspension was
added a solution of NaNO2 (312 mg, 4.5 mmol) in
1 mL of H2O dropwise over a period of 30 min. After
4 h, a second portion of NaNO2 (312 mg, 4.5 mmol)
in 1 mL of H2O was added while maintaining an
internal temperature at <15 �C. After 1 h, the reaction
mixture was poured into 40 mL of H2O and extracted
with CHCl3. The combined organic layers were
washed with saturated NaHCO3, dried over Na2SO4,
and concentrated in vacuo to give 477 mg (56%) of
a white powder. 1H NMR (CDCl3): d 8.79 (d, 2,
J = 6.0 Hz), 8.11 (d, 2, J = 6.0 Hz). MS (ESI, positive
ion) m/z 198 (M+1).


5.35. 3-(3-(4-Pyridyl)-1,2,4-thiadiazol-5-yl)-1,3,4-trihy-
droquinazolin-2-one (45)


To a solution of thiadiazole 43 (202 mg, 1.0 mmol) in
10 mL of THF was added 2-aminobenzylamine
(122 mg, 1.0 mmol) at room temperature. After 2 h,
the reaction mixture was heated at 60 �C. After 15 h,
the reaction mixture was allowed to cool to room tem-
perature and the solvent was removed in vacuo to give
aniline 44.


The crude residue from the previous step was dissolved
in 10 mL of DMF and 1,1 0-carbonyldiimidazole
(352 mg, 2.2 mmol) was added followed by 95% NaH
(58 mg, 2.4 mmol) at room temperature. After 18 h,
20 mL of H2O was added and the white precipitate
was washed sequentially with H2O, MeOH, and
CH2Cl2. The crude material was purified by flash chro-
matography with CH2Cl2:MeOH (39:1–19:1) as eluant
to give 18 mg (5%) as a white amorphous solid. Mp
>290. 1H NMR (DMSO-d6): d 5.43 (s, 2) 6.97 (d, 1,
J = 7.8 Hz), 7.07 (t, 1, J = 7.4 Hz), 7.27 (t, 1,
J = 7.4 Hz), 7.39 (d, 1, J = 7.2 Hz), 8.12 (d, 2,
J = 6.0 Hz), 8.77 (d, 2, J = 6.0 Hz), 10.75 (br s, 1,). MS
(ESI, positive ion) m/z 310 (M+1), (ESI negative ion)
308 (M�1). HRMS calcd for C15H11N5OS [M+H]+


310.0763. Found: 310.0764.


5.36. Methyl-5-(4-pyridyl)thiophene-2-carboxylate (46)


To a solution of 5-bromothiophene-2-carboxylate (4.02 g,
18 mmol) and 4-pyridine boronic acid (2.0 g, 16 mmol) in
150 mL of DME was added PdCl2dppfCH2Cl2 (1.27 g,
1.7 mmol) followed by 12 mL of 2 M Na2CO3 solution.
The reaction mixture was heated to reflux for 16 h and
cooled to room temperature. The solvent was removed
in vacuo, partitioned between EtOAc/H2O, and filtered.
The organic layer was extracted with 1 N HCl (3·
50 mL) and the combined acidic layers were neutralized
with 1 N NaOH. The resulting precipitate was extracted
with EtOAc (3· 50 mL) and the combined organic ex-
tracts were concentrated in vacuo to give 1.18 g (33%) of
a pale-green powder. 1H NMR (CDCl3): d 3.93 (s, 3),
7.47 (d, 1, J = 3.9 Hz), 7.51 (d, 2, J = 6.1 Hz), 7.80 (d, 1,
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J = 3.9 Hz), 8.66 (d, 2, J = 6.1 Hz). MS (ESI, positive ion)
m/z 220 (M+1).


5.37. 5-(4-Pyridyl)thiophene-2-carboxylic acid (47)


To a solution of ester 46 (2.44 g, 11.1 mmol) in 130 mL
EtOH was added 30 mL of 1 N NaOH at room temper-
ature. After 2 h the solvent was removed in vacuo.
The residue was dissolved in 100 mL of H2O, and acid-
ified with 1 N HCl to pH 5. The resulting white precip-
itate was filtered, washed with H2O and dried in vacuo
to give 2.06 g (90%) of an off-white powder. 1H NMR
(DMSO-d6/CF3CO2D): d 8.94 (d, 2, J = 6.4 Hz), 8.40
(d, 2, J = 6.4 Hz), 8.22 (d, 1, J = 3.6 Hz), 7.88 (d, 1,
J = 3.6 Hz). MS (ESI, positive ion) m/z 206 (M+1);
(ESI negative ion) 204 (M�1).


5.38. Prop-2-enyloxy-N-(5-(4-pyridyl)(2-thienyl))carbox-
amide (48)


To a suspension of acid 47 (1.21 g, 6.0 mmol) in 50 mL
of toluene was added Et3N (1.0 mL, 7.2 mmol) at
room temperature. After 1 h diphenylphosphoryl azide
(2.1 mL, 9.7 mmol) was added and after an additional
hour the reaction mixture was heated to 80 �C. After
1 h, allyl alcohol (4.0 mL, 62 mmol) was added and
the reaction mixture was allowed to cool to 70 �C. After
15 h, the reaction mixture was cooled to room tempera-
ture, concentrated in vacuo and purified by flash chro-
matography with hexanes:EtOAc: CH2Cl2:MeOH
(3:1:0:0–0:0:99:1) as eluant to give 860 mg (55%) as a
pale-yellow amorphous solid. 1H NMR (CDCl3): d
8.54 (d, 2, J = 6.2 Hz), 7.41 (d, 2, J = 6.2 Hz), 6.59 (d,
1, J = 4.0 Hz), 5.90–6.01 (m, 1), 5.39 (d, 1, J =
17.2 Hz), 5.30 (d, 1, J = 10.5 Hz), 4.73 (d, 2, J =
5.8 Hz), 3.50 (d, 1, J = 4.0 Hz). MS (ESI, positive ion)
m/z 261 (M+1); (ESI, negative ion) m/z 259 (M�1).


5.39. N-[(2-Nitrophenyl)methyl]prop-2-enyloxy-N-(5-(4-
pyridyl)(2-thienyl))carboxamide (49)


To a room temperature slurry of 95% NaH (101 mg,
4.2 mmol) in 20 mL of DMF was added a solution
of carboxamide 48 (882 mg, 3.4 mmol) in 15 mL of
DMF. After 1 h a solution of 2-nitrobenzyl bromide
(814 mg, 3.8 mmol) in 10 mL of DMF was added.
After 17 h the reaction mixture was concentrated in
vacuo and purified by flash chromatography with hex-
anes:EtOAc (3:1) followed by CH2Cl2:MeOH (19:1) as
eluant to give 1.01 g (76%) as a pale-yellow amor-
phous solid. 1H NMR (CDCl3): d 8.54 (d, 2,
J = 6.0 Hz), 8.19 (m, 1), 7.62 (t, 1, J = 7.6 Hz), 7.49
(t, 1, J = 7.6 Hz), 7.30–7.43 (m, 3), 7.19 (d, 1,
J = 4.0 Hz), 6.38 (br s, 1), 5.87 (br s, 1), 5.50 (br s,
2), 5.24 (d, 2, J = 10.4 Hz), 4.75 (d, 2, J = 5.6 Hz).
MS (ESI, positive ion) m/z 396 (M+1); (ESI, negative
ion) m/z 394 (M�1).


5.40. [(2-Nitrophenyl)methyl](5-(4-pyridyl)(2-thienyl))-
amine (50)


To a solution of carboxamide 49 (776 mg, 2.0 mmol)
and morpholine (1.8 mL, 21 mmol) in 20 mL of THF

was added tetrakis(triphenylphosphine)palladium (0)
(128 mg, 0.1 mmol) at room temperature. After 16.5 h
the reaction mixture was concentrated in vacuo and
purified by flash chromatography with hexanes:EtOAc
(3:1–1:4) as eluant to give 535 mg (88%) as a red foam.
1H NMR (CDCl3): d 8.45 (d, 2, J = 6.1 Hz), 8.10 (d, 1,
J = 8.1 Hz), 7.68 (d, 1, J = 7.8 Hz), 7.63 (t, 1,
J = 7.4 Hz), 7.48 (t, 1, J = 7.7 Hz), 7.25 (d, 2,
J = 6.1 Hz), 7.17 (d, 1, J = 4.0 Hz), 6.00 (d, 1,
J = 4.0 Hz), 4.95 (br t, 1, J = 6.0 Hz), 4.73 (d, 2,
J = 6.0 Hz). MS (ESI, positive ion) m/z 312 (M+1);
(ESI, negative ion) m/z 310 (M�1).


5.41. 3-(5-(4-Pyridyl)-2-thienyl)-1,3,4-trihydroquinazolin-
2-one (52)


To a solution of amine 50 (535 mg, 1.7 mmol) and
NH4Cl (95 mg, 1.8 mmol) in 20 mL of 70% aqueous
EtOH was added iron dust (482 mg, 8.6 mmol) and
the reaction mixture was heated at 78 �C. After 1 h the
reaction mixture was filtered through a pad of Celite�


and the pad was washed with hot EtOH. The filtrate
was concentrated in vacuo and the residue was azeotr-
oped twice with benzene. The crude 51 was dissolved
in 20 mL of DMF and to this solution were added
1,1 0-carbonyldiimidazole (754 mg, 4.6 mmol) and 95%
NaH (132 mg, 5.5 mmol) at room temperature, resulting
in gas evolution. After 16 h, 40 mL of H2O was carefully
added and the precipitate was filtered, washed sequen-
tially with H2O and MeOH, and dried in vacuo to give
400 mg (76%) of an off-white amorphous solid. Mp 301–
305 �C. 1H NMR (DMSO-d6): d 5.07 (s, 2), 6.83 (d, 1,
J = 4.1 Hz), 6.90 (d, 1, J = 7.5 Hz), 7.00 (t, 1,
J = 7.5 Hz), 7.22 (t, 1, J = 7.5 Hz), 7.26 (d, 1,
J = 7.5 Hz), 7.57 (d, 2, J = 5.5 Hz), 7.66 (d, 1,
J = 4.1 Hz), 8.49 (d, 2, J = 5.5 Hz), 10.06 (s, 1). MS
(ESI, positive ion) m/z 308 (M+1); (ESI, negative ion)
m/z 306 (M�1). Anal. Calcd for C17H13N3OSÆ0.1H2O:
C, 66.04; H, 4.30; N, 13.59. Found: C, 66.21; H, 4.50;
N, 13.55.


5.42. 3-(Pyridin-4-yl)benzenamine (54)


To a mixture of 4-bromopyridine hydrochloride
(4.50 g, 23.2 mmol) and 3-aminobenzene boronic acid
monohydrate (4.00 g, 25.9 mmol) in 55 mL of 8:3 tol-
uene/EtOH were added 2 M Na2CO3 (50 mL,
100 mmol) and tetrakis(triphenylphosphine)palladium
(0) (1.017 g, 0.88 mmol) and the mixture was heated
at 80 �C overnight. The reaction mixture was allowed
to cool to room temperature and partitioned between
EtOAc/H2O. The aqueous layer was extracted with
EtOAc (2·) and the combined organic layers were
washed with 2% aqueous HCl (2· 25 mL). The acidic
aqueous layers were combined, neutralized with 1 N
NaOH, and extracted with EtOAc (3 · 50 mL). The
combined organic layers were washed with brine, dried
over MgSO4, and concentrated in vacuo to afford
2.52 g (64%) of an orange solid. 1H NMR (CDCl3):
d 3.81 (br s, 2), 6.77 (d, 1, J = 7.9 Hz), 6.94 (br s,
1), 7.04 (d, 1, J = 7.6 Hz), 7.27 (t, 1, J = 7.8 Hz),
7.48 (d, 2, J = 4.6 Hz), 8.64 (d, 2, J = 4.6 Hz). MS
(ESI, positive ion) m/z 171 (M+1).
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5.43. N-(2-Nitrobenzyl)-3-(pyridin-4-yl)benzenamine (55)


A mixture of compound 54 (1.02 g, 6.00 mmol), 2-
nitrobenzyl bromide (1.32 g, 6.09 mmol), and K2CO3


(1.04 g, 7.51 mmol) in 20 mL of CH3CN was heated at
55 �C. After 4 days the reaction mixture was cooled to
25 �C and partitioned between EtOAc/H2O. The aque-
ous layer was extracted with EtOAc (2·) and the com-
bined organics were washed with brine and dried over
MgSO4. The crude residue was purified by flash chroma-
tography on silica gel using CH2Cl2:EtOAc (8:2) as the
eluant to afford 280 mg (15%) of a light-orange solid.
1H NMR (DMSO-d6): d 4.65 (d, 2, J = 6.1 Hz), 6.53
(t, 1, J = 3.9 Hz), 6.66 (d, 1, J = 5.9 Hz), 6.96 (m, 2),
7.20 (t, 1, J = 7.8 Hz), 7.56 (d, 2, J = 4.5 Hz), 7.65–
7.72 (m, 2), 8.08 (d, 1, J = 8.2 Hz), 8.59 (d, 2,
J = 4.5 Hz). MS (ESI, positive ion) m/z 306 (M+1).


5.44. N-(2-Aminobenzyl)-3-(pyridin-4-yl)benzenamine
(56)


A mixture of compound 55 (280 mg, 0.92 mmol) and 10%
palladium on carbon (84 mg) in 20 mL of EtOH was stir-
red under 1 atm of H2 at room temperature overnight.
The reaction mixture was filtered through a pad of Celite�


and the filtrate was concentrated to dryness to provide
182 mg (72%) of a light-brown solid. 1H NMR (DMSO-
d6): d 4.22 (d, 2, J = 4.8 Hz), 5.04 (br s, 2), 6.24 (br s, 1),
6.59 (t, 1, J = 7.4 Hz), 6.71–6.77 (m, 2), 6.97–7.03 (m, 3),
7.19 (d, 1, J = 7.4 Hz), 7.25 (t, 1, J = 7.8 Hz), 7.63 (d, 2,
J = 4.5 Hz), 8.65 (d, 2, J = 4.5 Hz).


5.45. 3-(3-(Pyridin-4-yl)phenyl)-3,4-dihydroquinazolin-
2(1H)-one (57)


To a solution of compound 56 (182 mg, 0.66 mmol) in
5 mL of toluene/5 mL of THF were added p-nitrophenyl
chloroformate (135 mg, 0.67 mmol) and Et3N (0.09 mL,
0.65 mmol). After 1 h at room temperature the reaction
mixture was heated at 70 �C overnight. Additional
p-nitrophenyl chloroformate was added until the reaction
was complete. The reaction mixture was cooled to room
temperature and the solvent was removed in vacuo. The
residue was dissolved in CH2Cl2, and washed with H2O
and brine, and dried over MgSO4. Purification by flash
chromatography on silica gel with MeOH:CH2Cl2 (2:98)
aseluant gave45 mg(23%)of the title compoundasawhite
solid. Mp 208–210 �C. 1H NMR (CDCl3): d 8.70 (d, 2,
J = 6.0 Hz), 7.67 (s, 1,), 7.39–7.58 (m, 5), 7.12 (d, 1,
J = 8.0 Hz), 7.03 (t, 1, J = 7.3 Hz), 6.83 (s, 1),
6.77 (d, 1, J = 8.0 Hz), 4.91 (s, 2). MS (ESI, positive ion)
m/z 302 (M+1). Anal. Calcd for C19H16N3OH2O: C,
71.46;H,5.37;N,13.16.Found:C,71.23;H,5.31;N,13.06.


5.46. Biological methods: CDK5 and CDK2 assays


These assays were preformed according to the protocols
previously described.54


5.47. Molecular modeling


Representative molecules were generated using Insight
II (2000) software55 with in-house X-ray structure of 1

as the starting point. Ab initio (Gaussian 98) calcula-
tions (energy minimizations) using Density Functional
Theory as implemented in Gaussian 9856 software, uti-
lizing the B3LYP hybrid density functional and the
6-31G* basis set at B3LYP/6-31G* level were carried
out on these molecules. These were aligned using In-
sight II, Transform/Superimpose options. Solvation
free energies were calculated57 using the Polarizable
Continuum Model (PCM) implemented in Gaussian
98 software.
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