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A structure–activity relationship study of 6-unsubstituted-1,4-dihydropyridine and 2,6-unsubstituted-
1,4-dihydropyridine derivatives was conducted in an attempt to discover N-type calcium channel blockers
that were highly selective over L-type calcium channel blockers. Among the tested compounds, (+)-4-(3,5-
dichloro-4-methoxy-phenyl)-1,4-dihydro-pyridine-3,5-dicarboxylic acid 3-cinnamyl ester was found to
be an effective and selective N-type calcium channel blocker with oral analgesic potential.

� 2012 Elsevier Ltd. All rights reserved.
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Figure 1. Recently reported N-type VDCC blockers.
The N-type calcium channel (Cav2.2) is a well-established and
characterized subtype of voltage-dependent calcium channels
(VDCCs) that are distributed among central and peripheral nerve
terminals and are known to control calcium influx into cells in
response to changes in membrane potential. Activation of this
channel triggers various physiological events, such as neuronal
excitability and secretion of neurotransmitters (e.g., glutamate,
substance P, or CGRP), in strong association with the pathological
process of neuropathic pain and cerebral ischemia. Thus, blockade
of the N-type VDCCs has been considered as a promising therapeu-
tic target for these pathological conditions.1

The clinical treatment of pain, especially prolonged and neuro-
pathic pain, is still a major challenge, and the efficacy of current
analgesic drugs, including opioids, is often determined by unde-
sired dose-limiting side effects, such as tolerance and physical
dependence. Therefore, there is a strong need for a novel analgesic
drug that does not cause these adverse effects.2 The therapeutic po-
tential of N-type VDCC blockers for neuropathic pain states has
been proven in clinical and preclinical studies of N-type selective
peptidic blockers, x-conotoxins MVIIA, GVIA, and CVID.3 These x-
conotoxins clearly showed therapeutic benefits, with minimal
development of tolerance and addiction. However, their usage
had several drawbacks related to peptide blockers, such as limited
route of administration, challenging synthesis, and high costs.
ll rights reserved.
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Ziconotide, which is a synthetic version of x-conotoxin MVIIA
and is approved as an analgesic drug to treat intractable pain con-
ditions, can be administered only through the intrathecal route,
which has very low patient compliance.3 Therefore, many efforts
have been made to discover systemically efficacious small-mole-
cule N-type VDCC blockers to overcome the limitations of conopep-
tides (recently reported small-molecule N-type VDCC blockers are
shown in Fig. 1).4

As previously reported,5 we performed a structure–activity
relationship study of unique 1,4-dihydropyridine-5-carboxylate
compounds. Our goal was to discover orally available potent N-type
VDCC blockers with high selectivity over L-type channels to ensure
minimal effects on the cardiovascular system. As a consequence of
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the structural optimization, 2-dimethoxymethyl-4-(3-chloro-
phenyl)-6-methyl-1,4-dihydropyridine-5-carboxylic acid (1) was
identified as a promising N-type VDCC blocker that showed an effi-
cacious analgesic potency with no detectable influence on systemic
blood pressure at the effective dose.5d Therefore, further modifica-
tion of 1 to achieve improvement in the N-type VDCC inhibitory
activity with reduced blocking activity on the L-type channel is a po-
tential strategy to obtain an analgesic drug candidate with minimal
adverse effects.

In this Letter, we focused on the introduction of a hydrogen
atom at the 2 and 6 positions of the 1,4-dihydropyridine structure
of 1 to improve the activity of the N-type VDCCs and to reduce
inhibitory activity at the L-type channels.

The synthetic methods for the synthesis of 6-unsubstituted-1,
4-dihydropyridine derivatives are shown in Scheme 1. 4,4-Dime-
thoxy-2-benzylidene-3-oxo-butyricacid cinnamyl ester (6) was
obtained using Knoevenagel condensation of 4,4-dimethoxy-3-oxo-
butyric acid cinnamyl ester (4) with corresponding benzaldehyde
(5). The 2-propanol solution of 6 was heated with propynoic acid 2-
cyanoethyl ester (7) in the presence of ammonium acetate to obtain
1,4-dihydropyridine (8), which was treated with 1 M NaOH to yield
a 2-dimethoxymethyl-6-unsubstituted-1,4-dihydropyridine-5-carb-
oxylicacid derivative (2). A four-component cyclizing reaction that
used the corresponding benzaldehyde (5), 7, propynoic acid cinnamyl
ester (9), and ammonium acetate resulted in the formation of 2,
6-unsubstituted-1,4-dihydropyridine-3,5-dicarboxylicacid3-cinn-
amylester5-(2-cyanoethylester) (10). Subsequent hydrolysis pro-
vided 2,6-unsubstituted-1,4-dihydropyridine-5-carboxylicacid (3).
Preparative HPLC equipped with a chiral column (Daicel Chiralcel
OD) followed by hydrolysis was used to separate and obtain the
optical isomer of the 30,50-dichloro-40-methoxy-phenyl derivative 3f
from 4-(3,5-dichloro-4-methoxy-phenyl)-1,4-dihydro-pyridine-3,5-
dicarboxylic acid 3-cinnamyl ester 5-(2-cyanoethyl) ester (10f).6

IMR-32 human neuroblastoma cells for N-type VDCCs7 and a rat
thoracic aorta ring for L-type VDCCs were used to perform in vitro
characterizations of the synthesized compounds.8 Our study was
initiated by the replacement of the 6-methyl group in compound
1 with a hydrogen atom to afford 2a (Table 1). Interestingly, 2a
showed improved inhibitory activity for N-type VDCC (IC50 =
1.1 lM) and reduced activity at the L-type channels (44% inhibition
at 10 lM) compared with those of 1, indicating that a sterically
least hindered hydrogen atom at the 6-position is important for
the inhibitory activity at N-type VDCCs as well as for selectivity
over L-type channels. Thus, further modification was performed
on the substituent groups in the 4-phenyl moiety in 2a to optimize
CHO

O O
O

O
O

R' O

O
O

O

O

O
NC

O

O

CHO

R'

RO

654

+ a

5

+ + d

10
  3

97

Scheme 1. Reagents and conditions: (a) Cat. piperidine, benzene, reflux; (b) AcONH4, i-P
activities at both the N- and L-type VDCCs. The derivatives possess-
ing chlorine atoms at the 40-position (2b) and 30,50-positions (2c)
showed further improvement in N/L selectivity (7.9% and 4.0% inhi-
bition for L-type VDCCs at 10 lM, respectively), with effective
inhibitory activity at the N-type (IC50 = 1.1 and 1.0 lM, respec-
tively). The 30,40-dichloro derivative (2d) had a submicromolar
IC50 value of 0.52 lM for N-type VDCCs. The compound with a
methoxy group at the 40-position (2e and 2f) and the 40-trifluoro-
methyl derivative (2g) resulted in improved inhibitory activity at
N-type VDCCs (IC50 = 1.5, 1.2, and 1.1 lM, respectively), with de-
creased activity at L-type channels (26%, 20%, and 17% inhibition
at 10 lM, respectively) compared with those of 1, but their N/L-
selectivity profiles were not comparable with those of 2b and 2c.

Further introduction of a hydrogen atom was made at the 2-po-
sition of the 1,4-dihydropyridine ring in 2a to obtain the 2,6-
unsubstituted-1,4-dihydropyridine derivative 3a (Table 2), which
showed effective N-type activity with equivalent inhibitory activ-
ity at the L-type VDCCs compared with that of 1 (IC50 = 1.6 and
9.1 lM, respectively). Its 40-chloro derivative 3b had improved N-
type blocking activity and selectivity over those of L-type channels
(16% inhibition at 10 lM). Another derivative with two chlorine
atoms at the 30- and 40-positions (3c) showed submicromolar activ-
ity for N-type VDCCs (IC50 = 0.72 lM). The introduction of a trifluo-
romethyl group at the 30-position (3d) resulted in a 1.2 lM IC50

value for the N-type. The 30-chloro derivative with another elec-
tron-donating group at the 40-position (3e) had an IC50 value of
1.3 lM for N-type VDCCs, with reduced inhibitory activities for
the L-type compared with that of 3a (15% inhibition at 10 lM). Fi-
nally, the derivative possessing two chlorine atoms at the 30- and
50-positions with a 40-methoxy group (3f) had improved activity
for the N-type VDCCs (IC50 = 0.58 lM) and reduced activity for
the L-types (19% inhibition at 10 lM) compared with those of 3a.

As a consequence of the structural optimization, all of the tested
6-unsubstituted-1,4-dihydropyridine and 2,6-unsubstituted-1,4-
dihydropyridine derivatives showed improved N-type inhibitory
activity and selectivity over those of the L-types compared with
1, which indicated the crucial role of the hydrogen atom at the
6-position for these bioactivities. Among the derivatives, 2b, 2c,
and 3f were found to be particularly selective and effective N-type
calcium channel blockers.

Further biological evaluations were performed on the two enan-
tiomers of 3f. (�)-3f had an IC50 of 0.84 lM for the N-type channel,
with 28% inhibition of the L-type channel at 10 lM. In addition, (+)
-3f had equipotent inhibitory activity at the N-type VDCCs
(IC50 = 0.72 lM) compared with that of 3f and showed excellent
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Table 3
Inhibitory activity of the test compound in phase II pain responses following footpad injection of formalin in rats

Compound Rat formalin test

Dose Inhibition%

(+)-3f 3 mg/kg, po 35 ± 11% (n = 5)
Gabapentin 100 mg/kg, po 33 ± 12% (n = 3)

Inhibition% versus that of the control.

Table 1
Activity table of dihydropyridine derivatives
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Compound R R0 N-type IMR-32 IC50, lM L-type Magnus IC50, lM or inh. % at 10 lM

1 Me 30-Cl 3.0 8.1
2a H 30-Cl 1.1 44%
2b H 40-Cl 1.1 7.9%
2c H 30 ,50-Cl 1.0 4.0%
2d H 30 ,40-Cl 0.52 31%
2e H 30-Cl, 40-OMe 1.5 26%
2f H 30 ,50-Cl, 40-OMe 1.2 20%
2g H 30-CF3 1.1 17%

In vitro inhibition against N-type (calcium influx using IMR-32 cells) and L-type (Magnus method) calcium channels.

Table 2
Activity table of optically pure dihydropyridine derivatives

N
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OO

HO Ph

R'

*

Compound R0 N-type IMR-32 IC50, lM L-type Magnus IC50, lM or inh. % at 10 lM

3a 30-Cl 1.6 9.1
3b 40-Cl 1.2 16%
3c 30 ,40-Cl 0.75 41%
3d 30-CF3 1.2 40%
3e 30-Cl, 40-OMe 1.3 15%
3f 30 ,50-Cl, 40-OMe 0.58 19%
(�)-3f 30 ,50-Cl, 40-OMe 0.84 28%
(+)-3f 30 ,50-Cl, 40-OMe 0.72 6.5% (IC50 = 44 lM)

In vitro inhibition against N-type (calcium influx using IMR-32 cells) and L-type (Magnus method) calcium channels.
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selectivity over the L-types (IC50 = 44 lM). As a result, (+)-3f was
found to be a promising N-type VDCC blocker with submicromolar
activity and the best selectivity over the L-type VDCCs among the
tested compounds.

This result motivated us to use a rat formalin-induced pain
model to evaluate (+)-3f in vivo using rat formalin-induced pain
model (Table 3). Our previously reported compounds were used
to confirm the applicability of this model for N-type calcium chan-
nel blockers.5a,b (+)-3f (3 mg/kg po) displayed significant analgesic
efficacy that was comparable to that of Gabapentin (100 mg/kg,
po), which was indicative of its effective pain-relieving potential.9

In summary, in a structure–activity relationship study at the 2-
and 6-positions of the 1,4-dihydropyridine ring of 1, the deriva-
tives 2b, 2c, and (+)-3f were found to be effective and selective
N-type VDCC blockers with potent analgesic efficacy. These com-
pounds could be interesting research tools and possibly promising
drug candidates for the control of severe to moderate pain states
with negligible effects on blood pressure.
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