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Abstract—Novel 5-cyclopropyl-1,4-benzodiazepin-2-ones having various N-l substituents were identified as potent and selective
blockers of the slowly activating cardiac delayed rectifier potassium current (IKs). Compound 11 is the most potent IKs channel
blocker reported to date.
# 2003 Elsevier Science Ltd. All rights reserved.

The delayed rectifier potassium current, IK, plays an
important role in the repolarization of cardiac tissue.1,2

Inhibition of IK increases action potential duration,
delays repolarization, and leads to an increase in the QT
interval of the electrocardiogram (Class III anti-
arrhythmic effect).3 Cardiac IK consists of two kineti-
cally and pharmacologically distinct currents, which
have been identified as rapidly (IKr) and slowly (IKs)
activating components.4�6 Inhibition of IKr produces a
Class III antiarrhythmic action that is typified by a sig-
nificant reverse frequency dependence.7 This profile
limits effectiveness at fast ‘arrhythmia’ rates, and can
lead to an exceptionally prolonged QTc interval, espe-
cially at slow heart rates, and is therefore, potentially
proarrhythmic.8,9 Inhibition of IKs, on the other hand,
partly due to its gating kinetics, may not result in
reverse frequency dependence.10,11 Thus, compounds
with inhibitory activity on IKs channels may offer a
potential therapeutic advantage over inhibitors of IKr
channels as ventricular antiarrhythmic agents.

Previously, we have reported the discovery of compound
1, a potent, selective and orally active IKs-blocking agent
that demonstrates significant Class III antiarrhythmic

activity in vivo.12 In this communication, we describe
the identification and optimization of a related series of
5-cyclopropyl-1,4-benzodiazepin-2-ones that show a
significant potency improvement relative to the
5-phenyl-1,4-benzodiazepin-2-ones, making them the
most potent IKs blocking Class III antiarrhythmic
agents reported to date.13�16

In an effort to increase structural diversity around the
1,4-benzodiazepin-2-one12 framework, alternative
5-substituted-1,4-benzodiazepin-2-ones were targeted.
Success was achieved with the 5-isopropyl analogue 2
(Table 1), which maintained both IKs activity and selec-
tivity versus the IKr channel. Importantly, the profile of
compound 2 clearly demonstrated that a 5-aryl sub-
stituent was not essential for activity. One potential lia-
bility that arose with the 5-isopropyl containing
derivatives was their metabolic profile. Preliminary in
vitro drug metabolism revealed rapid and extensive
metabolic hydroxylation of the 5-isopropyl moiety
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followed by elimination to the corresponding 5-iso-
propenyl derivative (Scheme 1). Our attention then
turned to installation of alternative 5-substituents as a
strategy to avoid formation of this potentially reactive
metabolite. Incorporation of a cyclopropyl substituent
at the same position would be expected to eliminate this
undesired metabolic pathway.

We were gratified to see that this change to the 5-cyclo-
propyl substituent (3, Table 1) resulted in a 4-fold
increase in potency. Moreover, comparison of 2 and 3 in
an in vitro human microsomal incubation assay17 (Fig.
1) confirmed the enhanced metabolic stability of the
cyclopropyl functionality relative to the isopropyl
group. At the end of a 60-min experiment, only �15%
of the cyclopropyl compound 3 had been metabolized,
versus �70% for the corresponding isopropyl deriva-
tive 2.

Preparation of the N-1 methyl (4), ethyl (7), and n-pro-
pyl (9) analogues, demonstrated that activity increased
as the size of the substituent increased. In each case, IKs
activity resided almost entirely in a single enantiomer.
Based on data from the 5-phenylbenzodiazepine series
showing that N-1 branched substituents were tolerated,
a series of sec-butyl diastereomers (10–13) were pre-

pared. The (R)-2-butyl analogue (11) proved to be an
extremely potent blocker of IKs with an IC50 of 0.08
nM, representing the most potent IKs channel blocker
we have identified to date, with a>10,000 fold selectiv-
ity versus the IKr channel.

In an effort to determine whether the (R)-2-butyl sub-
stituent would have the same potency-enhancing effect
in the 5-phenylbenzodiazepines, compounds 14 and 15
were prepared. Interestingly, these compounds did not
show any significant enhancement of activity relative to
the trifluoroethyl analogue (1).

Based on its intriguing in vitro potency, the electro-
physiologic and hemodynamic profile of compound 11
was evaluated, particularly for its Class III activity in
vivo.18 in a rising dose study conducted in chloralose
anesthetized dogs, compound 11 significantly increased

Table 1. Effect of substitution on IKs potency

Compda Stereochemistryb R R1 IKs
IC50 (nM)c

IKr
IC50 (nM)d

Mp �C

1 R(�) F3CCH2 Phenyl 6 6000 132–134
2 (+) F3CCH2 Isopropyl 6 >1000 78–80
3 (+) F3CCH2 Cyclopropyl 1.5 >1000 71–74
4 (+) Me Cyclopropyl 38 >1000 158–159
5 (�) Me Cyclopropyl 280 >1000 158–160
6 (+) Et Cyclopropyl 200 >1000 120–121
7 (�) Et Cyclopropyl 4 >1000 124–125
8 (+) Propyl Cyclopropyl 165 >1000 94–95
9 (�) Propyl Cyclopropyl 1.2 >1000 78–80
10 (+) (R)-2-Butyl Cyclopropyl 50 >1000 108–109
11 (�) (R)-2-Butyl Cyclopropyl 0.08 >1000 119–120
12 (+) (S)-2-Butyl Cyclopropyl 180 >1000 109–110
13 (�) (S)-2-Butyl Cyclopropyl 0.40 >1000 118–120
14 (+) (R)-2-Butyl Phenyl 3.7 >1000 125–126
15 (�) (R)-2-Butyl Phenyl 44 >1000 124–126

aAll compounds gave satisfactory spectral and analytical data.
bStereochemistry at the 3-position of compounds 2–15 is undetermined.
cNanomolar concentrations of compounds required to inhibit 50% of IKs current measured in isolated guinea pig myocytes during a 1 s voltage
clamp step from �50 to +50 mV (see ref 21 for details of protocol). IC50 values determined from the fits of a Hill equation to the concentration–
response relationships.
dNanomolar IC50 values for inhibition of IKr current during a 0.5 s voltage clamp step from �50 to �10 mV (see ref 21 for details of protocol).

Scheme 1.

Figure 1. Relative metabolic stability of 2 and 3 in human liver
microsome incubations.17
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the QTc interval and ventricular relative refractory per-
iod (Table 2), even at extremely low doses of 0.001 mg/
kg, paralleling the in vitro potency. Other key cardio-
vascular parameters (including mean arterial pressure,
QRS interval, PR interval, sino-atrial conduction time,
and atrial excitation threshold) were unchanged.

The synthesis of 5-cyclopropylbenzodiazepines 10 and
11 began with treatment of anthranilonitrile with cyclo-
propylmagnesium bromide (Scheme 2). Acetylation of
the resulting ortho-aminophenylcyclopropylketone (16)
with bromoacetyl bromide, followed by treatment with
aqueous ammonia/ethanol resulted in cyclization to the
5-cyclopropylbenzodiazapine (17). Alkylation of the
amide nitrogen with S-(+)-methanesulfonic acid sec-
butyl ester occurred smoothly with no detectable loss of
stereochemistry using cesium carbonate in DMF at
50 �C. Introduction of the C-3 substituent began with
direct azidation of 18 with trisyl azide,19 followed by
reduction of the azide (19) with 10% Pd/C in ethanol to
give the amine (20). Coupling of the amine with
2,4-bis(trifluoromethyl)phenylacetic acid followed by
separation of the diastereomers using a Chiralpak1 AD
preparative HPLC column20 gave the (+)-diastereomer
(10) and the (�)-diastereomer (11). 5-Isopropyl-
benzodiazepines were prepared in a similar fashion, uti-
lizing isopropylmagnesium chloride in the first step.

In summary, the cyclopropyl moiety has been identified
as a useful replacement for the 5-phenyl group in a ser-
ies of benzodiazepine based blockers of the IKs channel.
These compounds also retain selectivity over the IKr
channel. Subsequent optimization of the N-1 sub-

stituent provided compound 11, with sub-nanomolar
potency of inhibition of the IKs channel. This compound
also demonstrated significant Class III antiarrhythmic
activity in vivo.
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