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We describe the discovery of the first selective, potent, and voltage-dependent inhibitor of the late current
mediated by the cardiac sodium channel NaV1.5. The compound 3,4-dihydro-N-[(2S)-3-[(2-methoxyphe-
nyl)thio]-2-methylpropyl]-2H-(3R)-1,5-benzoxathiepin-3-amine, 2a (F 15845), was identified from a novel
family of 3-amino-1,5-benzoxathiepine derivatives. The late sodium current inhibition and antiischemic
effects of 2a were studied in various models in vitro and in vivo. In a rabbit model of ischemia-reperfusion,
2a exhibited more potent antiischemic effects than reference compounds KC 12291, ranolazine, and ivabradine.
Thus, after a single administration, 2a almost abolished ST segment elevation in response to a transient
coronary occlusion. Further, the antiischemic activity of 2a is maintained over a wide range of doses and
is not associated with any hemodynamic changes, contrary to conventional antiischemic agents. The unique
pharmacological profile of 2a opens new and promising opportunities for the treatment of ischemic heart
diseases.

Introduction

The activation of voltage-gated sodium channels in cardiac
cells generates at least two types of inward currents (INa

a), a
transient (<3 ms), large amplitude one and another of weak
intensity that spans the action potential (>300 ms).1 The former
initiates the rapid upstroke of the action potential (AP), whereas
the other, referred as persistent (or late) sodium current, has no
well-defined function although it participates in the duration of
the AP.2,3 Under normal physiological conditions, the late INa

represents only a small fraction of the total Na+ currents (<1%).
However, when cells are subjected to long depolarization (e.g.,
myocardial ischemia), that late component is substantially
amplified.4

During ischemia-reperfusion, the increased intracellular
concentration of Na+ is considered to be the driving force for
the Ca2+ overload that contributes to cell damage and death.5,6

Although there is much controversy surrounding the pathway(s)
involved in sodium loading,7 we contended that the late INa

constitutes the main source of sodium in ischemic myocardium.
Accordingly, preventing prolonged sodium entry through the
Na+ channel should improve Na+ homeostasis, attenuate
secondary intracellular Ca2+ accumulation, and therefore halt
or slow the ischemic process.8

In the late 1970s it was reported that the late component of
Na+ currents was more sensitive to tetrodotoxin (TTX)9 than
its rapid counterpart,10 demonstrating thus that independent
modulation of each component is feasible.11 This observation
provides the rationale12 for our intervention. Because voltage-
gated sodium channels (NaV) are ubiquitous, diverse, and highly
dynamically regulated,13 the ideal Na+ blocker aimed at
myocardial ischemia should (1) interact selectively with the

NaV1.5 isoform, which is the predominant pore-forming R-sub-
unit in the heart, (2) spare any other channels (e.g., Ca2+, K+)
and ionic transport systems (e.g., pumps, exchangers), and (3)
depress the late component of Na+ currents preferentially. Such
features greatly differ from the attributes of Na+ blockers in
clinical use, which are neither isoform nor even channel selective
(i.e., class I antiarrhythmics,14 anticonvulsants, and local
anesthetics).

The starting point of our medicinal chemistry program was
the tripeptide IFM (isoleucine-phenylalanine-methionine).
This cluster of amino acids is located in the III-IV inside loop
of the Na+ channel and plays an essential role in channel
gating.15 The nature of the channel modification(s) that results
in dramatic enhancement of late INa during ischemia is unknown
at the molecular level. We assume, however, that it originates
from incomplete fast inactivation due to impede docking of the
IFM motif at its binding site within the pore of the channel.
Indeed, this approach extends from work of several groups on
“neuronal” and “skeletal muscle” Na+ channels where it has
been demonstrated that (1) exogenous IFM-containing peptides
can restore fast gating to channels that have switched into a
slow-inactivating mode following various alterations (e.g.,
mutations, deletions)16 and (2) fast-inactivated channels cannot
enter the slow-inactivated state until the cell membrane has been
repolarized (i.e., until the next cardiac cycle).

Conformational examination of IFM sequence revealed the
possible existence of a stabilizing interaction between the sulfur
of M (methionine) and the phenyl of F (phenylalanine) that may
restrain the flexibility of the peptide (Figure 1).17 This observa-
tion prompted us to search for nonpeptidic molecules that would
mimic the folded conformation of the IFM predicted by
calculations,18 on the grounds that such products would benefit
from phamacokinetic and entropic advantages (upon binding)
over the tripeptide and the like. Thus, we began to explore
benzothiacyclanes as a means of ensuring sulfur-phenyl
proximity and better controlling the spatial arrangement of the
substituents positioned in its periphery. After some vain attempts
at late INa blockade, rewards finally came from 3-amino-1,5-
benzoxathiepine derivatives carrying a chain that resembles that
of ranolazine19 (1a, Figure 2). Our next productive move was
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to replace the oxygen in the catechol-like function of 1a by a
sulfur atom (see 1b). Here, we focused on optimization of the
substituent in position 2 on the chain (see tables for numbering),
keeping the 1,5-benzoxathiepine core unchanged. This effort
culminated in the selection of the clinical candidate 2a (F 15845,
Figure 3).20 To illustrate the advantages of 2a over the late INa

blockers KC 1229121 and ranolazine and over the recently
marketed antiischemic drug ivabradine22 (Figure 2), we compare
and discuss the results obtained in a classical in vivo model of
ischemia-reperfusion.

Chemistry

The synthetic routes used for the preparation of compounds
2a-d, 16, 17, 19-21, and 25-27 are described in Scheme 1.
Alkylation of enantiomerically enriched oxazolidinone 323 with
trimethylorthoformate, according to Evans,24 produced 4 dias-
tereoselectively. The reduction of 425,26 with lithium borohydride
in the presence of water27 provided the corresponding alcohol,
which was then activated as a tosylate (5). Displacement of the
tosyl group with 2-methoxyphenylthiolate and hydrolysis of the
dimethylacetal function under mild acid conditions delivered
the aldehyde 6 (R1 ) nPr) without racemization. Alternatively,
commercially available or known enantiomerically enriched
derivatives 7 or 828 were converted to thioethers 929 by treatment
with 2-methoxythiophenol and then oxidized to aldehydes 630

(R1 ) H, F, Me, Et, iPr) by a modified Swern reaction.31 The
sensitive aldehydes 6 were generally not isolated but engaged
directly in the reductive amination step. Thus, reaction between
6 and 3-(R)- or 3-(S)-3-amino-1,5-benzoxathiepine32 generated
compounds 2a-d, 16, 17, and 25-27. On the other hand, the
primary alcohol function in chiral 1,2-propanediols 1033 was
first masked as a trityl ether (11)34 and then the secondary
alcohol function alkylated to give 12. From 12, cleavage of the
protecting group produced 9 (R1 ) OMe, OEt, OPr), which
was oxidized and converted into derivatives 19-21 as described
above.

Scheme 2 summarizes the preparation of compounds 18, 22,
and 23. Thus, racemate or enantiomerically enriched 1-(2-
methoxyphenylthio)-2,3-epoxypropane 13 reacted with 3-(R)-
or 3-(S)-amino-1,5-benzoxathiepine to give 18, regioselectively.
Subsequent protection of 18a as a BOC-carbamate (14) followed
by acylation of the secondary hydroxyl function and removal
of the N-protecting group afforded products 22 and 23.

Access to the unsaturated derivatives 24 and 28 is depicted
in Scheme 3. The thioether intermediates 15 were obtained from

2-methoxybenzenethiol and the known dichloroalkenes.35 Con-
densation of 15 with 3-(R)-amino-1,5-benzoxathiepine then
furnished products 24 and 28 in a straightforward manner.

Results and Discussion

For compound optimization we relied on in vitro models
designed to mimic ischemia and to reproduce the late component
of sodium currents. Two of the assays exploit the capacity of
veratridine to block the sodium channels in a conducting state
at resting membrane potential.36 Thus, our primary screen uses
the diastolic contracture of the rat isolated left atrium induced
by veratridine (VIDC). This model has been extensively
characterized37 and, importantly, is known to be resistant to
inhibition by conventional antiischemic agents.38 For rapid
selection of molecules, all compounds were evaluated at a single
concentration (1 µM) and a 40% reduction of atrial contracture
was set as lower limit for activity, on the basis of that observed
with KC 12291 (see Table 2). Compounds above that threshold
were further investigated in isolated Langendorff perfused
beating hearts from guinea pigs, a model of global ischemia.39

In the latter, we measure the capacity of the compounds to
reduce the contracture that develops upon prolonged interruption
of the coronary circulation. Thus, unlike the previous VIDC
model, which depends on direct Na+ channel activation, this
one is ischemia-induced and therefore more closely simulates
the clinical situation.

According to the mechanistic scenario we adhere to (see
Introduction), the ischemic contracture is a remote, indirect
consequence of inactivation failure of Na+ channels. So we next
examined the ability of the compounds to block late Na+ current
in a recombinant system expressing human NaV1.5 channels.

The lead structure 1 (Figure 2) contains two stereogenic
tertiary carbons: one at C3 on the oxathiepine ring and the other
at C2 on the chain. To avoid dealing with mixture of stereoi-
somers during the optimization process, we cleared up the
stereochemistry issue at the onset, assuming that the 3D SAR
will be preserved throughout the study. Initially, the active
configuration at C3 and C2 was deduced from the comparison
between diastereoisomers 18ab and 18cd and epimers 18a and
18b, respectively (Table 1). As shown in Table 1, the enantio-
merically “pure” derivatives 18a and 2a are the most efficacious
against both VIDC and the late INa (vs 18b and 2b-d,
respectively). In the course of the project we confirmed on
several occasions that late INa blockade was associated with this
specific stereochemical pattern.40 In retrospect, the coherence
of the 3D SAR suggests that derivatives of this series act at a
unique, geometrically well-defined site on the NaV1.5 protein.

With the absolute configuration required for optimum activi-
ties secured, SAR was explored by varying the nature of the
groups at C2 (Table 2).

Among the compounds listed in Table 2, several reduce atrial
contracture with a magnitude exceeding 40% (i.e., 2a, 18a, 19,
20, 25, 27, and 28). Of these, four exhibit an activity in the
range of that of KC 12291 (i.e., 18a, 19, 20, and 28) whereas
three (2a, 25, and 27) have an activity that even surpassed that
of TTX. It is clear that a substituent at C2 is required for
antiischemic efficacy (see 16).41 When we tried to delineate the
role of the C2-OH in 18a, we noticed that this group did not
interchange with fluorine42 (17) and that a methyl ether was
just as active (19 vs 18a), questioning the contribution of any
H-bond interaction in its activity. In the C2-ether subset, a two-
carbon chain seems the maximum length accommodated (19,
20 vs 21).

On the other hand, an ester function at C2 ruins the VIDC
activity (cf. 22 and 23), whereas an aliphatic substituent at this

Figure 1. Low-energy conformer of IFM. The interaction between
the sulfur of M and the phenyl group of F is indicated by a blue line.
Hydrogen atoms are omitted.
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position improves it markedly (cf. 2a). In fact, the larger the
alkyl group, the greater is the inhibition achieved in the VIDC;
again, two contiguous carbons seem to be the limit tolerated
(25 and 27 > 26). The stereochemical “pressure” exerted at C2
resurfaces through the outcomes of 24 and 28 where a planar
arrangement (i.e., sp2-C2) compromises the antiischemic activity
(24 vs 2a).41

Overall, these results support the existence of a favorable
hydrophobic interaction between the group at C2 and the
substrate-protein, this interaction being subjected, however, to
strict restrictions in terms of size and orientation (see 26).

In Lagendorff perfused hearts, the number of compounds
affording protection against ischemia-induced contracture nar-
rowed down sharply, emphasizing the greater discriminating
power of that model (referred hereafter as LPH) compared to
the VIDC one. The derivatives that passed are, however, all
more active than KC 12291 (i.e., 2a, 19, and 25), even though
the inhibition showed by 19 has to be tempered by the modest
activity it attains in the VIDC paradigm. In contrast, compounds
2a and 25 give fairly comparable responses in both models.
Further, under baseline conditions, they have no significant
impact on hemodynamic variables (data not shown).

At this juncture, the antiischemic activity observed in VIDC
and LPH needed to be related somehow to blockade of the late
INa current. To this end, the influence of the compounds on
sodium conductance was probed in HEK cells transfected with
the hNaV1.5 isoform. Compound 19 hardly interferes with the
late INa component despite its ability to counteract ischemic
contracture both in isolated atria and in intact hearts, implying
that element(s) other than INa blockade are at play in its
antiischemic action. In contrast, compounds 2a and 25 ef-
fectively and reversibly decrease late INa. For instance, at 10
µM, compound 2a diminishes current amplitude by 70 ( 5%
from a holding potential of -90 mV, approaching that obtained
with TTX and greater than that of KC 12291. Compound 18a
has a profile similar to that of KC 12291; it is active against
late INa and VIDC but not against LPH. Although, late INa

blockade and VIDC reduction roughly follow the same trend,

which is not unexpected since they share the same causal
mechanism (Na+ channels overactivation), there is no obvious
correlation between late INa and LPH.43 Collectivelly, inhibition
of late INa appears to be sufficient for providing antiischemic
activity (e.g., 2a and 25 vs 19) but it is not mandatory.

In addition, with 2a, inhibition of the late INa is more
pronounced at -90 mV than at -110 mV (IC50 ) 2.56 ( 0.54
µM vs 5.77 ( 2.01 µM, Figure 4). This shift of the inactivation
in the depolarized direction indicates that blockade of the
channels is more effective under conditions in which prolonged
depolarizations are likely to occur (see Introduction). This may
have profound therapeutic relevance in that inhibition of the
sodium current by 2a should increase as pathological activation
of the channel grows. In other words, 2a is potentially
“ischemia-selective”. At a molecular level, the voltage-
dependence may just reflect the accessibility of the site of
interaction of these molecules on the NaV1.5 protein. With 2a,
this site is available only within a limited range of membrane
potential. In comparison, 25 is less (if not) voltage-sensitive
than 2a and KC 12291 is equally active at both -90 and -110
mV.

Finally, only two derivatives 2a and 25 match all the criteria
defined at the outset: they produce high antiischemic effects in
two different in vitro models and do so by blocking late INa

selectively.44 To further evaluate the potential of 2a, it was
studied with references in a preclinical rabbit model of myo-
cardial ischemia. The latter uses the increase in ST segment
amplitude following coronary occlusion as a highly sensitive
and robust marker of myocardial ischemia.45

After single, bolus iv administration, compound 2a dose-
dependently reverses ischemia-induced ST segment elevation
with an ED50 value of 0.05 mg/kg (Figure 5A).46 From 0.08
mg/kg to the largest dose tested (2.5 mg/kg) the compound
almost normalizes electrical activity during coronary occlusion-
reperfusion. The span of “active” doses is indeed remarkable;
moreover, throughout the whole range of doses (0.01-2.5 mg/
kg), 2a was devoid of effect on arterial pressure or heart rate.47

Among the references, only ivabradine produces dose-dependent
inhibition of ST segment elevation. It is, however, more than
10-fold less potent (ED50 ) 0.59 mg/kg) than 2a. Although
ivabradine also nearly abolishes ST changes at 2.5 mg/kg (Figure
5C), it exerts a pronounced, dose-related bradycardia from 0.16
mg/kg upward.47 This illustrates a major difference between
the mechanisms of action of these two products, and in our view,
this also constitutes a serious limitation to the usefulness of

Figure 2. Structures of the lead compound 1, ranolazine, KC 12291, and ivabradine.

Figure 3. Structure of compound 2a (F 15845).
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ivabradine in certain categories of patients. The late INa blocker
KC 12291 achieves only moderate reduction of ST segment
elevation at 0.16 mg/kg, consistent with its in vitro profile (Table
2). Further, this inhibition is not dose-dependent, suggesting
that beyond 0.16 mg/kg other factors that do not convey
antiischemic activity manifest themselves (Figure 5B). Rano-
lazine (Figure 5D) affords some degree of protection but only
at the higher dose tested (ED50 > 2.5 mg/kg), which again fits
with its rather modest blockade of late INa (Table 2). At 2.5

mg/kg, the activity of ranolazin was not accompanied by
hemodynamic changes.

Thus, compound 2a elicits superior antiischemic properties
in vivo relative to the recently marketed drugs ivabradine and
ranolazine and relative to the INa blocker KC 12291. Importantly,
the antiischemic activity of 2a is free from any hemodynamic
manifestation. The separation of antiischemic from hemody-
namic properties indicates that 2a acts directly on the cardi-
omyocite, which clearly distinguishes it from most known
antiischemic agents.

Conclusions

In this work, we describe the process through which we
discovered a structurally novel family of cardiac sodium channel
blockers. Several compounds of this family interact selectively
with the NaV1.5 isoform of the channel and preferentially block
the late component of the currents. Subtle alterations in the
structure or stereochemistry of the compounds dramatically
affect their biophysic and antiischemic characteristics.

Among the derivatives prepared, 2a blocks late INa very
effectively and achieves high antiischemic effects in vitro and
in vivo. Thus, in a rabbit model of regional ischemia, 2a proves
more potent and remains efficacious on a much broader range
of doses than the antiischemic drugs ivabradine and ranolazine
and the late sodium channel blocker KC 12291. In any case,

Scheme 1. Synthesis of Compounds 2, 16, 17, 19-21, and 25-27a

a Reagents and conditions: (i) CH(OMe)3, TiCl4, EtNiPr2; (ii) LiBH4, THF; (iii) TsCl, Py, DMAP; (iv) ArSH, base; (v) ArSO3H, Me2CO, H2O; (vi)
(COCl)2, DMSO, NEt3, CH2Cl2; (vii) trityl-Cl, C5H5N, CH3CN; (viii) NaH, RX, THF; (ix) HCl, EtOH; (x) (R)- or (S)-3-3-amino-1,5-benzoxathiepine,
NaBH(OAc)3, C2H4Cl2.

Scheme 2. Synthesis of Compounds 18, 22, and 23a

a Reagents and conditions: (i) (R)- or (S)-3-amino-1,5-benzoxathiepine, Na2CO3, iPrOH, reflux; (ii) (BOC)2O; (iii) RCOCl, NEt3, CH2Cl2; (iv) TFA,
CH2Cl2.

Scheme 3. Synthesis of Compounds 24 and 28a

a Reagents and conditions: (i) dichloroalkene, K2CO3, acetone; (ii) (R)-
3-amino-1,5-benzoxathiepine, Na2CO3, 100 °C.
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the pharmacological profile of 2a differs markedly from those
of established antiischemic agents and conventional Na+ block-
ers (i.e., class I antiarrhythmics, anticonvulsants, and local
anesthetics).

Compound 2a is heart-selective inasmuch as the channel
isoform it targets (NaV1.5) is prominently distributed in the
myocardium. It is also ischemia-selective inasmuch as it can
differentiate between the physiological and pathological activa-
tion of the channel (rapid vs late INa). From this combination,
we anticipate that its therapeutic effectiveness will grow with
the severity of the conditions and that side effects (motor and
CNS) will be concomitantly limited.

As the first selective blocker of late NaV1.5, compound 2a
should advance our understanding of the role of the late INa in
myocardial ischemia. Hopefully, it will also open novel avenues
in the treatment of heart diseases (e.g., recurrent angina,

myocardial infarction, heart failure, arrhythmias, etc.) for which
medical needs are still considerable.48

Experimental Section

Chemistry. Melting points were determined on a Büchi 530
melting point apparatus and were not corrected. 1H NMR spectra
were recorded on a Bruker Avance 400 spectrometer operating at
400 MHz for 1H and 100 MHz for 13C. Chemical shifts are reported
in δ value (ppm) relative to an internal standard of tetramethylsilane.
Infrared (IR) spectra were obtained on a Nicolet FT 510 P spectra
photometer. Microanalyses were obtained on a Fison EA 1108/
CHN analyzer. Mass spectra (TSQ 7000 Finnigan, Thermoelectron
Corporation) were determined by electron spray ionization (ESI).
Only 100% relative intensity peaks are given. Analytical thin-layer
chromatography was carried out on precoated plates (silica gel, 60
F 254 Merck). The abbreviation “dr” refers to the percentage of
one enantiomer over the mixture of stereoisomers; “er” refers to
the percentage of one enantiomer over the racemate.

Table 1. 3D SAR, the Optimal Stereochemistry at C2 and C3

absolute configuration hNav1.5 channel blockade,a % inhib at 10 µMc

compd R1 C2 C3 diastolic contracture, rat atrium (VI),b % inhib (1 µM)c HP, -110 mVd HP, -90 mVe

18ab OH RS R 50 ( 7 37 ( 7 42 ( 4
18cd OH RS S 26 ( 9 16 ( 5 21 ( 7
18a OH S R 54 ( 5 69 ( 1 75 ( 11
18b OH R R 7 ( 3 26 ( 6 30 ( 6
2a Me S R 74 ( 3 53 ( 7 70 ( 5
2b Me R R 38 ( 10 22 ( 6 34 ( 2
2c Me S S 25 ( 9 31 ( 15 41 ( 11
2d Me R S 26 ( 6 30 ( 2 44 ( 5

a Veratridine (40 µM) induced late sodium current in HEK cells expressing human Nav1.5 channels. b Veratridine (40 µM) induced (VI) diastolic contracture
in rat isolated left atrium. c Compound concentration used in the experiment. d Percentage of inhibition of late sodium current elicited at -30 mV from a
holding potential of -110 mV. e Percentage of inhibition of late sodium current elicited at -30 mV from a holding potential of -90 mV.

Table 2. In Vitro SAR, optimization of R1,

diastolic contracture hNav1.5 channel blockadea

% inhib (1 µM)e % inhib. at 10 µMe

compd R1 rat atrium (VI)b,c GP intact heartd HP -110 mVf HP -90 mVg

16 H 3 ( 3
17 F 32 ( 9 NDh 11 ( 3 19 ( 5
18a OH 54 ( 5 14 ( 8 69 ( 1 75 ( 11
19 OMe 45 ( 5 64 ( 15 12 ( 3 27 ( 3
20 OEt 46 ( 4 33 ( 13 22 ( 16 34 ( 25
21 O(n-Pr) 30 ( 5 NDh 27 ( 13 27 ( 5
22 OCOMe 9 ( 11
23 OCOPh 3 ( 19
2a Me 74 ( 3 65 ( 11 53 ( 7 70 ( 5
24 dCH2 26 ( 12 NDh 36 ( 18 37 ( 17
25 Et 86 ( 6 68 ( 14 46 ( 5 54 ( 6
26 n-Pr 23 ( 9 NDh 17 ( 4 23 ( 6.
27 i-Pr 90 ( 1 31 ( 8 31 ( 9 34 ( 9
28 dCMe2 42 ( 13 16 ( 11 31 ( 9 37 ( 6
KC 12291 45 ( 4 39 ( 22 60 ( 5 60 ( 5
ranolazine 11 ( 7 19 ( 7
TTX 64 ( 10 NDh 79 ( 2 87 ( 3

a Veratridine (40 µM) induced late sodium current in HEK cells expressing human Nav1.5-channels. b Veratridine (40 µM) induced (VI) diastolic contracture
in rat isolated left atrium. c A contracture of 40% was used as cutoff value. d 50 min of global ischemia induced contracture in isolated Langendorff perfused
guinea pig (GP) heart. e Compound concentration used in the experiment. f Percentage of inhibition of late sodium current elicited at -30 mV from a holding
potential (HP) of -110 mV. g Percentage of inhibition of late sodium current elicited at -30 mV from a holding potential of -90 mV. h ND: not determined.
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General Method for the Reductive Amination between
Aldehydes 6 and 3-Amino-1,5-benzoxathiepine. A solution of
3-amino-1,5-benzoxathiepine (1 equiv) in dry dichloromethane (10
mL/g) was added to the crude solution of the aldehyde 6 cooled at
-20 °C. The reaction mixture was stirred for 20 min and then
treated with sodium triacetoxyborohydride (1.2 equiv). Stirring was
continued for 2 h at -10 °C. The reaction mixture poured into
10% aqueous sodium hydrogen carbonate solution and extracted
with dichloromethane. The combined organic layer was washed
with water and brine, dried over Na2SO4, filtered, and concentrated
in vacuo. The free base was purified by flash column chromatography.

3,4-Dihydro-N-[(2S)-3-[(2-methoxyphenyl)thio]-2-methylpro-
pyl]-2H-(3R)-1,5-benzoxathiepin-3-amine (2a). Crystallization of
2a as a bromhydrate salt gave a white powder: mp ) 139 °C; IR
(KBr) 3377, 2659, 2591 ν cm-1; 1H NMR (CD3OD) δ 1.20 (d, J
) 8 Hz, 3H), 2.15-2.30 (m, 1H), 2.95-3.02 (dd, J ) 13.4, 7.6
Hz, 1H), 3.02-3.08 (dd, J ) 13.4, 8 Hz, 1H), 3.09-3.15 (dd, J )
12.7, 7.4 Hz, 1H), 3.16-3.26 (dd, J ) 15.2, 3.2 Hz, 1H), 3.32-3.38
(ddd, J ) 15.2, 5.9, 1.3 Hz, 1H), 3.42-3.47 (dd, J ) 12.7, 6.4 Hz,
1H), 3.85 (s, 3H), 3.92 (m, 1H), 4.15 (d, J ) 13.8 Hz, 1H), 4.64
(dd, J ) 13.8, 2.9 Hz), 6.92-6.98 (m, 2H), 7.05-7.14 (m, 2H),
7.22-7.29 (m, 2H), 7.39-7.42 (dd, J ) 7.6, 1.6 Hz, 1H), 7.44-7.46
(dd, J ) 7.6, 1.6 Hz, 1H); 13C NMR (CD3OD) δ 18.3, 32.1, 33.0,
38.4, 51.8, 56.4, 59.5, 71.7, 112.4, 122.3, 123.4, 124.2, 125.8, 128.4,
129.5, 130.6, 132.4, 133.4, 159.6, 161.7; [R]D

25 -9.6° (c 0.18,
CH3OH); HPLC Chiralcel OD (Daicel) eluting with hexane/
isopropanol, 80:20 (1 mL/min, UV, 220 nm), tR ) 13.8 min, 99.8%
dr; MS (ESI) m/z ) 376 [MH+]. Anal. (C20H25NS2O2 ·HBr) C,
H, N.

3,4-Dihydro-N-[(2R)-3-[(2-methoxyphenyl)thio]-2-methylpro-
pyl]-2H-(3R)-1,5-benzoxathiepin-3-amine (2b). Crystallization of
2b as a maleate salt gave a white powder: mp ) 140 °C; IR (KBr)
ν 3400, 2964, 1576, 1475 cm-1; 1H NMR (DMSO-d6) δ 1.12 (d,
J ) 6.4 Hz, 3H), 2.13-2.51 (m, 1H), 2.83 (dd, J ) 13.2, 7.2 Hz,
1H), 2.99-3.11 (m, 2H), 3.21 (dd, J ) 12.0, 5.2 Hz, 1H), 3.29 (d,
J ) 4.4 Hz, 2H), 3.82 (s, 3H), 3.85 (m, 1H), 4.37 (d, J ) 13.2 Hz,
1H), 4.47 (d, J ) 13.2 Hz, 1H), 6.06 (s, 2H), 6.94-7.00 (m, 2H),
7.04-7.09 (m, 2H), 7.18-7.30 (m, 3H), 7.40 (d, J ) 7.5 Hz, 1H);
13C NMR (DMSO-d6) δ 17.3, 30.3, 31.0, 35.0, 49.9, 55.6, 57.6,
70.4, 110.8, 121.0, 121.9, 124.1, 126.2, 126.6, 127.6, 127.7, 128.7,
131.4, 135.6 (2C), 156.3, 159.0, 167.2 (2C); [R]D

25 +52.4° (c 0.25,
CH3OH); HPLC Chiralcel OD (Daicel) eluting with hexane/
isopropanol, 80:20 (1 mL/min, UV, 220 nm), tR ) 9.5 min, 97.3%
dr. Anal. (C20H25NS2O2 ·C4H4O4) C, H, N.

3,4-Dihydro-N-[(2S)-3-[(2-methoxyphenyl)thio]-2-methylpro-
pyl]-2H-(3S)-1,5-benzoxathiepin-3-amine (2c). Crystallization of
2c as a fumarate salt gave a white powder: mp ) 131-133 °C; IR
(KBr) ν 2969, 1656, 1575, 1476 cm-1; 1H NMR (DMSO-d6) δ
1.00 (d, J ) 6.4 Hz, 3H), 1.75-1.80 (m, 1H), 2.62 (d, J ) 6.4 Hz,
2H), 2.69 (dd, J ) 12.4, 8.0 Hz, 1H), 2.85 (dd, J ) 13.6, 7.2 Hz,

1H), 3.03-3.13 (m, 2H), 3.81 (s, 3H), 3.85 (m, 1H), 3.94 (dd, J )
12.0, 6.0 Hz, 1H), 4.16 (dd, J ) 12.4, 3.2 Hz, 1H), 6.61 (s, 2H),
6.91-7.00 (m, 4H), 7.13-7.20 (m, 2H), 7.26 (m, 1H), 7.34 (m,
1H); 13C NMR (DMSO-d6) δ 17.73, 33.2, 34.8, 35.4, 51.3, 55.6,
57.8, 74.3, 110.7, 120.9, 121.8, 123.5, 125.1, 126.1, 127.2, 127.6,
128.3, 131.4, 134.1 (2C), 156.2, 159.7, 166.1 (2C); [R]D

25 -45.6°
(c 0.26, CH3OH); HPLC Chiralcel OD (Daicel) eluting with hexane/
isopropanol, 80:20 (1 mL/min, UV, 220 nm), tR ) 14.7 min, 96.5%
dr. Anal. (C20H25NS2O2 ·C4H4O4) C, H, N.

3,4-Dihydro-N-[(2R)-3-[(2-methoxyphenyl)thio]-2-methylpro-
pyl]-2H-(3S)-1,5-benzoxathiepin-3-amine (2d). Crystallization of
2d as a fumarate salt gave a white powder: mp ) 131-133 °C; IR
(KBr) ν 2966, 1709, 1655, 1573, 1474 cm-1; 1H NMR (DMSO-
d6) δ 1.08 (d, J ) 6.8 Hz, 3H), 1.84-1.92 (m, 1H), 2.51-2.73 (m,
2H), 2.79 (dd, J ) 12.0, 6.8 Hz, 1H), 2.96 (dd, J ) 14.4, 7.2 Hz,
1H), 3.07-3.16 (m, 2H), 3.29 (m, 1H), 3.81 (s, 3H), 4.08 (dd, J )
12.4, 5.2 Hz, 1H), 4.24 (dd, J ) 12.4, 2.8 Hz, 1H), 6.61 (s, 2H),
6.91-7.02 (m, 4H), 7.13-7.21 (m, 2H), 7.27 (d, J ) 7.6 Hz, 1H),
7.35 (d, J ) 7.6 Hz, 1H); 13C NMR (DMSO-d6) δ 17.6, 32.5, 33.9,
35.3, 50.8, 55.5, 57.6, 73.3, 110.6, 120.8, 121.8, 123.5, 124.8, 126.2,
127.2, 127.3, 128.3, 131.4, 134.3 (2C), 156.1, 159.5, 166.5 (2C);
[R]D

25 0° (c 0.30, CH3OH); HPLC Chiralcel OD (Daicel) eluting
with hexane/isopropanol, 80:20 (1 mL/min, UV, 220 nm), tR )
10.9 min, 94.9% dr. Anal. (C20H25NS2O2 ·C4H4O4) C, H, N.

3,4-Dihydro-N-[3-[(2-methoxyphenyl)thio]-propyl]-2H-(3R)-
1,5-benzoxathiepin-3-amine (16). Compound 16 is purified by
flash column chromatography (silica gel, dichloromethane/methanol,
92:8). Crystallization of 16 as a maleate salt gave a white powder:
mp ) 158-160 °C; IR (KBr) ν 3431, 1617, 1577, 1473 cm-1; 1H
NMR (DMSO-d6) δ 1.94-2.01 (m, 2H), 2.99 (t, J ) 7.2 Hz, 2H),
3.20 (t, J ) 7.2 Hz, 2H), 3.27 (m, 2H), 3.82 (s, 3H), 3.88 (s, 1H),
4.23 (d, J ) 13.6 Hz, 1H), 4.46 (d, J ) 12.4 Hz, 1H), 6.02 (s, 2H),
6.95-7.00 (m, 2H), 7.02-7.11 (m, 2H), 7.19-7.30 (m, 3H), 7.43
(dd, J ) 7.6, 1.4 Hz, 1H); 13C NMR (DMSO-d6) δ 25.1, 27.4,
31.2, 43.9, 55.7, 56.9, 70.3, 110.9, 121.0, 122.1, 123.6, 124.3, 126.6,
126.8, 127.8, 129.0, 131.7, 135.8 (2C), 156.5, 159.4, 167.2 (2C);
[R]D

25 +36.8° (c 0.47, CH3OH); HPLC Chiralcel OD-H (Daicel)
eluting with heptane/ethanol/diethylamine, 91:10:0.1 (1 mL/min,
UV, 220 nm), tR ) 19.3 min, 99.1% er; MS (ESI) m/z ) 362
[MH+]. Anal. (C19H23NO2S2 ·C4H4O4) C, H, N.

3,4-Dihydro-N-[(2S)-3-[(2-methoxyphenyl)thio]-2-fluoropro-
pyl]-2H-(3R)-1,5-benzoxathiepin-3-amine (17). Compound 17 is
purified by flash column chromatography (silica gel, dichlo-
romethane/ethylacetate, 80:20). Crystallization of 17 as a maleate
salt gave a white powder: mp ) 151 °C; IR (KBr) ν 3447, 3006,
1577, 1473 cm-1; 1H NMR (DMSO-d6) δ 3.17-3.51 (m, 6H), 3.79
(s, 1H), 3.84 (s, 3H), 4.27 (d, J ) 13.2 Hz, 1H), 4.42 (d, J ) 12.6
Hz, 1H), 4.99 (d, J ) 48.3 Hz, 1H), 6.09 (s, 2H), 6.96 (t, J ) 7.4
Hz, 1H), 7.04-7.09 (m, 3H), 7.25 (t, J ) 7.5 Hz, 2H), 7.36 (d, J
) 7.6 Hz, 1H), 7.41 (d, J ) 7.5 Hz, 1H); 13C NMR (DMSO-d6) δ
31.4, 32.7 (d, J ) 21.2 Hz), 47.3 (d, J ) 20.9 Hz), 55.7, 57.2,
71.2, 89.5 (d, J ) 173.1 Hz), 111.1, 120.9, 121.9, 122.7, 124.1,
126.6, 127.5, 128.8 (2C), 133.6, 134.8 (2C), 156.7, 159.4, 167.0
(2C); [R]D

25 +18.2° (c 0.43, CH3OH); HPLC Chiralpak AD (Daicel)
eluting with methanol (1 mL/min, UV, 220 nm), tR ) 12.8 min,
97.2% dr; MS (ESI) m/z ) 380 [MH+]. Anal.
(C19H22FNO2S2 ·C4H4O4) C, H, N.

3,4-Dihydro-N-[(2S)-3-[(2-methoxyphenyl)thio]-2-methox-
ypropyl]-2H-(3R)-1,5-benzoxathiepin-3-amine (19). Compound
19 is purified by flash column chromatography (silica gel, dichlo-
romethane/ethylacetate, 90:10). Crystallization of 19 as a maleate
salt gave a white powder: mp ) 122 °C; IR (KBr) ν 3450, 2997,
1704, 1575, 1534 cm-1; 1H NMR (DMSO-d6) δ 3.11-3.36 (m,
10H), 3.79 (s, 1H), 3.84 (s, 3H), 4.32 (d, J ) 13.3 Hz, 1H), 4.49
(d, J ) 12.4 Hz, 1H), 6.06 (s, 2H), 6.95-7.09 (m, 4H), 7.21-7.27
(m, 2H), 7.36 (d, J ) 7.5 Hz, 1H), 7.40 (d, J ) 7.4 Hz, 1H); 13C
NMR (DMSO-d6) δ 31.1, 31.6, 47.1, 55.6, 56.5, 57.0, 70.5, 75.3,
110.9, 120.9, 121.9, 123.3, 124.1, 126.3, 127.2, 128.5, 128.8, 131.5,
135.4 (2C), 156.7, 159.2, 167.1 (2C); [R]D

25 -15.3° (c 0.30,
CH3OH); HPLC Chiralcel OD (Daicel) eluting with hexane/

Figure 4. Effects of 2a on persistent sodium current elicited at -30
mV from a holding potential of -110 mV (empty circles) and -90
mV (full circles).
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isopropanol, 90:10 (1 mL/min, UV, 220 nm), tR ) 25.4 min, 94.0%
dr; MS (ESI) m/z ) 392 [MH+]. Anal. (C20H25NO3S2 ·C4H4O4) C,
H, N.

3,4-Dihydro-N-[(2S)-3-[(2-methoxyphenyl)thio]-2-ethoxypro-
pyl]-2H-(3R)-1,5-benzoxathiepin-3-amine (20). Compound 20 is
purified by flash column chromatography (silica gel, dichlo-
romethane). Crystallization of 20 as a maleate salt gave a white
powder: mp ) 142 °C; IR (KBr) ν 3450, 2969, 1693, 1577, 1476
cm-1; 1H NMR (DMSO-d6) δ 1.11 (t, J ) 6.8 Hz, 3H), 3.11-3.34
(m, 6H), 3.49 (m, 1H), 3.63 (m, 1H), 4.01 (s, 5H), 4.31 (d, J )
13.2 Hz, 1H), 4.46 (d, J ) 12.4 Hz, 1H), 6.05 (s, 2H), 6.94-7.10
(m, 4H), 7.21-7.27 (m, 2H), 7.35 (d, J ) 7.4 Hz, 1H), 7.41 (d, J
) 7.4 Hz, 1H); 13C NMR (DMSO-d6) δ 15.1, 31.2, 32.2, 47.1,
55.6, 57.0, 64.2, 70.7, 73.9, 111.0, 120.9, 121.9, 123.4, 124.1, 126.3,
127.2, 128.6, 128.9, 131.5, 135.3 (2C), 156.6, 159.2, 167.0 (2C);
[R]D

25 -9.5° (c 0.26, CH3OH); HPLC Chiralpak AD-H (Daicel)
eluting with heptane/isopropanol/diethylamine, 95:4.9:0.1 (1 mL/
min, UV, 220 nm), tR ) 12.7 min, 93.6% dr; MS (ESI) m/z ) 406
[MH+]. Anal. (C21H27NO3S2 ·C4H4O4) C, H, N.

3,4-Dihydro-N-[(2S)-3-[(2-methoxyphenyl)thio]-2-n-propoxypro-
pyl]-2H-(3R)-1,5-benzoxathiepin-3-amine (21). Compound 21 is
purified by flash column chromatography (silica gel, dichlo-
romethane/ethyl acetate, 97:3). Crystallization of 21 as a maleate
salt gave a white powder: mp ) 158 °C; IR (KBr) ν 2959, 1618,
1575, 1470 cm-1; 1H NMR (DMSO-d6) δ 0.85 (t, J ) 7.4 Hz,
3H), 1.50 (m, 2H), 3.12-3.42 (m, 7H), 3.51 (m, 1H), 3.84 (m,
5H), 4.32 (d, J ) 13.2 Hz, 1H), 4.48 (d, J ) 12.3 Hz, 1H), 6.07 (s,
2H), 6.94-7.10 (m, 4H), 7.21-7.27 (m, 2H), 7.35 (d, J ) 7.5 Hz,
1H), 7.41 (d, J ) 7.6 Hz, 1H); 13C NMR (DMSO-d6) δ 10.8, 22.9,
31.6, 32.7, 47.4, 56.0, 57.4, 70.8, 71.1, 74.5, 111.4, 121.4, 122.4,
123.8, 124.6, 126.8, 127.7, 128.8, 129.1, 132.0, 135.8 (2C), 157.1,
159.7, 167.6 (2C); [R]D

25 -15° (c 0.30, CH3OH); HPLC Chiralpak
AD-H (Daicel) eluting with heptane/isopropanol/diethylamine, 95:
4.9:0.1 (1 mL/min, UV, 220 nm), tR ) 10.9 min, 95.2% dr; MS
(ESI) m/z ) 420 [MH+]. Anal. (C22H29NO3S2 ·C4H4O4) C, H, N.

3,4-Dihydro-N-[(2S)-3-[(2-methoxyphenyl)thio]-2-ethylpropyl]-
2H-(3R)-1,5-benzoxathiepin-3-amine (25). Crystallization of 25
as a fumarate salt gave a white powder: mp ) 88 °C; IR (KBr) ν

2962, 1706, 1577, 1474 cm-1; 1H NMR (DMSO-d6) δ 0.88 (t, J
) 7.0 Hz, 3H), 1.47 (m, 2H), 1.72 (m, 1H), 2.76-2.82 (m, 2H),
2.85-3.05 (m, 3H), 3.14 (d, J ) 14.0 Hz, 1H), 3.28 (s, 1H), 3.81
(s, 3H), 4.08 (dd, J ) 12.3, 4.8 Hz, 1H), 4.22 (d, J ) 11.6 Hz,
1H), 6.61 (s, 2H), 6.91-7.02 (m, 4H), 7.14-7.21 (m, 2H), 7.29
(d, J ) 7.3 Hz, 1H), 7.35 (d, J ) 7.3 Hz, 1H); 13C NMR (DMSO-
d6) δ 10.6, 23.6, 32.8, 33.9, 38.6, 48.0, 55.5, 57.7, 73.5, 110.6,
120.9, 121.9, 123.6, 124.9, 126.3, 127.3, 127.4, 128.4, 131.5, 134.3
(2C), 156.2, 159.6, 166.5 (2C); [R]D

25 -8° (c 0.51, CH3OH); HPLC
Chiralcel OD (Daicel) eluting with hexane/isopropanol, 95:5 (1 mL/
min, UV, 220 nm), tR ) 16.6 min, 96.6% dr; MS (ESI) m/z ) 390
[MH+]. Anal. (C21H27NS2O2 ·C4H4O4) C, H, N.

3,4-Dihydro-N-[(2S)-3-[(2-methoxyphenyl)thio]-2-n-propyl-
propyl]-2H-(3R)-1,5-benzoxathiepin-3-amine (26). Crystallization
of 26 as a maleate salt gave a white powder: mp ) 132 °C; IR
(KBr) ν 2950, 1623, 1577, 1470 cm-1; 1H NMR (DMSO-d6) δ
0.87 (t, J ) 6.8 Hz, 3H), 1.32 (m, 2H), 1.46 (dd, J ) 13.6, 7.6 Hz,
2H), 2.08 (m, 1H), 2.97-3.19 (m, 4H), 3.30 (d, J ) 4.8 Hz, 2H),
3.82 (s, 3H), 3.99 (s, 1H), 4.37 (d, J ) 13.2 Hz, 1H), 4.47 (d, J )
12 Hz, 1H), 6.06 (s, 2H), 6.94-7.01 (m, 4H), 7.18-7.27 (m, 2H),
7.30 (d, J ) 7.6 Hz, 1H), 7.40 (d, J ) 7.6 Hz, 1H); 13C NMR
(DMSO-d6) δ 13.9, 18.6, 31.0, 32.7, 32.8, 34.8, 48.3, 55.6, 57.8,
70.5, 110.8, 120.9, 122.0, 124.0, 126.2, 126.7, 127.8, 127.9, 128.7,
131.4, 135.5 (2C), 156.4, 159.0, 167.1 (2C); [R]D

25 -12.7° (c 0.43,
CH3OH); HPLC Chiralpak AD (Daicel) eluting with hexane/
ethanol, 97:3 (1 mL/min, UV, 220 nm), tR ) 8.6 min, 94.3% dr;
MS (ESI) m/z ) 404 [MH+]. Anal. (C22H29NS2O2 ·C4H4O4) C, H,
N.

3,4-Dihydro-N-[(2S)-3-[(2-methoxyphenyl)thio]-2-isopropyl-
propyl]-2H-(3R)-1,5-benzoxathiepin-3-amine (27). Crystallization
of 27 as a maleate salt gave a white powder: mp ) 115 °C; IR
(KBr) ν 3429, 2975, 1575, 1474 cm-1; 1H NMR (DMSO-d6) δ
0.89 (d, J ) 6.8 Hz, 3H), 0.93 (d, J ) 6.8 Hz, 3H), 1.90 (m, 1H),
2.02 (m, 1H), 2.93 (dd, J ) 12.4, 6.2 Hz, 1H), 3.00-3.11 (m, 3H),
3.28-3.33 (m, 3H), 3.81 (s, 3H), 4.32 (d, J ) 12.8 Hz, 1H), 4.44
(m, 1H), 6.04 (s, 2H), 6.94-7.00 (m, 2H), 7.04-7.10 (m, 2H),
7.18-7.25 (m, 2H), 7.31 (dd, J ) 7.6, 1.1 Hz, 1H), 7.4 (d, J ) 7.6
Hz, 1H); 13C NMR (DMSO-d6) δ; [R]D

25 -29.6° (c 0.36, CH3OH);

Figure 5. Dose-dependent inhibition of ST segment elevation by 2a (A), KC 12291 (B), ivabradine (C), and ranolazine (D), administered iv 5 min
before the coronary artery occlusion to pentobarbital-anesthetized rabbits. Data are mean values ( SEM: (/) P < 0.05 versus vehicle.
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HPLC Chiralpak AD (Daicel) eluting with hexane/ethanol, 97:3
(1 mL/min, UV, 220 nm), tR ) 8.6 min, 94.3% dr; MS (ESI) m/z
) 404 [MH+]. Anal. (C22H29NS2O2 ·C4H4O4) C, H, N.

General Method for Ring-Opening of Epoxides 13 by 3-Amino-
1,5-benzoxathiepine. To a solution of compound 13 (1 equiv) and
3-amino-1,5-benzoxathiepine (1 equiv) in 2-propanol (10 mL/mmol)
was added sodium carbonate (5 equiv). The mixture was heated at
reflux until completion of the reaction and then cooled to room
temperature. The solvent was removed under reduced pressure and
then the residue taken up in dichloromethane and washed with water
and brine, dried over Na2SO4, filtered, and concentrated in vacuo.
The free base was purified by flash column chromatography.

3,4-Dihydro-N-[3-[(2-methoxyphenyl)thio]-2-hydroxypropyl]-
2H-(3R)-1,5-benzoxathiepin-3-amine (18ab). Crystallization of
18ab as maleate salt gave a white powder: mp ) 128 °C; IR (KBr)
ν 3349, 3067, 1577, 1473 cm-1; 1H NMR (DMSO-d6) δ 2.98-3.09
(m, 3H), 3.26 (d, J ) 4.4 Hz, 2H), 3.33 (m, 1H), 3.83 (s, 3H), 3.87
(s, 1H), 3.99 (m, 1H), 4.26 (d, J ) 13.2 Hz, 0.5H), 4.32 (d, J )
13.2 Hz, 0.5H), 4.44 (m, 1H), 5.85 (s, 1H), 6.03 (s, 3H), 6.95-7.02
(m, 2H), 7.06-7.11 (m, 2H), 7.19-7.26 (m, 2H), 7.32 (d, J ) 7.6
Hz, 1H), 7.40-7.43 (m, 1H); [R]D

25 +29° (c 0.48, CH3OH); HPLC
Chiralcel OD (Daicel) eluting with hexane/ethanol, 80:20 (1 mL/
min, UV, 220 nm), tR ) 15.6 min, 50.5% and tR ) 19.3 min, 49.2%;
HPLC purity: 99.7% (Xbridge C8, 5 µM, acetonitrile-water-
KH2PO4, 300:700:6.8 g, pH 4). Anal. (C19H23NO3S2 ·C4H4O4) C,
H, N.

3,4-Dihydro-N-[3-[(2-methoxyphenyl)thio]-2-hydroxypropyl]-
2H-(3S)-1,5-benzoxathiepin-3-amine (18cd). Crystallization of
18cd as a maleate salt gave a white powder: mp ) 126 °C; IR
(KBr) ν 3397, 3006, 1618, 1572 cm-1; 1H NMR (DMSO-d6) δ
2.98-3.09 (m, 3H), 3.26 (d, J ) 4.8 Hz, 2H), 3.27-3.39 (m, 2H),
3.83 (s, 3H), 3.87 (s, 1H), 3.99 (m, 1H), 4.26 (d, J ) 12.4 Hz,
0.5H), 4.32 (d, J ) 12.4 Hz, 0.5H), 4.46 (m, 1H), 5.85 (s, 1H),
6.03 (s, 3H), 6.97-7.02 (m, 2H), 7.06-7.11 (m, 2H), 7.19-7.26
(m, 2H), 7.32 (d, J ) 7.5 Hz, 1H), 7.40-7.42 (m, 1H); [R]D

25 -26.2°
(c 0.31, CH3OH); HPLC Chiralcel OD (Daicel) eluting with
heptane/ethanol, 80:20 (1 mL/min, UV, 220 nm), tR 14.6 min,
48.8% and tR 18.1 min, 48.7%; HPLC purity: 99.9% (Xbridge C8,
5µM,acetonitrile-water-KH2PO4,300:700:6.8g,pH4).Anal.(C19H23-

NO3S2 ·C4H4O4) C, H, N.
3,4-Dihydro-N-[(2S)-3-[(2-methoxyphenyl)thio]-2-hydroxypro-

pyl]-2H-(3R)-1,5-benzoxathiepin-3-amine (18a). Crystallization
of 18a as a maleate salt gave a white powder: mp ) 138 °C; IR
(KBr) ν 3416, 2920, 1577, 1473 cm-1; 1H NMR (DMSO-d6) δ
3.02-3.09 (m, 3H), 3.28 (m, 2H), 3.36 (d, J ) 12.7 Hz, 1H), 3.83
(s, 3H), 3.90 (s, 1H), 4.01 (m, 1H), 4.34 (d, J ) 12.6 Hz, 1H),
4.50 (dd, J ) 13.6, 2.8 Hz, 1H), 5.09 (s, 1H), 6.06 (s, 2H),
6.97-7.10 (m, 4H), 7.19-7.25 (m, 2H), 7.32 (d, J ) 7.4 Hz, 1H),
7.39 (d, J ) 7.6 Hz, 1H); 13C NMR (DMSO-d6) δ 31.1, 35.4, 48.8,
55.6, 56.8, 65.5, 70.4, 110.9, 120.9, 121.0, 123.7, 124.2, 126.3,
126.8, 127.7, 128.9, 131.7, 137.7 (2C), 156.3, 159.2, 167.2 (2C);
[R]D

25 -60.3° (c 0.74, CH3OH); HPLC Chiralcel OD (Daicel) eluting
with hexane/ethanol, 80:20 (1 mL/min, UV, 220 nm), tR ) 15.8
min, 97% dr; MS (ESI) m/z ) 378 [MH+]. Anal.
(C19H23NO3S2 ·C4H4O4) C, H, N.

3,4-Dihydro-N-[(2R)-3-[(2-methoxyphenyl)thio]-2-hydrox-
ypropyl]-2H-(3R)-1,5-benzoxathiepin-3-amine (18b). Crystal-
lization of 18b as a maleate salt gave a white powder: mp ) 136
°C; IR (KBr) ν 3503, 2925, 1625, 1572, 1458 cm-1; 1H NMR
(DMSO-d6) δ 2.99-3.09 (m, 3H), 3.27 (d, J ) 4.9 Hz, 2H), 3.38
(d, J ) 12.5 Hz, 1H), 3.83 (s, 3H), 3.83 (s, 1H), 4.02 (m, 1H),
4.28 (d, J ) 13.2 Hz, 1H), 4.45 (dd, J ) 13.6, 3.3 Hz, 1H), 5.90
(s, 1H), 6.06 (s, 2H), 6.97-7.11 (m, 4H), 7.21-7.22 (m, 2H), 7.33
(d, J ) 7.6 Hz, 1H), 7.43 (d, J ) 7.6 Hz, 1H); 13C NMR (DMSO-
d6) δ 31.2, 35.3, 48.9, 55.6, 56.8, 65.4, 70.4; 110.9, 121.0, 122.0,
123.8, 124.3, 126.7, 126.8, 127.6, 129.0, 131.6, 135.6 (2C), 156.3,
159.4, 167.2 (2C); [R]D

25 -3.2° (c 0.43, CH3OH); HPLC Chiralcel
OD (Daicel) eluting with hexane/ethanol, 80:20 (1 mL/min, UV,
220 nm), tR ) 20.0 min, 94.5% dr; MS (ESI) m/z ) 378 [MH+].
Anal. (C19H23NO3S2 ·C4H4O4) C, H, N.

3,4-Dihydro-N-[(2S)-3-[(2-methoxyphenyl)thio]-2-methylcar-
bonyloxypropyl]-2H-(3R)-1,5-benzoxathiepin-3-amine (22). A
solution of 3,4-dihydro-N-[(2S)-3-[(2-methoxyphenyl)thio]-2-me-
thylcarbonyloxypropyl]-2H-(3R)-1,5-benzoxathiepin-3-tert-butoxy-
carbonylamine (1.9 g, 3.65 mmol) in dichloromethane (10 mL) was
treated with a 4 N aqueous solution of hydrogen chloride (20 mL).
The reaction mixture was stirred overnight at room temperature
and then slowly poured into a 1 N aqueous solution of sodium
hydroxide and extracted with dichloromethane. The combined
organic layer was washed with water and brine, dried over Na2SO4,
filtered, and concentrated in vacuo. The compound of the title was
purified by flash column chromatography (silica gel, cyclohexane/
ethylacetate, 70:30). Crystallization of 22 as a maleate salt gave a
white powder: mp ) 130 °C; IR (KBr) ν 2955, 2834, 1745, 1578,
1473 cm-1; 1H NMR (DMSO-d6) δ 1.95 (s, 3H), 3.15-3.31 (m,
5H), 3.39 (d, J ) 12.1 Hz, 1H), 3.74 (s, 1Η), 3.82 (s, 3H), 4.28 (d,
J ) 12.8 Hz, 1H), 4.37 (d, J ) 12.6 Hz, 1H), 5.15 (m, 1H), 6.07
(s, 2H), 6.94-7.08 (m, 4H), 7.21-7.26 (m, 2H), 7.39 (d, J ) 7.5
Hz, 2H); 13C NMR (DMSO-d6) δ 20.8, 31.7, 32.1, 46.8, 55.6, 57.4,
69.3, 71.0, 111.0, 120.9, 121.9, 122.9, 124.0, 126.5, 127.3, 128.7,
128.8, 131.5, 134.9 (2C), 156.7, 159.2, 167.0 (2C), 169.9; [R]D

25

+19.8° (c 0.26, CH3OH); HPLC Chiralpak AD (Daicel) eluting
with heptane/ethanol, 80:20 (1 mL/min, UV, 220 nm), tR ) 11.3
min, 99.4% dr; MS (ESI) m/z ) 420 [MH+]. Anal.
(C21H25NO4S2 ·C4H4O4) C, H, N.

3,4-Dihydro-N-[(2S)-3-[(2-methoxyphenyl)thio]-2-phenylcar-
bonyloxypropyl]-2H-(3R)-1,5-benzoxathiepin-3-amine (23). 3,4-
Dihydro-N-[(2S)-3-[(2-methoxyphenyl)thio]-2-phenylcarbonylox-
y p r o p y l ] - 2 H - ( 3 R ) - 1 , 5 - b e n z o x a t h i e p i n - 3 - t e r t -
butoxycarbonylamine (1.47 g, 2.4 mmol) was treated as described
for product 22.The compound of the title was purified by flash
column chromatography (silica gel, dichloromethane/ethylacetate,
93:7). Crystallization of 23 as a maleate salt gave a white powder:
mp ) 172 °C; IR (KBr) ν 3057, 2985, 2935, 1731, 1575, 1451
cm-1; 1H NMR (DMSO-d6) δ 3.24 (m, 2H), 3.28-3.44 (m, 2H),
3.55 (m, 2H), 3.78 (s, 3H), 3.86 (s, 1H), 4.35 (d, J ) 12.4 Hz,
1H), 4.44 (d, J ) 12.3 Hz, 1H), 5.46 (m, 1H), 6.08 (s, 2H),
6.93-6.96 (m, 2H), 7.05-7.07 (m, 2H), 7.17-7.24 (m, 2H), 7.39
(d, J ) 7.6 Hz, 1H), 7.44 (d, J ) 7.3 Hz, 1H), 7.51 (t, J ) 7.6 Hz,
2H), 7.67 (t, J ) 7.5 Hz, 1H), 7.94 (d, J ) 7.5 Hz, 2H); 13C NMR
(DMSO-d6) δ 31.6, 32.5, 46.9, 55.6, 57.5, 70.0, 70.8, 111.0, 120.9,
121.8, 122.8, 124.0, 126.4, 127.4, 128.5, 128.7, 128.8, 129.4, 129.5,
131.5, 133.4, 134.7 (2C), 156.7, 159.1, 165.2, 167.1 (2C); [R]D

25

+55.1° (c 0.46, CH3OH); HPLC Chiralpak AD (Daicel) eluting
with heptane/ethanol, 80:20 (1 mL/min, UV, 220 nm), tR ) 11.4
min, 99.9% dr; MS (ESI) m/z ) 482 [MH+]. Anal.
(C26H27NO4S2 ·C4H4O4) C, H, N.

3,4-Dihydro-N-[3-[(2-methoxyphenyl)thio]-2-methylenepro-
pyl]-2H-(3R)-1,5-benzoxathiepin-3-amine (24). A suspension of
(R)-3-amino-1,5-benzoxathiepine (0.41 g, 2.26 mmol) and 15 (0.42
g, 1.81 mmol) and sodium carbonate (0.19 g, 1.81 mmol) in ethanol
(5 mL) was heated at 100-110 °C for 24 h. The reaction mixture
was cooled to room temperature, and then the solvent was
evaporated off. The residue was taken up in dichloromethane and
washed with water and brine, dried over Na2SO4, filtered, and
concentrated in vacuo. The title compound was purified by flash
column chromatography (silica gel, dichloromethane/methanol, 98:
2). Crystallization of 24 as an oxalate salt gave a white powder:
mp ) 155 °C; IR (KBr) ν 3003, 2834, 1708, 1654, 1475 cm-1; 1H
NMR (DMSO-d6) δ 3.18-3.28 (m, 2H), 3.61 (m, 1H), 3.64-3.71
(m, 4H), 3.82 (s, 3H), 4.30 (dd, J ) 12.8, 3.7 Hz, 1H), 4.37 (d, J
) 11.2 Hz, 1H), 5.12 (s, 1Η), 5.20 (s, 1H), 6.91 (t, J ) 7.4 Hz,
1H), 6.97-7.06 (m, 3H), 7.19-7.24 (m, 2H), 7.28 (d, J ) 6.8 Hz,
1H), 7.36 (d, J ) 6.8 Hz, 1H); 13C NMR (DMSO-d6) δ 32.0, 34.9,
47.3, 55.6, 56.5, 71.5, 110.9, 118.3, 120.8, 121.8, 123.0, 123.9,
126.6, 127.3, 128.6, 129.3, 131.4, 138.1, 156.9, 159.2, 163.7 (2C);
[R]D

25 +27.5° (c 0.43, CH3OH); HPLC Chiralpak AD (Daicel)
eluting with heptane/ethanol/diethylamine, 95:5:0.1 (1 mL/min, UV,
220 nm), tR ) 22.5 min, 95.2% dr; MS (ESI) m/z ) 374 [MH+].
Anal. (C20H23NO2S2 ·C2H2O4) C, H, N.

Sodium Late Current Blockers Journal of Medicinal Chemistry, 2008, Vol. 51, No. 13 3863



3,4-Dihydro-N-[3-[(2-methoxyphenyl)thio]-2-(methyl-2-pro-
pene)-propyl]-2H-(3R)-1,5-benzoxathiepin-3-amine (28). Com-
pound 28 was prepared in an analogous manner as that described
for compound 24. Purification by flash column chromatography
(silica gel, dichloromethane/methanol, 97:3) and then crystallization
of 28 as a maleate salt gave a white powder: mp ) 155 °C; IR
(KBr) ν 2900, 1575, 1474, 1359 cm-1; 1H NMR (DMSO-d6) δ
1.65 (s, 3H), 1.86 (s, 3H), 2.51 (s, 2H), 3.32 (d, J ) 5.2 Hz, 2Η),
3.58-3.84 (m, 2H), 3.81 (s, 3H), 3.89 (s, 1H), 4.37 (d, J ) 12.0
Hz, 1H), 4.49 (d, J ) 11.2 Hz, 1H), 6.05 (s, 2H), 6.92-7.04 (m,
2H), 7.05-7.10 (m, 2H), 7.22-7.47 (m, 3H), 7.60 (d, J ) 8.8 Hz,
1Η); 13C NMR (DMSO-d6) δ 20.6, 21.0, 31.3, 32.6, 45.0, 55.6,
57.2, 70.6, 110.7, 119.6, 120.7, 121.9, 123.9, 124.1, 126.3, 127.5,
128.8, 130.0, 131.5, 135.6 (2C), 140.9, 157.1, 159.1, 167.1 (2C);
[R]D

25 +24.1° (c 0.17, CH3OH); HPLC Chiralpak AD (Daicel)
eluting with heptane/ethanol/diethylamine, 95:5:0.1 (1 mL/min, UV,
220 nm), tR ) 22.5 min, 95.2% dr; MS (ESI) m/z ) 402 [MH+].
Anal. (C22H27NO2S2 ·C4H4O4) C, H, N.

Conformational Analysis. Structures were built using version
7.3 of SYBYL molecular modeling software from Tripos Inc.
running on Fuel Silicon Graphics workstation. Starting geometries
were generated with the SKETCH builder from SYBYL. Geometry
optimizations were carried out using the Tripos force field including
the electrostatic term calculated from Gasteiger and Marsili atomic
charges.

The folded conformation shown (see Figure 1) represents only
a local minimum among 10 other within 10 kcal/mol of the global
minimum.

Biology. Animals used in this study were housed and tested in
an Association for the Assessment and Accreditation of Laboratory
Animal Care (AAALAC) accredited facility in strict compliance
with all applicable regulations, and the protocol was carried out in
compliance with French regulations and local Ethical Committee
guidelines for animal research. For in house use, KC 12291 was
prepared according to the method reported in EP 5 547 967 (Kali-
Chemie Pharma GmbH); Ivabradine was prepared according to FR
2 681 862 (Adir et Compagnie); Ranolazine was prepared according
to EP 0 126 449 (Syntex Inc.). Veratridine was purchased from
Sigma and TTX from Tocris Bioscience.

Ion Channel Pharmacology. The cell culture and patch clamp
experiments were performed as described previously.49 The internal
solution (pipet) contained the following (in mmol): NaCl 10, CsCl
110, CaCl2 1, HEPES 10, EGTA 10, Mg-ATP 5, D-glucose 10, pH
7.3 (CsOH). The external solution contained the following for patch
clamp experiments (in mmol): NaCl 30, CsCl 100, MgCl2 2, CaCl2

2, HEPES 10, D-glucose 5, pH 7.4 (CsOH). All experiments were
carried out at room temperature (19-22 °C). Sodium current was
elicited by depolarizing pulses (350 ms) from a holding potential
value of -110 to -30 mV delivered at a frequency of 0.2 Hz. In
order to verify the stability of voltage clamp, every five pulses, the
holding potential was shifted to -90 mV for one pulse. Sodium
current was elicited by square depolarizing pulses of 350 ms
duration from a holding potential of -110 to -30 mV delivered at
a frequency of 0.2 Hz. In order to verify the stability of voltage
clamp, every five pulses, the holding potential was shifted to -90
mV for one pulse. Sodium current presenting an incomplete
inactivation was induced with the alkaloid veratridine (40 µM).
The late INa was measured as the mean current amplitude of the
last 10 ms of the pulse (which is the magnitude of INa at 340-350
ms of the depolarizing pulse). Wild-type HEK 293 cells did not
exhibit any peak and late inward sodium current (data not shown).
The compound was dissolved in 50% DMSO in distilled water as
10 mmol of stock solution prepared freshly for each experiment.
The final concentration of DMSO was 0.1%. All values are
expressed as mean values ( SEM. Intragroup statistical analysis
of results (P1, drug versus baseline) involves Tukey’s test after
testing for analysis of variance (ANOVA) with repeated measures.
Intergroup statistical analysis of results (P2, drug versus vehicle)
was performed using one-way analysis of variance followed by
Dunnett’s test if ANOVA was significant. Any P value lower than

0.05 was considered significant (StatView 4.1, Abacus Concepts,
Berkeley, CA).

Veratridine-Induced Contracture in Rats Isolated Atria. Male
Wistar rats (400-450 g, OFA, Iffa-Credo, France) were maintained
at 20 ( 3 °C with constant humidity of 55 ( 5%, a 12 h light-dark
cycle, and free access to food and tap water. The procedure is
adapted from that described by Tamareille.50 After a 30 min
equilibration period, a single concentration of drug or vehicle was
injected into the organ bath. Fifteen minutes later, veratridine (40
µM) was added. Systolic isometric tension development was
measured before drug or solvent injection and just before the
addition of veratridine in order to detect any positive or negative
inotropic drug or vehicle effects. The maximum amplitude of
veratridine induced contracture was measured irrespective of time.

Global Ischemia in Guinea Pig Isolated Hearts. Female guinea
pigs (SPF, Hartley, Charles River, France), weighing 500-600 g,
were used in the present study. The experiment was performed as
described previously.39 In brief, hearts excised from guinea pigs
were placed in cold (4 °C) modified Krebs medium containing (in
mmol) 124.6 NaCl, 4 KC1, 1.1 MgSO4, 0.3 NaH2PO4, 1.8 CaCl2,
24.9 NaHCO3, and 11.1 D-glucose, pH 7.4, continuously with 95%
O2 + 5% CO2 and mounted on a Langendorff system. A latex
balloon was inserted through the left atrium and mitral valve into
the left ventricle. Isovolumetric systolic and diastolic LVP, left
ventricular developed pressure (LVDP ) systolic-diastolic pressure),
left ventricular end diastolic pressure, heart rate, positive dP dt-1

max,
negative dP dt-1

max, and coronary flow were measured at 37 ( 1
°C with a constant perfusion pressure of 800 mmH2O. The
following parameters were measured: systolic and diastolic left
ventricular pressure, left ventricular developed pressure, heart rate,
positive dP/dtmax, negative dP/dtmax, and coronary flow. During
perfusion under constant pressure, changes in coronary flow directly
reflect changes in coronary vascular resistance. After 45-60 min
of equilibration, the buffer solution containing vehicle or compound
was perfused for 15 min. Global normothermic ischemia was then
induced by clamping coronary flow for 50 min and was followed
by 60 min of reperfusion. One drug concentration was evaluated
per heart.

Regional Myocardial Ischemia in Anesthetized Rabbits.
Animals (2.2-2.5 kg, New Zealand white, ESD France) were
anesthetized by sodium pentobarbital (30-40 mg/kg, iv) via the
ear vein. Anesthesia was maintained by intravenous injections of
sodium pentobarbital as needed. The body temperature of animals
was maintained at 38-39 °C with a heating pad throughout the
experiment. Animals were connected to a respirator (683 rodent/
small animal ventilator, Harvard Apparatus) for positive intermittent
pressure and were ventilated with room air enriched with oxygen.
A polyethylene fluid-filled catheter was introduced into the carotid
artery for blood pressure measurements. Drug or vehicle was
administered via the ear vein catheter. A four-limb ECG was
recorded in lead II for determination of ST segment amplitude
changes. The thorax was opened at the level of the fourth intercostal
space, and a ligature was placed around the left coronary artery to
induce regional myocardial ischemia. The ECG was examined for
signs of myocardial damage (persistent increase in ST segment
amplitude above 0.25 mV). If such signs occurred, the animal was
excluded from the study. After the stabilization period, the first
5-min coronary artery occlusion was performed to verify the ST
segment elevation (if ST segment elevation changes were less than
2-fold the baseline ST segment amplitude, the animal was excluded
from the study). Then the occlusion was fully released for 30 min
(reperfusion period). Five minutes before the end of reperfusion,
the compound or its vehicle (a mixture of 40% polyethylene glycol
300 in sterile saline 0.9%) was administered over 1 min. A second
coronary occlusion was performed. The ligature was tightened at
the end of the experiment to estimate the proportion of the left
ventricular mass subjected to ischemia. ST segment changes are
expressed as the percentage ((SEM) of the mean maximal control
ST segment increase.
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