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Inotropic Activity of Hydroindene Amidinohydrazones
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Several hydroindenic derivatives (7a-methyl-2,3,5,6,7,7a-hexahydro-1H-indenes), bearing an
amidinohydrazone at C-5 and different moieties at C-1, have been synthesized and evaluated
for their inotropic and chronotropic effects on right- and left-guinea-pig-atria activity. Three
of them showed the same profile as digoxin, although with lower potency. The effect on Na*,K*-
ATPase (NKA) was also evaluated for these three compounds, observing that two of them,
with the same absolute configuration as natural cardenolides, are also NKA inhibitors, while
the compound with the opposite configuration lacks such an effect. More interestingly, both
active compounds act without affecting the cardiac rhythm. This could be related to the selective
inhibition of the human a,f; isozyme (associated with the inotropic effect) with respect to the
ouf1 isozyme (associated with the maintenance of basal ionic levels in the cell and the toxic

effect of cardenolides).

Introduction

Congestive heart failure (CHF) is a common syndrome
in which a dysfunction of the heart causes a mismatch
between the blood supply and its demand by the
organs.® Currently, CHF represents a major and esca-
lating public health problem.? Treatment strategies for
CHF2 are addressed at preventing and delaying pro-
gression of the disease and improving survival. Diuret-
ics* are currently the drugs of first choice for patients
with fluid retention, while therapies based on the use
of angiotensin-converting enzyme inhibitors® have been
shown to decrease mortality and the progression of
CHF.

Cardiac glycosides (CG) have played a prominent role
in the therapy of CHF since Withering (1785) first
described the efficacy of the leaves of the common
foxglove (Digitalis purpurea) in the treatment of dropsy.
Today CG such as digoxin and methyldigoxin continue
to be the choice for the treatment of chronic CHF.®
Digoxin therapy” is believed to induce a decrease in the
risk of CHF worsening irrespective of its effects on
cardiac rhythm, systolic function, the severity of CHF,
or therapy with ACE inhibitors. Nevertheless, a major
problem in their clinical use is the low therapeutic index
of CG, mainly due to their cardiac proarrhythmogenic
activity. The search for less toxic agents has prompted
much research into natural cardiotonic and synthetic
compounds.® Recently, the identification of endogenous
digitalis-like factors, which may be responsible for
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essential hypertension,® has opened a new field in the
study of digitalic compounds.

The genins of the CG are steroids with three peculiar
structural features, all of them initially assumed to be
of major relevance for their pharmacological activity:
the 174-butenolide moiety, the C/D cis ring junction, and
the 14p-hydroxyl function. Currently, it is known that
the butenolide can be replaced by other groups such as
aminoalkyl, nitroalkyl, methylacrylate, and amidino-
hydrazonoalkyl residues, which still retain affinity° for
the digitalis receptor. Digitalis-like activity is also
shown by a number of steroids and steroid-like sub-
stances that differ significantly in structure from the
classic cardiotonic steroids. Alkaloids from Erythro-
phleum species, such as cassaine and its analogues,!!
and a series of other synthetic and semisynthetic
digitalic analogues show significant structural differ-
ences from the classic cardenolides but are positive
inotropics, and most appear to exert their action through
the same mechanism.

The inotropic action of cardiac glycosides is mainly
due to the inhibition of the Na*,KT-ATPase (NKA). This
enzyme plays a crucial role in cellular ion homeostasis
and constitutes the pharmacological receptor for digi-
talis CG in humans. NKA is a heteromeric enzyme with
a 112 kDa o subunit and a 53 kDa glycosylated
subunit.’?2 Four isoforms (o1, o2, oz, and oy4) of the
catalytic oo subunit and three of the  subunit (81, f2
and f3) have been identified. In the rat heart, o1
isozymes and oyf; isozymes are present, the former
exhibiting a very low and the latter a high affinity for
cardiac glycosides. In the human heart, the CG recep-
tors®® are ayff1, 081, and ozBi. These isozymes have
similar intrinsic ouabain sensitivities but differ in their
K* antagonism for ouabain binding.* At physiological
K™ concentrations, digitalis may predominantly bind to
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Figure 1. Structures of digoxin, uzarigenin, and gomphoside compared to diterpenic, cyclohexanic, and hydroindenic derivatives.

o, and ag isozymes and, although to a lesser extent, to
oy isozymes. According to the results obtained in het-
erozygtous knockout mice, the a, isoforms may play a
particular role in the regulation of calcium in the
heart.’®> Special situations, such as digitalis overdose-
due hypokaliemia, can lead to toxic effects. In light of
this, it would be desirable to synthesize compounds that
could selectively inhibit some of the “inotropic isozymes”
without affecting the ay8; dimer responsible for the
maintenance of the basal ionic gradients in the cell.

Because of the expected high contribution of the
steroid moiety and the importance of the lactone ring,
or an equivalent fragment, for the positive interaction
with the digitalis binding site, we decided to investigate
the influence of different skeletons on inotropic activity.
Thus, we started with the synthesis of diterpenic
cardenolide analogues!® from sandaracopimaric acid
(Figure 1). Like the cardiac glycosides, these synthetic
compounds maintained the butenolide and the OH
group at the 144 position. The most significant differ-
ences were the absence of the D ring, the A/B trans
junction, and a different substitution pattern of the A
ring. The trans junction of rings A and B should not
produce any loss of cardiotonic activity because some
compounds are potent cardioactive compounds with the
A/B trans junction, such as uzarigenin and gompho-
side.l” However, these diterpenic analogues showed
neither positive nor negative appreciable inotropic ef-
fects. We attributed this to the lack of the D ring of the
steroid system, thus imparting excessive mobility to the
lactone ring, which loses the possibility of attaining the
proper arrangement in relation to the other structural
moieties of the molecule.

More simplified cardenolide analogues, with only a
cyclohexane equivalent to the C ring of the steroid, the

OH group (14 of the steroid), and the lactone ring, were
also devoid of any inotropic activity.’® This was at-
tributed to both the absence of the major part of the
steroid skeleton and also to the excessive mobility of the
lactone ring (Figure 1).

Consequently, we selected the hydroindene skeleton,
representing the C, D rings of the steroid system, as
the skeletal base for the synthesis of new compounds
carrying a 3a-fOH (equivalent to the 14-50H of carde-
nolides). An a-methyl group at C4-o was also introduced
in some of them in order to fix the hydrindane system
in a chair conformation of the cyclohexane ring having
the angular methyl group at C7a in an axial disposition,
identical to the C,D rings of natural cardenolides. The
bis(amidinohydrazone) 1, with the hydroxyl group equiva-
lent to the 143-OH function of the cardenolides and the
expected configuration of the indane fragment, showed
a negative inotropic effect as did the A% unsaturated
hydroxymethyl derivative 2. However, the A%3-unsatur-
ated analogue 3, readily obtained by dehydration of the
3a-fOH, produced a fairly positive inotropic effect,
although at a much higher concentration than digoxin?®
(Table 1). Interestingly, cardiac frequency was not
substantially affected under any of the concentrations
assayed.

Intrigued by these observations and with the aim of
improving this positive inotropic effect while maintain-
ing the absence of any effect on the heart rate, here we
synthesized new bis amidinohydrazono hydroindene
derivatives from the previously synthesized intermedi-
ates bearing, or not bearing, the methyl group at C4.
We also decided to prepare compounds with the amidi-
nohydrazono moiety at Cs in order to maintain the
molecular size and solubility of the complete cardenolide
and to also prepare compounds carrying small groups
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Table 1. Inotropic Activity of Amidinohydrazones on Electrically Driven Guinea Pig Left Atrium and Effect on Cardiac Frequency on

Spontaneously Beating Guinea Pig Right Atria

Compound Emax Emax Emax
R= X= (% from | (% from basal
HoN N
2 hd N basal force) | frequency) (mM)
NH,
1 3a=pOH X, -No_NH; [-59+10.6 |[-15+4.4 0.3
32,4 diH O \\I!I/H
2
. 2+3.4 )
2 H x{\ OH 47+10.1 [22+3 0.3
3 H z{\\N- N\\r NH, |132£46.8 |-5.4+4.1 0.3
NH,
7 H g{\/Noz 128 +342 |-1.70.1 0.3
10 H %{\/COOMe -67+17.4 |132£2 0.3
11 H 5’{=\COOMe -76+7.5 |-54+15.3 0.3
15 H 0 86+223 |-18+8.7 0.1
N
i o
16 H &.{\NHz 46+16.7 |-16x1.7 0.3
19 Me %{\/COOMe 4171 -0.2+3.8 03
20 (1B) Me g@N-N\Y NH, | 108 +8.7 |4.2+7.4 0.3
NH,
22 (1) Me iﬁxN-N\Y NH, [129+6.5  |33.7£6.3 0.3
NH,
30 H X, ~No_NH; [170 £ 66.5 |-5.1%7.4 0.3
(enantiomeric series) %{\N j\;
2
Digoxin 103+ 14.3 |-28.3%3.7 10°
Strophanthidin 122 +584 |80.4x39.4 10?

(—CH20H, —CH3NHy) or a,5-unsaturated chains (meth-
oxycarbonylvinyl, nitrovinyl), which can replace the
lactone ring in their binding to the receptor® at the C;
position.

The inotropic effect of representative target molecules
was evaluated on isolated guinea pig atria. To contribute
to the knowledge of their mode of action, the compounds
with the best pharmacological activity as positive ino-
tropics were evaluated in vitro as Na',Kt-ATPase
inhibitors. Our interest lay in knowing whether these
compounds, which produce positive inotropic effects with
no modification in the cardiac frequency, are also NKA
inhibitors and might selectively inhibit one of the NKA
isozymes.

Chemistry

For the preparation of derivatives with the hydroin-
dene skeleton (7a-methyl-2,3,5,6,7,7a-hexahydro-1H-
indene), we decided to start from the readily available
enantiopure compounds 4 and 5 and to carry out their
transformation into the target molecules.

The Cy5 formyl derivative 5 was obtained as previ-
ously described by our group,?° by PCC oxidation of the

primary alcohol 4 (Scheme 1). Compound 5 contains
several adequate structural features for the preparation
of final products: (a) the same 3 disposition of the formyl
group at C; and the methyl group at Cv,, similar to those
of the C47 and Cy3 positions of model cardenolides, (b) a
C; formyl group and a Cs keto groups, useful for the
introduction of the planned moieties, and (c) a higher
stability than that of its Cy, epimer, thus avoiding its
undesired epimerization at this position.

Starting with the preparation of unsaturated deriva-
tives at C,, the nitrovinyl derivative 6 was obtained via
selective nitromethane condensation?! using ammonium
acetate as base. Because of the basic conditions, the
carbon at C; position was epimerized to the equilibrium
10:1 C,p/Cioc mixture, from which the condensation
product 6 was isolated in 42% yield and the starting
material recovered in 20% yield.

Transformation of ketone/formyl derivatives into the
amidinohydrazone compounds can be completed by two
procedures. One of them uses aminoguanidine hydro-
chloride and 2 N HCI (method A) and the other,
aminoguanidine bicarbonate and 2 N HCI, added until
an acidic pH is reached (method B).?2 Following method
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A, a 3:1 (ASN), E/Z) mixture of the C; nitrovinyl-Cs
amidinohydrazono derivative 7 was obtained.

Another of the groupings that can replace the buteno-
lide ring of the cardenolides is the methoxycarbonylvinyl
residue.?® Compounds 8 (major) and 9 were prepared
from the aldehyde 5 by the Wittig reaction with meth-
oxycarbonylmethylentriphenylphosphorane and sepa-
rated by flash chromatography. Both compounds were
transformed into the amidinohydrazones 10 and 11 (6:1
ASN), E/Z mixtures).

Once 7, 10, and 11 had been prepared as representa-
tives of compounds with unsaturated moieties at C; and
carrying the amidinohydrazone at Cs, we decided to
obtain the nitrogen derivative at Cio. The hydroxy
derivative 4 was converted into the aminomethyl de-
rivative via PCC oxidation followed by reductive ami-
nation,?* although this methodology produces the de-
sired compound in low yields, as described in the
literature. Another possibility for introducing a nitro-
genated function replacing the hydroxyl groups is the
Mitsunobu reaction.?>26 This procedure allows the
transformation of the hydroxyl group into the amino
group in good overall yield.?” Treatment of 4 with

phthalimide, Ph3P, and diethyl azodicarboxylate gave
the phthalimido derivative 12, which was converted into
the amine 13 by the Ing—Manske exchange reaction in
which the phthalimide is heated with hydrazine.2 The
attempts to prepare the amino—enone directly from 13,
via deprotection of the dithiane with HgO and a Lewis
acid, failed, and we were unable to isolate the desired
compound. Because of the difficulties involved in pre-
paring the intermediate amino—enone derivative, a new
approach was attempted, starting from compound 12
and maintaining the phthalimido moiety until the last
step. In this way compound 14 was obtained via HgO/
BF3-OEt; deprotection,?? followed by condensation of the
enone with aminoguanidine hydrochloride to produce
the intermediate amidinohydrazone derivative 15. By
the exchange procedure with hydrazine, the final prod-
uct 16 was obtained in an appropriate overall yield from
12.

Already synthesized compounds carrying an aMe-Cg,
such as the aldehydes 17 and 21, were used to prepare
C4-substituted analogues. In the same way (Scheme 2)
as previously described and optimized, 19 was prepared
by olefination of 17, followed by aminoguanidine treat-
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ment of 18 by method B. To gain information about the
influence of the stereochemistry at the C, position, both
amidinohydrazono derivatives 20 and 22 with o and
configurations at this position were obtained. By use of
the standard procedure, 20 was prepared directly from
aldehyde 17 and 22 from the epimeric aldehyde 21.2°
We also decided to investigate the influence of the
absolute stereochemistry in the inotropic and ATPase
inhibition activities. The enantiomer of the most potent
compound 3 was synthesized using the suitable enan-
tiopure starting material and following a similar syn-
thetic sequence as in the normal series (Scheme 3).
Compound 23 was prepared via enantioselective
cyclization of the corresponding triketone, readily ob-
tained from methylvinyl ketone and 2-methyl-1,3-cy-
clopentanedione, using R-(+) proline as a chiral catalyst.

The dehydration of 23 was carried out under acidic
conditions (p-TsOH). Transformation of 24 into the
dithiane derivative by standard procedures?® allowed us
to obtain compound 25 with no detectable amounts of
the C;-protected products.3° The one-carbon elongation
at C, was carried out3! following the Conia variation32
of the Wittig reaction, thus producing the methylenation
of 25, which was transformed into 26 in high yield
(67%). Hydroboration—oxidation of 26 led almost ste-
reospecifically to 27, the %/4 ratio in the crude reaction
product being 21/;. Deprotection of dithiane 27 as
described in standard procedures, followed by PCC
oxidation of 28, afforded aldehyde 29. Compound 30 was
then obtained by double condensation with aminoguani-
dine hydrochloride with acidic catalyst. By use of this
optimized sequence, the enantiomeric final product 30
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Figure 2. Cumulative concentration—response curves of
compounds 11, 15, 16, 19, 20, 22, and 30 on isolated guinea
pig left atrial contractile force. Each value represents the mean
of at least five experiments. Vertical lines show £SEM.
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was obtained in 15% overall yield (seven steps) from the
readily available diketone 23.

Biological Activity

Inotropic Activity. The inotropic effect of represen-
tative target molecules was evaluated on isolated guinea
pig atria following the described methodology.32 The left
atrium was maintained under constant electric stimula-
tion and was used to measure the effect of samples on
the contraction force, while the spontaneously beating
right atrium was used to evaluate the effect on cardiac
frequency.

The assays were carried out by increasing cumulative
concentrations of drug (from 107 to 5 x 10~* M) at 30
min intervals. The results are expressed as a percentage
of control values obtained before incorporation of the
compounds. The activities were compared to the effect
of digoxin and strophantigenin, which were used as
references.

The effects of several compounds on the left atrial
contractile force are summarized in Table 1. The effect
of compounds 1-3, 7, and 10 as inotropic agents has
been discussed in previous papers.1®20 Compounds 3,
7,15, 16, 20, 22, and 30 showed positive inotropic effects
at concentrations above 1075 M (Figure 2). The most
potent compounds were 3 and 30. The maximum effects
of these compounds mimicked those obtained with 1076
M digoxin. Compounds 1, 2, 10, 11, and 19 showed a
negative inotropic effect at concentrations higher than
1076 M. Compounds 20 and 30 produced a concentra-
tion-dependent positive inotropic effect, starting at 10~6
M and attaining a maximum effect similar to that of
digoxin, without affecting cardiac frequency (Table 1).
Compound 22 induced a negative inotropic effect at low
concentrations and a positive inotropic effect at higher
concentrations, comparable to the reference inotropic
compounds, and increased cardiac frequency at higher
doses. Compounds 11 and 19 showed a concentration-
dependent negative inotropic effect, and compounds 15
and 16 showed a slight positive inotropic effect at
concentrations higher than 106 M (Figure 2).

Effect of Compound 20 on Rat Heart NKA Activ-
ity. The inhibitory effect of compound 20 on Na*,K*-
ATPase activity from rat heart microsomes was com-
pared to that of ouabain. As previously reported,3*
ouabain produced a biphasic inhibition curve (Figure
3), reflecting the presence of high-affinity ozf (Ki =3 x
1077 M, 45% of total activity) and low-affinity oy (K; =
5 x 107> M, 55% of total activity) Nat,KT-ATPase
isozymes in rat heart. Compound 20 also produced a
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Figure 3. Inhibition of Na*,K*-ATPase activity in rat heart
microsomes by ouabain and compound 20. Each point repre-
sents the mean + SEM of five to six measurements.

biphasic inhibition curve, but compared to ouabain, the
Ki values were about 1 order of magnitude higher for
both isozyme components (K =2 x 10 ®and 5 x 10~*
M, respectively). This result is consistent with the
positive inotropic effect observed for this compound at
high concentrations (Table 1).

Effect of Compounds 7 and 30 on the Transport
Activity of Human NKA Isozymes. Compounds 7 and
30 were tested for their ability to inhibit the transport
activity of the three Na™,K™-ATPase isozymes present
in the human heart. For this purpose, we expressed
human a,/1, a1, or agfy isozymes in Xenopus oocytes
by cRNA injection and measured the transport activity
by means of 86Rb uptake, in the absence or presence of
compounds 7 or 30 (1 mM). In the absence of the test
compounds, NKA transport activity was 3—15 times
higher in cRNA-injected oocytes than in noninjected
oocytes. By deduction of the endogenous oocyte Na,K-
pump activity measured in noninjected oocytes, in the
absence or presence of compound 7 or 30, from the
transport activity measured in cRNA-injected oocytes,
it was possible to assess the transport activity of the
exogenous, expressed human NKA isozymes. At a
concentration of 1072 M, 30 exhibited no inhibitory
effects on the transport activity of either isozyme (Figure
4), in contrast with ouabain, which completely inhibited
all three human NKA isozymes.* This result suggests
that the inotropic effect produced by 30 (Table 1) is
mediated by a mechanism other than NKA inhibition.
The differential effects of compound 30, which does not
inhibit NKA, and compound 20, which is an inhibitor
of NKA (Figure 3), may be explained in terms of
different binding affinities due to the enantiomeric
spatial distribution of the substituents on the hydroin-
dene skeleton in the two compounds.

Similar to 30, compound 7 (103 M) did not affect the
transport activity of human a,3; isozymes but slightly
inhibited 8Rb uptake in oocytes expressing ozf; isozymes
and by more than 50% in oocytes expressing opf1
isozymes. This latter effect might be responsible for the
positive inotropic effect of compound 7 (Table 1).

Conclusions

The amidinohydrazono moiety at Cs confers inotropic
activity on several of the hydroindene derivatives
synthesized by us. Nitrovinyl or the amidinohydrazono
groupings at C1, which can replace the o,5-unsaturated
lactone of digoxin in cardenolide analogues, also produce
hydroindene derivatives displaying an inotropic effect.

As suggested by in vitro inhibition assays of rat NKA
and human 86Rb transport with selected compounds 7
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Figure 4. Effect of compounds 7 and 30 on the transport
activity of human NKA isozymes. Human o1, 0zf31, or asf:1
Na*,K*t-ATPase isozymes were expressed in Xenopus oocytes
by cRNA injection, and 8Rb uptake was measured in the
absence or presence of 1 mM compound 7 or 30 as described
in Experimental Section. Results represent 8Rb uptake mea-
sured in the presence of 1 mM compound and are expressed
as percentages of control measurements performed in the
absence of the compounds. 8Rb uptake measured in nonin-
jected oocytes was deduced from that measured in cRNA-
injected oocytes. Means + SE from 15 to 25 oocytes from two
different Xenopus females are shown. In the absence of
compounds, %Rb uptake in cRNA-injected oocytes ranged
between 30 and 190 pmol min~—?! oocyte* and was 3—15 times
higher than in noninjected oocytes.

and 20 having the same absolute stereochemistry as
natural cardenolides (C and D rings), the inotropic
activity is associated with the inhibition of NKA.
However, the enantiomeric bis(amidinohydrazone) 30,
which also displays a positive inotropic effect, lacks this
ability.

The interest in the hydroindene derivatives 3, 7, and
20 lies in that they produce the same positive inotropic
effect as digoxin, although at higher concentrations and
without affecting heart rate. In the case of compound 7
a selective inhibition of the ayf1 NKA isozyme is
produced.

Experimental Section

Chemistry. General. We had previously synthesized 4, 5,
8, 9, 17, and 21.?° Reagents were used as purchased without
further purification. Solvents (THF, DMF, CH,Cl,, benzene)
were dried and freshly distilled before use according to
literature procedures. Chromatographic separations were
performed on silica gel columns by flash (Kieselgel 40, 0.040—
0.063 mm; Merck) or gravity column (Kieselgel 60, 0.063—
0.200 mm; Merck) chromatography. TLC was performed on
precoated silica gel polyester plates (0.25 mm thickness) with
fluorescent indicator UV 254 (Polychrom Sl Fjss). Melting
points were determined on a Buchi 510 apparatus and are
uncorrected. Optical rotations were measured on a digital
polarimeter. 'TH NMR and *3C NMR spectra were recorded on
a Bruker WP 200-SY spectrometer at 200/50 MHz or on a
Bruker DRX spectrometer at 400/100 MHz. Chemical shifts
(0) are given in ppm downfield from tetramethylsilane as an
internal standard, and coupling constants (J values) are in
hertz. GC—MS analyses were carried out with a Hewlett-
Packard 5890 series Il apparatus (70 eV). For FABHRMS
analyses, a VG TS-250 apparatus (70 eV) was used. Elemental
analyses were obtained with a LECO CHNS-932.

Preparation of Amidinohydrazones. Method A. To a
0.05 M solution of the ketone/aldehyde in EtOH, 1.05/2.1 equiv
of the aminoguanidine hydrochloride and 1 equiv of 2 N HCI
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were added. The mixture was heated to reflux for 45 min, then
cooled to room temperature, concentrated to dryness, and
crystallized to obtain the corresponding amidinohydrazones.

Method B. To a suspension of aminoguanidine bicarbonate
(2 equiv) in EtOH (5 mL), 2 N HCI until acidic pH and 1 equiv
of the ketone/aldehyde (0.4 M) in EtOH were added. The
mixture was refluxed for 2 h, cooled to room temperature, and
evaporated, and the residue was crystallized from MeOH/
ether.

(1R, 7aR)-7a-Methyl-1-[(E)-2-nitrovinyl]-2,3,5,6,7,7a-
hexahydro-1H-inden-5-one (6). A solution of aldehyde 5
(110 mg, 0.62 mmol) and ammonium acetate (62 mg, 0.80
mmol) in refluxing nitromethane (2.5 mL) was stirred for 1.5
h. The crude product was diluted with CH,CI,, washed with
brine, and dried (NazS0O,), yielding a mixture of nitro deriva-
tives Cy and Cy, (10:1 ratio). The mixture was chromato-
graphed (hexane/ethyl acetate 14:1), providing 6 (58 mg, 42%,
white solid), 10 mg of mixture of both epimers, and recovering
23 mg of starting material. 6: [0]*p +84.5° (c 0.36, CHCI5).
IH NMR (CDCls), o: 1.13 (s, 3H); 5.83 (dd, 1H, J = 2.2, 1.8);
7.03 (d, 1H, J = 13.5); 7.29 (dd, 1H, J = 13.2, 8.0). MS m/z
(%): 221 (M, 6).

(1R, 7aR)-7a-Methyl-1-[(E)-2-nitrovinyl]-2,3,5,6,7,7a-
hexahydro-1H-inden-5-one Amidinohydrazone (7). Fol-
lowing method A, from 6 (45 mg,0.16 mmol), 7 was obtained
(3:1 ASN) E/Z, 30 mg, 62%) as a white solid after crystallization
from MeOH/ether. [a]?®p +34.6° (¢ 0.45, MeOH). *H NMR (CDz-
OD), 6: 0.91 (s, 3H) (major); 0.99 (s, 3H) (minor); 5.91 (s, 1H)
(major); 6.33 (s, 1H) (minor); 7.11 (d, 1H, J = 13.2); 7.23 (dd,
1H,J=13.2,7.3). HRMS (FAB*) m/z: calcd, 278.1617 (MH™");
found, 278.1628. Anal. (C13H1sNsO,-HCI) C, H, N.

Methyl (E)-[(1R,7aR)-5-Amidinohydrazono-7a-methyl-
2,3,5,6,7,7a-hexahydro-1H-inden-1-yl]acrylate (10). Com-
pound 10 was prepared from ketoester 8 following method A,
as previously described.

Methyl (2)-[(1R,7aR)-5-Amidinohydrazono-7a-methyl-
2,3,5,6,7,7a-hexahydro-1H-inden-1-yl]acrylate (11). Fol-
lowing method A, from the enone 9 (46 mg, 0.20 mmol) after
crystallization of the reaction mixture from CH,Cl./diethyl
ether, 11 was obtained (6:1 AS™) E/Z, 51 mg, 88%) as a white
solid. [a]®p —117.6° (c 0.33, MeOH). *'H NMR (CD3;OD), 6: 0.96
(s, 3H) (major); 1.09 (s, 3H) (minor); 3.70 (s, 3H); 5.90 (d, 1H,
J = 10.9); 5.95 (s, 1H) (major); 6.17 (dd, 1H, J = 10.9, 10.9);
6.68 (s, 1H) (minor). HRMS (FAB") m/z: calcd, 291.1821
(MH+); found, 291.1803. Anal. (C15H22N402'HC|) C, H, N.

N-[(1S,7aR)-7a-Methyl-5,5-propylendithio-2,3,5,6,7,7a-
hexahydro-1H-inden-1-ylmethyl]phthalimide (12). To an
ice-cooled solution of alcohol 4 (500 mg, 1.85 mmol), phthal-
imide (417 mg, 2.78 mmol) and triphenylphosphine (728 mg,
2.78 mmol) in THF (20 mL) and DEAD (0.44 mL, 2.78 mmol)
was added dropwise under argon. The mixture was stirred at
room temperature for 19 h. Then, THF was evaporated and
the residue was dissolved in ethyl acetate and was washed
with brine, dried (Na,SO,), and evaporated. The crude product
was chromatographed (hexane/ethyl acetate 7:1 as eluent) to
yield phthalimide derivative 12 as an uncolored foaming oil
(425 mg, 58%). [0]p —7.6° (c 0.95, CHCIs). *H NMR (CDCls),
o: 1.05 (s, 3H); 3.64 (dd, 1H, J = 13.9, 8.0); 3.82 (dd, 1H, J =
13.9, 6.2); 5.42 (s,1H); 7.72 (dd, 2H, J = 5.5, 2.9); 7.84 (dd,
2H,J =55, 2.9). MS m/z (%): 399 (M*, 22).

(1S,7aR)-[7a-Methyl-5,5-propylendithio-2,3,5,6,7,7a-
hexahydro-1H-inden-1-yllmethylamine (13). A solution of
the phthalimido derivative 12 (240 mg, 0.60 mmol) and
hydrazine hydrate (0.034 mL, 0.7 mmol) in 7 mL of absolute
ethanol was heated to reflux for 7 h, producing a white
precipitate. The reaction mixture was cooled to room temper-
ature, and 0.4 mL of concentrated HCI was added. The
precipitate was removed by filtration, the filtrate was neutral-
ized with NaHCO3, and NaOH was added until pH 10 was
attained. The mixture was then extracted three times with
ether and once with CH,CI; to obtain 13 (100 mg, 62%) as a
white oil. [a]?®p +62.5° (c 0.79, CHCIs); *H NMR (CDCls), 6:
0.88 (s, 3H); 2.2—2.5(m, 2H, overlapped); 5.43 (s, 1H). MS m/z
(%): 269 (M*, 28).



134 Journal of Medicinal Chemistry, 2002, Vol. 45, No. 1

N-[(1S,7aR)-7a-Methyl-5-0x0-2,3,5,6,7,7a-hexahydro-
1H-inden-1-ylmethyl]phthalimide (14). To a suspension of
red HgO (325 mg, 1.50 mmol) in THF/H,0 85:15 (9,2 mL), BF3-
OEt; (0.49 mL, 4.00 mmol) was added under argon, followed
by a 0.02 M solution of compound 12 (400 mg, 1.00 mmol) in
THF. The resulting mixture was stirred at room temperature
for 1 h. Then, it was diluted with CH,CI, and filtered, and the
filtrate was washed with aqueous Na,CO; (saturated solution)
and brine, dried (NazSO,), and evaporated. The residue was
chromatographed (hexane/ethyl acetate 2:1) to provide depro-
tected ketone 14 (130 mg, 42%) as a white foaming oil. [a]%p
—31.8° (¢ 0.62, CHCI3). *H NMR (CDClg), 8: 1.22 (s, 3H); 3.71
(dd, 1H, J = 13.9, 8.0); 3.85 (dd, 1H; J = 13.9, 6.6); 5.76 (s,
1H); 7.75 (dd, 2H, 3 = 5.5, 3.3); 7.87 (dd, 2H, J = 5.5, 3.9). MS
m/z (%): 309 (M*, 22).

N-[(1S,7aR)-5-Amidinohydrazono-7a-methyl-2,3,5,6,7,-
7a-hexahydro-1H-inden-1-yl-methyl]phthalimide (15). Fol-
lowing method A, compound 15, a white foaming solid, was
obtained (6:1 ASN) E/Z, 98%) and crystallized from MeOH/
ether. [0]?®p —61.5° (c 0.47, MeOH). 'H NMR (CDsOD), 6: 0.98
(s, 3H) (major); 1.05 (s, 3H) (minor); 3.57 (dd, 1H, J = 13.7,
8.0); 3.73 (dd, 1H, J = 13.7, 6.5); 5.84 (s, 1H) (major); 6.73 (s,
1H) (minor); 7.50—7.70 (m, 4H). HRMS (FAB™') m/z: calcd,
366.1930 (MH™); found, 366.1902. Anal. (C20H23Ns0,-HCI) C,
H, N.

(1S,7aR)-1-Aminomethyl-2,3,5,6,7,7a-hexahydro-1H-in-
den-5-one Amidinohydrazone (16). 16 was obtained from
15 as described for compound 13 (96 mg, 0.26 mmol). For
purification, the precipitate was removed by filtration and the
filtrate was dried with anhydrous Na,CO; to obtain 48 mg
(78%) of 16 (6:1 ASN) E/Z) as a white foaming solid. *H NMR
(CD30D), 6: 0.50 (s, 3H) (major); 0,57 (s, 3H) (minor); 2.52
(dd, 1H, J = 12.5, 10.0); 2.79 (dd, 1H, J = 12.5, 3.7); 5.44 (d,
1H, J = 2.0) (major); 5.55 (s, 1H) (minor). HRMS (FAB™") m/z:
calcd, 238.2034 (M3HT); found, 238.2053. Anal. (Ci2H21Ns-
2HCI) C, H, N.

(1S,3aS,4S,7aR)-3a-Hydroxy-4,7a-dimethyl-5,5-ethyl-
endioxyperhydroindene-1-carbaldehyde (17) and (1R,-
3aS,4S,7aR)-3a-Hydroxy-4,7a-dimethyl-5,5-ethylendi-
oxyperhydroindene-1-carbaldehyde (21). Aldehydes 17
(88%) and 21 (72%) were obtained by pyridinium chlorochro-
mate (PCC) oxidation of the corresponding alcohols, which
were prepared in 63% overall yield (1:1 mixture) from (3aS,4S,-
7aS)-3a-hydroxy-4,7a-dimethylperhydroindene-1,5-dione® fol-
lowing the procedure described in previous papers.t920.30:31

17: 'H NMR (CDCls), 6: 0.99 (d, 3H, J = 6.9); 1.10 (s, 3H);
3.82—4.04 (m, 4H); 9.73 (d, 1H, J = 4.0). MS m/z (%): 254
(M*, 35). 21: 'H NMR (CDCls), 6: 0.98 (d, 3H, J = 6.8); 1.29
(s, 3H); 1.96 (c, 1H, J = 6.8); 2.99 (dt, 1H, J = 8.5, 2.1); 3.83—
4.03 (m, 4H); 9.80 (d, 1H, J = 2.1). MS m/z (%): 254 (M*, 25).

Methyl (E)-[(1R,3aS,4S,7aR)-3-(3a-Hydroxy-4,7a-dimeth-
yl-5,5-ethylendioxyperhydroinden-1-yl)]Jacrylate (18). A
solution of 17 (187 mg, 0.74 mmol) in dry benzene (3.0 mL)
was added to a suspension of methoxycarbonylmethylentri-
phenylphosphorane (379 mg, 1.11 mmol) in dry benzene (2.0
mL). The mixture was stirred at reflux under Ar for 7 h. The
solvent was then evaporated, and the residue was chromato-
graphed through a silica gel column (hexane/ethyl acetate 6:4)
to yield ester 18 (215 mg, 94%) as a colorless oil, which was
purified by crystallization from CH,Cl,/hexane. Mp: 95 °C
(CH2Cl,/hexane). [a]*p +1.8° (¢ 0.60, CHCI3). *H NMR (CDCls),
0: 0.92 (s, 3H); 0.99 (d, 3H, J = 6.9); 1.92 (q, 1H, J = 6.9);
3.71 (s, 3H); 3.82—4.04 (m, 4H); 5.64 (d, 1H, J = 15.7); 7.17
(dd, 1H, J = 15.7, 10.6). MS m/z (%): 292 (M*-H,0, 1).

Methyl (E)-[(1R,7aR)-5-Amidinohydrazono-4,7a-dimeth-
yl-2,3,5,6,7,7a-hexahydro-1H-inden-1-yl)]acrylate (19). Fol-
lowing method B, 19 (28%) was obtained as a white solid after
recrystallization from MeOH/ether.*H NMR (CD3;0D), 6: 0.80
(s, 3H); 1.72 (s, 3H); 3.62 (s, 3H); 5.82 (d, 1H, J = 15.7); 6.88
(dd, 1H, J = 15.7, 8.0). HRMS (FAB™) m/z: calcd, 305.1977
(MH+); found, 305.1987. Anal. (C16H24N402.HC|) C, H, N.

(1S,7aR)-4,7a-Dimethyl-5-0x0-2,3,5,6,7,7a-hexahydro-
1H-indene-1-carbaldehyde Bis(amidinohydrazone) (20).
Following method B, 20 (54%) was obtained as a white solid
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after crystallization from MeOH. Mp 220—221 °C. [a]**p +10.2°
(c 0.47, H,0); *H NMR (D-0), 8: 0.73 (s, 3H); 1.58 (s, 3H);
7.35(d, 1H, 3 = 6.0). MS m/z (%): 304 (M*, 70). HRMS (FAB™)
m/z: calcd, 305.2203 (MH*); found, 305.2247. Anal. (C14H24Ng-
2HCI-H;0) C, H, N.
(1R,7aR)-4,7a-Dimethyl-5-0x0-2,3,5,6,7,7a-hexahydro-
1H-indene-1-carbaldehyde Bis(amidinohydrazone) (22).
Following method B, 22 (39%) was obtained as a white solid
after crystallization from MeOH. Mp 256 °C. [a]®p +4.8° (c
0.40, H,0). 'H NMR (CDzOD), ¢: 0.50 (s, 3H); 1.36 (s, 3H);
7.15 (d, 1H, J = 6.0). HRMS (FAB*) m/z: calcd, 305.2203
(MH™); found, 305.2176. Anal. (C14H24Ng.2HCI-H,0) C, H, N.
(3aR,7aR)-3a-Hydroxy-7a-methylperhydroindene-1,5-
dione (23). To a solution of the triketone (6.0 g, 33 mmol)
obtained from methylvinyl ketone and 2-methylcyclopentane-
1,3-dione in 33 mL of dried DMF, a total of 113.5 mg of R-(+)-
proline was added. The mixture was stirred at room temper-
ature for 24 h under Ar. Then it was filtered and evaporated,
and the residue was chromatographed (hexane/EtOAc 1:1),
yielding the diketone 23 (5.46 g, 91%). Mp 108—110 °C (CH>-
Clp). [a]®p —57.6° (c 0.80, CHCI3). *H NMR (CDCls), 6: 1.25
(s, 3H). MS m/z (%): 182 (M*, 53).
(7aR)-7a-Methyl-2,3,5,6,7,7a-hexahydro-1H-indene-1,5-
dione (24). To a solution of diketone 23 (6.6 g, 36.3 mmol) in
66 mL of dry benzene, 100 mg (0.5 mmol) of p-TsOH were
added. The mixture was heated to reflux for 1 h under Ar. It
was then diluted with EtOAc and washed with sodium
bicarbonate and brine, and the organic solvent was dried and
evaporated to dryness under reduced pressure, yielding 24 (5.4
g, 91%). Mp 61—63 °C (CH,Cl,). [a]?®p —315.4° (c 1.05, toluene).
1H NMR (CDCls), 8: 1.33 (s, 3H); 5.98 (d, 1H, J = 2.2). MS
m/z (%): 164 (M*, 100).
[(7aR)-7a-Methyl-1-0x0-2,3,5,6,7,7a-hexahydro-1H-inden-
5-one]propylenic Thioacetal (25). To a solution of 24 (2.9
g, 17.7 mmol) in 9 mL of CHCIs, 2.7 mL (26.8 mmol) of
propane-1,3-dithiol and 0.5 mL of TMSCI (5.4 mmol) were
added, and then the mixture was stirred under Ar at room
temperature for 3 h. NaOH (4%) aqueous solution was then
added. The mixture was diluted with EtOAc, extracted, and
washed with brine. The organic layer was dried and evapo-
rated to give a residue that was purified by precipitation with
hexane, yielding 4.9 g (90%) of 25. [0]*®p —299.6° (c 0.71,
CHCIs). *H NMR (CDClg), 0: 1.16 (s, 3H); 5.75 (s, 1H). MS m/z
(%): 254 (M*, 100).
[(7aS)-7a-Methyl-1-methylene-2,3,5,6,7,7a-hexahydro-
1H-inden-5-one]propylenic Thioacetal (26). To a suspen-
sion of 15.9 g (39.4 mmol) of methyltriphenylphosphonium
iodide in 265 mL of dry benzene under Ar, a diluted solution
of 4.5 N NaO'Am (1.3 equiv, 8.2 g, 39.4 mmol) in benzene was
added at room temperature; the bright-yellow phosphorane
was immediately formed. The mixture was heated to reflux,
and a solution of 25 (7.7 g, 30.3 mmol) in 55 mL of benzene
was added and the mixture was gently refluxed for 45 min.
After cooling and filtration, the solution was diluted with
EtOAc and washed with brine. The residue was purified by
chromatography (hexane/EtOAc 9:1), yielding 26 (5.2 g, 67%)
as a white solid. Mp 113 °C (CH,Cly). [a]?*p —186.4° (c 0.96,
CHCIs). 'H NMR (CDClg), 6: 1.11 (s, 3H); 4.77 (s, 2H); 5.51 (s,
1H). MS m/z (%): 252 (M*, 81).
[(1R,7aS)-1-Hydroxymethyl-7a-methyl-2,3,5,6,7,7a-
hexahydro-1H-inden-5-one]propylenic Thioacetal (27).
To a solution of 9-BBN (4.9 g, 40.4 mmol) in 40 mL of dry THF,
a total of 5.1 g (20.2 mmol) of 26 was added at room temp-
erature under Ar. The mixture was stirred for 1 h 10 min.
The solution was then cooled to 0 °C, and 6 N NaOH (15 equiv)
and 30% H,0, (10 equiv) were added sequentially. The reaction
mixture was heated to 50 °C for 1 h. Then, it was allowed to
reach room temperature, diluted with EtOAc, and washed with
brine. The residue was purified by column chromatography
(hexane/EtOAc 3:1), yielding a mixture (88%) of alcohol 27 and
its epimer 2Y/; ratio. [a]®p —90.9° (¢ 0.92, CHCI3). *H NMR
(CDCl; 400 MHz), 6: 0.92 (s, 3H); 3.63 (dd, 1H, J = 10.7, 7.1);
3.73(dd, 1H, J =10.7, 7.1); 5.45 (d, 1H, J = 1.9). MS m/z (%):
270 (M*, 94).
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(1R,7aS)-1-Hydroxymethyl-7a-methyl-2,3,5,6,7,7a-
hexahydro-1H-inden-5-one (28). To a suspension of 2.4 g
(11.1 mmol) of HgO in 47.4 mL of 8/;5 THF/H,O stirred
vigorously, 3.64 mL (29.6 mmol) of BF3-OEt, and a solution of
0.02 M 27 (2 g, 7.4 mmol) were added. The mixture was stirred
at room temperature for 1 h and then diluted with CH,CI, and
filtrated, and the filtrate was washed with saturated aqueous
NaHCO; and NaCl solutions. The combined organic layers
were dried (Na,SO,) and filtered, and the solvent was evapo-
rated. The residue was passed through a silica gel column
(hexane/EtOAc 2:8), yielding 28 (500 mg, 38%). [a]*p —81.0°
(c 1.07, CHCIlg). *H NMR (CDCl3 400 MHz), é: 1.05 (s, 3H);
3.67 (dd, 1H, J = 10.7, 7.0); 3.74 (dd, 1H, J = 10.7, 7.0); 5.72
(s, 1H). MS m/z (%): 180 (M*, 17).

(1R,7aS)-7a-Methyl-5-0x0-2,3,5,6,7,7a-hexahydro-1H-
indene-1-carbaldehyde (29). To a suspension of pyridinium
chlorochromate (880 mg, 4.08 mmol) and 4 A molecular sieves
(490 mg) in 136 mL of dry CH,ClI,, a solution of 28 (490 mg,
2.72 mmol) in 57 mL of dry CH,Cl, was added under Ar. After
being stirred at room temperature for 2 h, the mixture was
passed through a silica gel column (hexane/EtOAc 1:2) to
obtain 29 (387 mg, 80%) as a white solid. Mp 203 °C (CH,CIy).
[0]®p —172.8° (c 0.55, CHCls). IH NMR (CDCls), 6: 1.19 (s,
3H); 5.79 (d, 1H, J = 1.8); 9.87 (d, 1H, J = 1.8). MS m/z (%):
178 (M*, 7).

(1S,7aS)-7a-Methyl-5-0x0-2,3,5,6,7,7a-hexahydro-1H-in-
dene-1-carbaldehyde Bis(amidinohydrazone) (30). Fol-
lowing method A, 30 was crystallized from MeOH (95%) as a
white solid, mp 243—245 °C. [a]*®> —4.8° (¢ 0.37, MeOH). 'H
NMR (CDsOD), ¢: 0.77 (s, 3H); 5.78 (s, 1H); 7.35 (d, 1H, J =
6.2). HRMS (FAB') m/z: calcd, 291.2045 (MH"); found,
291.2036. Anal. (C13H22Ng-2HCI-H,0) C, H, N.

In Vitro Tests. 1. Guinea-Pig-Atria Methods. Guinea
pigs of either sex weighing 250—350 g were stunned by a sharp
blow on the head, and their hearts were rapidly removed. Right
and left atria were dissected and mounted vertically in 5 mL
organ baths containing Tyrode solution of the following
composition (mM): NaCl, 125; KCI, 5.4; CaCl,, 1.8; MgCl,,
1.05; NaHCOs3, 24; NaH,PO,, 0.42; glucose, 11. The solution
was continuously bubbled with a mixture of 95% O, and 5%
CO, and maintained at 34 °C. Under these conditions, right
atria beated spontaneously while the left atria were electrically
driven at a basal rate of 1 Hz through bipolar platinum
electrodes with rectangular pulses (1 ms duration, voltage
twice the threshold) delivered from a multipurpose program-
mable stimulator (Cibertec CS.220, Cibertec, S. A., Madrid,
Spain). Rate and amplitude of contractions were measured
isometrically by a force—displacement transducer and recorded
on a Grass model 7B polygraph (Grass Instrument Co. Quincy,
MA). Resting tension was adjusted to 1 g, and a 60 min
equilibration period was allowed to elapse before control
measurements were taken. After control values for each
parameter were obtained, incremental drug concentrations
were added to the bath at 30 min intervals to obtain a complete
concentration—response curve. The values for different pa-
rameters obtained in the absence of drug were used as controls
and compared with those obtained after each increment in
drug concentration. The compounds were dissolved in DMSO,
and the resulting solution was diluted with Tyrode solution
to obtain a final concentration containing 1% DMSO in the
organ bath.

2. Rat NKA Inhibition Assays. The enzymatic activities
were measured at 37 °C and carried out with permeabilized
microsomes (0.4 mg of DOC/mg of protein for 15 min at 20
°C) prepared from rat heart.®® NKA activity was determined
by the coupled assay method that measures the disappearance
of NADH?” and maintains a constant ATP level. Assays were
carried out in a six-cell set: one cell for basal activity
measurement (1 mM ouabain-insensitive ATPase activity), one
cell for total activity, and four cells for four different inhibitor
doses. The enzymatic reaction was initiated by the addition
of permeabilized microsomal proteins to the assay medium,
previously incubated at 37 °C for 10 min. The corresponding
NADH oxidation was then continuously monitored for up to
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30 min. Inhibition was calculated by comparing the activities
in the presence of different concentrations of drug, after
correcting the digitalis-insensitive ATPase activity, measured
in the presence of (1-5) x 1073 M ouabain.

3. Measurement of the Transport Activity of Human
NKA Isozymes by 8Rb Uptake. Oocytes were obtained
from Xenopus laevis females®® and were either injected or not
with 10 ng of human a4, oz, or oz isoform cRNAs and 1 ng of
human f; isoform cRNA.** Three days after cRNA injection,
86Rb uptake was measured as previously described.3¢ Briefly,
oocytes were loaded with Nat for 2 h at 19 °C in a K*-free
solution 1 (90 mM NaCl, 1 mM Tris/HCI, pH 7.5) before
incubation in solution Il containing 2 mM CaCl,, 5 mM BacCl.,
5 mM MOPS, and 90 mM NacCl, pH 7.4 for 30 min at 19 °C.
Oocytes were then incubated in solution Il containing RbClI
(5 uCi/mL) and 5 mM KCI for 12 min at room temperature in
the presence or absence of 1 mM test compound 7 or 30.
Oocytes were rinsed four times with ice-cold solution I, and
individual oocytes were solubilized in 100 uL of 5% SDS before
radioactivity was counted in a scintillation counter (2250CA
TRICARB).
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