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The conformational properties of bipyridine cardiotonics were investigated by means of quantum chemical (AM1
(Austin Model 1)) calculations. The calculations for the tautomeric and ionic structures of 3,4’-bipyridin-6(1H)-one
(1), the basic structure for bipyridine cardiotonics, showed that the equilibrium conformations in the ionic structures
are more planar than those in the neutral structures and that the rotational barrier of the cationic pyridone structure
is characteristically higher compared to those of the pyridinol tautomer and 1’-hydro-3,4’-bipyridinium cation. The
difference in conformation between the well known cardiotonics, amrinone and milrinone, is more distinctive in the
cationic structure, which is considered to be the usual structure in biological environments, than in the neutral

structures.

Keywords

Amrinone (5-amino-(3,4'-bipyridin)-6(1 H)-one) and mil-
rinone (5-cyano-2-methyl-(3,4'-bipyridin)-6(1 H)-one) are
important synthetic cardiotonic drugs.!'? Milrinone is
from 20 to 50 times more potent than amrinone,?® and
the marked difference in activity may provide a clue in the
search for more potent and safer drugs for the treatment
of congestive heart failure. The structure-activity relation-
ships® and computer-assisted pharmacophore search® have
been exhaustively studied, the high activity of milrinone
has been attributed to the twisted conformation caused by
the steric effect of the 2-methyl substituent.

The difference in conformation between amrinone and
milrinone has been studied by X-ray crystal structure
analyses®> and molecular orbital calculations.® A re-
markable difference in conformation between amrinone
(0=1.3°, where 0 is the angle between the planes of the
two rings) and milrinone (6=52.2°) has been shown in
crystal structure analyses of the hydrochloride salts by
Robertson et al.® Crystal structure analyses of the neutral
structures have been reported by Cody>? and the torsional
angles were 8.7—21.7° for amrinone and 42.4° for mil-
rinone. Also, the torsional angles of 9.0—24.3° and
10.0—37.4° have been reported for the a- and p-crystal
modifications of amrinone, respectively, by Reck et al.>®

Quantum chemical studies on the conformations of
amrinone and milrinone have been made using the ab initio
STO-3G>? and the NDDO methods,®® by Hofmann e? al.
The calculated equilibrium conformations for amrinone
and milrinone were 6=37.1° and 0=67.1°, respectively,
in the ab initio STO-3G results, and =34° and 0=62°,
respectively, in the NDDO results. Those calculated con-
formations are distinctly twisted compared to the crystal

amrinone: Rl= NH,, R2= H
mirlinone: R1= CN, R2= CH;
1: R1= R2= H
Chart 1
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data.

We have previously reported on the substituent effects
in the tautomeric equilibria of 2-pyridones.” Bipyridine
cardiotonics are pyridyl derivatives of 2-pyridone and the
tautomeric and ionic equilibria are considered to be
important in relation to the conformational properties.
Thus, it is of interest to study the conformational behavior
in the tautomeric and ionic structures of bipyridine
cardiotonics.

In this study, the conformations of the ionic and
tautomeric structures of 3,4’-bipyridin-6(1H)-one (1), the
basic structure for bipyridine cardiotonics, were investi-
gated by means of AM1 (Austin Model 1) calculation,®
and the UV spectra were measured in various solutions.
Based on the results, the difference in conformational
properties between amrinone and milrinone is discussed.

Experimental

3,4'-Bipyridin-6(1H)-one (1) was prepared according to the literature.”
1-Methyl-3,4"-bipyridin-6(1 H)-one'® was prepared by treatment of 1
with methyl iodide and potassium carbonate in acetone. The UV spectra
of 1 were measured at the concentration of 5x 10~° mol/dm? in water,
0.001 N H,SO, aqueous solution, ethanol, and acetonitrile on a Shimadzu
UV-3101PC spectrometer. The pK, value of 1 in an aqueous solution
was determined by the spectrometric method at 24 °C.

Calculations The AMI method® is one of the most advanced semi-
empirical molecular orbital methods and well reproduces the conforma-
tional properties of biphenyls and bipyridines which are free from
hydrogen-nitrogen lone pair interactions between the ortho positions of
the two rings, although the method underestimates rotational barriers.1?
Thus, the torsional potentials around the inter-ring CC bond for
the tautomeric and ionic structures of 3,4’-bipyridin-6(1H)-ones were
calculated by the AM1 method. In the calculations, the torsional angle 0
was spanned in steps of 15° over the range from 0° to 90° and the
geometry at each torsional angle was optimized on assumption of planar
structure for the rings.

Calculations were carried out on a FACOM M-780/20 computer at the
Computation Center of Nagoya University.

Results and Discussion

UV Spectra of 1 The structures of 1 in various solu-
tions were investigated by UV spectral measurements. The
UV spectra of 1 are shown in Fig. 1. The spectrum in an
aqueous solution is similar to those in ethanol and
acetonitrile except for the apparent shoulder at around

© 1993 Pharmaceutical Society of Japan

NII-Electronic Library Service



1332

320nm. The band around 320nm is attributed to the
cationic structure of 1, based on the spectral changes
associated with lowering of the pH of the solution.

We also measured the UV spectra of the 1-methyl
compound of 1, a model compound for the pyridone
tautomer of 1, in order to investigate the tautomeric
structures. The spectra of the 1-methyl compound mea-
sured in the same way as described for 1 are almost the
same as thosé of 1. Thus, 1 exists as the pyridone
tautomers in both the neutral and cationic structures. The
estimated pK, value (5.33) for the cation of 1 is nearly the
same as the known value (5.25) for the monocation of
amrinone.!?

From these results, it is clear that the cationic structure
of bipyridine cardiotonics is a major form in slightly acidic
solutions and also is important for the activity. Thus,
the conformational behavior in the cationic structure of
bipyridine cardiotonics seems to be of importance for
understanding the relationship between the conformation
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Fig. 1. UV Spectra of 1
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and the pharmacological activity, together with that in the
neutral structure.

Stabilities of Tautomeric Structures In order to confirm
the results of the above spectroscopic measurements, the
stabilities of some typical tautomeric structures of 1 and
its cation (2) were investigated by means of molecular
orbital calculations (the AM1 method).®) The calculated
tautomeric and ionic structures of 1 are shown in Chart 2.
For comparison, the calculations were also performed for
2-pyridone and its tautomer, 2-pyridinol. The calculated
heats of formation and the torsional angles in the equilib-
rium conformation are given in Table 1. The equilibrium
conformations were determined by fitting conformational
energies calculated in steps of 15° to a three-term Fourier
expansion:

AE=E(6)— E(0°)
=1/2{V(1~co0s 20) + V,(1—cos 46) + V(1 —cos 66)}

The calculations show that the pyridone (a) and pyri-
dinol (b) tautomers are apparently more stable than the
remaining tautomeric structures (c) in each of the neutral
(1) and cationic (2) structures, and the calculated differ-
ences in stability between the pyridone (a) and pyridinol
(b) tautomers are quite small in both the neutral (1)

TaBLE 1. Heats of Formation (4H;) and Torsional Angles (8) for Opti-
mum Structures Calculated by the AM1 Method

Compound A4H; (kcal/mol)® 0 (degree)
2-Pyridone —11.304 (  0.000) —
2-Pyridinol —11.763 (—0.459) —
1a 24.223 ( 0.000) 38.3
1b 23.660 (—0.563) 38.1
1c 53.145 ( 28.922) 0.0
2a 172.728 ( 0.000) 215
2 172.105 (—0.623) 25.4
2c 180.901 ( 8.173) 414
3 —10.707 18.4

a) The relative values to the pyridone form are given in parentheses.
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The cationic structure protonated at the NH group in lc was far less stable (by 50 kcal/mol in the calculated heats of formation) than 2c.
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and cationic (2) structures. It has been well established
theoretically and experimentally that the difference in
stability between tautomers of 2-pyridone in the uni-
molecular state is quite small (0.1—0.6 kcal/mol) in favor
of 2-pyridone,!® and the AM1 method well reproduces
the small difference in stability between 2-pyridone and
2-pyridinol.'* Thus, it was found that the substituent
effects of the 4'-pyridyl function and its cation at the
5-position on the tautomeric equilibria of 2-pyridones are
small.

Taking into account the above calculated results and the
strong predominance of the pyridone tautomer in the
tautomeric equilibria of 2-pyridones in solutions due to
the stabilization by hydrogen bonding,'® it is clear that 1
exists mainly as the 2-pyridone tautomers (a) in both the
neutral (1) and cationic (2) states in solutions.

Conformational Properties in Neutral and Cationic Struc-
tures As shown in Table I, the equilibrium conformations
of the neutral structures, 1a and 1b, are distinctly twisted
with torsional angles of 38.3° and 38.1°, respectively,
which are nearly the same as the values for amrinone
calculated by the ab initio STO-3G®? and the NDDO
methods.®” On the other hand, the equilibrium conforma-
tions of the ionic structures, 2a, 2b and 3, are more planar,
with torsional angles of 21.5°, 25.4° and 18.4°, respectively,
than those of the neutral structures. Thus, the experimental
values for the conformation of amrinone seem to be better
reproduced in the calculated results for the ionic structures
than in those for the neutral structures.

Taking into account the apparent significance of the
cationic structure in bipyridine cardiotonics, the torsional
potentials of 1 and its cation (2) were investigated in detail.
Also, the torsional potentials of 3,4'-bipyridine (4) and its
cation, 1’-hydro-3,4'-bipyridinium cation (5), were calcu-
lated for comparison, since the conformational behaviors
of bipyridines!® and bipyridinium dications!” have been
well investigated experimentally and theoretically in con-
nection with various aspects of physical and chemical
technology. However, no conformational study of the
monocations of bipyridines has been reported as far as we
are aware.

The calculated torsional potentials are shown in Fig. 2.
The potential curves for the neutral structures, 1a, 1b and
4, are all nearly the same and the rotational barriers are
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quite low. On the other hand, those for the cationic
structures, 2a, 2b and 5, are apparently different from each
other and the barriers are far higher than those in the
neutral structures.'® Also, an interesting feature is that
the barrier height in the abundant pyridone tautomer (2a)
is highest among the examined cationic structures.

Relationships between Torsional Potentials and Electronic
Properties It is well known that the torsional potentials
of conjugated molecules depend on a balance between con-
jugative and steric interactions and that the n-conjugative
effects on the conformational properties of unsaturated
compounds are correlated with the bond length and bond
order of the bond concerned. Since the steric interactions
of the cationic structures, 2a, 2b and 5, are considered to
be rather similar, the differences in the conformational
behavior among the cations may be due to the differences
in electronic properties.

The bond lengths and bond orders of the inter-ring CC
bond in the planar conformation were compared among
the neutral structures, la, 1b and 4, and among the
cationic structures, 2a, 2b and 5. As shown in Table 11, the
differences in the inter-ring CC bond length and in the
bond order among the structures are apparently larger in
the cationic structures than in the neutral ones and among
the cationic structures, the pyridone structure (2a) has the
shortest bond length and the greatest bond order. Thus,
the differences in bond order are mainly due to those in
n-bond order.

The n-bond orders of the inter-ring CC bond in the
cations, 2a, 2b and 5, are considered to be associated to
the m-electron-donating abilities of the pyridone, pyridinol
and pyridine rings (these are hereafter referred to as ring

TaBLe II. Bond Length, Bond Order and n-Bond Order of the Inter-
Ring CC Bond in a Planar Structure

Tonic state Compd.  Bond length (&) Bond order n-Bond order
Neutral la 1.4561 1.0249 0.2732
1b 1.4581 1.0214 0.2659
4 1.4595 1.0185 0.2615
Cationic® 2a 1.4284 (—0.0277) 1.1552 (0.1303) 0.4460 (0.1728)
2b 1.4363 (—0.0218) 1.1133 (0.0919) 0.3986 (0.1327)
5 1.4440 (—0.0155) 1.0802 (0.0617) 0.3585 (0.0970)

a) Relative values to the neutral structure are given in parentheses.

6
O:1la 0:3
— ®:1b
P:4
4_
)
£
©
g,
)
AN
O‘W'
_2..].'..|..|v.|-| IS U PO RS S AN B A A P T N AT T

0 3 60 9 120 150 180 O 30 60

90 120 150 180 O 30 60 90 120 150 180

0 (degree)

Fig. 2. Torsional Potentials for the Tautomeric and Ionic Structures of 1 and for 3,4"-Bipyridine (4) and Its Cation (5) According to AMI Calculations
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Fig. 3. Plot of Sum of Net Atomic Charges (Q) on the 4-Pyridyl Ring
of 1a, 1b and 4 and on the Pyridinium-4'-yl Ring of 2a, 2b and 5 as a
Function of Torsional Angle (6)
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Fig. 4. Plot of Sum of n-Charges (Q™) on the 4-Pyridyl Ring of 1a, 1b
and 4 and on the Pyridinium-4'-yl Ring of 2a, 2b and 5 as a Function of
Torsional Angle (8)

A), respectively, toward the pyridinium cation ring. So,
the changes in electron density on ring A associated with
the torsional angle were examined. The changes in net
atomic charge and n-charge are shown in Figs. 3 and 4,
respectively. The changes in electron density on the ring A
with rotation are for the most part due to those in =-
electron density. The changes are apparently larger in the
cationic structures than in the neutral structures and the
magnitudes of the change in the cationic form are in the
order of 2a>2b>5, in accordance with the order of those
in the torsional barrier. Thus, the high torsional barrier
in 2a is attributed to the great stabilization of the planar
conformation due to the strong n-electron-donating prop-
erty of the pyridone ring.

n-Electronic Interaction and Molecular Orbital Features
The differences in the n-electronic interaction among the
cations, 2a, 2b and 5, were investigated from the view-
point of orbital interactions between m-orbitals of the two
rings.

We first investigated the m-orbitals of the basic mole-
cules, 2-pyridone, 2-pyridinol, pyridine and pyridinium
cation, constructing the bipyridines concerned. The two
higher occupied and two lower unoccupied n-molecular
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Fig. 5. Two Higher Occupied and Two Lower Vacant n-Molecular
Orbitals of Basic Molecules Constructing the Bipyridines of Interest

orbitals are shown in Fig. 5. The LUMO of the pyridinium
cation and the z-HOMO’s of 2-pyridone, 2-pyridinol and
pyridine have large orbital coefficients at the positions cor-
responding to the inter-ring carbon atoms of the examined
bipyridines, and the energies of the z-HOMO’s increase in
the order of pyridine, 2-pyridinol and 2-pyridone. From
these orbital features, it appears that the differences in
n-electronic interaction between the two rings among the
cations (2a, 2b and 5) can be well explained on the basis of
the features of the frontier orbitals.

The changes in energy and orbital distribution of the
molecular orbitals of the cations (2a, 2b and 5) associated
with the conformation are shown in Fig. 6. The HOMO’s
and the LUMO?s at the torsional angle of 90° are almost
completely localized to ring A and the pyridinium ring,
respectively, and are quite similar in orbital distribution
and in nodal property to those of the basic molecules
shown in Fig. 5, although the energies of the occupied
orbitals are lower by ca. 2.5eV than those in the basic
compounds due to the electron inductive effect of the
cationic pyridinium ring.

As expected from the energy separation between the
HOMO’s and LUMO’s the change in orbital energy as-
sociated with the change in conformation from orthogonal
to planar is greatest in 2a among the cations. However, in
contrast to the expectation based on the orbital distribu-
tion, the changes in energy of the vacant orbitals associated

-with the conformation are greater in the next LUMO’s

which have no appreciable orbital coefficient on the inter-
ring carbon atoms, than in the LUMO. Also, no apparent
difference in orbital distribution on the pyridinium ring
among the HOMO’s is shown in the planar conforma-
tion. Thus, although a correlation between the n-electron
donating property and the HOMO energy was found,
the differences in the z-electronic interaction among the
cations could not be attributed to any specific orbitals.
Differences in Conformational Properties between Amri-
none and Milrinone The calculated torsional potentials of
1 described above show that the conformation is more
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Fig. 6. Two Higher Occupied and Two Lower Vacant n-Molecular Orbitals of Cations (2a, 2b and 5) in Planar (6=0°) and Twisted (#=90°)
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Fig. 7. Comparisons of Torsional Potential between the Model
Compounds (la and 6) of Amrinone and Milrinone and between the
Cationic Structures (2a and 7)

O, neutral; @, cation.

planar and more rigid in the cationic pyridone structure
than in the neutral structures. This suggests that the
difference in conformation between amrinone and milri-
none, which was not well-defined in the calculations for the

neutral structures,® may be more distinct in the cationic
pyridone structures. So, the conformational properties of
amrinone and milrinone were compared based on the
results of the calculations for the model compounds, la
and the 2-methylated compound (6), respectively, and for
their cationic structures, 2a and 7.9

As shown in Fig. 7, 6 has a higher torsional barrier at
0=0° and a larger equilibrium torsional angle than 1a,
due to the steric effect of the 2-methyl group. These con-
formational features of the neutral structures, 1a and 6,
are in fundamental agreement with the ab initio results for
amrinone and milrinone presented by Hoffmann et al.,®
although the barrier height (ca. 7.5 kcal/mol) for 6 is far
smaller than the ab initio value (ca. 12kcal/mol). In the
cationic structures (2a and 7), the torsional barriers at
6=0° and 0=90° are lower and higher, respectively, due
to the m-electronic stabilization of the planar conforma-
tion, and so the equilibrium torsional angles are smaller,
compared to those in the neutral structures. However, the
formation of the highly twisted conformation revealed in
the neutral 6 is still seen in the cationic structure 7. In
addition, the formation of the planar conformation in
amrinone is more apparent in the torsional potential of the
cationic model structure (2a) than in that of the neutral 1a.
Overall, the difference in conformation between amrinone
and milrinone seems to be more clear-cut in the cationic
structures than in the neutral structure.

The calculated torsional potentials for the cationic
structures, 2a and 7, are in essential agreement with the
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Length in the Crystal Structure of Amrinone

The crystal structural data were taken from ref. 5a.

crystal structural data for the hydrochloride salts of
amrinone and milrinone.® Also, as shown in Fig. 8,
the inspection of the crystal structural data for neutral
amrinone>? reveals that the torsional angles are small and
concentrated in a narrow range (9—11°) for molecules
with a strongly hydrogen-bonded pyridyl group but dis-
persed over a wide range (10— 37°) for those with a weakly
hydrogen-bonded pyridyl group. These structural features
are in good correspondence with the features of the
calculated torsional potentials for the neutral and cationic
models, 1a and 2a, i.e. the small torsional angles and the
conformational rigidity in the strongly hydrogen-bonded
amrinone molecules correspond well to the smaller equi-
librium torsional angle and the higher torsional barriers
in the cationic structure, 2a, compared to those in the neutral
structure, 1a.

In conclusion, a clear difference in conformation between
amrinone and milrinone is apparent from the conforma-
tional properties of the cationic structure, which is con-
sidered to be a usual structure in biological environments
including acid-base and hydrogen-bonding interactions.
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